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Editorial on Research Topic:
 The Role of Bioactive Lipids in Homeostasis and Pathology



Bioactive lipids, including fatty acids and their metabolic products, acylglycerol derivatives, endocannabinoids, lysophospholipids, sphingolipids, and cholesterol metabolites, etc., play active roles in regulating cellular functions. They are not only products of lipid metabolism, but also important signals in tissue homeostasis and pathology. The functions of a large number of bioactive lipids remain unclear. Moreover, even the same lipid mediator reveals various functions by activating various receptors. Thus, it is important to clarify the receptors and signal transduction capabilities of these lipids. The aim of the current Research Topic is to provide a thorough overview of the function, signal transduction, and regulatory mechanisms of bioactive lipids. This Research Topic will provide insight into their effects on homeostasis and pathology. The current Research Topic includes six reviews and five original research articles. These studies focus on the effects of bioactive lipids in the homeostasis and pathology of the cardiovascular system, respiratory system, liver, and adipose tissue dysfunction as well as others (Figure 1).


[image: Figure 1]
FIGURE 1. Overview of the contributions included under the Research Topic “Role of Bioactive Lipids in Homeostasis and pathology.” PUFA, polyunsaturated fatty acid; CyPGs, cyclopentenone prostaglandins; ARA, arachidonic acid; LA, linoleic acid; ALA, alpha-linolenic acid; EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid; DPA, docosapentaenoic acid; FA, fatty acid; HHcy, hyperhomocysteinemia; LPC, lysophosphatidylcholin; LPE, lysophosphatidylethanolamine; PI, phosphatidylinositol; Cer1P, ceramide-1-phosphate; Cer, ceramide; SMC, smooth muscle cell; DC, dendritic cell. See text for a brief description and the reference of each contributing article.


Arachidonic acid-derived eicosanoids, including prostaglandins (PG), thromboxanes, leukotrienes, lipoxins, hydroxyeicosatetraenoic acids, and epoxyeicosatrienoic acids (EETs), among others, have been the focus of serious interest due to their vital roles in many physiological and pathophysiological processes. The roles of EETs and metabolites of arachidonic acid by cytochrome P450s were reviewed by Lai and Chen. This review suggested that increasing the levels of EETs is a potential therapeutic strategy for cardiovascular disease (Lai and Chen). Cyclopentenone prostaglandins (cyPGs) are a cluster of PGs with a cyclopentenone ring structure. CyPGs (PGA1, PGA2, and PGJ2 and its' metabolites) biosynthesis, mechanism of action, functions, and their effects on virus infection and cancer development were discussed in a review by Lee et al. In addition to arachidonic acid-derived eicosanoids, bioactive metabolites of ω-3 polyunsaturated fatty acids (PUFAs) have also drawn interest in recent years. Duan et al. summarized the effects of ω-3 PUFA-derived oxylipins on metabolic disorders, including diabetes, non-alcoholic fatty liver disease, adipose tissue dysfunction, and atherosclerosis. This review highlighted the importance of these derivatives when exploring the therapeutic effects of eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) (Duan et al.). Moreover, an original research article reported that ω-3 PUFA treatment improved HHcy-induced insulin resistance and inflammasome activation in adipose tissue. HHcy increased lysophosphatidylcholine (LPC) 16:0 and LPC 18:0 levels in adipose tissue, which were suppressed by ω-3 PUFA treatment. This study linked ω-3 PUFAs to lysophospholipid production (Li et al.). As the major components of edible oil, the roles of ω-6 PUFAs (arachidonic acid and linoleic acid), ω-3 PUFAs (EPA, DPA, DHA, and alpha-linolenic acid), their metabolites, and the role of monounsaturated fatty acids in oxidative stress and inflammation were reviewed by Mazzocchi et al. In addition, this review article discussed the clinical studies conducted with various seed oils and marine animal-derived oils. This review highlighted the fact that high heterogeneity in oil composition plays a significant role in health outcomes (Mazzocchi et al.). In addition, as reported by Liu et al., the metabolite profiles of arachidonic acid and DHA are altered in high iodide-intake-induced hypothyroid offspring rats. Iodide intake adjustment plus 1,25(OH)2D3 supplementation ameliorated hypothyroid and metabolic disturbances along with increased serum EET and hydroxyeicosatetraenoic acid (HETE) levels (Liu et al.).

The effects of bioactive lipids in the respiratory system were also emphasized in this Research Topic. A clinical study reported changes in serum glycerophospholipids in the acute exacerbation of chronic obstructive pulmonary disease (COPD) and various subtypes of COPD (Gai et al.). Sahanic et al. thoroughly reviewed bioactive lipid mediators in COVID-19 and influenza. They further promoted the current knowledge regarding the mediator lipidome in severely affected COVID-19 patients. They accomplished this by investigating a publicly available RNA-seq database of bronchoalveolar lavage cells (Sahanic et al.).

The effects of sphingolipids on the cardiovascular system were reported in a research article from Hua et al. The authors demonstrated that the myocardial sphingolipid profile was altered after myocardial infarction injury. In particular, the ratio of ceramide-1-phosphate/ceramide was increased in the myocardial infarction-injured heart tissue with a higher ceramide kinase expression (Hua et al.).

The function and effects of metabolic enzymes of fatty acids are an important topic in the field of bioactive lipids. Cytochrome P450 omega-hydroxylase 4a14 (Cyp4a14), a homolog of human CYP4A hydroxylase, catalyzes arachidonic acid to produce 20-HETE and mediates the omega-hydroxylation of medium-chain fatty acids in mice. Li et al. found that the reduction of Cyp4a14 expression mediated cholestatic-related liver fibrosis. However, as previously reported, Cyp4a14 was increased in NASH livers and promoted NASH-related fibrosis. This process implied the complex role of cyp4a14 in various liver diseases. Whether 20-HETE is involved in the effects of Cyp4a14 on cholestatic-related liver fibrosis requires further exploration. The effects of transcription factor EB (TFEB) on lipid homeostasis, including lipid degradation and efflux, as well as the regulatory effects on lipid transporters, were summarized by Li et al. In particular, the authors emphasized the role of TFEB in atherosclerosis by regulating lipid metabolism (Li et al.).

Overall, the current Research Topic includes a range of studies and reviews on the effects of bioactive lipids on cardiovascular diseases, metabolic disorders, respiratory diseases, and endocrine disorders (Figure 1). Targeting these bioactive lipids or their metabolic enzymes may provide potential therapeutic strategies for these diseases.
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The adipose Nod-like receptor protein 3 (NLRP3) inflammasome initiates insulin resistance; however, the mechanism of inflammasome activation in adipose tissue remains elusive. In this study, homocysteine (Hcy) was found to participate in insulin resistance via a NLRP3 inflammasome-related process. Hcy-induced activation of NLRP3 inflammasomes were observed in adipose tissue during the generation of insulin resistance in vivo. This animal model suggests that diets high in omega-3 fatty acids alter serum and adipose lipid profiles, and in this way, omega-3 fatty acids may reduce adipose tissue inflammation and attenuate insulin resistance.
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INTRODUCTION

Insulin resistance plays a key role in the metabolic syndrome, which includes diabetes, obesity-related atherosclerosis, and lipid disorders (Petersen and Shulman, 2018). Previously, we reported that hyperhomocysteinemia (HHcy) was an independent risk factor for development of insulin resistance (Li Y. et al., 2013). This was confirmed in studies both in humans and in a rodent model. Omega-3 fatty acids (ω-3FAs), primarily eicosapentaenoic acid (EPA, 20:5n-3) and docosahexaenoic acid (DHA, 22:6n-3), exert anti-inflammatory activities in a variety of inflammatory diseases, including obesity, diabetes, atherosclerosis, as well as other metabolic inflammatory disorders (Tortosa-Caparrós et al., 2017). Fish oil, which contains ω-3FAs, is thought to participate in lowering serum concentrations of lipids (Nicholls et al., 2018). In another study, n-3 polyunsaturated fatty acids (PUFAs) regulated hepatic genes such as peroxisome proliferators-activated receptors-alpha (PPAR-alpha) and sterol-regulatory element binding protein-1 (SREBP-1). This may modestly raise hepatic glucose production while also reducing hyperinsulinemia, but without causing peripheral insulin resistance or systemic metabolic dysfunction (Devarshi et al., 2013). In animal models, expression of such kinds of lipids biosynthesis related genes in the liver reduce hepatic steatosis (Rossmeisl et al., 2014). Nevertheless, the mechanisms by which ω-3FAs reduce adipose insulin resistance remain poorly understood.

Homocysteine (Hcy) is a sulfur-containing non-proteinogenic amino acid. Increased plasma Hcy levels [to more than 15 μM, defined as hyperhomocysteinemia (HHcy)] is an independent risk factor for cardiovascular disease and other metabolic inflammation diseases (Hainsworth et al., 2016). Patients with insulin resistance and type 2 diabetes mellitus were found to have increased plasma levels of Hcy (Li et al., 2008; Kundi et al., 2017). Treatments that lower plasma Hcy levels, including folic acid, might improve insulin sensitivity; dietary supplementation vitamin B are more effective in preventing metabolic syndrome and related vascular disease in areas where the population has a normally low folate consumption than in areas with higher dietary folate intake (Earnest et al., 2012). Our previous studies established that mice treated with oral Hcy mimic the increase of atherosclerosis and other general phenotypes in patients with HHcy (Dai et al., 2006). HHcy increases oxidative stress and its downstream signaling pathways, resulting in vascular inflammation stress and endoplasmic reticulum stress (Fu et al., 2018; Majumder et al., 2018). In a mouse model of HHcy, Hcy was enriched in adipose tissue, promoting insulin resistance and metabolic inflammation (Li et al., 2008; Li Y. et al., 2013).

We found that increased plasma levels of Hcy promotes insulin resistance by activating adipocyte and adipose tissue macrophage Nod-like receptor protein 3 inflammasomes (NLRP3). The NLRP3 inflammasome is also involved in Hcy-induced adipose insulin resistance; Hcy acted as a second signal activator of the adipocyte NLRP3 inflammasome, and the adipocyte inflammation participates in lipid disorders and insulin resistance (Zhang et al., 2018). Nevertheless, it remains unknown as to whether ω-3FA intake attenuates adipose metabolic inflammation.

Therefore, in the present study, we focused on whether ω-3FA consumption would attenuate HHcy-induced insulin resistance and tried to explain the mechanism through the histochemical changes caused by ω-3FAs.

We used ultraperformance liquid chromatography coupled to electrospray ionization quadrupole mass spectrometry (UPLC-ESI-QTOFMS)-based metabolomics analysis to measure the changes of bioactive metabolites in HHcy mice undergoing ω-3FA treatment.



MATERIALS AND METHODS


Animals and Housing

All mice were housed under specific pathogen-free conditions in a temperature-controlled room (22°C) with a 12-h light and dark cycle and were given free access to normal chow diet (Cat. 1025, HFK Biosciences, Beijing, China) and drinking water. Wild type (WT) mice were generated from the C57BL/6J background and were obtained from Vital River Laboratories (Beijing, China). Protocols were approved by the Animal Care and Use Committee of Capital Medical University.



HHcy Mouse Models

Mice were given water with or without DL-Hcy (1.8 g/l), and were fed a standard chow diet or a 3.3% omega-3 PUFA (33 mg/g) diet. After 6 weeks, mice were sacrificed, and the metabolic profiles of the adipose tissue were analyzed using UPLC-ESI-QTOFMS-based lipidomics. Expression levels of ceramide metabolism-related genes were measured using quantitative PCR. DL-Hcy was purchased from Sigma-Aldrich Chemicals (Cat. H4628, St. Louis, MO, United States).



Glucose Tolerance Test and Insulin Tolerance Test

For the glucose tolerance test (GTT), mice were fasted for 12 h before the administration of glucose (1.8 g/kg, i.p.). Blood samples were drawn from a cut at the tip of the tail at 0, 30, 60, 90, and 120 min after glucose administration, and blood glucose concentrations were measured immediately. For the insulin tolerance test (ITT), mice were fasted for 4 h before the administration of insulin (1 IU/kg, i.p.). Blood samples were drawn from a cut at the tip of the tail at 0, 30, 60, 90, and 120 min after insulin administration, and blood glucose concentrations were measured immediately.



Immunohistochemistry

F4/80 (Cat.ab16911, Abcam, Abcam Cambridge, United Kingdom) expression in adipose tissue was examined by immunohistochemistry using 7-μm sections of the eWAT. The sections were blocked with 5% bovine serum albumin (BSA) for 1 h and incubated overnight at 4°C with F4/80 antibody (1:500). After washing, the sections were incubated with the Horseradish Peroxidase (HRP)-conjugated anti-rabbit IgG (Cat. sc-2004, Santa Cruz, Dallas, TX, United States) secondary antibody (1:1000) for 1 h. The DAB method was used to detect the F4/80 signal.



Lipidomics Analysis

The serum and adipose sample preparations and the lipidomics analyses were undertaken as described previously (Jiang et al., 2015). In brief, epididymal white adipose tissue (eWAT) (20 mg) were homogenized with ultrapure water (200 μl) and then extracted with chloroform-methanol (2:1) solution (1,000 μl). The samples were incubated at 37°C for 30 min and subsequently centrifuged at 16,000 g for 20 min at 4°C. The lower organic phase (approximately 500 μl) was collected and evaporated. The organic residue was dissolved in isopropanol-acetonitrile (1:1) solution (100 μl). Samples were analyzed using the Thermo Scientific Dionex UltiMate 3000 Rapid Separation LC system (Thermo Fisher Scientific, Waltham, MA, United States). Peak extraction and integration were performed using Xcalibur 2.2 SP1.48 software (Thermo Fisher Scientific, Waltham, MA, United States).



Western Blot

Total protein was isolated with RIPA lysis buffer (Cat. P0013C, Beyotime Biotechnology, Shanghai, China). Total protein was subjected to sodium dodecylsulfate polyacrylamide gel electrophoresis on 10 or 12% running gels and then transferred to polyvinylidene fluoride membranes. The membranes were incubated with 10% BSA in Tris Tween-buffered saline at room temperature for 1 h, with various primary antibodies at 4°C for 12 h and with a HRP-conjugated secondary antibody for 1.5 h. The bands were exposed using the ChemiDOC XRS System (Bio-Rad, Hercules, CA, United States). Anti-NLRP3 (Cat. AF-401-NA) antibody was purchased from R&D Systems (Minneapolis, MN, United States). Anti-β-actin (Cat. 8457) antibody was purchased from Cell Signaling Technology (Danvers, MA, United States). The HRP-conjugated anti-rabbit IgG (Cat. sc-2004), HRP-conjugated anti-goat IgG (Cat. sc-2020), and HRP-conjugated anti-mouse IgG (Cat. sc-2005) secondary antibodies were all purchased from Santa Cruz Biotechnology (Dallas, TX, United States).



Quantitative PCR Measurement of mRNA Levels

Total RNA was isolated using TRIzol Reagent (Cat. 15596018, Thermo Fisher Scientific, Waltham, MA, United States). Total RNA (2 μg) was reverse transcribed using 5X All-In-One RT MasterMix (Cat. G490, abm, Richmond, BC, Canada). Quantitative PCR (qPCR) analysis was performed using RealStar Green Power Mixture (Cat. A314, GenStar, Beijing, China) and run on an Mx3000 Multiplex Quantitative PCR System (Agilent, La Jolla, CA, United States). The amount of the PCR products formed in each cycle was evaluated using the fluorescence of SYBR Green I. The results were analyzed using Stratagene Mx3000 software. The qPCR primer sequences are shown in Table 1.


TABLE 1. The qPCR primer sequences.

[image: Table 1]


Statistical Analysis

The data were expressed as means ± SD and were analyzed using GraphPad Prism (GraphPad Software, La Jolla, CA, United States). For metabolomics analysis, the data were analyzed using MetaboAnalyst 3.0. One-way ANOVA with Tukey’s multiple comparisons test (between multiple groups) and unpaired Student’s t test (between two groups) were used as appropriate. P < 0.05 was considered significant.



RESULTS


ω-3FAs Treatment Improves Hcy-Induced Insulin Resistance in a Mouse Model

To investigate the precise mechanisms underlying the effects fish oil on Hcy-induced insulin resistance, WT mice were given Hcy with or without fish oil in the drinking water (Hcy 1.8 g/l, ω-3FAs 3.3%, 6 weeks). IPGTT and ITT revealed marked glucose intolerance and insulin resistance in the Hcy-treated mice (Figures 1A,B), while the body weights were not significantly different from those of controls after fish oil treatment (Figure 1C).
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FIGURE 1. ω-3FAs treatment improves Hcy-induced insulin resistance in a mouse model. (A) Plasma glucose levels of Intraperitoneal glucose tolerance test (IPGTT) in a mouse model (n = 7). (B) Plasma glucose levels of insulin tolerance test (ITT) in a mouse model (n = 7). (C) Body weight in the mouse model (n = 7). All data are presented as the means ± SD. *P < 0.05 vs. control group, #P < 0.05 vs. HHcy group; mice given Hcy (1.8 g/l), ω-3FAs (3.3%) in the drinking water for 6 weeks.




ω-3FAs Intake Decreases the Production of Sphingolipids and Free Fatty Acids in Serum and Changes the Lipid Profile of Adipose Tissue Under Normal Diet

To further characterize the exact lipid profile changes because of ω-3FAs treatment, a non-targeted lipidomics assay was performed in serum. ω-3FAs intake decreased the production of sphingolipids and free fatty acids in fat tissue under normal diet (n = 7 per group) (Figures 2A–D). A heatmap of phospholipids and FAs revealed increased lyso-PC and PUFA levels in the adipose tissue of Hcy-treated mice that represents a lipid metabolic pattern distinct from that of vehicle-treated mice after ω-3FAs intake (Figure 3).
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FIGURE 2. ω-3FAs intake decreases the production of sphingolipids and free fatty acids in serum and adipose under normal diet. (A) Lipidomics analysis of the abundance of serum ceramide under normal diet. (B) Lipidomics analysis of the abundance of serum sphingomyelins under normal diet. (C) Lipidomics analysis of the abundance of serum carnitine under normal diet. (D) Lipidomics analysis of the abundance of serum free fatty acids under normal diet. *P < 0.05 vs control group, **P < 0.01 vs control group, n = 7.
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FIGURE 3. Heatmap of phospholipids and FAs in the adipose tissue of Hcy-treated mice. Seven-week-old WT mice were fed normal chow diet and were given Hcy (1.8 g/L) or vehicle in the drinking water with or without ω-3FA (3.3%) for 6 weeks.




ω-3FAs Supplementation Significantly Changes the Lipid Profile in Adipose Tissue

Levels of lyso-PC (16:0), lyso-PC (18:0), lyso-PC (18:1), PC (16:0-22:6), PC (18:1-14:0), PC (18:1-20:4), PC (18:1-22:6), PC (18:0-20:5), PC (16:0-20:0), FA (20:4), and FA (22:4) were altered by Hcy treatment while tending to remain normal after ω-3FA intake (Figures 4A–C). The generation of lyso-PC and PUFA depends on phospholipase A2 (PLA2), which hydrolyzes the sn-2 position of phosphatidylcholine (PC) (Murakami et al., 2011). In agreement with the lipidomics data, PLA2 activity was elevated in the adipose tissue of Hcy-treated mice (Figure 4D).
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FIGURE 4. ω-3FAs supplementation significantly changes the lipid profile of adipose tissue. (A) Lipidomics analysis of the lyso-PC profile of mouse adipose tissue; (n = 6 per group). (B) Lipidomics analysis of the PC profile of mouse adipose tissue; (n = 6 per group). (C) Lipidomics analysis of the FA profile of mouse adipose tissue; (n = 6 per group). Seven-week-old WT mice were fed normal chow diet and were given Hcy (1.8 g/L) or vehicle in the drinking water with or without ω-3FAs (3.3%) for 6 weeks. Two-tailed Student’s t-test: *P < 0.05 vs. control group, #P < 0.05 vs. HHcy group. (D) qPCR analysis of mRNA levels of HIF-1, PDK1, Glut1, and Pla2g16 in mouse adipose tissue; (n = 6 per group).




ω-3FAs Attenuate Hcy-Induced NLRP3 Inflammasome Activation in Adipose Tissue

Homocysteine was previously shown to increase the HIF1α protein levels in podocytes (Li C. et al., 2013). Increased HIF1α levels, and the glycolysis-associated genes, PDK1 and Glut1 mRNA level were also observed in the adipose tissue of Hcy-treated mice (Figure 4D). PLA2G16 is a PLA2 and is specifically expressed in adipocytes with a preference toward hydrolysis of PC (Duncan et al., 2008). Expression levels of Pla2g16 were downregulated after ω-3FA intake that was highly expressed in Hcy-induced insulin resistance mice while levels of PDK1 and Glut1 decreased (Figure 4D). Protein levels of NLRP3 and Act-Casp1 were measured using western blotting. After Hcy treatment, NLRP3 levels were elevated in adipose tissue, and ω-3FAs inhibited levels of Hcy-up-regulated inflammatory markers (Figure 5A). In order to verify that fish oil treatment can improve the inflammation in adipose tissue, we carried out the immunohistochemistry of adipose tissue. The results showed that after 6 weeks of ω-3FAs treatment, the expression of F4/80 in adipose tissue of mice decreased, indicating that the inflammation of adipose tissue was alleviated (Figure 5B).
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FIGURE 5. Activation of the Hcy-induced NLRP3 inflammasome was attenuated by ω-3FAs in adipose tissue. (A) Western blot analysis of Act-CASP1 and NLRP3 protein levels in adipose tissue; (B) Immunohistochemical study of inflammation related molecule F4/80 in mouse adipose tissue, (n = 6 per group). Seven-week-old WT mice were fed normal chow diet and were given Hcy (1.8 g/L) or vehicle in the drinking water with or without ω-3FAs (3.3%) for 6 weeks. Two-tailed Student’s t-test: *P < 0.05 vs. control group, #P < 0.05 vs. HHcy group, n = 7.




DISCUSSION

Clinical trials assessing effect of ω-3FAs in primary and secondary prevention of cardiovascular disease have produced conflicting findings. Fish oil rich in ω-3FAs supplements have been widely used and recommended for prevention and treatment of lipid disorders and metabolic disease, and the clinical utility of ω-3FAs in lowering triglyceride levels is well known (Mansoori et al., 2015). There is also evidence suggesting that the Mediterranean diet supports addition of fish to the diet for prevention of cardiovascular disease (Guasch-Ferré et al., 2017). Mechanisms by which ω-3FAs exert their anti-inflammatory effects are not fully understood.

Homocysteine and C2-ceramide cause murine cerebral endothelial cells metabolic disorder by activating the Asm-ceramide pathway (Lee et al., 2013). Oxidative stress and de novo ceramide synthesis could induce NLRP3-inflammasome activation. It was found that ω-3FAs reduced nuclear factor kappa B-mediated inflammation in the liver through effects on inflammasome signaling (Feng et al., 2018). One study in 3T3-L1 adipocytes suggested that inhibition of IL-18, IL-1β, and caspase-1 by DHA and EPA were predominantly dependent upon adiponectin (Oster et al., 2010). These findings suggest that Hcy might induce inflammation and ω-3FAs might attenuate the inflammation as well as insulin resistance as shown in the present study.

Because the NLRP3 inflammasome is activated in human mesenchymal stem cells via lipopolysaccharide and palmitic acid, and plasma (Fu et al., 2019) levels are increased in the context of obesity (Wang et al., 2017), Hcy might be one of the mediators involved in obesity-induced insulin resistance. Oral intake of ω-3FAs as a treatment could turn over HHcy-induced lipid profile alterations in adipose tissue, and may modulate inflammation factors that have potential therapeutic functions in reducing adipose tissue inflammation-induced insulin resistance.

We found that the Hcy induced alterations in adipose tissue lipid profiles, confirming findings of our previous study. The NLRP3 inflammasome is activated by HHcy treatment and promotes insulin resistance and adipose inflammation. Increased expression levels of Pla2g16 mRNA as a marker of inflammatory activation are attenuated after ω-3FAs intake, hinting that adipose insulin resistance might be reduced secondary to the lipid profile modifications, especially in adipose tissue.

C12-16 saturated and monounsaturated fatty acids, ceramide, and lyso-PC have been reported to act as second signal activators of the NLRP3 inflammasome (Matsuzaka et al., 2012; Scheiblich et al., 2017; Zhang et al., 2018). Extracellular lyso-PC has been reported to activate G protein-coupled receptors (GPRs), GPR132 and GPR4, mediating its functions (Meyer zu Heringdorf and Jakobs, 2007) and participating in lyso-PC-induced Ca2+ influx and immune cell inflammation (Kabarowski, 2009; Khan et al., 2010), which may be involved in lyso-PC-induced NLRP3 inflammasome activation.

In the present study, lyso-PC was found to activate adipose NLRP3 inflammasomes. Lyso-PC also acts as a lipid mediator in response to inflammation (Kabarowski, 2009). The contrasting effects of lyso-PC on insulin resistance and adipose tissue inflammation may be due to the different species of lyso-PC. These findings support our finding that Hcy might induce inflammation in a lipid profile-affecting manner, and the alteration in the inflammation-inducing lipid profile might be affected by ω-3FAs administration.

Previous studies showed that adipose tissue insulin resistance is often accompanied by activation of inflammasomes due to hypoxia. PLA2G16 was first recognized as a type II tumor suppressor gene (Sers et al., 1997) and was identified as a PPARγ target gene, expressed specifically in adipose tissue (Hummasti et al., 2008; Uyama et al., 2009). Knockout of Pla2g16 induced insulin resistance in mice (Jaworski et al., 2009), a finding that appears inconsistent with the present results. In our study, expression levels of HIF-1α, PLA2G16, PDK1, and Glut1 mRNA were upregulated by Hcy treatment, suggesting that Hcy induces inflammation-related insulin resistance in adipocytes, while the abnormally elevated levels of inflammation and insulin resistance were relieved after supplementation with ω-3FAs.

We acknowledge that there are limitations to our studies, including the lack of mechanistic data. Our study focused on adipose and may have reflected mixed contributions from cell types populating adipose tissue (i.e., adipocytes, adipose immune cells, adipose progenitor cells, and vasculature). Finally, in this short-term study, prediction of long-term effects and outcomes was not feasible. Despite these limitations, our study adds to the emerging body of knowledge regarding potential beneficial effects of fish oils and their derivatives.

In summary, this study demonstrated that Hcy activates the NLRP3 inflammasomes in adipocytes in a lyso-PC-dependent manner while HHcy induces insulin resistance in adipose tissue. Addition of ω-3FAs in the diet may modulate inflammatory processes.
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Studies have shown that glycerophospholipids are involved in the pathogenesis of chronic obstructive pulmonary disease (COPD). This study adopted targeted metabolomic analysis to investigate the changes in serum glycerophospholipids in acute exacerbation of chronic obstructive pulmonary disease (AECOPD) and their differential expression in patients with different inflammatory subtypes. Patients with AECOPD admitted between January 2015 and December 2017 were enrolled, and their clinical data were collected. The patients’ gender, age, body mass index, and lung function were recorded. Routine blood and induced sputum tests were performed. Liquid chromatography-mass spectrometry was used to detect the serum glycerophospholipid metabolic profiles and to analyze the metabolic profile changes between the acute exacerbation and recovery stages as well as the differences between different inflammatory subtypes. A total of 58 patients were hospitalized for AECOPD, including 49 male patients with a mean age of 74.8 ± 10.0 years. In the metabolic profiles, the expression of lysophosphatidylcholine (LPC) 18:3, lysophosphatidylethanolamine (LPE) 16:1, and phosphatidylinositol (PI) 32:1 was significantly reduced in the acute exacerbation stage compared to the recovery stage (P < 0.05). The three glycerophospholipids were used to plot the receiver operating characteristic curves to predict the acute exacerbation/recovery stage, and the areas under the curves were all above 70%. There were no differential metabolites between the two groups of patients with blood eosinophil percentage (EOS%) ≥2% and <2% at exacerbation. The expression of LPC 18:3, LPE 16:1, and PI 32:1 was significantly reduced in the acute exacerbation stage compared to the recovery stage in the inflammatory subtype with blood EOS <2% (P < 0.05). Abnormalities in the metabolism of glycerophospholipids may be involved in the onset of AECOPD, especially in the non-eosinophilic subtype.

Keywords: glycerophospholipids, metabolomics, chronic obstructive pulmonary disease, acute exacerbation of chronic obstructive pulmonary disease, inflammatory subtype


INTRODUCTION

Chronic obstructive pulmonary disease (COPD) is characterized by persistent airflow limitation and chronic airway inflammation. It is a common and frequently occurring disease with a global incidence of 10% and has become a worldwide public health problem (Global Initiative for Chronic Obstructive Lung Disease, 2020). The prevalence of COPD in China is 13.7% among people aged 40 years and above, and the total patient population is approximately 100 million (Zurcher et al., 2020). Furthermore, COPD places a substantial disease burden on individuals and families as well as the society and the economy.

Acute exacerbation (AE) of COPD (AECOPD) refers to the exacerbation of any symptoms (e.g., cough, sputum, and wheezing) in COPD patients. It can be caused by bacterial or viral infection, environmental pollution, cold weather, or interruption of routine treatment. It is a leading cause of hospital admission and death (Berenyi et al., 2020). AECOPD often accelerates disease progression, and each AE worsens the patient’s lung function, aggravates complications, and increases the risk of re-hospitalization. Thus, the main goal of COPD treatment is to reduce the frequency of exacerbations. At present, the underlying mechanisms of AECOPD are unclear, and the pathophysiology of the different subtypes is poorly understood. Therefore, metabolomics can be helpful to further investigate the mechanisms and classifications of this disease and explore its biomarkers in greater depth (Kilk et al., 2018; Liang et al., 2019; Ekroos et al., 2020).

Glycerophospholipids are major components of cell membranes, storage materials for bioactive substances, and precursors of informational molecules. They serve important physiological functions in cell growth, migration, signal recognition and transduction, and apoptosis. Glycerophospholipid molecules can be modified by phospholipase A2 to further produce metabolites such as lysophospholipids. Recent studies have shown that glycerophospholipids are involved in the pathogenesis of lung infections (Mander et al., 2002), asthma, and COPD (Telenga et al., 2014; Cruickshank-Quinn et al., 2018; Chen et al., 2019; Gai et al., 2019; Liang et al., 2019) and are associated with the lipid metabolic disorder of alveolar surfactants (Cruickshank-Quinn et al., 2018; Ekroos et al., 2020). However, to date, the differences in the glycerophospholipids profile in the AE stage of COPD and among different inflammatory subtypes have been poorly investigated.

This study aimed to investigate the differences in the serum glycerophospholipid metabolic profiles of AECOPD and among different inflammatory subtypes to provide a basis for further exploring the pathogenesis of AECOPD and identifying precise therapeutic targets for different subtypes.



PATIENTS AND METHODS


Patients

A prospective study was conducted on 58 patients with AECOPD who were admitted to the Department of Respiratory and Critical Care Medicine at Peking University Third Hospital between January 2015 and December 2016.

Inclusion criteria were as follows: (1) age >40 years; (2) COPD diagnosis meeting the GOLD criteria (Global Initiative for Chronic Obstructive Lung Disease, 2020); (3) stable-phase pulmonary function report in the last 6 months; forced expiratory volume in 1 s (FEV1)/forced vital capacity (FVC) ratio <70% after bronchodilator inhalation and percentage of predicted FEV1 value (FEV1%pred) <80%; and (4) AECOPD meeting the GOLD diagnostic criteria (Global Initiative for Chronic Obstructive Lung Disease, 2020).

Exclusion criteria were as follows: (1) comorbidity with other lung diseases such as active tuberculosis, bronchiectasis, asthma, interstitial lung disease, pleural effusion from various causes, and lung malignancies; and (2) intravenous or oral glucocorticoid therapy for AEs within 28 days.

This study was approved by the Ethics Committee of Peking University Third Hospital (approval number: LM2016032), and written informed consent was provided by the patients enrolled in the study.



Methods


Clinical Data Collection

Demographic information (e.g., gender, age, body mass index, and smoking history), status of inhaled corticosteroids, number of AEs in the past year, and stable-phase lung function parameters in the past 6 months (e.g., FEV1%pred and FEV1/FVC) were recorded for all patients. Patients’ AECOPD symptoms were also recorded, and 2 mL of peripheral blood was collected for serum phospholipid profiling. To further clarify the characteristics of different AECOPD subtypes, serum glycerophospholipid assays were performed on the first day of admission during the AE stage and on the 10–14 days after treatment of AECOPD (before discharge). In addition, patients were classified into different inflammatory subtypes based on whether their peripheral blood eosinophil percentage (EOS%) was ≥2% or <2%, and whether sputum EOS% was ≥3% or <3% to compare the differences in serum glycerophospholipid profiles (Figure 1).
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FIGURE 1. Flowchart of study design. AECOPD, acute exacerbation of chronic obstructive pulmonary disease; EOS, eosinophil percentage.




Sputum Cytology

Patients were asked to rinse their oral cavity and posterior oropharynx with 3% hypertonic saline prior to sampling. Sputum was then produced spontaneously, or induced sputum was collected. For the collection of induced sputum, patients inhaled an aerosol of 3% saline and coughed up a sufficient amount of sputum within 30 min. The sputum was treated with 0.4% dithiothreitol (DTT, Millipore, Canada), homogenized by shaking at 37°C for 30 min, and stained for cytological examination. The remainder was divided into 0.5 mL portions and stored at −80°C for glycerophospholipid testing (Cao et al., 2006).



Serum Glycerophospholipid Profiling

Liquid chromatography-mass spectrometry (LC-MS) was performed to determine serum glycerophospholipid profiles, as described in our previous publications (Gai et al., 2019; Liang et al., 2019). Briefly, the serum was separated from whole blood and lipid extraction was carried out using the Waters Acquity UPLC system, with a UPLC BEH C18 column (1.7 μm; internal diameter, 100 × 2.1 mm). An AB Sciex 5500 QTRAP mass spectrometer was used with the following specifications: ion source, Turbo Ion Spray electrospray ionization; scan mode, multiple reaction monitoring, with the following ion source parameters: CUR = 40 psi, GS1 = 30 psi, GS2 = 30 psi, IS = −4,500 V, CAD = MEDIUM, and TEMP = 350°C. The glycerophospholipid scanning strategy has been described in our previous study (Gai et al., 2019). A total of 14 classes of glycerophospholipids (129 species) were analyzed in this study: phosphatidylcholine (PC, 21 species), alkylphosphatidylcholine [PC(O), 15 species], phosphatidylcholineplasmalogen (PCP, 8 species), phosphatidylethanolamine (PE, 12 species), alkylphosphatidylethanolamine (PEO, 4 species), phosphatidylethanolamine plasmalogen (PEP, 2 species), phosphatidylglycerol (PG, 2 species), phosphatidylinositol (PI, 11 species), lysophosphatidylcholine (LPC, 11 species), lysophosphatidylethanolamine (LPE, 12 species), lysophosphatidylserine (LPS, 5 species), lysophosphatidylglycerol (LPG, 11 species), lysophosphatidylinositol (LPI, 9 species), and lysoalkylphosphatidylcholine (LPCO, 6 species).



Statistical Methods

The metabolic profiles of glycerophospholipid levels in patients with different COPD subtypes were compared using multivariate statistics (Chong et al., 2018). Partial least squares–discrimination analysis (PLS-DA) was performed for the patients’ samples, and differential metabolites were screened using methods such as estimation of variable importance in projection values, loading weights, and correlation coefficients. The differential metabolites that contributed to subtyping were further subjected to one-way analysis of variance and Bonferroni multiple comparisons to validate the results obtained by above statistics. Data and statistical analyses were performed using the SPSS 19.0 package. Normally distributed measurement data are expressed as [image: image] ± s, and the χ2-test was performed for the comparison of constituent ratios. The intensity of LPC, LPE, and PI were evaluated using the receiver operating characteristic (ROC) curve method. P ≤ 0.05 was considered statistically significant.



RESULTS


General Information

Fifty-eight patients with AECOPD were included (mean age, 74.8 ± 10.0 years; mean FEV1%pred, 42.6 ± 18.2%; and FEV1/FVC, 49.2 ± 10.4%; Table 1).


TABLE 1. General information of patients with AECOPD.
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Metabolic Profile Changes During the AE and Recovery Stages

Among the 58 patients included, serum was collected from 23 patients to compare the glycerophospholipid metabolic profiles between the AE and recovery (7–10 days after admission) stages. PLS-DA indicated that the global glycerophospholipids tends to be distinguishable from the metabolic profiles of AE and recovery stages. The volcano plots (Figure 2A) showed that there were three differential glycerophospholipid metabolites after false discovery rate (FDR) correction with significant changes: LPC 18:3, LPE 16:1, and PI 32:1. Table 2 shows the names and fold changes of the differential metabolites identified after data comparison (P <0.05). Figures 2B–D show the histograms of all LPC, LPE, and PI species in the metabolic profiles obtained between the AE and recovery stages (∗P <0.05). An ROC curve analysis was performed with the three most significantly differential glycerophospholipids as the test variables and recovery stages as the state variable. The area under the curves (AUCs) for LPC 14:0, LPC 16:0, LPC 16:1, LPC 17:0, LPC 18:0, LPC 18:1, LPC 18:2, LPC 18:3, LPC 20:3, and LPC 22:5 were 82.0, 84.5, 79.6, 80.5, 80.7, 83.0, 66.7, 76.4, 74.5, and 68.1%, respectively. The AUCs of LPE 16:0, LPE 16:1, LPE 18:0, LPE 18:1, LPE 18:3, LPE 20:3, LPE 20:5, and LPE 22:5 were 72.4, 76.4, 69.2, 67.9, 73.5, 73.2, 72.4, and 70.1%, respectively. The AUCs of PI 32:0. PI 32:1, PI 34:1, PI 36:1, PI 36:2, PI 36:3, PI 36:4, PI 38:2, PI 38:3, PI 38:5, PI 38:6, PI 40:4, PI 40:5, and PI 40:7 were 72.6, 74.3, 75.4, 75.0, 63.9, 78.4, 81.1, 61.4, 69.8, 80.2, 62.6, 74.1, 63.1, and 66.0%, respectively.
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FIGURE 2. (A) Volcano plot showing glycerophospholipids with significant differences between the AE and recovery stages of COPD. The x-axis is the logarithm to the base 2 of the ratio of a given phospholipid in the AE and recovery stages, and the y-axis is the logarithm to the base 10 of the P-value of that phospholipid in different subgroups. The phospholipids that showed significant changes were LPC 18:3, LPE 16:1, and PI 32:1. (B–D) Histograms showing all LPC, LPE, and PI in the metabolic profiles between the AE and recovery stages (*P <0.05). AE, acute exacerbation; RS, recovery stage. (E–G) ROC curve analysis of the main differential glycerophospholipids during COPD recovery (LPC, LPE, and PI). ROC curve analysis was performed using the main differential glycerophospholipids above as the test variables and the recovery phase as the state variable. The areas under the curve (AUCs) for LPC 14:0, 16:0, LPC 16:1, LPC 17:0, LPC 18:0, LPC 18:1, LPC 18:2, LPC 18:3, LPC 20:3, and LPC 22:5 were 82.0, 84.5, 79.6, 80.5, 80.7, 83.0, 66.7, 76.4, 74.5, and 68.1%, respectively. The AUCs of LPE 16:0, LPE 16:1, LPE 18:0, LPE 18:1, LPE 18:3, LPE 20:3, LPE 20:5, and LPE 22:5 were 72.4, 76.4, 69.2, 67.9, 73.5, 73.2, 72.4, and 70.1%, respectively. The AUCs of PI 32:0. PI 32:1, PI 34:1, PI 36:1, PI 36:2, PI 36:3, PI 36:4, PI 38:2, PI 38:3, PI 38:5, PI 38:6, PI 40:4, PI 40:5, and PI 40:7 were 72.6, 74.3, 75.4, 75.0, 63.9, 78.4, 81.1, 61.4, 69.8, 80.2, 62.6, 74.1, 63.1, and 66.0%, respectively.



TABLE 2. List of differential metabolites in the AE and recovery stages.
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Differences in the Metabolic Profiles of Patients With Different Inflammatory Subtypes During the AE Stage

Routine blood tests were conducted for 58 patients with AECOPD; the results showed that blood eosinophils accounted for <2 and ≥2% of the total white blood cells in 42 and 16 patients, respectively (Supplementary Table 1). PLS-DA and FDR correction indicated that there were no differential metabolites between the two groups of patients with peripheral blood EOS% ≥2 and <2%.

Nineteen patients also underwent sputum examination: based on sputum cell counts, 6 patients were classified as sputum eosinophilic (≥3%) and 13 as non-eosinophilic (<3%) types. PLS-DA showed differences in phospholipid metabolic profiles between the two groups, but no significantly differential metabolites were identified after FDR correction.



Changes in Metabolic Profiles Between AE and Recovery Stage of Different Inflammatory Subtypes

Among the 58 patients included, serum was collected from 23 patients to compare the glycerophospholipid metabolic profiles between the AE and recovery stages, including 8 patients with blood EOS ≥ 2% and 15 patients with EOS% < 2%. In patients with EOS% < 2%, the concentrations of LPC 14:0, LPC 16:0, LPC 16:1, LPC 18:0, LPC18:1, LPC18:3, LPC 20:3, LPE 16:0, LPE 16:1, LPE 18:0, LPE 20:3, LPE 22:5, PI 32:1, PI 34:1, PI 36:1, PI 36:3, PI 36:4, PI 38:3, PI 38:5, PI 40:4, and PI 40:7 were significantly lower in the AE stage than in the recovery stage (∗P < 0.05) (Figures 3A–C). In patients with EOS% > 2%, only the concentrations of LPC 14:0,LPC 16:1, LPE 16:1, and PI 36:1 were significantly lower in the AE stage than in the recovery stage (∗P < 0.05) (Figures 3D–F). These findings indicated that the changes in LPC, LPE, and PI between the AE and recovery stages were mainly manifested in AECOPD patients with EOS% < 2%.


[image: image]

FIGURE 3. Histogram showing LPC, LPE, and PI species in the metabolic profiles between the AE and recovery stages in different inflammatory subtypes. (A–C) In patients with EOS% <2%, the concentrations of LPC 14:0, LPC 16:0, LPC 16:1, LPC 18:0, LPC 18:1, LPC 18:3, LPC 20:3, LPE 16:0, LPE 16:1, LPE 18:0, LPE 20:3, LPE 22:5, PI 32:1, PI 34:1, PI 36:1, PI 36:3, PI 36:4, PI 38:3, PI 38:5, PI 40:4, and PI 40:7 significantly decreased in the AE stage compared to the recovery stage (*P < 0.05). (D–F) In patients with EOS% > 2%, only the concentrations of LPC 14:0, LPC 16:1, LPE 16:1, and PI 36:1 were significantly decreased in the AE stage compared to the recovery stage (*P < 0.05).




DISCUSSION

COPD is a highly heterogeneous disease presenting with different phenotypes. In this study, metabolomic analysis of glycerophospholipids was conducted among patients in the acute and recovery stages of COPD and also for different inflammatory subtypes, involving 129 phospholipids from 14 classes. Comparison of the metabolic profiles between the AE and recovery stages of COPD revealed significant decreases in LPC18:3, LPE 16:1, and PI 32:1 levels, suggesting the involvement of abnormal glycerophospholipid metabolism in the onset of AECOPD.

Glycerophospholipids are important components of the cell membrane and were thought to be related to cell structure and storage compartments. However, it has recently been discovered that glycerophospholipids can participate in mediating airway inflammation through its cleavage by phospholipase A2 to produce lysophospholipids and, hence, become involved in signaling and immune responses. Lysophospholipids are monoacyl hydrolysates of diacyl glycerophospholipid precursor molecules and are so called due to their detergent-like ability to lyse erythrocytes (Makide et al., 2014). In addition to altering the physical structure of cellular lipid bilayers, lysophospholipids can regulate cell signaling pathways by binding directly to membrane G-protein-coupled receptors and indirectly affecting membrane receptors. The main physiological lysophospholipids include LPA, LPS, LPG, and LPC. Recent studies have found that glycerophospholipids are physiologically active intercellular and intracellular lipid mediators involved in the pathogenesis of lung infections (Mander et al., 2002), asthma, and COPD (Sevastou et al., 2013; Drzazga et al., 2014; Telenga et al., 2014; Cruickshank-Quinn et al., 2018; Chen et al., 2019).

LPC is a lysophospholipid with a relatively high concentration in human blood and is produced by the hydrolysis of PC by phospholipase A2; conversely, LPE is produced by the hydrolysis of phosphatidylethanolamine by phospholipase A2. Based on our study results, lipid metabolites, such as LPC, LPE, and PI, were significantly reduced in AECOPD patients. Cigarette smoking is a major cause of COPD. Glycerophospholipids, which are complexes composed of 90% phospholipids and a small amount of protein, are important components of lung surfactants, which may be damaged following smoke exposure (Schurch et al., 1992; Goerke, 1998; Berry et al., 2011). They are secreted into the alveoli by airway epithelial cells to reduce alveolar surface tension and block pathogen invasion. Cruickshank-Quinn et al. used LC-MS to study smokers with COPD and found abnormal expression of several serum glycerophospholipids, among which LPC and PI were significantly negatively correlated with FEV1%pred and FEV1/FVC; moreover, they also performed integrated transcriptome/metabolome analysis and showed that the expression of LPC, PI, PE, and LPE gradually decreased with worsening lung function outcomes (Cruickshank-Quinn et al., 2018). Halper-Stromberg et al. (2019) performed LC-MS analysis of bronchoalveolar lavage fluid (BALF) from COPD patients and showed that the concentrations of lipid metabolites, such as LPC, LPE, and PI, were significantly reduced in COPD patients, and that these metabolites negatively correlated with FEV1/FVC. Furthermore, the level of lipid metabolites in BALF correlated with COPD outcomes more closely than that of serum metabolites. These findings suggest that LPC, LPE, and PI are associated with COPD, which is consistent with our results. The lipid metabolism disorder involving alveolar surfactants in patients with COPD (Cruickshank-Quinn et al., 2018; Ekroos et al., 2020) may be a potential therapeutic target for future studies on the restoration of alveolar surfactants. Exposure to cigarette smoke can induce alveolar surfactant dysfunction, alveolar epithelial cell apoptosis, and emphysema. These manifestations may be particularly prominent during AEs. Fatty acids undergo dynamic transformations in the body. The acyl group at the sn-2 site of PC is subjected to continuous deacylation and reacylation, leading to its repeated inversion and re-modification in a process called the Lands cycle (Wang and Tontonoz, 2019). PC is hydrolyzed by phospholipase to form LPC, and lysophosphatidylcholine acyltransferase (LPCAT) is a key enzyme of the Lands cycle. LPCAT is involved in catalyzing the conversion of LPC and acyl-CoA into PC and free CoA, thereby reducing the concentration of endogenous LPC (Wang and Tontonoz, 2019). COPD patients have a high expression of LPCAT gene, which correlates with the severity of FEV1%pred lung function (Cruickshank-Quinn et al., 2018). In addition, chronic airway inflammatory diseases, such as COPD, often involve abnormalities in phospholipase metabolism, which contribute to the differences in phospholipid expression (Wymann and Schneiter, 2008; Azimzadeh Jamalkandi et al., 2015).

In vitro studies have shown that LPC may exhibit pro-inflammatory or anti-inflammatory physiological effects in different pathophysiological conditions. As a representative of pro-inflammatory lysophospholipids, LPC is involved in regulating T-cell function and immune activity, inducing the processing and secretion of IL-1β, and increasing the expression of cytokine-induced interferon gamma (IFN-γ) and transforming growth factor β1 (TGF-β1) (Drzazga et al., 2014). In addition, LPC-dependent NADPH oxidase can stimulate the production of reactive oxygen species, which promotes the conversion of pro-cytokines to their mature, biologically active forms (IL-1β, IL-18, and IL33) (Schilling and Eder, 2010). Furthermore, in addition to their pro-inflammatory effects, polyunsaturated LPCs, such as LPC 20:4, LPC 20:5, and LPC 22:6, can act as potent anti-inflammatory agents against the activity of immune responses induced by saturated LPC (Riederer et al., 2010; Hung et al., 2012). LPCs can also downregulate the formation of pro-inflammatory mediators (IL-5, IL-6, NO, 12-hydroxyeicosatetraenoic acid, and LPC16:0-induced PGE2) and upregulate the expression of anti-inflammatory mediators (IL-4 and IL-10) by reducing leukocyte extravasation and plasma leakage, thereby achieving anti-inflammatory effects (Hung et al., 2012). Thus, the different biological activities of LPCs are related to the body’s internal environment, including hypoxia, oxidative stress, T-cell immune homeostasis, and differences in phospholipase metabolism (Murakami et al., 2014); importantly, these activities can vary with the length and saturation of the acyl chain, which also affects the biological properties and activity of the resultant molecules (Drzazga et al., 2014). Our results showed that LPC was decreased in AECOPD, and the mechanism underlying this reduction deserves further study.

Our study showed that LPE was also lower in the AE stage compared to the recovery stage, but the exact mechanism is unclear. Hung et al. found that unsaturated LPE has anti-inflammatory effects (Hung et al., 2011). In their study, zymosan A was used to induce acute peritonitis in mice, and treatment with polyunsaturated acyl-LPE could effectively reduce peritoneal inflammation in mice, while also reducing the formation of LTC4, which is a lipid mediator involved in vascular permeability. Furthermore, the levels of pro-inflammatory mediators (IL-1b, IL-6, TNF-α, and NO) decreased, whereas those of the anti-inflammatory mediator IL-10 increased. Taken together, these results suggest that LPE may have an anti-inflammatory effect. In addition, lysophosphatidyl transferase may be a regulatory factor (Eto et al., 2020). AECOPD is a complex and systemic disease state, and the mechanisms underlying the action of LPC, LPE, and PI in COPD deserve further investigation.

Different inflammatory subtypes can be identified in AECOPD (Yun et al., 2018). The present study defined the eosinophilic subtype as the ratio of peripheral blood EOS to leukocytes ≥ 2% and sputum EOS ≥ 3%. We found that COPD patients with the peripheral blood eosinophilic subtype had a shorter duration of COPD, lower rate of concomitant respiratory failure on admission, lower rate of non-invasive ventilation during hospitalization, shorter hospital stay, and fewer AEs in the past year than the sputum EOS < 3% subtype. This finding suggests that there may be a correlation between peripheral blood EOS levels and AECOPD severity in COPD patients (Kostikas et al., 2018). However, this study did not find significant differences in the levels of glycerophospholipid metabolites between the inflammatory subtypes, which may be due to the small sample size. Nevertheless, the results showed that the changes in LPC, LPE, and PI between AE and the recovery stage were more significant in subtypes with blood EOS% < 2% than in those with blood EOS% > 2%. This result indicates that LPC, LPE, and PI may play a role in non-eosinophilic COPD and warrants further study.

This study has some limitations. First, this study had a small sample size since it was primarily an exploratory study. Second, the peripheral blood glycerophospholipid levels measured in this study is a systemic response to chronic airway inflammation and cannot fully represent the local environment in the bronchi and lungs. The next step is to increase the sample size, combine sputum and BALF specimen analysis to further verify its relationship with AECOPD, and conduct in-depth mechanistic studies.

In conclusion, the present metabolomics study used LC-MS to detect the metabolic profiles of serum phospholipids in AECOPD and different subtypes of COPD. LPC, LPE, and PI were significantly reduced in AECOPD and could be used as biomarkers and potential therapeutic targets for treating AECOPD. Metabolomic analysis of glycerophospholipids may become an important research tool that could give rise to new drug targets and new biomarkers for COPD subtypes. Thus, the treatment of AECOPD is expected to evolve rapidly toward phenotypic specificity and individualization.
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Atherosclerosis, predominantly characterized by the disturbance of lipid homeostasis, has become the main causation of various cardiovascular diseases. Therefore, there is an urgent requirement to explore efficacious targets that act as lipid modulators for atherosclerosis. Transcription factor EB (TFEB), whose activity depends on post-translational modifications, such as phosphorylation, acetylation, SUMOylation, ubiquitination, etc., is significant for normal cell physiology. Recently, increasing evidence implicates a role of TFEB in lipid homeostasis, via its functionality of promoting lipid degradation and efflux through mediating lipophagy, lipolysis, and lipid metabolism-related genes. Furthermore, a regulatory effect on lipid transporters and lipid mediators by TFEB is emerging. Notably, TFEB makes a possible therapeutic target of atherosclerosis by regulating lipid metabolism. This review recapitulates the update and current advances on TFEB mediating lipid metabolism to focus on two intracellular activities: a) how cells perceive external stimuli and initiate transcription programs to modulate TFEB function, and b) how TFEB restores lipid homeostasis in the atherosclerotic process. In-depth research is warranted to develop potent agents against TFEB to alleviate or reverse the progression of atherosclerosis.
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INTRODUCTION

Cardiovascular diseases cause serious harm to human life and health (Mialet-Perez and Vindis, 2017). Atherosclerosis, characterized by lipid accumulation and inflammatory cell infiltration of the arterial wall, is the main pathological basis of cardiovascular diseases (Libby et al., 2011; Herrington et al., 2016). Upregulated lipid uptake and synthesis as well as deregulated degradation and transport make atherosclerotic cardiovascular events appear (Weber and Noels, 2011). Lipid homeostasis is controlled by the coordinated regulation of various metabolic pathways involving de novo synthesis, absorption, storage, transport, and breakdown of lipids (Yuan et al., 2012). Disruption of this balance may lead to lipid accumulation, which in turn gives rise to a multiplicity of life-threatening metabolism-related diseases currently, such as cardiovascular diseases, fatty liver, diabetes (Luo et al., 2020). The ways of regulating lipid metabolism are tightly interlinked and intricately entwined. Multiple lines of evidence have established that making the appropriate adjustments to each link from lipid synthesis to degradation and reuse, paying attention to the key target pathways in which they participate, is crucial to lipid homeostasis (Thelen and Zoncu, 2017).

As a salient transcription factor belonging to the microphthalmia/transcription factor E (MiT/TFE) family, transcription factor EB (TFEB) has been identified to modulate basic intracellular homeostasis (Napolitano and Ballabio, 2016). The activity and function of TFEB are also governed by a quite complex but only partially defined regulatory network consistent with other proteins, including transcription, translation, and the most common post-translational modification. During nutritional deficiency, TFEB translocates into the nucleus combined with downstream target promoters to regulate cell physiological processes, which not only takes part in ontogeny and angiogenesis but also has arisen as a master regulator of autophagy and lysosome biosynthesis (Xu and Ren, 2015; Fan et al., 2018). Evidence has mounted that TFEB is involved in the regulation of lipid metabolism in many diseases. For example, TFEB activates autophagy to indirectly inhibit liver steatosis and against weight gain in obesity (Zhang Y. et al., 2018). TFEB also contributes to being a potential therapeutic target for non-alcoholic fatty liver disease via the beneficial effect in regulating lipolysis and lipophagy (Yu et al., 2020). Remarkably, it has been discovered in recent years that TFEB also participates in lipid metabolism through regulating lipid mobilization and oxidation, inhibiting lipid uptake, promoting intracellular lipid degradation and efflux, preventing lipid accumulation by coordinating autophagy-lysosomes and modifying lipid transporters and lipid mediators, thus alleviating the progression of atherosclerosis and stabilizing plaques (Chen L. et al., 2017; Figure 1).
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FIGURE 1. The structure and function of TFEB in lipid homeostasis. TFEB is a protein consisting of 476 amino acid residues, mainly including glutamine-rich (GIn rich), an acidic transcription activation domain (AD), basic helix-loop-helix leucine-zipper (bHLHZIP) structure, and proline-rich motifs (Pro rich). Phosphorylation and acetylation are the most important post-translational modifications to regulate TFEB activity. The phosphorylated or acetylated TFEB sites by different proteins are shown in the figure. TFEB is also regulated by transcription and non-coding RNA. MicroRNA-128 targets TFEB to tune the transcription of autophagy-related genes. Methyltransferase like 3 (METTL3) inhibits the transcriptional activity of TFEB by methylating two m6A residues. After being activated into the nucleus, TFEB regulates downstream autophagy-lysosomal genes to modulate lipophagy and neutral lipolysis. Furthermore, TFEB also regulates lipid transport processes such as lipid uptake and cholesterol efflux by CD36 and ATP-binding cassette transporter A1(ABCA1).


Despite the considerable amount of work being conducted to understand the role of TFEB in cell metabolism and lipid homeostasis, several instances of its involvement in the regulation of lipid levels in atherosclerosis and related diseases have only recently been identified. Given the consummated investigations and the unmet challenges, this article focuses on the current cognizance of the several ways to activate TFEB and the integrated network mechanism of TFEB linking lipid homeostasis with atherosclerosis. In addition, we delineate some TFEB activators as potential therapeutic candidates in mitigating the pathological progression of atherosclerosis.



BASIC STRUCTURE AND FUNCTION OF TFEB

Transcription factor EB, consisting of 476 amino acid residues, is a member of MiT/TFE family with high sequence homology whose components include (i) the basic helix-loop-helix leucine-zipper (bHLHZIP) structure, (ii) an acidic transcription activation domain, (iii) glutamic acid-rich domain, (iv) serine-rich domain and other domains (Fisher et al., 1991). Not only can TFEB recognize palindromic CACGTG E-box, but also asymmetric TCATGTG M-box sequence that is unavailable to other bHLHZIP transcription factors (LeBlanc et al., 1998). Moreover, TFEB combines with homologous or heterologous deoxyribonucleic acid (DNA) groups in the form of dimers to initiate transcription of the corresponding gene (Brady et al., 2018a). For instance, the effect of the autophagy process is effectively regulated by TFEB, as it promotes autophagy formation, autolysosome fusion, and degradation through binding to the promoter regions of autophagy-related genes (Shin H. R. et al., 2016). Intriguingly, recent evidence strongly suggests that TFEB overexpression accelerates the degradation of a large number of autophagy substrates such as proteins, lipid droplets, damaged mitochondria, and endoplasmic reticulum, indicating the non-negligible role of TFEB in selective organelle autophagy (Wang et al., 2020; Yao et al., 2020).

Transcription factor EB is also known to be a vital regulator of lysosomal biosynthesis-related genes by connecting with the coordinated lysosomal expression and regulation (CLEAR) motif in the promoter region responsible for lysosome regeneration and biogenesis (Curnock et al., 2019). Another function of TFEB on lysosomes is to induce lysosomal exocytosis, a process in which lysosomes fuse with the plasma membrane, followed by secretion of their contents outside cells (Di Paola and Medina, 2019b). TFEB also exerts emerging effects on lipid metabolism by way of directly or indirectly modulating lipid uptake, transport, and degradation. To realize the above functions, cells need to start a TFEB transcription program in response to various kinds of environmental cues. Therefore, it is important to elucidate how the upstream factors regulate TFEB activity with subsequent enhancement of autophagy and lipid metabolism.



THE SPECIFIC MECHANISM FOR TFEB ACTIVATION

When cells are stressed by factors such as starvation, lysosomal stress, and mitochondrial damage, they must respond quickly by regulating the rapid shift of cytoplasmic TFEB to the nucleus for binding to DNA elements and activating the transcription of target genes, so as to adapt to the environment and restore their dynamic balance (Willett et al., 2017). However, the network of mechanisms regulating TFEB activity and function is complex and still not fully defined. At present, there is strong evidence that TFEB is strictly regulated by transcription, translation, post-translational modification, and protein-protein interaction.


Transcriptional Level, Non-coding RNA, and Translation

Transcription factor EB is regulated by different factors at the transcription level. The key stage of gene expression is the initiation of transcription, whose switch is the promoter, a segment of DNA sequence specifically recognized and bound with the ribonucleic acid polymerase. Most promoters are located upstream of the transcriptional starting point of structural genes, controlling the initiation time and the degree of expression to determine the activity of target genes. Some scholars have found that the occurrence of chromosomal translocation results from the fusion of the open reading frame of TFEB on chromosome 6 to the 5′ regulatory region of the non-protein encoding alpha gene on chromosome 11. Consequently, the TFEB promoter is replaced, contributing to the significant up-regulation of the TFEB transcription level and the expression of TFEB protein (Argani et al., 2005, 2016; Zhan et al., 2018). Forkhead box O1, a transcription factor that controls mitochondrial function and morphology, could interact with TFEB, drastically increasing the transcription and protein levels of TFEB through directly binding to its promoter (Liu et al., 2016). Non-receptor kinase Janus kinase 2 (JAK2) knockdown alleviates TFEB promoter activity, expression, and nuclear localization, subsequently blocking autophagy and lysosome function. The observations of in silico analysis and chromatin immunoprecipitation (ChIP) assays highlight that activating JAK2 encourages the binding of downstream transcription activator 1 and TFEB promoter, thus increasing the transcription activity of TFEB, achieving the purpose of reversing lysosomal dysfunction and restoring albumin permselectivity in glomerular disease (Alghamdi et al., 2017). Current reports showed that Krüppel-like factor 2 upregulated TFEB expression and promoter activity to exert anti-inflammatory effects in endothelial cells and diabetic mice (Song W. et al., 2019). In a recent study involving analysis by ChIP of primary hepatocytes and whole livers in vivo and vitro, hepatic spliced X-box binding protein 1 was found to enhance TFEB transcription and autophagy by occupying the 743 to 523 site of the promoter of TFEB (Zhang et al., 2020).

In addition to the regulation of promoter activity, recent studies have found that microRNA and long non-coding RNA (LncRNA) are involved in regulating the transcription of TFEB. TFEB is the target of microRNA-128 in concomitantly tuning the transcription of autophagy-related genes (Settembre et al., 2011; Tiribuzi et al., 2014). The process of renal cancer caused by high expression of TEFB is related to LncRNA fusion (Malouf et al., 2015; Xia et al., 2015; Pei et al., 2019). Further evidence also links RNA methylation with TFEB regulation. Methyltransferase like 3 (METTL3) reverses the transcriptional activity of TFEB by binding to the 3’-UTR end of TFEB and concomitantly methylating two m6A residues, thus playing a protective role in ischemic heart disease (Song H. et al., 2019).

A novel modulations of TFEB activity at the translation level has emerged, in which TFEB translation is suppressed by both of MA3 domains within programmed cell death 4, which is a tumor suppressor propitious to lysosome dysfunction related diseases (Chen et al., 2020). Interestingly, salt-inducible kinase 2 (Negoita et al., 2019) and spermidine (Zhang et al., 2019) may affect the expression of TFEB in cells from the perspective of translation. Among the studies on the activity of TFEB, the most concerned is the modification of post-translational proteins, including acetylation, phosphorylation, SUMOylation, and ubiquitination.



Post-translational Modification


Phosphorylation and Dephosphorylation

Our current understanding of TFEB biology posits when cells are under stress, TFEB protein activity, and subcellular localization or its nuclear-cytoplasmic shuttling are driven by phosphorylation modification mainly. The basilic phosphorylation sites include S142, S211, and serine-rich sequences at the end. S122, S134, S138, S462, S463, S467, and S469 phosphorylation also regulates the nuclear translocation of TFEB.

Mammalian target of rapamycin complex 1 (mTORC1) is currently the most thoroughly studied kinases related to TFEB phosphorylation (Nnah et al., 2019). Studies have shown mTORC1 mediates the phosphorylation at the C-terminal S211 amino acid of TFEB (Martina et al., 2012). When nutrients are rich and energy is sufficient, vacuolar H+-AT-Pase forms a complex interacting with Rag GTPase and other factors. 14-3-3 is a cytoplasmic chaperone protein that keeps TFEB isolated in the cytosol, which masks the nucleus entry signal after binding to TFEB, resulting in the loss of TFEB activity temporarily (Xu et al., 2019). The activated Rags recruit mTORC1 to the lysosome membrane through binding to the mTORC1 component raptor. At this time, the activated mTORC1 phosphorylates the S211 site of TFEB, which promotes 14-3-3 binding sites (Roczniak-Ferguson et al., 2012). Experiments with the above mechanism have proved that, due to rich nutrition, mTORC1 is increased to promote the phosphorylation of TFEB S211, which enhances hepatic steatosis and liver injury in high-fat diet-fed mice. Importantly, studies on hepatic biopsies of patients with non-alcoholic fatty liver disease revealed that the lower the activity of TFEB, the more serious the liver steatosis and lipid aggregation (Zhang H. et al., 2018). Conversely, when the nutrition is deprived, due to the inactivation of the RagGTP enzyme, mTORC1 dissociates from the surface of the lysosome and loses its activity, leading to the dissociation of the TFEB/14-3-3 complex. The rapid dephosphorylation of TFEB is transferred from the cytoplasm to the nucleus, thereby performing transcription function and activating downstream genes to maintain effective homeostasis.

Several other protein kinases have been found to affect the phosphorylation of TFEB. Adenosine monophosphate-activated protein kinase (AMPK), a central regulator of energy homeostasis, is recently shown to attenuate lipid accumulation and inflammation by promoting dephosphorylation and nuclear localization of TFEB independent of mTOR activity (Kim S. H. et al., 2017; Collodet et al., 2019). Extracellular signal-regulated kinase (ERK) phosphorylates the site of TFEB S142 and makes it relocated in the cytoplasm (Yonekawa et al., 2015; Li et al., 2019). Phosphorylation of TFEB S142 by mTOR/ERK inhibits nuclear translocation of TFEB in hepatocytes and thus promotes hepatic cholesterol accumulation (Wang et al., 2020a). Whereas AKT (protein kinase B) negatively controls TFEB through phosphorylation at S467 (Palmieri et al., 2017). The inactivation of glycogen synthase kinase (GSK)-3β activates TFEB by dephosphorylation and nuclear translocation of TFEB (Li et al., 2018; Theeuwes et al., 2020). GSK-3β coordinates with mTORC1 by phosphorylating TFEB S134 and S138 sites increasing the phosphorylation of S211A with the resultant acceleration of the binding of TFEB to 14-3-3 protein and eventually inhibiting TFEB’s nuclear transport. However, protein kinase C (PKC) might increase dephosphorylation and activation of TFEB by inactivating GSK3β. It is likely that PKC activators may be used as an effective treatment for lysosome-related disorders by activating TFEB to accelerate the degradation of accumulated lipid droplets (Li Y. et al., 2016). Besides, in the C-terminus of TFEB, multiple serine residues (i.e., S462, S463, S467, and S469) are phosphorylated by PKCβ for changing the TFEB protein stability instead of influencing subcellular localization (Ferron et al., 2013). As reported, TFEB is dephosphorylated by calcineurin. During starvation and physical exercise, calcineurin induction triggers the TFEB nuclear translocation synergistically with mTORC1 inhibition (Medina et al., 2015; Di Paola and Medina, 2019a; Pan et al., 2020).



Acetylation and Deacetylation

One of the modes of protein modification is acetylation modification, a process by which acetyl groups transfer to amino acid side chain groups (Yang et al., 2020). Researchers have found that acetylation modification of TFEB also affects its activity and localization. Histone acetyltransferase general control non-repressed protein 5 (GCN5) acetylates TFEB pointedly at K274 and K279. This results in the dimerization of TFEB being disrupted and the TFEB transcriptional activity reduced, accompanied by decreasing the biogenesis of autophagy and lysosome-mediated lipid hydrolysis (Scott et al., 2014; Wang et al., 2020b). On the contrary, cytosolic deacetylase histone deacetylase 6 (HDAC6) inhibition enhances the acetylation of TFEB and the TFEB nuclear localization initiating expression of downstream genes. However, the deacetylation site on TFEB and exact mechanisms remain unanswered (Brijmohan et al., 2018). Likewise, suberoylanilide hydroxamic acid (SAHA), a histone deacetylase inhibitor that is observed to activate the lysosomal function in human cancer cells. These results disclose a novel form that SAHA provokes TFEB transcriptional activity by recruiting acetyl-coenzyme A acetyltransferase 1 (ACAT1) and histone deacetylase 2 (HDAC2) to TFEB and enhancing TFEB acetylation on the regions containing K91, K103, K116, and K430 (Zhang J. et al., 2018). There is also a report for the inhibitory role of TFEB acetylation at K116 in microglia lysosomal biosynthesis (Bao et al., 2016). The discrepancy about whether acetylation is capable of boosting or constraining the transcriptional activity of TFEB may be due to different research backgrounds including cell types and the nature of the stimuli used. Hence, it remains to be further investigated what the pronounced functionality of TFEB acetylation is in controlling its transcriptional activity. Besides, after being deacetylated into the nucleus, TFEB needs to be appropriately modified in the nucleus before functioning, and it is different from the dephosphorylation as mentioned above.



SUMOylation

Transcription factor EB is also modified by the small ubiquitin-like modifier (SUMO). SUMOylation does not promote protein degradation like ubiquitination, but strengthens protein stability, regulates protein interaction and positioning, affects protein transcription activity, which involves regulating protein functions and cell life activities. The research has mapped that SUMO1 performs SUMOylation on a lysine site of TFEB protein with attenuated transcriptional activity (Miller et al., 2005).



Ubiquitination

Ubiquitination, a post-translational modifier, was discovered to play a part in the TFEB function. As a chaperone-dependent E3 ubiquitin ligase, STIP1 homology and U-Box containing protein 1 interacts with phosphorylated TFEB preferentially and initiate TFEB degradation through a ubiquitin-proteasome pathway. Correspondingly, non-phosphorylated TFEB exposures the nuclear localization signal, which exerts its transcriptional activity to promote the expression of the autophagy–lysosomal genes (Sha et al., 2017).



Others

In addition to the above post-translational modifications, methylation and protein glycosylation are also common post-translational modifications, which are connected with TFEB. Methylation includes DNA methylation, RNA methylation, or protein methylation. There are research reports showing that TFEB may regulate hypo-methylated genes in type 2 diabetes (Liu et al., 2015). It has been mentioned previously that TFEB undergoes RNA methylation via the m6A modification of its mRNA adenylate catalyzed by METTL3 (Song H. et al., 2019). Besides, TFEB activity is also regulated by a protein methyltransferase. Research has shown that under nutrient starvation, co-activator-associated arginine methyltransferase 1 (CARM1) and TFEB exhibit mutual combination and subsequently increases the levels of histone H3 Arg17 dimethylation and autophagy. CARM1 exerts transcriptional co-activator function through binding to the transcriptional activation domain of TFEB, whereas TFEB combines with the methyltransferase domain of CARM1 (Shin H. J. et al., 2016; Shin H. R. et al., 2016). An emerging phenomenon reveals that TFEB is an important upstream activator of some glycoproteins, which may be associated with increased levels of N-glycosylation and altered lysosomal protein activity in pancreatic ductal adenocarcinoma (Pan et al., 2014). However, it remains unclear on the specific mechanism responsible for TFEB regulating glycosylation and changes in the glycosylation levels of certain glycoproteins affecting the activity of TFEB.

As mentioned above, we briefly summarized those that are currently studied. It remains unclear how different pathways communicate with each other to regulate the activity of TFEB, and whether all of these different levels of modification ultimately affect lipid metabolism by regulating TFEB activity.





THE FUNCTION AND MOLECULAR MECHANISM OF TFEB REGULATING LIPID METABOLISM IN ATHEROSCLEROSIS


The Role of TFEB in Lipid Homeostasis

After the transcriptional activity of TFEB itself is regulated by many other factors, it is activated into the nucleus and further regulates downstream targets to change intracellular metabolic changes, such as lipid metabolism (Settembre et al., 2013). The adaptive response of organisms to changes in nutritional status is related to major transcriptional and metabolic changes, one of which prominently observed during nutrient deprivation is the increase in lipid catabolism. During this period, lipid metabolism is regulated by many transcription factors, nuclear receptors, and non-coding RNA, which quickly adapt to the current environment to maintain the basic homeostasis and support the energy requirements (Li et al., 2017). TFEB is one of the transcription factors that efficaciously regulate lipid metabolism. It regulates not only the lipid transport processes such as lipid uptake and cholesterol efflux but also the lipophagy mediated by intracellular lysosomal lipolysis and neutral lipolysis adjusted by fatty acid oxidation-related proteins (Zechner et al., 2012). Microarray analysis identified numerous genes of lipid and fatty acid catabolic process, fatty acid-binding, and transport, fatty acid oxidation, sphingolipid catabolic process, steroid catabolic process et al., such the expression of lipid metabolic process genes are perturbed by TFEB overexpression (Settembre et al., 2013). Furthermore, TFEB has been found to also work cooperatively with transcription factor E3 (TFE3) in controlling whole-body metabolism, including lipid catabolism, energy metabolism, glucose homeostasis, and mitochondrial β-oxidation (Pastore et al., 2017). Accordingly, if the focus of basic research is turned to the transcriptional regulation of lipid metabolism by TFEB, it sheds light on the more thorough understanding of lipid trafficking pathways and homeostasis.


TFEB and Lipid Transporters

Transcription factor EB influences the expression of CD36, scavenger receptor class A (SR-A), ATP-binding cassette transporter A1 (ABCA1), and other proteins to regulate lipid transport. The level of these transporters, which is responsible for cholesterol uptake and efflux on the surface of macrophages, is dynamically changed to deal with the environment stimulation (Ye et al., 2019). The results have proved that hypericin-mediated sonodynamic therapy (HY-SDT) promotes the nuclear translocation of TFEB by generating reactive oxygen species (ROS) in macrophages, with a resultant increase in the level of macrophage cholesterol efflux and the expression of ABCA1 protein, and also inhibition at the mRNA levels of CD36 and SR-A. These findings indicate that TFEB is a momentous regulator that promotes lipid degradation and efflux of macrophages, and exhibits the potential therapeutic effect of inhibiting lipid uptake in response to atherogenic lipid stressors. Besides, this result also unveils that TFEB is a crucial regulator that promotes autophagy activation and lysosomal regeneration to ultimately reduce lipid accumulation in macrophages and ameliorate lipid overload in atherosclerotic plaques (Li X. et al., 2016).



TFEB and Lipid Degradation

When nutrients are lacking, lipid droplets are broken down to release energy. Maintaining the dynamic balance of lipid flux requires the synergistic regulation of autophagy-dependent lipolysis and neutral lipolysis (Zechner et al., 2017; Khawar et al., 2019). Autophagy-dependent lipolysis is the major way to adapt to environmental challenges, allowing removal of excess substrates and repair of damaged organelles (Maan et al., 2018). While neutral lipolysis is the key basis for lipid degradation, which provides necessary lipids for autophagic cell membranes (Tall, 2017; Schott et al., 2019). Additionally, neutral lipolysis may be a powerful effector of autophagy-dependent lipolysis as a result of making oxidative phosphorylation more allowable for mitochondrion.

Autophagy is a long-term evolutionary and reserved degradation system in cells that maintains the stability of the intracellular environment by degrading protein aggregates and damaged organelles, playing a central role in lipid metabolism (Martinez-Lopez and Singh, 2015). The lipid droplets accumulated in the cytoplasm are wrapped by a double-layer membrane structure to form autophagosomes, which then are fused with the lysosomes. Thereafter, the lipid droplets shuttle to the lysosome and are then degraded by acid lipase to produce free cholesterol and free fatty acids (Chen K. et al., 2017). Among them, the free cholesterol flows out of the cytoplasm through the mediation of transmembrane protein ABCA1 and is metabolized along with the blood circulation back to the liver to participate in the process of reverse cholesterol transport (Ouimet et al., 2019). Whereas free fatty acids are effluxed and re-uptake into mitochondria, where they undergo β oxidation to produce energy or ketone bodies for supporting cellular energy requirements. This selective autophagy process, also specifically known as lipophagy, is the lipid conversion of intracytoplasmic lipid droplets through the autophagy pathway, and the main way for lipid metabolism caused by long-term hunger in the body. As TFEB is a key regulatory factor for autophagy and lysosome, some compelling evidence suggests that TFEB modulates the degradation and efflux of intracellular lipids by regulating lipophagy-related genes after transferring from the cytoplasm to the nucleus (Thomes et al., 2019).

This is substantiated by studies demonstrating that TFEB inhibition abolishes lipophagy and makes for the decomposition of cellular lipid in anti-non-alcoholic fatty liver disease (Wang et al., 2019). Furthermore, in mouse models of obesity, suppression of TFEB, and Atg7 by liver-specific gene deletion facilitate liver steatosis and weight-gain (Yang et al., 2010). Helix-Loop-Helix-30 (HLH-30), the TFEB ortholog as transcriptional switches, couple autophagy and lysosomal lipolysis to nutritional changes through mediating the efficient lipid clearance in Caenorhabditis Elegans, resulting in additive effects with controlling fat storage (O’Rourke and Ruvkun, 2013; Franco-Juárez et al., 2018). In agreement with this, a similar conserved pathway is replicable in human cells (Ji et al., 2020) and murine models (Visvikis et al., 2014; Nakamura and Yoshimori, 2018), underscoring that HLH-30 or TFEB is conservative in linking autophagy to lipid homeostasis and lifespan. There are also reports for regulation by TFEB of peroxisome proliferator-activated receptor-γ coactivator-1α (PGC-1α) (Finck and Kelly, 2006) and peroxisome proliferator-activated receptor α (PPARα) (Tan H. W. S. et al., 2019), the main regulatory factors of lipid metabolism. Support for this concept is the finding that PGC-1α activation promoted by TFEB targets the downstream PPARα and controls lipid degradation (Evans et al., 2019). In macrophages infected by mycobacteria, PPARα agonists promote the transcription of TFEB, lipid catabolism, fatty acid β-oxidation, and inhibit lipid formation for antimycobacterial effect (Kim Y. S. et al., 2017), which emphasizes the interplay between autophagy and lipid metabolism at the transcriptional level. Recent studies show that TFEB participates in store-operated calcium entry-controlled lipid metabolism, inducing lipophagy, and mobilization of fatty acid from lipid droplets (Maus et al., 2017; Zhu et al., 2018). Besides, TFEB plays a part in lipid catabolism mediated by phosphatidylinositol-5-phosphate 4-kinases required for autophagosome-lysosome fusion (Lundquist et al., 2018). These reliable reports provide proof that TFEB is connected closely with lipophagy via the autophagy-lysosome pathway. But the key of lipophagy is sufficient autophagic flux and complete autophagy-lysosome form and fusion pathway to produce enough autophagy cycles for phagocytosing excess lipids.

Neutral lipolysis is the process in which cytoplasmic lipases such as the key cytoplasmic lipase, adipose triglyceride lipase (ATGL), and hormone-sensitive lipase (HSL) exert the hydrolytic effect by directly attaching to the surface of lipid droplets, and serving as another capital intracellular lipid degradation mode. Together with lipophagy, lipolysis constitutes the key to the regulation of lipid droplet catabolism (Kloska et al., 2020). Studies have shown that lipase-driven decomposition of lipid droplets has proved part of its process depends on autophagy. Since it was observed that ATGL and HSL both contain motifs that directly interact with LC3, it is speculated that the resulting up-regulation of hepatic lipid phagocytosis has a synergistic effect with lipolysis (Martinez-Lopez et al., 2016; Cui et al., 2020). Similarly, ATGL activity may also be an influential checkpoint for regulating lipid phagocytosis, and ATGL overexpression may increase liver fat phagocytosis via sirtuin-1 (Sathyanarayan et al., 2017). Therefore, lipophagy and lipolysis are closely related. As the role of TFEB in lipophagy is becoming more and more clear, it is also important to explore the role of TFEB in the lipolysis process. While there are few related reports at present and further investigation is needed.

In addition to the aforementioned approaches involving autophagy-related targets in regulating lipid metabolism, TFEB also binds directly to cholesterol 7α-hydroxylase (CYP7A1) promoter in human and mouse hepatocytes, which augments bile acid synthesis resulting in cholesterol catabolism and degradation. This mechanism may contribute to the prevention of hypercholesterolemia and metabolic disorders. Bile acid-induced fibroblast growth factor 19 mediates feedback inhibition of TFEB activity and nuclear translocation via activating the mTOR/ERK pathway and phosphorylating TFEB (Wang et al., 2020a).



TFEB and Bioactive Lipid Mediators

It is well known that lipids metabolism produces many small molecules, acting as bioactive lipid mediators to participate in cell signaling pathways and mediate numerous biological effects (Huang and Freter, 2015). Such key bioactive lipids include fatty acids, diacylglycerol, sphingolipids, ceramide, sphingosine, sphingosine-1-phosphate, and others. TFEB promotes fatty acid oxidation in mitochondria and peroxisomes and inhibits fatty acid biosynthesis. Strikingly, TFEB action is a result of the different fatty acid types and duration of exposure to exogenous fatty acids in murine cardiomyocytes (Trivedi et al., 2020). TFEB content is decreased in a concentration- and time-dependent manner by palmitate, the saturated fatty acid, rather than polyunsaturated fatty acids. Animal models show that a high-fat and high-sucrose diet induces a temporary decline in nuclear TFEB, concomitant with the molecular events that lipid deposition is induced by marked elevation of diacylglycerol and triacylglycerol. Early studies show that some lysosomal enzymes that regulate the degradation of sphingolipids and glycogen become direct targets of TFEB (Palmieri et al., 2011), implying the indirect regulation of TFEB on lipid mediators. In murine (C57BL/6) lungs, TFEB/lipophagy induction substantially reduces cigarette smoke-mediated intracellular-ceramide-accumulation to normal levels (Bodas et al., 2019).




The Pathological Process of Atherosclerosis

Atherosclerosis is a chronic inflammation-related pathological process caused by various reasons (Yang M. Y. et al., 2018; Ray et al., 2019). The hallmarks of atherosclerosis are lipid accumulation and chronic inflammation of that arterial wall. Under the action of various risk factors such as smoking, obesity, hypertension, and dyslipidemia, the oxidized low-density lipoprotein (ox-LDL) causes endothelial damage and dysfunction ascribed to the state of hyperlipidemia (Negre-Salvayre et al., 2020), leading to increased levels of adhesion factors and chemokines. These cytokines promote the monocytes to be converted into macrophages to devour lipids through the adhesion at the injury site of arteries and migration to the subendothelial layer. The degree of lipid accumulation in macrophages represents the balance between extracellular lipid uptake and lipid reverse transport. When the influx and esterification of intracellular lipids are greater than the outflow, the accumulation of lipids occurs, and the excess lipids are stored in the lipid droplets. Therefore, macrophage-derived foam cells promote the formation of lipid striae and become the kernel of plaques (Guerrini and Gennaro, 2019). In parallel, smooth muscle cells of the medial membrane migrate into the subendothelial layer and gradually accumulate to form a new fibrous cap of atherosclerotic plaque, which enlarges the plaque to rupture injury. If the body is unable to promptly clear the apoptotic foam cells, a thrombus, and an inflammatory necrosis core is formed, eventually leading to acute coronary syndrome (Paone et al., 2019).



The Importance of Lipid Homeostasis for Atherosclerosis

Many factors promote atherosclerosis, among which lipid metabolism disorder is a conspicuous pathological factor contributing to the formation and progression of atherosclerosis. It is generally believed that foam cells are the typical features of early atherosclerosis (Maguire et al., 2019). The main lipid types in these foam cells are free cholesterol and cholesterol esters, which are stored in the form of lipid droplets. In mammals, lipid droplets play a standout role in intracellular lipid balance. Damaged lipophagy causes lipid accumulation and deranges lipid metabolism, which aggravates atherosclerosis progress. Therefore, reducing lipid uptake, or mobilizing the release of cholesterol in the cytoplasm from lipid droplets, and enhancing lipid catabolism and efflux are principal for understanding the physiological mechanisms regulating lipid homeostasis and reversing lipid content of plaques (Yang M. et al., 2018). It provides a prominent theoretical basis for us to develop effective drug targets to reduce the formation of foam cells constituting an attractive method for the prevention and treatment of atherosclerosis. Over the past years, with the study of lipid homeostasis in atherosclerosis showing the situation of the explosive growth, the regulatory role of TFEB has also been gradually explored.



TFEB, Lipid Homeostasis, and Atherosclerosis

Transcription factor EB is ubiquitously expressed in multifarious cell lines, performing the functions of regulating lipid homeostasis in many diseases. For the reason that lipid metabolism is closely related to atherosclerosis, it is hypothesized that TFEB also regulates lipid metabolism in atherosclerosis. Therefore, the transcription function of TFEB has attracted the attention of scientific researchers in the atherosclerosis field.

Many studies have confirmed that TFEB inhibits the progression of atherosclerosis mainly by promoting lipid degradation. During the development of atherosclerosis, lipids are catabolized in lysosomes. Adequate lipid catabolism has the effect of delaying the progression of atherosclerosis. However, excessive lipid accumulation in lysosomes may cause progressive dysregulation of lysosomes and the autophagy function. Therefore, lysosomes show the characteristics of larger volume and decreased protein degradation ability, which aggravates the deterioration of the plaque microenvironment and accelerates the plaque rupture. It is reported that the promotion of macrophage autophagy metabolizes lipid droplets into free fatty acids, which is of stupendous significance in promoting lipid efflux in atherosclerosis.

As a regulator of the autophagy-lysosome pathway, TFEB up-regulates the expression of 2/3 autophagy-lysosome-related genes. Studies have found that TFEB overexpression promotes the synthesis of lysosomes and related enzymes to rescue damaged lysosomes. Enhancing autophagy promotes the clearance of damaged proteins, alleviates lipid-induced macrophage lysosomal dysfunction, and provokes lipid metabolism (Emanuel et al., 2014). In vascular smooth muscle cells, proteomic analysis, and database searching identified an appealing protein stearoyl-CoA desaturase 1 (SCD1). Overexpressed SCD1 has a promotional effect on the TFEB nuclear translocation and its reporter activity, mediating lipophagy for inhibiting foam cell formation (Pi et al., 2019). Analogously, in APOE–/– mice with macrophage depletion, sorting nexin 10 deficiency enhances TFEB nuclear translocation exerting the effect of promoting activity of lysosomal acid lipase and mitochondrial fatty acid oxidation, coinciding with interrupting the internalization of CD36 to prevent the uptake of lipids, thereby inhibiting foam cell formation (You et al., 2020). TFEB overexpression also inhibits atherosclerosis plaques from the aspect of promoting lipid transport. Li et al. demonstrated that TFEB was shown to promote cholesterol and fatty acid efflux by enhancing the expression of ABCA1 while inhibiting lipid uptake by suppression of CD36 expression (Li X. et al., 2016).




APPLICATION OF TFEB AS A TARGET IN DISEASE TREATMENT

Based on the understanding of the above regulatory mechanisms, the function of TFEB in lipid metabolism is increasingly clear. Recent research effort has devoted into developing drugs targeting the regulation of TFEB to treat several diseases in which a defective lipid and energy metabolism is a key contributor to the disease pathogenesis. Indeed, some gratifying progress has been made. Three lead compounds as TFEB efficacious agonists have been identified through a nanotechnology-enabled high-throughput screening strategy, embracing digoxin, ikarugamycin, and alexidine dihydrochloride, which belong to a small cohort of clinically approved drugs, the marine-derived natural product, and synthetic small molecules, respectively. These compounds engage TFEB activation pathways via three distinct mobilizations of Ca2+-dependent mechanisms, which improve lipid metabolism with relieviated steatosis in C57BL/6 mice fed a high-fat diet (Wang et al., 2017). Procyanidin B2, a naturally occurring phenolic compound, holds the promise to be developed as a novel drug for the treatment of non-alcoholic fatty liver disease, as its function in modulating lysosomal pathway and redox state mediated by TFEB to attenuate free fatty acids-induced hepatic steatosis (Su et al., 2018). The cholesterol-lowering agent ezetimibe is widely used for hypercholesterolemia. In mice treated with a methionine- and choline-deficient diet, ezetimibe attenuates lipid accumulation and steatohepatitis by autophagy activation through phosphorylating AMPK and promoting TFEB nuclear translocation (Kim S. H. et al., 2017). As a natural product, formononetin has been shown to protect against hepatosteatosis by promoting TFEB-mediated lipophagy (Wang et al., 2019). A very recent study reveals that dihydromyricetin initiates autophagic cutaneous squamous cell carcinoma (CSCC) cell death through inducing TFEB (S142) dephosphorylation and increasing the activity of TFEB reporter, which is conducive to CSCC chemotherapy (Tan M. et al., 2019).

As noted above, some small-molecule substances regulate the activity of TFEB in atherosclerosis. Disaccharide trehalose is shown to exhibit atheroprotective effects. As a beneficial inducer of TFEB, disaccharide trehalose orchestrates the functional autophagy-lysosome system for lipid degradation in the atherosclerotic plaque (Sergin et al., 2017; Evans et al., 2018). HY-SDT was found to be effective in improving the progression of atherosclerosis through triggering TFEB nuclear translocation and promoting lipid degradation and efflux, decreasing the lipid content (Li X. et al., 2016). The research on TFEB linked with atherosclerosis is still in the early stage. Current research is only limited to the discovery of several small molecular substances that might be used as TFEB agonists to inhibit plaques in mice. Studies have proved that the overexpression of TFEB reduces the samples of human atherosclerotic plaques (Sergin et al., 2017), but no agent targeting TFEB has been found to treat atherosclerosis patients. Nevertheless, these findings are encouraging in terms of potential therapeutic application, as an interventional treatment after disease onset would be a valuable advantage.



CONCLUDING REMARKS

As an important transcription factor that regulates cell homeostasis and body pathogenesis, TFEB has attracted tremendous attention in various fields credited with its transcription function system. The unambiguous mechanism of its activity remains to be elucidated. Although post-translational modification is considered to be the main way to regulate TFEB activity and intracellular localization, currently only phosphorylation modification has received thorough research, whereas the other powerful regulation machinery, such as acetylation, SUMOylation, and ubiquitination, need to be explored. It is also necessary to determine the particular sites of post-translational modifications regulating the TFEB function, which is also challenging. Another vital issue to be solved is how TFEB is transferred to the cytoplasm once it enters the nucleus, and how TFEB export from the nucleus is regulated and whether it exerts additional roles.

Under stress conditions, TFEB undergoes nuclear translocation and binds to the corresponding DNA fragments to regulate the expression of proteins related to the autophagy-lysosome pathway. The information on environmental cues is transmitted to the nucleus to trigger a transcription response. Particularly, TFEB links different organelles such as lysosomes and the nucleus to enhance overall metabolism. There have been many data proving the importance of TFEB in all levels of the body, but it is still necessary to clarify the idiographic cellular function mediated by TFEB under different research background such as different types of cells or tissue and the nature of external stress conditions.

Due to its involvement in the intracellular clearance pathway, TFEB has been shown as an essential factor for lipid degradation and has made preliminary progress in regulating lipid transporters and lipid mediators. However, more high-quality, in-depth study of its definite mechanisms are still needed, and the comprehensive regulatory network of TFEB in lipid metabolism awaits perfection, considering the limited understanding of TFEB in lipid synthesis, mobilization, esterification, transport. Lipid disorders and inflammation are the two main characteristics of atherosclerosis. The regulation mechanism of TFEB in immune inflammation has been roughly determined (Brady et al., 2018b), but the regulation of lipid homeostasis of TFEB in atherosclerosis needs to be fully studied.

With the continuous deepening of molecular biology research, various mechanisms regulating TFEB and targeted drugs have been understood to a certain extent. However, the current research is only limited to the transcription level and the protein level and mainly focuses on the dephosphorylation of TFEB which gets into the nucleus and increases its activity. There are no intervention drugs to be able to modulate the acetylation of TFEB protein. Undoubtedly, it is a demand to explore effective drugs targeting TFEB continuously. In conclusion, the transformation from TFEB basic research into clinical applications is crucial. An in-depth exploration of the explicit mode of action of TFEB on lipid metabolism and the dialogue mechanism with other signaling pathways will improve our understanding on the regulation mechanism of lipid metabolism in atherosclerosis and provide new perspectives and strategies for the prevention and treatment of related metabolic diseases.
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Epoxyeicosatrienoic acids (EETs) are metabolites of arachidonic acid by cytochrome P450 (CYP) epoxygenases, which include four regioisomers: 5,6-EET, 8,9-EET, 11,12-EET, and 14,15-EET. Each of them possesses beneficial effects against inflammation, fibrosis, and apoptosis, which could combat cardiovascular diseases. Numerous studies have demonstrated that elevation of EETs by overexpression of CYP2J2, inhibition of sEH, or treatment with EET analogs showed protective effects in various cardiovascular diseases, including hypertension, myocardial infarction, and heart failure. As is known to all, cardiac remodeling is the major pathogenesis of cardiovascular diseases. This review will begin with the introduction of EETs and their protective effects in cardiovascular diseases. In the following, the roles of EETs in cardiac remodeling, with a particular emphasis on myocardial hypertrophy, apoptosis, fibrosis, inflammation, and angiogenesis, will be summarized. Finally, it is suggested that upregulation of EETs is a potential therapeutic strategy for cardiovascular diseases. The EET-related drug development against cardiac remodeling is also discussed, including the overexpression of CYP2J2, inhibition of sEH, and the analogs of EET.
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INTRODUCTION

Cardiovascular disease (CVD) is recognized as a leading cause of mortality worldwide (Roth et al., 2015). Heart failure (HF) is the final stage of CVD, which has become a burgeoning problem that tortures about 23 million people (Mozaffarian et al., 2015; Murphy et al., 2020). Exploring the pathophysiological etiologies of HF is essential to identify novel therapeutic strategies. Dramatically, during the progress of HF, cardiac remodeling is one of the key pathophysiological processes. It is a maladaptive change including changes in wall thickness, ventricular volumes, and cardiac mass to various internal and (or) external pathological stimulus, which ultimately causes noncompensatory HF (Opie et al., 2006; Braunwald, 2013; Yang et al., 2020).

Up to now, the underlying mechanisms of cardiac remodeling are not completely elucidated; several pathological changes are involved, including cardiac hypertrophy, cardiomyocytes apoptosis, cardiac fibrosis, inflammation, oxidative stress, and endothelial dysfunction (Wu et al., 2017; Zhou et al., 2019). Traditionally, it is believed that cardiac remodeling is irreversible. Once it develops into HF, there is no effective therapy. Thus, cardiac remodeling is becoming an important therapeutic target for HF (Kim et al., 2018). The overall goal of HF therapy is to ameliorate symptoms, decrease hospitalization rates, and prevent premature death. Although there are several drugs targeting HF, such as angiotensin-converting enzyme (ACE) inhibitors, beta blockers, and mineralocorticoid receptor antagonists, which are able to slow down the progress of cardiac remodeling, the morbidity remains at a very high level (Tham et al., 2015). Thus, more therapeutic targets are urgently needed.

Recently, epoxyeicosatrienoic acids (EETs) have been reported as novel agents against cardiac remodeling (Alsaad et al., 2013; Althurwi et al., 2015; Romashko et al., 2016). EETs are the metabolites of arachidonic acids (AAs) through the cytochrome P450 (CYP) epoxygenase pathway (Capdevila et al., 2000), and it has been proved that the levels of EETs could be elevated by several strategies. In vivo and in vitro studies suggested that EETs acted as protective effectors against cardiac remodeling and ameliorated HF (Xu et al., 2011). Meanwhile, the levels of EETs could be elevated by several approaches, for example, soluble epoxide hydrolase (sEH) inhibitors. Thus, it could be a promising therapy target. Of course, more work needs to be done to translate it from experimental studies to the clinic. In the present review, we highlight the effects of EETs on cardiac remodeling in CVD.



EETs AND ITS EFFECTS IN CVD

CYP is a superfamily of membrane-bound, NADPH-dependent monooxygenases, which plays a vital role in the oxidation of both xenobiotics and endogenous compounds (Aliwarga et al., 2018). Up to now, 57 different genes, arranged in 18 families and 43 subfamilies, were found in the human CYP superfamily (Guengerich, 2006). Among them, the CYP2J and CYP2C families are the most important enzymes in the synthesis of EETs. CYP2J2 is the only human CYP2J epoxygenase, which is dominantly expressed in the heart, especially in the endothelium, and is receiving increasing attention due to its metabolites (Wu et al., 1996). CYP2J2 converted AA into four regioisomeric EETs, including 5, 6-, 8, 9-, 11, 12-, and 14,15-EET (Zeldin, 2001; Rand et al., 2017). Among them, more than 90% of the products are 14,15-EET and 11,12-EET (Sudhahar et al., 2010). Once synthesized, EETs can be hydrated in vivo into dihydroxyeicosatrienoic acids (DHETs) by sEH, especially 11,12-EET and 14,15-EET (Figure 1; Zeldin et al., 1995; Zeldin, 2001; Sudhahar et al., 2010). sEH is the production of gene EPHX2, which is ubiquitous in human and animal tissues. So far, sEH has been identified as an important target to upregulate the level of EETs in vivo (Yu et al., 2000). In addition, AA could be metabolized into prostanoids by cyclooxygenase (COX) or hydroxy eicosatetraenoic acid (HETE) and leukotrienes by lipoxygenase (LOX) (Figure 1; Zeldin, 2001).
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FIGURE 1. The cascade of arachidonic acid (AA). AA is a polyunsaturated omega-6 fatty acid which is released from the membrane phospholipids in the presence of phospholipase a2 (cPLA2). AA can be metabolized to eicosanoids through three major pathways: the cyclooxygenase (COX) pathway, the lipoxygenase (LOX) pathway, and the cytochrome P450 (CYP) pathway. In the CYP pathway, AA is converted to epoxyeicosatrienoic acids (EETs) and 20-hydroxy eicosatetraenoic acid (HETE) by CYP epoxygenases and CYP ω-hydroxylases. Following, EETs can be hydrated in vivo to dihydroxyeicosatrienoic acids (DHETs) by soluble epoxide hydrolase (sEH).


In 1981, Capdevila et al. (1981) firstly reported that AA could be metabolized to EETs by CYP in the liver. Since then, plenty of studies have demonstrated that EETs played important roles in several diseases, such as kidney diseases (Hye Khan et al., 2016; Deng et al., 2017; Wang et al., 2019), neurodegenerative diseases (Atone et al., 2020; Pallas et al., 2020), rheumatic arthritis (Hoxha, 2018; Hoxha and Zappacosta, 2020), and especially CVD (Xu et al., 2011; Chen and Wang, 2013).

In 1980s, EETs were reported to have vasodilator effects and could lower blood pressure in animals (Zeldin, 2001). Since then, accumulated data revealed that EETs showed protective effects against various CVDs. It has been well established that EETs are potent vasodilators in vivo, which are independent of nitric oxide (NO) in response to bradykinin (Imig et al., 2001). Furthermore, evidence from various studies showed that EETs acted as endothelium-derived hyperpolarizing factor (EDHF), which mediated the vasodilation of vascular smooth muscle by activating Ca2+-activated K+ channels (Campbell and Fleming, 2010). In the animal models of hypertension, synthesis of EETs was inhibited (Capdevila et al., 2007), and EET levels were upregulated by sEH inhibitors or overexpression of CYP genes, which in turn decreased blood pressure in vivo (Imig et al., 2002; Lee et al., 2010). Data from our laboratory also confirmed these effects of 14,15-EET in spontaneously hypertensive rats by enhancing atrial natriuretic peptide (ANP) (Xiao et al., 2010). Besides, EET analogs that mimic the endogenous EETs showed blood pressure-lowering effects in spontaneously hypertensive rats and angiotensin-associated hypertension (Imig et al., 2010; Hye Khan et al., 2014). These beneficial roles of EETs are attributed to anti-inflammation, vasodilation, and natriuresis (Imig, 2019).

Atherosclerosis is defined as a chronic vascular inflammatory disease induced by chronic inflammation and abnormalities in cholesterol metabolism. It is the main pathologic change in coronary artery disease (CAD) and myocardial infarction (MI), which are responsible for majority of cardiac death. Interestingly, EETs attenuated the expression of pro-inflammatory genes and proteins (Schmelzer et al., 2005), while sEH inhibition ameliorated lipid metabolism disorder by reducing cholesterol and low-density lipoprotein (LDL) levels and increasing high-density lipoprotein (HDL) levels (Zhang et al., 2009; Wang et al., 2010). Thus, EETs could act as anti-atherosclerosis factors in CAD and MI. Substantial studies have proved that EETs prevented atherosclerosis in several models, including ApoE–/– mice and high-fat diet (HFD)-induced models (Wang et al., 2010; Liu et al., 2016). Besides, Oni-Orisan et al. (2016) reported that lower EET levels including 8,9-EET, 11,12-EET, and 14,15-EET were observed in obstructed CAD patients compared with patients with no apparent CAD, which was consistent with the results reported by Theken et al. (2012).

Moreover, EETs offer protective effects on MI. Previous studies provided evidence that treatments with sEH inhibitors could reduce the infarct size and chronic cardiac remodeling post MI, which was beneficial in preventing electrical remodeling and cardiac arrhythmias post MI, as well as reducing inflammation (Li et al., 2009). Concomitantly, EET agonist, e(S)-2-(11-(nonyloxy)undec-8(Z)-enamido)succinic acid (NUDSA), restored cardiac function, promoted angiogenesis, and ameliorated fibrosis in MI mice induced by left anterior descending ligation (Pullen et al., 2020). These effects were mediated by increasing the canonical Wnt1 signaling cascade with the subsequent increase in heme oxygenase-1 (HO-1) (Cao et al., 2015).

HF is the end-stage of all kinds of CVD due to cardiac remodeling. As mentioned above, once HF progressed, it is always irreversible and lacks effective treatments. Researches showed that elevation of EETs might represent a promising therapeutic strategy combating HF. In a recent review including various studies employing HF animal models, consistent results were observed, wherein upregulation of EETs by sEH inhibitors improved cardiac function in different HF models (Qiu et al., 2011). In line with that, our laboratory also proved that CYP2J2-derived EETs attenuated cardiac function detected by echocardiography and invasive pressure–volume analysis (Wang et al., 2014). It is believed that inhibition of endoplasmic reticulum (ER) stress and oxidative stress was involved in the effects of overexpression of CYP2J2 and exogenous 11,12-EET, which finally ameliorated cardiac hypertrophy (Wang et al., 2014).

Nevertheless, it is evident that inflammation is present in HF (Shirazi et al., 2017). In HF models induced by isoprenaline (ISO) (Harrison and Cai, 2003) or angiotensin II (Ang II), the expression levels of inflammatory cytokines were significantly increased as a result of NF-κB pathway activation, while overexpression of CYP2J2 reduced the levels of inflammatory cytokines and improved cardiac function (Yang et al., 2015).

Collectively, EETs are metabolites of AA via the CYP pathway and play a vital role in CVD, such as hypertension, CAD, and HF. However, more studies are needed to elucidate the underlying mechanisms and further translation to clinical use.



THE ROLE OF EETs IN DIFFERENT MODELS OF CARDIAC REMODELING

Cardiac remodeling is an adaptive process to the cardiac overload caused by different stimuli. Typically, it could be divided into two types: one is pressure overload, while another is volume overload. In pressure overload diseases, such as hypertension, the cardiomyocytes increase in thickness more than in length to reduce the ventricular wall stress. Thus, the heart develops concentric hypertrophy with wall thickness. In volume overload diseases, such as MI or dilated cardiomyopathy, cardiomyocytes might reduce and rearrange with ventricular dilation. Therefore, the heart develops eccentric hypertrophy and ventricular dilation with lengthening of cardiomyocytes as a result of decreased cardiomyocyte number and rearrangement of surviving cardiomyocytes.

Actually, there might not be only two patterns of remodeling existing. For example, in HF induced by hypertension, at the early stage, there is mainly pressure overload, which makes the heart undergo hypertrophy, while in the late stage, the heart develops eccentric hypertrophy, so volume overload will also happen. These two patterns of cardiac remodeling are related closely. Nonetheless, there are differences between the two models, including different pathological changes and mechanisms (Toischer et al., 2010; You et al., 2018). In pressure overload heart, fibrosis and apoptosis are more significant with activation in calcium/calmodulin-dependent protein kinase II-dependent altered calcium cycling, whereas angiogenesis was more frequently in the volume overload model with the activated AKT pathway (Toischer et al., 2010; Kim et al., 2019).

Numerous studies have reported that EETs ameliorated cardiac remodeling, including both pressure overload- and volume overload-induced cardiac remodeling. In the following section, we will review the roles of EETs in different models of cardiac remodeling.


EETs in Pressure Overload-Induced Cardiac Remodeling

Pressure overload is the main inducible factor of cardiac remodeling. It could be involved in several diseases, such as hypertension, aortic stenosis, and aortic coarctation, which finally results in HF. There are several models employed, and EETs showed a protective effect on pressure overload-induced cardiac remodeling.

In the pressure overload-induced cardiac remodeling, drugs, such as Ang II, ISO, and endothelin 1 (ET-1), were always used. Among them, Ang II is the most common one, which acts as a potent vessel constrictor that elevates blood pressure (afterload to the heart). Interestingly, it is demonstrated that the expression of sEH was upregulated, and the level of EETs was downregulated in Ang II-induced hypertension (Ai et al., 2007; Pang et al., 2011). Given that, what would happen if the expression of EETs was restored? sEH is well known as a hydrolase of EETs. In Ang II-treated hearts, the size of cardiomyocytes and the expression of hypertrophy markers, including the atrial natriuretic factor and myosin heavy chain, were significantly elevated, while administration with a potent sEH inhibitor, AEPU, prevented this pathogenesis (Ai et al., 2009). In addition, CYP2J2-derived EETs also played a protective role in Ang II-induced cardiac remodeling. In mice treated with Ang II, cardiac hypertrophy was verified by echocardiography and invasive pressure–volume analysis, with increases in the ratio of heart weight to body weight and cardiomyocyte apoptosis, as well as ER stress. Overexpression of CYP2J2 showed an elevation in 14,15-DHET, the metabolite of 14,15-EET, which inhibited the expression of ER stress molecules, GRP-78, CHOP, and cleaved ATF-6. As a result, CYP2J2 transgenic mice showed a reversed heart function in the presentation of Ang II (Wang et al., 2014). Our recent data also showed that 11,12-EET and 14,15-EET ameliorated cardiac remodeling by attenuating oxidative stress via PPAR-γ activation (He et al., 2015) and by suppressing transmission of pro-inflammation from cardiomyocytes to macrophages in the heart (Yang et al., 2015).

The transverse aortic constriction (TAC) model is another model commonly used to investigate cardiac remodeling upon pressure overload. In 1991, Rockman et al. (1991) first reported this model to study the mechanism underlying cardiac hypertrophy. At the early stage, the heart develops cardiac hypertrophy in the presence of dramatically increased afterload, while it finally causes HF with eccentric hypertrophy (Zi et al., 2019; Bosch et al., 2020). Cardiac remodeling is involved throughout the process, and the calcineurin-NFAT pathway is one of the most important signaling pathways (Rohini et al., 2010). A recent study carried out by Li et al. proved it again in mice. Mice with hypertrophy induced by TAC appeared with an impaired cardiac function and abundant fibrosis subsequent to the activation of the calcineurin/NFAT and TGF-β/Smad pathway. However, these effects could be suppressed by overexpression of CYP2J2 mediated by the recombinant adeno-associated virus (rAAV) and treatment with 11,12-EET (Li et al., 2020a). Coincidentally, TAC induced a severe hypertrophic response and decline of cardiac function in wild-type mice, while these features were ameliorated in CYP2J2 transgenic mice. Dramatically, mice with an overexpression of CYP2J2 showed a significant decrease in mortality after TAC (6%) compared with the wild-type mice (42%) (Westphal et al., 2013).

Furthermore, the effects of EETs by inhibition or deletion of sEH are explored in the TAC-induced cardiac remodeling model. The human sEH is the product of gene EPHX2 with 19 exons on chromosome 8 (Sandberg and Meijer, 1996; Qiu et al., 2011). Four weeks after TAC, the EPHX2–/– mice did not present a hypertrophic phenotype compared with the control mice, indicated by having no change in the ratio of heart weight to body weight and in wall thickness as evaluated by echocardiography (Zhang et al., 2014). This effect was related to the deletion of the sEH enzyme, while inhibition of sEH remained controversial. Xu et al. (2006) reported that treatment with sEH inhibitors, AEPU or AUDA, prevented the development of cardiac hypertrophy after 3 weeks of TAC in mice. Furthermore, in the presence of cardiac hypertrophy by TAC, treatment with AEPU or AUDA for another 3 weeks showed a reversible effect against cardiac hypertrophy. It was demonstrated that these compounds potently block the NF-κB pathway activation in cardiomyocytes (Xu et al., 2006). However, another study employed two novel synthesis compounds, GSK2188931 and GSK2256294, which showed a potent inhibition on sEH by increasing the leukotoxin (LTX)/LTX diol ratio and reducing plasma 14,15-DHET. Unexpectedly, GSK2188931 and GSK2256294 exhibited no influence on mortality, tissue weights, hypertrophic biomarkers, fibrosis level, and cardiac function and morphology after TAC (Morgan et al., 2013). These disparate results indicate that the role of EETs and sEH in cardiac remodeling is complex and model dependent, and the physical and chemical properties of different chemical structures of sEH inhibitors are also different, which needs further work to explore the underlying mechanism.



EETs in Volume Overload-Induced Cardiac Remodeling

Other than pressure overload-induced cardiac remodeling, volume overload-induced cardiac remodeling is characterized by wall thinning and chamber dilatation with cardiomyocyte lengthening. It is involved in several diseases, such as aortic regurgitation (AR) and mitral regurgitation (MR). In rodents, aortocaval fistula (ACF) is most widely used for inducing volume overload. It is operated by puncturing the shared midwall between the aorta and inferior vena cava with a sharp needle (Liu et al., 1991). There are three stages of HF progression in response to volume overload: acute stress (12 h–7 days), compensatory remodeling (3–10 weeks), and decompensated HF (>15 weeks) (Hutchinson et al., 2010).

The effects of EETs in ACF-induced volume overload-related cardiac remodeling have been studied previously (Cervenka et al., 2015a, b; Sporkova et al., 2017; Kala et al., 2018; Vackova et al., 2019a, b). It is demonstrated that the level of EETs is downregulated in the heart of ACF animals, while the expression of sEH is upregulated (Cervenka et al., 2015a, b). Restoration of EETs by sEH inhibition showed a protective effect against chronic HF by 10 weeks in Ren-2 transgenic rats combined with ACF. The conclusion was confirmed by pressure–volume analyses. It is shown that sEH inhibitor treatment significantly lowered left ventricular peak pressure in chronic HF (CHF) animals, which finally remarkably increased survival rate from 14 to 41% (Cervenka et al., 2015a). However, in Han SD rats, treatment with sEH inhibitors did not prevent the development of CHF, and these rats presented with a similar death curve to that of control groups (Cervenka et al., 2015b). The only difference between the studies is the rat strain. One is a Ren-2 transgenic rat and another is a Han SD rat. The Ren-2 transgenic rat is a model of Ang II-related hypertension, which means that the different effects of sEH inhibition between the Ren-2 transgenic and Han SD rats revealed the importance of the interaction of hypertension, renin–angiotensin system (RAS), and CYP-derived metabolites in the progression of CHF-related mortality. Dramatically, a combination of ACE inhibitor and sEH inhibitor did not elicit a significant elevation in survival rate (53%), while ACE inhibitor alone showed a significant effect on the course of CHF with a survival rate of 84% (Kala et al., 2018). Since these results lack probable explanations, further studies are needed to address these issues.

It is known that MI contributes to the development of cardiac remodeling and HF. MI-related HF is viewed as a kind of volume overload cardiac remodeling because it is characterized with ventricular dilation and decline in ejection fraction (Pfeffer and Braunwald, 1990). Once MI occurred, cardiomyocytes died due to inadequate blood supply. Although ischemia induces angiogenesis in the infarcted area, this process is insufficient (van der Laan et al., 2009). Thus, drugs promoting angiogenesis are thought to be effective in MI. Dozens of studies have proved that EETs are potent inducible factors of angiogenesis (Pozzi et al., 2005; Fleming, 2007; Rand et al., 2019). Theoretically, elevation of EETs can be an important strategy of MI-induced cardiac remodeling. Thus, scientists did make great efforts in exploring the effects of EETs on MI-related cardiac remodeling.

Recently, evidence revealed that overexpression of CYP2J2 and 11,12-EET significantly increased vascular endothelial growth factor (VEGF), which enhanced myocardial angiogenesis and improved cardiac function in MI-induced HF (Zhao et al., 2018). Using the same transgenic mice, Aliwarga et al. (2020) reported that improved cardiac performance was observed in the CYP2J2 transgenic mice following MI. Besides, transgenic mice ameliorated myocardial remodeling induced by MI, evidenced by higher fractional shortening, smaller infarct size, lower reactive oxygen species (ROS) formation, reduced fibrosis and apoptosis, and lower pulmonary edema. Interestingly, treatment with EET agonist (Cao et al., 2015) or EET analog (Neckar et al., 2019) both increased the expression of HO-1 and attenuated post-MI cardiac remodeling. HO-1 is a cytoprotective enzyme, which protects the heart from remodeling after MI (Lakkisto et al., 2011).

More convincing studies were conducted with sEH inhibitors, and similar results were observed (Seubert et al., 2006; Zhao et al., 2012). Administration with TPPU, a potent sEH inhibitor-activated AKT pathway, promoted angiogenesis and restored blood supply, which finally inhibited ventricular enlargement and improved cardiac function after MI (Guo et al., 2018). Oxidative stress is involved in cardiac remodeling and responsible for apoptosis in the stressed heart. In an established chronic HF model by coronary ligation, the heart function was reduced, as evidenced by impaired parameters in LV hemodynamics, increased oxidative stress with increasing ROS level, and reduced GSH-to-GSSG ratio. Fortunately, these impairments induced by MI could be reversed by sEH inhibition with AUDA (Merabet et al., 2012). EPHX2 has been recognized as an HF susceptibility gene. In ischemic HF patients, the expression of EPHX2 was significantly decreased compared with that in the control group who maintained a high level of 14,15-EET (Monti et al., 2008). However, sEH deletion activated cardiac ATP-sensitive K+ channels, enhanced L-type calcium currents, and improved cardiac function after ischemia/reperfusion injury (Seubert et al., 2006). Consistently, sEH deletion in EPHX2-null mice limited cardiac functional decline following MI in both aged and young mice following MI by preserving mitochondrial bioenergetics (Jamieson et al., 2017b). These effects were in proportion to the inhibition tensity of sEH. In EPHX2-null mice, plasma levels of 8, 9-, 11, 12-, and 14,15-DHET were reduced by 38, 44, and 67%, while in dual EPHX1- and EPHX2-null mice, the levels of the DHETs were reduced by 100, 99, and 96%, respectively. In addition, compared to EPHX2-null mice, dual EPHX1- and EPHX2-null mice showed a better heart function recovery induced by MI (Edin et al., 2018).

Collectively, EETs played important roles in both pressure overload- and volume overload-induced cardiac remodeling, and the underlying mechanisms seems to be different from each other (Table 1). Although EETs seem to have similar effects against both types of cardiac remodeling, few studies focused on the different effects. The effects of EETs on cardiac remodeling could be affected by several factors including gender. It is well known that gender is an important factor in CVD. The differences between male and female in cardiovascular health could be affected by many factors, such as sex hormones, gene expression, and sociocultural aspects. It has been reported that the level of EETs, especially 11,12-EET in female mice, was significantly higher than that in male mice when challenged by MI, which was beneficial to the female mice in cardiac recovery (Pullen et al., 2020). Interestingly, sEH gene expression was also different between genders. Qin et al. (2016) reported that the expression of sEH in female mice was significantly lower compared to that in males. These might also contribute to the different responses between males and females during cardiac diseases. It indicates that deeper studies need to be carried out to understand the underlying mechanism.


TABLE 1. The mechanisms involved in the protective effects of EETs in cardiac remodeling.
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THE ROLE OF EETs IN THE PATHOLOGICAL CHANGES OF CARDIAC REMODELING

Cardiac remodeling mainly refers to a maladaptive process to pressure overload or volume overload, which is characterized by myocardial hypertrophy, inflammation, apoptosis, fibrosis, and vascular dysfunction. During the processes, these pathogeneses interact with each other and finally cause HF (Zhou et al., 2019). EETs have been reported to have protective factors against cardiac remodeling, including these pathogeneses.


EETs and Myocardial Hypertrophy in Cardiac Remodeling

Myocardial hypertrophy is the major pathologic change in cardiac remodeling. The role of EETs in myocardial hypertrophy has been reviewed previously (Wang et al., 2013). Xu et al. reported that increasing the level of EETs by sEH inhibitors could prevent pressure-induced cardiac hypertrophy. In addition, inhibition of sEH reversed the development of cardiac hypertrophy caused by chronic pressure overload (Xu et al., 2006). In an in vitro study, ISO induced hypertrophic phenotype in cardiomyocytes by elevating the hypertrophic markers (ANP and BNP), which could be inhibited by sEH inhibition (Althurwi et al., 2013, 2015).

Moreover, CYP2J2-derived EETs also showed protective effects on cardiac hypertrophy (Alsaad et al., 2013). In the ISO-induced cardiac hypertrophy model, hypertrophy was initiated 72 h after ISO treatment. In the hypertrophic heart, the levels of EETs were observed, while restoring EET levels by overexpression of CYP2J2 prevented the initiation of cardiac hypertrophy through NF-κB-mediated mechanism (Althurwi et al., 2015). However, Tse et al. (2013) reported that the expression of CYP enzymes was increased after treatment with ISO, which also mediated the increase in the cell surface area. Interestingly, 14,15-EET significantly attenuated the ISO-mediated induction of cardiac hypertrophy. Coincidentally, our laboratory also showed that overexpression of CYP2J2 and 11,12-EET attenuated cardiac hypertrophy elicited with Ang II, which was mediated through the activation of AMPK-α2 (Wang et al., 2016).



EETs and Apoptosis in Cardiac Remodeling

A large number of experimental data support the presence of apoptosis in the progress of HF. Apoptosis is also called programmed cell death, which can be found in all the cardiac remodeling models, such as aortic constriction model and coronary artery occlusion model (Chen and Tu, 2002). It has been demonstrated that the resulting reduction of cardiomyocytes would finally lead to HF (Olivetti et al., 1997; Williams, 1999). Increasing data revealed that EETs inhibited apoptosis mediated by different pathways in cardiac remodeling. Oxidative stress and ER stress are initiators of cardiomyocyte apoptosis. In HF models induced by Ang II, increased levels of oxidative stress and ER stress were noticed in the heart compared with the control animals, which was responsible for the increased apoptosis level confirmed by TUNEL staining. Excitingly, all these effects were abolished by overexpression of CYP2J2, while 14,15-EET significantly ameliorated ER stress and subsequently apoptosis in cultured cardiomyocytes (Wang et al., 2014). In another in vitro study, 11,12-EET is involved in cardioprotection effects by inhibiting apoptosis via a caspase-dependent pathway, indicated by the ratio change of apoptotic protein expression (Bcl2 and Bax) and activation of pro-apoptotic caspase-3 (Wang et al., 2012). Moreover, in ethanol-induced HF models, cardiac remodeling was evidenced by cardiac dilation and dysfunction. In addition, the levels of apoptosis and oxidative stress were increased in ethanol-treated hearts, while overexpression of CYP2J2 and exogenous 11,12-EET ameliorated apoptosis and oxidative stress in ethanol-induced HF (Zhou et al., 2018). The phosphatidylinositol 3-kinase (PI3K)/AKT pathway is one of the strongest anti-apoptotic signaling systems. In an in vitro study, cardiomyocytes were subjected with hypoxia/anoxia to mimic ischemia/reperfusion injury. Abundant apoptosis of cardiomyocytes was recorded via inhibition of the PI3K/AKT pathway, indicated by activation of caspase 9 and caspase 3. Treatment with EETs (8,9-EET, 11,12-EET, and 14,15-EET) significantly increased the phosphorylation level of AKT and reduced the cardiomyocyte’s apoptosis level (Dhanasekaran et al., 2008).

Despite the apoptosis of cardiomyocytes, the apoptosis of endothelial cells in the heart plays a vital role in cardiac remodeling. In adult mice, endothelial cells accounted for 64% of non-cardiomyocytes (Pinto et al., 2016). Endothelial cells participate in the regulation of cardiac remodeling after pathological stress via secreting various biological molecules, such as adhesion molecules (ICAM-1 and tenascin-C) and angiogenetic factors (VEGF and IGF) (Yang et al., 2020). However, endothelial cells exhibited apoptosis when exposed to stimulus. TNF-α induced apoptosis in endothelial cells was analyzed with flow cytometry after Annexin V/PI staining, accompanied with activation of caspase 3 and downregulation of Bcl-2. CYP2J2 overexpression significantly inhibited caspase 3 activity and downregulated Bcl-2 expression. The anti-apoptotic effects of CYP2J2 overexpression in endothelial cells were attenuated by activation of the PI3K/Akt and inhibition of MAPK signaling pathways (Yang et al., 2007).

Besides, the cross talk between the endothelium and cardiomyocytes has been studied in EETs against apoptosis. As reported, the cardiomyocytes presented with apoptosis after ischemia. Interestingly, CYP2J2-specific overexpression in endothelial cells showed protective effects from apoptosis of cardiomyocytes after ischemia, which finally ameliorated cardiac function (Zhao et al., 2018).



EETs and Fibrosis in Cardiac Remodeling

Fibrosis always occurs in both cardiac remodeling models. In pressure overload-induced cardiac remodeling, fibrosis is mainly presented in interstitial substance without cardiomyocyte deletion. However, in volume overload-induced cardiac remodeling, the cardiomyocytes were dramatically reduced, and fibrosis is evoked, especially in MI.

Four weeks after TAC, the mice developed maladaptive cardiac hypertrophy with abundant fibrosis and increased collagen level in the heart. Overexpression of CYP2J2 significantly inhibited fibrosis in TAC mice and protected against HF (Li et al., 2020a). In fibrosis, the TGF-β/Smad pathway is one of the most studied pro-fibrosis signaling pathways. It was proven that the TGF-β/Smad pathway was involved in the process (Li et al., 2020a). They also found that similar effects were observed in the abdominal aortic constriction model, which is another pressure overload-induced cardiac remodeling model (Li et al., 2020b). Besides, Ang II-induced cardiac remodeling is always accompanied by cardiac fibrosis. He et al. exposed CYP2J2 transgenic mice to Ang II treatment for 2 weeks continuously to induce HF. Results show that Ang II elicited cardiac fibrosis by enhancing collagen accumulation and increasing expression of α-SMA and collagen I, which are the markers of cardiac fibrosis. Overexpression of CYP2J2 and 11,12-EET inhibited cardiac fibrosis via inhibition of Gα12/13/RhoA/ROCK signaling (He et al., 2017). At the same time, the effects against fibrosis in Ang II-induced HF were confirmed by Yang et al. (2015), which were mediated by suppressing the transmission of pro-inflammation from cardiomyocytes to macrophages in the heart.

Ischemic cardiomyopathy is a common cause of HF, and fibrosis is involved in ischemia-induced cardiac remodeling. The key roles played by EETs in MI-related cardiac remodeling have been reviewed previously. Treatment with sEH inhibitor limited the cardiac fibrosis after MI, which is dependent on the drug dose. The higher the dose used, the smaller the fibrosis area observed in the heart (Guo et al., 2018). Besides, both EET agonist (Cao et al., 2015) and EET analog (Neckar et al., 2019) showed anti-fibrosis effects determined by histochemical stain.



EETs and Inflammation in Cardiac Remodeling

Inflammation is an important pathological process of diseases, including HF. It is evident that inflammation is present in both acute and chronic HF, and a higher level of pro-inflammation factors is related to poorer prognosis. Thus, exploring anti-inflammatory therapy is a new target of HF. It was found that EETs are important anti-inflammatory mediators (Inceoglu et al., 2007). Node et al. (1999) first reported the anti-inflammatory effects of EETs in response to several inflammatory mediators, such as TNF-α and interleukin 1α (IL-1α), by inhibition of the NF-κB pathway. NF-κB is a nuclear transcription factor that regulates expression of a plenty of genes that are critical for inflammation. Both 11,12-EET (Bystrom et al., 2011) and 14,15-EET (Morin et al., 2008) inhibited NF-κB activation in vitro. Our laboratory also revealed that in challenge to Ang II, mice exhibited cardiac remodeling with NF-κB pathway activation, while CYP2J2 transgenic mice ameliorated cardiac function with reduced NF-κB p65 nuclear translocation (He et al., 2015). It is well established that PPAR-γ is a key factor in the anti-inflammation process. EETs have been reported as ligands for PPAR-γ and increased PPAR-γ transcription activity in endothelial cells and 3T3-L1 preadipocytes (Liu et al., 2005). The anti-inflammation effects of EETs could be abolished by PPAR-γ antagonist both in vivo and in vitro (Liu et al., 2005; He et al., 2015). Besides, a PPAR-γ-independent pathway was also involved in Ang II-related inflammation. In our recent study, Ang II induced the activation of the JAK2/STAT3 pathway and subsequently resulted in inflammation and fibrosis of the aorta. Overexpression of CYP2J2 induced the expression of SOCS3, which inhibited the activation of the JAK2/STAT3 pathway independent of the PPAR-γ/NF-κB pathway (Zhou et al., 2016).

HO-1 is the rate-limiting enzyme in the catabolism of heme. It plays an important role in the amelioration of cardiac remodeling and inflammation. The overlapping effects of EETs and HO-1 led researchers to figure out the relationship between them. Several studies were carried out, and results showed that EETs could be an inducer of HO-1 expression (Sacerdoti et al., 2007; Li et al., 2009; Aliwarga et al., 2020). Moreover, in obesity-related cardiomyopathy, proinflammatory adiponectin and damaged cardiac function were observed, while treatment with EET analog ameliorated the expression of proinflammatory adiponectin and prevented HF. These effects may be due to the induction of HO-1 by the EET analog (Cao et al., 2017).

Other studies indicated that sEH was a target for the inhibition of inflammation (Schmelzer et al., 2005). AUDA, a potent sEH inhibitor, protected the mice from inflammation via inhibiting the NF-κB pathway (Liu et al., 2005). The effects were also observed in cardiac remodeling models. Stevenson et al. evaluated the inflammation cytokines (including MMP9, CCL5, CCL4, and IL-16) in human ischemic cardiomyopathy, results showed that these inflammation cytokines were upregulated in ischemic cardiomyopathy hearts in both mRNA and protein levels. In an in vivo study, HF induced by LAD ligation was elicited, and the inflammation cytokine CCL5 was markedly increased after LAD ligation in the hearts. Importantly, the expression of sEH in ligation hearts was significantly greater than that in hearts from wild-type mice. In addition, the inflammation factors were ameliorated when treated with sEH inhibitors (Stevenson et al., 2019). In another HF model induced by LPS, the cardiac function was decreased, as evaluated by hemodynamic analysis and echocardiography, while sEH deficiency attenuated LPS-induced cardiac dysfunction. It was also revealed that sEH deficiency lowered levels of TNFα and MCP-1 cytokines induced by LPS (Samokhvalov et al., 2018), which suggested that these protective effects of EETs against HF were beneficial for inhibition of inflammatory responses.



EETs and Angiogenesis in Cardiac Remodeling

Capillary density is a crucial factor controlling the development of cardiac remodeling. Vascular endothelial growth factor (VEGF) is an important angiogenic factor involved in the maintenance of myocardial capillary density. This process involves proliferation, invasion, migration of endothelial cells, and tube formation, which is termed angiogenesis. Overexpression of CYP2J2 increased the expression of VEGF and promoted angiogenesis in the heart after ischemia (Zhao et al., 2018). The effects of EETs on angiogenesis were confirmed by Xu et al. with sEH inhibitors. A study carried out by Xu et al. revealed that sEH inhibition promoted a dose-dependent migration and tube formation of endothelial cell from MI patients, which could be abolished by a PPAR-γ antagonist, GW9662.

The effects of EETs on angiogenesis were reviewed by Fleming (2007) and updated by Imig (2016). The underlying cell signaling was explored by in vitro studies. In cultured endothelial cells, both 11,12-EET and 14,15-EET treatment increased cell proliferation and the formation of a tube-like structure by activating the AKT and MAPK pathways, which were downstream of VEGF-stimulated angiogenesis (Yang et al., 2009). Despite VEGF, fibroblast growth factor-2 participated in the angiogenesis promoted by EETs (Zhang et al., 2006).

Cardiac remodeling is a complex process in the challenge of stimulus, including a lot of pathological changes. Among them, inflammation, apoptosis, cardiac hypertrophy, fibrosis, and angiogenesis are the major changes. These changes are independent and closely related with each other. Besides, there are some other pathology changes such as oxidative stress and ER stress, which also play important roles in the pathogenesis and progress of cardiac remodeling. Research work carried out in our laboratory showed that elevation of EETs by overexpression or treatment with 11,12-EET or 14,5-EET showed protective effects against oxidative stress and ER stress (Wang et al., 2014; He et al., 2015; Zhou et al., 2018).

In summary, elevation of endogenous EETs by overexpression of CYP2J2 and sEH inhibition, as well as EET analogs, showed protective effects against cardiac remodeling, which was mediated mainly by prohibiting inflammation, apoptosis, fibrosis, and cardiac hypertrophy and promoting angiogenesis.



DRUG DEVELOPMENT-RELATED EETs AGAINST CARDIAC REMODELING

Given the pathophysiological role of EETs in cardiac remodeling, the increase in EET availability emerges as a new opportunity to prevent and treat HF. Elevation of EETs has been viewed as a potential strategy for drug development. However, the half-life of EETs is very short, and its solubility is poor, which limits its clinical use.

Over the past decades, sEH inhibitors have been shown to increase the levels of endogenous EETs and showed a potent effects against cardiac remodeling (Imig, 2019). The key point to developing effective inhibitors is to optimize the absorption, distribution, metabolism, and excretion in vivo, as well as ease of formulation. In the early stage, AUDA was synthesized and showed a protective role in developing HF (Merabet et al., 2012). However, the drug is difficult to dissolve in water and even in several organic solvents with poor metabolic stability. Subsequently, AEPU was synthesized instead of AUDA, which showed a higher water solubility and is able to pass through the cell membranes freely. Recently, scientists found two novel compounds, TPAU and t-AUCB. These drugs participated in the attenuation of cardiac remodeling via oral administration (Cervenka et al., 2015a). Among all these sEH inhibitors, TPAU and t-AUCB showed an advantage in water solubility and metabolic stability. Up to now, all the studies were carried out in rodents, and the translation of sEH inhibitors needs further studies.

As described above, it has been well learned that sEH played an important role in the metabolism of AA (one of omega-6 polyunsaturated fatty acid, PUFA) into EETs. Interestingly, inhibition of sEH also increased the metabolites of omega-3 PUFA [including epoxyeicosatetraenoic (EEQs) and epoxydocosapentaenoic acids (EDPs) and linoleic acid (epoxyoctadecanoic acids (EpOMEs)]. Cristina López-Vicario et al. proved that sEH inhibition by t-TUCB increased the level of EDP and EEQ, as well as the level of EETs (Lopez-Vicario et al., 2015). In 1979, the protective effects of omega-3 PUFA were firstly reported in Greenland Inuits, who had higher fish oil intake (Dyerberg and Bang, 1979). The metabolites of omega-3 PUFA, EDP and EEQ were reported to play a similar role in the health (Jamieson et al., 2017a). In addition, EpOMEs were found as the metabolites of linoleic acid by CYP enzymes, which could be further metabolized to dihydroxyoctadecenoic acid (DiHOME) by sEH (Newman et al., 2005). Recent studies showed that DiHOMEs might be harmful to cardiovascular system (Hildreth et al., 2020). Thus, beneficial effects of sEH inhibitors might be induced not only by EETs, but also the elevated EDPs and EEQs, as well as the reduction of DiHOMEs.

Besides, EETs analogs were designed and synthesized. Up to now, a series of approximately 50 EET analogs were developed (Campbell et al., 2017). Among them, EET-A and EET-B are most studied in cardiovascular system. Cardiac beneficial effects for EET analogs have been revealed in both pressure overload- and volumed overload-induced cardiac remodeling (Hye Khan et al., 2014; Neckar et al., 2019; Vackova et al., 2019a). In addition, EET agonist, NUDSA, which is another kind of EET analog, ameliorated cardiac failure induced by ischemia (Cao et al., 2015).

EETs is the metabolite of AA via CYP enzymes, especially CYP2J2. The protective effects of CYP2J2 overexpression on cardiac remodeling are validated previously (Wang et al., 2014; He et al., 2015; Yang et al., 2015). Interestingly, besides of the direct beneficial biological effects of increased EETs, recent study reported that CYP2J2 also played an important role in transcriptional programs in adult human cardiomyocytes. CYP2J2 silencing resulted in the expression change of the genes involved in ion channel signaling, development, extracellular matrix, as well as metabolism (Evangelista et al., 2020). There are maybe two methods to regulate CYP 2J2 derived EETs. One is overexpression of CYP 2J2 in the tissue directly by gene therapy utilizing several vectors, such as recombinant adeno associated virus system. This system is approached by U.S. Food and Drug Administration to treat several diseases (Gruntman and Flotte, 2018). On the other hand, with the development of computer technique, the molecular secret of CYP 2J2 could be deeply discovered and potential drugs enhancing their activities might be a potential strategy for therapeutic design (Das et al., 2020).



CONCLUSION AND FURTHER PERSPECTIVE

In summary, cardiac remodeling is the main pathogenesis of HF, which occurs in all kinds of CVD. Generally, there were two different models of cardiac remodeling depending on the overload. Pressure overload-induced cardiac remodeling is characterized with concentric hypertrophy, while volume overload mainly induces dicentric hypertrophy. In both cardiac remodeling, myocardial hypertrophy, apoptosis, fibrosis, inflammation as well as angiogenesis are involved. Once initiated, cardiac remodeling is hardly to be reversed and finally caused HF. In the past 20 years, EETs has attracted numerous attentions because of its protection effects against cardiac remodeling. A plenty of studies were carried out, and most results revealed that increase the level of EETs by different methods attenuated cardiac remodeling with ameliorated myocardial hypertrophy, reduction in apoptosis and fibrosis, decreased inflammation as well as promotion in angiogenesis (Figure 2).
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FIGURE 2. The role of EETs in the pathological changes of cardiac remodeling. (A) Under various stimulus, the heart will go through cardiac remodeling, which is an adaptive process to volume overload or/and pressure overload. During the process, several pathological changes including fibrosis, inflammation, myocardial hypertrophy, apoptosis as well as angiogenesis are involved, which finally caused heart failure. (B) EETs are able to attenuate cardiac remodeling with ameliorated myocardial hypertrophy, reduction in apoptosis and fibrosis, decreased inflammation as well as promotion in angiogenesis.


Because of its instability, it is impossible for EETs to develop as exogenous drugs. Encouragingly, a lot of efforts have been made to explore the effective strategy to increase the level of endogenous EETs, including gene therapy, sEH inhibitor and EET analogs. Among them, sEH might be the most promising treatment. sEH inhibitor has been tested in a phase 2a clinical setting for its effectiveness in reducing blood pressure. Besides, the gene therapy has been largely developed recently, which could be prospective in upregulating the expression of CYP2J2 or deletion of EPHX2 in the future. Although, it is still a long way to translation into clinical use and further studies are needed to address these issues.
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ABBREVIATIONS

 AA, arachidonic acids; ACF, aortocaval fistula; Ang II, angiotensin II; AMPK, adenosine 5’-monophosphate (AMP)-activated protein kinase; ANP, atrial natriuretic peptide; APOE, apolipoprotein E; AR, aortic regurgitation; ATF-6, activating transcription factor; BAX, BCL2-associated X; BCL2, B-cell lymphoma-2; BNP, brain natriuretic peptide; CAD, coronary artery disease; CHF, chronic heart failure; CHOP, C/EBP-homologous protein; COX, cyclooxygenase; CVD, cardiovascular disease; CYP, cytochrome P450; DHET, dihydroxyeicosatrienoic acid; DiHOME, dihydroxyoctadecenoic acid; EDHF, endothelium-derived hyperpolarizing factor; EDPs, epoxydocosapentaenoic acid; EEQs, epoxyeicosatetraenoic acid; EETs, epoxyeicosatrienoic acids; EpOMEs, epoxyoctadecanoic acids; ER, endoplasmic reticulum; ET-1, endothelin 1; GRP-78, glucose-regulated protein 78; HDL, high density lipoprotein; HETE, hydroxy eicosatetraenoic acid; HF, heart failure; HFD, high-fat diet; HO-1, heme oxygenase-1; ICAM-1, intercellular cell adhesion molecule 1; IGF, insulin-like growth factor; IL-1 α, interleukin 1 alpha; ISO, isoprenaline; JAK, Janus kinase; LAD, left anterior descending; LDL, low-density lipoprotein; LOX, lipoxygenase; LPS, lipopolysaccharide; LTX, leukotoxin; MAPK, mitogen-activated protein kinase; MI, myocardial infarction; MMP9, matrix metalloproteinase 9; MR, mitral regurgitation; NADPH, nicotinamide adenine dinucleotide phosphate; NFAT, nuclear factor of activated T cells; NF- κ B, nuclear factor kappa B; NO, nitric oxide; NUDSA, e(S)-2-(11-(nonyloxy)undec-8(Z)-enamido)succinic acid; PI3K, phosphatidylinositol 3 kinase; PLA, phospholipase; PPAR- γ, peroxisome proliferator-activated receptor gamma; rAAV, recombinant adeno-associated virus; RAS, renin–angiotensin system; ROS, reactive oxygen species; sEH, soluble epoxide hydrolase; STAT, signal transducers and activators of transcription; TAC, transverse aortic constriction; TGF- β, transforming growth factor beta; TNF- α, tumor necrosis factor alpha; VEGF, vascular endothelial growth factor.
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Aberrant sphingolipid metabolism contributes to cardiac pathophysiology. Emerging evidence found that an increased level of ceramide during the inflammatory phase of post-myocardial infarction (MI) served as a biomarker and was associated with cardiac dysfunction. However, the alternation of the sphingolipid profile during the reparative phase after MI is still not fully understood. Using a mouse model of the left anterior descending ligation that leads to MI, we performed metabolomics studies to assess the alternations of both plasma and myocardial sphingolipid profiles during the reparative phase post-MI. A total number of 193 sphingolipid metabolites were detected. Myocardial sphingolipids but not plasma sphingolipids showed marked change after MI injury. Ceramide-1-phosphates, which were accumulated after MI, contributed highly to the difference in sphingolipid profiles between groups. Consistently, the expression of ceramide kinase, which phosphorylates ceramides to generate ceramide-1-phosphates, was upregulated in heart tissue after MI injury. Our findings revealed the altering sphingolipid metabolism during the reparative phase post-MI and highlighted the potential role of ceramide kinase/ceramide-1-phosphate in ischemic heart disease.
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INTRODUCTION

Cardiovascular diseases were the most common underlying cause of death in the world, accounting for an estimated 31.5% of all global deaths (Benjamin et al., 2019). Heart failure (HF) after myocardial infarction (MI) is the major driver of late morbidity, mortality, and healthcare cost (Cahill and Kharbanda, 2017). Since both the incidence and prevalence of post-MI leading to HF have continually climbed (Benjamin et al., 2019), it is important to identify treatable conditions potentially contributive to HF progression.

Emerging evidence suggest that aberrant sphingolipid metabolism and signaling play a crucial role in cardiac pathophysiology (Kovilakath and Cowart, 2020; Kovilakath et al., 2020). Sphingolipids, including ceramide (Cer), ceramide-1-phosphate (Cer1P), sphingomyelins (SM), glycosphingolipids, and so on, are defined by their sphingoid base, which is generated by condensation of an amino acid with an acyl-CoA (Kovilakath and Cowart, 2020). Sphingolipids, not only act as the essential components of the eukaryotic cell membrane, but also serve as signaling molecules to regulate many cellular processes including cell survival, proliferation, apoptosis, and protein synthesis (Spiegel et al., 1998; Hannun and Obeid, 2018). For example, studies demonstrated that increased Cer levels in mammalian heart tissues during acute MI (AMI) were associated with higher cell death rates in the left ventricle and deteriorated cardiac function (Yu et al., 2015; Hadas et al., 2020). Hence, increased attention has been focused on perturbed sphingolipid metabolism associated with cardiovascular diseases (Laaksonen et al., 2016; Parveen et al., 2019), highlighting the importance to study the alteration of sphingolipid profile in a certain condition and the underlying mechanism.

Cardiac remodeling is a dynamic and time-dependent process, with changes occurring in both the infarcted and non-infarcted regions of the ventricle (Olivetti et al., 1990; Yang et al., 2002). There are two well-defined phases of healing after MI in the mouse model. The inflammatory phase (peak day ∼3–4 post-MI) is associated with acute inflammation with intense cellular infiltration. The reparative phase (peak day ∼7 post-MI) is the following resolution and repair period with active resolution of inflammation, quiescence of cell activity, and scar stabilization and maturation over 14 days in mice (Prabhu and Frangogiannis, 2016). Cer, as the key metabolite of sphingolipids, has been reported to be highly related to MI. Plasma Cer was found markedly increased at day 1 and day 2 after AMI in patients (de Carvalho et al., 2018). Similarly, myocardial Cer concentration was increased at 4 h post-MI in rats compared to sham groups (de Carvalho et al., 2018). However, the sphingolipid metabolism of the heart during the reparative phase post-MI is still not fully understood.

In the present study, we investigated the metabolomic profile of plasma and myocardium of mice at the reparative phase after MI surgery using a liquid chromatography/mass spectrometry (LC-MS) based approach. Our results indicated that myocardial Cer1P derived from Cer was upregulated and contributed highly to the alteration of sphingolipid profile after MI injury. Accordingly, this change might attribute to the upregulation of Cerk expression in heart tissue post-MI.



MATERIALS AND METHODS


Animal Myocardial Infarction Models

Study protocols involving the use of animals were approved by Institutional Animal Care and Use Committee of Tianjin Medical University. Eight-week-old C57BL/6 mice were purchased from Vital River Laboratory Animal Technology (Beijing). For all the experiments, male mice were used because of gender difference of lipidomic profile (Barrier et al., 2010). All mice were maintained under a 12:12 h light/dark cycle before and throughout experiments. MI surgery was performed as previously described (Ding et al., 2017). Briefly, mice were anesthetized in an induction chamber with 3% isoflurane mixed with 1 L/min of 100% O2, while the anesthesia during the surgery was maintained at 1.5% isoflurane. The mice were operated on a heating plate (36°C), then the left anterior descending branch of the coronary artery (LAD) was permanently ligated above branching using a 6.0 silk suture, about 1 mm below the tip of the left auricle. In sham surgery, only the chest and pericardium were opened but no LAD ligation was carried out. The mouse thoracic cavity was then closed and sutured.



Echocardiography

Cardiac function was assessed by transthoracic echocardiography. Echocardiographic monitoring was performed at baseline (before surgery) and 7 days post-surgery before the tissue was harvested via using an ultrasound system with a linear transducer with 32–55 MHz frequency combined with Vevo 2100 software (VisualSonics Inc., Toronto, Canada). B-mode tracings in the long-axis views were recorded, and dimensions of systolic and diastolic myocardium were measured. Parameters are calculated according to the VisualSonics standard measurements and calculations.



Triphenyl Tetrazolium Chloride Staining

Triphenyl tetrazolium chloride (TTC) staining was performed as previously reported (Ding et al., 2017). Briefly, mouse heart was dissected after infusion of 10% Alcian blue (Cat No. A3157, Sigma-Aldrich) and frozen at −20°C for 20 min, then cut into 1-mm-thick slices from apex to base. The slices were incubated in 1.5% TTC at 37°C for 15 min.



LC-MS Method for Metabolomics

Lipids were extracted from plasma and tissue of mice by the methyl-tert-butyl ether (MTBE)-based method as described (Matyash et al., 2008; Yan et al., 2020) with minor modifications. Briefly, 20 μL plasma or 10 mg heart tissue spiked with internal standard mixture was blended into 400 μL 75% methanol. MTBE (1 mL) was added and vortexed for 1 h. Phase separation was induced by adding 250 μL Milli-Q water. After 10 min of incubation at room temperature and centrifugation at 14,000 g for another 10 min, the upper (organic) phase was collected and evaporated to dryness.

Targeted profiling of sphingolipids involved the use of a 5500 QTRAP hybrid triple quadrupole linear ion trap mass spectrometer (AB Sciex, Foster City, CA) equipped with a Turbo Ion Spray electrospray ionization source. The mass spectrometer was operated with Analyst software (version 1.6.1, AB Sciex, Foster City, CA). Lipid species were detected by multiple reaction monitoring (MRM) scanning mode. The dwell time used for all MRM experiments was 5 ms. The ion source parameters were CUR = 30 psi, GS1 = 30 psi, GS2 = 30 psi, CAD = MEDIUM, TEMP = 500°C, IS = 5500 V (for positive ions) or -4500 V (for negative ions). Chromatographic separation involved the use of a UPLC BEH C18 column (1.7 μm, 100 × 2.1 mm i.d.) consisting of ethylene-bridged hybrid particles (Waters, Milford, MA). The column was maintained at 25°C and the injection volume was set to 1 μL. Solvent A: 60% acetonitrile. Solvent B: acetonitrile/isopropanol (1/9, v/v). The mobile-phase flow rate was 0.25 mL/min. The gradient started from 25% solvent B and was maintained for 3 min, then 3–15 min solvent B to 99% and maintained for 2 min, and 17-19 min solvent B reduced to 25% and maintained for 1 min.

Multiquant software (version 3.0.2, AB Sciex, Foster City, CA) was used to process raw data. Metaboanalyst 3.01 (Xia and Wishart, 2016) was used for data analysis and visualization, including partial least squares discriminant analysis (PLS-DA), the goal of fold change analysis, variable importance in projection (VIP) scores, and hierarchical clustering and presenting as a heatmap.



Quantitative Real-Time Polymerase Chain Reaction

Total RNA was extracted from hearts of mice with QIAzol and purified by the use of the QIAGEN RNeasy Mini Kit (Cat No. 74104), then 1 μg of RNA was reverse transcribed with SuperScript III and random primers (Cat No. 12574035, Thermo Fisher, Grand Island, NY), as defined by the manufacturers’ manuals. Real-time PCR involved the Brilliant II SYBR Green qPCR Master Mix (Stratagene, CA, United States) and the StepOnePlus Real-Time PCR System (Applied Biosystems, Waltham, MA). Results were normalized to GAPDH. The following primer sequences for murine tissue were used (gene subsequent sequences of forward and reverse primers): GAPDH (5′-CAT GGC CTT CCG TGT TCC TA-3′, 5′-GCG GCA CGT CAG ATC CA′); Cerk (5′-GAC TGG GAG CAC TGA CAC AA-3′, 5′-GAG GAT GAG GGG AGG CCA TA-3′).



Western Blotting

Lysates of the left ventricle were acquired by direct lysis in a 50 mM Tris buffer (pH 6.7) comprising a complete protease inhibitor cocktail (Cat No. 04693132001, Roche, Indianapolis, IN) and PMSF (Cat No. P0100, Solarbio Life Sciences, Beijing). The protein samples (20μg) were separated by SDS-PAGE, followed by western blotting as described previously (He et al., 2018). Primary antibody against Cerk (Cat No. sc-376730) was from Santa Cruz (Santa Cruz, CA). Primary antibody against GAPDH (Cat No. 60004-1-Ig) and secondary antibody against mouse (Cat No. SA00001-1) were from Proteintech (Rosemont, IL). Membranes were visualized by using an ECL Western blotting detection kit (Cat No. 34580, Thermo Fisher Scientific, Waltham, MA) in a ChemiScope3600 Mini chemiluminescence imaging system (Clinx Science Instruments, Shanghai). The bands were quantified using NIH Image J software.



Immunofluorescence Staining

Seven μm frozen sections of heart were fixed in 4% paraformaldehyde for 15 min, permeabilized with 0.5% Triton X-100 in PBS for 30 min, blocked with 1% BSA for 30 min, and incubated with primary antibodies at 4°C overnight, then with Alexa fluor-conjugated secondary antibodies. Fluoroshield mounting medium with DAPI was used to cover slides. Images were visualized under an Olympus inverted microscope equipped with a charge-coupled camera.



Statistical Analysis

All the data were presented as mean ± standard error of the mean (SEM). Statistical analysis was performed using GraphPad Prism software v7.0. The number of biological replicates and statistical significance are specified in figure legends. Differences between the two means were tested using unpaired two-tailed Student’s t-test. P < 0.05 was considered statistically significant.



RESULTS


Sphingolipid Profile Altered in Mice After Myocardial Infarction Injury

To study the metabolic status of sphingolipids in the reparative phase of MI injury, we employed an MI model with ligating the left anterior descending (LAD) of mice. Cardiac function was measured with echocardiography at day 7 post-MI (Figure 1A). Both ejection fraction (EF) and fractional shortening (FS), the two main indicators to assess the systolic function of left ventricular (LV), were comparable between the sham group and the MI injury group before the surgery. Ligation of LAD induced a significant decrease of EF and FS at the 7 days after the surgery (Figure 1B), which is consistent with our previous reports (Ding et al., 2017; Fang et al., 2018). Also, the TTC staining of LV further confirmed the success of the MI model (Figure 1C).
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FIGURE 1. Plasma sphingolipid profile of mice at day 7 post-MI. (A) Timeline of the myocardial infarction (MI) experiment. (B) Quantification of ejection fraction (EF) and fraction shortening (FS). Data are mean ± SEM, *P < 0.05, n = 6. (C) Left ventricular (LV) tissue sections stained with Alcian blue and 2,3,5- triphenyltetrazolium chloride (TTC) at day 7 after MI. Scale bar, 500 μm. (D) PLS-DA score plot of the sphingolipid profile. (E) Heatmap showing the plasma sphingolipid profile of mice at day 7 post-MI. The colors represent increasing (red) or decreasing (green) expression, with the intensity reflecting the corresponding concentration.


Next, to get insight into the potential alteration in plasma sphingolipid profile in MI injury mice, LC-MS analyses with both positive ion mode and negative ion mode were performed. A total number of 193 metabolites were detected including Cer, dihydroceramide (dhCer), Cer1P, dihydroceramide-1-phosphate (dhCer1P), dihexosylceramide (DHC), dihydrodihexosylceramide (dhDHC), monohexosylceramide (MHC), dihydromonohexosylceramide (dhMHC), SM, dihydrosphingomyelin (dhSM), GM3 Ganglioside (GM3), sulfatide, sphingosine (So), sphingosine-1-phosphate (So1P), sphingasine (Sa), and sphingasine-1-phosphate (Sa1P). PLS-DA was used to identify patterns that categorized the two types of samples based on sham and MI. However, the 2-dimensional score plot of PLS-DA proved the classification model could not completely separate the samples by their groups (Figure 1D), suggesting the plasma sphingolipid profile might not be largely influenced during the reparative phage post-MI. Consistently, the relative concentrations of the top 50 metabolites shown in the heatmap (Figure 1E) were comparable between groups.

Since the plasma might dilute the metabolites and dismissed the potential difference between treatments, we next investigated whether MI injury induced a change of myocardial sphingolipids in heart tissue. Sphingolipids in LV were extracted and analyzed using the metabolomics method with LC-MS in both positive ion mode and negative ion mode. Similarly, a total number of 193 metabolites were detected including Cer, dhCer, Cer1P, dhCer1P and et al. In contrast to the results in plasma, the two-dimensional score plot of sparse PLS-DA proved the classification model could perfectly separate the samples of heart tissue by their groups (Figure 2A), indicating an obvious change of myocardial sphingolipids profile in LV. The concentrations of the top 50 changed metabolites were shown in Figure 2B. The magnitude of changes in sphingolipids between the MI and sham group were visualized by fold change (FC) analysis (Figure 2C). The threshold of FC was set to 2. Among the 42 upregulated metabolites, the top 5 were dhCer1P 16:0 (log2(FC) = 5.26), Cer1P 22:6 (log2(FC) = 4.90), Cer1P 22:5 (log2(FC) = 4.89), dhCer1P 16:1 (log2(FC) = 4.86) and dhCer1P 22:5 (log2(FC) = 4.72). A total of 34 metabolites, among which the top 5 were dhSM 38:5 (log2(FC) = −3.05), dhSM 44:0 (log2(FC) = −2.85), SM 385 (log2(FC) = −2.78), dhSM 38:4 (log2(FC) = −2.74) and SM 40:6 (log2(FC) = −2.59), were reduced after MI injury (Figure 2C). In addition, variable importance for prediction (VIP) scores were calculated, and the top 10 sphingolipids mostly contributing to the classification were shown on the Y-axis (Figure 2D). DHC 24:0, Cer1P 18:1, and MHC 24:1 were significantly increased in heart tissue after MI injury and contributed highly to the alteration of sphingolipid profile (Figure 2D). Taken together, we found myocardial but not plasma sphingolipid profile was markedly changed in mice at day 7 after MI injury via employing an unbiased LC-MS analysis.
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FIGURE 2. Myocardial sphingolipid profile of mice at day 7 post-MI. (A) The sparse PLS-DA score plot of the sphingolipid profile. (B) Heatmap showing the myocardial sphingolipid profile of mice at day7 post-MI. The colors represent increasing (red) or decreasing (green) expression, with the intensity reflecting the corresponding concentration. (C) The goal of fold change (FC) analysis of the absolute value of change between MI and Sham group means. Metabolites with Log2 (FC) ≥ or ≤ 1 were labeled red. (D) The top 10 most significant metabolites based on variable importance for prediction (VIP) scores from PLS-DA. The X-axis shows the correlation scores and the Y-axis the metabolites. Color bars show the median intensity of variables in the respective groups.




The Variations of the Sphingolipids After MI Injury

We next statistically analyzed the relative level of each metabolite of sphingolipid. Consistent to previous studies (Laaksonen et al., 2016; de Carvalho et al., 2018), all the Cers showed an increasing trend in the MI group compared to the sham group (Figures 3A,B). However, only Cer 16:0 and Cer 24:1 showed a statistically significant increase (Figure 3A). As metabolites of Cer, all the Cer1P also showed a similar trend as Cer (Figures 3C,D). Cer1P 14:0, Cer1P 18:1, Cer1P 18:2, and Cer1P 18:3 were significantly upregulated in MI group (Figure 3C). Concentration of the dhCer1Ps including dhCer1P 14:0, dhCer1P 16:0, dhCer1P 18:2, dhCer1P 20:4, and dhCer1P 20:5 was increased with significance (Figure 3D). Levels of four MHC (MHC 20:0, MHC 22:0, MHC 24:0, and MHC 24:1), three DHC (DHC 22:0, DHC 24:1, and DHC 24:0), and one GM3 (GM3 22:5) were significantly higher, while the levels of two dhSM (dhSM 38:4 and dhSM 40:0) were significantly lower in MI groups (Figures 3E,G,J,K). Although sulfatide d18:1-18:0, sulfatide d18:1-22:0, and sulfatide d18:2-24:0 showed a relatively low level among all the sulfatides detected, they were significantly increased in the MI group (Figure 3L). Other metabolites including all the dhCer (Figure 3B); dhMHC (Figure 3F); dhDHC (Figure 3H); SM (Figure 3I); So, Sa, So1P, and Sa1P (Figure 3M) were not changed in the heart following MI injury.
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FIGURE 3. The relative levels of myocardial sphingolipids in the Sham and post-MI mice. (A–M) Sham or MI surgery was performed in mice. Liquid chromatography-tandem mass spectrometry detection of sphingolipids-derived metabolites in the heart tissue. Data are mean ± SEM, n = 8, *P < 0.05, unpaired two-tailed t-test.




Expression of Cerk Was Upregulated in the Heart in Post-MI Mice

Emerging evidence suggests that Cer serves as a biomarker of AMI and also contributes to MI injury (Laaksonen et al., 2016; de Carvalho et al., 2018). However, we found among all the Cers, only Cer 16:0 and Cer 24:1 were significantly higher in the MI group (Figure 3A). Since Cer might convert to Cer1P and the latter contributed highly to the difference of sphingolipid profile between groups (Figures 2C,D), we speculated a conversion of Cer to Cer1P might exist during the reparative phage of MI injury. We next investigated the ratio of Cer1P and Cer. As shown in Figure 4A, all the 13 ratios of Cer1P/Cer except Cer1P 18:2/Cer 18:2 were higher in the MI group compared to the sham group, suggesting an increase of conversion from Cer to Cer1P during the reparative phage.
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FIGURE 4. Expression of Cerk was upregulated in the myocardium after MI. (A) The relative ratios of Cer1P to Cer detected with LC-MS. Ratios of Cer1P to Cer in Sham group were set to 1. Data are mean ± SEM, n = 8. (B) RT-PCR analysis of mRNA level of Cerk in heart tissue. Data are mean ± SEM, n = 5, *P < 0.05, unpaired two-tailed t-test. (C,D) Western blot analysis and quantification of Cerk protein levels. Data are mean ± SEM, n = 5, *P < 0.05, unpaired two-tailed t-test. (E,F) Immunofluorescence staining of Cerk in the myocardium. Scale bar, 10 μm. (F) Quantification of fluorescence intensity of Cerk. Data are mean ± SEM, n = 5, *P < 0.05, unpaired two-tailed t-test.


Considering the critical role of Cerk in controlling both Cer levels and production of Cer1P, we further evaluated the expression of Cerk in heart tissue. As shown in Figures 4B–D, both mRNA level and the protein level of Cerk were significantly higher in the MI group compared to the sham group. Similarly, the expression of Cerk in the border area of heart tissue post-MI was also higher compared to non-infarcted area of heart tissue (Figures 4E,F). Together, these data suggested that upregulated expression of Cerk in the heart after MI might contribute to the conversion of Cer to Cer1P.



DISCUSSION

Cardiac inflammation and resolution are critical to the severity of cardiac dysfunction post-MI and abnormal lipid metabolism contributes to myocardial injury and remodeling. In the present study, we observed the alternation of the sphingolipid profile during the reparative phage after MI injury. Our results indicated that the sphingolipid profile in heart tissue but not in plasma was largely changed. Meanwhile, we identified several significantly higher or lower levels of metabolites in the heart tissue of the MI group which might serve as biomarkers or contribute to cardiac remodeling. Moreover, we found the ratios of Cer1P to Cer were markedly upregulated in heart after MI, which might be due to the upregulation of the expression of Cerk post-MI.

Abnormal Cer accumulation has been implicated in AMI (de Carvalho et al., 2018; Hadas et al., 2020). Consistently, we also found an increasing trend of the level of myocardial Cer in the reparative phage after MI injury. Because excess Cer was implicated in cardiac lipotoxicity, previous studies focused on the synthesis of Cer and tried to improve heart function by targeting cardiac Cer accumulation. Pharmacologically or genetic inhibition of serine palmitoyltransferase, a rate-limiting enzyme in Cer biosynthesis, reduces fatty acid and prevents cardiac toxicity in a mouse model of dilated cardiomyopathy (Park et al., 2008). Nevertheless, whether the reduction of Cer levels will improve cardiac remodeling is still controversial. Genetic deletion of the serine-palmitoyl transferase long chain 2 (SPTLC2) gene significantly decreased the level of total and individual Cer in the myocardium of mice but did not alleviate acute cardiac dysfunction at 2 weeks post-MI (Ji et al., 2017). Cer, accumulated in the post-ischemic heart, was thought to be mediated by acid sphingomyelinase activity rather than neutral sphingomyelinase activity or de novo sphingolipid synthesis (Klevstig et al., 2016). Heterozygote knockout of acid sphingomyelinase (Smpd1) limited Cer accumulation in the post-MI heart without improving cardiac function or survival (Klevstig et al., 2016). Reducing Cer level in mice via the deletion of ceramide synthase 2 (CERS2) leads to the development of progressive myoclonic epilepsy (Mosbech et al., 2014). These failures might be due to that some important downstream metabolites of Cer were simultaneously limited. However, there has been much less emphasis on the downstream metabolites of Cer and the potential effects of Cer1P on cardiac remodeling.

Cer1P has been well characterized to promote proliferation and inhibit apoptosis. The early studies reported that Cer1P induced DNA synthesis in fibroblasts and promoted cellular proliferation and growth (Gomez-Munoz et al., 1995, 1997). Cer1P could also stimulate the proliferation of macrophages (Gangoiti et al., 2010) and C2C12 myoblasts (Gangoiti et al., 2012). In addition, Cer1P attenuated the activation of caspases and prevented DNA fragmentation induced by serum deprivation in macrophages (Gomez-Munoz et al., 2004). Hence, Cer1P serves as a pro-survival player and antagonizes the proapoptotic effects of Cer (Hoeferlin et al., 2013). Moreover, Cer1P inhibited the production of pro-inflammatory cytokines and leukocyte infiltration in pulmonary tissue induced by cigarette smoke in mice, suggesting anti-inflammatory properties of Cer1P (Baudiss et al., 2015). In addition, Cer1P also has a pro-angiogenic role evidenced by stimulating endothelial cell-mediated capillary-like tubule formation in vitro and matrigel implant vascularization (Kim et al., 2013). In the present study, we found myocardial Cer1P, including Cer1P 14:0, Cer1P 18:1, Cer1P 18:2, and Cer1P 18:3, were significantly increased at day 7 in the MI group. Besides, Cer1P 18:1 and Cer1P 14:0 contributed highly to the alternation of sphingolipid profile post-MI. Hence, our data suggested that Cer1P might play a vital role during the reparative phase after MI. Nevertheless, whether Cer1P directly involved and exerted an important role in the repair of MI deserves further investigation.

Besides quantifying the levels of metabolites of sphingolipid, we also studied the ratio of Cer1P and Cer. Cer1P is generated by phosphorylation of Cer (N-acyl sphingosine) and is believed to be mainly mediated by Cerk (Boath et al., 2008). The role of Cerk in heart is largely unknown. Cerk was expressed at high level in the heart tissue (Sugiura et al., 2002) and its expression was upregulated in primary cardiomyocytes by treating with the serum of patient with single ventricle congenital heart disease (Garcia et al., 2018). Cerk deficient mice displayed decreased C1P and enhanced Cer, and lacked the capacity to phosphorylate Cer (Graf et al., 2008). However, the genetic deficiency of Cerk improved diet-induced obesity and insulin resistance in mice (Mitsutake et al., 2012), indicating a complicated role of Cer1P. Since Cer1P has diversified roles in the regulation of various physiological and pathological processes, myocardial-specific overexpression of Cerk might reduce local Cer and be beneficial to the reparative process. In further support of this concept is that the overexpression of acid ceramidase (AC), the only enzyme known to hydrolyze Cer and generates sphingosine, could counteract the negative effects of elevated Cer and provide cardioprotection after MI (Hadas et al., 2020). Since gene therapy with adeno-associated virus system has shown promising translational potentials in HF (Eulalio et al., 2012; Gabisonia and Recchia, 2018; Ding et al., 2020), whether cardiac-specifically targeting Cerk has the therapeutic potential in ischemic heart diseases needs further investigation.

Overall, we characterized the significant changes of myocardial sphingolipid profile in the reparative phage after MI injury and observed activation of Cerk/Cer1P pathway. Further work will help to identify the function of the pathway and will lead to a better understanding of the role of sphingolipids in cardiac remodeling after MI.
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Diet and inflammatory response are recognized as strictly related, and interest in exploring the potential of edible fats and oils for health and chronic diseases is emerging worldwide. Polyunsaturated fatty acids (PUFAs) present in fish oil (FO), such as eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), may be partly converted into oxygenated bioactive lipids with anti-inflammatory and/or pro-resolving activities. Moreover, the co-presence of phenolic compounds and vitamins in edible oils may prevent the development of chronic diseases by their anti-inflammatory, antioxidant, neuroprotective, and immunomodulatory activities. Finally, a high content in mono-unsaturated fatty acids may improve the serum lipid profile and decrease the alterations caused by the oxidized low-density lipoproteins and free radicals. The present review aims to highlight the role of lipids and other bioactive compounds contained in edible oils on oxidative stress and inflammation, focusing on critical and controversial issues that recently emerged, and pointing to the opposing role often played by edible oils components and their oxidized metabolites.

Keywords: edible oil, vegetable oil, linoleic acid, alpha-linolenic acid, docosahexaenoic acid, immune response, inflammation resolution, marine oil


INTRODUCTION

Reactive oxygen species (ROS) are radical and non-radical chemical species formed by the partial reduction of oxygen that physiologically accumulate in parallel with cellular aerobic respiration (Angelova and Abramov, 2016). If unchecked, these compounds may result in DNA damages and cellular death. Figure 1 shows possible endogenous and exogenous sources of ROS, highlighting respiration as the major contributor to endogenous ROS production. Moreover, during stress conditions, the endoplasmic reticulum releases Ca2+ that may (a) contribute to the activation of the cytoplasmic protein NLR-Family Pyrin Domain Containing 3 (NLRP3) and therefore of the inflammasome, and (b) enter the mitochondria with subsequent generation and release of ROS (Zorov et al., 2014). Cytoplasmic ROS can also activate nuclear transcription factor kappa B (NF-κB), that migrates into the cellular nucleus promoting the transcription of inflammatory and oxidative genes, like cyclooxygenase (COX)-2, inducible-nitric oxide synthases (NOS), tumor necrosis factor alpha (TNF-α), interleukin (IL)-6, and IL-1β (Mitchell et al., 2016). Transcription of inflammatory and oxidative genes can also be activated by Activator Protein 1 (AP-1) and Mitogen-Activated Protein Kinase (MAPK) resulting from toll like receptor’s (TLR) engagement (He et al., 2009; Kuriakose et al., 2019).

[image: Figure 1]

FIGURE 1. Possible sources of Reactive Oxygen Species (ROS).


Additional sources of ROS include drug-derived ROS produced as a consequence of their oxidative metabolism, X-rays, and surgical interventions, but ROS formation is also significantly associated with the inflammatory response. Inflammation is the physiological response to damage and is normally temporarily limited and solved by either specific or non-specific immune mechanisms. When an inflammatory response to an insult, whichever the origin, is not contained and then eliminated by the immune response, the self-perpetuation extends beyond the primary foci within a generalized hyper-reaction generating ROS that may contribute to the pathogenesis of non-communicable chronic diseases (NCDs), including cardiovascular diseases (CVDs), metabolic diseases, and cancer (Liguori et al., 2018).

The body possesses defense mechanisms against ROS, such as specific enzymes (i.e., superoxide dismutase, catalase, and glutathione peroxidase) and thiolic antioxidant (i.e., glutathione, and albumin), and generates biologically active metabolites playing an important role in the physiological resolution of the inflammatory process. The diet may contribute to these processes by providing micronutrients, such as vitamin C and vitamins A and E, that can neutralize ROS, as well as macronutrients such as omega (ω)3 fatty acids that are substrates for the biosynthesis of resolution mediators.

Besides vitamins, other micronutrients can modulate inflammation, including minerals like Se, Cu, and Zn (Galland, 2010), while focusing on macronutrients (that is, dietary components supplying energy, such as proteins, carbohydrates, and fats), hyper-caloric Western diets based on energy-dense foods, rich in simple sugars, and low in fibers, greatly contribute to an increase of endogenous lipogenesis to store the excess of energy. This process leads to high serum levels of saturated fatty acids (SFAs) which, in turn positively correlate with inflammatory markers such as circulating fibrinogen (Galland, 2010). By contrast, consumption of polyunsaturated fatty acids (PUFAs) and ω3 fatty acids in particular, increases their circulating levels and shows opposite associations (He et al., 2009). Compared with ω3, ω6 fatty acids show variable effects on inflammation, and available data are controversial (Innes and Calder, 2018), but dietary, circulating monounsaturated fatty acids (MUFAs), especially oleic acid, may have anti-inflammatory effects (Mashek and Wu, 2015).

Thus, dietary patterns, according to their specific nutrient and food composition, can either help to preserve a functional health status, or increase the risk of developing NCDs. The Mediterranean Diet (MD) is considered a healthy food pattern, especially considering its potential role in protecting against inflammation (Gotsis et al., 2015). The term “Mediterranean Diet” is usually referred to as a diet characterized by the high consumption of fruits, vegetables, whole grain cereals, seafood, legumes, nuts, and seeds, with a limited intake of meat and fermented beverages (Widmer et al., 2015). Replacing the intake of SFAs with PUFAs is recommended by dietary guidelines focused on cardiovascular health [National Cholesterol Education Program (NCEP) Expert Panel on Detection, Evaluation, and T. of H. B. C. in A. (Adult T. P. I.), 2002], and consuming dietary oils derived from plants, seeds, or of marine origin is a strategy to increase the intake of PUFAs.

Plant-derived oils contain the two precursors of the ω6 and ω3 families, i.e., linoleic and alpha-linolenic acids (LA, ALA), together with protective micronutrients, such as tocopherols, carotenoids, phytosterol, beta-carotene, nitrogen compounds, minerals (e.g., phosphorous, magnesium, manganese, copper, iron, zinc, and potassium), vitamins, and phenolic compounds (Vergallo, 2020). Marine-derived oils, in particular oils from fatty fish, are an important source of ω3 fatty acids, predominantly eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA; Abedi and Sahari, 2014). Freshwater fish also ensures a good supply of ω6 PUFAs, but the possible presence of toxic contaminants or heavy metals and antibiotics may raise concerns in using fish oil (FO) as a source of PUFAs. Furthermore, undesirable flavors and tastes of FO may contribute to limiting their consumption (Abedi and Sahari, 2014).

In the first part of this narrative review, we will focus on the specific families of compounds present in plant- and marine-derived oils and their potential role relative to the formation of ROS and the inflammatory response. Particular attention will be on their specific activity and function, their dietary sources and the principal evidence related to their association with human health.

The second part of this work will briefly summarize a selection of dietary oils (vegetable or marine-derived) focusing on the results of human trials available in the literature highlighting their effects in different disease conditions.

A specific attention will be paid to controversial or debated issues relative to selected components or edible oils.



LIPIDS, LIPID-DERIVED COMPOUNDS, AND MICRONUTRIENTS FROM EDIBLE OILS: ROLE IN OXIDATIVE STRESS AND INFLAMMATION

Edible oils and their components can play different and opposing roles in oxidative stress and inflammation. During the inflammatory responses and in presence of pathologies characterized by high tissue production of ROS, an increase intake of oils with significant amounts of long-chain PUFAs (LC-PUFAs) may increase PUFA in membrane phospholipids and, because of their high susceptibility to peroxidation (Pamplona, 2008), this could cause increased levels of PUFA peroxidation-derived compounds, such as oxidized phospholipids and isoprostanes, possessing significant pro-inflammatory properties (Takahashi et al., 1992; Marathe et al., 2001; Leitinger, 2003). On the other hand, recent reports identified oxidized phospholipids endowed with potent activities leading to the physiological resolution of the inflammatory process (Friedli and Freigang, 2017), pointing to the balance between these potential effects of LC-PUFA peroxidation as a critical factor in defining the outcome of the increased consumption of LC-PUFAs.

Oxygenase enzymes, such as lipoxygenases and COXs, acting on LC-PUFAs can also contribute to the formation of ROS, both directly, as a by-product of their enzymatic activity (Swindle et al., 2007), and through the formation of ω6 arachidonic acid (AA) metabolites such as leukotriene (LT) B4, that activate the NADPH oxidase (NOX; Yun et al., 2010). Conversely, lipoxygenase-derived metabolites of ω3 LC-PUFAs may limit the formation of ROS (Chattopadhyay et al., 2017), control the inflammatory response, and promote its resolution (Serhan et al., 2008), suggesting again how a fine balance may define the contribution of LC-PUFAs to the physiological resolution of the inflammatory response rather than its evolution into chronic inflammation and pathology.

Finally, micronutrients from vegetable oils, such as vitamins or polyphenols, may also provide protection against ROS formation and its effects by their anti-oxidant activity, thus preserving membrane integrity (Ayala et al., 2014; Bochkov et al., 2017) and limiting the formation of pro-inflammatory mediators (Santus et al., 2005). Nevertheless, also in this case, the discussion is ongoing about the ability of these compounds to significantly affect human health in consideration of the low concentrations observed in many edible oils and the limited bioavailability of phenolic compounds (Nediani et al., 2019).


LC-PUFAs

Long-chain polyunsaturated fatty acids are synthesized by elongation and desaturation of the carbon chain from the parent essential PUFAs: LA for the ω6 series and ALA for the ω3 series (Agostoni and Bruzzese, 1992). The metabolic pathway consists of successive carbon chain elongation and desaturation steps (by inserting double bonds into the carbon chain), that are controlled by elongase and desaturase enzymes, respectively. It begins with a ∆6-desaturation step, followed by chain elongation and desaturation thereof, to yield EPA when the initial substrate is ALA, or to yield AA when the initial substrate is LA (Zárate et al., 2017).


Arachidonic Acid and Its Metabolites

Arachidonic acid (AA) is the main ω6 product and is present esterified to the 2-position in specific classes of membrane phospholipids (Chilton and Murphy, 1986). Upon release from membrane phospholipids by the activity of the cytosolic phospholipase A2, AA is enzymatically converted by several oxygenases into eicosanoids, a large family of mostly pro-inflammatory molecules, while non-enxymatic peroxidation of esterified AA leads to the formation of isoprostanes (Morrow et al., 1990), that can be released from phospholipids by the activity of platelet-activating factor acetylhydrolases and soluble phospholipases A2 (Kuksis and Pruzanski, 2017).

Cyclooxygenase (COX)-1 and COX-2 drive the synthesis of prostaglandins (PGs), prostacyclin, and thromboxane (TX; Smith et al., 1996); although these bioactive lipids are involved in a number of physiological and homeostatic processes, including hemostasis, vascular function, and gastric cytoprotection (Robert, 1979; Bunting et al., 1983; Weksler, 1984), they are mostly renowned for their ability to initiate and maintain inflammation. PGD2, PGE2, PGI2, and PGF2α represent to date a central subject of study among eicosanoids in inflammation, especially in light of the ability of NSAIDs to block their synthesis by inhibition of COX-1/2, which in turn results in the prevention of inflammation (Vane, 2002). A significant body of evidence is available that COX-2-derived PGE2 may play a role in tumor angiogenesis by increasing vascular endothelial growth factor (VEGF; Eibl et al., 2003), and recent data strongly suggest a contribution of platelet COX-1-derived thromboxane in colorectal cancer (Patrignani and Patrono, 2018).

Non enzymatic isoprostanes have been widely used as marker of oxidative stress in vivo, but biological activities through the interaction with the thromboxane receptor have also been reported for 8-isoprostaglandin F2α (Takahashi et al., 1992), suggesting that isoprostanes could play a role in the control of vascular tone and hemostasis (Capra et al., 2014). Recent reports have nevertheless shown that non enzymatic lipid peroxidation of esterified AA also generates cyclopentenone-containing oxydised phospholipids and related isoprostanes possessing potent pro-resolution activities. These compounds inhibit TLR activation and NF-kB signaling, and activate the Nrf2-pathway leading to the expression of anti-oxidant genes, limiting inflammation and cellular damage (Friedli and Freigang, 2017).

5-, 12-, and 15-lipoxygenases (5/12/15-LOX) generate leukotrienes (LTs), hydroxyeicosatetraenoic acids (HETEs; Kuhn et al., 2015), and lipoxins (LXs; Romano et al., 2015); Leukotrienes also play a significant role in inflammation (Sala et al., 1998), and their increased expression has been reported in response to Th2 cytokines; neutrophilic tissue infiltration, and activation in response to LTB4, a main metabolite of 5-LO, is a mainstay of the acute inflammatory response (Mashima and Okuyama, 2015). Again, together with the proinflammatory role of lipoxygenase products, evidence have emerged early on that trihydroxy-derivatives of AA such as lipoxin A4 (LXA4) and LXB4, acting through the G-protein coupled receptor ALX/FPR2, inhibit inflammation responses by leukocytes, endothelial and epithelial cells (Romano et al., 2015).

Finally, diHETEs and epoxyeicosatrienoic acids represent the products of P450 epoxygenases (Bellien and Joannides, 2013), while ω and ω-1 monohydroxy metabolites of AA are generated by P450 ω-hydroxylases. Also in this case while the latter compounds can play pathophysiological role in cancer progression by promoting angiogenesis (Johnson et al., 2015), the former compounds have been reported to be endowed of significant anti-inflammatory activities, mediated by the inhibition of NF-kB, and the increase of peroxisome proliferator-activated receptor-gamma (PPAR-γ) transcription activity (Norwood et al., 2010).



ω3 Long Chain PUFAs and Their Metabolites

The main activities of ω3 LC-PUFAs are to directly and indirectly inhibit the inflammatory response: DHA can reduce endoplasmic reticulum stress and ROS production in mitochondria, inhibit TLR activation, and upregulate cytoprotective proteins, intracellular antioxidants, and anti-inflammatory and detoxifying enzymes through the activation of nuclear factor erythroid 2-related factor 2 (NRF2). Activated NRF2 inhibits the activity of AP-1, NF-κB, and MPK and promotes the transcription of anti-inflammatory and anti-oxidative genes like IL-10, IL-4, superoxide dismutase, heme oxidase-1, and glutathione (Yamagata, 2017). DHA and EPA can regulate the expression of oxidized low-density lipoprotein receptor 1, plasminogen activator inhibitor 1, thromboxane A2 receptor, vascular cell adhesion molecule-1, monocyte chemoattractant protein-1, and intercellular adhesion molecule 1, regulating, de facto, the inflammation response (Yamagata, 2017). Moreover, DHA inhibits TLR activation acting as an antagonist of SFA and blocking the inflammation triggered by TLR (Hwang et al., 2016; Figure 2).
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FIGURE 2. The role of ω-3 fatty acids in inflammation.


ω3 LC-PUFAs, such as EPA, DPA, and DHA, are also the precursors of a number of oxygenated lipids, typically resulting from the coordinated activities of multiple lipoxygenases, including the 15/17R-lipoxygenase activity resulting from the aspirin acetylation of COX-2 (Serhan et al., 2002). The resulting compounds have been collectively described as a novel genus of specialized pro-resolving lipid mediators (SPM; Serhan et al., 2020) and are endowed with potent anti-inflammatory, pro-resolution activities within the immune system. SPMs, including D- and E-series resolvins, protectins, maresins (Serhan, 2017), and maresin conjugates in tissue regeneration (MCTRs; Dalli et al., 2016; Chiang et al., 2018), proved effective in limiting inflammation and contributing to speed-up the physiological resolution of the inflammatory response (Serhan and Levy, 2018). Several reports have linked supplementation with ω3 LC-PUFAs with increased concentrations of SPM in plasma (Grenon et al., 2015; Mas et al., 2016), but a critical study carried out both using ω3 LC-PUFAs supplementation and LPS challenge in vivo in humans raised questions about the effective correlation between plasma SPM and dietary supplementation (Skarke et al., 2015). Recent results using human hepatic cells showed extremely rapid β-oxidation of protectin D1, suggesting that plasma determination of this SPM may not be the appropriate approach to the assessment of its in vivo production (Balas et al., 2019). Indeed, in vivo production of eicosanoids has always been assessed either at the local site of production (if possible) or through the determination of stable hepatic metabolites in urines (Catella et al., 1986), while plasma concentrations were early on ruled out as unreliable or undetectable. In agreement with these considerations, supplementation with DHA in cystic fibrosis patients resulted in increased concentrations of DHA-derived oxygenated metabolites in sputum (Teopompi et al., 2019), but the relevance of ω3 LC-PUFAs supplementation to the production of SPM remains to be assessed.




Linoleic Acid and Its Metabolites

Linoleic acid, defined as an essential fatty acid in mammals because of their inability to synthesize it (Marangoni et al., 2020), is common in the human diet, being widely distributed in foods. In many vegetable oils, it represents more than 50% of the lipid content; high amounts of LA are also present in nuts, while lower levels are found in cereals (more in whole grains), legumes, some meats, eggs, and dairy products (Marangoni et al., 2020). In animal cells can be converted into AA; however, LA conversion to AA is very low (< 1%), and increasing the intake of dietary LA does not lead to a significant increase of its metabolites tissue levels (Rett and Whelan, 2011; Whelan and Fritsche, 2013). The effect of LA on human health is still controversial: a recent review discussed evidence about the potential benefit of increasing dietary intake of LA (Marangoni et al., 2020), reporting that epidemiological studies indicate that an adequate intake of LA reduces amounts of plasma low-density lipoprotein cholesterol (LDL-C) and dietary intervention studies showed that replacing 5% of the dietary energy derived from SFA with ω6 PUFAs reduces LDL-C by up to 10% (Siri-Tarino et al., 2015). Furthermore, in prospective cohort study circulating concentrations of LA are inversely associated with new cases of type 2 diabetes (Fretts et al., 2019). On the contrary, the reevaluation of data obtained in double-blind randomized controlled trials (RCTs), together with a systematic review and meta-analysis, while reporting a significant reduction of serum cholesterol did not confirm the original hypothesis of a significant effect on the risk of death by coronary heart disease (CHD) or all causes (Ramsden et al., 2013, 2016). The controversial role of linoleic acid is also underlined by several evidence suggesting that high intake of this PUFA is associated to an increase risk of colonic inflammation and colonic cancer. Indeed the risk of colorectal adenoma increased in correlation to plasma concentrations of linoleic acid in an endoscopy-based case–control study (Pot et al., 2008), and dietary linoleic acid was found to potentially contribute to an increased risk of ulcerative colitis in a prospective cohort study (Hart et al., 2009).

Linoleic acid has also been reported to be the substrate for CYP450 enzymes, including CYP2J2, CYP2C8, CYP2C9, and CYP1A1, leading to the formation of linoleic epoxides 9,10-epoxyoctadecenoic acid (9,10-EpOME), and 12,13-epoxyoctadecenoic acid (12,13-EpOME) known as leukotoxin and isoleukotoxin (Hildreth et al., 2020); these epoxides are then metabolized by the soluble epoxide hydrolases (sEH) into the dihydroxyderivatives 9,10-DiHOME and 12,13-DiHOME. The concentration of these compounds is dependent on both the regulation of biosynthetic pathways (CYP450s and s EH) and the dietary intake of their parent fatty acid LA. 9,10-EpOME is a major contributor to pulmonary toxicity in Acute Respiratory Distress Syndrome (ARDS), an effect that is enabled by the conversion into DiHOME (Zheng et al., 2001). DiHOMEs may also play a dual role in inflammation, stimulating neutrophil chemotaxis at low concentrations while inhibiting neutrophil respiratory burst at higher concentrations (Thompson and Hammock, 2007).



Alpha-Linolenic Acid and Its Metabolites

Just like LA, ALA is defined as an essential fatty acid in mammals (Das, 2006), and its principal diet sources are nuts, fish, leafy vegetables, and seed oils. After absorption, it can be catabolized into longer chain and more unsaturated FAs such as EPA and DHA, but similar to LA conversion into AA within the ω6 series, the endogenous production of ALA derivatives is low in humans. Tracer studies observed conversion of ALA to EPA, ω3 docosapentaenoic acid (DPA), and DHA, from birth to adulthood, in male and female, but in infants the conversion of ALA to DHA is about 1% whereas in adults is even lower (Brenna et al., 2009). ALA supplementation (by diet, capsules etc.) generally increases EPA and DPA, but has limited effects on DHA levels in plasma fractions and in circulating blood cells, while DHA supplementation increases the concentrations of this FA in blood and tissues (Arterburn et al., 2006). It should be also underlined that there is a competition between ω3 and ω6 FAs for the same metabolic pathway enzymes (desaturases and elongases), and that an increased LA intake decreases ω3 LC-PUFAs. Indeed, dietary ALA conversion appears to be decreased by high LA/ALA dietary ratios (Brenna et al., 2009).

Inconsistent data have recently been reported from studies examining how fatty acids, and particularly ω3 LC-PUFAs, can prevent or treat food allergy, atopic dermatitis, and asthma (Venter et al., 2019). These results can be partially justified by differences in bioavailability and interindividual variability in response to supplementation. Providing preformed ω3 derivatives or foods rich in ω3 LC-PUFAs seems more effective than supplying ALA because of the reported limited conversion capability in humans.

Non enzymatic oxidation of ALA originates analogs of isoprostanes termed phytoprostanes (Galano et al., 2017), possessing antinflammatory activities (Gilles et al., 2009). ALA-enriched diet in rats was reported to reduce oxidative stress and inflammation during myocardial infarction, while increasing the formation of phytoprostane, suggesting their contribution to the observed effects (Leung et al., 2021). Recent data have also shown that novel metabolites generated by gut lactic acid bacteria from ALA, namely 13-hydroxy-octadecadienoic acid and 13-oxo-octadecadienoic acid, are capable to induce, both in vitro and in vivo, the differentiation of macrophage toward the anti-inflammatory phenotype M2 (Ohue-Kitano et al., 2018), through the activation of G protein-coupled receptor 40.



Monounsaturated Fatty Acids

Dietary MUFAs sources are both vegetable (e.g., olive oils, nuts, and seeds) and animal (e.g., meat from poultry and pig). The most abundant MUFA within the MD is oleic acid (about 90% of all MUFAs), followed by palmitoleic and vaccenic acids. A recent meta-analysis focusing on the effects of different dietary sources of MUFAs on CVD provided evidence that only olive oil was associated with a significant risk reduction of all-cause mortality, cardiovascular events, and stroke (Schwingshackl and Hoffmann, 2014), consistent with the fact that virgin olive oil is a supplier of other biologically active components such as polyphenols (Visioli and Bernardini, 2011), in particular oleuropein, in addition to MUFA.



Phenolic Compounds

The beneficial effects of oils have been widely attributed to their content in phenols, and more than 8,000 phenolic compounds have been identified. The structure of polyphenols is characterized by aromatic rings surrounded by hydroxyl groups (Quideau et al., 2011). Among these bioactive oil components there are tocopherols and tocotrienols (corn oil, soybean oil, wheat oil, and others), flavonoids (olive oil, sunflower seed oil), sterols, and phenolic acids (as esterified or free molecules, aldehyde forms, and glycosides). With exception of sterols that have beneficial effect on serum lipids (decreasing LDL-C and increasing HDL-C), the other compounds possess mainly radical scavenging, antioxidant and anti-inflammatory activities (Pandey and Rizvi, 2009), and the ability to modulate the immune response, affecting the multiplication of white blood cells and the production of cytokines (Gorzynik-Debicka et al., 2018). Different components alone have been tested in vitro, in cells or cell free assays, and some extra virgin olive oil (EVOO) phenolic compounds, but not all of them, inhibit IL-1β, PGE2, and INFγ production (Miles et al., 2005). In vitro experimental evidence also showed significant anti-neuroinflammatory effects of lignanamides from hemp seeds (Luo et al., 2017; Wang et al., 2019). In in vivo experiments, sesamol decreased oxidative stress and inflammation (Kuhad and Chopra, 2008), and sesamine (0.2% in diet) decreased lipid peroxidation in plasma and liver in rats (Yamashita et al., 2000). Sesame lignans were also investigated in human, comparing the effects of a supplement of sesamin/episesamin 1:1 ratio (10 mg) + vitamin E (101 mg) formulated in wheat germ oil with wheat germ oil alone, showing a significant increase of antioxidant capacity evaluated as an increased lag-time in plasma LDL oxidation (Takemoto et al., 2015).

The predominant compounds found in EVOO are represented by oleuropein, hydroxytyrosol, and their derivatives (Pedan et al., 2019). The European Food Safety Authority (EFSA) approved in 2011 a claim that EVOO’s polyphenols protect blood lipids against oxidative stress at a minimal dose of 5 mg/kg/day. The 5 mg of hydroxytyrosol should be available by consuming 23 g of EVOO in the context of a balanced diet (EFSA Panel on NDA, 2011).

Lipophenols are an emerging class of molecules that have been studied in these last years; they are characterized by condensation (esterification/acylation) of polyphenols and fatty acids, mainly unsaturated ones. Phenols and PUFAs, as described above, are natural compounds both endowed with biological activities on inflammation, oxidation, cancer, and CVDs, and the combination of these molecules could be of therapeutic advantage. In particular, the conjugation of polyphenols, such as flavonoids, phloroglucinol, and catechol derivatives with ω3 LC-PUFAs generates lipophenols (or phenolipids) of interest in which ω3 LC-PUFAs confer hydrophobicity, cell membrane penetration, and bioavailability to phenols, while the latter protect PUFAs from oxidation, possibly promoting their beneficial effects (Crauste et al., 2016).

Lipophenols can be obtained by enzymatic or chemical synthesis, but also from natural sources such as algae and marine species. The biological activity of lipophenols has been assessed in in vitro assays, frequently in non-cellular system, and only few studies have been performed in vivo in experimental animals. The antioxidant activity is a radical scavenging activity, even if the conjugation with FA frequently causes a decrease in the antioxidant properties of phenol, depending on the type of FA and on the phenol site of esterification (Moine et al., 2021). N-acyl dopamine and N-acyl-vanillylamines derivatives (containing a phenolic moiety), have also been shown to inhibit NO, IL-1β, IL-6, and TNF-α production, an effect that was dependent on the nature of FA with major effect for FA with a ketone group, then PUFA, MUFA, and saturated FA (Dang et al., 2011), suggesting a minor role for the phenolic moiety.

However, it must be stressed that the contribution to human health of all phenolic compounds depends on several factors including the concentration and whole oil composition, the extent of absorption and metabolism and the bioavailability in target tissues (Santangelo et al., 2017).



Vitamins

Vitamin E (α-tocopherol) and carotenoids are lipophilic antioxidants contained in vegetable oils (e.g., canola, olive, and soybean oil). They are known to decrease serum LDL levels and to prevent their oxidation (Upritchard et al., 2000). A large clinical trial showed a significant increase in the risk of prostate cancer in healthy men upon Vitamin E supplementation (Klein et al., 2011) and there is no specific advice on the intake of vitamin E. Its metabolism is related to vitamin C, vitamin B3, selenium, and glutathione, that all should be included within the diet to reach an optimal effect (Kurutas, 2016).

Vitamin E and carotenoids present in oils play an important role in the protection of PUFAs from oxidation: a pilot study carried out in experimental animals showed that while different preparations of fish oil resulted in similar changes in plasma lipids, a significant increase in plasma lipid peroxidation was observed in the absence of fish oil stabilization with a natural antioxidant mixture rich in α-tocopherol (Engstrm et al., 2009). Carotenoids have been well-characterized for their antioxidant activity in vitro (Sandmann, 2019), and recent data have also shown their ability to specifically limit PUFA peroxidation in lipid membranes (Widomska et al., 2019).

Vitamin A is abundant in FO, in the liver and in dairy foods, and has a role in maintaining the immune system functions (Gilbert, 2013). Most effects of vitamin A are exerted by its metabolite, retinoic acid (RA), which through ligation of nuclear receptors controls the transcriptional expression of RA target genes. Within the immune system, RA has a central role in orchestrating immune responses and dendritic cells (DCs), and macrophages seem responsible for its production (Erkelens and Mebius, 2017).




EDIBLE PLANTS/SEEDS OILS

Edible oils are obtained from seeds, fruits, and pulps of plants, including many herbaceous plants, and comprise major components (such as triacylglycerols) and minor compounds (such as sterols, carotenoids, and tocopherols). They are known to be an essential dietary requirement for humans and may also play a critical role in the economy of several countries (in Tunisia 1.7 million ha are planted with olive tree, producing 4% of the olive oil production worldwide; Jabeur et al., 2014). Given their economic value, adulteration with cheaper oils is a common problem (Salah and Nofal, 2021) sometimes resulting in serious effects on consumers health as in the case of the Spanish oil toxic syndrome (Gelpí et al., 2002). In this section, we will review the results of clinical studies carried out with the different commercially available edible oils.


Hemp (Cannabis sativa) Seed Oil

Hemp seed oil is obtained from Cannabis sativa, and is characterized by high PUFAs content and low SFAs amounts (for composition see Table 1), with significant amounts of antioxidant such as tocopherols and phenolic compounds (Smeriglio et al., 2016). While studies in humans using supplementation with hempseed oil are scarce, there are nonetheless positive reports showing effects on clinical symptoms of dermatological diseases (atopic dermatitis; Callaway et al., 2005), as well as reduction of plasma triglycerides and improvement of the ratio total cholesterol/HDL cholesterol (Schwab et al., 2006). Nevertheless, the effects on plasma lipids could not be confirmed in subsequent studies in normal volunteers (Kaul et al., 2008) and in adolescent with hyperlipidemia (Del Bo et al., 2019).



TABLE 1. Components of selected edible oils (unless specified otherwise the amounts reported are per 100 g of oil).
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Flaxseed Oil

Flaxseed oil (for composition see Table 1) is a good source of essential FA and contains lignans, cyanogenic glycosides, and cyclic peptides. In spite of the rich content of essential FA, the impact of flaxseed oil on serum lipids is controversial (Pan et al., 2009; Prasad, 2009): a reduction of plasma triglycerides and the improvement of the ratio total cholesterol/HDL cholesterol have been reported (Schwab et al., 2006), but has not been confirmed (Kaul et al., 2008). With respect to potential effects on cardiovascular inflammation, a RCT in healthy abdominally obese adults treated for 8 weeks with flaxseed oil capsules found no modifications in C-reactive protein (CRP), serum amyloid A (SAA), IL-6, and TNF-α (Nelson et al., 2007). On the contrary, 6 weeks of flaxseed oil administration resulted in a significant reduction of CRP (Zhao et al., 2004), an effect confirmed by two additional studies that observed a decrease of CRP, SAA, and IL-6 (Rallidis et al., 2003; Bemelmans et al., 2004).



Olive Oil and Extra-Virgin Olive Oil

Olive oils (for composition see Table 1) possess many health properties of higher nutritional quality, in particular the EVOO (Martín-Peláez et al., 2013). The majority of benefits are ascribed to minimal constituents in the unsaponifiable fraction, like phenolic compounds, phytosterols, tocopherols, and pigments (Mazzocchi et al., 2019). The effects on human health have been linked to its efficacy in preventing and treating of chronic disease resulting from anti-inflammatory, antioxidant, neuroprotective, and immunomodulatory activities (Carmen Crespo et al., 2018). The phenolic part accounts from 50 to 800 mg/kg and the predominant compound is made-up by oleuropein and its breakdown derivatives, hydroxytyrosol and tyrosol, but additional components contribute to the anti-inflammatory effects of EVOO as shown by the NUTRAOLEUM study: in this double-blind RCT, patients were supplemented with three different virgin olive oils (standard, high in phenolic compounds, and enriched with triterpenes oleanolic and maslinic acids) in a 3-week intervention. Over this period of time, plasma inflammatory biomarkers (IL-8 and TNF-alpha) and DNA oxidation significantly decreased in the group of subjects receiving the functional EVOO enriched with triterpenes (Sanchez-Rodriguez et al., 2019).



Soybean Oil

Soybean oil is extracted from the seeds of the soybean (for composition see Table 1). Phytosterols present in the oil may be responsible of its reported cholesterol-lowering activity (Zhu et al., 2019). The introduction of ∆6 desaturase from primrose (Primula juliae) and ∆15-desaturase from red bread mold (Neurospora crassa) into the soybean resulted in the production of a soybean oil rich in stearidonic acid (SDA; 18:4, n-3). Together, these two enzymes reduce the amount of linoleic acid by converting it into ALA and γ-linolenic acid, which are in turn ultimately converted into SDA, representing up to 20–30% of total fatty acids in the resulting oil. SDA, unlike ALA, may then be able to raise tissue levels of EPA and possibly DHA in humans, making widely used soybean oil a potential dietary source of this “pro-EPA” fatty acid (Harris, 2012). Indeed, two separate clinical trials showed increased EPA and ω3 index in adult overweight subjects (Harris et al., 2008; Lemke et al., 2010), confirming the ability of SDA to raise EPA plasma levels.



Canola Oil

Canola oil is obtained from the seeds of different species of Brassica family (for composition see Table 1). Brassica napus is known as rapeseed and its oil has a high content of erucic acid, a FA suspected of having pathogenic potential, but as edible oil, canola oil originates from selected Brassica typically showing erucic acid levels below 2%. Lin et al. (2013) reviewed the studies investigating the effects of canola oil, reporting significant reduction in total and LDL cholesterol, increased tocopherol levels, and insulin sensitivity. No effects were observed with respect to lipid peroxidation or susceptibility of LDL to oxidation, but platelets showed decreased ATP secretion and aggregation. Inflammatory markers were not affected by canola oil-based diets while potential linkages between canola oil usage and modifications of cancer risk remain undefined.

Recently, industries manufactured the high-oleic canola oil (HOCO), new canola oil with a modified formulation in fatty acids. HOCO is richer in MUFAs, lower in SFAs, and has a lower ratio of ω6/ω3 fatty acids than standard canola oil. A multicenter RCT provided evidence that a DHA-enriched HOCO improves lipid profiles and lowers CVD risk in abdominal obese subjects (Jones et al., 2014).




EDIBLE MARINE-DERIVED OILS


Marine Animal-Derived Oils

It is widely recognized that regularly eating fish decreases the risk of CVDs and related mortality (Hu et al., 2002; He et al., 2004), and dietary guidelines for ω3 LC-PUFAs and fish intake recommend two portions of fatty fish per week to assume 250–500 mg/die of EPA + DHA and prevent coronary diseases (American Heart Association Nutrition Committee et al., 2006; Mozaffarian and Rimm, 2006). While a food-based approach is preferable (Kris-Etherton et al., 2007), nutritional supplements are suitable substitutes for people who do not eat fish, and up to 3 g/day of fish oil is “generally recognized as safe” by the United States Food and Drug Administration. Cod liver oil (for composition see Table 1) is a dietary supplement extracted from Atlantic cod containing saturated, monounsaturated, and various PUFAs, including both EPA and DHA, together with vitamin A and D (Hu et al., 2019). While fish oil supplementation is recommended by the American Heart Association for CHD patients, insufficient evidence was found to grant the use in prevention for patient at high CVD risk only (Siscovick et al., 2017). A large meta-analysis of 10 recent RCT also found no effect of marine ω3 PUFAs supplementation on fatal and non-fatal CHD (Aung et al., 2018) fueling the debate about the health benefit of fish oil supplementation, but a new meta-analysis that included also three recent, large RCTs (VITAL, ASCEND, and REDUCE-IT), finally confirmed that marine ω3 supplementation reduce the risk for myocardial infarction, CHD and CVD death, also defining a clear dose-response relationship between the ω3 dose assumed and the effects (Hu et al., 2019).

In consideration of fish being a limited resource, attention to different sources of ω3 LC-PUFAs is also emerging. Krill oil, for example, is obtained from “Euphausia superba” and, along with a wide variety of fatty acid compounds (for composition see Table 1), also provides antioxidants, such as the carotenoid astaxanthin, vitamin E, and vitamin A. A RCT in healthy individuals showed a significant increase in EPA and EPA + DHA levels in plasma after consumption of 3 g/die for 4 weeks of krill oil when compared to FO (Ramprasath et al., 2013). Since both FO and krill oils deliver the same amount of total ω3 PUFAs, the results of this study may suggest that the bioavailability of ω3 PUFAs from krill oil is better than that from FO, but a reexamination of the bioavailability studies failed to confirm a difference between FO and krill oil (Salem and Kuratko, 2014). Lipids from different marine sources show a wide variability in ω3 LC-FAs content (Schuchardt and Hahn, 2013), and their bioavailability depends on several factors, including the concomitant intake of food (mainly its fat content) and the co-presence of other components (Kutzner et al., 2017). The marine sources of ω3 LC-FA not only differ in terms of absolute amounts of specific ω3 LC-FA, but also with respect to their chemical structures. In fish and in fish-derived oils, ω3 LC-FA is present primarily as triglycerides and, to a lesser extent, as free fatty acids. In krill oil, besides the two fractions mentioned, a substantial percentage of ω3 LC-FA is bound into phospholipids, raising the possibility that this form of ω3 LC-FA may also affect the bioavailability (Kutzner et al., 2017). It must be noted that in the near future, the capture of krill may also be restricted because of ecological concerns.



Algae

Algae consist of an intricate and non-specialized cluster of organisms characterized by an elementary reproductive structure and of photosynthetic nature. Currently, many species are cited in the literature as sources of bioactive compounds that are suitable as functional food ingredients (Ibañez and Cifuentes, 2013; Rengasamy et al., 2020). Micro and macro-algae represent a more sustainable source of PUFA-rich oils than fish. The PUFA profile varies among algal species: in macroalgae, lipid content is ~2–5% of dry weight, but the PUFA proportion of these lipids can represent up to 70% (Cofrades et al., 2010). Certain species of microalgae are capable of de novo production of LC-PUFAs thanks to their specific enzymatic systems, and the LC-PUFA content varies among species, but EPA and DHA are predominant in most species (Ratledge, 2004).

Algal biomass contains significant amounts of lipid-soluble carotenoids, with fucoxhantin and astaxanthin being the most abundant (Rengasamy et al., 2020). Limited evidence about their activites are available (Šimat et al., 2020), and a meta-analysis of the RCT carried out with astaxhantin showed unclear results (Wu et al., 2020) suggesting that additional studies are necessary to establish their potential health benefits.

The use of marine algae-derived antioxidants and PUFAs is a desirable goal, and in the last 2 decades, the potential of microalgae and microbes as sources of fatty acids has been increasingly recognized, leading to the large-scale production of PUFA supplements (Martins et al., 2013). The process of lipid production from microalgae and other microorganisms, i.e., single cell oil (SCO) production, has been recently proposed, and is of current industrial interest for use of these materials as dietary supplements in adults and infant nutrition (Ratledge, 2004).




DISCUSSION

Available evidence indicates that consumption of LC-PUFAs, MUFAs, and polyphenols from edible oils correlates to decreased levels of oxidative stress and inflammation. Dietary lipids act directly and indirectly through the formation of oxygenated metabolites possessing potent biological activities, such as eicosanoids and specialized pro-resolving mediators. In consideration of the different and often opposing biological activities of the families of LC-PUFAs oxygenated derivatives, it is of critical importance to assess the relative abundance of their precursors in cell membranes resulting from specific dietary habits, because LC-PUFAs may compete for the same metabolic pathways, affecting the resulting levels of bioactive metabolites in organs and tissues (Zárate et al., 2017). Furthermore the same metabolite sometimes generates opposing effects at different concentrations, as reported for PGE2 that may differentially activate VEGF at low concentrations and IL-8 at higher concentrations (Bonanno et al., 2016), introducing an additional layer of complexity in predicting the final biological outcome resulting from the activation of specific biosynthetic pathways.

The sensibility of LC-PUFAs to peroxidation may also lead to the formation of a number of biologically active metabolites, that in parallel to what observed for enzymatic metabolites possess often opposing biological activities, enhancing inflammation, oxidative stress, and cellular damage on one side, and promoting the resolution of the inflammatory response on the other hand. Recently a web-based interactive interface has been made available to search for thousands of interconnected biochemical pathways leading to specific phenotypes of relevance for the inflammation and its resolution process (Serhan et al., 2020).

The Mediterranean Diet, thanks to its high supply of vegetables, seeds, and marine food sources rich in ω3 lipids, may be considered an anti-inflammatory diet, and the beneficial roles of plant, seeds, and marine-derived oils in the human body are of growing interest. Major consumption of these oils in their present form, or as nutraceutical supplements, as is the case of oils from fish and algae, may highly contribute replacing SFAs with PUFAs in dietary patterns. Nevertheless, the health benefits associated to increased PUFAs concentrations in cellular membranes have been the object of significant debate (Tummala et al., 2019), with the most comprehensive meta-analysis to-date still supporting the efficacy of marine ω3 supplementation in reducing cardiovascular risk (Hu et al., 2019).

In conclusion, it must be noted that the high heterogeneity in oil composition, inclusive of both the fat and the non-fat components, even from the same primary sources, as well the heterogeneity of clinical study designs reporting the beneficial effects of edible oils, may play a significant role in the health outcome associated to their consumption, often making it difficult to propose firm recommendations from both a quantitative and a qualitative standpoint.
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Arachidonic acid (ARA) is an important ω-6 polyunsaturated fatty acid (PUFA), and docosahexaenoic acid (DHA), eicosapentaenoic acid (EPA) and n-3 docosapentaenoic acid (n-3 DPA) are three well-known ω-3 PUFAs. These fatty acids can be metabolized into a number of bioactive lipids. Eicosanoids derived from ARA have drawn great attention because of their important and complex biofunctions. Although EPA, DHA and n-3 DPA have also shown powerful biofunctions, we have fewer studies of metabolites derived from them than those from ARA. Recently, growing research has focused on the bioaction of ω-3 PUFA-derived metabolites, which indicates their great potential for treating metabolic disorders. Most of the functional studies of these bioactive lipids focused on their anti-inflammatory effects. However, several studies elucidated their direct effects on pancreatic β cells, hepatocytes, adipocytes, skeletal muscle cells, and endothelial cells. These researches revealed the importance of studying the functions of metabolites derived from ω-3 polyunsaturated fatty acids other than themselves. The current review summarizes research into the effects of ω-3 PUFA-derived oxylipins on metabolic disorders, including diabetes, non-alcoholic fatty liver disease, adipose tissue dysfunction, and atherosclerosis.
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INTRODUCTION

Polyunsaturated fatty acids (PUFAs) refer to fatty acids with two or more double bonds in their backbone. Arachidonic acid (ARA) is an important ω-6 PUFA, which can be metabolized from linoleic acid (Schmitz and Ecker, 2008). Docosahexaenoic acid (DHA), eicosapentaenoic acid (EPA) and n-3 docosapentaenoic acid (n-3 DPA) are three well-known ω-3 PUFAs and they can be derived from α-linolenic acid (ALA). The estimated conversion rate of ALA to EPA was 8–20% in human, while that to DHA was 0.5–9%, even lesser (Stark et al., 2008). Those PUFAs are precursors of a series of bioactive lipids metabolized by cyclooxygenase (COX), lipoxygenase (LOX), and cytochrome P450s (CYPs) and autoxidized non-enzymatically (Zhang et al., 2015).

Eicosanoids derived from ARA have drawn great attention because of their important and complex biofunctions. Many studies have examined the functions of ARA metabolites, including prostaglandins, thromboxanes, leukotrienes, lipoxins hydroxyeicosatetraenoic acids, and epoxyeicosatrienoic acid. These metabolites play vital roles in many physiological and pathophysiological processes. The effects of dietary supplement of ω-3 PUFAs are mediated not only by the precursor per se and their metabolites but also by competing the enzymes with ARA in the eicosanoid-producing process (Calder, 2020b). The effects of ARA and ARA-derived eicosanoids are well documented by several reviews (Sonnweber et al., 2018; Calder, 2020b). However, although ω-3 PUFAs also showed powerful biofunctions, we have fewer studies of their derived metabolites than those of ARA. Thus, we focused on the ω-3 PUFA derived bioactive lipids in the current review.

Metabolic disorders, such as obesity, diabetes, non-alcoholic fatty liver disease (NAFLD), and cardiovascular disease greatly threaten human health, and the prevalence of the diseases is increasing worldwide (Lavie et al., 2009; Younossi et al., 2016, 2018; Glovaci et al., 2019). In metabolic diseases, the profile of metabolites derived from ω-3 PUFAs is changed because of disturbed PUFA metabolism (Wang et al., 2017; Laguna-Fernandez et al., 2018; Garcia-Jaramillo et al., 2019). In the current review, we summarize the growing research into the effect of ω-3 PUFA-derived bioactive lipids on metabolic disorders, including diabetes, NAFLD, adipose tissue dysfunction and atherosclerosis.



THE METABOLIC PATHWAYS OF ALA, EPA, DHA, AND N-3 DPA

The metabolic pathways of ALA, EPA, DHA, and n-3 DPA were profoundly described by several reviews (Gabbs et al., 2015; Kuda, 2017; Drouin et al., 2019) and we briefly summarized as below:

ALA can be metabolized into hydroxy fatty acids by the COX and LOX pathway and epoxygenated fatty acids by the CYP pathway (Gabbs et al., 2015). In addition, ALA is the precursor of EPA, n-3 DPA and DHA. The rate limiting step is addition of a fourth double bond by Δ-6 desaturase. Next by elongation and desaturation, EPA is produced (Stark et al., 2008). EPA can be metabolized into 3-series prostaglandins and thromboxanes by the COX pathway; hydroxyeicosapentaenoic acids (HEPEs), E-series resolvins (RvE; RvE1-E3), 5-series leukotrienes and lipoxins by the LOX pathway; and epoxyeicosatetraenoic acids (EEQs) and dihydroxyeicosatetraenoic acids (diHETEs) by the CYP pathway (Zhang et al., 2015). Of note, 18-HEPE is derived from EPA by the CYP pathways or by aspirin-acetylated COX2 and then metabolized into RvEs by the LOX pathway (Figure 1; Gabbs et al., 2015).


[image: image]

FIGURE 1. Biosynthesis of EPA/DHA-derived bioactive lipids. LT, leukotrienes; LX, lipoxins.


Docosahexaenoic acid can be metabolized into hydroxydocosahexaenoic acids (HDoHEs), D-series resolvins (RvD; RvD1-D6), maresins (MaR; maresin 1 and 2), protectins (PD; PD1 and PDX) by the LOX pathway and epoxydocosapentaenoic acids (EDPs) and dihydroxydocosapentaenoic acids (DiHDPAs) by the CYP pathway (Zhang et al., 2015). 17-hydroperoxydocosahexaenoic acid (17-H(p)DHA) is the precursor of DHA-derived specialized pro-resolving mediators. 17S-H(p)DHA can be metabolized from DHA by the LOX pathway and then metabolized into 17(S)-Hydroxy docosahexaenoic acid (17S-HDHA) and PD1. 17S-HDHA is further metabolized into RvDs and PDX. 17R-H(p)DHA is produced from DHA by aspirin-acetylated COX2 and then metabolized into 17R-HDHA and AT-PD1. 17R-HDHA can be further metabolized to AT-RvDs (Figure 1; Gabbs et al., 2015; Kuda, 2017).

n-3 DPA can be formed from EPA by elongase and converts to DHA by Δ6 orΔ4/-desaturase (Park et al., 2015; Drouin et al., 2019) thus it is an important intermediate in the conversion pathway of EPA and DHA (Figure 2). In addition, it can metabolized into PDn–3DPA (PD1n–3DPA and PD2n–3DPA), RvDn–3DPA (RvD1n–3DPA, RvD2n–3DPA, and RvD5n–3DPA), MaRn–3DPA (MaR1n–3DPA, MaR2n–3DPA, and MaR3n–3DPA) and hydroxy-DPA through LOX pathway; 13-series Rvs though COX pathway and 13-oxo derivatives by COX pathway when aspirin is existed (Figure 2; Drouin et al., 2019).
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FIGURE 2. Biosynthesis of n-3 DPA-derived bioactive lipids. RvT1: 7,13R, 20-tri hydroxy-n-3 DPA; RvT2: 7,12,13R-tri hydroxy-n-3 DPA; RvT3: 7,8,13R-trihydroxy-n-3 DPA; RvT4: 7,13R-dihydroxy-n-3 DPA.


As ARA, ω-3 PUFA can also generate oxylipins non-enzymatically, which is mediated by uncontrolled oxidation (Galano et al., 2015; Hajeyah et al., 2020). ALA generates phytoprostanes, EPA generates F3-isoprostanes and DHA generates F4-neuroprostanes and neurofurans non-enzymatically (Galano et al., 2015).

In addition to ω-3 PUFA-derived oxylipins, conjugates of ω-3 PUFA with ethanolamine form acylethanolamides, which belong to fatty acid amides. Ethanolamine conjugates of DHA and EPA termed docosahexaenoyl ethanolamine (DHEA) and N-eicosapentaenoyl ethanolamine (EPEA), respectively (Meijerink et al., 2013). DHEA and/or EPEA can also be further metabolized by COX, LOX and CYP pathway (de Bus et al., 2019). DHEA and EPEA showed anti-inflammatory effects (de Bus et al., 2019), which indicates they may have bioactive effects on metabolic disorders. Besides, ω-3 PUFA intake was reported to reduced endocannabinoid levels in plasma and various tissues (Saleh-Ghadimi et al., 2020).

In the present review, we focus on the oxylipins enzymatically derived from ω-3 PUFA.



THE IDENTIFIED RECEPTORS OF ω-3 PUFA-DERIVED OXYLIPINS

Identifying the receptors of these lipid mediators is vital to investigate their functions and the underlying mechanisms. Several studies have revealed that the effects of metabolites derived from ω-3 PUFA are mediated by G protein-coupled receptors (GPCRs) or nuclear receptors (Table 1). Krishnamoorthy et al. (2010) reported that RvD1 can directly bind to two GPCRs, ALX, and GPR32. ALX was first identified as an LXA4 receptor and GPR32 was considered an orphan receptor. The authors further revealed that RvD1-stimulated phagocytosis in macrophages was mediated by ALX and GPR32 (Krishnamoorthy et al., 2010). GPR18 is identified as a RvD2 receptor (Chiang et al., 2015). The protective effects of PDX on oxidative stress in vascular endothelial cells were mediated by GPR120, thus GPR120 may be a putative receptor of PDX (Hwang et al., 2019). MaR1 derived from DHA specifically binds to and activates human leucine-rich repeat containing G protein-coupled receptor 6 (LGR6) (Chiang et al., 2019). RvE1 binds to leukotriene B4 receptor 1 (BLT-1) and ERV-1 (also known as ChemR23) (Freire et al., 2017). 5-HEPE is an agonist of GPR119, a GPCR that regulates insulin secretion in pancreatic β cells (Kogure et al., 2011).


TABLE 1. The receptors of ω-3 PUFA-derived bioactive lipids.

[image: Table 1]Peroxisome proliferator-activated receptors (PPARs) are nuclear receptors that can sense fatty acid and regulate lipid and glucose metabolism (Xu et al., 2018). The PPAR family includes three members, PPARα, PPARβ/δ, and PPARγ. HEPEs derived from EPA can activate PPARs (Yamada et al., 2014). 8-HEPE and 9-HEPE show higher ligand activities for PPARs than do 5-HEPE, 12-HEPE, 18-HEPE and EPA. Besides PPARs, MaR1 is an endogenous ligand of retinoic acid-related orphan receptor α (RORα) (Han et al., 2019). However, whether other ω-3 PUFA-derived metabolites are ligands of GPCRs or nuclear receptors is still unknown.



EFFECT OF ω-3 PUFA-DERIVED OXYLIPINS ON DIABETES

Type 1 diabetes is described as immune-mediated destruction of pancreatic β cells, and the characteristics of type 2 diabetes are insulin resistance and progressive β-cell failure (Yang et al., 2018). Diabetes is a major metabolic disorder with high prevalence and is a risk factor for relevant public health issues such as cardiovascular disease, retinopathy, microangiopathy, and impaired wound healing (Yang et al., 2018).

EPA and DHA have shown beneficial effects for both type 1 and type 2 diabetes in rodents (Krishna Mohan and Das, 2001; Suresh and Das, 2003; Bi et al., 2017; Lepretti et al., 2018) and there is increasing evidence that the metabolites of EPA and DHA regulate these procedures. However, clinical trials showed conflicting results of dietary supplement of EPA/DHA on metabolic parameters in diabetic patients. A 6-month EPA treatment decreased postprandial glucose level of newly diagnosed impaired glucose metabolism patients (Sawada et al., 2016). Another clinical research also revealed the beneficial effects of ω-3 PUFA supplement on metabolic parameters including glucose and glycosylated hemoglobin in type 2 diabetic patients (Jacobo-Cejudo et al., 2017). However, several clinical studies revealed neutral effects of ω-3 PUFAs on metabolic profiles in type 2 diabetic patients (Wong et al., 2010; Poreba et al., 2017). The disagreement of these studies may be related with different sample sizes, baseline characteristics of patients, different doses and purities of these fatty acid, different time courses of the treatments and different basic medicine of these patients. Moreover, Poreba et al. (2017) also demonstrated high-dose ω-3 PUFAs did not increase RvD1 level in patients with atherosclerosis and type 2 diabetes and this is an important clue that the production of bioactive metabolites of ω-3 PUFAs is related to their therapeutic effects (Poreba et al., 2017). Thus, to study the effects and mechanism of ω-3 PUFA-derived metabolites is important to develop new strategies to confront diabetes.

Recently, the bioactive lipids derived from EPA or DHA, including RvD1, RvD2, PDX, RvE1, and 5-HEPE, were reported to affect insulin resistance or pancreatic β-cell function (Table 2). Moreover, ω-3 PUFA metabolites can be involved in diabetic complications, including impaired wound healing and diabetic retinopathy (Table 2).


TABLE 2. The functions of ω-3 PUFA-derived bioactive lipids on metabolic disorders.

[image: Table 2]

Effect of DHA-Derived Oxylipins on Diabetes

The levels of RvD1 and 17-HDHA were decreased in adipose tissue of genetic as well as diet-induced obese mice (Neuhofer et al., 2013). 17-HDHA treatment was further found to improve adipose tissue inflammation and insulin sensitivity in high-fat-diet (HFD)-fed mice (Neuhofer et al., 2013). Also, RvD1 has beneficial effects on insulin resistance. Hellmann et al. (2011) demonstrated that RvD1 improved glucose tolerance and increased insulin-stimulated pAkt level in liver, adipose tissue and skeletal muscle in db/db mice. The authors further found that RvD1 increased the ratio of M2 and M1 adipose-tissue macrophages (Bathina et al., 2020) and ameliorated adipose tissue inflammation (Hellmann et al., 2011). RvD1 was also reported to improve insulin resistance through the PI3K-Akt-mTOR axis in brain tissue (Bathina et al., 2020). In vitro study also indicated that RvD1 could attenuate interferon γ (IFN-γ)/lipopolysaccharide-induced pro-inflammatory cytokine expression in macrophages (Titos et al., 2011). Collectively, RvD1 improves insulin sensitivity by inhibiting tissue inflammation. Moreover, RvD1 ameliorated streptozotocin induced type1 diabetes in mice (Bathina and Das, 2021). In addition, local RvD1 delivery can accelerate wound closure in diabetic mice by stimulating macrophage phagocytosis to enhance clearance of apoptotic cells (Tang et al., 2013). In vitro study demonstrated RvD1 reduced the pro-angiogenic potential of retinal photoreceptors treated by high glucose by increasing anti-angiogenic miRNAs and decreasing VEGF content in exosomes (Maisto et al., 2020).

PDX-treated mice showed protection from lipid-induced insulin resistance. Along with this effect, PDX inhibited lipid-induced secretion of C-C motif chemokine ligand (CCL) 2, CCL5, tumor necrosis factor α (TNF-α), IFN-γ, interleukin 1β (IL-1β), IL-2, and IL-17. However, IL-6 level was significantly increased with PDX treatment, which was from skeletal muscle and suppressed gluconeogenic gene expression in liver (White et al., 2014). In addition, PDX can activate AMPK independent of IL-6 (White et al., 2014). Consistent with this finding, PDX improved HFD-induced insulin resistance in mouse skeletal muscle and palmitate-induced insulin resistance in skeletal muscle cells by activating AMPK and increasing PPARα expression (Jung et al., 2017). In hepatocyte, PDX ameliorated palmitate-induced insulin resistance by downregulating the expression of fetuin-A and selenoprotein P (Jung et al., 2019). Fetuin-A and selenoprotein P were hepatokines and their levels were increased in the plasma of obesity patients (Jung et al., 2019). PDX also improved lipopolysaccharide-induced insulin resistance in adipocytes (Jung et al., 2018a).

MaR1 treatment ameliorated insulin resistance in db/db mice and HFD-fed mice by suppressing inflammation and improving insulin sensitivity in adipose tissue (Martinez-Fernandez et al., 2017). The effects of MaR1 on insulin sensitivity were also confirmed in human adipocytes which were mediated by improving Akt activation (Martinez-Fernandez et al., 2020).

Soluble epoxide hydrolase (sEH) is a member of the epoxide hydrolase family in the CYP pathway (He et al., 2016). It hydrolyses EDPs into DiHDPAs. sEH expression and activity was found increased in retinas of diabetic mice, and the level of its product 19,20-DiHDPA was elevated in eyes. However, levels of other sEH substrates and products were comparable between control and diabetic mice. 19,20-DiHDPA was further found to increase endothelial cell permeability and induce the migration of pericytes into the extravascular space (Hu et al., 2017). Of note, the expression of sEH was increased in retinas of patients with non-proliferative diabetic retinopathy as compared with non-diabetic individuals (Hu et al., 2017), so sEH has potential as a therapeutic target of diabetic retinopathy.



Effect of EPA-Derived Oxylipins on Diabetes

BLT-1 and ERV-1 are two receptors for RvE1 (Freire et al., 2017). In type 2 diabetic patients’ neutrophils, ERV-1 expression was significantly upregulated and BLT-1 expression was decreased. In addition, the serum level of RvE1 was decreased in type 2 diabetic patients versus healthy controls. RvE1 was further found to facilitate neutrophil phagocytosis from healthy individuals, and a higher dose was needed to achieve a similar response in neutrophils of diabetic patients (Freire et al., 2017). These data indicate that repressed RvE1 signaling is involved in neutrophil phagocytosis dysfunction in type 2 diabetes. In addition, overexpression of the RvE1 receptor ERV-1 in myeloid cells attenuated diet-induced obesity, hepatic steatosis and glucose intolerance in mice. A mechanism study revealed that ERV-1 overexpression maintained peripheral blood monocyte and adipose-tissue macrophage skewing to an M2 phenotype in mice with an HFD (Sima et al., 2017). Besides, RvE1 was reported to improve hyperinsulinemia and hyperglycemia in HFD fed mice by activating ERV-1. The authors further demonstrated genetic diversity and variability defined the therapeutic effects of RvE1 by using the diversity outbred mice. This research highlights the genetic variants in the RvE1 response need to be considered when exploring the therapeutic effects of EPA clinically (Pal et al., 2020).

Eicosapentaenoic acid could increase glucose-stimulated insulin secretion from ob/ob mice (Neuman et al., 2017) 5-HEPE derived from EPA could increase glucose-stimulated insulin secretion in MIN6 cells by activating the GPR119/cAMP pathway (Kogure et al., 2011). Thus, the effect of EPA on insulin secretion may be mediated by its metabolites, which needs further investigation.



EFFECT OF ω-3 PUFA-DERIVED OXYLIPINS ON NON-ALCOHOLIC FATTY LIVER DISEASE

Non-alcoholic fatty liver disease is defined as the accumulation of excess fat in the liver in the absence of excessive alcohol drinking and any secondary cause and thus a hepatic manifestation of metabolic syndrome (Ahmed, 2015). In NAFLD, simple steatosis can progress into non-alcoholic steatohepatitis (NASH), estimated to be the major reason for liver transplantation in the United States by 2020 (Diehl and Day, 2017). EPA and DHA showed protective effects on NAFLD (Scorletti and Byrne, 2018; Yan et al., 2018; Jordao Candido et al., 2019). Moreover, to better understand the underlying mechanisms, increasing studies have focused on the functions of their derived metabolites in NAFLD.


Effect of ω-3 PUFA-Derived Oxylipins on Hepatic Steatosis

Hepatic steatosis is considered the first hit in the current “multiple-hit” theory proposed for the pathogenesis of NAFLD (Ahmed, 2015). PDX, MaR1, 19,20-EDP, and 17-HDHA derived from DHA and 17,18-EEQ, 18-HEPE, and RvE1 derived from EPA showed potential to ameliorate hepatic steatosis (Table 2).

PDX and MaR1 suppress palmitate-induced lipid accumulation in hepatocytes by attenuating endoplasmic reticulum stress (Rius et al., 2017; Jung et al., 2018b, c). For the mechanism, MaR1 activated AMPK and then induced sarcoendoplasmic reticulum Ca2+-ATPase 2b expression, which alleviated the palmitate-induced endoplasmic reticulum stress (Jung et al., 2018b). Consistent with the in vitro study, in HFD-fed mice and ob/ob mice, MaR1 alleviated hepatic steatosis (Jung et al., 2018b; Laiglesia et al., 2018b). 18-HEPE and 17-HDHA could improve HFD-induced hepatic steatosis. Also, 18-HEPE and 17-HDHA increased adiponectin level in HFD mouse (Rodriguez-Echevarria et al., 2018). However, whether the beneficial effects of 18-HEPE and 17-HDHA depend on adiponectin need further studies. 18-HEPE is the precursor of RvE1. Moreover, intraperitoneal injection of RvE1 significantly ameliorated the hepatic steatosis and inflammation of ob/ob mice (Gonzalez-Periz et al., 2009). Our recent study found that 17,18-EEQ, 5-HEPE and 9-HEPE derived from EPA ameliorated short-term HFD-induced liver steatosis by attenuating adipose tissue inflammation. In the study, we also found the anti-inflammatory effect of HEPEs and EEQs was more pronounced than the same dose of EPA (1 μM), although EPA at 50 μM showed a significant anti-inflammatory effects (Wang et al., 2017). In addition, 8-HEPE improved dyslipidemia and liver steatosis in low-density lipoprotein (LDL) receptor deficient mice fed with high cholesterol diet (Saito et al., 2020).

sEH can decrease EEQ and EDP level by hydrolyzing them into less active diols (He et al., 2016). Inhibition of sEH reinforced the protective role of fat-1 transgenic mice in HFD-induced liver inflammation and steatosis by increasing 17,18-EEQ and 19,20-EDP production (Lopez-Vicario et al., 2015). For the mechanism, 19,20-EDP and 17,18-EEQ ameliorated insulin signaling in palmitate-treated adipocytes; 19,20-EDP restored autophagy in palmitate-treated hepatocytes (Lopez-Vicario et al., 2015).



Effect of ω-3 PUFA-Derived Derived Oxylipins on Non-alcoholic Steatohepatitis

Non-alcoholic steatohepatitis is characterized by liver steatosis, inflammation, hepatocellular injury and different degrees of fibrosis and is the progressive form of NAFLD (Schuster et al., 2018). A recent study found RvD1 treatment mitigated lipid accumulation, inflammation and hepatic fibrosis in MCD-diet induced NASH mice. For the mechanism, RvD1 suppressed oxidative stress by activating nuclear factor E2-related factor 2 and ameliorated inflammation by inhibiting NF-κB and MAPK signaling pathways (Li et al., 2020). In addition, RvD1 had additional protective effects on calorie restrictive-improved NASH, as evidenced by decreased macrophage infiltration with decreased expression of M1 macrophage markers and increased expression of M2 macrophage markers (Rius et al., 2014). Also, Han et al. (2019) demonstrated that MaR1 derived from DHA increased the M2 polarity of liver macrophages and then ameliorated NASH by activating RORα. RORα, as a nuclear receptor, in turn increased MaR1 production by transcriptional induction of 12-lipoxygenase expression (Han et al., 2019). These studies suggest that these specialized pro-resolving lipid mediators derived from ω-3 PUFAs have therapeutic potential for NASH by promoting M2 polarization of liver macrophages.



EFFECT OF ω-3 PUFA-DERIVED OXYLIPINS ON ADIPOSE TISSUE FUNCTION

Depending on the adipocyte, adipose tissue can be divided into white and brown adipose tissue. Also, inducible cells within white adipose tissue, called “beige” adipocytes, can generate heat under cold exposure (Rosen and Spiegelman, 2014; Ye et al., 2020). Adipose tissue functions, including adipose tissue inflammation, lipolysis, adipogenesis, endocrine function, and browning, are closely related to obesity-related diseases. The studies of the effects of ω-3 PUFA derivatives on adipose tissue function mainly focused on the immune response of adipose tissue. Their influence on macrophage function contributing to adipose tissue inflammation was discussed in the previous section (Table 2). In addition, Onodera et al. (2017) demonstrated that EPA increased the number and proportion of T regulatory cells in epididymal adipose tissue of db/db mice. This result was mediated by 5-HEPE, which is derived from EPA by 5-LOX (Onodera et al., 2017).

In addition to the immune response, other adipose tissue functions are regulated by ω-3 PUFA-derived bioactive metabolites.


Effect of ω-3 PUFA-Derived Oxylipins on Lipogenesis and Lipolysis

The imbalance of lipogenesis and lipolysis of adipose tissue can increase the risk of obesity-induced disease (Lafontan, 2014). MaR1 inhibited TNF-α-induced lipolysis in 3T3-L1 adipocytes (Laiglesia et al., 2018a). Increased adipocyte lipolysis may increase plasma free fatty acid level and lead to insulin resistance and fatty liver disease (Matsuzaka and Shimano, 2011).

Nevertheless, PDX treatment inhibited lipid accumulation in 3T3-L1 cells during differentiation (Jung et al., 2018a). GPR120, also called free fatty acid receptor 4, is a free fatty acid receptor. Recently, DHA is found to promote adipogenesis by activating GPR120 in the cilia of preadipocytes. For the mechanism, GPR120 activation induced a rapid increase in ciliary cyclic AMP (cAMP) level, which in turn promoted adipogenesis by activating exchange factor directly activated by cAMP (EPAC) (Hilgendorf et al., 2019). Because GPR120 can be activated by PDX, this research implies the complicated effects of ω-3 PUFA-derived bioactive lipids on adipogenesis. In addition, more studies are needed to demonstrate whether ω-3 derived bioactive lipids can affect the lipid storage and release function of adipose tissue in vivo.



Effect of ω-3 PUFA-Derived Oxylipins on Endocrine Function of Adipose Tissue

Adipose tissue, as an endocrine tissue, can affect other tissue functions by secreting cytokines. MaR1, 18-HEPE, 17-HDHA, RvD1, and PD1 could increase adiponectin level (Gonzalez-Periz et al., 2009; Hellmann et al., 2011; Rius et al., 2014; Martinez-Fernandez et al., 2017; Rodriguez-Echevarria et al., 2018). Adiponectin is an adipose-derived cytokine, one of the most abundant proteins in circulation (Wang et al., 2010). Because adiponectin is beneficial for diabetes, inflammation, and atherosclerosis (Achari and Jain, 2017), these bioactive lipids may affect metabolic disorders indirectly by promoting adiponectin secretion, which needs to be further explored.



Effect of ω-3 PUFA-Derived Oxylipins on Brown and Beige Adipose Tissue

Brown and beige adipocytes, as heat-producing cells, are considered to counteract metabolic diseases, including obesity and type 2 diabetes. Leiria et al. (2019) found that the 12-LOX biosynthetic pathway was activated in brown adipose tissue under cold exposure, which promoted the generation and release of 12-HEPE. Then, 12-HEPE exerted a glucose-shuttling effect on tissues to support thermogenesis (Leiria et al., 2019).

GPR120 is highly expressed in brown adipose tissue and significantly upregulated in beige adipose tissue induced by cold exposure. It was further found to mediate ω-3 PUFA-induced thermogenic gene expression in beige adipocytes by upregulating fibroblast growth factor 21 expression (Quesada-Lopez et al., 2016). However, the role of ω-3 PUFA metabolites in white adipose tissue browning remains unknown. GPR120 can be activated by PDX, but whether these ω-3 PUFA-derived bioactive lipids could regulate this process is worth studying.

Besides the direct effects on adipose tissue, ω-3 PUFA metabolites are reported to indirectly regulate adipose tissue function. GPR18, the receptor for RvD2, is widely expressed in hypothalamus and was decreased in level by HFD feeding in mice. In addition, the production of hypothalamic RvD2 was decreased in HFD-fed mice. When obese mice were treated with intra-cerebroventricular injection of RvD2, visceral fat was reduced, and hypothalamic leptin resistance was reversed (Pascoal et al., 2017).



EFFECT OF ω-3 PUFA-DERIVED OXYLIPINS ON ATHEROSCLEROSIS

Atherosclerosis causes ischemic heart disease, strokes, and peripheral vascular disease (Kobiyama and Ley, 2018). Metabolic syndrome is responsible for the initial disease and disease progression (Varghese et al., 2018). Endothelial-cell dysfunction is the initial step of atherosclerosis. Plaque is chronically built up with the assistance of macrophages differentiated from monocytes, smooth muscle cells and multiple chemokines and growth factors (Gimbrone and Garcia-Cardena, 2016). The metabolites derived from EPA or DHA, including RvE1, RvD2, MaR1, 18-HEPE, and 17,18-EEQ, have shown positive effects on anti-atherosclerosis (Table 2).

Systematic plasma lipidomic research has identified 18-HEPE as a central molecule derived from EPA. 18-HEPE is an RvE1 precursor, and knockout of the RvE1 receptor ERV-1 enhanced atherosclerosis and promoted changes in plaque composition in ApoE–/– mice. The mechanism study showed that ERV-1/ChemR23–/– macrophages enhanced oxidized low-density lipoprotein uptake and decreased phagocytosis (Laguna-Fernandez et al., 2018). RvE1 can ameliorate atherosclerosis (Salic et al., 2016). In addition, 18-HEPE and 17,18-EEQ ameliorated endothelial-cell activation and monocyte adhesion by inhibiting the TNFα-induced NF-κB pathway (Liu et al., 2018).

In the ApoE–/– mouse aorta, RvD2 and MaR1 levels are correlated negatively with vulnerability plaque index, which is decreased by HFD treatment. In addition, RvD2 and MaR1 administration suppressed atheroprogression. The protective effects of RvD2 and MaR1 on atherosclerosis were mediated by preventing the macrophage inflammatory response (Viola et al., 2016). RvD1 was decreased in vulnerable regions as compared with stable regions in human carotid atherosclerotic plaques. Additionally, its level was decreased in advanced versus early atherosclerotic lesion in western diet-fed mice deficient in low-density-lipoprotein receptor (Fredman et al., 2016). These studies suggest that several metabolites of EPA and DHA are beneficial for atherosclerosis. However, more in vivo and mechanistic studies are needed to better understand their effects on atherosclerosis.



EFFECT OF N-3 DPA AND ITS DERIVATIVES ON METABOLIC DISORDERS

n-3 DPA, an important ω-3 PUFA, is also a precursor of various docosanoids. Besides, it is an important intermediate in the conversion pathway of EPA and DHA (Figure 2; Drouin et al., 2019). n-3 DPA supplement significantly improved homeostasis model assessment of insulin resistance (HOMA-IR) in HFD fed mice, while DHA and EPA showed a minor effect (Guo et al., 2018). In human, n-3 DPA and its pro-resolving mediators have beneficial effects on cardiometabolic disease (Li et al., 2018). Moreover, It has been proved to be more potent than EPA in inducing the differentiation process in preadipocytes, and inhibits the pro-inflammatory signaling pathways (Murali et al., 2014). Although, it showed more beneficial effects on those metabolic disorders mentioned above than EPA and DHA, the functions of its metabolites are poorly studied.

n-3 DPA can be metabolized into PDn–3DPA, RvDn–3DPA, MaRn–3DPA, hydroxylated derivatives from n-3 DPA, 13-serie Rvs etc. Several functional studies about n-3 DPA derivatives indicates their anti-inflammation function. A recent study found significant decreases in plasma RvDn–3DPA concentrations in CVD patients and RvDn–3DPA reduce leukocyte and platelet activation in peripheral blood from healthy volunteers as well as CVD patients. In addition, RvD5n–3DPA reduced aortic lesions in western diet-fed ApoE–/– mice (Colas et al., 2018). PDn–3DPA also found to play an important role in regulating macrophage resolution responses (Pistorius et al., 2018). PD1n–3DPA and RvD5n–3DPA were reported to decrease leukocyte–endothelial interaction and attenuate intestinal inflammation (Gobbetti et al., 2017). Although these n-3 DPA derivatives are identified as novel specialized proresolving lipid mediators, their effects on metabolic disorders, such as diabetes, NAFLD, obesity and atherosclerosis are still largely unknown.



EFFECT OF ALA AND ITS DERIVATIVES ON METABOLIC DISORDERS

In addition to partially converted into EPA, n-3 DPA and DHA (with low conversion rate to DHA in human) (de Lorgeril and Salen, 2004; Stark et al., 2008, 2016), the effects of oxylipins derived from ALA by LOX and CYP have also gained attention. Recently, a clinical research showed that 9-hydroxy-octadecatrienoic acid (9-HOTRE) combined with 7,17dihydro-dipicolinic acid (7,17-DHDPA), 14,15-dihydroxy-5,8,11-eicosatrienoic acid (14,15-DIHETRE) and free adrenic acid is a biomarker to predict improvement in hepatic collagen content in NASH patients (Caussy et al., 2020). Besides, in obese rats, 9-HOTRE showed a negative correlation with mean glomerular volume (Caligiuri et al., 2013). 13-Oxo-9(Z),11(E),15(Z)-octadecatrienoic acid (13-oxo-OTA), a product from ALA catalyzed by LOX, was reported to promote glucose uptake in 3T3-L1 cells by activating PPARγ (Takahashi et al., 2015). Moreover, 13-(S)-hydroperoxyoctadecatrienoic acid [13-(S)-HPOTRE] and 13-(S)-hydroxyoctadecatrienoic acid [13-(S)-HOTRE] showed anti-inflammatory effects by inactivating NLRP3 inflammasome complex in macrophages, which indicates that they may play protective roles in metabolic disorders (Kumar et al., 2016). However, the studies about the effects of ALA derivatives on metabolic are limited, especially the in vivo study.



CONCLUSION

Although we have fewer studies of the biofunctions of ω-3 PUFA-derived bioactive lipids than ARA metabolites, the former have been increasingly emphasized recently, especially for metabolic disorders (Table 2). Most of the functional studies focused on their anti-inflammatory effects. These metabolites can be more effective against inflammation than the precursors per se. Because PUFAs are vulnerable to lipid peroxidation, ω-3 PUFA supplement can lead to increased lipid peroxidation products, which may limits their clinical applications (Zaloga, 2021). It is important to increase their anti-inflammatory efficiency and decrease the dosage. Therefore, studying the function ω-3 PUFA metabolites may help us to find novel lipid mediators to treat metabolic disorders better than dietary supplement of EPA and DHA. Moreover, the anti-inflammatory efficiency of these metabolites should be further compared to provide more information for the future clinical applications.

In addition, several studies revealed the direct effects of ω-3 PUFA-derived oxylipins on pancreatic β cells, hepatocytes, adipocytes, skeletal muscle cells and endothelial cells. These bioactive lipids may have potential effects other than anti-inflammatory effects, which needs more exploration. Metabolites derived from ω-3 PUFAs are numerous, with attention to RvEs, RvDs, and PDs. Other metabolites such as EEQs, EDPs, HEPEs, and n-3 DPA derivatives need more mechanistic studies. In addition, the explorations of the biofunctions of ω-3 PUFA-derived bioactive metabolites, including their effects on cellular function, tissue micro-environment and interactions among metabolic tissues, are important for understanding their roles in energy metabolic disorders and related diseases. We also need more studies to identify their receptors and elucidate the downstream signaling pathway, which may provide potential therapeutic strategies for metabolic disorders.

In animal studies, the age, sex, and background of animals are well controlled. However, plasma and tissue levels of EPA and DHA and their metabolites in human can be altered by age, sex and disease status (Calder, 2020a), which indicates the complexity of clinical application of EPA and DHA. The genetic variants in the specialized pro-resolving mediator response also need to be considered when exploring the therapeutic effects of EPA and DHA clinically. Thus, the individualized treatment regimens of clinical applications of ω-3 PUFAs may achieve better effects on metabolic disorders. Moreover, according to a recent clinical trial, high-dose ω-3 PUFA supplement failed to increased RvD1 levels in diabetic patients, indicating the importance to study the disturbance of ω-3 PUFA metabolism in some disease status.
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ABBREVIATIONS

 ALA, α-linolenic acid; ARA, arachidonic acid; AMPK, AMP-activated protein kinase; BLT, leukotriene B4 receptor; cAMP, cyclic AMP; CCL, C-C motif chemokine ligand; COX, cyclooxygenase; CYP, cytochrome P450; DHA, docosahexaenoic acid; DHEA, docosahexaenoyl ethanolamine; DiHDPA, dihydroxydocosapentaenoic acid; DiHETE, dihydroxyeicosatetraenoic acid; DPA, docosapentaenoic acid; EDP, epoxydocosapentaenoic acid; EEQ, epoxyeicosatetraenoic acid; EPA, eicosapentaenoic acid; EPEA, N-eicosapentaenoyl ethanolamine; ERV-1, Resolvin E1 Receptor; GPCR, G protein-coupled receptors; HDoHE, hydroxydocosahexaenoic acid; HEPE, hydroxyeicosapentaenoic acid; HFD, high-fat-diet; IFN- γ, interferon γ; IL, interleukin; LGR6, leucine-rich repeat containing G protein-coupled receptor 6; LOX, lipoxygenase; LXA4, lipoxin A4; MaR, maresin; NAFLD, non-alcoholic fatty liver disease; NASH, non-alcoholic steatohepatitis; PD, Protectins; PDX, Protectin DX; PPAR, peroxisome proliferator-activated receptor; PUFA, polyunsaturated fatty acid; RvD, D-series resolvin; RvE, E-series resolvin; sEH, soluble epoxide hydrolase; TNF- α, tumor necrosis factor α; 7,17-DHDPA, 7,17dihydro-dipicolinic acid; 9-HOTRE, 9-hydroxy-octadecatrienoic acid; 13-(S)-HOTRE, 13-(S)-hydroxyoctadecatrienoic acid; 13-(S)-HPOTRE, 13-(S)-hydroperoxyoctadecatrienoic acid; 13-oxo-OTA, 13-Oxo-9(Z),11(E),15(Z)-octadecatrienoic acid; 14,15-DIHETRE, 14,15-dihydroxy-5,8,11-eicosatrienoic acid.
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Background: Cholestasis is a pathological condition involving obstruction of bile secretion and excretion that results in hepatotoxicity, inflammation, fibrosis, cirrhosis, and eventually liver failure. Common bile duct ligation (BDL) model is a well-established murine model to mimic cholestatic liver fibrosis. We previously reported that cytochrome P450 omega-hydroxylase 4a14 (Cyp4a14) plays an important role in the pathogenesis of non-alcoholic fatty liver disease (NAFLD)-related fibrosis. The goal of this study was to determine the role of Cyp4a14 in cholestatic-induced liver fibrosis.

Methods: C57BL/6 mice were subjected to BDL for 14 days, and Cyp4a14 mRNA and protein levels were examined and compared with those of the sham group. Cyp4a14 knockout mice and adeno-associated virus (AAV)-mediated overexpression of Cyp4a14 in C57BL/6 mice underwent BDL and liver histology, and key fibrosis markers were examined.

Results: Both hepatic Cyp4a14 mRNA and protein levels were markedly reduced in BDL liver compared with the time-matched sham group. Cyp4a14 gene-deficient mice aggravates whereas its overexpression alleviates BDL-induced hepatic fibrosis, which were determined by liver function, liver histology, and levels of key fibrotic markers including α-smooth muscle actin (α-SMA), transforming growth factor-β1 (TGF-β1), and collagen 1a2 (Col1a2).

Conclusion: Cyp4a14 exerts a contrasting role in different hepatic fibrosis models. Strategies that enhance Cyp4a14 activity may be potential strategies to cholestatic related liver fibrosis.

Keywords: Cyp4a14, bile duct ligation, liver injury, liver fibrosis, cholestasis


INTRODUCTION

Liver fibrosis is a progressive pathological process of most chronic liver diseases with a global prevalence of more than 2%. It is characterized by excess accumulation of extracellular matrix (ECM; Aydin and Akcali, 2018). If left untreated, liver fibrosis will lead to cirrhosis and ultimately end-stage liver failure and death. Almost all the chronic liver diseases can cause liver fibrosis, such as alcoholism, chronic viral hepatitis [hepatitis B (HBV) and hepatitis C (HCV)], non-alcoholic steatohepatitis, obesity, autoimmunity hepatitis, parasitic diseases (e.g., schistosomiasis), metabolic disorders, biliary tract diseases, long-term exposure to toxicity and chemical substances, and drug-induced chronic liver disease (Toosi, 2015). Because of the complicated mechanisms in the progression of liver fibrosis (Parola and Pinzani, 2019; Seki and Brenner, 2015), even though we have made considerable progress in the prevention and treatment of liver fibrosis, treatment of liver fibrosis remains limited (Altamirano-Barrera et al., 2017; Roehlen et al., 2020).

Cholestatic liver fibrosis is caused by the gradual destruction of the bile duct, the blockade of bile acid outflow, and the activation of the pro-inflammatory process, leading to the damage of bile duct cells and liver cells (Santiago et al., 2018). Primary biliary cholangitis (PBC) and primary sclerosing cholangitis (PSC) are the two most common chronic cholestatic liver fibrosis (Gulamhusein and Hirschfield, 2020; Vesterhus and Karlsen, 2020). However, the underlying mechanism remains obscure, the mechanistic basis of which the fibrotic response is an area of current investigation.

Cytochrome P450 omega-hydroxylase 4a14 (Cyp4a14) belongs to the enzyme family of Cyp450, which are NADPH monooxygenases responsible for catalyzing a variety of substrates. Cyp4a14 was firstly cloned from mice in 1997 and mainly exists in the liver, kidney, and blood vessel (Heng et al., 1997). The main function of Cyp4a14 is to catalyze ω-hydroxylation of medium-chain fatty acids and arachidonic acid (AA; Xu et al., 2011). Peroxisome proliferator-activated receptor (PPAR) α serves as a biological lipid sensor, and Cyp4a14 is an established target gene of PPARα, always thought to be involved in lipid metabolism (Hsu et al., 2007; Kroetz et al., 1998). Our previous data and others revealed a critical role of Cyp4a14 in the pathogenesis of non-alcoholic fatty liver disease (NAFLD) and related fibrosis (Gilani et al., 2018; Zhang et al., 2017).

In the current study, we checked the expression level of Cyp4a14 in cholestatic related liver fibrosis and systematically studied the role of Cyp4a14 in bile duct ligation (BDL) model by using knockout and adeno-associated virus (AAV)-mediated overexpression technology. Notably, we observed an opposite effect of Cyp4a14 in BDL model. Our results indicate a different but also important role of Cyp4a14 in the pathogenesis of cholestatic liver fibrosis.



MATERIALS AND METHODS


Animals and Treatments

Wild-type (WT) and Cyp4a14 gene knockout (Cyp4a14–/–) mice on a 129/SvJ background originally generated by Dr. J. Capdevila, Vanderbilt University, were kindly provided by Pro. YF Guan (Dalian Medical University, China). Male C57Bl/6 mice (6 weeks old) were purchased from the Institute of Medical Laboratory Animal Center, Guangdong, China. Animals were housed under a 12:12-h light/dark cycle and permitted ad libitum consumption of water and diet. All experimental procedures were approved by the Animal Experimentation Committee of Shenzhen University Health Science Center. For BDL model, C57BL/6 mice were randomly divided into two groups (sham operation and surgery group), and all surgeries were performed between 9:00 AM and 11:00 AM to minimize the variation. Then we performed BDL in Cyp4a14–/– mice (Cyp4a14–/– + BDL, n = 8) and its WT (WT + Sham, n = 7; WT + BDL, n = 8). For overexpression experiments, C57BL/6J mice were randomly divided into three groups: sham operation (Sham, n = 7), BDL operation in combination with injection of AAV-control (AAV-control + BDL, n = 8), and BDL operation in combination with injection of AAV-pGFAP-Cyp4a14 (AAV-Cyp4a14 + BDL, n = 8). The AAV was injected via the tail vein 4 weeks before the surgery (1 × 1011 pfu per mouse). Two weeks after BDL, all mice were sacrificed under isoflurane anesthesia. Blood were collected from the vena cava to isolate serum. The left lateral liver lobe was fixed in 4% paraformaldehyde, then changed in 20% sucrose solution, and embedded in paraffin. The remaining livers were snap frozen in liquid nitrogen.



Immunohistochemistry

Mouse livers were fixed, dehydrated, and embedded in paraffin wax. Fixed liver sections (5 μm) were incubated with an anti-α-smooth muscle actin (anti-α-SMA) antibody (1:200), an anti-Col1a2 antibody (1:500), or an anti-smad3 antibody (1:100) overnight at 4°C and then with a polyperoxidase-conjugated goat anti-rabbit IgG (Zhongshan Golden Bridge, Beijing, China) for 30 min at 37°C. The slides were counterstained with hematoxylin. ImageJ was used to semi-quantify the H-score of immunohistochemistry (IHC) staining.



Reagents and Chemicals

Kits for determining serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST) were obtained from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). Total collagen content was tested by measuring the amount of hydroxyproline (Hyp) in liver tissue using Hyp assay kit obtained from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). The liver sections imbedded in paraffin were cut (5 μm) and stained with hematoxylin–eosin (H&E), Sirius Red, and Masson’s trichrome. Image J was used to determine the Sirius Red-positive area. The macroscopic examination was blindly carried out by two independent observers. AAV (type9)-control and AAV-promoter of glial fibrillary acidic protein (pGFAP)-Cyp4a14 (type9, contract number HH20181228LQJ-AAV01) were purchased from Hanbio, Shanghai, China.



Quantitative RT-PCR Analysis

The analysis method was performed as described previously (Zhang et al., 2017). Total RNA was extracted from the frozen liver tissues by using a High Purity Total RNA Extraction Kit (BioTeke, Beijing, China). Five micrograms of total RNA from each sample was reverse-transcribed into complementary DNAs (cDNAs). Each cDNA sample was diluted 1:100, and 4 μl was used as a template per PCR (Thermo Fisher Scientific, Massachusetts, CA, United States). The quantitative PCR was performed on an Agilent Mx3000P PCR System (Agilent Technologies, Santa Clara, CA) using the TransStart Top Green qPCR SuperMix (TransGen, Beijing, China). Expression levels of the target genes were normalized against an endogenous reference gene, glyceraldehyde 3-phosphate dehydrogenase (GAPDH). For each sample and each gene, PCR was carried out in duplicate and repeated for a few times. The specific primer sequences are listed in Table 1.


TABLE 1. Sequences of primers used for real-time quantitative PCR.
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Western Blot Analysis of Hepatic Proteins

The analysis method was performed as described previously (Zhang et al., 2017). To determine the expression levels of selected proteins, 80 μg of liver protein was separated by 10% sodium dodecyl sulfate (SDS) gel. Western blot analysis was performed as described using the antibodies including anti-GAPDH (1:3,000, abs830030, Absin), anti-Cyp4a14 (1:3,000, E10821, ABclonal), anti-Col1a2 (1:1,000, BS-1530), and anti-α-SMA (1:1,000, SIGMA-A2547, Sigma). Immunoblot was performed, and the membrane was developed with enhanced chemiluminescence.



Statistical Analysis

Statistical evaluation was performed by Student’s t test when only two value sets were compared and one-way ANOVA followed by Bonferroni’s test when the data involved multiple groups. p < 0.05 was considered statistically significant.



RESULTS


Hepatic Cyp4a14 Expression Is Reduced in Cholestatic Liver

To explore the biological relevance between Cyp4a14 and cholestatic liver fibrosis, we first examined Cyp4a14 expression levels in both sham and BDL mice liver. As shown in Figure 1, 14 days after BDL, hepatic Cyp4a14 mRNA levels were downregulated markedly by 75% compared with the sham-operated mice (Figure 1A). In accordance with that, Cyp4a14 protein expression was reduced to 15% in the sham-operated mice (Figure 1B). The decrease of Cyp4a14 in BDL model is opposite with NAFLD murine model such as high fat diet (HFD)-treated mice, db/db mice, and methionine and choline-deficient (MCD) diet-treated mice (Zhang et al., 2017). The above findings suggest that Cyp4a14 may play a different role in the pathogenesis of cholestatic liver fibrosis.
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FIGURE 1. The expression of Cyp4a14 was decreased in the bile duct ligation (BDL)-induced fibrotic liver. (A) Real-time PCR assay demonstrating that Cyp4a14 mRNA expression was significantly decreased in BDL mice. (B) Western blot analysis showing a significant decrease in hepatic Cyp4a14 protein expression in BDL mice. n = 5, *p < 0.05, Sham and BDL.




Ablation of Cyp4a14 Gene Aggravates Bile Duct Ligation-Induced Liver Fibrosis

On the basis of the decrease of Cyp4a14 expression in fibrotic liver, we next examined the effects of Cyp4a14 ablation on BDL-induced liver fibrosis. BDL was performed in Cyp4a14–/– mice and respective WT controls. At day 14 after surgery, the body weight was significantly decreased, and liver weight was significantly increased in the WT + BDL group compared with the WT + Sham group (Figure 2A), which was consistent with previous research (Lee et al., 2021). There was no difference between the WT + BDL group and the Cyp4a14–/– + BDL group (Figure 2A). We used Masson and Sirius Red staining to determine the formation of fibrillar collagen as a measure of liver fibrosis. As Figure 2B shows, BDL leads to the proliferation of the biliary duct with matrix deposition in the periductal and lobular areas. Next, the effects of Cyp4a14 in BDL-induced fibrosis were compared in liver fibrosis between WT and Cyp4a14–/– mice. Compared with the WT + BDL group, the Cyp4a14–/– + BDL group showed a marked increase in fibrotic area as evidenced by the Masson and Sirius Red staining (Figure 2B). We also tested the liver total collagen content by measuring the amount of Hyp in liver tissue. In line with the histological analysis, Hyp level is also increased in the Cyp4a14–/– + BDL group compared with WT + BDL group (Figure 2C). Moreover, serum ALT and AST were significantly higher in the Cyp4a14–/– + BDL group compared with the WT + BDL group, which revealed an increased liver injury (Figures 2D,E). These data indicate increased liver damage after BDL in the Cyp4a14–/– + BDL group.
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FIGURE 2. Cyp4a14 deficiency aggravated bile duct ligation (BDL)-induced hepatic fibrosis. Wild-type (WT) and Cyp4a14–/– mice were subjected to BDL for 14 days. (A) Body weight and liver weight. (B) H&E, Masson, and Sirius Red staining of the mouse liver tissues. (C) Hepatic collagen content was measured by biochemical determination of hydroxyproline (Hyp). Serum alanine aminotransferase (ALT) (D) and aspartate aminotransferase (AST) (E) levels of WT and Cyp4a14–/– mice. n = 6–7. *p < 0.05, WT + Sham and WT + BDL. #p < 0.05, WT + BDL and Cyp4a14–/– + BDL. Scale bar = 100 μm.




Cyp4a14 Ablation Enhanced α-Smooth Muscle Actin, Col1a2, and smad3 Expression in Bile Duct Ligation Mice

We next examined a series of pro-fibrotic factors. Hepatic stellate cells (HSCs) play pivotal roles in the pathological development of liver fibrosis. α-SMA acts as a marker of activated HSCs. To evaluate the involvement of Cyp4a14 in HSC activation in cholestatic liver fibrosis, expression of α-SMA was examined via both IHC assay and western blot analysis. As expected, α-SMA staining and protein level were markedly increased in the WT-BDL group mice compared with the sham group, and about two-fold higher expression was observed in the Cyp4a14–/– + BDL group mice compared with the WT-BDL group (Figures 3A,B). In accordance with that, other key pro-fibrotic factors including TGF-β1, Col1a2, and smad3 were also increased in the Cyp4a14–/– + BDL group compared with the WT + BDL group (Figures 3A,B). In addition, BDL-induced gene expression of pro-fibrotic and fibrosis-related genes (Acta2, Tgfb1, Col1a1, Col1a2, Mmp2, Mmp9, Timp1, TgfbR1, Smad3, and Pparα) was markedly worsened in the Cyp4a14–/– + BDL group compared with the WT + BDL group (Figure 3C). Together, the above data showed that liver injury and fibrosis were more prominent in Cyp4a14–/– livers after BDL.
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FIGURE 3. Cyp4a14 ablation enhanced α-smooth muscle actin (α-SMA), Col1a2, and smad3 expression in bile duct ligation (BDL) mice. (A) Cyp4a14 gene ablation markedly exacerbated BDL-induced α-SMA, Col1a2, and smad3 protein expression in the livers as assessed by an immunostaining analysis. (B) Western blot assay showing the protein levels of α-SMA, TGF-β1, and Col1a2. (C) Quantitative RT-PCR analysis showing the mRNA levels of Acta2, Tgfb1, Col1a1, Col1a2, Mmp2, Mmp9, Timp1, TgfbR1, Smad3, and Pparα. n = 6–7. *p < 0.05, WT + Sham and WT + BDL. #p < 0.05, WT + BDL and Cyp4a14–/– + BDL. Scale bar = 100 μm.




Hepatic Cyp4a14 Overexpression Attenuates Bile Duct Ligation-Induced Liver Fibrosis

After showing that Cyp4a14 was an important player in liver fibrosis after BDL, we then addressed the question whether overexpression could rescue this effect. HSC activation is the center process in BDL-induced fibrosis. We hypothesized that Cyp4a14 may play an important role in the HSC activation. To explore the exact role of Cyp4a14 in HSC activation, we constructed a GFAP-promoter driven AAV9-Cyp4a14. We overexpressed Cyp4a14 in the HSCs of WT mice via tail vein injection 2 weeks before BDL surgery. Cyp4a14 overexpression was succeeded and validated by mRNA and protein levels by four- to seven-fold (Figures 4A,B). The body weight was also obviously decreased while liver weight was increased in the AAV-control + BDL group compared with the sham group (Figure 4C). There was no difference between the AAV-control + BDL group and the AAV-Cyp4a14 group (Figure 4C). Masson and Sirius Red staining revealed a significant decrease in fibrotic area in the AAV-Cyp4a14 + BDL group compared with the AAV-control + BDL group (Figure 4D). In line with the histological analysis, liver Hyp content is also improved in the AAV-Cyp4a14 + BDL group compared with the AAV-control + BDL group (Figure 4E). In addition, serum ALT and AST were significantly lower in the AAV-Cyp4a14 + BDL group compared with the AAV-control + BDL group (Figures 4F,G). These together confirmed that BDL-induced liver damage was alleviated after HSC Cypa14 overexpression.
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FIGURE 4. Hepatic Cyp4a14 overexpression ameliorated bile duct ligation (BDL)-induced hepatic fibrosis. Adeno-associated virus (AAV)-control and AAV-Cyp4a14 mice were subjected to BDL for 14 days. (A) Body weight and liver weight. (B) H&E, Masson, and Sirius Red staining of the mouse liver tissues. (C) Hepatic collagen content was measured by biochemical determination of hydroxyproline (Hyp). Serum alanine aminotransferase (ALT) (D) and aspartate aminotransferase (AST) (E) levels of AAV-control and AAV-Cyp4a14 mice. n = 6–7. *p < 0.05, Sham and AAV-control + BDL. #p < 0.05, AAV-control + BDL and AAV-Cyp4a14 + BDL. Scale bar = 100 μm.




Hepatic Cyp4a14 Overexpression Inhibited α-Smooth Muscle Actin, Col1a2, and smad3 Expression in Bile Duct Ligation Mice

We also examined the protein expression of α-SMA, TGF-β1, Col1a2, and smad3. In accordance with the reduction of collagen deposition seen by the morphological changes, all the pro-fibrotic factors were significantly decreased in the AAV-Cyp4a14 + BDL group compared with the AAV-control + BDL group (Figures 5A,B). And the hepatic expression of pro-fibrotic and fibrosis-related gene (Acta2, Tgfb1, Col1a1, Col1a2, Mmp2, Mmp9, Timp1, TgfbR1, Smad3, and Pparα) mRNAs were also decreased in the AAV-Cyp4a14 + BDL group compared with the AAV-control + BDL group (Figure 5C). These results suggest that the increase of Cyp4a14 in HSCs is critical for protection of BDL-induced liver fibrosis.
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FIGURE 5. Hepatic Cyp4a14 overexpression inhibited α-smooth muscle actin (α-SMA), Col1a2, and smad3 expression in bile duct ligation (BDL) mice. (A) Cyp4a14 gene overexpression obviously attenuated BDL-induced α-SMA, Col1a2, and smad3 protein expression in the livers as assessed by an immunostaining analysis. (B) Western blot assay showing the protein levels of α-SMA, TGF-β1, and Col1a2. (C) Quantitative RT-PCR analysis showing the mRNA levels of Acta2, Tgfb1, Col1a1, Col1a2, Mmp2, Mmp9, Timp1, TgfbR1, Smad3, and Pparα. n = 6–7. *p < 0.05, Sham and AAV-control + BDL. #p < 0.05, AAV-control + BDL and AAV-Cyp4a14 + BDL. Scale bar = 100 μm.





DISCUSSION

Hepatic fibrosis is a dynamic process in which the production and dissolution of ECM are unbalanced (Aydin and Akcali, 2018). The development of liver fibrosis is coordinated by a variety of cell types, including parenchymal and non-parenchymal cells.

We had previously demonstrated that Cyp4a14 is involved in the pathogenesis of liver fibrosis and kidney fibrosis (Zhang et al., 2017; Zhou et al., 2018). Our previous study showed that Cyp4a14 is activated in mice suffering from MCD-induced liver fibrosis, and Cyp4a14–/– mice could attenuate the MCD-induced liver fibrosis, accompanied by reduced hepatic FAT/CD36 expression (Zhang et al., 2017). In the present study, we aim to explore the role of Cyp4a14 in BDL-induced cholestatic liver fibrosis. To our surprise, hepatic Cyp4a14 expression was significantly decreased in BDL liver, which is opposite with NAFLD-related fibrosis. Cyp4a14 ablation mice suffering from BDL exhibited a markedly aggravated HSC activation (shown by α-SMA mRNA and protein level) and collagen deposition (shown by Masson and Sirius Red staining). The evidence revealed that Cyp4a14 might regulate activation of HSCs to play a role in cholestatic liver fibrosis. Thus, we propose a critical role of Cyp4a14 in HSCs. We overexpressed AAV9-Cyp4a14 driven by an HSC-specific promoter GFAP to overexpress Cyp4a14 in HSCs. We found that overexpression of Cyp4a14 in the HSCs markedly rescued BDL-induced liver fibrosis. HSC activation was significantly inhibited (shown by α-SMA mRNA and protein level) and collagen deposition ameliorated (shown by Masson and Sirius Red staining). TGF-β1 plays an important role in HSC activation (Dewidar et al., 2019). Our study shows an obviously reduction of liver TGF-β1 upon Cyp4a14 overexpression mice, which is increased in Cyp4a14–/– mouse livers. Additionally, the expression levels of Acta2, Tgfb1, Col1a1, Col1a2, Mmp2, Mmp9, Timp1, TgfbR1, Smad3, and Pparα in BDL-mouse livers were downregulated by Cyp4a14 overexpression and upregulated by Cyp4a14 ablation. These results together indicate that Cyp4a14 might have a different role in hepatocyte and stellate cell during fibrosis.

Bile duct ligation-induced cholestatic liver fibrosis model is commonly used to mimic human hepatic fibrosis, and many researchers are seeking anti-fibrotic therapeutics by studying the etiology and pathology (Liedtke et al., 2013; Tag et al., 2015). BDL leads to the stasis of bile acids in the liver. Excess accumulation of toxic bile salts in hepatocytes results in inflammatory reactions, hepatocyte necrosis, and peri-ductular fibrosis (Frissen et al., 2020). HSC activation plays a pivotal role in the development of liver fibrosis. Farnesoid X Receptor (FXR) is a promising target in clinical trials for the treatment of liver fibrosis. FXR agonists such as obeticholic acid (OCA) have been approved by the Food and Drug Administration (FDA) and are currently widely used for treatment of PBC (Chapman and Lynch, 2020). However, the response rate of OCA treatment to NASH-induced liver fibrosis is only 23%, and common adverse effects such as pruritus and unfavorable changes in lipid profile led OCA to be declined by the FDA for treatment of NASH (Younossi et al., 2019). The discrepancy of FXR in PBC and NASH might reflect the complexity of the HSC activation process (Dewidar et al., 2019; Khomich et al., 2019). The discrepancy of Cyp4a14 in NASH and PBC animal model is very similar to FXR. FXR activation by OCA or GW4064 increased expression of Pparα, Cpt1α, and Cyp4a14 in HFD mice (Gai et al., 2016). The nuclear receptor SHP mediates inhibition of HSCs by FXR and protects against liver fibrosis (Fiorucci et al., 2004). It is reported that SHP upregulates Cyp4a14 through inhibition of Rev-erbα, a transcriptional repressor the Cyp4a14 (Zhang et al., 2018). Thus, it is possible that Cyp4a14 might mediate FXR activation benefits indirectly in OCA-treated PBC. In addition, different causes lead to the different pathogenesis of liver fibrosis and may provide a basis for the new treatment methods (Gressner et al., 2007; Roehlen et al., 2020).

There are some limitations to our study. First, primary hepatocytes and stellate cell experiment with silencing or overexpressing Cyp4a14 would be helpful to elucidate how exactly Cyp4a14 affect BDL-induced fibrosis. Second, animal experiments including hepatocyte specific Cyp4a14 overexpression and HSC specific Cyp4a14 deletion in BDL model should be checked to rule out the contribution and role of Cyp4a14. Furthermore, whether Cyp4a14 affects bile acid pool or FXR signaling might give some clues to explain our current data. More work needs to performed to elucidate the mechanisms of how Cyp4a14 is involved in the pathogenesis of cholestatic liver fibrosis.

In conclusion, this study shows a protective effect of Cyp4a14 in cholestatic liver fibrosis through inhibiting HSC activation. The study is the first to elucidate that Cyp4a14 plays a different role in different liver fibrosis model. At present, the reason for the different roles of Cyp4a14 in MCD mice and BDL mice remains obscure. Further study of Cyp4a14 in different fibrosis process might help us better distinguish the different mechanisms behind NASH-related fibrosis and cholestatic-induced liver fibrosis and provide a potential strategy to target and treat clinical liver fibrosis.
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Cyclopentenone prostaglandins (cyPGs) are biologically active lipid mediators, including PGA2, PGA1, PGJ2, and its metabolites. cyPGs are essential regulators of inflammation, cell proliferation, apoptosis, angiogenesis, cell migration, and stem cell activity. cyPGs biologically act on multiple cellular targets, including transcription factors and signal transduction pathways. cyPGs regulate the inflammatory response by interfering with NF-κB, AP-1, MAPK, and JAK/STAT signaling pathways via both a group of nuclear receptor peroxisome proliferator-activated receptor-gamma (PPAR-γ) dependent and PPAR-γ independent mechanisms. cyPGs promote the resolution of chronic inflammation associated with cancers and pathogen (bacterial, viral, and parasitic) infection. cyPGs exhibit potent effects on viral infections by repressing viral protein synthesis, altering viral protein glycosylation, inhibiting virus transmission, and reducing virus-induced inflammation. We summarize their anti-proliferative, pro-apoptotic, cytoprotective, antioxidant, anti-angiogenic, anti-inflammatory, pro-resolution, and anti-metastatic potential. These properties render them unique therapeutic value, especially in resolving inflammation and could be used in adjunct with other existing therapies. We also discuss other α, β -unsaturated carbonyl lipids and cyPGs like isoprostanes (IsoPs) compounds.

Keywords: prostaglandins, PPAR-γ, viral (or virus), inflammation, antiviral


INTRODUCTION

Prostaglandins (PGs) are a group of lipids or oxygenated derivatives of arachidonic acid (AA) that sustain homeostatic functions and mediate the inflammatory response (Aoki and Narumiya, 2012). There are two types of PGs: conventional or classic PGs and cyclopentenone PGs (cyPGs). Examples of traditional PGs are PGD2, PGE2, prostacyclin (PGI2), PGF2α, and thromboxane A2 (TXA2), while the members of cyPGs include PGA1, PGA2, PGJ2, and metabolites of PGJ2, such as 15-Deoxy-Δ-12,14-Prostaglandin J2 (15d-PGJ2) and Δ12-PGJ2. As the name implies, cyPGs contain a cyclopentenone ring structure with a highly reactive α, β-unsaturated carbonyl group, which can alter many proteins and their functional properties covalent attachments with thiol groups of the proteins (Straus and Glass, 2001). cyPGs are potent bioactive molecules and have a wide range of functions (Burstein, 2020). cyPGs can repress inflammatory responses, inhibit cell growth, angiogenesis, and increase apoptosis. cyPGs can interfere with virus infections and cancer development, indicating their potential to serve as therapeutic agents. This review discusses cyPGs biosynthesis, mechanism of action, functions, and their effects on virus infection and cancer development. Despite the existing knowledge, the resolving, antiviral, anti-inflammatory, and anticancer potential of cyPGs have been minimally explored and warrant further attention.



BIOSYNTHESIS OF CYCLOPENTENONE PROSTAGLANDINS (PGA1, PGA2, AND PGJ2 AND ITS METABOLITES)

AA is liberated from membrane phospholipids by the enzyme phospholipase A2 (PLA2) (Vane and Botting, 1990). Myosin, an actin-binding protein, is phosphorylated when there is an increase in intracellular calcium levels, causing PLA2 to translocate from the cytoplasm to the intracellular membrane to access the phospholipids. Arachidonate is metabolized to PGG2 by cyclooxygenase (COX) 1 and 2 (COX-1 and COX-2), which are contained in the endoplasmic reticulum (ER) and nuclear membranes (Vane and Botting, 1990; Hanna and Hafez, 2018) (Figure 1). PGG2 is converted into PGH2 by hydroxyperoxidase. Unstable PGH2 diffuses from the ER lumen to the cytoplasm through the ER membrane. Due to its unstable nature, PGH2 is enzymatically converted into different PGs, including PGI2, PGF2, and TXA2, through the action of specific PG synthases (Figure 1). When PGH2 is acted upon by PGD2 synthase, PGD2 is created. PGD2 is unstable and spontaneously undergoes non-enzymatic dehydration to yield either 15d-PGD2 or PGJ2 (Figure 1). Further dehydration and a 13, 14 double bond rearrangement of PGJ2 yield 15-Deoxy-Δ-12,14-prostaglandin J2 (15d-PGJ2) in an albumin-independent manner, while PGJ2 dependent on serum albumin results in Δ12-PGJ2 (Figueiredo-Pereira et al., 2014). PGs of the J series are synthesized in vivo as Δ12-PGJ2 is a natural component of human body fluids. Its synthesis is inhibited by treatment with COX inhibitors (Hirata et al., 1988). When PGH2 is acted upon by PGE2 synthase, PGE2 is formed. Dehydration of PGE2 leads to PGA2 (Hamberg and Samuelsson, 1966; Nugteren et al., 1966) (Figure 1). 15d-PGJ2 could function in both an autocrine and paracrine manner and can be produced intracellularly and extracellularly via non-enzymatic conversion of PGD2 (Shibata et al., 2002).
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FIGURE 1. Biosynthesis of cyclopentenone prostaglandins. When the cell is activated by stressful stimuli, such as mechanical trauma, interferon, interleukin, or growth factors, the enzyme phospholipase A2 moves from the cytoplasm to intracellular membranes to liberate arachidonic acid (AA) from the nuclear envelope or endoplasmic reticulum. AA is converted by cyclooxygenase-1 (COX-1) or cyclooxygenase-2 (COX-2) to prostaglandin G2 (PGG2), followed by hydroperoxidation of PGG2 to PGH2. PGH2 is converted to other PGH2 metabolites such as PGD2, PGE2, PGF2, PGI2, and thromboxane A2 (TXA2) by their respective synthases. Of the metabolites, PGD2 is dehydrated to form J2 PGs. PGJ2 may be located in exosomes, transport systems, or nuclear receptors to execute its function. PGE2 is dehydrated to form PGA2. PGA1 is a metabolite of linoleic acid, which is obtained through diet.


The formation of the cyclopentenone PGA1 has a different genesis pathway compared to the other members of its family (PGA2 and PGJ2). The formation of PGA1 begins with linoleic acid (LA). In the human diet, linoleic acid is the most consumed polyunsaturated fatty acid (PUFA) (Whelan and Fritsche, 2013). Linoleic acid, an essential omega 6 (n = 6) fatty acid, is converted to γ-linoleic acid (GLA; GLA, 18:3-6) through the membrane-bound enzyme 6-desaturase (Δ-6-desaturase). GLA is then metabolized to dihomo γ-linolenic acid (DGLA, 20:3-6) by a Δ6 elongase. From this point, DGLA can be converted into AA by the enzyme 5-Desaturase, or PGE1 by the enzyme COX. PGE1 undergoes dehydration to become PGA1 (Kapoor and Huang, 2006; Kapoor et al., 2007).

15d-PGJ2 acts via G-protein-coupled seven-transmembrane PGD2 receptors (D prostanoid; DP1 and DP2) and through interaction with intracellular targets (Kato et al., 1986; Kim et al., 1993; Negishi and Katoh, 2002). DP2 (chemoattractant receptor-homologous molecule or GPR44 or CD294) is expressed on Th2 cells, eosinophils, activated mast cells, and basophils (Negishi and Katoh, 2002; Nagata et al., 2017). PGE1/PGA1 is native/endogenous ligands of orphan nuclear receptor-related 1 protein (Nurr1; NR4A2) and activates its transcriptional function (Negishi and Katoh, 2002; Pearen and Muscat, 2010; Kurakula et al., 2014).



CYCLOPENTENONE PROSTAGLANDINS AND INFLAMMATION


Cyclopentenone Prostaglandins in Various Diseases

15d-PGJ2 is an immune regulator to modulate human autoimmune diseases as multiple sclerosis (MS), experimental allergic encephalomyelitis (EAE), polymyositis, Bechet’s diseases, rheumatoid arthritis (RA), atopic dermatitis, systemic lupus erythematosus (SLE) (Li and Pauza, 2009), and age-related neurodegenerative diseases, including Alzheimer’s (AD) and Parkinson’s disease (PD) (Koharudin et al., 2011). γΔT cells have been studied in context with autoimmune diseases in humans. γΔT cells possess the cytotoxic activity and produce IFN-γ, tumor necrosis factor-alpha; TNF-α, and chemokines involved in recruiting monocytes and macrophages. The induction of cytokines and secretion of interleukin-17 (IL-17) contributes to inflammatory processes and promotes autoimmunity. 15d-PGJ2, along with rosiglitazone (Avandia), suppressed γΔT cell proliferation in response and downregulated cytokine production (Li and Pauza, 2009). 15d-PGJ2 also plays an essential regulatory role in osteosarcoma, bone metastases, and bone metabolism (Kitz et al., 2011; Kim et al., 2015).



Cyclopentenone Prostaglandins Elicit Anti-inflammatory Responses via Regulating Transcription Factors Crucial for Inflammatory Response

15d-PGJ2 directly inhibits multiple steps in the NF-κB signaling pathway and NF-κB-dependent gene expression (Straus et al., 2000). NF-κB represents a family of structurally related inducible transcription factors (NF-κB1; p50, NF-κB2; p52, RelA; p65, RelB, and c-Rel) located in the cytoplasm, which activates genes responsible for inflammation and innate and adaptive immunity (Senftleben et al., 2001). The NF-κB proteins are typically sequestered in the cytoplasm by a family of inhibitory proteins, including IκB family members, which sterically block the nuclear localization sequence (NLS) of NF-κB (Senftleben et al., 2001; Sun, 2017). The IκB kinase (IKK) complex is crucial for the activation of NF-κB, as it can degrade the NF-κB inhibitor IκB through phosphorylation, subsequently freeing NF-κB (Senftleben et al., 2001). NF-κB is involved in the pathogenesis of inflammatory diseases, including RA, inflammatory bowel disease (IBD), MS, atherosclerosis, SLE, type 1 diabetes, chronic obstructive pulmonary disease (COPD), and asthma (Pai and Thomas, 2008). NF-κB activation induces proinflammatory cytokines (IL-1β, IL-1, IL-2, IL-6, IL-8, and TNF-α) (Lawrence, 2009; Wang et al., 2014) and regulates inflammasome function (Guo et al., 2015) in both innate and adaptive immune cells. PGA1, another cyPG, is also a potent inhibitor of NF-κB activation in human cells by inhibiting phosphorylation and preventing degradation of the NF-κB inhibitor IκB-α (Rossi et al., 1997). The α, β-unsaturated carbonyl group in the cyPGs, when reactive, can undergo a Michael reaction with the cysteine nucleophile at position 179 on the IKKβ subunit of the IKK complex. This cysteine is located in the activation loop of the enzyme, and the alkylation of the cysteine inhibits the phosphorylation of the activation loop. Therefore, cyPGs inhibit IKK complex activity by directly modifying the IKKβ subunit (Rossi et al., 2000). By doing so, the degradation IκB is inhibited, and NF-κB is unable to enter the nucleus.

15d-PGJ2 inhibits transcription factor activity of activating protein-1 (AP-1) (Perez-Sala et al., 2003). AP-1 is composed of dimeric complexes, which included members of four families of DNA-binding proteins such as Jun, Fos, ATF/cyclic AMP-responsive element-binding (CREB), and musculoaponeurotic fibrosarcoma (Maf) (Milde-Langosch, 2005; Hernandez et al., 2008). 15d-PGJ2 covalently modifies c-Jun and directly inhibits the DNA binding activity of AP-1 (Perez-Sala et al., 2003). AP-1 plays critical roles in inflammation, proliferation, innate immune response and stimulates growth factors and proinflammatory cytokines mediated by serine/threonine kinases as c-Jun NH2-terminal kinases (JNK), p38, extracellular signal-regulated kinases (ERK), and c-Fos-regulating kinases (FRK) MAP kinase pathways (Lin et al., 1995; Minden et al., 1995).

15d-PGJ2 non-specifically inhibits Signal transducer and activator of transcription (STAT) (Ji et al., 2005) and Janus kinase (JAK)-STAT signaling pathway in lymphocytes (Kim et al., 2005). STAT1 can be activated upon tyrosine phosphorylation by JAK1 tyrosine kinase (Mowen and David, 2000). Upon activation, STAT/STAT interactions occur immediately, and dimerized STATs can then enter the nucleus and regulate the transcription of inflammatory genes of cytokine and interferon signaling (Seif et al., 2017).



Anti-inflammatory, Anti-tumorigenic, Anti-angiogenic, Anti-metastatic, Anti-fibrotic, Resolving, and Antioxidant Modes of Action of Cyclopentenone Prostaglandins

cyPGs, such as 15d-PGJ2, PGJ2, PGA1, and PGA2, can activate peroxisome proliferator-activated receptor-gamma (PPAR-γ), and many of their biological functions are either PPAR-γ dependent or independent (Mukherjee et al., 1994; Ricote et al., 1998b; Yagami et al., 2018). PPAR-γ is one of the members (PPAR-α, PPAR-δ, and PPAR-γ) of the nuclear receptor superfamily and is a ligand-dependent transcription factor. The ligand 15d-PGJ2 activates PPAR-γ, and PPAR-γ then forms a heterodimer with retinoid X receptor (RXR) in the cytoplasm. Complex enters the nucleus (Scher and Pillinger, 2005; Li et al., 2019). This complex binds to specific PPAR response element (PPRE) regions in the DNA to activate different target genes (Forman et al., 1996).


Anti-inflammatory Actions

Peroxisome proliferator-activated receptor-gamma inhibits TNF-α, IL-6, inducible NO synthase (iNOS), gelatinase B, and COX-2 by acting as an antagonist to AP-1 and NF-κB (Welch et al., 2003). This inhibition mode was observed in activated macrophages expressing high levels of PPAR-γ (Ricote et al., 1998a,b; Straus et al., 2000). In general, when IFN-γ stimulated peritoneal macrophages were treated with 15d-PGJ2, instead of observing activated macrophages, morphological features classic of resting cells were seen (Ricote et al., 1998a,b). 15d-PGJ2 treatment inhibited the induction of iNOS transcription by inhibiting the binding of AP-1 and NF-κB on iNOS promoter (Ricote et al., 1998a,b). Usually, iNOS is upregulated in activated macrophages accompanied by the overproduction of nitric oxide (NO), which causes inflammation (Sharma and Staels, 2007). Excess NO also induces s-nitrosylation of Sirt1, an inhibitor of p65 NF-κB, which inactivates Sirt1 and enhances pro-inflammatory response (Nakazawa et al., 2017). 15d-PGJ2 treatment inhibits matrix metalloproteinase (MMP-9) or also called Gelatinase B in activated macrophages (Ricote et al., 1998a,b) at the transcription level. Inhibition by 15d-PGJ2 is mediated at the level of AP-1 binding as MMP-9 transcriptional activation is dependent on AP-1 (Saarialho-Kere et al., 1993). 15d-PGJ2 and TZDs reduced dendritic cells (DCs) stimulation with toll-like receptor (TLR) ligands via the MAP kinase and NF-κB pathways (Appel et al., 2005). In RAW264.7 cells, monocyte/macrophage-like cell lineage stimulated with LPS, a similar outcome to that of Jurkat cells was observed when treated with cyPGs (Straus et al., 2000). A different result was observed in HeLa cells, strengthening the fact that cyPGs’ effect is cell type specific. Instead of inhibiting IKK complex activity, cyPGs impede the binding of NF-κB to DNA since p50 and p65 have cysteine residues at C62 and C38, respectively. Alkylation of these cysteines via the Michael reaction results in the inhibition of the binding of NF-κB to DNA (Straus et al., 2000).

In human astrocytes treated with 15d-PGJ2, NF-κB was inhibited from binding to the COX-2 promoter on DNA (Janabi, 2002). In glial cells, 15d-PGJ2 induces the transcription of suppressor of cytokine signaling 1 and 3 (SOCS1 and SOCS3) can inhibit JAK, eventually inhibiting the transcription of inflammatory genes (Park E. J. et al., 2003; Park S. H. et al., 2003). 15d-PGJ2 inhibited the JAK/STAT1 mediated interferon regulatory factor-1 (IRF-1) expression, thereby decreasing the IFN-γ-induced costimulatory molecule B7-H1 expression needed by tumors to evade the host immune response (Seo et al., 2014). 15d-PGJ2 inhibits lethal anthrax toxin (LT) activation of the NLRP1 and nigericin-mediated activation of the NLRP3 inflammasome and associated IL-1β release (Maier et al., 2015). 15d-PGJ2 mitigates the macrophage hyperinflammatory response (Monroy et al., 2007).

PGD2 and the J2-series PGJ2 and Δ12-PGJ2 are critical components of the inflammatory response within adipose tissue during obesity thus producing inflammation-related adipokines implicated in insulin sensitivity (Peeraully et al., 2006). 15d-PGJ2 is the most potent inducer of fat cell (adipocyte) differentiation in vitro (Forman et al., 1995; Bell-Parikh et al., 2003). PGD2, PGJ2, and Δ12-PGJ2 treatment strongly down-regulates the production of leptin, a hormone secreted by adipocytes (Peeraully et al., 2006).



Anti-tumorigenic Actions

15d-PGJ2 exerts antitumor activity by regulating the Myc/Mad/max transcription factors to promote cell apoptosis, tubulin binding activity, inhibiting the expression of human telomerase reverse transcriptase (hTERT), enhancing TRAIL-induced apoptosis by downregulating AKT phosphorylation, reactive oxygen species (ROS)-dependent cell death pathway, ROS-dependent AKT activation, inhibition of COX-2, STAT-3, cell cycle (G2/M or G1) blockade, inhibition of vascular endothelial factor (VEGF), growth and expansion of tumor stem cells in gastric cancer (Inoue et al., 2000; Sato et al., 2000; Takashima et al., 2001; Yuan et al., 2005; Chearwae and Bright, 2008; Dionne et al., 2010; Li et al., 2017), oral squamous cell carcinoma (Nikitakis et al., 2002), leukemia (Han et al., 2007), lymphoma (Inoue et al., 2000; Sato et al., 2000; Takashima et al., 2001; Yuan et al., 2005; Chearwae and Bright, 2008; Dionne et al., 2010; Li et al., 2017), oesophageal cancer (Takashima et al., 2001), endometrial cancer (Li and Narahara, 2013), breast cancer (Cocca et al., 2009), osteosarcoma (Yen et al., 2014), and brain tumors (Inoue et al., 2000; Sato et al., 2000; Takashima et al., 2001; Yuan et al., 2005; Chearwae and Bright, 2008; Dionne et al., 2010; Li et al., 2017) (Table 1). Transforming growth factor-β (TGF-β) induces cell growth, cell migration, and epithelial to mesenchymal transition (EMT) and promotes HCC progression (Giannelli et al., 2014). Interestingly, TZDs and 15d-PGJ2 display antitumor effects on HCC (Hsu and Chi, 2014). PPAR-γ activation inhibits TGF-β expression via dephosphorylation of zinc finger transcription factor-9 (Zf9) (Lee et al., 2006). Zf9 is crucial for TGFβ1 gene regulation, and a phosphorylated form of Zf9 transactivates the TGFβ1 promoter (Kim et al., 1998).


TABLE 1. Biological effects of cyclopentenone prostaglandins.
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15d-PGJ2 and its derivatives exert antitumor activity by selectively modulating the expression of genes associated with cell cycle arrest, apoptosis, and autophagy (Inoue et al., 2000; Sato et al., 2000; Takashima et al., 2001; Yuan et al., 2005; Chearwae and Bright, 2008; Dionne et al., 2010; Li et al., 2017). Notably, J11-C1 is a novel candidate of class III histone deacetylases (HDACs) called Sirtuin SIRT1 inhibitor with anticancer activity. SIRTs are involved in biological functions, including aging, energy mobilization, and stress responses. SIRTs regulate cancer cell apoptosis and are potential targets for novel anticancer drugs that regulate the levels of deacetylated histone proteins, p53, and several transcriptional factors (Table 1) (Tae et al., 2018). 15d-PGJ2 treatment significantly induced apoptosis rate, apoptosis-promoting protein expression, and reduced apoptosis-inhibiting protein expression in the hepatitis B virus (HBV) × protein (HBx)-positive HL7702-HBx and HL7702 liver cells (Chen et al., 2014).



Anti-angiogenic/Anti-metastatic Actions

15d-PGJ2 exerts anti-angiogenic activity by inhibiting VEGF and angiopoietin-1 (Ang-1) in renal cancer (Yuan et al., 2005) and gastric cancer (Fu et al., 2006), respectively. Treatment of human umbilical vein endothelial cells (HUVEC) with 15d-PGJ2 reduced mRNA levels of VEGF receptors 1 (Flt-1) and 2 (Flk/KDR) and urokinase plasminogen activator (uPA) and increased plasminogen activator inhibitor-1 (PAI-1) mRNA (Funovics et al., 2006). Administration of 15d-PGJ2 could inhibit VEGF-induced angiogenesis in the rat cornea in a PPAR-γ dependent manner (Xin et al., 1999) (Table 1). Rosiglitazone (Avandia) and troglitazone (TGZ) inhibit cell migration via the upregulation of E-cadherin expression in HepG2 cells (Lee et al., 2009). 15d-PGJ2 inhibits NF-κB and AP-1-mediated MMP-9 expression and invasion of MCF-7 breast cancer cells employing a heme oxygenase-1 (HO-1)-dependent mechanism (Jang et al., 2020). Treatment with a low concentration of 15d-PGJ2 disassembled focal adhesions, reduced focal adhesion kinase (FAK) phosphorylation, and caused extensive filamentous actin reorganization (Yamamoto et al., 2020). PPAR-γ did not mediate the inhibitory effect of 15d-PGJ2 on the migration of Caki-2 cells and did not affect RCC metastasis (Yamamoto et al., 2020).



Antioxidant and Resolving Actions

Inflammation is accompanied by the production of ROS, and 15d-PGJ2 has antioxidant properties (Itoh et al., 2004; Levonen et al., 2004; Mochizuki et al., 2005) (Table 1). 15d-PGJ2 and structurally related isoprostanoids alkylate Kelch-like ECH-associated protein 1 (Keap1) to induce the NF-E2-related nuclear factor erythroid-2 (Nrf2-) dependent antioxidant bioactivity (Levonen et al., 2004; Kansanen et al., 2009; Diers et al., 2010; Mills et al., 2018). 15d-PGJ2 activates Nrf2-Keap1 signaling and induces gene transcription of antioxidant enzymes including HO-1, superoxide dismutase (SOD), catalase, NAD(P)H dehydrogenase quinone 1 (NQO1), c-glutamylcysteine synthetase (GCS), glutathione reductase (GR), and glutathione peroxidase 1 (GPx) (Itoh et al., 2004; Kansanen et al., 2009; Diers et al., 2010; Magesh et al., 2012). 15d-PGJ2 upregulates 15−hydroxyprostaglandin dehydrogenase (15-PGDH) gene expression, protein level, and its activity in human colon cancer cell line HCT-116 through AP-1 activation (Park and Na, 2019a,b). 15d-PGJ2 treatment-induces eIF2α phosphorylation and activation of the integrated stress response (ISR), also leading to bulk translation repression and preferential translation of stress response mRNAs (Tauber and Parker, 2019). 15d-PGJ2 is pro-resolving signaling and a neuroprotective (Rajan et al., 2020) molecule (Table 1) (Rajakariar et al., 2007; Niro et al., 2010; Flores et al., 2016; Coutinho et al., 2017).



Pro-metastatic Properties of the Cyclopenenone Prostaglandins

cyPGs also exhibit pro-metastatic properties such as 15d-PGJ2 significantly enhanced the rate of formation, the size, and the vascularization of papillomas in a murine carcinogenesis model (Millan et al., 2006). 15d-PGJ2 and PGJ2 induced the proliferation of COX-2 depleted colorectal cancer (HCA-7) cells at a nanomolar concentration (Chinery et al., 1999). However, the precise mechanisms responsible for tumor proliferative effects of 15d-PGJ2 remain incompletely clarified. VEGF is well known as a master regulator of angiogenic switch (Bussolati and Mason, 2006). Interestingly, VEGF upregulates HO-1 in vascular endothelial cells, while HO-1 may also regulate the synthesis and activity of VEGF, thus constituting a positive feedback loop (Bussolati and Mason, 2006). 15d-PGJ2 could stimulate VEGF expression in endothelial cells, human androgen-independent PC3 prostate cancer cells, and the 5,637 urinary bladder carcinoma cell line (Yamakawa et al., 2000; Haslmayer et al., 2002). The upregulation of VEGF by 15d-PGJ2 was accompanied by activation of PPAR-γ (Jozkowicz et al., 2002). However, the VEGF promoter does not harbor PPRE (Inoue et al., 2001; Jozkowicz et al., 2004). Interestingly, VEGF upregulation by 15d-PGJ2 could be mimicked by the induction of HO-1 expression (Jozkowicz et al., 2004). 15d-PGJ2 induced HO-1 expression in MCF-7 human breast cancer cells (Kim et al., 2004).

Nrf2, a transcription factor is responsible for maintenance of cellular redox balance (Loboda et al., 2016). HO-1 is a prototypic Nrf2 target gene, and the aberrant hyperactivation of Nrf2/HO-1 axis contributes to tumor progression, aggressiveness, chemoresistance, and poor prognosis (Zimta et al., 2019). 15d-PGJ2 induces VEGF expression and angiogenesis in human breast cancer cells through upregulation of HO-1 (Kim et al., 2006; Kweider et al., 2011).



ROLE OF CYCLOPENTENONE PROSTAGLANDINS DURING VIRAL INFECTIONS


Cyclopentenone Prostaglandins as Inhibitor of Viral Replication

cyPGs are potent inhibitors of viral replication (Table 2) and are effective against a wide range of viruses. These include negative-strand RNA viruses such as influenza A (Pica et al., 1993, 2000; Conti et al., 2001), Sendai virus (Amici and Santoro, 1991; Amici et al., 2001), and vesicular stomatitis virus (VSV) (Santoro et al., 1987; Pica et al., 1993); positive-strand RNA viruses such as Sindbis virus (Mastromarino et al., 1993), Poliovirus (Conti et al., 1996), and Human immunodeficiency virus-1 (Rozera et al., 1996) and DNA viruses such as herpes simplex virus (HSV) type 1 and 2 (Yamamoto et al., 1987; Amici et al., 2001). The ability of cyPGs to suppress virus production is very dramatic. In the African green monkey kidney (AGMK) cell line, replication of the Sendai virus is almost completely inhibited by 4 mg/ml of PGA1 (Santoro et al., 1987) and by 4 mg/ml of PGJ2 (Santoro et al., 1987) without being toxic to uninfected AGMK cells. Treatment of 6 mg/ml of Δ12-PGJ2 in Madin–Darby canine kidney cells (MDCK) infected with influenza A H1N1 (PR8) virus drastically suppressed the viral production by 95%. Simultaneously, a higher dose of Δ12-PGJ2 produced an undetectable virus yield (Pica et al., 1993). PGA1 treatment also strongly inhibits the viral production of Ulster 73 (H7N1 influenza A) in LLC-monkey kidney epithelial cells (LLC-MK2), African green monkey kidney-37RC cells (AGMK-37RC), and MDCK cells (Conti et al., 2001), suggesting that cyPGs are effective against various subtypes of influenza A virus in multiple host cells. Similarly, in vivo studies have shown that PGA1 and 16, 16-dimethyl-PGA2 (dmPGA2), a long-acting synthetic analog of PGA, in mice infected with a lethal dose of PR8 virus significantly decreases the virus titers in the lung and increases the survival rate (Santoro et al., 1987; Pica et al., 1993). In another study, the antiviral activity of the synthetic dmPGA1 in HSV-1 and human immunodeficiency virus (HIV)- infected cells was investigated (Hughes-Fulford et al., 1992). dmPGA1 affected HIV-1 replication in acutely infected T cells and chronically infected macrophages as assessed by a quantitative decrease in HIV-1 antigen p24 concentration (Hughes-Fulford et al., 1992). This study highlighted the unusual broad-spectrum antiviral activity of dmPGA1 against HSV and HIV-1 and its therapeutic potential for in vivo use (Hughes-Fulford et al., 1992).


TABLE 2. Effects of cyclopentenone prostaglandins in viral infections.

[image: Table 2]Depending on the virus, cyPGs utilize various mechanisms and act on different viral cycle events to interfere with virus production. In HIV-1 infection and avian influenza, A virus infection, cyPGs prevent very early virus infection phases such as viral adsorption and penetration into target cells (Rozera et al., 1996; Carta et al., 2014). Even though antiviral action mechanisms differ between various viruses and host cell systems, the inhibition of virus replication by cyPGs is often associated with (1) alteration in viral protein synthesis and (2) alteration in viral glycoprotein glycosylation (Table 2). PGA1 treatment inhibited replication of Mayaro virus (MAYV) (an arbovirus endemic to certain humid forests of tropical South America) by 95% at 24 h post-infection in human epithelial type 2 (Hep-2) cells (Caldas et al., 2018). PGA1 treatment inhibited viral structural protein synthesis by 15%, possibly via heat shock protein70 (HSP70) induction (Caldas et al., 2018).



Cyclopentenone Prostaglandins Alter Viral Protein Synthesis

Inhibition of individual virus replication by cyPGs is marked by dysregulation of viral protein synthesis (Table 2). In influenza, A PR8 virus (a mouse-adapted H1N1 influenza virus causing severe infection in mice)-infected cells, treatment of Δ12-PGJ2 substantially decreased the synthesis of PR8 proteins such as hemagglutinin (HA), nucleoprotein (NP), and membrane protein M1 (Pica et al., 1993). PGA1 could cause a significant delay in the synthesis of late viral polypeptides: HA, membrane protein M1, structural protein M2, and non-structural protein NS2 (Conti et al., 2001). Furthermore, both studies showed that inhibition or delay of viral protein synthesis is accompanied by induction of a 70 kDa host polypeptide identified as HSP70 by immunoblot analysis (Pica et al., 1993; Conti et al., 2001). Because viral protein synthesis is repressed as long as HSP70 is present in the host cell, HSP70 seems to play an essential role in cyPGs antiviral activity.

In VSV infection, Δ12-PGJ2 can affect two distinct stages (an early stage and a late-stage) of the virus replication cycle in epithelial monkey cell lines (Pica et al., 1993). The inhibition of the virus at the initial stage is associated with altered viral protein synthesis. When the cells are treated with 8 mg/ml of Δ12-PGJ2 soon after virus infection, there is a dramatic decrease in VSV protein synthesis. Similar to the effect on influenza A virus replication, inhibition of VSV protein synthesis by Δ12-PGJ2 is also associated with the induction of a 74 kDa polypeptide belonging to the group of heat shock protein HSP70 (Pica et al., 1993). In another study, PGA1 treatment decreased VSV proteins’ production and the amount of respective viral mRNA (Bader and Ankel, 1990). This study found that PGA1 exerts its antiviral activity at the VSV genes’ primary transcription level, which leads to a reduction in viral mRNA synthesis, viral protein synthesis, and, ultimately, viral replication. To further investigate the antiviral activity of cyPGs, another study performed an RNA polymerase assay and reported that cyPGs potently inhibit VSV RNA polymerase (Parker, 1995). This inhibition correlates with the decrease in VSV replication in infected cells, indicating that cyPGs antiviral activity is due to VSV RNA polymerase inhibition.

In addition to VSV, cyPGs also exert a transcriptional block in the replication of herpes simplex virus type 1 (HSV-1) (Amici et al., 2001), HSV-2 (Yamamoto et al., 1987), and HIV-1 (Rozera et al., 1996). In HSV-1 infected human laryngeal carcinoma cells and neuroblastoma cells and HIV-1 infected colonic epithelial cells (caco-2 cells), cyPGs inhibit viral gene expression by suppressing NF-κB activation, independent of the PPAR-γ pathway (Amici et al., 2001; Boisvert et al., 2008). NF-κB is essential for many processes, including viral gene expression and, consequently, replication of viruses that contain NF-κB binding sites in their genomes. In its inactivated cytosolic form, NF-κB is bound to inhibitory IκB proteins such as IκBα. Stimuli like bacterial and viral infections increase the activity of the IKK complex, which phosphorylates IκBα, leading to ubiquitination and degradation of IκBα by proteasomes. Once NF-κB is free from IκBα, it translocates into the cell nucleus, activating the transcription of many genes, including the viral genes of HSV-1 and HIV-1 (Amici et al., 2001; Boisvert et al., 2008). Amici et al. (2001) showed that PGA1 significantly decreases the NF-κB induction in HSV-1 infected cells by inhibiting the IKK complex.

Similarly, another study reported that the administration of PGJ2 reduces IKK activity in HIV-1 infected cells (Boisvert et al., 2008). In both cases, suppression of IKK activity by cyPGs prevents IκBα degradation and NF-κB translocation to the nucleus. As a result, viral gene transcription and protein synthesis were repressed, leading to a significant reduction in virus production. In addition to interfering with NF-κB induction, cyPGs also target another pathway independent of NF-κB to inhibit HIV-1 replication. Kalantari et al. (2009) reported that 15d-PGJ2 represses HIV-1 transcription by inhibiting HIV-1 transactivating protein, Tat. While the host transcriptional factor NF-κB binds to the 5′ long terminal repeat (LTR) of HIV-1 to initiate transcription, viral Tat protein is recruited to an RNA stem-loop structure called transactivation response element (TAR) and is necessary for transcriptional elongation. Tat then recruits transcription elongation factor p-TEFb, which transactivates HIV LTR and allows the RNA polymerase II to continue the transcription with high processivity. 15d-PGJ2 interferes with Tat-dependent transcriptional elongation by covalently modifying the thiol groups of Tat’s cysteine residues (Kalantari et al., 2009). The resulting altered Tat protein is unable to transactivate HIV LTR in U937 human macrophages, inhibiting the transcription and replication of the virus.



Cyclopentenone Prostaglandins Alter Viral Glycoprotein Glycosylation

cyPGs can also inhibit viral replication at the post-translational level by altering the glycosylation of viral glycoproteins. This is seen in the VSV and Sendai virus (Table 2). As mentioned earlier, Δ12-PGJ2 inhibits the VSV replication in the epithelial monkey cell line at two stages of the virus replication cycle. The inhibition at the early stage is due to a block in viral protein synthesis. Administration of Δ12-PGJ2 at a later stage (6–8 h post-infection) also leads to a decrease in virus production even though viral protein synthesis should have been completed by that time (Pica et al., 1993). Δ12-PGJ2 treatment started at a later stage does not affect viral protein synthesis, but it drastically decreases the glucosamine incorporation into the virus glycoprotein G without altering most cellular proteins.

Similarly, PGA1 treatment in AGMK cells infected with the Sendai virus results in inhibition of glycosylation of viral glycoproteins hemagglutinin-neuraminidase (HN) and fusion protein (F), as indicated by the decrease in glucosamine incorporation (Santoro et al., 1987). The synthesis of non-glycosylated viral polypeptides of RNA transcriptase complex, including proteins P, NP, and matrix protein (M), are not affected by PGA1 treatment. Likewise, Δ12-PGJ2 also markedly reduces the incorporation of glucosamine into HN and F viral glycoproteins without inhibiting the synthesis of cellular or viral proteins (Amici et al., 2001). The altered HN glycoprotein cannot insert into the cell membrane, which leads to an inhibition of virus maturation and production.



The Effect of Cyclopentenone Prostaglandins on Viral Transmission

cyPGs can interfere with virus transmission via their antiproliferative activity. When PGA1 and PGJ2 are given to human T-cell leukemia virus type-I (HTLV-1) producing MT-2 cell line, they inhibit the growth of the cells in a dose-dependent manner (D’Onofrio et al., 1992). These cyPGs cause the cells to be arrested at the G1/S interface without detectable cellular toxicity. Another study showed that PGA1 and PGJ2 inhibit the proliferation of myeloid cells (K562 pluripotent stem cells, HL60 promyelocytic cells, and U937 monoblastoid cells) during early infection of HTLV-1, also in a dose-dependent manner (Lacal et al., 1994a,b). Furthermore, out of the three myeloid cell lines used in the study, the effect of growth inhibition is highest in U937 monoblastoid cells, followed by HL60 promyelocytic cells, and then K562 pluripotent stem cells. This suggests that cyPGs have a more significant antiproliferative effect on differentiated cells.

The primary mode of infection of HTLV-1 is cell-to-cell transmission (Yoshida and Seiki, 1987). Furthermore, for retrovirus-like HTLV-1, integration of proviral DNA occurs after the initiation of cellular DNA synthesis in dividing cells (Varmus et al., 1979). Thus, alterations in cell proliferation and cell cycle can affect the permissiveness of recipient cells to HTLV-1. Indeed, in U937 monoblastoid cells co-cultured with virus-donor cells, PGA1 and PGJ2 treatments reduce the transmission of HTLV-1 (Lacal et al., 1994a,b). However, in less differentiated K562 pluripotent stem cells and HL60 promyelocytic cells, infection of recipient cells increased after cyPGs treatment antiproliferative activity is observed in these cells. This suggests that the effect of cyPGs on virus transmission is affected by cell differentiation.



The Effect of Cyclopentenone Prostaglandins on Viral Infection Induced Inflammation

Viral infections such as influenza virus, HIV-1, and respiratory syncytial virus (RSV) are characterized by excessive inflammation with the upregulation of proinflammatory cytokines and chemokines. The amount of these proinflammatory molecules correlates with the severity of illness (Griffin et al., 1994; Wesselingh et al., 1994; Hornsleth et al., 2001; Welliver et al., 2002). Given the anti-inflammatory effects of cyPGs, studies have been done to explore the possibility of utilizing cyPGs as a therapeutic agent for viral infections. In mice infected with lethal influenza infection, administration of 15d-PGJ2 1 day after infection resulted in reduced influenza morbidity and mortality, accompanied by substantially decreased gene expression of proinflammatory cytokines (IL-6 and TNF-α) and chemokines (CCL2, CCL3, CCL4, and CXCL10) via activation of PPAR-γ pathway (Cloutier et al., 2012). Similarly, 15d-PGJ2 and other PPAR-γ agonists (ciglitazone and TGZ) can inhibit the RSV-induced release of cytokines TNF-α, GMCSF, IL-1α, IL-6, and the chemokines CXCL8 (IL-8) and CCL5 (Arnold et al., 2007). Moreover, RSV infection of the human airway epithelial cells causes an increase in expression of intercellular adhesion molecule-1 (ICAM1) on the cell surface, which enhances the adhesion of recruited immune effector cells, contributing to an intense inflammatory response and increased cytotoxicity (Wang et al., 2000; Arnold et al., 2007). Treatment of 15d-PGJ2 and other PPAR-γ agonists results in inhibition of the up-regulation of ICAM1, with the reduced cellular amount of ICAM1 mRNA (Arnold et al., 2007). This leads to a significant reduction in the adhesion of immune cells to RSV-infected cells. Also, the 15d-PGJ2 treatment in RSV-infected cells is associated with reduced activity of NF-κB, a transcription factor essential for inflammatory responses. In HIV-infected intestinal epithelial cells, 15d-PGJ2 also reduces the nuclear translocation of NF-κB and represses HIV-1 transcription by decreasing the activity of IKK (Boisvert et al., 2008). Overall, cyPGs can reduce the exaggerated inflammatory response associated with viral infections and great therapeutic value. PGD2/DP1 axis and 15d-PGJ2 signaling contributes to the regulation of the CNS-specific response to pathogens such as neurotropic coronavirus (CoV) (Vijay et al., 2017) and acute encephalitis (Rosenberger et al., 2004), chronic demyelinating encephalomyelitis causing neurotropic virus called “MHV” (mouse hepatitis virus strain JHM) (Zheng et al., 2020).

Zika virus (ZIKV), one of the most medically relevant viral infections, affects the developing brain during pregnancy, and its connection with congenital malformations/microcephaly is well documented (de Oliveira et al., 2019). Neuroinflammation is one of the critical factors contributing to ZIKV-related microcephaly, inflammatory processes mediated by glial cells (Wen et al., 2017; Huan et al., 2018). PGD2, PGE1, PGE2, and PGI2 have been correlated with neuroinflammation, protecting the CNS, and physiological responses to minimize further damage to neural tissue. Their anti-inflammatory reaction has been demonstrated in neuronal injuries (Shi et al., 2010) and neuroprotection during acute brain injury (Liang et al., 2005; An et al., 2014) 15d-PGJ2 activates PPAR-γ by downregulating microglial activation despite the proinflammatory environment because of the neural damage (Bernardo and Minghetti, 2006).

15d-PGJ2 has demonstrated beneficial effects in the severe diseases arising from bacterial infections of Staphylococcus aureus (Phulwani et al., 2006), Salmonella enterica Typhimurium (Buckner et al., 2013), leading to brain abscess, typhoid fever, gastroenteritis, and protozoan hemoflagellate Trypanosoma brucei infection-causing sleeping sickness in humans (Figarella et al., 2006).



OTHER ALPHA, BETA-UNSATURATED CARBONYL LIPIDS AND CYCLOPENTENONE ISOPROSTANES

There is another category of highly reactive electrophilic molecules, which react and modify both proteins and DNA resulting in toxicity, protein dysfunction (Sayre et al., 2006) or tissue damage and disease progression (Lee and Park, 2013). These are α, β-unsaturated aldehydes such as acrolein (ACR), 4-hydroxy-2-non-enal (4-HNE), and crotonaldehyde (CRA) are the most reactive and toxic α, β-unsaturated aldehydes (Lee and Park, 2013). These induce toxicity because of depletion of cellular GSH and inactivation of antioxidant enzymes (GPx and thioredoxin; TRx) subsequently leading to ROS production, reactive nitrogen species (RNS), and free radicals (Stocker and Keaney, 2004; Lee and Park, 2013). Lipid peroxidation (LPO)-derived α, β-unsaturated aldehydes play an important pathophysiological role in vascular diseases by inducing the production of various atherogenic factors, inflammatory mediators, activation of NF-κB signaling pathway, redox signaling mediators leading to cellular and tissue injury (Lee and Park, 2013).

Isoprostanes (IsoPs) are PG-like compounds that are produced in vivo independently of COX enzymes, primarily by ROS-mediated or free radical-induced peroxidation of arachidonic acid (Stamatakis and Perez-Sala, 2006). IsoPs along with cyPGs are reactive electrophilic eicosanoids that can form covalent adducts with thiol-containing molecules, cysteine residues in proteins through Michael addition (Stamatakis and Perez-Sala, 2006). Oxidation of DHA in the central nervous system, results in the formation of IsoP-like compounds, termed neuroprostanes and are uniquely valuable to understanding the clinical pharmacology of antioxidants (Montuschi et al., 2007). Cyclopentenone IsoPs are formed abundantly in brain tissue under conditions of oxidative stress (glutathione depletion, ROS generation, activation of redox-sensitive signaling pathways) and may contribute to neuronal death causing neurodegeneration and should be addressed when designing neuroprotective therapies (Musiek et al., 2006, 2007; Porta et al., 2013). IsoPs are measured in the plasma, urine, or cerebral spinal fluid (CSF) and their increase has been observed in obese adults (Morrow, 2005; Basu, 2008), ischemia-reperfusion (Sakamoto et al., 2002; Rossi et al., 2004), Alzheimer’s disease (AD) (Montine et al., 1998, 1999a; Pratico et al., 1998, 2000), Huntington’s disease (Montine et al., 1999b), Parkinson’s disease (Fessel et al., 2003; Seet et al., 2010), and amyotrophic lateral sclerosis (ALS) (D’Amico et al., 2013). Few studies have investigated the associations between levels of F2-IsoPs and risk of breast cancer (Rossner et al., 2006), hepatocellular carcinoma (Wu et al., 2008), prostate cancer (Barocas et al., 2011; Brys et al., 2013) gastric cancer (Asombang et al., 2013). IsoPs are increased in patients with genetic disorders such as autism-spectrum disorders (Ming et al., 2005; Gorrindo et al., 2013), Smith–Lemli–Opitz Syndrome (SLOS) (Korade et al., 2013), sickle cell anemia (Akohoue et al., 2007), cystic fibrosis (Collins et al., 1999; Ciabattoni et al., 2000; Montuschi et al., 2000), Rett syndrome (RTT) (De Felice et al., 2009, 2011; Signorini et al., 2011; Durand et al., 2013), and in various inborn errors of metabolism (Mc Guire et al., 2009).



SUMMARY AND FUTURE DIRECTIONS

There is significant evidence that cyPGs (PGA1, PGA2, and PGJ2), and metabolites of PGJ2 (15d-PGJ2 and Δ12- PGJ2) can induce anti-inflammatory and antiviral effects through covalent modification reactions with their α, β-unsaturated carbonyl group. cyPGs can exert anti-inflammatory and antiviral effects in various ways depending on the host cell and pathogen type. Cell type is not the only influencer on the anti-inflammatory effects of cyPGs. The concentration of cyPGs and the length/time of exposure to cyPGs have varying anti-inflammatory and antiviral effects. Based on these factors, cyPGs can show biphasic targeting of inflammation (Garzon et al., 2011). At high doses, 15d-PGJ2 has a dual action of stimulating anti-inflammation and anti-proliferation. Still, it can be toxic and induce both inflammation and cell proliferation at lower doses, and the biphasic pharmacodynamics has to be controlled carefully (Abbasi et al., 2016). Dose-related efficacy and safety of oral DP2 receptor antagonists fevipiprant (QAW039), timapriprant (OC000459), and BI 671800 have been tested in patients with allergic asthma and COPD, and PGD2 has shown anticancer effects in NSCLC (non-small cell lung carcinoma), kidney and lung fibrosis, and gastric cancer (Bateman Guerreros et al., 2017; Jandl and Heinemann, 2017; Pearson et al., 2017; Sandham et al., 2017a,b; Murillo et al., 2018; Brightling et al., 2020). Further research on outcomes based on specific concentrations is warranted. PPAR-γ antagonist (GW9662) and PPAR-γ ligands are new therapeutic targets in sepsis, hemorrhagic shock, and inflammation (Kaplan et al., 2005, 2010; Zingarelli and Cook, 2005; Chima et al., 2011). Synthetic PPAR-γ ligands rosiglitazone (Avandia) and pioglitazone have exhibited anti-inflammatory and antiviral effects in an EcoHIV mouse model that could decrease neurodegeneration. These drugs prove promising in treating HIV-1 associated neurocognitive disorders (Omeragic et al., 2020). This knowledge could significantly impact how viruses and inflammation can be treated.

The outcome of the 15d-PGJ2 treatment depends upon its exogenously administered dose as it stimulates anti-inflammation and anti-proliferation at high doses while can have toxic effects at a lower dose (Abbasi et al., 2016). Many strategies have been developed to deal with the biphasic pharmacodynamics of 15d-PGJ2 and one of them is using a nanoemulsion (NE) composed of triolein/distearoyl phosphatidylcholine/Tween 80 at a high encapsulation ratio (>83%) allowing slow-release kinetics (Abbasi et al., 2016). NE retained a high proportion of 15d-PGJ2 and directly delivered it to the cytosol, where proapoptotic targets are located, and could bypass cell membrane-associated targets involved in cell proliferation (Abbasi et al., 2016). NE could deliver 15d-PGJ2 to its desired site of action, excluding undesired sites, on a subcellular level (Abbasi et al., 2016) and could be used as one of the strategies for treatment. Since the use of solid lipid nanoparticles (SLN) can improve therapeutic properties by increasing drug efficiency and availability, 15d-PGJ2-SLN was developed and tested for its immunomodulatory potential. The 15d-PGJ2-SLN formulation showed good colloidal parameters, encapsulation efficiency (96%), and stability (up to 120 days) with low hemolytic effects as compared to unloaded SLN in in vivo experiments. The 15d-PGJ2-SLN formulation using low concentrations reduced neutrophil migration in three inflammation models tested. 15d-PGJ2-SLN increased IL-10 levels and reduced IL-1β as well as IL-17 in peritoneal fluid thus highlighting the perspectives of a potent anti-inflammatory system (de Melo et al., 2016). cyPGs have a wide spectrum of intracellular targets ranging from nuclear factors to mitochondria. Introduction of cyclopentenone moiety into molecules (jasmonates and chalcones) boosts their anticancer potential (Conti, 2006). Despite advancements made in the pharmacodynamics of cyPGs, a significant effort is needed to explore their unique therapeutic properties and tailor them to be used as leading anti-inflammatory, anticancer, and antiviral drugs.
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ABBREVIATIONS

 AD, Alzheimer’s disease; AP-1, activating protein-1; ALS, amyotrophic lateral sclerosis; AGMK, African green monkey kidney; COX, cyclooxygenase; CCR, chemokine receptors; CTL, cytotoxic T lymphocytes; CREB, cyclic AMP-responsive element-binding; cyPGs, cyclopentenone PGs; COPD, chronic obstructive pulmonary disease; DCs, dendritic cells; DGLA, dihomo g-linolenic acid; EAE, experimental allergic encephalomyelitis; EBV, Epstein–Barr virus; ERK, extracellular signal-regulated kinases; EMT, epithelial to mesenchymal transition; FRK, c-Fos -regulating kinases; GMCSF, granulocyte-macrophage colony-stimulating factor; GR, glutathione reductase; GPx, glutathione peroxidase 1; GCS, c-glutamylcysteine synthetase; HCMV, human cytomegalovirus; HDACs, histone deacetylases; HO-1, heme oxygenase-1; HSV, herpes simplex virus; Hep-2, human epithelial type 2; HSP70, heat shock protein70; HTLV-1, human T-cell leukemia virus type-I; hTERT, human telomerase reverse transcriptase; ICAM-1, intercellular adhesion molecule 1; IBD, inflammatory bowel disease; IsoPs, isoprostanes; IKK, I κ B kinase; JAK, Janus kinase; Keap1, Kelch-like ECH-associated protein 1; KSHV, Kaposi’s sarcoma herpesvirus; LBD, ligand-binding domain; mTOR, mammalian target of rapamycin; MMP-9, matrix metalloproteinase; Nrf2, NF-E2-related nuclear factor erythroid-2; NSCLC, non-small cell lung carcinoma; NE, nanoemulsion; NGS, next-generation sequencing; NLS, nuclear localization sequence; NSAIDs, non-steroidal anti-inflammatory drugs; NQO1, NAD(P)H dehydrogenase quinone 1; PAI-1, plasminogen activator inhibitor-1; PD-1, programmed cell death protein-1; PDL-1, programmed cell death ligand-1; PG, prostaglandin; PUFA, polyunsaturated fatty acid; 15-PGDH, 15 − hydroxyprostaglandin dehydrogenase; PLA2, phospholipase A2; PPAR- γ, peroxisome proliferator-activated receptor-gamma; ROS, reactive oxygen species; RTT, Rett syndrome; SOCS, suppressor of cytokine signaling; SLN, solid lipid nanoparticles; SOD, superoxide dismutase; SLOS, Smith–Lemli–Opitz syndrome; TAR, transactivation response element; TGF- β, transforming growth factor- β; TGZ, troglitazone; TXA2, thromboxane A2; uPA, urokinase plasminogen activator; VEGF, vascular endothelial growth factor; VSV, vesicular stomatitis virus; VZV, varicella zoster virus.
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In this review, we discuss spatiotemporal kinetics and inflammatory signatures of innate immune cells specifically found in response to SARS-CoV-2 compared to influenza virus infection. Importantly, we cover the current understanding on the mechanisms by which SARS-CoV-2 may fail to engage a coordinated type I response and instead may lead to exaggerated inflammation and death. This knowledge is central for the understanding of available data on specialized pro-resolving lipid mediators in severe SARS-CoV-2 infection pointing toward inhibited E-series resolvin synthesis in severe cases. By investigating a publicly available RNA-seq database of bronchoalveolar lavage cells from patients affected by COVID-19, we moreover offer insights into the regulation of key enzymes involved in lipid mediator synthesis, critically complementing the current knowledge about the mediator lipidome in severely affected patients. This review finally discusses different potential approaches to sustain the synthesis of 3-PUFA-derived pro-resolving lipid mediators, including resolvins and lipoxins, which may critically aid in the prevention of acute lung injury and death from COVID-19.
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INTRODUCTION: GENERAL CONCEPTS OF SARS-CoV-2 INFECTION AND ASSOCIATED INFLAMMATION

COVID-19, the infectious disease caused by the novel coronavirus SARS-CoV-2, currently represents a worldwide medical, economic, social, and political challenge (Mahase, 2020). SARS-CoV-2 was discovered in Wuhan, China, in December 2019 and has rapidly spread all over the world. In January 2020, the World Health Organization has declared a “Public Health Event of International Concern” and since March 11, 2020, COVID-19 has been characterized as a worldwide pandemic. Overall mortality rates are highly variable and range from 0.5 to 7%, very much depending on the stringency of testing in a given region, age, comorbidities of the patient, and access to medical treatment. When focusing on hospitalized patients, 20–40% were admitted to the intensive care unit (ICU) due to severe lung pathology needing ventilatory assists. Of these, >50% required invasive mechanical ventilation (Karagiannidis et al., 2021) and 15–22% of these patients were reported to die in hospital, highlighting the potential threat to public health (Huang et al., 2020).

As of March 2021, the number of global deaths due to COVID-19 exceeds already 2,700,000 people (Johns Hopkins Coronavirus Resource Center, 2021). In the 2002–2003 SARS-CoV-1 outbreak, the clinical course was characterized by fever, cough, myalgia, and other systemic symptoms that generally improved after a few days, followed by a second phase with recurrence of fever and severe pneumonia, associated with a high case fatality rate of 11% (Peiris et al., 2003; Hui et al., 2005). SARS-CoV-1 and SARS-CoV-2 are phylogenetically closely related and cause a similar biphasic clinical course, but they are phylogenetically closely related (Walls et al., 2020). From a structural point of view, both coronaviridae share high homology for their transmembrane spike (S) glycoprotein, a viral surface protein crucial for entry into host cells and for initiation of immune response (Jaimes et al., 2020; Monteil et al., 2020; Walls et al., 2020). Specifically, both SARS-CoV interact directly with angiotensin-converting enzyme 2 (ACE2) via the S protein to enter alveolar cells and are believed to induce acute respiratory distress syndrome (ARDS) through ACE2 downregulation and shedding (Imai et al., 2005, 2008; Kuba et al., 2005, 2006; Blanco-Melo et al., 2020; Fu et al., 2020). Intrapulmonary loss of ACE2 leads to accumulation of angiotensin II, which appears to play a central role in the release of inflammatory cytokines, resulting in the activation of the IL-6 amplifier, which describes stimulation of the NF-κB and the JAK-STAT3 pathways resulting in inflammatory cytokine formation (Imai et al., 2005, 2008; Kuba et al., 2005, 2006; Blanco-Melo et al., 2020; Fu et al., 2020; Moore and June, 2020).

SARS-CoV-2 patients suffering from a complicated course of infection either fail to exert a robust, interferon (IFN)-mediated anti-viral response in the early phase of infection and present with an overwhelming immune activation termed as “cytokine storm” (Blanco-Melo et al., 2020; Fu et al., 2020). The latter is defined by increased levels of circulating cytokines accompanied by systemic and pulmonary immune cell activation in a similar setting as described in subjects suffering from ARDS or sepsis (Wilson et al., 2020). Importantly, patients with severe COVID-19 show loss-of-function variants in Toll-like receptor (TLR)- and IFN-dependent genes, or neutralizing antibodies to type I IFN (α and ω; Bastard et al., 2020; Zhang et al., 2020a). In addition, there are marked variance and temporal changes in the IFN gene signature during the course of COVID-19, possibly driving immunopathology (Nienhold et al., 2020).

Since its appearance in late 2019, COVID-19 has been repeatedly compared to other viral infections and among others mainly to influenza. From an epidemiological perspective, it seems reasonable to compare seasonal flu with COVID-19, given that they are respiratory diseases with similar modes of transmission. However, patients affected by COVID-19 exert strikingly different predisposing comorbidities and a more severe clinical course with higher morbidity and mortality rates as compared to seasonal influenza (Piroth et al., 2021). Patients affected by COVID-19 are more frequently obese or overweight, and show higher incidences of diabetes, hypertension, and dyslipidemia compared to patients with severe influenza (Piroth et al., 2021). The most obvious reason for the marked differences observed in epidemiology and fatality rates relies on the fact that SARS-CoV-2 engages immunological and thrombo-inflammatory circuits (Bösmüller et al., 2021) that differ from the well-known IFN-based response to influenza virus. Therefore, this review will initially focus on innate immunity in influenza and in SARS-CoV-2 infection comparing the respective host immune signatures, and subsequently depict recent findings on the mediator lipidome in COVID-19.



INNATE IMMUNITY IN INFLUENZA VIRUS INFECTION

Despite both bearing the potential of causing a severe infection of the lung, influenza and SARS-CoV-2 elicit several pathways of innate immunity that differ in many aspects. The main immunological differences between the “classical” immune response to influenza virus and the aberrant, “SIRS-like” response to SARS-CoV-2 important for this review will be outlined as follows:

Immunological responses to influenza are mainly driven by coordinated type I and III IFN release following TLR3, TLR7, and TLR8 activation. Besides TLR3 and TLR7/8, RIG-I-like receptors as well as nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs) are known to initiate the immune response to influenza virus. Whereas endosomal TLR3 detects double-stranded RNA (dsRNA), TLR7 and TLR8 sense single-stranded RNA (ssRNA); RIG-I specifically recognizes 5'-triphosphate RNA; and NLRs may directly recognize viral products, leading to the formation of inflammasomes (Biondo et al., 2019). RIG-I and NLRs have been comprehensively reviewed elsewhere (Root-Bernstein, 2021) and will not be covered in more detail here.

TLR3 differs from other TLRs in using TRIF (TIR domain-containing adaptor protein-inducing IFN-β) as signal adaptor, leading to synthesis of type I IFN mainly through the activation of NF-κB and IRF3 (Kawai and Akira, 2010; Ullah et al., 2016). In addition, dsRNA released from damaged cells may also activate TLR3 in resident or recruited macrophages in the lungs, which actively phagocytose dying and apoptotic cells (Schulz et al., 2005; Gosu et al., 2019). TLR3 appears to play an important role in influenza A virus (or seasonal influenza, H1N1)-induced innate host defense: Mice deficient in TLR3 had an unexpected survival advantage in the H1N1 infection model, despite a higher viral load in the lungs (Le Goffic et al., 2006). Mechanistically, TLR3-induced secretion of type I IFNs promotes the expression of the so-called IFN-stimulated genes (ISGs) within infected cells, including the serine–threonine kinase protein kinase R, IFITM3, and the myxovirus resistance protein 1 (MX1; Iwasaki and Pillai, 2014; Schoggins, 2014). ISGs inhibit viral entry into the cytosol as well as virus replication in the different cellular compartments of the lung. Moreover, type I IFNs potently activate natural killer (NK) cells, which kill virus-infected cells. Besides NK cells, also neutrophils play an important role in response to acute H1N1 infection.

The contribution of neutrophils to the pathology conferred by influenza is exemplified by the 1918 pandemic virus, which induces a massive neutrophil recruitment to the lungs (Kobasa et al., 2004). Neutrophils may be protective at low virus titers by ingesting apoptotic cells, whereas they may further destroy the lung parenchyma when recruited at high numbers. Specifically, the release of reactive oxygen species and neutrophil extracellular traps may aid in the development of ARDS (Tate et al., 2009; Narasaraju et al., 2011).

Finally, alveolar macrophages appear to play a pivotal role in the host defense against influenza. Alveolar macrophages, together with epithelial and dendritic cells, were found to produce anti-viral type I IFNs, but also several proinflammatory cytokines and chemokines capable of attracting neutrophils and monocytes (De Jong et al., 2006; Jayasekera et al., 2006; Narasaraju et al., 2011). Recruited monocytes differentiate into inflammatory macrophages, which greatly amplify cytokine production. Both macrophages and neutrophils can ingest H1N1-infected cells, particularly when they are damaged or apoptotic, thereby promoting viral clearance and elimination of cell debris (Tumpey et al., 2005; Watanabe et al., 2005).



INNATE IMMUNITY IN SARS-CoV-2 INFECTION

In contrast to influenza virus, SARS-CoV-2 was found to activate TLR4 (Figure 1) and TLR4-related pathways through binding of its spike protein in human and murine macrophages, resulting in IL-6-mediated hyperinflammation (Shirato and Kizaki, 2021). TLR4 activation by SARS-CoV-2 spike subunit S1 can be suppressed by selective inhibitors of NF-κB and JNK pathways (Shirato and Kizaki, 2021). Interestingly, in silico studies had predicted TLR4 to recognize molecular patterns of SARS-CoV-2 (Choudhury and Mukherjee, 2020). Direct activation of the TLR4 may switch the anti-viral response of a cell from a response otherwise dominated by type I IFNs to the release of mainly pro-inflammatory mediators, explaining at least in part the hyperinflammation associated with severe COVID-19. In addition, type I IFN response may further be blunted by changes in the Fc component of SARS-CoV-2-directed antibodies, as a recent study suggested (Combes et al., 2021). During the course of a disease, the characteristics of newly produced antibodies may fine-tune the immune response. One aspect of these changes is an alteration in the antibody Fc component that determines which Fc receptors will be engaged (Gentili and Hacohen, 2021). In this regard, engagement with the Fc receptors CD64, CD16, and CD32 can determine how the immune system combats viral infections. Using immune cells from healthy donors exposed to IFN-α and plasma from patients with severe COVID-19, Combes et al. individually blocked CD64, CD16, and CD32 Fc receptors and found that CD32 blockade enabled the expression of IFN-regulated genes (Combes et al., 2021; Gentili and Hacohen, 2021). Importantly, the CD32 Fc receptor exists in the two forms, CD32A and CD32B, respectively. CD32A engagement activates the immune system, whereas CD32B dampens immune responses (Gentili and Hacohen, 2021). Combes and colleagues showed that the inhibition of IFN-regulated genes, including IFITM3 and MX1, in severe COVID-19 cases was due to CD32B engagement. These data indicate that patients with severe COVID-19 may develop antibodies that interact with CD32B Fc receptors and thereby blunt IFN-mediated host defense (Combes et al., 2021). Accordingly, a subset of ISG-expressing monocytes and neutrophils was identified only in blood samples of patients with moderate disease and was almost absent in patients with severe COVID-19 (Combes et al., 2021).
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FIGURE 1. Innate immunity in influenza and SARS-CoV-2 infection. The graph summarizes the current knowledge on innate immunity responses in influenza virus and in SARS-CoV-2 infection of the lung. *refers to anti-SARS-Cov-2 antibodies engaging with CD32B Fc receptors (Combes et al., 2021).


Corroborating a failure in IFN response in severe COVID-19 cases, Casanova and coworkers recently identified patients with severe COVID-19 that bear mutations in genes involved in the regulation of type I and III IFN immunity. Specifically, loss-of-function mutations were found in genes that govern TLR3- and IFN regulatory factor 7 (IRF7)-dependent type I IFN immunity to influenza virus (Zhang et al., 2020a). In addition, another study by this laboratory identified individuals with high titers of neutralizing autoantibodies against type I IFN-α2 and IFN-ω in about 10% of patients with severe COVID-19 pneumonia (Bastard et al., 2020). These autoantibodies were found neither in infected people who were asymptomatic nor in those with mild infection or in healthy individuals (Bastard et al., 2020).

Further evidence for a dysregulated type I IFN response in severe SARS-CoV-2 infection comes from studies in patients previously infected with phylogenetically closely related SARS-CoV-1 and MERS-CoV, where blunted IFN response was associated with severe pathology and disease (Cameron et al., 2007; Channappanavar et al., 2016; Kindler et al., 2016). Overall, patients with severe COVID-19 infection may present with typical features of macrophage activation syndrome which is partly resulting from overwhelming IFNγ formation (Webb et al., 2020) as reflected by higher levels of the IFNγ-inducible macrophage-derived biomarker neopterin in subjects with severe COVID-19 (Bellmann-Weiler et al., 2021).



COMPARISON OF INNATE IMMUNITY IN INFLUENZA AND SARS-CoV-2 INFECTION

Altogether, mild-to-moderate SARS-CoV-2 infections appear to resolve at least in part due to an adequate anti-viral IFN-mediated response. In contrast, severe cases of COVID-19 not only fail to build up a robust type I IFN response in the initial phase but also show an uncontrolled hyperinflammatory response in the subsequent course of infection leading to multi-organ damage and death. Some reports moreover suggest that in severe COVID-19 patients, uncoordinated IFN response may further amplify TNF/IL-1β-centered hyperinflammatory signatures (Lee et al., 2020). This is per se not contradictory to the total absence of IFNs in patients born with loss-of-function mutations in type I IFN pathways. In the latter setting, patients will experience a delayed clearance of virus together with an exaggerated immune response further amplified by IFNs. On the other hand, in patients with inborn errors in IFN-related genes unrestrained viral replication will end up in an overwhelming infection leading to an exaggerated myeloid cell activation. The initial failure to mount an efficient anti-viral immune response is also supported by the finding of low lymphocyte and specifically CD4+ counts to be associated with higher cytokine levels and a more severe course of the infection (Zhang et al., 2020b).

Again emphasizing the difference between influenza and COVID-19, a recent report shows that in circulating leukocytes of COVID-19 patients, ISGs are expressed at a higher level than in healthy subjects but are more muted than seen with seasonal coronaviruses and much lower than seen in influenza infection (McClain et al., 2020). Shedding light on the impact of dysregulated immune responses on the recruitment of innate immune cells, Blanco-Melo et al. showed that COVID-19 patients exhibit elevated serum levels of pro-inflammatory cytokines: Increased levels of CXCL9 and CXCL16 may serve to attract NK cells, CCL8 and CCL2 to recruit monocytes and macrophages, and CXCL8 to recruit neutrophils (Blanco-Melo et al., 2020). Interestingly, using a comprehensive single-cell RNA sequencing approach, Blish and coworkers showed that during COVID-19 infection, several innate immune cell subsets are depleted, including γδ T cells, plasmacytoid dendritic cells (pDCs), and NK cells (Wilk et al., 2020). Loss of pDCs and NK cells may hamper viral elimination first by absent IFN I signal amplification via IRF7 (Zhang et al., 2020a) and second by reduced elimination of virus-infected cells. Moreover, the authors showed a significant loss of anti-inflammatory CD16+ non-classical monocytes which are recognized as the first line of defense in recognition and clearance of pathogens (Narasimhan et al., 2019; Winkler et al., 2021).

Finally, a novel cell population annotated as “developing neutrophils” was significantly increased only in COVID-19 patients with ARDS, which seems to represent emergency granulopoiesis (Yvan-Charvet and Ng, 2019; Wilk et al., 2020). Single-cell RNA sequencing of immune cells retrieved from bronchoalveolar lavage fluid (BALF) indicated loss of alveolar macrophages in severe cases accompanied by recruitment of inflammatory monocytes and neutrophils, resulting in a highly proinflammatory microenvironment in the lung (Liao et al., 2020). Corroborating the results by Blish and coworkers (Wilk et al., 2020), the latter study described reduced pDCs and NK cell numbers also in BALF of severe COVID-19 cases, inferring a systemic depletion of these leukocyte subsets rather than intrapulmonary exhaustion (Liao et al., 2020). Similar to what was described in humans with severe COVID-19, macrophages were found to drive inflammation within the lungs also in African green monkeys subjected to SARS-CoV-2 infection. Monocyte-derived newly recruited rather than resident alveolar macrophages were found to clear infected cells and debris, aiding in the resolution of infection (Speranza et al., 2021). Loss of alveolar macrophages during SARS-CoV-2 infection was present also in K18-hACE2-transgenic mice, with intrapulmonary neutrophil and Ly6C+ monocyte [the murine equivalent to CD14+CD16− classical monocytes in men (Ziegler-Heitbrock et al., 2010)] numbers increasing over 7 days post-infection (Winkler et al., 2020; The main mechanisms of inflammation in influenza as opposed to SARS-CoV-2 infection are summarized in Figure 1).



BIOACTIVE LIPID MEDIATORS IN VIRUS INFECTION, FROM INFLUENZA VIRUS TO SARS-CoV-2

With respect to alveolar inflammation, bioactive lipids are of highest significance. This is exemplified by the fact that eicosanoid metabolism has taken center stage as druggable axis in asthmatic disease. Activation of immune cells of myeloid and monocytic origin results in the release of arachidonic acid (AA) mediated by phospholipases (Demetz et al., 2014). Subsequent metabolism of AA with 5-lipoxygenase (5-LOX) as central enzyme results in the formation of leukotrienes, such as leukotriene B4 (LTB4) or the cysteinyl-leukotrienes as, for example, leukotriene D4 (Haeggström, 2018). Leukotrienes act via the BLT and cysteinyl leukotrienes (CysLT) receptors. LTB4 is a pivotal chemotactic agent for neutrophils in the initial phase of inflammation, which under physiological conditions is followed by a temporal switch in lipid mediators finally leading to resolution and tissue homeostasis (Spite et al., 2014). While maximal levels of LTB4 are reached as neutrophils infiltrate the infected lung, other eicosanoids, including the prostaglandins PGE2 and PGD2, lead to a lipid mediator class switch (Levy et al., 2001). This class switch initiates translational regulation of the enzymes required for the production of pro-resolving lipid mediators, including lipoxin A4 (LXA4; Spite et al., 2014) and inhibition of platelets (Braune et al., 2020). LXA4 serves as endogenous regulator of neutrophil trafficking, and its production is associated with cessation of neutrophil infiltration during the inflammatory response (Levy et al., 2001). The resolution phase of inflammation is characterized by the recruitment of monocytes to the injured tissue which then differentiate into macrophages and actively clear apoptotic cells (Spite et al., 2014). Besides LXA4, further so-called specialized pro-resolving lipid mediators (SPMs) are synthetized during this phase of inflammation, including resolvins, protectins, and maresins. SPMs blunt neutrophil infiltration, decrease pro-inflammatory mediator production, and stimulate macrophage-dependent uptake of apoptotic leukocytes as well of cell debris (Levy et al., 2001; Spite et al., 2014). Failure of such a tightly orchestrated resolution will end up in chronic inflammation and tissue damage.

Inflammatory stimuli of the lung may moreover lead to the production of CysLT, such as LTD4 mainly causing smooth muscle cell contraction in the respiratory tract (Gentile et al., 2003; Haeggström, 2018). This finding has led to the development of the CysLT 1 receptor antagonists (e.g., montelukast) as well as the 5-LOX inhibitor zileuton, highly useful drugs in the management of asthmatic disease (Wenzel and Kamada, 1996; Hon et al., 2014; Theron et al., 2014; Dahlin et al., 2016). A combination therapy has recently also been suggested for the use in patients infected with SARS-CoV-2 (Funk and Ardakani, 2020). Finally, eicosanoid metabolism is well known to play an important role in platelet activation which may be an additional link to the observed frequent thrombotic complications during SARS-CoV-2 infection (Gupta et al., 2020; Bösmüller et al., 2021). In turn, lipid and in particular eicosanoid metabolism deserve increased attention, as possible druggable pathways in SARS-CoV-2. For additional information, please refer to a recent overview of eicosanoid metabolism in SARS-CoV-2 (Hoxha, 2020).

Upon viral infection of the lung, SPMs appear to be involved in immunopathology, which include docosahexaenoic acid (DHA)-derived protectins and D-series resolvins (RvD1-RvD6), and the eicosapentaenoic acid (EPA)-derived E-series resolvins (Serhan et al., 2002, 2006, 2015; Duffield et al., 2006; Schwab et al., 2007; Serhan, 2007; Serhan and Petasis, 2011; Arita, 2012; Isobe et al., 2012; Imai, 2015; Libreros et al., 2021). In a systems biology approach, Imai and colleagues identified protectin D1 (PD1) to protect from lethal H5N1 influenza infection in mice by impairing virus replication via the RNA export machinery (Morita et al., 2013). Interestingly, by comparing PR8/H1N1 with the low-pathogenicity influenza strain X31/H3N2, Tam et al. showed that 5-LOX metabolites correlated with the pathogenic phase of infection, whereas 12/15-LOX metabolites were associated with the resolution phase (Tam et al., 2013).

In her review Role of omega-3 PUFA-derived mediators, the protectins, in influenza virus infection, Yumiko Imai concluded that despite their main limitation of a short half-life, omega-3-derived PUFA, including PD1 and stable analogs, may represent an attractive strategy to treat influenza infection (Imai, 2015).

Besides being implicated in the synthesis of lipoxins, 5-LOX main action lies in the production of omega-6 PUFA-derived leukotrienes and prostaglandins upon infection, driving leukocyte recruitment and activation, vasodilation, bronchoconstriction, and vasopermeability, as outlined above. Thus, increasing omega-3 PUFA and decreasing omega-6 PUFA levels may represent a possible mean to skew the immune response toward resolution of inflammation, which led to the conception of the COVID-Omega-F Trial with the aim of resolving the cytokine storm in COVID-19 patients by supplementation of hospitalized patients with high-dose omega-3 PUFA i.v. over 5 days (Arnardottir et al., 2021), ClinicalTrials.gov Identifier: NCT04647604, estimated study termination date April 30, 2021. However, the situation seems more complex than a simplified omega-3/omega-6 classification would reflect. For example, while prostaglandin E2 is frequently regarded as pro-inflammatory mediator, several recent studies have underlined its anti-inflammatory and tissue regenerative functions (FitzGerald, 2015; Duffin et al., 2016). Along these lines, a recent phase II trial by Haeberle et al. is testing the synthetic prostacyclin (PGI2) analog iloprost for the treatment of ARDS (Haeberle et al., 2020). Moreover, just recently, the omega-6 PUFA adrenic acid and its derivatives have been shown to exert anti-inflammatory properties (Brouwers et al., 2020). Additionally, linolenic acid has been reported as potential substrate for 15-LOX, producing trihydroxyoctadecenoic acids in eosinophils with potential anti-inflammatory/pro-resolving functions (Fuchs et al., 2020). Overall, cell-specific as well as spatiotemporal effects will ultimately sketch a detailed picture of SARS-CoV-2-related changes in lipid mediator biosynthesis; up to now, only a limited number of studies have addressed such changes, as outlined below.

Due to the striking differences in the response of the innate immune system, lipidomics data derived from lethal influenza infection may not directly be applicable to a severe infection with SARS-CoV-2. However, lipid mediators, including PD1, RvDs, and RvEs, exert strong anti-inflammatory activity. In this regard, supplementation with omega-3 PUFA showed controversial results in patients affected by ARDS. While IV emulsions with DHA and EPA were shown to be protective (Pontes-Arruda and Hirasawa, 2011), dietary supplementation with fishoil or with n-3 fatty acids, γ-linolenic acid, and antioxidants did not show a clear benefit in ARDS (Rice et al., 2011; Stapleton et al., 2011). On the other hand, independent meta-analyses indicated that supplementation with omega-3 PUFA in patients with ARDS would associate with improvements in the PaO2/FiO2 ratio, with a shorter ICU stay, a shorter duration of mechanical ventilation, and a trend toward reduced mortality (Dushianthan et al., 2019; Langlois et al., 2019; Arnardottir et al., 2021).

Up to date, little is known about changes in the mediator lipidome during acute SARS-CoV-2 infection. There is however one comprehensive analysis showing that serum from patients with a moderate and severe COVID-19 course displays specific differences in abundance of immune regulatory and pro-inflammatory lipid mediators (Schwarz et al., 2021). The authors show that moderate versus severe infections were characterized by unique lipidomic profiles. Of particular interest was the observation that specific pro-resolving mediators, including RvE3 and RvD4, were increased in serum from patients with moderate COVID-19 compared to subjects with severe disease. Moderate disease furthermore was associated with increased levels of PGs, particularly PGE2. In contrast, severe COVID-19 was associated with a trend to increased serum levels of D-series resolvins RvD1-3 and LXA4 (Schwarz et al., 2021). Bioactive lipid mediators are generated by sequential activity of different enzymes, namely, 5-LOX, 12-LOX, 15-LOX, COX, and cytochrome p450 (Cyp450). Grouping according to different enzymatic pathways showed that moderate disease was characterized by higher levels of lipid mediators that require COX and 12-LOX activity, whereas severe disease was characterized by lipid mediators that require activity of 5-LOX and Cyp450 (Schwarz et al., 2021). By mining a published single-cell RNA sequencing dataset in PBMCs from severe COVID-19 patients, the authors found increased ALOX5 expression in CD14+ and CD16+ monocytes and in neutrophils reflecting emergency granulopoiesis (Schwarz et al., 2021).

In a similar approach, our group interrogated a published single-cell RNA sequencing dataset from BALF in patients affected by COVID-19 (Liao et al., 2020) and found ALOX5 to be downregulated in BALF macrophages and DCs from patients affected by severe COVID-19, compared to healthy individuals and to patients with moderate COVID-19. Vice versa, ALOX5 expression was increased in BALF neutrophils in severe disease, although at an overall low expression level (Figure 2). 5-LOX requires a set of stimulatory factors for full activity and is supported by accessory proteins, including 5-LOX-activating protein (FLAP; ALOX5AP; Haeggström, 2018). Importantly, we found a decrease in ALOX5AP expression levels in macrophages and DCs in BALF from severe COVID-19 patients, whereas RNA expression of this central activating protein tended to be increased in neutrophils of patients affected by severe disease (Figure 3). Finally, the expression of a LOX involved in the synthesis of pro-resolving lipid mediators, namely, ALOX15, was found highest in lung epithelia of patients affected by moderate COVID-19, potentially conferring an anti-inflammatory role to this cellular lung compartment upon SARS-CoV-2 infection (Figure 4). These data indicate differences in expression and potentially activity of 5-LOX between pulmonary macrophages and circulating monocytes in patients with severe COVID-19. Moreover, the differences in expression of ALOX5 and ALOX5AP in cells of myeloid origin found in the lungs of patients with moderate and severe disease may contribute to the specific differences in abundance and immune-modulatory functions of resolvins and lipoxins (Schwarz et al., 2021; An overview on the main lipid metabolome changes in influenza and SARS-CoV-2 infection is given in Figure 5).
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FIGURE 2. ALOX5 expression in bronchoalveolar lavage fluid (BALF) cells from patients affected by COVID-19. Violin plots depicting ALOX5 expression levels within specific cellular populations in BALF cells from healthy (blue, n = 4), moderate (gray, n = 3), or severe (red, n = 6) COVID-19 patients. RNA sequencing data are publicly available (Liao et al., 2020). ns = non-significant, ***p < 0.001.
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FIGURE 3. ALOX5AP expression in BALF cells from patients affected by COVID-19. Violin plots depicting ALOX5AP expression levels within specific cellular populations in BALF cells from healthy (blue, n = 4), moderate (gray, n = 3), or severe (red, n = 6) COVID-19 patients. RNA sequencing data are publicly available (Liao et al., 2020). ns = non-significant, **p < 0.01, ***p < 0.001.
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FIGURE 4. ALOX15 expression in BALF cells from patients affected by COVID-19. Violin plots depicting ALOX15 expression levels within specific cellular populations in BALF cells from healthy (blue, n = 4), moderate (gray, n = 3), or severe (red, n = 6) COVID-19 patients. RNA sequencing data are publicly available (Liao et al., 2020). ns = non-significant.
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FIGURE 5. The mediator lipidome in influenza and SARS-CoV-2 infection. (A) The graph summarizes common 6-PUFA- and 3-PUFA-derived bioactive and pro-resolving lipid mediators (AA, arachidonic acid; DHA, docosahexaenoic acid; and EPA, eicosapentaenoic acid). While severe influenza infection showed inhibition of protectin D1 (PD1) synthesis, severe SARS-CoV-2 infection was associated with a significant reduction in E-series resolvin 3 (RvE3). (B) Lipid mediator grouping according to synthetic pathways. (C) Transcriptional regulation of key enzymes involved in lipid mediator synthesis in PBMCs and BALF cells from patients affected by COVID-19.


Interestingly, LXA4 and isomers of the D-series resolvin RvD6 were previously found to reduce the expression of ACE2 and to counteract the binding of the receptor-binding domain of SARS-CoV-2 spike protein to injured tissue (Pham et al., 2020). The SARS-CoV-2 spike protein S1 subunit was moreover found to induce RvD1 in macrophages from patients affected by cystic fibrosis (CF). Importantly, RvD1 and RvD2 counteracted the inflammatory response to SARS-CoV-2 spike protein in both CF and non-CF macrophages, while potentiating their host defensive, phagocytic functions (Recchiuti et al., 2021).

From a clinical perspective, it will be important to develop biomarkers allowing to predict the course of a COVID-19 infection, to stratify patients for specific treatments and deduce novel potential targets to prevent a severe course of infection. Given the fact that LOX and FLAP proteins have been identified as key players in SARS-CoV-2 infections, several possibilities arise. With respect to disease and patient stratification biomarkers, LOX pathway markers, such as 5-HETE, 15-HETE, and other mono-hydroxylated PUFA derivatives, should be considered as possible diagnostic tools to predict the subsequent course of the infection and to induce specific targeted therapies. With regard to therapeutic interventions, omega-3 PUFA as investigated in the COVID-Omega-F Trial may represent an attractive approach to counteract pathologic inflammation thereby preventing lung dysfunction and need for mechanical ventilation. This view has just recently been backed up by Darwesh et al. proposing omega-3 PUFA as adjuvant therapy (Darwesh et al., 2021). Additionally, several drugs, such as for example montelukast or zileuton, have been designed to target leukotrienes in inflammatory lung diseases. As outlined by Funk and Ardakani (2020), a dual-treatment paradigm targeting leukotrienes as the final pro-inflammatory mediators of the 5-LOX pathway might pose a scientifically sound approach, which to our knowledge has however been neglected so far. Unfortunately, this counts for the entire eicosanoid pathway as recently outlined by Hammock et al. (2020), even though it bears a central role in pro- and anti-inflammatory responses triggered by infectious agents (Dennis and Norris, 2015). In fact, the eicosanoid pathway presents several interesting targets for the treatment of COVID-19. In addition to the targets suggested by Funk and Ardakani, COX, microsomal prostaglandin E2 synthase-1 (mPGES-1; Bergqvist et al., 2020) as well as soluble epoxide hydrolase inhibitors (Hammock et al., 2020) present interesting novel avenues for the treatment of COVID-19. Particularly, the latter might ideally be combined with omega-3 PUFA substitution, boosting the production of epoxyeicosanoids exerting anti-inflammatory as well as tissue regenerative functions (Morisseau and Hammock, 2013).

Besides the extensive research on SARS-CoV-2 and the gained knowledge, there are still points that require further investigation to complete the picture of SARS-CoV-2 infection, COVID-19 disease progression and resolution. Increasing the knowledge about the complex interplay between lipid mediators, the immune system and SARS-CoV-2 infection will yield novel insights into underlying pathomechanisms and will provide the basis for novel therapeutic strategies.



MATERIALS AND METHODS

Single-cell sequencing data provided by Liao et al. (2020) were analyzed with R programing suite version 4.0.3 and tidyverse package bundle. In brief, transcript counts per cell in BALF macrophages from healthy and COVID-19 individuals were extracted from the table with normalized expression and sample-cell-individual assignment table provided by the authors. For visualization as violin plots (package ggplot2), transcript counts were transformed with the log2(x + 1) function. Statistical significance for differences in transcript numbers per cell between the COVID-19 severity groups and healthy controls was assessed by mixed-effects generalized linear modeling (log link function, expected distribution of residuals: Poisson, package lme4) with the fixed effect of the study group and the random effect of the cell donor.
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Aim: This study aimed to investigate the potential role of fatty acids in high iodide intake–induced hypothyroidism and its complications and also in the intervention of iodide intake adjustment and 1,25-dihydroxy-vitamin D3 [1,25(OH)2D3] supplementation.

Methods: Pregnant rats were allocated to two groups, namely, normal iodide (NI, 7.5 μg/day) intake and 100 times higher-than-normal iodide (100 HI, 750 μg/day) intake. The offspring were continuously administered potassium iodide from weaning [i.e., postnatal day 21 (PN21)] to PN90. After PN90, the offspring were either administered iodide intake adjustment (7.5 μg/day) or 1,25(OH)2D3 supplementation (5 μg·kg−1·day−1), or both, for 4 weeks. Thyroid function tests (free triiodothyronine, free thyroxine, thyrotropin, thyroid peroxidase antibody, and thyroglobulin antibody), blood lipids (triglyceride, total cholesterol, free fatty acid, and low-density lipoprotein cholesterol), and vitamin D3 (VD3) levels were detected by ELISA. Cardiac function was measured by echocardiography. Blood pressure was measured using a non-invasive tail-cuff system. The serum fatty acids profile was analyzed by liquid chromatography–mass spectrometry.

Results: In the offspring rats with continued 100 HI administration, the levels of 8,9-dihydroxyeicosatrienoic acid (8,9-DHET) and thromboxane B2 (TXB2) were decreased, while those of prostaglandin J2 (PGJ2), prostaglandin B2 (PGB2), 4-hydroxydocosahexaenoic acid (4-HDoHE), 7-HDoHE, 8-HDoHE, and 20-HDoHE were increased. Significant correlations were found between PGB2, 8,9-DHET, 7-HDoHE levels and thyroid dysfunction, between PGJ2, 20-HDoHE, PGB2, 8,9-DHET levels and cardiac dysfunction, between PGJ2, 20-HDoHE levels and hypertension, between 4-HDoHE, 8-HDoHE, TXB2 levels and dyslipidemia, and between PGB2 and decreased VD3 level. After the treatment of iodide intake adjustment and 1,25(OH)2D3 supplementation, the levels of 16-hydroxyeicosatetraenoic acids (16-HETE), 18-HETE, 5,6-epoxyeicosatrienoic acid (5,6-EET), 8,9-EET, 11,12-EET, 14,15-EET, PGE2, 5-oxo-ETE, and 15-oxo-ETE were increased. The significant associations between PGE2, 16-HETE, 18-HETE and improved thyroid function and also between 5,6-EET, 11,12-EET, 14,15-EET, 16-HETE, 15-oxo-ETE and attenuated dyslipidemia were detected.

Conclusion: Increased levels of prostaglandins (PGs) and HDoHEs and decreased levels of 8,9-DHET and TXB2 might occur in the progression of cardiac dysfunction, hypertension, and dyslipidemia in high iodide intake–induced hypothyroidism. The increased levels of EETs and HETEs might help to ameliorate these complications after iodide intake adjustment and 1,25(OH)2D3 supplementation.

Keywords: hypothyroidism, 1,25(OH)2D3, cardiac dysfunction, hypertension, dyslipidemia, iodide intake adjustment, fatty acids


INTRODUCTION

Excess iodine consumption may lead to hypothyroidism (Bürgi, 2010), hyperthyroidism (Roti and Uberti, 2001), and autoimmune thyroid diseases (Laurberg et al., 2010). Serrano-Nascimento et al. investigated the effects of administering five times higher-than-normal iodide (5 HI) [i.e., sodium iodide (NaI)] during the pregnancy and lactation period of rats. The results showed hypothyroidism with the decreased circulating levels of free triiodothyronine (FT3) and free thyroxine (FT4) in offspring at postnatal day 90 (PN90) (Serrano-Nascimento et al., 2017). Our study has shown that 100 HI [i.e., potassium iodide (KI)] during the pregnancy and lactation period of rats can induce the decrease of FT3, FT4, and vitamin D3 (VD3) and also the increase of thyroid peroxidase antibody (TPOAb) and thyroglobulin antibody (TgAb) levels in offspring at PN120. In addition, we demonstrated the protective effect of iodide intake adjustment, 1,25-dihydroxy-vitamin D3 [1,25(OH)2D3] supplementation, or both in offspring rats following excess iodide intake (Wang et al., 2020). Hypothyroidism is a commonly encountered clinical condition, and it can impact cardiac function (Klein and Danzi, 2007; Udovcic et al., 2017), blood pressure (Klein and Danzi, 2007), lipid parameters (Jabbar et al., 2017), and vitamin D level (Salma et al., 2020).

Fatty acids occur in the form of mixtures of saturated fatty acid (SFA), monounsaturated fatty acid (MUFA), and polyunsaturated fatty acid (PUFA) (Chen and Liu, 2020). PUFA can be classified into n-3 fatty acids and n-6 fatty acids. Arachidonic acid (AA) is synthesized from the n-6 fatty acid. Eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) are synthesized from the n-3 fatty acid (Coras et al., 2021). AA and EPA were 20 carbons in the chain, and DHA was 22 carbons in the chain. Cyclooxygenase (COX) is the oxidase in the pathway for producing prostaglandin (PG) and thromboxane (TX) from AA. Lipoxygenase (LOX) is responsible for producing hydroxyeicosatetraenoic acids (HETEs). Cytochrome P450 (CYP) metabolizes AA to epoxyeicosatrienoic acids (EETs). DHA was metabolized by non-enzymatic (NE) (Figure 1).


[image: Figure 1]
FIGURE 1. Metabolism of fatty acids by cytochrome P450 (CYP), lipoxygenase (LOX), and cyclooxygenase (COX) enzymes.


Epoxyeicosatrienoic acids (EETs), the CYP epoxygenase metabolites of AA (Neckár et al., 2019), can prevent various cardiovascular diseases (CVDs) and can modulate cardiac and vascular physiology to maintain cardiovascular homeostasis, due to their vasodilator, antihypertensive, and other beneficial biological actions (Imig, 2012). PGs and TXs from AA have been associated with CVD (Dasilva and Medina, 2019), hypertension (Cavalca et al., 2010), and hypercholesterolemia (Davi et al., 1997).

However, the studies to determine the profile of fatty acids in hypothyroidism are scarce. The formation of fatty acids, their role in high iodide intake–induced hypothyroidism and its related complications, and the impact of iodide intake adjustment and 1,25(OH)2D3 supplementation on the modulation of fatty acid synthesis remain unclear. The application of fatty acids as a therapeutic option for high iodide intake–induced hypothyroidism and its complications may be promising.



MATERIALS AND METHODS


Animals and Administration

Healthy Wistar rats (Beijing Vital River Laboratory Animal Technology Co., Ltd., Beijing, China) were housed in the specific pathogen-free (SPF) level of the Experimental Animal Center of Tianjin Medical University. In this study, 7-week-old female Wistar rats were mated with fertile males (1:1). The presence of a vaginal plug or sperm in the vaginal smear of the female rats was indicative of pregnancy (Day 0 of gestation, GD 0). The pregnant rats were randomly assigned to two groups, namely, normal iodide (NI) intake (n = 6) and 100 HI intake (n = 12). The offspring were continuously administered potassium iodide (KI) from weaning [i.e., postnatal day 21 (PN21)] to PN90. After PN90, the rats with NI were held as the control group (group 1, n = 6), and the rats with 100 HI were randomly divided into four treatment groups, namely, continued 100 HI administration (group 2, n = 6), continued 100 HI administration + 1,25(OH)2D3 supplementation (group 3, n = 6), adjustment from 100 HI to NI administration (group 4, n = 6), and adjustment from 100 HI to NI administration + 1,25(OH)2D3 supplementation (group 5, n = 6) (Figure 2). The rats in the NI group received dietary feed containing iodide (7.5 μg/day), in addition to the oral administration of deionized water. The rats in the 100 HI group received deionized water containing KI (24,750 μg/L) and dietary iodide. Therefore, the intake of iodide was 750 μg/day (Wang et al., 2018). The rats in groups 3 and 5 were supplemented with 1,25(OH)2D3 (MedChemExpress, Monmouth Junction, NJ, USA) by gavage (5 μg·kg−1·day−1) (Wang et al., 2020). The animal study was reviewed and approved by the Institutional Animal Care and Use Committee of Tianjin Medical University (No. TMUaMEC 2016054).
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FIGURE 2. Study plan and timing.




Measurements of Thyroid Function, Lipid, and VD3 Levels in Serum by ELISA

Blood samples were drawn from the orbital sinus, centrifuged, and stored at −80°C. The levels of FT3, FT4 (Meilian Biological Technology, Shanghai, China), thyrotropin (TSH) (ImmunoWay Biotechnology Company, TX, USA), TPOAb, and TgAb (MyBioSource, San Diego, CA, USA), the lipid levels of total cholesterol (TC), triglyceride (TG), low-density lipoprotein cholesterol (LDL-C), and free fatty acid (FFA) (Nanjing Jiancheng Bioengineering Institute, China), and the VD3 level (Meilian Biological Technology, Shanghai, China) in the serum were determined by the rat-specific ELISA kits.



Analysis of Fatty Acids in Serum by Liquid Chromatography–Mass Spectrometry (LC–MS)

Serum was extracted by solid-phase extraction (SPE) as described by Zhang X. et al. (2015). A UPLC BEH C18 column (1.7 μm, 100 × 2.1 mm i.d.; Waters, Milford, MA, USA) consisting of ethylene-bridged hybrid particles (Waters, Milford, MA, USA) was used for chromatographic separations. Solvent A was water, and solvent B was acetonitrile. The mobile-phase flow rate was 0.6 mL/min (column temperature, 25°C). The injection volume was set to 10 μl. A total of 27 AA and 24 n-3 PUFA metabolites were profiled by multiple reaction monitoring (MRM) scans in negative mode, which involved the use of a 5,500 QTRAP hybrid triple quadrupole linear ion-trap mass spectrometer (AB Sciex, Foster City, CA, USA) equipped with a turbo ion-spray electrospray ionization source. The ion source parameters were as follows: CUR = 40 psi, GS1 = 30 psi, GS2 = 30 psi, IS = −4,500 V, CAD = medium, and temperature = 500°C.



Cardiac Function Measured by Echocardiography

The rats were anesthetized with inhaled isoflurane and fixed onto the operation table, and the probe was placed on the left chest. The M-mode images were obtained from the short axis of the left ventricle at the level of the papillary muscle. A VisualSonics echocardiographic system equipped with a 30-MHz transducer (RMV-707B, Toronto, Canada) and the Vevo2100 version 3.0.0 software (VisualSonics Inc., Canada) was used.



Measurement of Systolic Blood Pressure

The rats were trained to become familiar with the restrainer of the rat and to remain calm during the monitoring of blood pressure. The systolic blood pressure (SBP) for each rat was monitored by the “non-invasive tail-cuff system” (Visitech, BP-2000 Series II, Ohio, USA). The SBP measurement was always carried out in the afternoon, and the data were obtained from the average of measuring three times.



Statistical Analysis

Fatty acids were quantified with the use of MultiQuant 2.1 software (AB Sciex, Foster City, CA, USA). Fold change (FC) >2 and p-value < 0.05 represent a significant result (Shaker et al., 2020). Metaboanalyst 3.0 (http://www.metaboanalyst.ca) was used for the metabolomic data analysis, interpretation, and visualization, which is presented as a heat map and a volcano plot (Xia et al., 2015). The data were compared and analyzed using IBM SPSS Statistics for Windows Version 22.0 (IBM Corp. Armonk, NY, USA). The control group and the continued 100 HI administration group were compared by using the independent samples t-test. The normal distribution of continuous variables was verified using the Kolmogorov–Smirnov test (p < 0.05). The two-way ANOVA was used to analyze the effects of treatment with iodide intake adjustment and/or 1,25(OH)2D3 supplementation. Pearson's correlations were used to detect the relationship between fatty acids, thyroid function, VD3, lipids, and parameters of cardiac function. The data were expressed as the mean ± SD and n = 6 for each group. The p < 0.05 was considered significant.




RESULTS


No Significant Change in Body Weight Following Iodide Adjustment and/or 1,25(OH)2D3 Supplementation for 4 Weeks

The body weight of offspring rats at PN120 per group were as follows: 329.8 ± 63.27 g (group 1, n = 6), 301.11 ± 75.15 g (group 2, n = 6), 309.68 ± 87.29 g (group 3, n = 6), 303.93 ± 60.76 g (group 4, n = 6), and 301.22 ± 64.27 g (group 5, n = 6). There was no significant difference in body weight among the five groups (p > 0.05).



Fatty Acids Profile in the Continued 100 HI Administration Group

The top 25 fatty acids were visualized in a heat map, which enabled effective differentiation between the control group (group 1) and the continued 100 HI administration group (group 2) (Figure 3I). The upregulation or downregulation with significance was identified in a volcano plot, which was compared with the log2-FC of the levels of fatty acids of significance (log t-test). In the continued 100 HI administration group (group 2), six fatty acids were significantly upregulated, including two fatty acids derived from AA: PGB2, PGJ2; four fatty acids derived from DHA: 4-hydroxydocosahexaenoic acids (HDoHE), 7-HDoHE, 8-HDoHE, and 20-HDoHE, while another two fatty acids derived from AA were significantly downregulated, namely, 8,9-dihydroxyeicosatrienoic acid (DHET) and TXB2 (Figure 3J). The median levels of 8,9-DHET and TXB2 were significantly decreased, while those of PGJ2, PGB2, 4-HDoHE, 7-HDoHE, 8-HDoHE, and 20-HDoHE were significantly increased in the continued 100 HI administration group (group 2) when compared with the control group (group 1). No significant alteration was detected in other fatty acids (Figures 3A–H).


[image: Figure 3]
FIGURE 3. Fatty acids profile and correlation analysis in the continued 100 HI administration group (group 2). (A–H) Box plots of the fatty acids levels. The bar in the quartile-indicating box is the median value. (I) Heat map shows the fatty acids profile from group 1 and group 2. (J) Volcano plot shows the significance and fold change in expression of fatty acids. (K) Correlation analysis between significantly changed fatty acids and thyroid function, cardiac function, blood lipids, and vitamin D3 (VD3) levels in the continued 100 HI administration group (group 2). n = 6 for each group.




Effects of Fatty Acids With Significant Change on Thyroid Function, Cardiac Function, Blood Lipids, and VD3 Levels in the Continued 100 HI Administration Group

Compared with the control group (group 1), FT3, FT4, and VD3 levels were significantly decreased, TSH, TPOAb, and TgAb levels were significantly increased, and blood lipid levels (i.e., TG, TC, FFA, and LDL-C) were also significantly increased in the continued 100 HI administration group (group 2) (p < 0.05) (Table 1). Although there was no significant change in the left ventricular end-systolic diameter (LVESD), the left ventricular ejection fraction (LVEF) and the left ventricular fractional shortening (LVFS) were significantly reduced, and the left atrial (LA) dimension and the heart rate (HR) were significantly increased in cardiac function measured by echocardiography. For blood pressure, SBP was significantly increased (Figure 4).


Table 1. Thyroid hormone, autoantibody, blood lipids, and vitamin D3 (VD3) levels in different treatment groups.
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FIGURE 4. Echocardiography data. (A,B) Representative examples of M-mode and B-mode echocardiographic tracings from group 1 (control) and group 2 (continued 100 HI administration). (C–G) Measurements were assessed by the echocardiographic data. *p < 0.05. (H) Systolic blood pressure (SBP). LVAW, left ventricular anterior wall. n = 6 for each group.


The correlation analysis was used to investigate the effect of metabolites with significant change. We showed that thyroid function was correlated with PGB2, 8,9-DHET, and 7-HDoHE, cardiac function was correlated with PGB2, PGJ2, and 8,9-DHET, blood pressure was correlated with PGJ2 and 20-HDoHE, blood lipid was correlated with 4-HDoHE, 8-HDoHE, and TXB2, and VD3 was correlated with PGB2 (Figure 3K).



Alteration of Fatty Acids in Different Treatment Groups

Compared with the continued 100 HI administration group (group 2), although no significant alteration was detected in both the continued 100 HI administration + 1,25(OH)2D3 supplementation group (group 3) and the adjustment from 100 HI to NI administration group (group 4), nine significantly upregulated fatty acids were determined in the adjustment from 100 HI to NI administration + 1,25(OH)2D3 supplementation group (group 5) in a volcano plot (Figures 5J,K). The median levels of 16-HETE, 18-HETE, 5,6-EET, 8,9-EET, 11,12-EET, 14,15-EET, PGE2, 5-oxo-ETE, and 15-oxo-ETE were significantly increased in the adjustment from 100 HI to NI administration + 1,25(OH)2D3 supplementation group (group 5) in box plots (Figures 5A–I).


[image: Figure 5]
FIGURE 5. Fatty acids profile and correlation analysis in adjustment from 100 HI to NI administration +1,25(OH)2D3 supplementation group (group 5). (A–I) Box plots of the fatty acids levels in serum. The bar in the quartile-indicating box is the median value. (J) Heat map from group 5 and group 2. (K) Volcano plot. (L) Correlation analysis. n = 6 for each group.




Effects of Significantly Changed Fatty Acids in the Adjustment From 100 HI to NI Administration + 1,25(OH)2D3 Supplementation Group

Compared with the continued 100 HI administration group, the levels of FT3 and VD3 were significantly increased, and the levels of blood lipids (i.e., TG, TC, FFA, and LDL-C) were significantly decreased in the continued 100 HI administration + 1,25(OH)2D3 supplementation (group 3), the adjustment from 100 HI to NI administration (group 4), and the adjustment from 100 HI to NI administration + 1,25(OH)2D3 supplementation (group 5) (p < 0.05) (Table 1).

In the adjustment from 100 HI to NI administration + 1,25(OH)2D3 supplementation group (group 5), thyroid function correlated with PGE2, 16-HETE, and 18-HETE, and blood lipid correlated with 5,6-EET, 11,12-EET, 14,15-EET, 16-HETE, and 15-oxo-ETE (Figure 5L).




DISCUSSION

Our findings reported in this study showed that 100 HI iodide intake during the pregnancy and lactation period of rats can induce hypothyroidism with decreased FT3 and FT4 levels and increased TSH levels, resulting in the complication of cardiac dysfunction in offspring rats at PN120. Significant correlations were found between PGJ2, 20-HDoHE, PGB2, 8,9-DHET, and cardiac dysfunction. Triiodothyronine (T3) is the main regulator of gene expression in myocardial muscle, and the decreased T3 in hypothyroidism can affect myocardial contractility and remodeling (Kahaly and Dillmann, 2005; Udovcic et al., 2017). Hypothyroidism is related to cardiac dysfunction. Bassel et al. (2007) reported that, in propylthiouracil (PTU)-induced hypothyroidism rats, LVEF and LVFS were decreased significantly. Fu et al. (2017) reported that, in children with chronic viral myocarditis complicated with arrhythmia, the significantly decreased levels of FT3 and FT4 and the significantly increased levels of TSH, TPOAb, and TgAb were the independent risk factors of malignant arrhythmia. Ren et al. (2019) demonstrated that, in 2,663 euthyroid individuals, SBP was positively correlated with TSH and was an independent predictor of the serum TSH levels. The increased PGB2 and the decreased 8,9-DHET were correlated with HR, the increased PGJ2 was correlated with LVEF and LVFS, and the increased LA and HR, the increased HDoHEs (4-HDoHE, 7-HDoHE, 8-HDoHE, and 20-HDoHE), and the decreased TXB2 were also observed in high iodide intake–induced hypothyroidism. DHETs are the metabolites of EETs hydrolyzed by soluble epoxide hydrolase (sEH) (Yang et al., 2013). PGB2 is the metabolite of PGE2 (Coras et al., 2021), and PGE2 can promote cell growth and elevate the expression of hypertrophic marker genes by inhibiting the COX2/PGE2 pathway (Zhang et al., 2019). PGJ2 is formed by dehydration within the cyclopentenone ring of PGD2 (Abdelrahman et al., 2004). Stelling et al. (2020) reported that the PGD2 level was significantly increased in male mice cardiomyocytes with a cardiomyocyte-specific transcription factor-3 (STAT3) deficiency conditional knockout (CKO), which is an impairment of the endogenous cardiac regeneration potential as it shifts the differentiation potential of the cardiac progenitor cell (CPC) pool from endothelial cells toward white adipocytes, thereby promoting heart failure, a condition that impairs androgen receptor (AR) signaling in the absence of STAT3, which reduces the expression of the PG-degrading enzyme 15-hydroxyprostaglandin-dehydrogenase (HPGD). HDoHEs are biosynthesized from DHA, and the function is still not clearly elucidated. Reynaud et al. (1993) reported that 20-HDoHE was increased during the early period of oxidative stress in vitro, indicating that it probably played a pro-inflammatory role. Yao et al. (2015) reported that the serum TXB2 level was significantly elevated in patients with hyperthyroidism. Following the treatment with iodide intake adjustment + 1,25(OH)2D3 supplementation, 5,6-EET, 8,9-EET, 11,12-EET, and 14,15-EET levels were significantly increased. Although there was no significant change detected for PGB2, a downward trend was apparent. The heart can metabolize EETs, which in turn may play an important role in modulating the electrophysiological properties of the heart. Lee et al. (1999) reported that 8,9-EET and the other EET regioisomers are the potent voltage-dependent inhibitors of the cardiac Na+ channels. Na+ channel-blocking drugs are the most commonly used pharmacological agents for the treatment of arrhythmias. 11,12-EET has been shown to enhance the recovery of cardiac function following global ischemia (Wu et al., 1997). Neckár et al. (2019) demonstrated that 2-week oral treatment with the EET analog EET-B improved cardiac function in spontaneously hypertensive rats with congestive heart failure induced by myocardial infarction. This study reveals that the increased EETs may serve to alleviate cardiac dysfunction associated with high iodide intake–induced hypothyroidism.

It was reported that there is some relationship between metabolites of AA in both serum and the heart. Hu et al. (2017) reported that 46 and 50 eicosanoids were detected and quantified in the plasma and heart tissue, respectively, and 43 overlapped eicosanoids were detected in plasma and the heart. The vast majority of plasma and heart tissue eicosanoids presented positive correlations with each other. In present study, 8,9-DHET, PGB2, 8-HDoHE, 20-HDoHE, 5,6-EET, 8,9-EET, 11,12-EET, 16-HETE, 18-HETE, and 15-oxo-ETE are among the overlapped eicosanoids. Al-Lawati et al. (2020) reported that, in adjuvant arthritis rats, the changes of total EET concentration in both the plasma and the heart were parallel to each other. The concentrations of the cardioprotective 8,9-EET, 11,12-EET, and 14,15-EET were reported to be parallel to each other in the plasma as well as in the heart (Theken et al., 2011; Aghazadeh-Habashi et al., 2018). In this study, although we did not measure the contents in the heart, according to the previous studies, the changes of cardioprotective 8,9-EET, 11,12-EET, and 14,15-EET in serum may be parallel with those in the heart.

Besides, in our experiment, blood pressure was significantly increased in high iodide intake–induced hypothyroidism. Significant correlations were found between PGJ2, 20-HDoHE, and hypertension. It is well known that thyroid hormones can impact the renin-angiotensin-aldosterone system, and the renin substrates are synthesized in the liver under the stimulus of T3, which results in hypertension in a hypothyroid state (Klein and Danzi, 2007). Iqbal et al. (2006) reported that both the systolic and the diastolic blood pressure were elevated in hypothyroidism. We have shown that the increased PGJ2 was correlated with blood pressure in high iodide intake–induced hypothyroidism. PGJ2 is formed by dehydration within the cyclopentenone ring of PGD2 (Abdelrahman et al., 2004). PGD2 is a vasoconstrictor (Ogletree, 1982). Asirvatham-Jeyaraj et al. (2019) reported that the PGD2 level was increased during the developmental stage of angiotensin II-salt hypertension in Sprague–Dawley rats. We found that EETs (i.e., 5,6-EET, 8,9-EET, 11,12-EET, and 14,15-EET) and HETEs (i.e., 16-HETE and 18-HETE) levels were significantly increased after the treatment of iodide intake adjustment + 1,25(OH)2D3 supplementation. These findings suggest that the increased EETs and HETEs may help to improve hypertension. The derivative of EETs was found to be antihypertensive, to protect vascular endothelial function, and to inhibit renal tubular sodium channel [i.e., epithelial sodium channel (ENaC)] in angiotensin II-dependent hypertension (Hye Khan et al., 2014). Besides, EETs are the potent endothelium-derived vasodilators that modulate vascular tone through the enhancement of Ca2+-activated K+ channels in vascular smooth muscle (Baron et al., 1997). In addition, 16-HETE and 18-HETE were shown to produce renal vasodilation, and they exhibited the inhibition of proximal tubule ATPase activity. Subterminal HETEs may participate in renal mechanisms affecting vasomotion (Carroll et al., 1996). Zhang et al. (2005) reported that the levels of 18-HETE were significantly decreased in renal interlobar arteries of spontaneously hypertensive rats.

Moreover, we demonstrated hyperlipidemia with significantly increased PGJ2 level in high iodide intake–induced hypothyroidism and found significant correlations between 4-HDoHE, 8-HDoHE, TXB2, 5,6-EET, 11,12-EET, 14,15-EET, 16-HETE, 15-oxo-ETE, and dyslipidemia. It was reported that the causes of hyperlipidemia in hypothyroidism are the decreased expression of hepatic LDL receptors, which reduces cholesterol clearance, and the reduced activity of cholesterol-α-monooxygenase, an enzyme that breaks down cholesterol (Canaris et al., 2000; Jabbar et al., 2017). PGJ2 metabolized further to yield Δ12-PGJ2 and 15-deoxy-Δ12, 14-PGJ2 (15d-PGJ2) (Abdelrahman et al., 2004). PGJ2 and PGD2 exhibited an effect similar to 15d-PGJ2 (Kasai et al., 2000). 15d-PGJ2 is a natural ligand for peroxisome proliferator-activated receptor γ (PPARγ), which functions as a transcriptional regulator of genes linked to lipid metabolism (Ricote et al., 1999). There are findings which indicate that 15d-PGJ2 may stimulate the production of TG (Kasai et al., 2000). In this study, high iodide intake–induced hypothyroidism associated with hyperlipidemia was significantly improved after the treatment of iodide intake adjustment + 1,25(OH)2D3 supplementation, with significantly increased EETs (i.e., 5,6-EET, 8,9-EET, 11,12-EET, and 14,15-EET), 5-oxo-ETE, and 15-oxo-ETE. It was reported that 5,6-EET, 8,9-EET, 11,12-EET, and 14,15-EET can be metabolized by cytochrome P450 2J2 (CYP2J2). Zhang S. S. et al. (2015) reported that endothelial-specific CYP2J2 overexpression can decrease TG, TC, and FFA levels in the liver of hyperlipidemic mice by enhanced FFA β-oxidation, which was mediated by the AMPK and PPARα pathway. 5-oxo-ETE and 15-oxo-ETE are the metabolites of 5-HETE and 15-HETE, respectively. Grzesiak et al. reported that TG was correlated with 5-HETE and 15-HETE, TC was correlated with 15-HETE in patients with both benign prostatic hyperplasia (BPH) and metabolic syndrome (MetS), and lipid mediators of inflammation, which influence the levels of biochemical parameters, may contribute to the mechanism (Grzesiak et al., 2019).

Furthermore, our results indicated that PGB2, PGE2, 16-HETE, 18-HETE, 8,9-DHET, and 7-HDoHE were correlated with the function of the thyroid. In addition, the significantly increased TSH level with increased PGB2 and the significantly decreased VD3 level with increased PGB2 and PGJ2 were detected in high iodide intake–induced hypothyroidism. PGB2 is the metabolite of PGE2 (Coras et al., 2021), and PGJ2 is formed by dehydration within the cyclopentenone ring of PGD2 (Abdelrahman et al., 2004). Tahara et al. (1991) reported that TSH stimulates the production of PGD2 and PGE2 in the Fischer rat thyroid follicular cell line (FRTL-5). Menon et al. (2019) reported that PGI2 analog was the mainstay of treatment for severe pulmonary arterial hypertension (PAH). PGs, in particular, prostacyclin, and their analogs cause a variety of side effects, such as hyperthyroidism, autoimmune goiter, Graves' disease, Hashimoto's disease, and thyrotoxicosis, in patients with PAH, and therapy with medications targeting the prostacyclin pathway is a potential risk factor for the development of symptomatic thyroid disease. The activation of PG receptors in the thyroid gland leads to the production of cyclic AMP (cAMP), which, in turn, stimulates the production of thyroid hormone and may contribute to the mechanism (Menon et al., 2019). The elevated levels of VD3 and PGE2 were detected. Although there was no significant change detected for PGB2, a downward trend was apparent after the treatment of iodide intake adjustment + 1,25(OH)2D3 supplementation. Liu et al. (2014) reported that all three forms of vitamin D reduced the production of PGE2 by stimulating HPGD, an enzyme that degrades PGE2. The onset of autoimmune thyroid disease with vitamin D deficiency is very common (Clinckspoor et al., 2012). Some studies indicated that vitamin D deficiency is a predisposing condition for autoimmune diseases (Peterlik et al., 2009). PGE2 can serve both pro-inflammatory and anti-inflammatory functions (Frolov et al., 2013). Qian et al. (2011) reported that PGE2 negatively regulates inflammation by inhibiting C-C chemokine ligand 5 (CCL5) expression in activated macrophages. Loynes et al. (2018) illustrated that the production of PGE2 at sites of tissue injury promotes an anti-inflammatory neutrophil phenotype and determines the outcome of inflammation resolution in vivo.

However, the studies to determine the mechanism of fatty acids in hypothyroidism and its complications are largely unknown. It is reported that the Ca/phosphoinositide/AA signal system is important to both the function and the growth of FRTL-5 rat thyroid cells and to the action of both TSH and alpha-1 adrenergic agents. This action was accompanied by the increases in cytosolic Ca++, the release of AA from the cells, and the action of AA metabolites in processes important to the formation and growth of thyroid hormone (Tahara et al., 1989). Coria et al. reported that thyroid hormones are the important regulators of lipid metabolism, and hypothyroidism may reduce the relative contents of AA (Coria et al., 2012). In PTU-induced hypothyroidism, all the enzyme activities involved in the biosynthesis of fatty acids (i.e., acetyl-CoA carboxylase, fatty acid synthetase, and microsomal chain elongation and desaturation reactions) are strongly reduced after 3 days of drug administration.

Most studies on thyroid cancer were focused on AA. The AA is the precursor of PGs, which is a class of oncogenic lipid signaling molecules. Sun et al. reported that AA is a biomarker of papillary thyroid cancer (PTC). AA was significantly increased in PTC tissues from an iodine excess area compared with tissues from an iodine adequate area. The high levels of iodine may inhibit the activity of metabolic enzymes, such as COX, LOX, and LYP450, which in turn leads to a significant decrease in the synthesis of PGs (Sun et al., 2021). While AA was significantly decreased in PTC tissue compared with para-PTC tissue in both tissues from iodine adequate area and iodine excess area, a decrease in AA could be explained by the increased generation of PGs in PTC (Sun et al., 2021). Chen et al. reported that the relative levels of AA decreased in PTC. PG-endoperoxide synthase 2 (PTGS2; also known as COX-2) (Kunzmann et al., 2013) catalyzes the conversion of AA to PG, the mRNA level of PTGS2 was increased in PTC, and an increased consumption of AA was observed, which forms the oncogenic lipid in PTC (Chen et al., 2015). Krawczyk-Rusiecka et al. (2014) reported that there was a significantly higher expression level of the COX-2 gene in the PTC group, in comparison with Hashimoto's thyroiditis (HT) and non-toxic nodular goiter (NNG) groups. Reyes et al. (2019) also reported that an elevated arachidonate 5-lipoxygenase (ALOX5) was detected in patients with PTC. Kummer et al. (2012) reported that ALOX5 protein and mRNA were upregulated in PTC and that ALOX5 expression positively correlated with invasive tumor histopathology. Kim et al. (2003) reported that the levels of AA and DHA were significantly decreased in the urine profiles of the patients with thyroid cancer compared with normal female subjects, and the decreased level of glucocorticoids induced from the decreasing urinary concentration of DHA may play an important role in thyroid cancer. Berg et al. (1994) found that the high serum levels of AA and DHA provide a protective effect, and the low serum levels provide the risk of developing thyroid cancer. AA and DHA possibly may prevent thyroid cancer by reducing the estrogen receptor contents in thyroid tissues. Ji et al. (2012) reported that COX-2 expressions were stronger in thyroid carcinoma than in thyroid adenomas and normal tissues and that the COX-2 expressions in thyroid carcinoma were correlated with the tumor type and tumor-node-metastasis (TNM) stage. They also suggested that the expression of COX-2 may promote angiogenesis, infiltration, and metastasis of of thyroid carcinoma. Puxeddu et al. (2003) reported that COX-2 is overexpressed in thyroid malignancies compared with benign nodules and normal thyroid tissues. Alexanian et al. (2012) reported that the expression of CYP4A/4F genes was markedly elevated in the samples of thyroid cancer in comparison with matched normal tissues.

This study has some limitations. Further investigations on the measurements of echocardiography, blood pressure, and serum fatty acids in other time points and also on the expression of COXs, CYP450, and LOX need to be validated in our future research.



CONCLUSION

The increased PGs (PGB2 and PGJ2) and decreased 8,9-DHET levels might take part in the progression of cardiac dysfunction, hypertension, and dyslipidemia in high iodide intake–induced hypothyroidism. Significantly increased EETs (i.e., 5,6-EET, 8,9-EET, 11,12-EET, and 14,15-EET) and HETEs (5-oxo-ETE, 15-oxo-ETE, 16-HETE, and 18-HETE) might represent the key regulators of these complications after iodide intake adjustment + 1,25(OH)2D3 supplementation. This novel aspect of fatty acids may provide new insights into high iodide intake–induced hypothyroidism and its complications.
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Variable Value

Male/female 49/9

Age (years) 74.8 £10.0
BMI (kg/m?) 221+ 4.9
Current smokers 20 (34.5%)
Former smokers 33 (56.9%)
Never smokers 5(8.6%)
Smoking (pack-years) 39.1 £31.1
COPD duration (years) 14.6 £12.0
AEs in the past year 1.57 £1.36
Concomitant respiratory failure 25 (41.7%)
ICU on admission (%) 11 (19.0%)
Need for non-invasive ventilation on admission (%) 11 (19.0%)
Need for invasive ventilation on admission (%) 2 (3.4%)
FEV1%pred 42.6 £18.2
FEV1/FVC (%) 49.2 +£104
Blood EOS count (/109/L) 0.04 (0.00, 0.14)
Blood EOS ratio (%) 0.50 (0.10, 2.10)

AECOPD, acute exacerbation of chronic obstructive pulmonary disease; FEV,
forced expiratory volume in 1 s; FEV1 %pred, FEV) expressed as a percentage of the
predicted value; FVC, forced vital capacity; EOS, eosinophil. All data with a normal
distribution are shown as the mean =+ standard deviation. Non-normally distributed
data are expressed as median (25-75%).
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Metabolites FC (AE/recovery) log2 (FC) Corrected P-value

LPC 16:0 1.226 0.294 0.011
P136:4 1.860 0.895 0.012
LPC 14:0 1.786 0.837 0.012
LPC 16:1 1.765 0.819 0.012
LPC 17:0 1.425 0.511 0.012
LPC 18:1 1.423 0.509 0.012
LPC 18:0 1.229 0.298 0.012
P136:3 1.644 0.717 0.014
P138:5 1.825 0.868 0.021
LPC 18:3 2.166* 1.115 0.027
LPE 16:1 2.093* 1.066 0.027
P134:1 1.402 0.487 0.027
LPC 20:3 1.585 0.664 0.041
P132:1 2.178* 1.128 0.048

*Three main differential metabolites analyzed using a fold change of two.
AE, acute exacerbation; FC, fold change; LPC, lysophosphatidylcholine; LPE,
lysophosphatidylethanolamine; Pl, phosphatidylinositol.
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Groups

Group 1
Group 2
Group 3
Group 4
Group 5

FT3 (pmol/L)

875+ 0.46
754+ 030"
9.48 +0.59"
9.45 +0.80*
9.10 £0.69"

Thyroid hormone and autoantibody

FT4 (pmol/L)

12.75 % 1.40
9.85% 1.17*
1180 4 0,85
1158 +0.18"
12.90 + 037

TSH (ng/mL)

9.67 £ 0.95
12.53 + 0.44*
14.22 +£2.30
1273+ 1.23
14.47 £081

TPOAb (IU/mL)

47.30 & 1.60
50.58 £ 5.73"
50.46 + 5.94
49.48 + 3.89
57.36 + 6.27

TghAb (ng/L)

10.95 £ 1.11
18.52 + 2.26"
18.19 + 1.60
17.12 £2.87
1673 £ 1.18

TG (mmol/L)

0.70 £ 0.07
1.26 + 0.05"
0.84 + 0.05*
0.96 + 0.05"
0.88 £ 0.05"

TC (mmol/L)

2,594 0.20
468:£0.15°
3.28+0.20%
3.61:£0.14°
298+021"

Blood lipids and VD3

FFA (mmol/L)

2.50 £ 0.20
4,68+ 0.15*
3.28.+0.20%
3.61+0.14%
298+021"

LDL-C (mmol/L)

120 £0.12
2.09 £ 037
1.47 £0.18"
1.39 £ 0.09*
1.36+0.17"

VD3 (ng/mL)

2662+ 1.74
14.27 £ 0.74°
17.62 +0.71%
17.85 +1.89°
18.30 + 1.63"

Group 1, control; Group 2, continued 100 HI administration; Group 3, continued 100 HI administration + 1,25(0H)2D3 supplementation; Group 4, adjustment from 100 Hl to Nl administration; Group 5, adjustment from 100 Hi to NI

administration + 1,25(0H),D5 supplementation. *p < 0.05 vs. group 1. *p < 0.05 vs. group 2.

6 for each group.
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Metabolites Precursors Putative receptors
GPCR NR
RvD1 DHA ALX
GPR32
RvD2 DHA GPR18
MaR1 DHA LGR6 RORa
PDX DHA GPR120
RVE1 EPA BLT-1
ERV-1
5-HEPE EPA GPR119 PPARs
8-HEPE EPA PPARs
9-HEPE EPA PPARs
12-HEPE EPA PPARs
18-HEPE EPA PPARs

GPCR, G protein-coupled receptor; NR, nuclear receptor.
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Metabolites Function Diseases In vivo In vitro References
12-HEPE + Cold adaptation; Diabetes R/ N Leiria et al., 2019
+Gilucose uptake (adipocyte and
skeletal muscle)
RvD5n-30pA — Leukocyte and platelet Atherosclerosis &) & Colas et al., 2018
activation
— Aortic lesions
13-ox0-OTA + Glucose uptake (adipocyte) Diabetes Vv Takahashi et al., 2015
—, inhibit; 4+, promote; Ref., reference.
— Macrophage inflammation Obesity v Titos et al., 2011
- Advanced atherosclerosis Atherosclerosis & Fredman et al., 2016
17-HDHA, — Adipose tissue Inflammation Obesity; Type 2 diabetes &/ Neuhofer et al., 2013
RvD1 precursor — NAFLD; NAFLD s Rodriguez-Echevarria et al.,
— Liver inflammation 2018
RvD2 — Adiposity; Obesity o Pascoal et al., 2017
+ Glucose tolerance
Protectin DX — Insulin resistance; Type 2 diabetes W o White et al., 2014
+ skeletal muscle IL-6 secretion
— Skeletal muscle cell Insulin Type 2 diabetes Vv v Jungetal., 2017
resistance
— Hepatocyte insulin resistance; Type 2 diabetes s Jung et al., 2019
— Fetuin-A and selenoprotein
— Adipocyte Inflammation; Insulin resistance N Jung et al., 2018a
— Adipocyte Insulin resistance
— Hepatic steatosis NAFLD & < Jung et al., 2018¢
MaR1 — TNFa induced lipolysis Obesity &/ Laiglesia et al., 2018a
— Insulin resistance; Obesity; Type 2 diabetes & ~/ Martinez-Fernandez et al.,
— Adipose tissue Inflammation; 2017, 2020
+ Adiponectin secretion
— Hepatic steatosis; NAFLD Vv Wi Rius et al., 2017; Jung et al.,
2018b; Laiglesia et al., 2018b
+ M2 polarity of liver NASH Vv v Han et al., 2019
macrophages
MaR1 4 RvD2 — Atherosclerosis; Atherosclerosis & s Viola et al., 2016
— Macrophage inflammatory
PD1 + Adiponectin secretion Obesity N Gonzalez-Periz et al., 2009
19,20-DIHDPA + Diabetic retinopathy Diabetic complications A </ Hu et al., 2017
19,20-EDP + Autophagy (hepatocyte); NAFLD;Obesity &/ Lopez-Vicario et al., 2015
— Insulin resistance (adipocyte)
RVE1 — Hepatic steatosis NAFLD /. Gongzalez-Periz et al., 2009
— Liver inflammation
— Atherosclerosis Atherosclerosis i Salic et al., 2016
RVE1 — Insulin resistance; Obesity; Type 2 diabetes Vv Sima et al., 2017; Pal et al.,
(RVE1 receptor overexpression) — Inflammation 2020
18-HEPE/Resolvin E1 — Macrophage oxLDL uptake; Atherosclerosis o v Laguna-Fernandez et al., 2018
(RVE1 receptor deletion) — Atherosclerosis
18-HEPE — NAFLD; NAFLD &/ Rodriguez-Echevarria et al.,
— Liver inflammation 2018
— Endothelial activation Atherosclerosis N Liu et al., 2018
8-HEPE — Dyslipidemia NAFLD & Saito et al., 2020
— Liver steatosis
17,18-EEQ — Insulin resistance (adipocyte) Obesity ~/ Lopez-Vicario et al., 2015
- Endothelial activation Atherosclerosis ) Liu et al., 2018
17,18-EEQ - Liver steatosis; NAFLD "/ A Wang et al., 2017
g-HEPE — Adipose tissue inflammation
5-HEPE — Macrophage inflammation
§-HEPE + T-reg in adipose tissue Obesity v Onodera et al., 2017
+ Insulin secretion Diabetes s Kogure et al., 2011
+ Cold adaptation; Diabetes n W
12-HEPE +Glucose uptake (adipocyte and Leiria et al., 2019
skeletal muscle)
RVDS51.a0a ~ Leukocyte and platelet Atherosclerosis v v Colas et al., 2018
activation
— Aortic lesions
13-0x0-OTA + Glucose uptake (adipocyte) Diabstes v Telaheshi sl 2015

—, Inhibit; +, promote; Ref., reference.
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Oil Description

Fatty acids, total
saturated (g)

Fatty acids, total
monounsaturated (g)
Fatty acids, total
polyunsaturated (g)
Choline, total (mg)
Vitamin E (alpha-
tocopherol) (mg)
Vitamin K (mcg)
Calcium (mg)
Phosphorus (mg)
Magnesium (mg)
Iron (mg)

Zinc (mg)
Potassium (mg)
Sodium (mg)
Vitamin D (ug)
Vitamin A (ug)
Q-6/0-3 ratio
Chlorophylls (ug/g)
Tocopherols
(mg/100 g)
Carotenoids (ug/g)
10:0 (g)

12:0(g)

14:0(g)

16:0(g)

18:0 ()

161 (g)

18:1(g)

20:1(g)

22:1(g)

18:2 ()

18:3(9)

18:4 (g)

20:4 ()

20503 (g)
22:5n-3(g)
22:6n-3(g)
Cholesterol (mg)

Flaxseed
(Pennington,
2002)

8.976
18.438

67.849
02
047

9.3
1
1

0.07

0.008
0.018
0.077
5.109
3.367
0.06
18.316

0.031
14.327
53.368

Olive
(Pennington,
2002)

13.808
72,961

10.523
03

1435

602

056

11.29
1.953
1.255

71.269
0311

9.762
0761

Canola
(Pennington,
2002)

7.365
63.276

28.142
02

17.46

7.3

4.208

0214
61.744
1317

19.005
9.137

Soybean
(Pennington,
2002)

15.65
22783

57.74
02
8.18

183.9

0.05
0.01

10.455
4435

2255
0.233

50952
6.789

Hempseed Cod liver
(Wang et al., (Pennington,
2019) 2002)

6.67 22,608
13.33 46.711

66.67 22541

250
30,000
1.71-2.27

0.041-2.64

100-150
0.29-1.73

Krill (xie et al.,
2019)

14.74-63.0

1322
1,140
360

16.4-28.5mg/100g
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