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Abstract

:

Fever is caused by an increase in the heat production process when the body is under the action of a heat source or the dysfunction of the temperature center. Ellagic acid (EA) is a polyphenol dilactone that has anti-inflammatory, anti-tumor, and antioxidant activities. Male Sprague-Dawley rats were injected yeast to reproduce an experimental fever model (150 ± 20 g), and the rectal temperature and its change values were subsequently taken 19 h later; the excessive production of interleukin-1β (IL-1β) and prostaglandin2 (PGE2) induced by yeast was regulated to normal by EA administration. Rat brain metabolomics investigation of pyrexia and the antipyretic anti-inflammatory effect of EA was performed using Ultra-High-Performance Liquid Chromatography–Mass spectrometry (UPLC-MS). Twenty-six metabolites, as potential biomarkers, significantly altered metabolites that were found in pyretic rats, and eleven metabolites, as biomarkers of the antipyretic mechanism of EA, were significantly adjusted by EA to help relieve pyrexia, which was involved in glycerophospholipid metabolism and sphingolipid metabolism, etc. In conclusion, potential metabolic biomarkers in the brain shed light on the mechanism of EA’s antipyretic effects, mainly involving metabolic pathways, which may contribute to a further understanding of the therapeutic mechanisms of fever and therapeutic mechanism of EA.
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1. Introduction


Fever is the most commonly observed symptom caused by infection or inflammation in many diseases [1], its response is coordinated by the central nervous system through endocrine, nervous, immune and behavioral mechanisms [2,3]. Among animal models of fever, yeast-induced pyrexia in rats is the most widely used. The occurrence of pyrexia involves numerous nerval routes and factors, such as IL-1β and PGE2. The level of IL-1β and PGE2 increases significantly in the animal fever model; this finding implies that the levels of these factors could be used to evaluate the antipyretic effect of drugs [4,5,6].



Aspirin, acetaminophen, and Ibuprofen (IB) are widely used drugs in the treatment of inflammation, fever, and pain. The mechanism of action results in the inhibition of key clinical signs such as redness, warmth, pain, and swelling [7]. However, accumulating evidence has demonstrated that these drugs can induce significant side effects [8].



Ellagic acid is a polyphenol dilactone; it not only exists in the form of dissociation, but also exist in many plants and fruits in nature in the form of condensation, and has been reported to have anti-inflammatory, anti-tumor, and antioxidant activities. EA shows its anti-inflammatory effects via its modulatory effect on cyclooxygenase (COX) enzyme, IL-6, TNF-α, and IL-1β production [9]. EA exhibits a potent anti-inflammatory effect against carrageenan-induced inflammation by the reduction in IL-1β, NO, MDA, TNF-α, COX-2, and NF-κB expression and induction of GSH and IL-10 production [10]. It has been shown that EA inhibits COX-2 and iNOS protein expression, and reduces the levels of IL-1β and PGE2 in lung tissues of OVA-sensitized/challenged mice, suggesting significant effects on airway inflammation [11].



Metabolomics analysis is used to detect and screen out metabolites with important biological significance and statistically significant difference from biological samples, and on this basis to clarify the metabolic process and change mechanism of organisms [12]. It can be used to analyze metabolic pathways or metabolic networks, and study the metabolic basis of macroscopic phenotypic phenomena of different organisms and the response mechanisms of metabolites stimulated by physical, chemical, or pathogenic organisms, such as diseases and drugs, and the safety evaluation of food and drugs [13,14]. Chromatography–mass spectrometry realizes the whole process from chromatography-separation to mass spectrometry identification. Liquid chromatography–tandem mass spectrometry (LC-MS/MS) can be used for accurate qualitative and quantitative analysis [15,16]. Metabolic research on fever has usually focused on bio-fluid organization samples, such as serum, plasma, urine, and brain [17,18,19,20]. However, fever is caused by the increase in the heat production process when the body is under the action of a heat source or the dysfunction of the temperature center; the brain’s thermoregulatory center plays a key role. The extent to which biomarkers from biological fluid samples reflect brain metabolism is unclear, and needs to be combined with brain metabolites to elucidate the antipyretic effect [21]. Untargeted metabolomics is a research method that systematically and comprehensively analyzes the entire metabolome, obtains and processes a large amount of metabolite data, and finds out the differential metabolites [22]. Currently, untargeted metabolomics analysis has been widely used in biomarker discovery, disease diagnosis, and mechanism research [23,24].



Although some scientific studies have previously reported on EA-inhibiting lipid peroxidation, and EA’s anti-inflammatory, antiproliferative, antiangiogenic, hyperglycemia inhibiting, and anticarcinogenic effects [25,26,27], little information is available on the use of brain metabolomics as a tool for analyzing the integral metabolites of fever with EA. Research is necessary to enable a rat brain metabolomics investigation of the pyrexia and the antipyretic anti-inflammatory effect of EA performed using Ultra-High-Performance Liquid Chromatography–Mass spectrometry (UPLC-MS). The aim of the present study was to evaluate the level of inflammatory cytokines and brain metabolite in fever, and to investigate the possible protective effect of EA on yeast-induced fever in rats.



In this study, based on untargeted metabonomics, the antipyretic effects of Asp and EA were evaluated by yeast-induced fever and pyrogenic cytokines in a rat model. Secondly, we collected brain tissue samples from rats with yeast-induced fever and performed untargeted metabolomics research on a UPLC-MS platform to explore biomarkers in rat brain. Thirdly, we used multivariate statistics and open-access databases, and filtered and identified feature metabolites. Finally, we combined the results of pathway analysis and enzyme-linked immunosorbent assay (ELISA) to reveal the thermal mechanism. Subsequently, we identified 11 metabolites associated with EA treatment, which may be involved in the regulation of brain microenvironmental states, as well as the regulation of anti-inflammatory and antipyretic pathways in the brain. These results provide more scientific evidence for the antipyretic mechanism of EA.




2. Results


2.1. Antipyretic Effects of Ellagic Acid


The rectal temperatures of rats in each group before and after drug administration were recorded to monitor the body temperature changes. Rectal temperatures and its change value were recorded and measured at 0, 3, 5, 7, 9, and 19 h after drug administration. As shown in Figure 1, the rectal temperatures and its change value of Model group (MG) were significantly higher than Normal group (NG) (p < 0.001), indicating that the yeast-induced pyretic model was successful after drug administration; the rectal temperatures and its change value of Aspirin group (APG) and Ellagic acid group (EAG) decreased for about 19 h. Rectal temperature and its change value were significantly decreased in APG and EAG (p < 0.05), indicating that EA could reduce the rectal temperature in yeast-induced fever rats.




2.2. ELISA Results of Inflammatory Factor IL-1β and PGE2 in Serum


Calibration curves displayed good linearity in the concentration range of 0–2000 pg/mL of IL-1β, and the concentration range of 0–1000 pg/mL of PGE2. The typical calibration curve equations and their correlation coefficients were calculated to be as follows: IL-1β, y = 86.24 + 560.02x + 221.08x2 (r = 0.9990); PGE2, y = (2541.27 − 2065.86x)/(1 + 3.70x + 232.51x2) (r = 0.9984). In the regression equation, x refers to the concentration of the analyte in serum (pg/mL), and y refers to OD of the analyte. In serum, the concentration of IL-1β in MG increased significantly compared to NG (p < 0.01) (Figure 2A). In the meantime, the level of IL-1β in APG and EAG decreased significantly compared to MG (p < 0.05). PGE2 production increased obviously because of the yeast injection. After drug administration, the levels of PGE2, APG, and EAG returned to a normal level and showed statistical significance compared to MG (Figure 2B), indicating that Asp and EA could reduce the level of proinflammatory factors in the serum of yeast-induced fever rats and has antipyretic and anti-inflammatory effects.




2.3. Brain Metabolomics Profile and Multivariate Data Analysis


2.3.1. Principal Component Analysis


In this study, a multivariate analysis method of Principal Component Analysis (PCA) was performed to visualize the similarities and differences among four groups. The PCA scores scatter plot and loading plot are shown in Figure 3. As we can see from Figure 3A, the separation among four groups was not so good, which suggests that the perturbed metabolites in rat brain might be regulated to a normal level by applying EA. The loading plot is also called a correlation plot, the highly correlated variables are grouped together, and the inversely correlated variables are distributed at both ends of the line passing through the origins. The coordinates of each variable correspond to the correlation and directivity with PC1 and PC2, respectively; R2X(1) and R2X(2) are the explanatory rates corresponding to principal components 1 and 2. As we can see from Figure 3B, R2X(1) = 0.136, R2X(2) = 0.123, which suggests that these two principal components are not contributing very much.




2.3.2. Orthogonal Partial Least Squares-Discriminant Analysis


Compared with PCA, PLS-DA can maximize the differentiation between groups and facilitate the search for differential metabolites. Orthogonal partial least squares-discriminant analysis (OPLS-DA) combines orthogonal signal correction (OSC) and the PLS-DA method, and can decompose the X matrix information into two types of information related to Y and irrelevancies. Among them, the variable information related to Y is the prediction principal component, and the variable information unrelated to Y is the orthogonal principal component. Differential variables are screened by removing irrelevant differences. The OPLS-DA model was used to analyze metabolome data and draw score charts for each group to further show the differences between each group [28]. The prediction parameters of the evaluation model are R2X, R2Y and Q2, where R2X and R2Y represent the explanatory rate of the model to X and Y matrix, respectively, and Q2 represents the prediction ability of the model. Q2 > 0.5 can be considered as an effective model.



The OPLS-DA scores scatter plot is shown in Figure 4. As we can see from Figure 4, a good separation was demonstrated between MG and NG, APG, and EAG, which indicates that yeast-induced fever significantly altered the levels of endogenous metabolites in rat brain. High predictability (Q2) of the OPLS-DA models was observed for comparisons between MG and NG (Q2 = 0.636, R2X = 0.382, R2Y = 0.995, p = 0.04, Figure 5A), as well as between MG and APG (Q2 = 0.789, R2X= 0.302, R2Y = 0.979, p = 0.05, Figure 5B), and between MG and EAG (Q2 = 0.532, R2X = 0.215, R2Y = 0.988, p = 0.005, Figure 5C). In this model, 200 random permutation and combination experiments were carried out on the data, and the model was the best when p < 0.05.




2.3.3. Identification of Potential Biomarkers and the Variation Trends among Four Groups


Based on the results of OPLS-DA, multivariate analysis of the variable importance in projection (VIP) of the OPLS-DA model was performed to preliminarily screen out metabolites of different species or tissues; at the same time, p-value or fold change in univariate analysis can be combined to further screen out differential metabolites. To reveal the antipyretic mechanism of EA, two screening criteria for significant differential metabolites were established: a fold change of ≥2 or of ≤0.5 and p-value < 0.05; and the variable variable importance in the projection (VIP) in the OPLS-DA model of ≥1.



After completing this step of data processing, 26 metabolites, which satisfied both the criteria were selected as potential biomarkers to characterize the fever model. Detailed changing trends of these 26 metabolites among NG, MG, APG, and EAG were recorded. A total of 23 of 26 metabolites were elevated after yeast injection. Additionally, EA administration significantly regulated 12 of 26 metabolites in rat brain. It is worth mentioning that 11 of these 12 metabolites adjusted to a normal level, indicating that the 11 metabolites mentioned above may play key roles in the antipyretic effect; the results are shown in Table 1.




2.3.4. Metabolic Pathway Analysis of the Potential Biomarkers


Identified biomarkers of EA antipyretic action play important roles in specific metabolic pathways. In order to determine the pathways affected by EA, we analyzed the biomarkers associated with EAG after treatment. The results showed that the potential biomarkers were responsible for the metabolic pathways in EAG were responsible for Glycerophospholipid metabolism, Sphingolipid metabolism, Phenylalanine metabolism, alpha-Linolenic acid metabolism, Glycosylphosphatidylinositol (GPI)-anchor biosynthesis, Linoleic acid metabolism, and Arachidonic acid metabolism (Figure 6), indicating that these pathways were directly related to the antipyretic mechanism of EA.






3. Discussion


PGE2 is considered as the main pyrogenic mediator of fever in mammals [29]. The pro-inflammatory cytokine IL-1β is thought to act as a mediator between the detection of infection stimuli and febrile stimuli by peripheral immune cells [30]. PGE2 is an important inducer of IL-1β, and its role is to establish a feedback loop to cause fever, among which IL-1β induction of PGE2 is crucial [31]. In this study, we first monitored the rectal temperature and its change value in pyretic rats, the results indicated that EA has antipyretic effect in 19 h. Moreover, the production of IL-1β and PGE2 in fever rats went significantly up after the yeast injection, and regulated after EA administration, indicating EA plays an antipyretic role by reducing central heat mediators and inflammatory factors.



Yeast-caused fever manifests as an excessive inflammatory response and metabolic disturbance in rats. EA can help decrease the body temperature by lowering inflammatory factors and regulating brain metabolism. Eleven significantly altered metabolites were selected as antipyretic biomarkers of EA in brain; in other words, EA may play an anti-fever effect by adjusting the production of 2-Hydroxyphenylacetic acid, SM (d34:1),PC (18:2 (9Z, 12Z)/P-18:1 (11Z)),PC (20:4 (8Z, 11Z, 14Z, 17Z)/P-18:0), PC (O-16:0/20:5 (5Z, 8Z, 11Z, 14Z, 17Z)), PC (16:0/16:0), PC (18:2 (9Z, 12Z)/15:0), SM (d18:1/14:0), PC (16:0/22:6 (4Z, 7Z, 10Z, 13Z, 16Z, 19Z)), PE (16:0/18:2 (9Z, 12Z)), and PC (18:1 (9Z)/18:1 (9Z)); all these metabolism are linked to glycerophospholipid metabolism and sphingolipid metabolism.



Membrane lipids contain glycerophospholipids, glycerolipids, sphingolipids, and sterol lipids [32,33,34]. Many drugs targeting lipid receptors and enzymes responsible for lipid metabolism and function have been developed and applied to a variety of diseases because of their ability to store energy, build cell membranes, molecular signals, and modify proteins [35].



Glycerophospholipids are phospholipid resynthesized by the sequential action of glycerol-3-phosphate via lysophosphatidic acid (LPA) and glycerol-3-phosphate acyltransferase (LPAAT). Phospholipases release fatty acylates from glycerophospholipids, whose diversity is produced by lysophospholipid acyltransferases (called Land’s cycle) [36,37,38,39]. Liberated fatty acyl is further metabolized by Cyclooxygenase (COXs), lipoxygenase (LOs), and cytochrome P450, resulting in production Prostaglandins, leukotrienes and epoxy fatty acids [40,41].



Sphingolipids have a sphingosine backbone with N-acyl chains and/or head groups [42,43]. Sphingosine 1-phosphate (S1P) is a lipid mediator that controls lymphocyte trafficking and is responsible for immune diseases [44,45]. S1P increases IL-1β production in human osteoblasts through the S1P1 receptor, and via the JAK and STAT3 signaling pathways [46]. The first time that S1P promotes the secretion of TNF-α and IL-1β in HLECs via S1PR1-mediated NF-κB signaling pathways, lymphangiogenesis is affected [47]. Overall, the production of Sphingolipids promotes IL-1β secretion by regulating the increase in S1P.



Based on the distribution of metabolites through metabolic pathways in rats, we produced a pathway network of EA antipyretic action (Figure 7). In yeast-induced fever in rats, eight glycerophospholipids were elevated, generating arachidonic acid with PGE2, and further generating PGE2 under the action of cyclooxygenase 2 (COX2). Excessive sphingolipids raise the expression of S1P, and promote the release of IL-1β. In our research, the level of glycerophospholipid and sphingolipid in the EAG were obviously down-regulated, consequently, the inhibition of S1P and COX2 expression inhibits the inflammatory pathways to produce thermogenic cytokines.




4. Materials and Methods


4.1. Chemicals and Reagents


Ellagic acid (EA) was purchased from Shanghai yuanye Bio-Technology Co., Ltd. (no. G26J11L119602, Shanghai, China). Yeast (Saccharomyces cerevisiae) was purchased from Sigma-Aldrich (no. BCBL8059V, St. Louis, MO, USA). ProstaglandinE2 (PGE2) was purchased from Elabscience (no. BSIB67QHK1, Wuhan, China). Interleukin-1β (IL-1β) was purchased from Elabscience (no. NW96S4YCG9, Wuhan, China).




4.2. Animals and Model Construction


Male Sprague-Dawley rats (150 ± 20 g) were obtained from Hunan SJA Laboratory Animal Co., Ltd. (Changsha, China). All rats were acclimated for 5 days in a controlled room with temperature (23 ± 2 °C) and humidity (55 ± 10%). The rats were kept in non-toxic, high-pressure, high-temperature, and corrosion resistant plastic cages with no more than 6 rats per cage. The rats were fed with SPF maintenance feed, and were free to eat and drink pure water.



Thirty-two healthy male rats were selected and the rectal temperature was measured twice by digital thermometer at an interval of 1 h. A total of 32 qualified rats were randomly divided into 4 groups: Normal group (NG, n = 8, 10 mL/kg 0.5% CMC-Na i.g.); Model group (MG, n = 8, 10 mL/kg 0.5% CMC-Na i.g.); Aspirin group (APG, n = 8, 100 mg/kg Aspirin i.g.); and Ellagic acid group (EAG, n = 8, 25 mg/kg Ellagic acid suspension i.g.), once a day, for consecutive 11 d. The rectal temperature of rats was measured twice, 15 min apart, and the average of the two rectal temperatures was taken as initial temperature.



The rats of MG, APG, and EAG were subcutaneously injected with 20% aqueous suspension of yeast (15 mL/kg) in their back. The rectal temperatures were measured for 0, 3, 5, 7, 9, and 19 h after the yeast injection with a digital thermometer. The rectal temperature and its change value were recorded (i.e., the difference between the rectal temperature value and the initial temperature).



The 32 animal experiments were performed under the guidelines of Animal Ethics Committee of Guangxi University of Chinese Medicine, and the experiments were approved by the Animal Ethics Committee of our university.




4.3. Sample Collection and Cytokines


After the last rectal temperature measurement, all rats were anesthetized by peritoneal injection of chloral hydrate. The abdominal aorta blood was immediately collected in heparinized tubes; after standing for 1 h, and centrifuged at 3000 rpm for 10 min, supernatant was obtained, separated, and stored in refrigerator at −80 °C. The rat brains were also stored at −80 °C. For measuring cytokine levels in serum, IL-1β and PGE2 ELISA kits were used by following the manufacturer’s instruction.




4.4. Sample Preparation and UPLC-MS Analysis


4.4.1. Tissue Extraction


Samples were thawed on ice. Take 50 ± 2 mg of one sample and add cold steel balls to the mixture and homogenate at 30 Hz for 3 min. Add 1 mL 70% methanol with internal standard extract to the homogenized centrifuge tube. Whirl the mixture for 5 min, and then centrifuge it with 12,000 rpm at 4 °C for 10 min. After centrifugation, draw 400 μL of supernatant into the corresponding EP tube and store in −20 °C refrigerator overnight, then centrifuge at 12,000 r/min at 4 °C for 3 min, and take 2000 μL of supernatant in the liner of the corresponding injection bottle for on-board analysis.




4.4.2. UPLC-MS Conditions


The sample extracts were analyzed using an LC-ESI-MS/MS system (UPLC, ExionLCAD, https://sciex.com.cn/, accessed on 28 June 2021; MS, QTRAP® System, https://sciex.com/, accessed on 28 June 2021). The analytical conditions were as follows, UPLC: column, Waters ACQUITY UPLC HSS T3 C18 (1.8 µm, 2.1 mm × 100 mm); column temperature, 40 °C; flow rate, 0.4 mL/min; injection volume, 2 μL; solvent system, water (0.1% formic acid): acetonitrile (0.1% formic acid); gradient program, 95:5 v/v at 0 min, 10:90 v/v at 11.0 min, 10:90 v/v at 12.0 min, 95:5 v/v at 12.1 min, and 95:5 v/v at 14.0 min.



ESI source operating parameters were: source temperature 500 °C; Ion injection voltage (IS) 5500 V(positive) and −4500 V(negative); Ion source gas I (GSI), gas II (GSII), and curtain gas (CUR) were set at 55 psi, 60 psi, and 25.0 psi, respectively. Collision gas (CAD) was high. Instrument tuning and quality calibration were performed in QQQ and LIT modes in 10 and 100 μmol/L polyethylene glycol solutions, respectively. A specific set of MRM transitions for each period based on the metabolites eluted during this period was monitored.






5. Data Processing and Statistical Analysis


5.1. Data Preprocessing


Using the Metware database and the public metabolite information database, qualitative analysis was carried out on primary and secondary MS spectrum data. In the qualitative analysis of some compounds, isotopic signals, repeated signals containing K+, Na+, and NH4+, as well as repeated signals of fragments of other substances with larger molecular weight were removed. For analytical reference to metabolite structure, we used MassBank (http://www.massbank.jp/, accessed on 29 June 2021), KNAPSAcK (http://kanaya.naist.jp/KNApSAcK/), HMDB (http://www.hmdb.ca/, accessed on 29 June 2021) [48], MoTo DB (http://www.ab.wur.nl/moto/, accessed on 29 June 2021) and METLIN (http://metlin.scripps.edu/index.php, accessed on 29 June 2021) [49], and other public mass spectrometry databases. Metabolite quantification was completed by multiple reaction monitoring (MRM) analysis using QQQ-MS. In the MRM mode, after obtaining the spectrum analysis data of different samples, peak area integration was carried out for all peaks, and an integral correction was performed for the peaks of the same metabolite in different samples [50].




5.2. Principal Component Analysis


Unsupervised PCA (Principal Component Analysis) was performed by statistics function prcomp within R3.5.1 (www.r-project.org, accessed on 6 July 2021). The data were unit variance scaled before unsupervised PCA.




5.3. Hierarchical Cluster Analysis and Pearson Correlation Coefficients


The HCA (hierarchical cluster analysis) results of samples and metabolites were presented as heatmaps with dendrograms, while Pearson correlation coefficients (PCC) between samples were calculated by the cor function in R and presented as only heatmaps. Both HCA and PCC were carried out by R package ComplexHeatmap. For HCA, normalized signal intensities of metabolites (unit variance scaling) are visualized as a color spectrum.




5.4. Differential Metabolites Selected


Statistical significance of the identified metabolites was assessed using one-way ANOVA test. Therefore, p < 0.05 was set as the level of statistical significance. Significantly regulated metabolites between groups were determined by VIP ≥ 1, Fold Change (FC) ≥ 2 or <0.5, and p < 0.05. VIP values were extracted from the OPLS-DA result, which also contained score plots and permutation plots, and was generated using R package MetaboAnalystR1.0.1. The data were Fold Change (FC) and mean centered before OPLS-DA. In order to avoid overfitting, a permutation test (200 permutations) was performed.




5.5. KEGG Annotation and Enrichment Analysis


Identified metabolites were annotated using the KEGG Compound database (http://www.kegg.jp/kegg/compound/, accessed on 10 July 2021), annotated metabolites were then mapped to the KEGG Pathway database (http://www.kegg.jp/kegg/pathway.html, accessed on 10 July 2021). Significantly enriched pathways were identified with a hypergeometric test’s p-value for a given list of metabolites [51].





6. Conclusions


The study established a stable and reliable UPLC/MS analytical method for rat brain metabolomics research. We first investigated the antipyretic and anti-inflammation effect of EA by measuring rectal temperature and inflammatory cytokines, respectively. Afterwards, we performed research on the brain metabolic profiling and biomarkers of yeast-induced fever in rats. Finally, we selected 26 metabolites as potential biomarkers of yeast-induced fever and 11 metabolites as biomarkers of antipyretic mechanism of EA. The involved potential target pathways are glycerophospholipid metabolism and sphingolipid metabolism. The corresponding biomarkers are PC (18:2(9Z, 12Z)/P-18:1(11Z)), PC (20:4(8Z, 11Z, 14Z, 17Z)/P-18:0), PC (O-16:0/20:5(5Z, 8Z, 11Z, 14Z, 17Z)), PC (16:0/16:0), PC (18:2(9Z, 12Z)/15:0), PC (16:0/22:6(4Z, 7Z, 10Z, 13Z, 16Z, 19Z)), PC (18:1(9Z)/18:1(9Z)), PE (16:0/18:2(9Z, 12Z)), SM (d34:1), and SM (d18:1/14:0), which can elucidate the mechanisms of antipyretic of EA to some extent. Moreover, treatment with EA suppressed the expression of IL-1β and PGE2, which are closely related to the metabolism of glycerophospholipids and sphingolipids.



These results elucidate the antipyretic mechanism of overall metabolic level of EA from the perspective of metabonomics, and provide a scientific basis for better explanation of its clinical efficacy.







Author Contributions


F.X. and L.X. conceived and designed the experiments; F.X., L.X., Y.C., Y.L., L.N., Y.Z. and S.C. performed the experiments; F.X. and H.Z. analyzed the data; H.Z. contributed reagents/materials/analysis tools; F.X. wrote the paper; L.X. and H.Z. modified the paper. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Collaborative Innovation Center of Zhuang and Yao Ethnic Medicine (2013, No.20), Guangxi Key Laboratory of Zhuang and Yao Ethnic Medicine (2014, No.32), Guangxi Engineering Research Center of Ethnic Medicine Resources and Application (Guifa Gai High Technology Letter [2020] No.2605), GuangXi Distinguished Expert Project (Standard Research of Zhuang and Yao Ethnic Medicine, GUI Talent Tong Zi (2019) No. 13).




Institutional Review Board Statement


The animal study protocol was approved by the Institutional Review Board (or Ethics Committee) of Guangxi University of Chinese Medicine (protocol code DW20210523-065, 23 May 2021).




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author. The data are not publicly available due to the first author is still a PhD student and has not graduated yet, relevant research is continuing.




Conflicts of Interest


The authors declare no conflict of interest.




Sample Availability


Samples of the compounds are not available from the authors.




References


	



Lammert, E. Metabolism of Human Diseases: Organ Physiology and Pathophysiology; Springer: Berlin/Heidelberg, Germany, 2014; pp. 313–317. [Google Scholar]

	



Khalil, S.N.; Hahn, B.J.; Chumpitazi, C.E.; Rock, A.D.; Kaelin, B.A.; Macias, C.G. A multicenter, randomized, open-label, active-comparator trial to determine the efficacy, safety, and pharmacokinetics of intravenous ibuprofen for treatment of fever in hospitalized pediatric patients. BMC Pediatr. 2017, 17, 42. [Google Scholar] [CrossRef] [PubMed]

	



Ogoina, D. Fever, fever patterns and diseases called ‘fever’—A review. J. Infect. Public Health 2011, 4, 108–124. [Google Scholar] [CrossRef] [PubMed]

	



Brito, H.O.; Barbosa, F.L.; Reis, R.C.D.; Fraga, D.; Borges, B.S.; Franco, C.R.; Zampronio, A.R. Evidence of substance P autocrine circuitry that involves TNF-α,IL-6,and PGE2 in endogenous pyrogen-induced fever. J. Neuroimmunol. 2016, 293, 1–7. [Google Scholar] [CrossRef] [PubMed]

	



Barberà, C.M.; Baroja, M.A.; Gomez, A.I.; Machado, F.; Di Virgilio, F.; Pelegrín, P. P2X7 receptor-stimulation causes fever via PGE2 and IL-1β release. FASEB J. 2012, 26, 2951–2962. [Google Scholar] [CrossRef] [PubMed]

	



Marais, M.; Maloney, S.K.; Gray, D.A. Brain IL-6- and PG-dependent actions of IL-1β and lipopolysaccharide in avian fever. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2011, 301, R791–R800. [Google Scholar] [CrossRef]

	



Netea, M.G.; Balkwill, F.; Chonchol, M.; Cominelli, F.; Donath, M.Y.; Giamarellos-Bourboulis, E.J.; Golenbock, D.; Gresnigt, M.S.; Heneka, M.T.; Hoffman, H.M.; et al. A guiding map for inflammation. Nat. Immunol. 2017, 18, 826–831. [Google Scholar] [CrossRef]

	



Martín Arias, L.H.; Martín González, A.; Sanz Fadrique, R.; Vazquez, E.S. Cardiovascular Risk of Nonsteroidal Anti-inflammatory Drugs and Classical and Selective Cyclooxygenase-2 Inhibitors: A Meta-analysis of Observational Studies. J. Clin. Pharmacol. 2018, 59, 55–73. [Google Scholar] [CrossRef]

	



El-Shitany, N.A.; El-Bastawissy, E.A.; El-Desoky, K. Ellagic acid protects against carrageenan-induced acute inflammation through inhibition of nuclear factor kappa B, inducible cyclooxygenase and proinflammatory cytokines and enhancement of interleukin-10 via an antioxidant mechanism. Int. Immunopharmacol. 2014, 19, 290–299. [Google Scholar] [CrossRef]

	



Zhao, L.; Mehmood, A.; Soliman, M.M.; Iftikhar, A.; Iftikhar, M.; Aboelenin, S.M.; Wang, C. Protective Effects of Ellagic Acid Against Alcoholic Liver Disease in Mice. Front. Nutr. 2012, 8, 744520. [Google Scholar] [CrossRef]

	



Maruthamuthu, V.; Henry, L.J.K.; Ramar, M.K.; Kandasamy, R. Myxopyrum serratulum ameliorates airway inflammation in LPS-stimulated RAW 264.7 macrophages and OVA-induced murine model of allergic asthma. J. Ethnopharmacol. 2020, 255, 112369. [Google Scholar] [CrossRef]

	



Preti, G. Metabolomics comes of age? Scientist 2005, 19, 8–9. [Google Scholar]

	



Utpott, M.; Rodrigues, E.; Rios, A.; Mercali, G.D.; Flôres, S.H. Metabolomics:an analytical technique for food processing evaluation. Food Chem. 2021, 366, 130685. [Google Scholar] [CrossRef] [PubMed]

	



Lu, M.; Du, Z.; Yuan, S.; Ma, Q.; Han, Z.; Tu, P.; Jiang, Y. Comparison of the preventive effects of Murraya exotica and Murraya paniculata on alcohol-induced gastric lesions by pharmacodynamics and metabolomics. J. Ethnopharmacol. 2021, 281, 114567. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, S.; Li, L. Chemical Isotope Labeling LC-MS for Metabolomics. In Cancer Metabolomics. Advances in Experimental Medicine and Biology; Springer: Berlin/Heidelberg, Germany, 2021; Volume 1280, pp. 1–18. [Google Scholar]

	



Behera, S.K.; Kasaragod, S.; Karthikkeyan, G.; Narayana Kotimoole, C.; Raju, R.; Prasad, T.S.K.; Subbannayya, Y. MS2Compound: A User-Friendly Compound Identification Tool for LC-MS/MS-Based Metabolomics Data. OMICS J. Integr. Biol. 2021, 25, 389–399. [Google Scholar] [CrossRef] [PubMed]

	



Tobin, N.H.; Murphy, A.; Li, F.; Brummel, S.S.; Taha, T.E.; Saidi, F.; Owor, M.; Violari, A.; Moodley, D.; Chi, B.; et al. Comparison of dried blood spot and plasma sampling for untargeted metabolomics. Metabolomics 2021, 17, 62. [Google Scholar] [CrossRef] [PubMed]

	



Su, X.; Yu, J.; Wang, N.; Zhao, S.; Han, W.; Chen, D.; Li, L.; Li, L. High-Coverage Metabolome Analysis Reveals Significant Diet Effects of Autoclaved and Irradiated Feed on Mouse Fecal and Urine Metabolomics. Mol. Nutr. Food Res. 2021, 65, e2100110. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, X.; Wang, Y.; Li, S.; Dai, Y.; Li, X.; Wang, Q.; Wang, G.; Ma, Y.; Gu, X.; Zhang, C. The Potential Antipyretic Mechanism of Gardeniae Fructus and Its Heat-Processed Products With Plasma Metabolomics Using Rats With Yeast-Induced Fever. Front. Pharmacol. 2019, 10, 491. [Google Scholar] [CrossRef]

	



Qian, W.; Shan, J.; Shen, C.; Yang, R.; Xie, T.; Di, L. Brain Metabolomics Reveal the Antipyretic Effects of Jinxin Oral Liquid in Young Rats by Using Gas Chromatography–Mass Spectrometry. Metabolites 2019, 9, 6. [Google Scholar] [CrossRef] [PubMed]

	



Haley, M.J.; Lawrence, C.B. The blood-brain barrier after stroke: Structural studies and the role of transcytotic vesicles. J. Cereb. Blood Flow Metab. 2017, 37, 456–470. [Google Scholar] [CrossRef] [PubMed]

	



Daviss, B. Growing pains for metabolomics. Scientist 2005, 19, 25–28. [Google Scholar]

	



Jordan, K.W.; Nordenstam, J.; Lauwers, G.Y.; Rothenberger, D.A.; Alavi, K.; Garwood, M.; Cheng, L.L. Metabolomic characterization of human rectal adenocarcinoma with intact tissue magnetic resonance spectroscopy. Dis. Colon Rectum 2009, 52, 520. [Google Scholar] [CrossRef] [PubMed]

	



Griffin, J.L.; Vidal-Puig, A. Current challenges in metabolomics for diabetes research: A vital functional genomic tool or just a ploy for gaining funding? Physiol. Genom. 2008, 34, 1–5. [Google Scholar] [CrossRef] [PubMed]

	



Nejad, K.H.; Dianat, M.; Sarkaki, A. Ellagic acid improves electrocardiogram waves and blood pressure against global cerebral ischemia rat experimental models. Electron. Physician 2015, 7, 1153–1162. [Google Scholar]

	



Lee, W.J.; Ou, H.C.; Hsu, W.C.; Chou, M.M.; Tseng, J.J.; Hsu, S.L.; Tsai, K.-L.; Sheu, W.H.-H. Ellagic acid inhibits oxidized LDL mediated LOX-1 expression, ROS generation and inflammation in human endothelial cells. J. Vasc. Surg. 2010, 52, 1290–1300. [Google Scholar] [CrossRef]

	



Altnda, F.; Rabetli, M.E.; Zdek, U.; Koyun, N.; Alhalboosi, J.K.I.; Elasan, S. Combined treatment of sinapic acid and ellagic acid attenuates hyperglycemia in streptozotocin-induced diabetic rats. Food Chem. Toxicol. 2021, 156, 112443. [Google Scholar] [CrossRef]

	



Thévenot, E.A.; Roux, A.; Xu, Y.; Ezan, E.; Junot, C. Analysis of the Human Adult Urinary Metabolome Variations with Age, Body Mass Index, and Gender by Implementing a Comprehensive Workflow for Univariate and OPLS Statistical Analyses. J. Proteome Res. 2015, 14, 3322–3335. [Google Scholar] [CrossRef] [PubMed]

	



Engström, L.; Ruud, J.; Eskilsson, A.; Larsson, A.; Mackerlova, L.; Kugelberg, U.; Qian, H.; Vasilache, A.M.; Larsson, P.; Engblom, D.; et al. Lipopolysaccharide-induced fever depends on prostaglandin E2 production specifically in brain endothelial cells. Endocrinology 2012, 153, 4849–4861. [Google Scholar] [CrossRef]

	



Romanovsky, A.; Almeida, M.; Aronoff, D.; Ivanov, A.; Konsman, J.; Steiner, A.; Turek, V. Fever and hypothermia in systemic inflammation: Recent discoveries and revisions. Front. Biosci. 2005, 10, 2193–2216. [Google Scholar] [CrossRef]

	



Zasłona, Z.; Pålsson-McDermott, E.M.; Menon, D.; Haneklaus, M.; Flis, E.; Prendeville, H.; Corcoran, S.E.; Peters-Golden, M.; O’Neill, L.A.J. The Induction of Pro-IL-1β by Lipopolysaccharide Requires Endogenous Prostaglandin E2 Production. J. Immunol. 2017, 198, 3558–3564. [Google Scholar] [CrossRef]

	



Dennis, E.A. Liberating Chiral Lipid Mediators, Inflammatory Enzymes, and LIPID MAPS from Biological Grease. J. Biol. Chem. 2016, 291, 24431–24448. [Google Scholar] [CrossRef]

	



Fahy, E.; Subramaniam, S.; Murphy, R.C.; Nishijima, M.; Raetz, C.R.; Shimizu, T.; Spener, F.; van Meer, G.; Wakelam, M.J.; Dennis, E.A. Update of the LIPIDMAPS comprehensive classification system for lipids. J. Lipid Res. 2009, 50, S9–S14. [Google Scholar] [CrossRef] [PubMed]

	



O’Donnell, V.B.; Dennis, E.A.; Wakelam, M.J.O.; Subramaniam, S. LIPID MAPS: Serving the next generation of lipid researchers with tools, resources, data, and training. Sci. Signal. 2019, 12, 2964. [Google Scholar] [CrossRef] [PubMed]

	



Kihara, Y. Introduction: Druggable Lipid Signaling Pathways. In Druggable Lipid Signaling Pathways. Advances in Experimental Medicine and Biology; Springer: Berlin/Heidelberg, Germany, 2020; Volume 1274, pp. 1–4. [Google Scholar]

	



Hishikawa, D.; Hashidate, T.; Shimizu, T.; Shindou, H. Diversity and function of membrane glycero phospholipids generated by the remodeling pathway in mammalian cells. J. Lipid Res. 2014, 55, 799–807. [Google Scholar] [CrossRef] [PubMed]

	



Kita, Y.; Shindou, H.; Shimizu, T. Cytosolic phospholipase A2 and lysophospholipid acyltransferases. Biochim. Biophys. Acta Mol. Cell Biol. Lipids 2019, 1864, 838–845. [Google Scholar] [CrossRef]

	



Shindou, H.; Shimizu, T. Acyl-CoA: Lysophospholipid acyltransferases. J. Biol. Chem. 2009, 284, 1–5. [Google Scholar] [CrossRef]

	



Funk, C.D. Prostaglandins and leukotrienes: Advances in eicosanoid biology. Science 2001, 294, 1871–1875. [Google Scholar] [CrossRef]

	



Inceoglu, B.; Schmelzer, K.R.; Morisseau, C.; Jinks, S.L.; Hammock, B.D. Soluble epoxide hydrolase inhibition reveals novel biological functions of epoxyeicosatrienoic acids (EETs). Prostaglandins Other Lipid Mediat. 2007, 82, 42–49. [Google Scholar] [CrossRef]

	



Smith, W.L.; Urade, Y.; Jakobsson, P.J. Enzymes of the cyclooxygenase pathways of prostanoid biosynthesis. Chem. Rev. 2011, 111, 5821–5865. [Google Scholar] [CrossRef]

	



Hannun, Y.A.; Obeid, L.M. Sphingolipids and their metabolism in physiology and disease. Nat. Rev. Mol. Cell Biol. 2018, 19, 175–191. [Google Scholar] [CrossRef]

	



Trayssac, M.; Hannun, Y.A.; Obeid, L.M. Role of sphingolipids in senescence: Implication in aging and age-related diseases. J. Clin. Investig. 2018, 128, 2702–2712. [Google Scholar] [CrossRef]

	



Proia, R.L.; Hla, T. Emerging biology of sphingosine-1-phosphate: Its role in pathogenesis and therapy. J. Clin. Investig. 2015, 125, 1379–1387. [Google Scholar] [CrossRef] [PubMed]

	



Blaho, V.A.; Chun, J. ‘Crystal’ clear?Lysophospholipid receptor structure insights and controversies. Trends Pharmacol. Sci. 2018, 39, 953–966. [Google Scholar] [CrossRef] [PubMed]

	



Hu, S.L.; Huang, C.C.; Tseng, T.T.; Liu, S.-C.; Tsai, C.-H.; Fong, Y.-C.; Tang, C.-H. S1P facilitates IL-1β production in osteoblasts via the JAK and STAT3 signaling pathways. Environ. Toxicol. 2020, 35, 991–997. [Google Scholar] [CrossRef] [PubMed]

	



Zheng, Z.; Zeng, Y.Z.; Ren, K.; Zhu, X.; Tan, Y.; Li, Y.; Li, Q.; Yi, G.-H. S1P promotes inflammation-induced tube formation by HLECs via the S1PR1/NF-κB pathway. Int. Immunopharmacol. 2019, 66, 224–235. [Google Scholar] [CrossRef]

	



Wishart, D.S.; Jewison, T.; Guo, A.C.; Wilson, M.; Knox, C.; Liu, Y.; Djoumbou, Y.; Mandal, R.; Aziat, F.; Dong, E.; et al. HMDB 3.0-The Human Metabolome Database in 2013. Nucleic Acids Res. 2013, 41, 801–807. [Google Scholar] [CrossRef]

	



Zhu, Z.J.; Schultz, A.W.; Wang, J.; Johnson, C.; Yannone, S.M.; Patti, G.J.; Siuzdak, G. Liquid chromatography quadrupole time-of-flight mass spectrometry characterization of metabolites guided by the METLIN database. Nat. Protoc. 2013, 3, 451–460. [Google Scholar] [CrossRef]

	



Fraga, C.G.; Clowers, B.H.; Moore, R.J.; Zink, E.M. Signature-discovery approach for sample matching of a nerve-agent precursor using liquid chromatography-mass spectrometry, XCMS, and chemometrics. Anal. Chem. 2010, 10, 4165–4173. [Google Scholar] [CrossRef]

	



Kanehisa, G. KEGG: Kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 2000, 28, 27–30. [Google Scholar] [CrossRef]








[image: Molecules 27 02465 g001 550] 





Figure 1. Antipyretic effects of Aspirin (100 mg/kg) and EA (25 mg/kg): (A). The rectal temperatures were measured at 0, 3, 5, 7, 9, and 19 h after yeast administration (n = 8). (B). Rectal temperatures change value at 3, 5, 7, 9, and 19 h after Aspirin and EA administration (n = 8). p value is for individual time point. (### p < 0.001, vs. NG, indicates significantly different compared with the control; * p < 0.05, ** p < 0.01, vs. MG, indicate significantly different compared with the model that was incubated with 15 mL/kg yeast). 






Figure 1. Antipyretic effects of Aspirin (100 mg/kg) and EA (25 mg/kg): (A). The rectal temperatures were measured at 0, 3, 5, 7, 9, and 19 h after yeast administration (n = 8). (B). Rectal temperatures change value at 3, 5, 7, 9, and 19 h after Aspirin and EA administration (n = 8). p value is for individual time point. (### p < 0.001, vs. NG, indicates significantly different compared with the control; * p < 0.05, ** p < 0.01, vs. MG, indicate significantly different compared with the model that was incubated with 15 mL/kg yeast).



[image: Molecules 27 02465 g001]







[image: Molecules 27 02465 g002 550] 





Figure 2. Anti-inflammation effects of Aspirin (100 mg/kg) and EA (25 mg/kg): (A). Effects of Aspirin and EA on the production of IL-1β (n = 8). (B). Effects of Aspirin and EA on the production of PGE2 (n = 8). (## p < 0.01, ### p < 0.001, vs. NG, indicates significantly different compared with the control; * p < 0.05, ** p < 0.01, vs. MG, indicate significantly different compared with the model that was incubated with 15 mL/kg yeast). 
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Figure 3. (A) PCA scores scatter plot of four groups; (B) the loading plot of four groups. 
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Figure 4. The OPLS-DA scores scatter plot of four groups. 
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Figure 5. The OPLS-DA scores scatter plot: (A) The OPLS-DA scores of NG vs. MG. (B) The OPLS-DA scores of MG vs. APG. (C) The OPLS-DA scores of MG vs. EAG. 
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Figure 6. The potential Metabolic pathways in EAG: 1. Glycerophospholipid metabolism. 2. Sphingolipid metabolism. 3. Phenylalanine metabolism. 4. alpha-Linolenic acid metabolism. 5. Glycosylphosphatidylinositol (GPI)-anchor biosynthesis. 6. Linoleic acid metabolism. 7. Arachidonic acid metabolism. 
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Figure 7. The pathways closely associated with the antipyretic effect of EA. 
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Table 1. Potential biomarkers of pyrexia.
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No.

	
Index

	
Formula

	
Compounds

	
FC

	
NG vs. MG

	
MG vs. APG

	
MG vs. EAG




	
NG vs. MG

	
p Value

	
Type

	
p Value

	
Type

	
p Value

	
Type






	
1

	
MADN0334

	
C8H8O3

	
2-Hydroxyphenylacetic acid

	
2.1562

	
0.0399 #

	
↓

	
0.2466

	
-

	
0.0148 *

	
↑




	
2

	
MADN0343

	
C9H13N2O9P

	
3′-UMP

	
0.465

	
0.0347 #

	
↑

	
0.0151 *

	
↓

	
0.1955

	
-




	
3

	
MADN0408

	
C10H15N2O8P

	
Thymidine-5′-phosphate (dTMP)

	
0.3211

	
0.0128 #

	
↑

	
0.0015 **

	
↓

	
0.1721

	
↓




	
4

	
MADN0469

	
C41H74NO8P

	
PE (16:0/20:4)

	
0.3419

	
0.0258 #

	
↑

	
0.0865

	
-

	
0.0905

	
↓




	
5

	
MADN0495

	
C39H79N2O6P

	
SM (d34:1)

	
0.3601

	
0.0223 #

	
↑

	
0.0322 *

	
↓

	
0.0327 *

	
↓




	
6

	
MADP0192

	
C8H17NO2

	
Methacholine

	
2.4518

	
0.0196 #

	
↓

	
0.1032

	
-

	
0.0175 *

	
↓




	
7

	
MADP0433

	
C39H79N2O6P

	
SM (d18:1/16:0)

	
0.3526

	
0.0166 #

	
↑

	
0.0500 *

	
↓

	
0.0503

	
↓




	
8

	
MADP0435

	
C44H82NO7P

	
PC (18:2(9Z, 12Z)/P-18:1 (11Z))

	
0.3662

	
0.0458 #

	
↑

	
0.0577

	
-

	
0.0464 *

	
↓




	
9

	
MADP0436

	
C46H84NO7P

	
PC (20:4(8Z, 11Z, 14Z, 17Z)/P-18:0)

	
0.4763

	
0.0495 #

	
↑

	
0.0437 *

	
↓

	
0.0357 *

	
↓




	
10

	
MADP0438

	
C44H80NO7P

	
PC (O-16:0/20:5 (5Z, 8Z, 11Z, 14Z, 17Z))

	
0.4072

	
0.0492 #

	
↑

	
0.0488 *

	
↓

	
0.0388 *

	
↓




	
11

	
MADP0440

	
C38H76NO8P

	
PC (15:0/15:0)

	
0.3294

	
0.0411 #

	
↑

	
0.0936

	
-

	
0.0505

	
↓




	
12

	
MADP0442

	
C40H80NO8P

	
PC (16:0/16:0)

	
0.3509

	
0.0317 #

	
↑

	
0.0730

	
-

	
0.0430 *

	
↓




	
13

	
MADP0444

	
C45H90N2O6P+

	
SM (d16:1/24:1(15Z))

	
0.3685

	
0.0331 #

	
↑

	
0.0368 *

	
↓

	
0.0641

	
↓




	
14

	
MADP0445

	
C44H80NO8P

	
PC (18:1 (9Z)/18:3 (6Z, 9Z, 12Z))

	
0.2118

	
0.0202 #

	
↑

	
0.0112 *

	
↓

	
0.1082

	
↓




	
15

	
MADP0450

	
C41H78NO8P

	
PC (18:2 (9Z, 12Z)/15:0)

	
0.4158

	
0.0342 #

	
↑

	
0.0747

	
-

	
0.0141 *

	
↓




	
16

	
MADP0452

	
C45H91N2O6P

	
SM (d18:1/22:0)

	
0.3602

	
0.0364 #

	
↑

	
0.0830

	
-

	
0.0713

	
↓




	
17

	
MADP0455

	
C37H75N2O6P

	
SM (d18:1/14:0)

	
0.4935

	
0.0149 #

	
↑

	
0.0207 *

	
↓

	
0.0278 *

	
↓




	
18

	
MADP0459

	
C41H81N2O6P

	
SM (d18:1/18:1(9Z))

	
0.2787

	
0.0245 #

	
↑

	
0.0380 *

	
↓

	
0.0565

	
↓




	
19

	
MADP0468

	
C46H80NO8P

	
PC (16:0/22:6 (4Z, 7Z, 10Z, 13Z, 16Z, 19Z))

	
0.4856

	
0.0483 #

	
↑

	
0.0754

	
-

	
0.0328 *

	
↓




	
20

	
MADP0469

	
C42H80NO8P

	
PC (16:0/18:2 (11Z, 13Z))

	
0.3724

	
0.0461 #

	
↑

	
0.0569

	
-

	
0.0600

	
↓




	
21

	
MADP0470

	
C41H83N2O6P

	
SM (d18:1/18:0)

	
0.3249

	
0.0298 #

	
↑

	
0.0708

	
-

	
0.0559

	
↓




	
22

	
MADP0472

	
C39H74NO8P

	
PE (16:0/18:2(9Z, 12Z))

	
0.3882

	
0.0353 #

	
↑

	
0.0994

	
-

	
0.0355 *

	
↓




	
23

	
MADP0473

	
C48H84NO8P

	
PC (18:0/22:6 (4Z, 7Z, 10Z, 13Z, 16Z, 19Z))

	
0.3796

	
0.0466 #

	
↑

	
0.1106

	
-

	
0.0625

	
↓




	
24

	
MADP0475

	
C44H84NO8P

	
PC (18:1 (9Z)/18:1 (9Z))

	
0.3025

	
0.0252 #

	
↑

	
0.0126 *

	
↓

	
0.0334 *

	
↓




	
25

	
MADP0478

	
C44H86NO8P

	
PC (18:0/18:1 (9Z))

	
0.3128

	
0.0439 #

	
↑

	
0.0899

	
-

	
0.1194

	
↓




	
26

	
MEDP1928

	
C10H16N2O2

	
Cyclo (Pro-Val)

	
2.7492

	
0.0000 ##

	
↓

	
0.3157

	
-

	
0.6655

	
-








# p < 0.05, ## p < 0.01, vs. NG; * p < 0.05, ** p < 0.01 vs. MG. ↑: up regulated; ↓: down regulated.
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