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Decanoic Acid and Not Octanoic Acid Stimulates Fatty Acid Synthesis in U87MG Glioblastoma Cells: A Metabolomics Study
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Medium-chain fatty acids (MCFA) are dietary components with a chain length ranging from 6 to 12 carbon atoms. MCFA can cross the blood-brain barrier and in the brain can be oxidized through mitochondrial β-oxidation. As components of ketogenic diets, MCFA have demonstrated beneficial effects on different brain diseases, such as traumatic brain injury, Alzheimer’s disease, drug-resistant epilepsy, diabetes, and cancer. Despite the interest in MCFA effects, not much information is available about MCFA metabolism in the brain. In this study, with a gas chromatography-mass spectrometry (GC-MS)-based metabolomics approach, coupled with multivariate data analyses, we followed the metabolic changes of U87MG glioblastoma cells after the addition of octanoic (C8), or decanoic (C10) acids for 24 h. Our analysis highlighted significant differences in the metabolism of U87MG cells after the addition of C8 or C10 and identified several metabolites whose amount changed between the two groups of treated cells. Overall, metabolic pathway analyses suggested the citric acid cycle, Warburg effect, glutamine/glutamate metabolism, and ketone body metabolism as pathways influenced by C8 or C10 addition to U87MG cells. Our data demonstrated that, while C8 affected mitochondrial metabolism resulting in increased ketone body production, C10 mainly influenced cytosolic pathways by stimulating fatty acid synthesis. Moreover, glutamine might be the main substrate to support fatty acids synthesis in C10-treated cells. In conclusion, we identified a metabolic signature associated with C8 or C10 addition to U87MG cells that can be used to decipher metabolic responses of glioblastoma cells to MCFA treatment.
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INTRODUCTION

Medium-chain fatty acids (MCFA), namely fatty acids with an aliphatic tail of 6–12 carbon atoms, are food constituents, extracted from some plant oils and milk, where they are mostly present in the form of triacylglycerols (Marten et al., 2006).

Unlike long-chain fatty acids (LCFA) which, after intestinal adsorption, are esterified to triacylglycerols in enterocytes, incorporated into chylomicrons and released into the lymphatic system, MCFA directly enter the portal vein from the intestinal tract as free acids (Ashbrook et al., 1972, 1975). There, partly bound to plasma albumin, MCFA are transported to the liver where they are metabolized. Therefore, dietary MCFA are not stored in esterified form in adipose tissue (Schönfeld and Wojtczak, 2016).

Once in the liver MCFA, at least those with up to C8 carbon atoms, spread through the inner mitochondrial membrane and, in the mitochondrial matrix, are activated to acyl-CoA. This characteristic further differentiates MCFA from LCFA, the latter being activated in the cytosol by acyl-CoA synthases, and requiring the carnitine shuttle to pass the inner mitochondrial membrane and enter mitochondria (Vessey et al., 1999; Boomgaarden et al., 2009).

Medium-chain fatty acids, activated inside mitochondria, are mainly used as substrates in β-oxidation and in the citric acid cycle (Schönfeld and Wojtczak, 2016). The excess of acetyl-CoA derived from β-oxidation promotes the hepatic generation of ketones (mostly acetoacetate and β-hydroxybutyrate), which are delivered as fuels to non-hepatic tissues (Bach and Babayan, 1982; Papamandjaris et al., 1998).

Data obtained in an animal model suggest that MCFA can cross the blood-brain barrier and can be oxidized by the brain through mitochondrial β-oxidation (Spector, 1998). In this way, MCFA provide both a direct and an indirect fuel source for brain cells (neurons and astrocytes) via the generation of ketone bodies which can further be used by the brain as a metabolic fuel (Nugent et al., 2014; Andersen et al., 2017; Evans et al., 2017).

As components of ketogenic diets, MCFA are believed to act as alternative energy substrates in the injured brain. Indeed, MCFA are used as alternative energy substrates in conditions of limited cerebral glucose availability, such as in traumatic brain injury (Prins and Matsumoto, 2014; Bernini et al., 2020), patients with glucose transporter 1 deficiency (Klepper et al., 2004), and Alzheimer’s disease (Rusek et al., 2019). Considering that the brain is highly susceptible to free radical formation (Romano et al., 2017), an antioxidant effect of an MCFA-based ketogenic diet on the brain has also been reported (Jarrett et al., 2008). Moreover, besides having antioxidant properties, MCFA have been used to treat a variety of disorders such as drug-resistant epilepsy (Nathan et al., 2019), diabetes (Li et al., 2020), and cancer (Weber et al., 2019).

The beneficial effects of MCFA on the brain are mainly attributed to the ability of these fatty acids to provide energy sources in the form of lactate and ketone bodies (Thevenet et al., 2016). Indeed, an in vitro study reported that C10, but not C8 induced energy metabolism and mitochondrial activity in the neuroblastoma cell line SH-SY5Y (Khabbush et al., 2017) and increased mitochondrial content and complex I activity in neuronal cells (Hughes et al., 2014).

Despite the relative success of MCFA in the treatment of different brain diseases, the precise mechanism of action of these fatty acids in the brain is still unknown.

In the last few years, metabolite quantification by Mass Spectrometry approaches has been used to obtain a global unbiased view of small molecules in different biological samples thus contributing to the understanding of the molecular characteristics of many diseases and therapeutic outcomes in different pathologies (Vergara et al., 2019; Casadei-Gardini et al., 2020).

In the present work, by means of a gas chromatography-mass spectrometry (GC-MS)-based metabolomics approach we revealed metabolic changes in U87MG glioblastoma cells after the addition of C8 or C10 for 24 h.

Our results underline significant differences in C8 and C10 effects on U87MG cell metabolism. In particular, while C8 addition to glioma cells mainly affects mitochondrial metabolism with increased synthesis of ketone bodies, C10 has a major effect on cytosolic pathways by increasing glucose conversion to lactate. Moreover, C10 but not C8 increases lipid synthesis as demonstrated by both metabolomic and western blot analyses.



MATERIALS AND METHODS


Reagents

Chemicals were purchased from Sigma-Aldrich (Buchs, Switzerland) or Thermo Scientific (Reinach, Switzerland). Stocks of octanoic acid (C8; C2875; Sigma-Aldrich) and decanoic acid (C10; 21409; Sigma-Aldrich) were prepared in DMSO at 100 mM.



Cell Culture Conditions and MTT Test

U87MG cells were cultured in low-glucose (1 g/Lt) Dulbecco’s modified Eagle’s medium (DMEM; Corning Inc., New York, NY, United States) supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS), 100 units/mL penicillin and 100 μg/mL streptomycin. Cells were seeded at a density of 1 × 106 cells into 75 cm2 flask and incubated in a humidified atmosphere (5% CO2) at 37°C for 24 h. Cell cultures were then incubated with 300 μM C8 or C10 for 24 h. At the end of the incubation period, the cell monolayers were washed three times with PBS, trypsinized and centrifuged at 150 g for 3 min. The resulting cell pellet was collected for further analysis.

MTT test was performed to assay cell viability. U87MG cells were seeded at a density of 2 × 105 cells/well in a 12-well culture plate (Corning Inc.) in a DMEM medium. After 24 h, the cells were treated as indicated above and the cell monolayers were incubated for 4 h with 1 mg/ml 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT). Formazan crystals forming in the living cells were dissolved in 1 ml 40 mM HCl in isopropanol, and the absorbance was measured at 570 nm using a Beckman Coulter DU 800 spectrophotometer.



Protein Content Determination

Protein content was determined with Bradford reagent (1856209; Thermo Scientific), with bovine serum albumin (BSA) as a standard.



Metabolite Determination by Gas Chromatography Coupled to Mass Spectrometry

Metabolite analyses were carried out by Agilent GC-MS (6890N GC-5973inert MS) as described by Fiehn (2016) with slight modifications. Samples were extracted with a mixture of acetonitrile, isopropanol, and water (1 mL, 3:3:2, and v/v/v), centrifuged, and the supernatant transferred into a clean vial and dried; then it was recovered in acetonitrile/water (1 mL, 1:1, and v/v) centrifuged and a 450 μL aliquot was transferred into clean glass vials, 10 μL of 100 ng/μL norleucine solution added as an internal standard and dried. Samples were first methoximated with 10 μL of a 20 mg/ml MeOX solution in pyridine at 70°C for 90 min and derivatized with 90 μL of MTBSTFA (N-tert-butyldimethylsilyl-N-methyltrifluoroacetamide) and 10 μL of FAME C8-C24 mixture at 100°C for 60 min. After cooling the solution at room temperature for 5 min, 1 μL of the solution was injected into the GC-MS in splitless mode. Metabolites were separated on a DB1HT capillary column (30 m, inner diameter 250 μm, and film thickness 0.1 μm). The oven temperature was 50°C (2 min) 10°C/min up to 350°C (10 min). The total run time was 42 min. The mass detector was operated at 70 eV in the electron impact (EI) ionization mode. The ion source and transfer line temperatures were 280°C and 300°C, respectively. Agilent Chemstation was used to process the data and quantify metabolites.



Rate of Total Fatty Acid Synthesis From [1-14C]acetate

After 24 h incubations of U87MG cells with C8 or C10, the rate of total fatty acid and cholesterol synthesis was followed by adding [1-14C] acetate (1.56 mCi/mmol) to cells. The reaction was stopped, after 1 h, with 1 ml of 0.5 N NaOH. Cells were scraped off the plates and transferred to test tubes, and after ethanol addition, samples were subjected to saponification. At the end of the saponification reaction, cholesterol was extracted three times with 4 ml of petroleum ether. The suspension was then acidified with 0.5 ml 7 N HCl and fatty acids were extracted three times with 4 ml of petroleum ether. After solvent evaporation, the radioactivity associated with labeled cholesterol and fatty acids was measured (Vergara et al., 2017; Giudetti et al., 2019).



Cell Lysis and Western Blot Analysis

To prepare protein extracts, cells were lysed in RIPA buffer in the presence of a cocktail of protease inhibitors. To this end, the culture medium was removed from the cell culture plate and cells were rinsed with chilled PBS (Phosphate Buffered Saline) 1× buffer. PBS was then removed and cells were pelleted by centrifugation. Washed cellular pellet fractions were suspended in RIPA buffer. After the freezing and thawing procedure, the cells were centrifuged for 5 min at 10.000 rpm. Proteins were then subjected to SDS-PAGE and electroblotting on nitrocellulose membranes, which were probed with specific primary antibodies for citrate carrier (CiC; Abcam, rabbit 1:1000), ATP-citrate lyase (ACLY; Abcam, rabbit 1:1000), acetyl-CoA carboxylase (ACC; Cell Signaling, Rabbit 1:1000), fatty acid synthase (FAS; Cell Signaling, Rabbit 1:1000), and β-actin (Abcam, mouse 1:25000). Immunoblots were revealed by enhanced chemiluminescence reagent (Bio-Rad). Images were acquired using the VersaDoc 1000 imaging system and individual band densities were integrated by Quantity One software (BioRad).



Statistical Analysis

Results are expressed as means ± standard error of the mean (SEM) of three different samples, each of which were analyzed twice. The comparison was made using the one-way analysis of variance (ANOVA) and Tukey post hoc analysis. Differences among groups were considered statistically significant when p < 0.05.

The metabolic profile of samples from control (CTR) and U87MG cells treated with C8 or C10 MCFA controls were analyzed by GC-MS. Multivariate statistical analysis was performed using MetaboAnalyst software (Chong et al., 2018). Unsupervised Principal Component Analysis (PCA) and Partial Least Squares Discriminant Analysis (PLS-DA) were applied to examine the intrinsic variation in the data. Two parameters, R2 and Q2, describe the goodness of the statistical models. The former (R2) explains the total variations in the data, whereas the latter (Q2, calculated via 10-fold cross-validation, CV) is an estimate of the predictive ability of the models (Del Coco et al., 2019; Casadei-Gardini et al., 2020). To better visualize data, a heat map was performed on metabolites and samples, using Euclidean for distance measure and Ward for clustering algorithm.



RESULTS


Metabolomics Analysis and Metabolite Identification

We performed an overall study of the metabolite changes in U87MG cells after the addition of C8 or C10 MCFA. The concentration (300 μM) of C8 and C10 and the time (24 h) of cell incubation with the two fatty acids used in this study, did not induce significant changes in cell viability assayed by the MTT test (data not shown). Metabolites from each sample were extracted in parallel and analyzed by gas chromatography coupled to mass spectrometry (GC/MS). The chromatographic spectra were dominated by high-intensity signals of sugars and small molecules, such as branched-chain amino acids (leucine, isoleucine, and valine), aliphatic and aromatic amino acids (alanine, arginine, glutamine, glutamate, methionine, glycine, phenylalanine, and tyrosine), organic acids (lactate, pyruvate, citrate, acetoacetate, and β-hydroxybutyrate), and others. The number of detected features did not significantly change (corrected p-value < 0.05) among the different groups.



Multivariate Analysis of C8 and C10 Effects on U87MG Cells

To normalize raw metabolic data, log transformation and Pareto scaling were performed before multivariate analysis. ANOVA analysis and post hoc Tukey’s test reported a total of 16 metabolites that significantly (p < 0.05) changed among the three groups of cells (Table 1). PCA was then carried out to visualize the global variation in the observations and to detect possible outliers among samples. None of the observations were removed as outliers.


TABLE 1. Quantitative comparison of metabolites that significantly changed among groups.

[image: Table 1]Principal Component Analysis of all detected features unveiled distinct clustering of all treated groups included in the study. In particular, the groups treated with C10 clustered in the negative sector of PC1. The group treated with C8 as well as the CTR group was found in the very right sector of the PCA (Figure 1A). The PCA plot revealed a good separation especially along the first principal component PC1 (PC1 and PC2 accounted for 67.9% and 17.7% of the total variance, respectively). This result indicates that significant differences were present among the metabolomes of the treated groups.
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FIGURE 1. Multivariate analysis of data from C8 or C10 treated U87MG cells. (A) Principal Component Analysis (PCA) of U87MG treated with C8 or C10 (N = 3). (B) Partial Least Squares Discriminant Analysis (PLS-DA) plot. The shaded areas indicate the 95% confidence ellipse regions based on the data points for individual groups. (C) Loading plot showing the most discriminative metabolites. (D) Heat map visualization based on 34 metabolites. Red: C10-treated cells; green: C8-treated cells; blue: CTR cells, respectively. The color key indicates metabolite values: dark blue: lowest; dark red: highest.


Supervised classification was performed using the PLS-DA model to search for discriminating features for the separation among groups. A clear separation between the three groups was observed also in the corresponding PLS-DA (Figure 1B). The PLS-DA model was obtained with the first two components explaining 66.2% and 18% of the total variance.

To better understand the most discriminative metabolites among the three groups of U87MG cells, the weight of each metabolite on each component is visualized on a loading plot (Figure 1C). Metabolites that contribute more to the discrimination will have a higher weight, and thus tend to be the farthest away from the origin. As is evident, glucose, citrate, lactate, pyruvate, glutamate, glutamine, lauric, myristic, and oleic acids were, among others, the most relevant metabolites which differentiated the three groups of samples.

Moreover, a heat map of all the differential metabolites was produced to visualize the relative concentration of metabolites in each sample. On the heat map (Figure 1D), the up-regulation or down-regulation of the different metabolites was expressed with different colors, thereby the changes of the patterns in metabolite concentrations across samples are easily observed. Among others, higher levels of malonate, phenylalanine, methionine, lactate, palmitic acid, branched-chain amino acids (valine, leucine, and isoleucine) glucose, citrate, α-ketoglutarate (α-KG), alanine tyrosine and oxaloacetate (OAA), were clearly shown in C10 treated cells compared with the other groups, as well as higher levels of oleic and myristic acid, succinate, β-hydroxybutyrate, and acetoacetate were shown in C8 treated cells.



Metabolic Pathway and Metabolite Set Enrichment Analyses

For a better understanding of metabolic pathways which can have a significant impact on a given biological process after C8 or C10 addition to U87MG cells, we performed two types of pathway analyses. Metabolite Set Enrichment Analysis, performed using the Small Molecule Pathway Database and Metabolic Pathway Analysis, performed using the KEGG database, which also calculates the impact of each pathway using topology analysis in addition to the classic Enrichment Analysis (Girelli et al., 2016; De Castro et al., 2018). According to both p-value and impact value, the analysis showed target pathways that could be potentially altered following C8 or C10 addition to U87MG cells.

By inputting the metabolites that were significantly influenced by C10 addition to U87MG cells, we found matched pathways reported in Figure 2. After C10 addition to cells, the most significantly modified pathways in Metabolic Pathway Analysis (Figure 2A and Table 2) were glutamine/glutamate metabolism, starch and sucrose metabolism, alanine, aspartate, and glutamate metabolism, citric acid cycle and pyruvate metabolism. Enrichment analyses, based on the most relevant metabolites changed after C10 addition to cells, showed different metabolic pathways potentially involved after the fatty acid addition to U87MG cells, notably the Warburg effect, lactate synthesis and degradation, glucose-alanine cycle, and the citric acid cycle among others.


[image: image]

FIGURE 2. Pathway analysis of metabolites in U87MG cells treated with C10 compared to CTR. (A) Metabolomics pathway analysis using the KEGG database. (B) Summary plot for metabolite Enrichment Analysis performed on the U87MG cells treated with C10 vs CTR cells, where metabolite sets are ranked according to the Holm p-value. The horizontal bar graph summarizes metabolic pathways that were significantly different between CTR and C10-treated cells.



TABLE 2. Pathway analysis of metabolites from C10-treated vs CTR cells.

[image: Table 2]In Figure 3 the effect of C8 addition on cell metabolism was depicted by both analyses. In this case, major involvement of amino acid metabolism, such as phenylalanine, alanine, aspartate, glutamine, and glutamate metabolism was evident through Metabolic Pathway Analysis (Figure 3A and Table 3). Moreover, Enrichment Analysis showed that a major number of metabolic pathways were potentially involved, thus indicating a broader and less specific effect of C8 on U87MG metabolism (Figure 3B). Based on significantly changed metabolites reported in Table 1, and on Metabolic Pathway analysis of Figures 2, 3, we grouped metabolites, with the respective changes, in some pathways potentially modified after C8 or C10 addition to U87MG cells (Figure 4).
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FIGURE 3. Pathway analysis of metabolites in U87MG cells treated with C8 compared to CTR. (A) Metabolomics pathway analysis using the KEGG database. (B) Summary plot for metabolite Enrichment Analysis performed on the U87MG cells treated with C8 vs CTR cells, where metabolite sets are ranked according to the Holm p-value. The horizontal bar graph summarizes metabolic pathways that were significantly different between CTR and C8-treated cells.



TABLE 3. Pathway Analysis of metabolites from C8-treated vs CTR cells.
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FIGURE 4. Schematic representation of some involved pathways in C8- and C10-treated cells, on the basis of Metabolic Pathway analysis. In the mitochondrial matrix, glutamine can be converted, through glutaminase (GLS) activity, in glutamate and then in α-ketoglutarate (glutamine and glutamate metabolism). In cancer cells, α-ketoglutarate can converge toward citrate that, after conversion in acetyl-CoA in the cytosol, represents the primer for lipid synthesis. α-Ketoglutarate can also generate citrate through the oxidative metabolism in the citric acid cycle, forming succinate, fumarate, malate, oxaloacetate, and citrate. Mitochondrial acetyl-CoA can derive also from fatty acids β-oxidation or glycolytic pyruvate through the activity of pyruvate dehydrogenase complex (PDH). When in the mitochondrial matrix acetyl-CoA exceeds OAA amounts, acetyl-CoA can be used for ketone body production (ketone body metabolism). However, cancer cells can also produce a high level of lactate from glycolytic pyruvate, also in the presence of functioning mitochondria (Warburg effect).




Fatty Acids Synthesis Is Increased in C10- but Not in C8-Treated Cells

Considering that citrate represents not only the precursor, in the form of acetyl-CoA, of fatty acid synthesis but also a positive modulator for ACC, the rate-limiting enzyme in the fatty acid synthesis pathway, we hypothesized that C10 could stimulate fatty acid synthesis in U87MG cells. To analyze the pathway of fatty acid synthesis in U87MG cells, we measured the rate of [1-14C] acetate incorporation into fatty acids. Interestingly, after 1 h of incubation with the labeled precursor, C10-treated cells incorporated significantly higher (∼2 fold) labeled acetate into fatty acids compared with both C8-treated and CTR cells (Figure 5A). Moreover, as acetate also represents the precursor for cholesterol synthesis, we measured the rate of cholesterol synthesis as well. As reported in Figure 5B, no significant differences were measured among groups. These data indicated that C10 specifically affected the pathway of fatty acid synthesis in U87MG cells.
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FIGURE 5. Fatty acid and cholesterol synthesis in U87MG cells. After 24 h incubation of U87MG cells with C8 or C10, fatty acid (A) and cholesterol (B) synthesis was measured by incubating for 1 h treated cells with [1-14C]acetate. The specific activity of [1-14C]acetate incorporation was expressed as cpm/h x mg of proteins. Values are the mean ± SEM of three different experiments **P < 0.005; ***P < 0.001.


We also measured the protein expression of CiC, ACLY, ACC, and FAS enzymes involved in the de novo synthesis of fatty acids. We found that the protein content of both ACC and FAS significantly increased after C10 addition, compared with both CTR and C8-treated cells (Figure 6). However, no significant changes were measured for CiC and ACLY expression among groups.
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FIGURE 6. Western blotting analysis of lipogenic enzymes. Lysates from control (CTR) cells and from U87MG cells treated with C8 or C10 for 24 h were subjected to SDS-PAGE. (A) After blotting, membranes were analyzed by immunoblotting using specific antibodies for citrate carrier (CiC), ATP-citrate lyase (ACLY), acetyl-CoA carboxylase (ACC), and fatty acid synthase (FAS). β-actin was used as a loading control. (B) Signal intensity was quantified by densitometric analysis and reported as fold changes of C8- or C10-treated cells, compared to controls. Values are the mean ± SEM of three different experiments. **P < 0.01; ***P < 0.001.




DISCUSSION

There is growing interest in the mode of MCFA action particularly in the brain, considering their beneficial effects on different neurological diseases that have been recently reported (Klepper et al., 2004; Nugent et al., 2014; Prins and Matsumoto, 2014; Andersen et al., 2017; Evans et al., 2017; Nathan et al., 2019; Rusek et al., 2019; Bernini et al., 2020; Li et al., 2020). Studies have shown that C8 and C10 have a different metabolism in the brain which might derive from a different cell processing of these two fatty acids. In particular, while C8 can enter mitochondria without requiring the carnitine shuttle, C10 seems to be activated in the cytosol and to require the presence of carnitine to enter mitochondria (Khabbush et al., 2017).

Although most of the beneficial effects of MCFA have been attributed to ketone body formation for a long-time, some studies have challenged the central role of these molecules, raising the question whether other possible MCFA-derived metabolites may play a relevant role in brain disease treatments.

In this study, to cover the broadest possible range of metabolic characteristics, we examined the biological effects of 300 μM C8 or C10 through an untargeted GC/MS-based metabolomics approach. It should be noted that the amount of MCFA we used throughout the study was compatible with the plasma level of these fatty acids found in epileptic patients treated with the MCFA-containing ketogenic diet (Haidukewych et al., 1982; Khabbush et al., 2017).

We found that C10-treated, but not C8-treated cells showed increased amounts of glucose and lactate compared with CTR. We speculated that C10 could increase the flux of glucose to lactate as already demonstrated for C10-treated astrocytes (Thevenet et al., 2016). This process, thought to be characteristic of cancer cells, is known as the Warburg Effect and represents the incomplete, non-oxidative metabolism of glucose even in the presence of oxygen (Warburg, 1925; Warburg, 1956). It is of note that the Enrichment Analysis highlighted a high impact of the Warburg effect, lactate synthesis and glycolysis in C10-treated cells compared with CTR.

It is well known that glucose represents the major substrate for de novo lipogenesis. In this case, pyruvate produced by glycolysis can enter mitochondria to be converted into acetyl-CoA by the complex of the pyruvate dehydrogenase. Acetyl-CoA, in the presence of OAA and citrate synthase enzyme, is converted into citrate that, when in excess, can be transported by CiC, a transporter of the inner mitochondrial membrane, in the cytosol to support lipid synthesis (Siculella et al., 2006; Giudetti et al., 2016). Then cytosolic citrate is converted to acetyl-CoA by ATP citrate lyase (Browning and Horton, 2004). De novo synthesis of fatty acids begins with ATP-dependent carboxylation of acetyl-CoA to malonyl-CoA by ACC. Malonyl-CoA, which serves as a two-carbon donor, is added to the acetyl-CoA primer by a multifunctional enzyme complex of FAS to form palmitic acid.

Citrate, in the cytosol, represents not only the primer for the synthesis of lipids but also a positive allosteric modulator for ACC, the rate-limiting enzyme in the lipogenic pathway.

Considering the higher level of citrate and palmitate measured in U87MG cells after C10-, but not C8-addition to cells, compared with CTR cells, we speculated that C10 could stimulate fatty acid synthesis in U87MG cells. It should be noted that a lipogenic effect of MCFA has been already demonstrated in isolated hepatocytes, with a greater stimulatory effect of C10 with respect to C8, reaching the highest value with C12:0 (Geelen, 1994). The higher rate of acetate incorporation into fatty acids associated with increased expression of ACC and FAS confirmed our hypothesis about the stimulated fatty acid synthesis in U87MG cells after C10- but not C8-addition.

It has been demonstrated that decanoic acid is a PPARγ agonist and this characteristic seems to be specific to decanoic acid and unlikely to be shared by octanoic acid, the other major component of the MCT ketogenic diet (Malapaka et al., 2012). Considering that PPARγ is able to regulate the lipogenic transcription factor SREBP1c, which in turn induces the expression of the lipogenic enzyme fatty acid synthase, we can speculate that C10 stimulates de novo lipogenesis in U87MG cells by a PPARγ-mediated mechanism (Schadinger et al., 2005). In particular conditions cancer cells prefer glutamine to glucose for lipid synthesis (Bott et al., 2019). In this case, glutamine can be converted to glutamate and α-KG in mitochondria (Bott et al., 2019). The glutamine-derived α-KG is converted to citrate through both reductive and oxidative carboxylation and thereby contributes to de novo lipogenesis (Bott et al., 2019). In C10-treated cells, we found an increasing amount of α-KG and citrate, with a lower level of glutamine, compared with both C8-treated and CTR cells. We speculated that C10 can increase glutamine conversion into lipids. Notably, both Metabolic Pathway analysis, and Pathway Enrichment Analysis reported an important impact of glutamine and glutamate metabolism’ on C10-treated cells.

An interesting aspect worthy of attention is the high content of malonate found in C10-treated cells compared with C8-treated and CTR cells. Malonate is an endogenous metabolite and a well-characterized competitive inhibitor of mitochondrial succinate dehydrogenase, an enzyme of the electron chain transport complex II. Malonate can be cytotoxic by blocking the citric acid cycle and cellular respiration (Bowman et al., 2017). The molecular source of malonate in eukaryotic cells is not well defined. Mitochondrial malonate may derive from the hydrolysis of mitochondrial OAA through the decarboxylase activity of OAA decarboxylase (Weiss et al., 2018). Malonate can be also formed by cytosolic malonyl-CoA hydrolysis and subsequently transported into the mitochondrial matrix via dicarboxylic acid transporters of the inner mitochondrial membrane (Bowman et al., 2017). Thus, by blocking the citric acid cycle, malonate produced in C10-treated cells could address metabolite flux vs citrate. Due to the lower level of glutamine, and the higher amount of α-KG and citrate measured in C10-treated cells compared with CTR, we speculated that C10, the increased level of malonate, upon C10 addition to the cells, could direct glutamine toward fatty acid synthesis, thus driving reductive metabolism. If this is the case, our results could explain why mitochondrial C10 βoxidation was found markedly lower than that of C8 in both SH−SY5Y cells and astrocytes (Thevenet et al., 2016; Khabbush et al., 2017).

We observed that the addition of C8 to cells increased lauric acid, myristic acid, oleic acid, β-hydroxybutyrate, and acetoacetate levels compared with both CTR and C10-treated cells. These data could indicate that C8, once activated inside the mitochondrial matrix, could undergo chain elongation before being oxidized. Hence, considering the lower level of OAA measured in C8 vs both CTR and C10-treated cells we can speculate that the acetyl-CoA derived from fatty acid oxidation could diverge toward ketone body synthesis, thus justifying the higher level of β-hydroxybutyrate and acetoacetate in C8- compared with both C10-treated cells and CTR cells. Our data are in accordance with those reported in Thevenet et al. (2016), Sonnay et al. (2019) about the increased secretion of ketone bodies after C8- more than C10-addition to astrocytes. It should be noted that the Metabolic Pathway analysis indicates the synthesis and degradation of ketone bodies as a relevant pathway in C8-treated U87MG cells. Particularly, it has been reported that a carbon chain-length elongation process precedes the oxidation of medium-chain fatty acids in skin fibroblasts (Jones et al., 2006).

Overall, our study demonstrated, for the first time, a lipogenic effect of C10 on glioblastoma cells. These data could be of interest considering that fatty acid synthesis can sustain cell proliferation, being lipid building blocks for membrane construction. On the other hand, fatty acids can cause death in cancer cells due to detergent-like effects (Leaver et al., 2002). Thus, although our study requires further consideration, it provides interesting insights and directs our attention to the potential use of decanoate in brain cancers.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



AUTHOR CONTRIBUTIONS

All authors have read and agreed to the published version of the manuscript. FD and AG: conceptualization. GD and DF: methodology. SL and LG: software. AG, FD, and LS: writing – review and editing.



REFERENCES

Andersen, J. V., Christensen, S. K., Nissen, J. D., and Waagepetersen, H. S. (2017). Improved cerebral energetics and ketone body metabolism in db/db mice. J. Cereb. Blood Flow Metab. 37, 1137–1147. doi: 10.1177/0271678x16684154

Ashbrook, J. D., Spector, A. A., and Fletcher, J. E. (1972). Medium chain fatty acid binding to human plasma albumin. J. Biol. Chem. 247, 7038–7042.

Ashbrook, J. D., Spector, A. A., Santos, E. C., and Fletcher, J. E. (1975). Long chain fatty acid binding to human plasma albumin. J. Biol. Chem. 250, 2333–2338.

Bach, A. C., and Babayan, V. K. (1982). Medium-chain triglycerides: an update. Am. J. Clin. Nutr. 36, 950–962.

Bernini, A., Masoodi, M., Solari, D., Miroz, J. P., Carteron, L., Christinat, N., et al. (2020). Modulation of cerebral ketone metabolism following traumatic brain injury in humans. J. Cereb. Blood Flow Metab. 40, 177–186. doi: 10.1177/0271678x18808947

Boomgaarden, I., Vock, C., Klapper, M., and Döring, F. (2009). Comparative analyses of disease risk genes belonging to the acyl-CoA synthetase medium-chain (ACSM) family in human liver and cell lines. Biochem. Genet. 47, 739–748. doi: 10.1007/s10528-009-9273-z

Bott, A. J., Maimouni, S., and Zong, W. X. (2019). The Pleiotropic effects of glutamine metabolism in cancer. Cancers 11:770. doi: 10.3390/cancers11060770

Bowman, C. E., Rodriguez, S., Selen Alpergin, E. S., Acoba, M. G., Zhao, L., Hartung, T., et al. (2017). The mammalian malonyl-CoA synthetase ACSF3 is required for mitochondrial protein malonylation and metabolic efficiency. Cell Chem. Biol. 24, 673–684.e4.

Browning, J. D., and Horton, J. D. (2004). Molecular mediators of hepatic steatosis and liver injury. J. Clin. Invest. 114, 147–152. doi: 10.1172/jci200422422

Casadei-Gardini, A., Del Coco, L., Marisi, G., Conti, F., Rovesti, G., Ulivi, P., et al. (2020). 1H-NMR based serum metabolomics highlights different specific biomarkers between early and advanced hepatocellular carcinoma stages. Cancers 12:241. doi: 10.3390/cancers12010241

Chong, J., Soufan, O., Li, C., Caraus, I., Li, S., Bourque, G., et al. (2018). MetaboAnalyst 4.0: towards more transparent and integrative metabolomics analysis. Nucleic Acids Res. 46, W486–W494.

De Castro, F., Benedetti, M., Antonaci, G., Del Coco, L., De Pascali, S., Muscella, A., et al. (2018). Response of cisplatin resistant Skov-3 cells to [Pt (O, O’-Acac)(γ-Acac)(DMS)] treatment revealed by a metabolomic 1H-NMR study. Molecules 23:2301. doi: 10.3390/molecules23092301

Del Coco, L., Vergara, D., De Matteis, S., Mensà, E., Sabbatinelli, J., Prattichizzo, F., et al. (2019). NMR-Based Metabolomic approach tracks potential serum biomarkers of disease progression in patients with type 2 diabetes mellitus. J. Clin. Med. 8:E720.

Evans, M., Cogan, K. E., and Egan, B. (2017). Metabolism of ketone bodies during exercise and training: physiological basis for exogenous supplementation. J. Physiol. 595, 2857–2871. doi: 10.1113/jp273185

Fiehn, O. (2016). Metabolomics by gas chromatography-mass spectrometry: combined targeted and untargeted profiling. Curr. Protoc. Mol. Biol. 114:30.4.1-30.4.32.

Geelen, M. J. (1994). Medium-chain fatty acids as short-term regulators of hepatic lipogenesis. Biochem. J. 302, 141–146. doi: 10.1042/bj3020141

Girelli, C. R., Del Coco, L., Papadia, P., De Pascali, S. A., and Fanizzi, F. P. (2016). Harvest year effects on Apulian EVOOs evaluated by 1H NMR based metabolomics. Peer J 4:e2740. doi: 10.7717/peerj.2740

Giudetti, A. M., Stanca, E., Siculella, L., Gnoni, G. V., and Damiano, F. (2016). Nutritional and hormonal regulation of citrate and carnitine/acylcarnitine transporters: two mitochondrial carriers involved in fatty acid metabolism. Int. J. Mol. Sci. 17:E817.

Giudetti, A. M., Testini, M., Vergara, D., Priore, P., Damiano, F., Gallelli, C. A., et al. (2019). Chronic psychosocial defeat differently affects lipid metabolism in liver and white adipose tissue and induces hepatic oxidative stress in mice fed a high-fat diet. FASEB J. 33, 1428–1439. doi: 10.1096/fj.201801130r

Haidukewych, D., Forsythe, W. I., and Sills, M. (1982). Monitoring octanoic and decanoic acids in plasma from children with intractable epilepsy treated with medium-chain triglyceride diet. Clin. Chem. 28(4 Pt 1), 642–645. doi: 10.1093/clinchem/28.4.642

Hughes, S. D., Kanabus, M., Anderson, G., Hargreaves, I. P., Rutherford, T., O’Donnell, M., et al. (2014). The ketogenic diet component decanoic acid increases mitochondrial citrate synthase and complex I activity in neuronal cells. J. Neurochem. 129, 426–433. doi: 10.1111/jnc.12646

Jarrett, S. G., Milder, J. B., Liang, L. P., and Patel, M. (2008). The ketogenic diet increases mitochondrial glutathione levels. J. Neurochem. 106, 1044–1051. doi: 10.1111/j.1471-4159.2008.05460.x

Jones, P. M., Butt, Y., Messmer, B., Boriak, R., and Bennett, M. J. (2006). Medium-chain fatty acids undergo elongation before beta-oxidation in fibroblasts. Biochem. Biophys. Res. Commun. 346, 193–197. doi: 10.1016/j.bbrc.2006.05.107

Khabbush, A., Orford, M., Tsai, Y. C., Rutherford, T., O’Donnell, M., Eaton, S., et al. (2017). Neuronal decanoic acid oxidation is markedly lower than that of octanoic acid: a mechanistic insight into the medium-chain triglyceride ketogenic diet. Epilepsia 58, 1423–1429. doi: 10.1111/epi.13833

Klepper, J., Diefenbach, S., Kohlschütter, A., and Voit, T. (2004). Effects of the ketogenic diet in the glucose transporter 1 deficiency syndrome. Prostaglandins Leukot Essent Fatty Acids 70, 321–327. doi: 10.1016/j.plefa.2003.07.004

Leaver, H. A., Bell, H. S., Rizzo, M. T., Ironside, J. W., Gregor, A., Wharton, S. B., et al. (2002). Antitumour and pro-apoptotic actions of highly unsaturated fatty acids in glioma. Prostaglandins Leukot Essent Fatty Acids 66, 19–29. doi: 10.1054/plef.2001.0336

Li, R. J., Liu, Y., Liu, H. Q., and Li, J. (2020). Ketogenic diets and protective mechanisms in epilepsy, metabolic disorders, cancer, neuronal loss, and muscle and nerve degeneration. J. Food Biochem. 14, e13140. doi: 10.1111/jfbc.13140

Malapaka, R. R., Khoo, S., Zhang, J., Choi, J. H., Zhou, X. E., Xu, Y., et al. (2012). Identification and mechanism of 10-carbon fatty acid as modulating ligand of peroxisome proliferator-activated receptors. J. Biol. Chem. 287, 183–195.

Marten, B., Pfeuffer, M., and Schrezenmeir, J. (2006). Medium-chain triglycerides. Int. Dairy J. 16, 1374–1382.

Nathan, J., Bailur, S., Datay, K., Sharma, S., and Khedekar Kale, D. (2019). A Switch to polyunsaturated fatty acid based ketogenic diet improves seizure control in patients with drug-resistant epilepsy on the mixed fat ketogenic diet: a retrospective open label trial. Cureus 11:e6399. doi: 10.7759/cureus.6399

Nugent, S., Tremblay, S., Chen, K. W., Ayutyanont, N., Roontiva, A., Castellano, C. A., et al. (2014). Brain glucose and acetoacetate metabolism: a comparison of young and older adults. Neurobiol. Aging 35, 1386–1395. doi: 10.1016/j.neurobiolaging.2013.11.027

Papamandjaris, A. A., MacDougall, D. E., and Jones, P. J. H. (1998). Medium chain fatty acid metabolism and energy expenditure: obesity treatment implications. Life Sci. 62, 1203–1215. doi: 10.1016/s0024-3205(97)01143-0

Prins, M. L., and Matsumoto, J. H. (2014). The collective therapeutic potential of cerebral ketone metabolism in traumatic brain injury. J. Lipid Res. 55, 2450–2457. doi: 10.1194/jlr.r046706

Romano, A., Serviddio, G., Calcagnini, S., Villani, R., Giudetti, A. M., Cassano, T., et al. (2017). Linking lipid peroxidation and neuropsychiatric disorders: focus on 4-hydroxy-2-nonenal. Free Radic. Biol. Med. 111, 281–293. doi: 10.1016/j.freeradbiomed.2016.12.046

Rusek, M., Pluta, R., Ułamek-Kozioł, M., and Czuczwar, S. J. (2019). Ketogenic diet in Alzheimer’s disease. Int. J. Mol. Sci. 20:3892. doi: 10.3390/ijms20163892

Schadinger, S. E., Bucher, N. L. R., Schreiber, B. M., and Farmer, S. R. (2005). PPARgamma2 regulates lipogenesis and lipid accumulation in steatotic hepatocytes. Am. J. Physiol. Endocrinol. Metab. 288, E1195–E1205.

Schönfeld, P., and Wojtczak, L. (2016). Short- and medium-chain fatty acids in energy metabolism: the cellular perspective. J. Lipid Res. 57, 943–954. doi: 10.1194/jlr.r067629

Siculella, L., Sabetta, S., Giudetti, A. M., and Gnoni, G. V. (2006). Hypothyroidism reduces tricarboxylate carrier activity and expression in rat liver mitochondria by reducing nuclear transcription rate and splicing efficiency. J. Biol. Chem. 281, 19072–19080. doi: 10.1074/jbc.m507237200

Sonnay, S., Chakrabarti, A., Thevenet, J., Wiederkehr, A., Christinat, N., and Masoodi, M. (2019). Differential metabolism of medium-chain fatty acids in differentiated human-induced pluripotent stem cell-derived astrocytes. Front. Physiol. 10:657. doi: 10.3389/fphys.2019.00657

Spector, R. (1998). Fatty acid transport through the blood-brain barrier. J. Neurochem. 50, 639–643. doi: 10.1111/j.1471-4159.1988.tb02958.x

Thevenet, J., De Marchi, U., Domingo, J. S., Christinat, N., Bultot, L., Lefebvre, G., et al. (2016). Medium-chain fatty acids inhibit mitochondrial metabolism in astrocytes promoting astrocyte neuron lactate and ketone body shuttle systems. FASEB J. 30, 1913–1926. doi: 10.1096/fj.201500182

Vergara, D., Casadei-Gardini, A., and Giudetti, A. M. (2019). Oxidative molecular mechanisms underlying liver diseases: from systems biology to the personalized medicine. Oxid. Med. Cell Longev. 2019:7864316.

Vergara, D., Stanca, E., Guerra, F., Priore, P., Gaballo, A., Franck, J., et al. (2017). Beta-catenin knockdown affects mitochondrial biogenesis and lipid metabolism in breast cancer cells. Front. Physiol. 8:544. doi: 10.3389/fphys.2017.00544

Vessey, D. A., Kelley, M., and Warren, R. S. (1999). Characterization of the CoA ligases of human liver mitochondria catalyzing the activation of short- and medium-chain fatty acids and xenobiotic carboxylic acids. Biochim. Biophys. Acta 1428, 455–462. doi: 10.1016/s0304-4165(99)00088-4

Warburg, O. (1925). The metabolism of carcinoma cells. J. Cancer Res. 9, 148–163. doi: 10.1158/jcr.1925.148

Warburg, O. (1956). On respiratory impairment in cancer cells. Science 124, 269–270.

Weber, D. D., Aminzadeh-Gohari, S., Tulipan, J., Catalano, L., Feichtinger, R. G., and Kofler, B. (2019). Ketogenic diet in the treatment of cancer - Where do we stand? Mol. Metab. 33, 102–121. doi: 10.1016/j.molmet.2019.06.026

Weiss, A. K. H., Naschberger, A., Loeffler, J. R., Gstach, H., Bowler, M. W., Holzknecht, M., et al. (2018). Structural basis for the bi-functionality of human oxaloacetate decarboxylase FAHD1. Biochem. J. 475, 3561–3576. doi: 10.1042/bcj20180750

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Damiano, De Benedetto, Longo, Giannotti, Fico, Siculella and Giudetti. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Decanoic Acid and Not Octanoic Acid Stimulates Fatty Acid Synthesis in U87MG Glioblastoma Cells: A Metabolomics Study



		INTRODUCTION



		MATERIALS AND METHODS



		Reagents



		Cell Culture Conditions and MTT Test



		Protein Content Determination



		Metabolite Determination by Gas Chromatography Coupled to Mass Spectrometry



		Rate of Total Fatty Acid Synthesis From [1-14C]acetate



		Cell Lysis and Western Blot Analysis



		Statistical Analysis







		RESULTS



		Metabolomics Analysis and Metabolite Identification



		Multivariate Analysis of C8 and C10 Effects on U87MG Cells



		Metabolic Pathway and Metabolite Set Enrichment Analyses



		Fatty Acids Synthesis Is Increased in C10- but Not in C8-Treated Cells







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		REFERENCES

















OPS/images/cover.jpg
, frontiers
In Neuroscience

Decanoic Acid and Not Octanoic
Acid Stimulates Fatty Acid
Synthesis in US7TMG
Glioblastoma Cells:

A Metabolomics Study





OPS/images/fnins-14-00783-g005.jpg
250004

(uryo4d Bwywdo)
spioe Ayjej ojul sjejeoe[o, ]

Q
o'\

c®

o
0&

I T T L

o o o o

8 &8 ¥ &
(ur1dyoud Hw x yjwdo)

|oaJa}sajoyd ojul djejade[o, -1]






OPS/images/fnins-14-00783-g006.jpg
Q\O

%

T T Y - &\0
0 S 0 =
- « o o

(sabueys pjo)
19A9] u1djoud A0V

Q\O

%

T ! &\0

1.57

o wn

- o
(seBueys pjo4)
19A9] utdjoud Q19

*k
**

D 0
& ¢ N

r T L
N -

(saBueyd pjo4)
uoissaidxa uijoud Sy 4

Fokk
> O
" N

&

]

T T T L

o -

N
(sebueyd pjo4)
uoissaidxa uidjoud Hov

o

ClR CTR €8 €8 C10 ci10
— —— — —
— — R, —— — —

— e - — — —

CiC
ACLY

ACC

FAS —_—.—.-n—.*

B-actin






OPS/images/fnins-14-00783-g003.jpg
-log(p)

°
o .'
o b 3
g o (@] o
@® e
O
® e
0.0 0.2 04 06 08 1.0

a)
b)
c)
d)
e)

Pathway Impact

Phenylalanine metabolism

Alanine, aspartate and glutamate metabolism
D-Glutamine and D-glutamate metabolism
Starch and sucrose metabolism

Synthsis and degradation of ketone bodies

Th ine and 2-0: D

Glycine and Serine Metabolism
Glutamate Metabolism
Alanine Metabolism
Ammonia Recycling
Poapr:r n Metabolism

imidi
Phenylacetate Metabolism
Bna Ox'dmon o' Vuy Long Chaln Fatty Acids

Camlnnt Synlhom

Metabolism I
| e——————————————————————————

Amino Sugar Metabolism [—

Glutathione Metabolism
Glucose-Alanine Cycle
Warburg Effect

Ni ik ataiat

and Nic

Gluconeogenesis

Transfer of Acetyl Groups into Mitochondria
Glycolym

ea Cycle

Fatty Acid Blosymhtm

Arginine and Proline M
Propanoate Metabolism

Valine, Leucine and Isoleucine Degradation
Galactose Metabolism

Lactose Synthesis

Lactose Degradation

Sphmgo!ipld Metabolism

Aspartate Metabolism

Histidine Metabolism

Folate Metabolism

Atachidonic Acid Metabolism
Mitochondrial Electron Transpon Cham

P value

] 3e-03
[— 1]
]
————]
[
)
]
[——]

Purine Metabolism  EEN—
Ee—————
[
] Se-01
—_—
_
_
—
EBEe—————>
—
e—
]
| H
e P<0.05

Malate- Aspmale Shuttle
Tryptophan Metabolism
Lysine Degradation
Catecholamine Biosynthesis
Thyroid hormone synthesis
Cysteine Metabolism

Citric Acid Cycle
Beta-Alanine Metabolism
Homotysuino Degradation

id Metabolism

Ketone Boﬂy:: boli

boli

Bile Acid Biosynthesis

o -
- -

Fold Enrichment






OPS/images/fnins-14-00783-g004.jpg
Warburg effect

pmm——————
I
1 Glucose
[ o
) b
i

Lactate

.

I.
a.

- —— - —

s v s

Clt:a(e I'
ACL 1
—/ |
ACC
Glufose Malonyl-CoA :
v oas i : !
D-ch(osla 6- phosphate v Fatty Acid |
J DNL |
Pyruvate —> Lactate l \

4

o —

i /

: Ketone bodies ¢mmm Acetyl-CoA
Citrate

Oxaloacetate GLS

Ketone body metabolism

Acetoacetate B-

/PDH\A Fatty Acid \ e
Acetyl-CoA | poxsason

R\P

Malate a-Ketoglutarate 4

N e

Citric acid cycle

o e e e e e

Citrate Succinate Oxaloacetate Malate

[ P ———

o

% .A-: 1 _\
.‘4-:
B

o o o

Hydroxybutyrate

Glutamine and glutamate metabolism

o ———————— - —— — —

Glutamate Glutamine a-KG

o B A L

——————————— -

e B

/






OPS/images/fnins-14-00783-g001.jpg
Score Plot Score Plot
B )
— s o.
e k3 °
- o 0 i 3
R ° =
g . O ° o °
o~ ° ° E : * 2
-4
° % 3 °
o °
X sl Y
PC1(70.4 %) Component 1(69.1 %)
o Fumarate
o Citrate
02 4 o Glucose
tybut
00
Jitamine
oa
00 ~
~
§, g I e
g olactate o L-Lejicine
3
-0.2 4
¢ Oleic acid
© Myristic acid
0.4
© Lauric aeid
T T T T T
© © < o~ =3 o~
=3 =3 =3 < =3 o

Loadings 1

class | Class
malonate “Cl10™,
Phenylalanine e,
Lietionine 05 ...CTR...‘
Lactate

Palmitic acid g

L-Valine

L-Leucine -05

Isoleucine

L-Threonine -1

alpha-ketobutyrate
Glycine

Steasic acid

 alpha-ketoghrasat

Aspantate
L-Alanine
Tyrosine

oxaloacetate

Oleic acid

Myristic acid
Succinate
beta-hydroxybutyra

_ Acetoacetate

L-Serine
Lawric acid
Glutamine
Malate

Pytuvate
L-Proline

alpha-hydroxybutyr





OPS/images/fnins-14-00783-g002.jpg
-log(p)

10

a)

<)
d)
e)

[ )

@n

Pytimidine Metabolism
Phenylacetate Metabolism
Waiburg Effect

Amino Sugar Metabolism
Galactose Metabolism
Lactose Synthesis

Lactose Degradation
Sphingolipid Metabolism
Glucose-Alanine Cycle

colysis

Hicotinate and Nicotinamide Metabolism
Transfer of Acetyl Groups into Mitochondria
Gluconeogenesis

Ammonia Recycling

Valine, Leucine and Isoleucine Degradation
Urea Cycle

Aspartate Metabolism
Propanoate Metabolism
Glutamate Metabolism

and 2-0

Purine Metabolism
___________________________ Citric Acid Cycle
(ysine Degradation

Tryptophan Metabolism

ginine and Proline Metaboli
Pytuvate Metabolism
Malate-Aspartate Shuttle

T

0.0 0.2 04 06 08

Pathway Impact

D-Glutamine and D-glutamate metabolism
Starch and sucrose metabolism

Alanine, aspartate and glutamate metabolism
Citricacid cycle

Pyruvate metabolism

F ine and Tyrosine Metabolism
Tytosine Metabolism

Beta-Alanine Metabolism

Glutathione Metabolism

Histidine Metabolism

Folate Metabolism

Arachidonic Acid Metabolism

Glycine and Serine Metabolism
Mitochondrial Electron Transport Chain
Catecholamine Biosynthesis

Thytoid hotmone synthesis

Alanine Metabolism

Cysteine Metabolism

Oxidation of Branched Chain Fatty Acids
Phytanic Acid Peroxisomal Oxidation
Carnitine Synthesis

Beta Oxidation of Very Long Chain Fatty Acids
Mitochondrial Beta-Oxidation of Medium...
Fatty Acid Biosynthesis
Betaine Melabl{lis[n

Enrichment Overview (top 50)

o
5
c
®

le-03

P<0.05

mwmmwwmmmmmmmwwm

P and
Porphytin Metabolism
P D datl
Y 9

Lig 4

o
N
w
-

Fold Enrichment

Se-01

le+00





OPS/images/fnins-14-00783-t002.jpg
Pathway name

Purine metabolism

Pyrimidine metabolism

D-Glutamine and D-glutamate metabolism
Aminoacyl-tRNA biosynthesis

Starch and sucrose metabolism
Galactose metabolism

Neomycin, kanamycin and gentamicin
biosynthesis

Nitrogen metabolism

Alanine, aspartate and glutamate
metabolism

Glyoxylate and dicarboxylate metabolism
Arginine biosynthesis

Propanoate metabolism

Citric acid cycle

Pyruvate metabolism

Match status

1/65
1/39
3/6
6/48
1/18
1727
1/2

2/6
10/28

7/32
5/14
3/23
7/20
5/22

p-value

1.7051E-5
1.7051E-5
3.6167E-4
8.2099E-4
0.0020341
0.0020341
0.0020341

0.0024727
0.012493

0.015648
0.022856
0.026032
0.032615
0.039236

Impact

0.0
0.0
0.5
0.0
0.4207
0.03499
0.0

0.0
0.67629

0.13493
0.11675
0.04061
0.41976
0.2395

Pathways involved in C-10 treated cells with the number of metabolites that
match in the indicated pathway; p is the original p-value calculated from the
Enrichment Analysis; impact is the pathway impact value calculated from pathway

topology analysis.





OPS/images/fnins-14-00783-t003.jpg
Pathway name

Purine metabolism

Pyrimidine metabolism

Valine, leucine and isoleucine biosynthesis
Nitrogen metabolism

Propanoate metabolism

Aminoacyl-tRNA biosynthesis

Tyrosine metabolism

Fatty acid biosynthesis

D-Glutamine and D-glutamate metabolism
Starch and sucrose metabolism
Galactose metabolism

Neomycin, kanamycin and gentamicin
biosynthesis

Glyoxylate and dicarboxylate metabolism
Glutathione metabolism

Porphyrin and chlorophyll metabolism
Alanine, aspartate and glutamate
metabolism

Arginine biosynthesis

Match status

1/65
1/39
1/8
2/6
3/23
6/48
4/42
4/47
3/6
1/18
1727
1/2

7/32
1/28
1/30
10/28

5/14

p-value

0.0026759

0.0026759

0.0091165

0.0166

0.017297
0.018156
0.019357
0.021364
0.029373
0.036503
0.036503
0.036503

0.038069
0.039744
0.039744
0.041703

0.044703

Impact

0.0
0.0
0.0
0.0
0.04061
0.0
0.16435
0.01473
0.5
0.4207
0.03499
0.0

0.13493
0.01966
0.0
0.67629

0.11675

Pathways involved in C-8 treated cells with the number of metabolites that
match in the indicated pathway; p is the original p-value calculated from the
Enrichment Analysis; impact is the pathway impact value calculated from pathway

topology analysis.





OPS/images/logo.jpg
' frontiers

in Neuroscience





OPS/images/fnins-14-00783-t001.jpg
Name

Malonate
Glutamine
L-Threonine
Glucose
L-Leucine
Glycine
L-Proline
Lauric acid
Isoleucine
Asparagine
Citrate
Oxaloacetate
L-Valine
a-Ketobutyrate
a-Hydroxybutyrate
Tyrosine

p-value

3.8053E-8
3.385E-7
7.3818E-5
1.3344E-4
3.4508E-4
9.5248E-4
0.0012758
0.0026778
0.0039307
0.0043131
0.0076955
0.0084317
0.013754
0.013828
0.01611
0.016317

-log10(p)

7.4196
6.4704
4.1318
3.8747
3.4621
3.0211
2.8942
2.5722
2.4065
2.3652
2.1138
2.0741
1.8616
1.8592
1.7929
1.7874

FDR

9.8937E-7
1.1037E-5
1.1037E-5
0.0011342
0.0023466
0.0053974
0.0061968
0.011381
0.014664
0.014664
0.023786
0.02389
0.033582
0.033582
0.034673
0.034673

ECTOM,
“C10™, -
G0,
CTOM, —
“C10™, -
10", —
“CTR™, —
“Cg", -
“C10™, -
“CTR, —
oo e
“G10™, -
“C10™, -
IO, ~
“CTR", -
“G10™, -

“C8™,
“C8™,
“C8™,

“C8™,

“C8™,

Post-hoc test

“C10”, - “CTR";
“CTR”, - “C10™;
“CTR”, = “C10™;
HEGEP S O —
“C10”, - “CTR™;
“C8™,; “CTR™, -
“G10”; “CTR”, -
“C1Q™; “C8™, -
“C10”, - “CTR";
“G10”; “CTR”, -
WISB; MEHOM, ~
“Cg™; “CTR", -
G MO, =
WO WOTRM, —
“G10”; “CTR”, -
“Cg™; “CTR", -

“wog
“CTR™, —
“CTR™, —

“wCTR™,

"“c8", —

“C8",
“C8",
“CTR”,

wog

“C8",
“CTR",
“C8",
“CTR",
“C8",
“C8",
““C8",

“wCTR™,
““og,
g,

“wCTR™,

“wCTR™,

p-values were obtained from analysis of variance (One Way-ANOVA) with Tukey's honestly significant difference (HSD) post hoc test. The level of statistical significance

was at least at p-values < 0.05 with 95% confidence level. FDR, False discovery rate.





