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Abstract

:

Recently, manipulations with reactive astrocytes have been viewed as a new therapeutic approach that will enable the development of treatments for acute brain injuries and neurodegenerative diseases. Astrocytes can release several substances, which may exert neurotoxic or neuroprotective effects, but the nature of these substances is still largely unknown. In the present work, we tested the hypothesis that these effects may be attributed to oxylipins, which are synthesized from n-3 or n-6 polyunsaturated fatty acids (PUFAs). We used astrocyte-enriched cultures and found that: (1) lipid fractions secreted by lipopolysaccharide (LPS)—stimulated rat primary astrocyte-enriched cultures—possessed neurotoxic activity in rat primary neuronal cultures; (2) both of the tested oxylipin synthesis inhibitors, ML355 and Zileuton, reduce the LPS-stimulated release of interleukin 6 (IL-6) by astrocyte cultures, but only ML355 can change lipid fractions from neurotoxic to non-toxic; and (3) oxylipin profiles, measured by ultra-performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS) from neurotoxic and non-toxic lipid fractions, reveal a group of n-3 docosahexaenoic acid derivatives, hydroxydocosahexaenoic acids (HdoHEs)-4-HdoHE, 8-HdoHE, and 17-HdoHE, which may reflect the neuroprotective features of lipid fractions. Regulating the composition of astrocyte oxylipin profiles may be suggested as an approach for regulation of neurotoxicity in inflammatory processes.
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1. Introduction


Astrocytes are glial cells that provide trophic support for neurons and fulfill a substantial number of various homeostatic maintenance functions [1,2,3]. Currently, it is accepted that astrocytes play an active role in neuroinflammation [3]. Moreover, astrocytes are increasingly viewed as having a critical contribution to neurological disorders, including neurodegenerative and demyelinating diseases, epilepsy, trauma, ischemia, infection, and cancer [1,2]. Recently, manipulations with reactive astrocytes have been viewed as a new therapeutic approach, providing an opportunity to develop treatments for acute injuries and chronic diseases of the central nervous system (CNS) [1]. Neuroinflammation can be induced at the cellular level, and following various forms of stimulation, astrocytes undergo rapid changes in gene expression, morphology, and functions [1,2,3,4]. The functions of astrocytes depend on their contact with each other [5,6] and other cell types [7], the presence of proteins and the composition of the extracellular matrix [8,9,10], and even glucose concentrations in the medium [11,12,13]. An important problem in the use of brain cell cultures is their separation and manipulation during purification. The most commonly used culture is the so-called enriched astrocyte culture [14]. Although it contains a small amount of microglia, cells undergo minimal processing during isolation and culture [14]. Therefore, we used an astrocyte-enriched culture to study the effect of glial cells stimulated by inflammatory stimuli on neurons. It was shown that stimulation of microglia by LPS in microglia-astrocytes co-cultures [2] or direct activation of astrocytes by LPS [15] resulted in signals of unknown nature that induce neuron death by releasing toxic signal molecules [2]. Astrocytes can release various immune and inflammatory mediators, such as pro- and anti-inflammatory cytokines/chemokines and oxylipins, which may subsequently exert neurotoxic or neuroprotective effects [2,3,16]. The nature of the signals released by astrocytes is still questioned.



In the present work, we tested the hypothesis that astrocytes’ toxic message can be attributed to oxylipins. Oxylipins include various substances, which are synthesized from n-3 or n-6 PUFAs, such as arachidonic (AA, 20:4n-6), linoleic (LA, (18:2n-6), eicosapentaenoic (EPA, 20:5n-3), and docosahexaenoic (DHA, 22:6n-3) acids. The conversion of PUFAs into oxylipins occurs via three major pathways, involving cyclooxygenases (COX), lipoxygenases (LOX), and cytochrome P450 monooxygenases (CYP450) [17]. Oxylipins include both pro-inflammatory compounds and resolution substances, responsible for restoring the system after the pro-inflammatory stimulus has been applied [16,18]. Previously, the effects of individual substances were tested for their neuroprotective or neurotoxic activity [19,20,21,22]. Taken together, the data indicate that the study of individual substances may be useful in the search for potential therapeutic drugs; however, oxylipins must be studied in mixtures to understand the biology of inflammatory processes. Indeed, the activation of cells, caused by a pro-inflammatory stimulus, induces the simultaneous release of various types of oxylipins [15,23]. Although many oxylipins are released in low concentrations, their effects can be additive [24]. Therefore, the resulting response may be manifested as a combination of the mutual effects of individual oxylipins in experiments on cellular or organism levels. It follows that neuroprotective properties should be tested not for individual oxylipins but for their mixtures.



Recently we have shown that oxylipin profiles are associated with different astrocyte responses and reflect pro-inflammatory or anti-inflammatory phenotypes [15]. The pro-inflammatory phenotype was obtained via stimulation of astrocytes by LPS [15]. The LOX signaling pathway is of particular interest in the study of inflammation in the brain. It has been shown that enzymes of this pathway are involved in the neuropathogenesis and may be targets for the treatment of diseases such as stroke [25], Alzheimer’s disease [26], and other diseases [27].



In the present work, we compared lipid fractions from naive and LPS-stimulated primary astrocyte-enriched cultures in relation to their neurotoxic activities in the primary cortical neuron culture. To assess the possibility of modulating the neurotoxic activity of the fractions, we compared two substances, ML355 and Zileuton, which were added to the astrocytes, prior to LPS stimulation. ML355 and Zileuton belong to a class of LOX-mediated oxylipin synthesis inhibitors. The neuroprotective effects of the LOX pathway were discussed long ago [28,29], but precise mechanisms are still under research, mainly due to the uncertain view regarding the role of oxidative stress [30]. The inhibitors of LOX-mediated oxylipin synthesis manifest anti-inflammatory properties. For example, it was shown that Zileuton decreases brain damage and reduces inflammatory cytokines expression in the CNS [31,32]. Therefore, we estimated the possibilities of ML355 and Zileuton for the modulation profiles of oxylipin synthesis in astrocytes, indicating a further manifestation of lipid fractions’ neurotoxic activity.




2. Results


2.1. Lipid Fractions from LPS-Modulated Astrocytes Exerted Neurotoxicity That Can Be Modulated via Astrocytes’ Drug Treatments


It was shown previously that astrocyte supernatants, responding to inflammatory stimuli, induced neuronal death [2]. To assess the contribution of oxylipins to the observed toxic effects, we stimulated astrocytes with LPS (100 ng/mL, 24 h), then extracted the lipid fraction (see Materials and Methods). The fractions were added to cultured neurons, to a final amount of 1% of the total medium volume. An MTT test was then conducted, and its results were compared to the parameters of the control neuron culture, which was incubated with 1% solution for isolating lipid fractions (Figure 1). Lipid fractions secreted by LPS-treated astrocytes possessed neurotoxic activity and caused a 28 ± 1.5% (p < 0.001) decrease in primary rat cortex neuron culture viability (Figure 1, left pair of columns). For modulation, we added ML355 or Zileuton to the astrocyte cultures for 30 min, then incubated the cells with and without LPS for 24 h. Lipid fractions after Zileuton treatment were toxic, both from naive and LPS-treated astrocytes (Figure 1). Zileuton-treated or Zileuton plus LPS-treated astrocyte fractions yielded a 24.3 ± 3.6% (p < 0.001) or 30.3 ± 2.2% (p < 0.001) decrease in viability, respectively, in comparison to the control culture. The fractions from ML355-treated astrocytes did not influence neuron culture viability (p = 0.64). Moreover, the addition of ML355 removed the toxic effect of LPS. Neuron cultures, treated with the LPS and ML355, displayed a 21 ± 5.2% higher vitality than those treated with LPS (p = 0.001). Therefore, modulation of oxylipin synthesis by ML355 eliminates the toxic effect of lipid fraction.




2.2. The Toxic Effect Is Accompanied by the Activation of ERK1/2 in Neurons


The activation of the mitogen-activated protein kinase ERK1/2 in neurons is known to play an important role in the manifestation of neurotoxicity [33]. Therefore, we compared the levels of ERK1/2 phosphorylation after treatments with tested lipid fractions. For this purpose, primary rat cortex neuron cultures incubated with tested lipid fractions for 4 h, then protein lysates were analyzed using Western blotting (Figure 2). The lipid fractions of the astrocytes treated with LPS, Zileuton, or Zileuton + LPS displayed increased levels of ERK1/2 activity in neurons (Figure 2). The lipid fractions of astrocytes treated with ML355 or in combination with ML355 + LPS did not affect the levels of ERK1/2 activity (Figure 2). Therefore, the neurotoxicity of lipid fractions is associated with increased levels of ERK1/2 activity.




2.3. LPS-Induced Release of Cytokines Is Modulated by Zileuton and ML355


Previously, it has been shown that the addition of LOX-inhibitors modulated levels of pro-inflammatory (IL-6, TNFα) and anti-inflammatory (IL-10) cytokines [31,34]. In order to compare the effects of ML355 and Zileuton on the LPS-induced release of cytokines in astrocytes, we evaluated the release of IL-6 and IL-10 on the protein level (Figure 3). There was no difference between the tested substances, ML355 or Zileuton; both decreased the levels of LPS-stimulated IL-6 release (Figure 3A). The tested substances do not modulate this release of IL-10 from astrocytes, stimulated with LPS (Figure 3B). Thus, both substances decreased the level of LPS-induced cytokine IL-6 release, and therefore they likely worked in astrocyte-enriched cultures, but there is no difference between them in the tested astrocytes’ function of cytokine releases.




2.4. The Difference in the Neurotoxicity of Lipid Fractions Is Reflected in Their Oxylipin Profiles


To identify the difference between lipid fractions, we analyzed them using the approach we developed previously with the mass-spectrometric method of oxylipin profiles detection [35,36]. We obtained oxylipin profiles from astrocytes treated solely with LPS, ML355, and Zileuton or in combinations for 24 h (Figure 4A). We identified 29 compounds, among them three PUFAs (DHA, EPA, and AA) and derivatives of COX, cytochrome P450 monooxygenases (CYP), and LOX metabolic pathways. Data are presented as a heatmap, in which the vertical axis indicates the stimuli, while the horizontal axis indicates the relative amount (log2) of each lipid mediator (Figure 4A) (quantitative data presented in Table S1).



For further analysis, we subdivided the lipid fractions, according to the data shown in Figure 1, into “toxic” (LPS, Zileuton, Zileuton + LPS) and “non-toxic” (control, ML355, LPS + ML355). To evaluate the individual metabolites that differ between the non-toxic and toxic groups, we performed pairwise comparisons of metabolite concentrations. The results were then illustrated using a volcano plot with Holm–Bonferroni correction (Figure 4B). The two metabolites, the concentrations of which were significantly increased (4-HdoHE, 8-HdoHE), and the seven metabolites, the concentrations of which were significantly decreased (13-HdoHE, PGE2, PGA2 + PGJ2, PGD2, PGF2a, 11-HETE, 6-keto-PGF1a), are indicated in red (Table 1).



To test whether toxic and non-toxic fractions could be distinguished based on oxylipin concentrations, partial least square discriminant analysis (PLS-DA) was performed. The projections relating to the first two components are presented in Figure 4C. The tested fractions were separated with a small overlap. For each metabolite, the VIP score was estimated. The value of this parameter addresses the explained variation between classes in each projection. Three metabolites, including 13-HdoHE, 4-HdoHE, and 17-HdoHE, with VIP score values >1.5, are shown in Table 2. The PLS-DA revealed three oxylipins, which are derivatives of DHA, as potential substances of neuroprotective signals from the lipid fractions of astrocytes for neurons.





3. Discussion


Intercellular signaling in response to pro-inflammatory stimuli is being actively studied. Understanding these signals would both shed light on inflammatory processes as a whole and would assist the search for new therapeutic approaches. Glia–neuron interactions are key to understanding various CNS dysfunctions, including neurodegenerative diseases, since inflammation is a significant factor in the development of these pathologies. As a rule, astrocytes promote CNS neuronal survival [37]. However, pro-inflammatory, activated astrocytes induce neuronal apoptosis via release of a toxic signal [2]. Our study suggests new targets in this area of research, and points to the potential involvement of oxylipins in this process. We found that (1) lipid fractions obtained from the extracellular medium of LPS-stimulated primary astrocyte-enriched cultures possessed neurotoxic properties; (2) their action can attenuated via treatment of astrocytes with ML355, but not Zileuton; (3) the decrease of viability of neuron cultures is accompanied by an increased level of ERK1/2 activity; (4) both ML355 and Zileuton cause a decrease in the LPS-stimulated release of IL-6, but not IL-10, in astrocyte-enriched cultures, indicating the activity of these substances in these cultures; and (5) the comparison of oxylipin profiles from neurotoxic and non-toxic lipid fractions reveals a group of DHA derivatives, which may reflect non-toxic features of lipid fractions.



Our data indicating that the lipid fractions derived from the extracellular medium of LPS-stimulated astrocytes possessed neurotoxic activity concur with previously published data, in which a toxic soluble signal from so-called A1 polarized astrocytes has been shown [2]. The authors suggested that substances targeting this signal could constitute new drugs, with great potential for treating a variety of chronic, neurological diseases [2]. We hypothesized that the toxic signal might, at least in part, be associated with the lipid fraction released by stimulated astrocytes. Our data are in accordance with this suggestion. For estimating the possibility of reducing neurotoxicity through the modulation of oxylipins released by stimulated astrocytes, we used inhibitors of the LOX pathway. Previously, the neuroprotective properties of LOX inhibitors were evaluated in experiments, where the inhibitors were added directly to the neurons [28,29]. In our work, we tested two inhibitors, ML355 (an inhibitor of 12-LOX) and Zileuton (an inhibitor of 5-LOX) [38,39]. ML355 is a selective inhibitor with favorable absorption, distribution, metabolism, and excretion (ADME) properties [40]. We did not find data on the effect of ML355 on astrocytes. The drug was suggested for antiplatelet therapy and diabetes [38,40]. Our data reveal that this substance can also potentially be used to reduce the neurotoxicity of astrocytes in inflammatory processes. At present, it is difficult to say if this is a unique property of ML355, or if other inhibitors of 12-LOX can act in a similar way. Another tested drug, Zileuton, is a selective inhibitor of 5-LOX, which is a key enzyme in the biosynthesis of the leukotrienes and has been implicated in central nervous system (CNS) disorders such as Alzheimer’s disease and acute ischemic stroke [31,32]. Our data on the modulation of cytokines by zileuton were in accordance with previously published work [34], where it was shown on human astrocytes that the 5-LOX-inhibitor zileuton and the 5-, 12-, and 15-LOX-inhibitor 2-TEDC significantly reduced the expression of multiple pro-inflammatory cytokines. Therefore, both tested inhibitors are active in LPS-stimulated astrocyte-enriched culture, but their effects on released oxylipins differ in view of the neuroprotective features of oxylipin profiles.



At present, the mechanisms of the inhibitor actions are not obvious. For example, 14-HdoHE, the DHA metabolites, can be produced by 15-LOX in neutrophils [41] or 12-LOX in platelets [42]. If one attributes HDoHEs to LOX activities in astrocytes, there is still the question of why the addition of LOX inhibitors induced LOX-mediated derivatives. The observed differences may reflect the indirect action of ML355 and Zileuton since we used the long-treated times of the cells; therefore, different feedback mechanisms could manifest themselves. Mechanisms of ML355 and Zileuton modulation of oxylipin synthesis seem to be more complicated on a cellular level [39,43]. Our data cannot be allowed to discriminate molecular mechanisms of LOX inhibitors’ effects in astrocytes but reveal an opportunity to manipulate the neurotoxic effects of LPS-treated astrocyte-enriched cultures.



The question remains, what is the desired oxylipin profile? There is currently little knowledge of the complex nature of oxylipins’ metabolism at a cellular level. Indeed, pro-inflammatory signals cause the activation of various phospholipases A2, and the released PUFAs are distributed between the different branches of metabolism (COX, LOX, P450) [17]. In addition, there is a non-enzymatic pathway for the oxidation of PUFAs, which depends on the redox status of cells [44]. Only recently, with the development of mass spectrometric methods for the simultaneous detection of many oxylipins, has it become possible to study the system of PUFA metabolism and the synthesis of oxylipins at the level of cellular responses [45,46]. The approach we used to compare different lipid fractions in terms of their neurotoxicity (we used Volcano plot and PLSA-DA) made it possible to determine that 10 compounds differ between the non-toxic fraction and the toxic fraction—13-HDoHE, 4-HdoHE, 8-HDoHE, PGE2, PGA2 + PGJ2, PGD2, PGF2a, 11-HETE, 6-keto-PGF1a, and 17-HdoHE. Among them, a group of substances that are usually attributed to the COX-metabolizing branch (13-HDoHE, PGE2, PGA2 + PGJ2, PGD2, PGF2a, 11-HETE, and 6-keto-PGF1a) was decreased.



If we try to characterize the actions of oxylipin mixtures according to the existing data on individual oxylipins, we come across a paucity of studies. The data are contradictory even in regard to such a well-known substance as PGE2. The bifunctional effects of PGE2 on inflammatory conditions have been documented. While high concentrations of PGE2 (5–25 μM) induced apoptosis in cultured rat hippocampal cells [19], low concentrations of PGE2 (0.01 to 10 nM) protected dopaminergic neurons against LPS-induced neurotoxicity in rat primary neuron-glial cultures [20]. It was shown that the effect was mediated by the modulation of the microglial part of the mixed culture [20]; therefore, an indirect effect of PGE2 was assumed. The existence of negative feedback effects of PGE2 or PGD2 that down-regulate other pro-inflammatory reactions is known [16,21]. Our data reveal the effect of oxylipins in other situations, as we add oxylipins directly to neuron cultures in “native” concentrations extracted directly from the medium of astrocyte-enriched treated cultures. We can only note that it seems that PGE2 and PGD2 possess neurotoxic effects because their concentrations were decreased in mixtures with neuroprotective features.



Both AA and DHA derivatives were found in the fraction which possessed neuroprotective properties. The substances 17-HdoHE, 4-HdoHE, and 8-HdoHE were increased. All of these are derivatives of DHA and may be attributed to a neuroprotective oxylipin fraction. This is a logical assumption for several reasons. Five major oxygenated metabolites, derived from DHA, were identified in the rat brain: 17-HDoHE, 14-HDoHE, 11-HDoHE, 7-HDoHE, and 4-HDoHE [47]. It is known that the substances 4-HDoHE, 14-HDoHE, and 17-HDoHE belong to a group of specialized, pro-resolving mediators (SPMs); they are also the precursors of other SPMs [18,48]. Moreover, they previously were suggested as SPM biosynthetic pathway markers [49]: for example, 17-HDoHE for the formation of RvD, and protectin D1 and 14-HDoHE for the biosynthesis of maresin 1 [48]. Maresin, RvD, and protectin D1 promote inflammatory resolution, neuroprotection, and functional neurological recovery following brain injury [48,50]. Therefore, the protective properties of lipid fractions enriched with these substances do not seem unusual.



Taken together, our data support previous research findings that astrocytes, activated by pro-inflammatory stimuli, release soluble signals, which exert neurotoxic effects. We have shown for the first time that these neurotoxic effects are mediated, at least in part, via oxylipin mixtures. Each oxylipin is synthesized individually in small amounts, but their effects can be additive. Regulation of the oxylipin mixture composition results in changes in the cellular responses. We have demonstrated the possibility of such modulation using the ML355 oxylipin synthesis inhibitor. The use of selective inhibitors of the synthesis of oxylipins makes it possible to modulate the mixture of oxylipins and thereby reduce neuroinflammation. This approach can have positive therapeutic consequences in treating diseases with an inflammatory component such as stroke, Alzheimer’s disease, and Parkinson’s disease.




4. Materials and Methods


4.1. Reagents


Lipopolysaccharide (cat.no. L2630) was from Sigma-Aldrich, St. Louis, MO, USA, and ML355 (cat.no. 18537) and zileuton (cat.no. 10006967) were from Cayman Chemical, Ann Arbor, MI, USA. Streptomycin–penicillin (cat.no. A063), trypsin (cat.no. P037), EDTA, and fetal bovine serum (cat.no BS-110/500) were from PanEco, Moscow, Russia. Culture medium Dulbecco’s Modified Eagle Medium (DMEM) (cat.no. 21885-025) was from Gibco, Thermo Fisher Scientific, Waltham, MA, USA. Antibodies against p-ERK1/2 (Thr202/Tyr204, cat.no. sc-136521) and ERK1/2 (cat.no. sc-135900) were from Santa Cruz Biotechnology, Dallas, TX, USA. β-Actin (cat.no. 8457) and anti-mouse IgG-HRP (cat.no. 7076) were from Cell Signaling Technology, Danvers, MA, USA. Membranes were developed using Western blotting substrate ECL (Thermo Fisher Scientific, cat.no 32209, Waltham, MA, USA). ELISA kits for IL-10 (cat.no. 555134) and IL-6 (cat.no. 550319) were from BD Biosciences, San Diego, USA, San Diego, CA, USA. The oxylipins standards were as follows: 6-keto PGF1α-d4 (cat.no. 315210), TXB2-d4 (cat.no. 319030), PGF2α-d4 (cat.no. 316010), PGE2-d4 (cat.no. 314010), PGD2-d4 (cat.no. 312010), 5(S)-HETE-d8 (cat.no. 334230), 12(S)-HETE-d8 (cat.no. 334570), 15(S)-HETE-d8 (cat.no. 334720), EPA-d5 (cat.no, 10005056), DHA-d5 (cat.no. 10005057), and AA-d8 (cat. No. 390010) were from Cayman Chemical, Ann Arbor, MI, USA. Oasis® PRIME HLB cartridges (60 mg, 3cc, cat.no. 186008056) were obtained from Waters, Eschborn, Germany.




4.2. Primary Rat Astroglial-Enriched Cell Culture


Astrocyte-enriched cultures were obtained from newborn rats of both sexes as previously reported [11,51]. More than 95% of the cells were positive for the astrocyte marker glial fibrillary acidic protein in these cultures, and only <2% were positive for a microglia-specific marker. In brief, brains from newborn rats were triturated by the use of nylon meshes of 250 and 136 μm pore width, in consecutive order. Dissociated cells were plated into 75 cm2 culture flasks at a density of 6 × 105 cells per ml. The cells were subsequently cultured in DMEM (1 g/L D-glucose, 10% bovine fetal serum (FBS), 50 units/mL streptomycin, 50 μg/mL penicillin) at 37 °C, with 10% CO2. After 5 days of cultivation in DMEM, the culture medium was replaced with a fresh medium, and flasks were placed on a shaker at 200 RPM for 4 h to dissociate microglial cells. The culture medium was changed to a fresh one. After 2 days, the monolayer of astrocytes was trypsinized and plated into six-well plates and maintained for 2 days in DMEM. After this, the medium was changed, and the cells were used for experiments. All of the experimental procedures were performed according to the guidelines in the European Convention for the Protection of Vertebrate Animals used for Experimental and Other Scientific Purposes. MTT assay was used to determine changes in viability following exposure of confluent astrocyte-enriched cultures to ML355 and Zileuton and other pre- and co-treatments. No loss of viability occurred in astrocyte-enriched cultures (data not shown).




4.3. Primary Cultures of Rat Neuron Cortical Cells


To obtain the cultures, cerebral hemispheres were isolated from Wistar rat embryos on day 18 of gestation. The procedure was carried out as has been described earlier [52]. Afterwards, cultures were maintained in Neurobasal Medium (NBM) (Gibco, Thermo Fisher Scientific, 168 Third Avenue, Waltham, MA, USA) with 2% B-27 Serum Free Supplement (Gibco), 100 U/mL penicillin-streptomycin, and 1% GlutaMAX (Gibco) in the incubator (SHEL LAB, Cornelius, OR, USA) at 37 °C, 90% humidity, 5% CO2 for 10–12 days. Half of the medium volume was refreshed every 2 days.




4.4. MTT Assay


Cell viability of the culture was evaluated in 96-well plates using MTT test. The method is based on the reduction of yellow 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) by living cells to blue formazan. Water-insoluble crystals on the bottom of the wells were dissolved in 100 µL per well DMSO (AppliChem, Maryland Heights, MO, USA). Sample absorbance at 570 nm and 660 nm was measured using a Synergy H1 plate reader (BioTek, Winooski, VT, USA). Then, the absorbance value at 660 nm was subtracted from absorbance value at 570 nm. Data are presented as a percentage of the value in control wells with intact cells.




4.5. UPLC-MS/MS Conditions and Sample Preparation


After the cell experiments, the supernatant was collected and stored at −80 °C for further analysis. The cell-free culture media were taken for the solid-phase lipid extraction (Oasis®PRIME HLB cartridge (60 mg, 3 cc)) and analyzed using 8040 series UPLC-MS/MS mass spectrometer (Shimadzu, Kyoto, Japan) in multiple-reaction monitoring mode as described previously [35]. The selected lipids were identified and quantified using Lipid Mediator Version 2 software (Shimadzu, Japan).




4.6. Western Blotting


ERK1/2 activation was evaluated using Western blotting. The procedure was carried out in the same manner as described in our earlier work [52]. Briefly, cultured cells in the 6-well plates were lysed in RIPA buffer (Sigma, Ronkonkoma, NY, USA) containing cocktails of protease and phosphatase inhibitors (Sigma, Ronkonkoma, NY, USA). The protein concentration was measured using DC Protein Assay Kit (Bio-Rad, Hercules, CA, USA). Luminescence was detected by means of ChemiDoc XRS+ system (Bio-Rad, Hercules, CA, USA), and the luminescence intensity was calculated with Image Lab 3.0 software (Bio-Rad, Hercules, CA, USA).




4.7. Data Analysis


Comparison of the relative oxylipin concentrations in two groups (toxic over non-toxic) was performed using the two-sample two-sided t-test. Benjamini–Hochberg correction was applied to control false discovery rate (FDR). p < 0.05 was considered as statistically significant.



Metabolomics data were analyzed using the mixOmics R package version 6.1.1 [53]. Class separation was analyzed by partial least square discriminant analysis (PLS-DA). The quality of the models with different number of components was estimated using leave-one-out cross-validation. In each round of cross-validation, training set included the bigger data subset, while validation was performed on a randomly selected sample. Predictive performance of models was compared based on overall error rate and AUC.



After building the PLS-DA model with 3 components, the relative importance of each metabolite was calculated using a parameter called the variable importance in projection (VIP). VIP score is a weighted sum of squares of the PLS loadings regarding the explained variation in each projection. A cutoff for VIP scores was accepted as 1.5 according to the metabolomics standard initiative (level MSI = 1).









Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/metabo11080498/s1, Table S1: Mean (SD) PUFAs and oxylipins released from astrocytes treated with ML355 and Zileuton alone or in combination with LPS for 24 h fold to control.





Author Contributions


Conceptualization, D.V.C.; Experimental procedures, M.V.G., A.A.A., S.V.G., D.V.C., Y.A.T., A.V.K., T.N.F. and A.V.L.; MS analysis, D.V.C. and S.V.G.; Data analysis, M.V.G. and M.G.S.; Writing—original draft preparation, Review and editing, D.V.C. and M.G.S. All authors have read and agreed to the published version of the manuscript.




Funding


The reported study was funded by RFBR according to the research project No 19-29-01243.




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki and approved by the animal ethics committee of the A.N. Belozersky Institute of Physico-Chemical Biology: project 4, protocol code 4/19, from 18 March 2019.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data are contained within the article or Supplementary Material.




Acknowledgments


The authors acknowledge SREC PFUR of Peoples’ Friendship University of Russia (RUDN University), “RUDN University Strategic Academic Leadership Program”, for their service with the UPLC-MS/MS analysis.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Escartin, C.; Galea, E.; Lakatos, A.; O’Callaghan, J.P.; Petzold, G.C.; Serrano-Pozo, A.; Steinhäuser, C.; Volterra, A.; Carmignoto, G.; Agarwal, A.; et al. Reactive astrocyte nomenclature, definitions, and future directions. Nat. Neurosci. 2021, 24, 312–325. [Google Scholar] [CrossRef] [PubMed]

	



Liddelow, S.A.; Guttenplan, K.A.; Clarke, L.E.; Bennett, F.C.; Bohlen, C.J.; Schirmer, L.; Bennett, M.L.; Münch, A.E.; Chung, W.S.; Peterson, T.C.; et al. Neurotoxic reactive astrocytes are induced by activated microglia. Nature 2017, 541, 481–487. [Google Scholar] [CrossRef]

	



Sofroniew, M.V. Astrocyte barriers to neurotoxic inflammation. Nat. Rev. Neurosci. 2015, 16, 249–263. [Google Scholar] [CrossRef] [PubMed]

	



Zamanian, J.L.; Xu, L.; Foo, L.C.; Nouri, N.; Zhou, L.; Giffard, R.G.; Barres, B.A. Genomic analysis of reactive astrogliosis. J. Neurosci. 2012, 32, 6391–6410. [Google Scholar] [CrossRef]

	



Sergeeva, M.; Strokin, M.; Wang, H.; Ubl, J.J.; Reiser, G. Arachidonic acid in astrocytes blocks Ca2+ oscillations by inhibiting store-operated Ca2+ entry, and causes delayed Ca2+ influx. Cell Calcium 2003, 33, 283–292. [Google Scholar] [CrossRef]

	



Moinfar, Z.; Dambach, H.; Faustmann, P.M. Influence of drugs on gap junctions in glioma cell lines and primary astrocytes in vitro. Front. Physiol. 2014, 5. [Google Scholar] [CrossRef] [PubMed]

	



Matejuk, A.; Ransohoff, R.M. Crosstalk Between Astrocytes and Microglia: An Overview. Front. Immunol. 2020, 11. [Google Scholar] [CrossRef]

	



Du, F.; Qian, Z.M.; Zhu, L.; Wu, X.M.; Qian, C.; Chan, R.; Ke, Y. Purity, cell viability, expression of GFAP and bystin in astrocytes cultured by different procedures. J. Cell. Biochem. 2010, 109, 30–37. [Google Scholar] [CrossRef]

	



Foo, L.C.; Allen, N.J.; Bushong, E.A.; Ventura, P.B.; Chung, W.-S.; Zhou, L.; Cahoy, J.D.; Daneman, R.; Zong, H.; Ellisman, M.H.; et al. Development of a method for the purification and culture of rodent astrocytes. Neuron 2011, 71, 799–811. [Google Scholar] [CrossRef]

	



Chistyakov, D.V.; Astakhova, A.A.; Azbukina, N.V.; Goriainov, S.V.; Chistyakov, V.V.; Sergeeva, M.G. High and Low Molecular Weight Hyaluronic Acid Differentially Influences Oxylipins Synthesis in Course of Neuroinflammation. Int. J. Mol. Sci. 2019, 20, 3894. [Google Scholar] [CrossRef]

	



Chistyakov, D.V.; Azbukina, N.V.; Astakhova, A.A.; Polozhintsev, A.I.; Sergeeva, M.G.; Reiser, G. Toll-like receptors control p38 and JNK MAPK signaling pathways in rat astrocytes differently, when cultured in normal or high glucose concentrations. Neurochem. Int. 2019, 131, 104513. [Google Scholar] [CrossRef]

	



Quincozes-Santos, A.; Bobermin, L.D.; de Assis, A.M.; Gonçalves, C.A.; Souza, D.O. Fluctuations in glucose levels induce glial toxicity with glutamatergic, oxidative and inflammatory implications. Biochim. Biophys. Acta Mol. Basis Dis. 2017, 1863, 1–14. [Google Scholar] [CrossRef] [PubMed]

	



Hsieh, H.L.; Chi, P.L.; Lin, C.C.; Yang, C.C.; Yang, C.M. Up-regulation of ROS-Dependent Matrix Metalloproteinase-9 from High-Glucose-Challenged Astrocytes Contributes to the Neuronal Apoptosis. Mol. Neurobiol. 2014, 50, 520–533. [Google Scholar] [CrossRef] [PubMed]

	



Saura, J. Microglial cells in astroglial cultures: A cautionary note. J. Neuroinflamm. 2007, 4, 26. [Google Scholar] [CrossRef] [PubMed]

	



Chistyakov, D.V.; Gavrish, G.E.; Goriainov, S.V.; Chistyakov, V.V.; Astakhova, A.A.; Azbukina, N.V.; Sergeeva, M.G. Oxylipin profiles as functional characteristics of acute inflammatory responses in astrocytes pre-treated with IL-4, IL-10, or LPS. Int. J. Mol. Sci. 2020, 21, 1780. [Google Scholar] [CrossRef]

	



Chistyakov, D.V.; Astakhova, A.A.; Sergeeva, M.G. Resolution of inflammation and mood disorders. Exp. Mol. Pathol. 2018, 105, 190–201. [Google Scholar] [CrossRef]

	



Gabbs, M.; Leng, S.; Devassy, J.G.; Monirujjaman, M.; Aukema, H.M. Advances in Our Understanding of Oxylipins Derived from Dietary PUFAs. Adv. Nutr. 2015, 6, 513–540. [Google Scholar] [CrossRef] [PubMed]

	



Serhan, C.N. Pro-resolving lipid mediators are leads for resolution physiology. Nature 2014, 510, 92–101. [Google Scholar] [CrossRef] [PubMed]

	



Takadera, T.; Shiraishi, Y.; Ohyashiki, T. Prostaglandin E2 induced caspase-dependent apoptosis possibly through activation of EP2 receptors in cultured hippocampal neurons. Neurochem. Int. 2004, 45, 713–719. [Google Scholar] [CrossRef] [PubMed]

	



Chen, S.H.; Sung, Y.F.; Oyarzabal, E.A.; Tan, Y.M.; Leonard, J.; Guo, M.; Li, S.; Wang, Q.; Chu, C.H.; Chen, S.L.; et al. Physiological Concentration of Prostaglandin E2 Exerts Anti-inflammatory Effects by Inhibiting Microglial Production of Superoxide Through a Novel Pathway. Mol. Neurobiol. 2018, 55, 8001–8013. [Google Scholar] [CrossRef] [PubMed]

	



Liang, X.; Wu, L.; Hand, T.; Andreasson, K. Prostaglandin D2 mediates neuronal protection via the DP1 receptor. J. Neurochem. 2005, 92, 477–486. [Google Scholar] [CrossRef] [PubMed]

	



Kwon, K.J.; Jung, Y.S.; Lee, S.H.; Moon, C.H.; Baik, E.J. Arachidonic acid induces neuronal death through lipoxygenase and cytochrome P450 rather than cyclooxygenase. J. Neurosci. Res. 2005, 81, 73–84. [Google Scholar] [CrossRef] [PubMed]

	



Park, S.J.; Lee, J.H.; Kim, H.Y.; Choi, Y.H.; Park, J.S.; Suh, Y.H.; Park, S.M.; Joe, E.; Jou, I. Astrocytes, but Not Microglia, Rapidly Sense H2O2 via STAT6 Phosphorylation, Resulting in Cyclooxygenase-2 Expression and Prostaglandin Release. J. Immunol. 2012, 188, 5132–5141. [Google Scholar] [CrossRef] [PubMed]

	



Chistyakov, D.V.; Grabeklis, S.; Goriainov, S.V.; Chistyakov, V.V.; Sergeeva, M.G.; Reiser, G. Astrocytes synthesize primary and cyclopentenone prostaglandins that are negative regulators of their proliferation. Biochem. Biophys. Res. Commun. 2018, 500, 204–210. [Google Scholar] [CrossRef]

	



Leyen, K.V. Lipoxygenase: An Emerging Target for Stroke Therapy. CNS Neurol. Disord. Drug Targets 2013, 12, 191–199. [Google Scholar] [CrossRef]

	



Czapski, G.A.; Czubowicz, K.; Strosznajder, J.B.; Strosznajder, R.P. The lipoxygenases: Their regulation and implication in alzheimer’s disease. Neurochem. Res. 2016, 41, 243–257. [Google Scholar] [CrossRef] [PubMed]

	



Karatas, H.; Cakir-Aktas, C. 12/15 Lipoxygenase as a Therapeutic Target in Brain Disorders. Noro Psikiyatr. Ars. 2019, 56, 288–291. [Google Scholar] [CrossRef]

	



Van Leyen, K.; Arai, K.; Jin, G.; Kenyon, V.; Gerstner, B.; Rosenberg, P.A.; Holman, T.R.; Lo, E.H. Novel lipoxygenase inhibitors as neuroprotective reagents. J. Neurosci. Res. 2008, 86, 904–909. [Google Scholar] [CrossRef] [PubMed]

	



Arai, K.; Nishiyama, N.; Matsuki, N.; Ikegaya, Y. Neuroprotective effects of lipoxygenase inhibitors against ischemic injury in rat hippocampal slice cultures. Brain Res. 2001, 904, 167–172. [Google Scholar] [CrossRef]

	



Rahal, A.; Kumar, A.; Singh, V.; Yadav, B.; Tiwari, R.; Chakraborty, S.; Dhama, K. Oxidative stress, prooxidants, and antioxidants: The interplay. Biomed. Res. Int. 2014, 2014. [Google Scholar] [CrossRef]

	



Silva, B.; de Miranda, A.; Rodrigues, F.; Malheiros Silveira, A.; de Souza Resende, G.; Dutra Moraes, M.; Pinheiro de Oliveira, A.; Parreiras, P.; Barcelos, L.; Teixeira, M.; et al. The 5-lipoxygenase (5-LOX) Inhibitor Zileuton Reduces Inflammation and Infarct Size with Improvement in Neurological Outcome Following Cerebral Ischemia. Curr. Neurovasc. Res. 2015, 12, 398–403. [Google Scholar] [CrossRef]

	



Tu, X.K.; Yang, W.Z.; Wang, C.H.; Shi, S.S.; Zhang, Y.L.; Chen, C.M.; Yang, Y.K.; Jin, C.D.; Wen, S. Zileuton reduces inflammatory reaction and brain damage following permanent cerebral ischemia in rats. Inflammation 2010, 33, 344–352. [Google Scholar] [CrossRef]

	



Subramaniam, S.; Unsicker, K. ERK and cell death: ERK1/2 in neuronal death. FEBS J. 2010, 277, 22–29. [Google Scholar] [CrossRef] [PubMed]

	



Pihlaja, R.; Haaparanta-Solin, M.; Rinne, J.O. The anti-inflammatory effects of lipoxygenase and cyclo-oxygenase inhibitors in inflammation-induced human fetal glia cells and the aβ degradation capacity of human fetal astrocytes in an ex vivo assay. Front. Neurosci. 2017, 11, 299. [Google Scholar] [CrossRef]

	



Chistyakov, D.V.; Nikolskaya, A.I.; Goriainov, S.V.; Astakhova, A.A.; Sergeeva, M.G. Inhibitor of hyaluronic acid synthesis 4-methylumbelliferone as an anti-inflammatory modulator of lps-mediated astrocyte responses. Int. J. Mol. Sci. 2020, 21, 8203. [Google Scholar] [CrossRef]

	



Chistyakov, D.V.; Astakhova, A.A.; Goriainov, S.V.; Sergeeva, M.G. Comparison of PPAR ligands as modulators of resolution of inflammation, via their influence on cytokines and oxylipins release in astrocytes. Int. J. Mol. Sci. 2020, 21, 9577. [Google Scholar] [CrossRef] [PubMed]

	



Liddelow, S.A.; Barres, B.A. Reactive Astrocytes: Production, Function, and Therapeutic Potential. Immunity 2017, 46, 957–967. [Google Scholar] [CrossRef]

	



Adili, R.; Tourdot, B.E.; Mast, K.; Yeung, J.; Freedman, J.C.; Green, A.; Luci, D.K.; Jadhav, A.; Simeonov, A.; Maloney, D.J.; et al. First selective 12-LOX inhibitor, ML355, impairs thrombus formation and vessel occlusion in vivo with minimal effects on hemostasis. Arterioscler. Thromb. Vasc. Biol. 2017, 37, 1828–1839. [Google Scholar] [CrossRef] [PubMed]

	



Rossi, A.; Pergola, C.; Koeberle, A.; Hoffmann, M.; Dehm, F.; Bramanti, P.; Cuzzocrea, S.; Werz, O.; Sautebin, L. The 5-lipoxygenase inhibitor, zileuton, suppresses prostaglandin biosynthesis by inhibition of arachidonic acid release in macrophages. Br. J. Pharmacol. 2010, 161, 555–570. [Google Scholar] [CrossRef] [PubMed]

	



Luci, D.; Brian Jameson, J., II; Yasgar, A.; Diaz, G.; Joshi, N.; Kantz, A.; Markham, K.; Perry, S.; Kuhn, N.; Yeung, J.; et al. Discovery of ML355, a Potent and Selective Inhibitor of Human 12-Lipoxygenase. In Probe Reports from the NIH Molecular Libraries Program; National Center for Biotechnology Information (US): Bethesda, MD, USA, 2014. [Google Scholar]

	



Archambault, A.S.; Turcotte, C.; Martin, C.; Provost, V.; Larose, M.C.; Laprise, C.; Chakir, J.; Bissonnette, É.; Laviolette, M.; Bossé, Y.; et al. Comparison of eight 15-lipoxygenase (LO) inhibitors on the biosynthesis of 15-LO metabolites by human neutrophils and eosinophils. PLoS ONE 2018, 13, e0202424. [Google Scholar] [CrossRef]

	



Morgan, L.T.; Thomas, C.P.; Kühn, H.; O’Donnell, V.B. Thrombin-activated human platelets acutely generate oxidized docosahexaenoic-acid-containing phospholipids via 12-lipoxygenase. Biochem. J. 2010, 431, 141–148. [Google Scholar] [CrossRef]

	



Liu, X.; Sims, H.F.; Jenkins, C.M.; Guan, S.; Dilthey, B.G.; Gross, R.W. 12-LOX catalyzes the oxidation of 2-arachidonoyl-lysolipids in platelets generating eicosanoid-lysolipids that are attenuated by iPLA2γ knockout. J. Biol. Chem. 2020, 295, 5307–5320. [Google Scholar] [CrossRef] [PubMed]

	



Galano, J.M.; Roy, J.; Durand, T.; Lee, J.C.Y.; Le Guennec, J.Y.; Oger, C.; Demion, M. Biological activities of non-enzymatic oxygenated metabolites of polyunsaturated fatty acids (NEO-PUFAs) derived from EPA and DHA: New anti-arrhythmic compounds? Mol. Aspects Med. 2018, 64, 161–168. [Google Scholar] [CrossRef] [PubMed]

	



Trépanier, M.-O.; Eiden, M.; Morin-Rivron, D.; Bazinet, R.P.; Masoodi, M. High-resolution lipidomics coupled with rapid fixation reveals novel ischemia-induced signaling in the rat neurolipidome. J. Neurochem. 2017, 140, 766–775. [Google Scholar] [CrossRef] [PubMed]

	



Colas, R.A.; Shinohara, M.; Dalli, J.; Chiang, N.; Serhan, C.N. Identification and signature profiles for pro-resolving and inflammatory lipid mediators in human tissue. Am. J. Physiol. Cell Physiol. 2014, 307, C39–C54. [Google Scholar] [CrossRef]

	



Jouvène, C.; Fourmaux, B.; Géloën, A.; Balas, L.; Durand, T.; Lagarde, M.; Létisse, M.; Guichardant, M. Ultra-Performance Liquid Chromatography-Mass Spectrometry Analysis of Free and Esterified Oxygenated Derivatives from Docosahexaenoic Acid in Rat Brain. Lipids 2018, 53, 103–116. [Google Scholar] [CrossRef]

	



Francos-Quijorna, I.; Santos-Nogueira, E.; Gronert, K.; Sullivan, A.B.; Kopp, M.A.; Brommer, B.; David, S.; Schwab, J.M.; López-Vales, R. Maresin 1 promotes inflammatory resolution, neuroprotection, and functional neurological recovery after spinal cord injury. J. Neurosci. 2017, 37, 11731–11743. [Google Scholar] [CrossRef]

	



Fredman, G.; Hellmann, J.; Proto, J.D.; Kuriakose, G.; Colas, R.A.; Dorweiler, B.; Connolly, E.S.; Solomon, R.; Jones, D.M.; Heyer, E.J.; et al. An imbalance between specialized pro-resolving lipid mediators and pro-inflammatory leukotrienes promotes instability of atherosclerotic plaques. Nat. Commun. 2016, 7, 1–11. [Google Scholar] [CrossRef]

	



Serhan, C.N.; de la Rosa, X.; Jouvene, C. Novel mediators and mechanisms in the resolution of infectious inflammation: Evidence for vagus regulation. J. Intern. Med. 2019, 286, 240–258. [Google Scholar] [CrossRef] [PubMed]

	



Strokin, M.; Sergeeva, M.; Reiser, G. Docosahexaenoic acid and arachidonic acid release in rat brain astrocytes is mediated by two separate isoforms of phospholipase A 2 and is differently regulated by cyclic AMP and Ca2+. Br. J. Pharmacol. 2003, 139, 1014–1022. [Google Scholar] [CrossRef]

	



Chistyakov, D.V.; Azbukina, N.V.; Lopachev, A.V.; Kulichenkova, K.N.; Astakhova, A.A.; Sergeeva, M.G. Rosiglitazone as a Modulator of TLR4 and TLR3 Signaling Pathways in Rat Primary Neurons and Astrocytes. Int. J. Mol. Sci. 2018, 19, 113. [Google Scholar] [CrossRef] [PubMed]

	



Rohart, F.; Gautier, B.; Singh, A.; Lê Cao, K.A. mixOmics: An R package for ‘omics feature selection and multiple data integration. PLoS Comput. Biol. 2017, 13, e1005752. [Google Scholar] [CrossRef] [PubMed]








[image: Metabolites 11 00498 g001 550] 





Figure 1. Lipid fraction from LPS-treated astrocytes changes the viability of neurons, which can be manipulated via astrocyte treatments with ML355 and Zileuton. The primary rat cortex neuron culture was incubated for 48 h with lipid fractions, which were prepared from an extracellular medium of astrocytes, activated for 24 h by LPS (100 ng/mL) only or with Zileuton (10 μM) or ML355 (ML 10 μM). Cell viability was measured using the MTT test. N = 12; *—p < 0.05, compared with the neurons treated with lipid fraction obtained from native astrocytes; #—p < 0.05, compared with the neurons treated with lipid fraction obtained from LPS-stimulated astrocytes. 
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Figure 2. Effects of lipid fractions from the culture medium of treated astrocytes on ERK1/2 activity in neuronal cultures. The lipid fractions from astrocytes treated with LPS, ML355, LPS + ML355, Zileuton, and LPS + Zileuton were added to the primary rat cortex neuron cultures for 4 h. pERK1/2 and ERK1/2 protein levels were evaluated by Western blotting and normalized to the loading control β-actin. (A) Results, expressed as fold-changes, relative to the control. (B) Representative Western blots demonstrating phospho-ERK1/2, total ERK1/2, and β-actin protein levels. The example is representative of four independent experiments. The values represent mean ± SD from four independent experiments. *—p < 0.05, compared with the neurons treated with lipid fraction obtained from native astrocytes; #—p < 0.05, compared with the neurons treated with lipid fraction obtained from LPS-stimulated astrocytes. 
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Figure 3. A comparison of ML355 and Zileuton effects on the LPS-induced release of interleukin 6 (IL-6) and interleukin 10 (IL-10) in astrocytes. The primary rat astrocyte cultures were pretreated with Zileuton (10 μM) or ML355 (10 μM) for 30 min and then stimulated with LPS (100 ng/mL) for 24 h. The IL-6 (A) and IL-10 (B) protein release was measured by ELISA in the supernatant samples. The results are expressed as pg/mg. The values represent a mean ± SD from three independent experiments. * p < 0.05, compared with the non-stimulated cells; # p < 0.05, compared with the LPS-stimulated cells. 
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Figure 4. ML355 and Zileuton modulate oxylipin profiles of the LPS-stimulated astrocytes. The primary rat astrocyte cultures were pretreated with Zileuton (10 μM) or ML355 (10 μM) for 30 min and then stimulated with LPS (100 ng/mL) for 24 h. The concentrations of oxylipins in the supernatants were measured using ultra-performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS). (A) The heat map shows the relative amounts of each lipid mediator, compared to the control. The vertical axis indicates the stimuli, while the horizontal axis indicates each lipid mediator’s relative amount (log2), N—non-toxic fraction and T—toxic fraction. (B) The volcano plot indicates significantly changed compounds. The X-axis indicates a log2 fold change of toxic fractions. The Y-axis indicates log10 p-values (adjusted). The cut-off for p-values is indicated, based on Bonferroni correction. Compounds that changed insignificantly are indicated in gray, and compounds, the means of which changed in toxic fractions (relative to neuroprotective fractions) more than twofold or less than twofold but insignificantly, are indicated in green. Red dots stand for compounds which changed more than twofold and had a p-value (adjusted < 0.05). (C) The partial least square discriminant analysis (PLS-DA) model discriminates toxic (T) and non-toxic (N) for neuron fractions. The explained variance of each component is indicated in brackets on the corresponding axis. 
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Table 1. Log2 FCs (fold changes) are shown for nine metabolites, p < 0.05 (adjusted for multiple testing).
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	Name
	13-HDoHE
	4-HDoHE
	8-HDoHE
	PGE2
	PGA2 + PGJ2
	PGD2
	PGF2a
	11-HETE
	6-keto-PGF1a





	log2FC
	−1.58
	1.25
	1.56
	−2.87
	−1.88
	−2.02
	−2.56
	−1.55
	−1.84
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Table 2. Variable importance in projection (VIP) scores are shown for three metabolites. A cutoff value of 1.5 is established for VIP selection.
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	Name
	13-HDoHE *
	4-HDoHE *
	17-HDoHE





	VIP-scores
	1.6235235
	1.5420719
	1.588623







* Volcano plot indicating significantly changed compounds, p < 0.05 (adjusted for multiple testing).
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