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Abstract

:

The root of Saposhnikovia divaricata (Fangfeng) is commonly used in traditional Chinese medicine (TCM) for headache and neuroinflammation-related disease treatment. The mRNA expression of IL-6 and IL-1β were significantly inhibited after Fangfeng extract (FFE) treatment in LPS-induced BV-2 cells. Metatolome profiling indicated that dopamine, palmitic acid, corticosterone, and eicosapentaenoic acid metabolites could be regulated by FFE for LPS stimulated inflammation responses in BV-2 cells. The disturbed metabolic pathways include caffeine metabolism, mannose type O-glycan biosynthesis, arachidonic acid metabolism, and steroid biosynthesis. This study will enable us to identify potential protein targets and metabolite intermediates for FFE exerting its protective function in BV-2 cells, and it also provided a potential application of Fangfeng in neuroinflammation-related disease treatment.
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1. Introduction


Many neuronal diseases might be activated by inflammatory processes and their specific mediators [1]. Patients with neurodegenerative diseases have been recognized for extensive pro-inflammatory cytokines expression in the brains, cerebrospinal fluid, and serum without infiltration of adaptive immune cells into the CNS (Central Nerve System) [2]. The fibrillar Aβ (amyloid-β) could induce microglial activation and cytokines secretion with AD compared with healthy controls [3]. α-synucein might activate inflammatory responses and induce IL-1β release and NLRP3 expression in a PD animal model [4]. The mutant huntingtin resulted in hyperinflammatory microglia and activated the key myeloid transcription factors Pu.1 and C/EBP (CCAAT/Enhancer Binding Protein) in microglia [5]. In this perspective, neuroinflammation cascade could be crucial for neurodegenerative diseases. According to ancient Chinese medicinal monographs, Shennong Bencao Jing, Fangfeng (the root of Saposhnikovia divaricata, SD) could relieve spasms through expelling endogenous wind and dispelling pathogenic wind to [6,7,8]. Fangfeng is extensively applied in traditional Chinese medicine (TCM) for treating headaches, joint pain, and rheumatic arthritis [9]. Pharmacological studies have shown that Fangfeng has neuroprotective effects [10,11,12]. It recently has been indicated to have neuroprotective effects through inhibiting H2O2-induced toxicity and Aβ-induced cell death and acetylcholinesterase (AChE) activity in preliminary experiments [13]. Other studies revealed Fangfeng could improve focal cerebral ischemia-induced neuronal damage using novel Guhpoongchungsimhwan (GCH) herbal decoctions and decrease abnormal amyloid precursor protein accumulation and protect neurovascular internal units using Houshiheisan compound prescription [14,15]. Moreover, one of the active ingredients of Fangfeng, the 4′-O-β-d-glucosyl-5-O-methylvisamminol (4OGOMV), exhibits neuroprotective function through restraining IL-6 (interleukin-6) and MCP-1 stimulation and HMGB1 expression, while also decreasing the cytokine mRNA and inflammasome formation in subarachnoid hemorrhage (SAH)-induced vasospasm [16]. As described above, through traditional Chinese medicine and biological experiments, we speculate that Fangfeng may exert neuroprotective functions through attenuating neuroinflammation processes. Microglia are the main effector cells of neuroinflammatory response, which can produce TNF-α, IL-1β after over activation [17]. Therefore, inhibition of the microglia-mediated neuroinflammatory response may be a potential treatment for neurodegenerative diseases [18]. Metabolomics, an emerging analytical methodology in systems biology, was applied to investigate the metabolic changes of endogenous metabolites in living systems to pathological stimuli or drug treatments. By high-throughput detection and data processing of endogenous metabolites present in biological fluids or tissues, metabolomics could find potential biomarkers related to physiological or pathological changes [19,20]. Liquid Chromatography-Mass Spectrometry (LC-MS) is one of the most commonly used analytical techniques in metabolomics. The holistic and systematic characteristics of metabolomics make it suitable for the analysis of complex systems such as TCM, which exerts its efficacy through multi-components and multi-targets. At present, metabolomics has been widely applied to study the pharmacological mechanism of TCM, including the mechanism of TCM in treating neurodegenerative diseases [21]. In this study, the LPS-stimulated inflammation model of BV-2 cells was established, and the metabolome spectrum of BV-2 cells was profiled by a mass spectrometry-based metabolomics approach with or without FFE protection. We attempted to conduct an untargeted metabolomics investigation to disclose the potential and molecular mechanism of FFE for neuroinflammation protection.




2. Materials and Methods


2.1. Materials


The roots of Saposhnikovia divaricata (Fangfeng) were purchased from Lanzhou Focixicheng Pharmaceutical Co., Ltd. (Lanzhou, Gansu, China) and were authenticated by Prof. Fude Yang (Gansu University of Traditional Chinese Medicine, Lanzhou, China). Lipopolysaccharide (LPS). High-glucose Dulbecco’s modified Eagle’s medium (DMEM) and fetal bovine serum (FBS) were purchased from Sigma-Aldrich (St. Louis, MO, USA). The 0.05% trypsin and penicillin-streptomycin (PS) were both obtained from Invitrogen (Carlsbad, CA, USA). The FastKing gDNA Dispelling RT SuperMix kit and the SYBR Green QuantiTect RT-PCR Kit were purchased from TIANGEN (Beijing, China).



Preparation of the root of Saposhnikovia divaricata (Fangfeng) water extract: after grinding, we weighed 50 g of Fangfeng, and immersed it in 400 mL 30% ethanol in distilled water and extracted under reflux at 80 °C for 4 h. After filtering, it was centrifuged for 10 min at 4000 rpm, the supernatant was collected, and freezer dried and stored in a −80 °C freezer for further use.




2.2. Cell Culture and Drug Treatment


Murine microglia BV-2 cells were purchased from Hongshun Biologicals (Shanghai, China) and maintained in high-glucose Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin (Beyotime, Shanghai, China) and 100 μg/mL streptomycin (Beyotime, Shanghai, China) at 37 °C, in a 5% CO2 humidified incubator. The cell and animal experiment protocol was approved by the animal ethics committee of Xi’an Jiaotong University’s School of Life Science and Technology (approval Nr. SCXK (Shaan) 2017-003). FFE was freshly dissolved in the cell culture medium. Either FFE-containing medium or regular medium was applied for inflammation model BV-2 cells, which were built by 12 h of 1 mM of LPS pretreatment. Cells were treated with FFE-containing medium for 12 h with different concentrations (0.1 mg/mL, 1 mg/mL and 10 mg/mL refers to QF 0.1, QF 1 and QF 10 groups, respectively) before RNA or metabolite extraction, as indicated.




2.3. Real-Time PCR Assay


The total RNA of BV-2 cells were obtained by using a Trizol reagent according to the manufacturer’s instructions. After measurement of RNA concentration using an absorbance ratio of the spectrophotometer at 260 nm and 280 nm, we reverse-transcribed (RT) RNA into cDNA using the FastKing gDNA Dispelling RT SuperMix kit according to the manufacturer’s instructions. The primer sequences were as follows: β-actin: 5′-GTCAGGTCATCACTATCGGCAAT-3′ (forward) and 5′-AGAGGTCTTTACGGATGTCAACGT-3′ (reverse); IL-6: 5′-GCCCACCAAGAACGATAGTCA-3′ (forward) and 5′-ACCAGCATCAGTCCCAAGAAG-3′ (reverse); IL-1β: 5′-TCACAAGCAGAGCACAAGCC-3′ (forward) and 5′-CATTAGAAACAGTCCAGCCCATAC-3′ (reverse). The real-time PCR was then analyzed with a SYBR Green QuantiTect RT-PCR Kit, and each sample was independently analyzed three times. The PCR amplification was performed with 40 cycles of denaturation at 95 °C for 10 s, annealing at 55 °C for 20 s and extension at 72 °C for 30 s. The relative levels of gene expression of each mRNA were calculated by normalization to β-actin mRNA expression according to the 2−ΔΔCT method.




2.4. Statistical Analysis


The data statistical significance was evaluated using single-factor analysis of variance (one-way ANOVA) and Tukey’s range test via the PrismDemo software (GraphPad Softwar, San Diego, CA, USA). The results were considered significant when the p-value was ≤ 0.05.




2.5. Sample Preparation for LC-MS/MS


Cells were collected after FFE treatment and washed with cold phosphate buffer (PBS) with pH value of 7.4 3 times, scraped from the ice plate with a plastic cell scraper, and collected in a 1.5 mL tube. One mL of extraction buffer (acetonitrile:methanol:water = 2:2:1) was added to the collected BV-2 cells. A quality control (QC) sample was prepared by mixing of 10 μL of each test sample. Samples were freezer dried and stored at −80 °C before LC-MS analysis.




2.6. LC-MS Analysis


Acetonitrile aqueous solution (acetonitrile:water = 2:1, 400 μL) was added into the samples respectively. Then, the mixture was vortexed for 1 min and centrifuged at 14,000× g for 15 min at 4 °C. Finally, the obtained supernatant was transferred to vials for analysis. Chromatography separation was carried out on a Thermo Hypersil Gold C18 column (100 mm × 2.1 mm, 1.8 μm) at 40 °C. Mobile phase A: 0.1% formic acid aqueous solution (v/v) + acetonitrile, phase B: 5 mM ammonium acetate solution + acetonitrile. The gradient elution program: 0 min–2 min, 1–15% B; 2 min–5 min, 15–55% B; 5 min–8 min, 55–99% B; 10 min–12 min, 99–1% B. The flow rate was 0.5 mL/min. Column temperature was set as 35 °C and the sample injection volume was 3 μL. Mass spectrometry data were collected both in positive and negative ion modes of the ESI source of Q Exactive Orbitrap Mass Spectrometer. Using Full MS (Resolution 70000) and dd-MS2/dd-SIM (Resolution 17500), the scanning range was 100–1500 m/z, the capillary temperature was 400 degrees, and the auxiliary gas heater temperature was 350 degrees Celsius. The analytical method for the QC samples was the same as other samples and was injected after each of 6 real-sample injections.




2.7. Metabolomics Data Analysis


The metabolite profiling data were obtained and uploaded to the cloud-based XCMS online platform for data processing and peak detection, retention time correction, profile alignment, and the peak area information were standardized in Microsoft Excel 2010. Then, principal component analysis (PCA), partial least squares discriminant analysis (PLS-DA), orthogonal partial least squares discriminant analysis (OPLS-DA), and volcanic map were used to further analyze the standardized data in metabolic analysis 5.0 online server (http://www.metaboanalyst.ca (accessed on 23 April 2021)). Finally, the differential metabolites were obtained based on variable importance in projection (VIP) value (VIP > 1) and t test (p < 0.05). The metabolic pathways of significantly differential accumulated biomarkers were analyzed by MetaboAnalyst 5.0 and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways.





3. Results


3.1. Protective Effect of Fangfeng Extract


To confirm the protective effects of Fangfeng extract (FFE) on inflammatory response in LPS-stimulated BV-2 cells, we firstly confirmed the prominent changes of pro-inflammatory cytokine production. The mRNA levels of pro-inflammatory cytokines (IL-6 and IL-1β) were measured by real-time PCR. As shown in the figure, the relative expression of IL-6 and IL-1β were significantly increased after LPS induction in BV-2 cells (p < 0.01). Meanwhile, results indicated that FFE observably inhibited gene expression levels of pro-inflammatory cytokines (IL-6 and IL-1β) in a dose-dependent manner (Figure 1).




3.2. Metabolomics Profiling and Differential Accumulated Metabolite (DAM) Analysis


OPLS-DA analysis showed that the control group and LPS treatment group were far away from FFE-treated groups, meaning FFE and LPS could greatly disturb the metabolic profile of BV-2 cells. Drug-treated groups were effectively separated between different concentrations (Figure 2).



In order to identify DAM, VIP value (>1.0), fold change (FC ≥ 2 or FC ≤ 0.5) and t-test p value (p < 0.05) in volcano map (Figure 3) and OPLS-DA analysis were used as selection criteria. The DAM details can be found in Supplementary File S1, such as levodopadopamine, docosahexaenoic acid, gamma hydroxybutyric acid, 5-hydroxy-L-tryptophan, alpha-tocopherol, etc., which were upregulated by FFE pre-protection when compared with LPS treatment. MetaboAnalyst software was used for metabolomic pathway enrichment analysis. In the negative mode (Table 1), for the LPS group versus QF 0.1 group, alanine, aspartate and glutamate metabolism, purine metabolism, and pyrimidine metabolism were the top upregulated pathways (Figure 4A); for the LPS group versus QF 1 group, purine metabolism, alanine, aspartate, and glutamate metabolism and aminoacyl-tRNA biosynthesis were the main upregulated pathways (Figure 4B); for the LPS group versus the QF 10 group, tyrosine metabolism, butanoate metabolism, and galactose metabolism were the main upregulated pathways (Figure 4C). In the positive mode, for the LPS group versus QF0.1 group, butanoate metabolism, arginine biosynthesis and starch, and sucrose metabolism were major upregulated pathways (Figure 4D); for the LPS group versus the QF1 group, primary bile acid biosynthesis, taurine and hypotaurine metabolism, and tryptophan metabolism were the most enriched upregulated pathways (Figure 4E); for the LPS group versus the QF10 group, tryptophan metabolism, sphingolipid metabolism, and tyrosine metabolism were the top enriched upregulated pathways (Figure 4F).



Additionally, the downregulated DAM were also included in Supplementary File S1, such as folate, arachidonic acid, Prostaglandins, 12(S)-HPETE, 3-ketosphinganine, Galactosylsphingosine etc., and were downregulated by FFE pre-protection when compared with LPS treatment. Metabolomic pathway enrichment analysis were also performed and the results were as follows: in the negative mode (Table 2), for the LPS group versus the QF 0.1 group, thiamine metabolism, ether lipid metabolism, and galactose metabolism were the top downregulated pathways (Figure 5A); for the LPS group versus the QF 1 group, one carbon pool by folate, biosynthesis of unsaturated fatty acids, and Purine metabolism were the main downregulated pathways (Figure 5B); for the LPS group versus the QF 10 group, one carbon pool by folate, porphyrin and chlorophyll metabolism, and thiamine metabolism were the main upregulated pathways (Figure 5C). In the positive mode, for the LPS group versus the QF0.1 group, steroid biosynthesis, one carbon pool by folate, and nicotinate and nicotinamide metabolism were the major downregulated pathways (Figure 5D); for the LPS group versus the QF1 group, one carbon pool by folate, sphingolipid metabolism, and sulfur metabolism were the most enriched downregulated pathways (Figure 5E); for the LPS group versus the QF10 group, one carbon pool by folate, glycine serine, and threonine metabolism and sulfur metabolism were the top enriched downregulated pathways (Figure 5F).



The metabolic pathways enrichment analysis results of all groups are listed in Table 2.





4. Discussion


Neuroinflammation is widely observed in neurodegenerative diseases, which might have been affected by glia cells activation and cytokines secretion. Fangfeng may play a neuroprotective function by reducing the process of neuroinflammation, though the detailed mechanisms are not clear.



In our study, metabolite-profiling uncovered levodopa, docosahexaenoic acid, gamma hydroxybutyric acid, 5-hydroxy-L-tryptophan, alpha-tocopherol, etc., metabolites were upregulated by FFE in LPS-induced BV-2 cells. Levodopa is the precursor of dopamine, while dopamine is a neurotransmitter which has been shown to have anti-inflammatory effects [22,23]. In the peripheral nervous system, dopamine receptor activation can control tissue inflammation and injury [24]. In our study, docosahexaenoic acid and gamma hydroxybutyric acid were also significantly upregulated upon FFE treatment compared with the LPS group. Research has shown that docosahexaenoic acid inhibits neuroinflammation via its conversion to specialized pro-resolving mediators and decreased oxidative stress and microglial pro-inflammatory activation [25,26], while gamma hydroxybutyric acid, which is derived from γ-aminobutyric acid (GABA) [27], may act a neuromodulator in the CNS and has several neuronal mechanisms such as activation of the GABA receptor. Multiple studies revealed that alpha-tocopherol has an important role in antioxidant protection of neurodegenerative diseases and dietary tocopherol intake could improve PD-related parameters [28]. The results of metabolic pathway enrichment analysis indicated that the main upregulated metabolic pathways were alanine, aspartate and glutamate metabolism, purine metabolism, tyrosine metabolism, butanoate metabolism, primary bile acid biosynthesis, taurine and hypotaurine metabolism, tryptophan metabolism, and sphingolipid metabolism, etc. These results indicate that the differential metabolites of BV2 cells treated with FFE can effectively inhibit cell inflammation through amino acid and fatty acid metabolism and neurotransmitter and neuro-protective metabolites derived from them. The tyrosine and tryptophan metabolisms were demonstrated as crucial sources of neurotransmitters tightly associated with neuropsychiatric symptoms [29]. Besides, multiple amino acid-derived intermediates were critical for the Alzheimer’s disease pathological progression through immune cells infiltration-derived neuroinflammation [30]. At the same time, metabolites like folate, arachidonic acid, Prostaglandins, 12(S)-HPETE, 3-ketosphinganine, Galactosylsphingosine, and etc. were downregulated by FFE pre-protection when compared with LPS treatment. The downregulated pathways include: one carbon pool by folate, biosynthesis of unsaturated fatty acids, sphingolipid metabolism, and steroid biosynthesis. The impaired one-carbon metabolism and lower folate levels tightly correlated with elevated tau phosphorylation levels in neurodegenerative diseases and disturbed neuronal homeostasis [31]. However, recent research on the genetic and supplementation-manipulated C. elegans indicated that specific folate and one carbon metabolism reduction could be beneficial for longevity and proteoprotection [32]. These disparate observations probably reflect multi-layering of FFE effects on LPS-induced BV-2 cells since it could effectively decrease pro-inflammatory factor expression and downregulate folate metabolisms. Additionally, unsaturated fatty acids, sphingolipid, and steroid metabolism alteration in FFE-protected microglia cells reflected that fatty acids, especially long chain unsaturated fatty acids, were critical for FFE-derived neuroprotective effects. Sphingolipids are essential for cellular membranes and sphingolipid disorder could induce central and the peripheral nervous systems degeneration in DEGS1 gene mutation [33]. Sphingolipids could also affect the steroid biosynthetic pathway at multiple levels [34]. Besides, unsaturated fatty acids like arachidonic acid and its metabolites were also decreased upon FFE treatment. Studies indicated that arachidonic acid could be disturbed in the brain after 6 days of LPS exposure [35], and the released arachidonic acid can be converted into pro-inflammatory lipid mediators, such as prostaglandin [36], showing that this increase is transient downregulated.



In conclusion, our results illustrated that FFE hold promising medicinal potential for protection of neuroinflammation through the inhibition of genes including IL-1βand IL-6, as well as upregulation of metabolites like levodopadopamine, docosahexaenoic acid, gamma hydroxybutyric acid, 5-hydroxy-L-tryptophan, and alpha-tocopherol. Therefore, these preliminary results provided attractive molecular mechanism predictions for FFE in neuroinflammation protection of LPS-induced BV-2 cells. More experiments are needed for supporting and further exploring regulatory mechanism details and specific pathological processes.
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Figure 1. Effects of Fangfeng extract on the production of pro-inflammatory cytokines (IL-6 and IL-1β) in LPS-induced BV-2 cells. (A) Effect on the production of proinflammatory cytokines IL-6, (B) Effect on the production of proinflammatory cytokines IL-1β. All the experiments were repeated at least three times and similar results were observed. Values are mean ± SE, (n = 4 samples/group). ## p < 0.01 vs. control group, ** p < 0.01 vs. LPS-treated group. 






Figure 1. Effects of Fangfeng extract on the production of pro-inflammatory cytokines (IL-6 and IL-1β) in LPS-induced BV-2 cells. (A) Effect on the production of proinflammatory cytokines IL-6, (B) Effect on the production of proinflammatory cytokines IL-1β. All the experiments were repeated at least three times and similar results were observed. Values are mean ± SE, (n = 4 samples/group). ## p < 0.01 vs. control group, ** p < 0.01 vs. LPS-treated group.



[image: Applsci 11 08155 g001]







[image: Applsci 11 08155 g002 550] 





Figure 2. Negative OPLS-DA score map (A) and positive OPLS-DA score map (B). 






Figure 2. Negative OPLS-DA score map (A) and positive OPLS-DA score map (B).



[image: Applsci 11 08155 g002]







[image: Applsci 11 08155 g003 550] 





Figure 3. Metabolite volcano map in negative ion mode: (A) LPS vs. QF 0.1; (B) LPS vs. QF 1; (C) LPS vs. QF 10; metabolite volcano map in positive ion mode: (D) LPS vs. QF 0.1; (E) LPS vs. QF 1; (F) LPS vs. QF 10. 
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Figure 4. Enrichment maps of upregulated metabolic pathways in negative and positive modes. Negative ion mode: (A) LPS vs. QF 0.1; (B) LPS vs. QF 1; (C) LPS vs. QF 10; (H) Control vs. LPS.Positive ion mode: (D) LPS vs. QF 0.1; (E) LPS vs. QF 1; (F) LPS vs. QF 10; (G) Control vs. LPS. Data point descriptions are in Table 1. 
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Figure 5. Enrichment maps of downregulated metabolic pathways in negative and positive modes. Negative ion mode: (A) LPS vs. QF 0.1; (B) LPS vs. QF 1; (C) LPS vs. QF 10; (H) Control vs. LPS. Positive ion mode: (D) LPS vs. QF 0.1; (E) LPS vs. QF 1; (F) LPS vs. QF 10; (G) Control vs. LPS. Data point descriptions are in Table 2. 
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Table 1. Enrichment maps’ description of upregulated metabolic pathways.
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	Figures
	Data Points (Metabolic Pathways)





	(A) LPS vs. QF0.1 (negative)
	1. Alanine, aspartate and glutamate metabolism; 2. Purine metabolism; 3. Pyrimidine metabolism; 4. Steroid biosynthesis; 5. Starch and sucrose metabolism; 6. Butanoate metabolism



	(B) LPS vs. QF1 (negative)
	1. Purine metabolism; 2. Alanine, aspartate, and glutamate metabolism; 3. Aminoacyl-tRNA biosynthesis; 4. Butanoate metabolism; 5. Selenocompound metabolism; 6. Citrate cycle (TCA cycle); 7. Tyrosine metabolism



	(C) LPS vs. QF10 (negative)
	1. Tyrosine metabolism; 2. Butanoate metabolism; 3. Galactose metabolism; 4. Porphyrin and chlorophyll metabolism; 5. Taurine and hypotaurine metabolism; 6. Citrate cycle (TCA cycle); 7. Purine metabolism; 8. Propanoate metabolism; 9. Alanine, aspartate, and glutamate metabolism



	(D) LPS vs. QF0.1 (positive)
	1. Butanoate metabolism; 2. Arginine biosynthesis; 3. Starch and sucrose metabolism 4. Sphingolipid metabolism; 5. D-Glutamine and D-glutamate metabolism; 6. Tyrosine metabolism; 7. Purine metabolism; 8. Primary bile acid biosynthesis



	(E) LPS vs. QF1 (positive)
	1. Primary bile acid biosynthesis; 2.Taurine and hypotaurine metabolism; 3. Tryptophan metabolism; 4. Retinol metabolism



	(F) LPS vs. QF10 (positive)
	1. Tryptophan metabolism; 2. Sphingolipid metabolism; 3. Tyrosine metabolism; 4. Retinol metabolism; 5. Histidine metabolism; 6. Pentose and glucuronate interconversions; 7. Pentose phosphate pathway



	(G) control vs. LPS (positive)
	1. Primary bile acid biosynthesis; 2. One carbon pool by folate; 3. Nicotinate and nicotinamide metabolism; 4. Vitamin B6 metabolism; 5. Tryptophan metabolism; 6. beta-Alanine metabolism; 7. Pentose phosphate pathway; 8. Pyruvate metabolism



	(H) control vs. LPS (negative)
	1.Vitamin B6 metabolism; 2. Primary bile acid biosynthesis; 3. Fatty acid biosynthesis
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Table 2. Enrichment maps’ description of downregulated metabolic pathways.
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	Figures
	Data Points (Metabolic Pathways)





	(A) LPS vs. QF0.1 (negative)
	1. Sphingolipid metabolism; 2. One carbon pool by folate; 3. Phenylalanine metabolism; 4. Tyrosine metabolism; 5. Nicotinate and nicotinamide metabolism; 6. Histidine metabolism



	(B) LPS vs. QF1 (negative)
	1. Steroid biosynthesis; 2. One carbon pool by folate; 3. Nicotinate and nicotinamide metabolism; 4. Mannose type O-glycan biosynthesis



	(C) LPS vs. QF10 (negative)
	1. One carbon pool by folate; 2. Sphingolipid metabolism; 3. Sulfur metabolism; 4. Steroid biosynthesis; 5. Biotin metabolism; 6. Primary bile acid biosynthesis



	(D) LPS vs. QF0.1 (positive)
	1. One carbon pool by folate; 2. Glycine serine and threonine metabolism; 3. Sulfur metabolism; 4. Phenylalanine metabolism; 5. Nicotinate and nicotinamide metabolism; 6. Fructose and mannose metabolism; 7. Sphingolipid metabolism



	(E) LPS vs. QF1 (positive)
	1. Primary bile acid biosynthesis; 2. Pyrimidine metabolism; 3. Tyrosine metabolism; 4. Steroid hormone biosynthesis; 5. Synthesis and degradation of ketone bodies



	(F) LPS vs. QF10 (positive)
	1. Thiamine metabolism; 2. Ether lipid metabolism; 3. Galactose metabolism; 4. Porphyrin and chlorophyll metabolism



	(G) control vs. LPS (positive)
	1. One carbon pool by folate; 2. Biosynthesis of unsaturated fatty acids; 3. Purine metabolism; 4. Fatty acid biosynthesis; 5. Synthesis and degradation of ketone bodies; 6. Porphyrin and chlorophyll metabolism; 7. Thiamine metabolism; 8. Taurine and hypotaurine metabolism; 9. Sulfur metabolism; 10. Glycerophospholipid metabolism



	(H) control vs. LPS (negative)
	1. One carbon pool by folate; 2. Porphyrin and chlorophyll metabolism; 3. Thiamine metabolism; 4. Pyrimidine metabolism; 5. Starch and sucrose metabolism; 6. Pantothenate and CoA biosynthesis; 7. Ether lipid metabolism; 8. Sphingolipid metabolism; 9. beta-Alanine metabolism
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