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Abstract: Progressive decline in pancreatic beta cell function is central to the pathogenesis of type 2 diabetes (T2D). Here we explore the relationship between the beta cell and its nutritional environment, asking how an excess of energy substrate leads to altered energy production and subsequent insulin secretion. Alterations in intracellular metabolic homeostasis are key markers of islets with T2D, but changes in cellular metabolite exchanges with their environment remain unknown. We answered this question using nuclear magnetic resonance-based quantitative metabolomics and evaluated the consumption or secretion of 31 extracellular metabolites from healthy and T2D human islets. Islets were also cultured under high levels of glucose and/or palmitate to induce gluco-, lipo- and glucolipo-toxicity. Biochemical analyses revealed drastic alterations in the pyruvate and citrate pathways, which appear to be associated with mitochondrial oxoglutarate dehydrogenase (OGDH) downregulation. We repeated these manipulations on the rat insulinoma-derived beta-pancreatic cell line (INS-1E). Our results highlight an OGDH downregulation with a clear effect on the pyruvate and citrate pathways. However, citrate is directed to lipogenesis in the INS-1E cells instead of being secreted as in human islets. Our results demonstrate the ability of metabolomic approaches performed on culture media to easily discriminate T2D from healthy and functional islets.
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1. Introduction
Pancreatic beta cell islets secrete insulin in response to glucose stimulation. Chronic exposure of human beta cells and islets to supraphysiological concentrations of glucose, known as glucotoxicity, impairs their secretion of glucose-stimulated insulin (GSIS) [1,2]. In addition, numerous studies have shown the negative impact of high concentrations of free fatty acids, known as lipotoxicity, on beta cell function and mass [3]. Overall, physiological gluco- or lipo- toxicities lead to type 2 diabetes (T2D), of which beta cell dysfunction is considered a hallmark [4,5]. The mechanisms behind this loss of function remain unknown. However, mitochondria appear to play a key role, as it has been shown that increasing the ATP/ADP ratio leads to exocytosis of insulin granules. The increase in the ATP/ADP ratio during glucose stimulation is linked to a close link between glycolysis and mitochondrial metabolism [6]. Glucokinase expression and low levels of lactate dehydrogenase enable beta cells to efficiently convert glucose into pyruvate, which is incorporated into the tricarboxylic acid (TCA) cycle and oxidative phosphorylation to increase ATP production [7–10]. Chronic exposure to high glucose concentration reduces beta cell ATP production, altering insulin content (IC) and secretion in pancreatic islets and the beta cell line [11–13]. 
The question of how the glycolysis-TCA-insulin secretion axis is altered in T2D, or during chronic glucolipotoxicity under in vitro conditions, remains unresolved [14]. Multi-omics analyses were performed to answer these questions. Intracellular metabolomic analyses carried out on beta cells during glucotoxicity and/or lipotoxicity treatments revealed mitochondrial metabolic disturbances [15,16]. When chronically exposed to high concentrations of glucose, murine beta cell lines showed a rerouting of glucose to glycerol and an increase in lipid production in rodents [17]. Lastly, transcriptomic and proteomic analyses were obtained from islets isolated from drug-induced diabetic mice, showing altered mitochondrial metabolism. This deficiency is associated with a decrease in mitochondrial TCA enzymes, while enzymes associated with glycolysis are upregulated [18]. Independently, phosphoproteomic analyses performed on islets isolated from obese db/db mice showed specific inhibition of pyruvate dehydrogenase by phosphorylation and reduction of the two mitochondrial dehydrogenases involved in the TCA cycle, namely isocitrate dehydrogenase (IDH) and oxoglutarate dehydrogenase (OGDH) [19]. Finally, a recent review of metabolic studies points out that most metabolomic analyses have focused on the intracellular metabolome, but never on the consumption or secretion of extracellular metabolites in the islet environment. Moreover, only a few studies have been carried out on islets isolated from humans, and most of these have used rodent cell lines and islets [20].
In this study, we used proton nuclear magnetic resonance (NMR) metabolomics approaches to investigate metabolic alterations in human islets and the INS-1E cell line. Human islets from non-diabetic and diabetic donors and the murine beta cell line INS-1E were cultured under conditions of high glucose exposure, to simulate glucotoxicity, high palmitate exposure, to simulate lipotoxicity, and high glucose and palmitate exposure, to simulate glucolipotoxicity. We highlight the functional and metabolic alterations of both models in the context of gluco-, lipo- and glucolipo- toxicities. Our data confirm the alterations in mitochondrial metabolism and show that mitochondrial pyruvate and citrate dehydrogenases are altered checkpoints under conditions of glucolipotoxicity. Interestingly, such metabolic alterations make it easy to distinguish functional from non-functional islets.
2. Materials and Methods
2.1	Ethic statement
Human islets were isolated from the pancreas of 9 non-diabetic and 2 diabetic multiple organ donors (Table 1). The study was conducted inc accordance with the Declaration of Helsinki, and the protocol was approved by the ethics committee of the University of Lyon. Human pancreases were harvested from brain-dead organ donors after obtaining written informed consent from donor (HI-28) or family members. Isolation of the human islets was performed by the European diabetes study center (CEED, Strasbourg, France), the Geneva university hospitals (ECIT collaboration, Geneva, Switzerland) and the laboratory of cellular therapy for diabetes (LCTD, Montpellier, France, Biological Resources center, Collection 5 "Human Islets of Langerhans", 345 identifiant Biobanque n° BB-0033-00031 / PFS13-008).

Table 1. Properties of each batch of human islets regarding donor physiopathology and death 
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2.2	Human islet isolation and culture
Human islets were isolated by enzymatic digestion and density gradient purification from pancreas of multiorgan donors, as described elsewhere [21]. The isolated islets were then cultured in DMEM medium with 5.5 mmol/L glucose until the experiments were carried out. Photographs of the islets were taken using the ZEN microscope version 2012 (Carl Zeiss Microscopy GmbH).
2.3	Cell culture
Human islets were cultured 1 day in DMEM (Dutcher L0064-500) supplemented with 5 mM glucose, 10% FBS, 2 mM glutamine, 100 U/mL penicillin, and 100 g/mL streptomycin. For specific metabolomic culture conditions, the medium was replaced with DMEM without phenol red (Pan Biotech P04-01548), and supplemented with 10% FBS, 4 mM glutamine 100 U/mL penicillin, and 100 g/mL streptomycin, 5 or 25 mM glucose (Sigma-Aldrich G8270-100G) and 0.017 mM BSA (Roche diagnostic 10 775 835 001) or 0.1 mM palmitate: BSA (6:1) (Sigma-Aldrich P0500-10G).
INS-1E beta-cells (RRID:CVCL_0351) were grown in a humidified atmosphere (5% CO2, 95% air at 37 °C) in RPMI (Dutcher L0501-500) supplemented with 10 mM glucose, 5 % FBS, 4 mM pyruvate, 4 mM glutamine, 50 µM β-mercaptoethanol, 100 U/mL penicillin, and 100 g/mL streptomycin. For specific metabolomic culture conditions, the medium was replaced by DMEM without phenol red and supplemented with 5% FBS, 4 mM glutamine 100 U/mL penicillin, and 100 g/mL streptomycin, 10 or 25 mM glucose and 0.017 mM BSA or 0.1 mM palmitate: BSA (6:1).
2.4	Insulin assay
Human Insulin-Specific RIA (radioimmunoassay) was carried out at the Lyon-Sud hospital (CBS, Lyon, France). Fifty human islets were preincubated 2 h at 37°C in DMEM 5 mM glucose containing 5% FBS, 2 mM glutamine, 100 U/mL penicillin, and 100 g/mL streptomycin. Next, human islets were incubated 45 min with 5.5 mM glucose in the same medium and challenged 45 min with 25 mM glucose to measure the GSIS capacity of each batch of islets. Supernatants were collected after both 45 min incubation periods. Cellular insulin content was extracted by an overnight incubation in ethanol acid on 50 equivalent islets (IEQ). The samples were analyzed on the Cobas e411 and on the AutoDELFIA. For the Cobas e411 analysis of insulin, the following reagents were used: Insulin CalSet, PreciControl Multimarker, PreciControl Multianalyte, PreciControl in the Centre de Biologie et de Pathologie Sud. A detection interval from 0.200–1,000 μU/mL or 1.39–6,945 pmol/L was defined by the manufacturer [COBAS Kit-insert Insulin, Roche Diagnostics, 2011]. The assays used for the measurements on AutoDELFIA were B080–101 with a detection limit of 3 pmol/L and measurement interval 3–1,000 pmol/L [AutoDELFIA Insulin Kit insert B080-101, PerkinElmer Life and Analytical Sciences, Turku, Finland, 2003]. All measures were normalized on islets number.
INS-1E insulin assay was performed by ELISA (ALPCO 80-INSMS-E01) according to the manufacturer’s instructions and normalized on cell number. Briefly cells were preincubated 2 h at 37 °C in Krebs-Ringer bicarbonate HEPES buffer (NaCl 125 mM; KCl 4.74 mM; NaHCO3 5 mM; CaCl2 1 mM; MgSO4 1.2 mM; K2HPO4 1.2 mM; HEPES 25 mM; pH 7.4) containing 0.1% BSA and 5 mM glucose. For GSIS experiments, cells were incubated for 45 min in the same medium and then challenged 45 min with 30 mM glucose in the same medium. Supernatants were collected after both 45 min incubation periods. Cellular insulin content was determined on overnight acid-ethanol–extracted lysates. 
2.5	Triglyceride assay
Triglyceride content and secretion were quantified according to the manufacturer’s instruction (Biolabo 87319) using glycerol from Sigma-Aldrich as standard and then normalized by the cell number.
2.6	Western Blot
Cell extracts from approximately 3,000 Human islets and 107 INS-1E cells were migrated on a 10% SDS-PAGE and transferred to PVDF membrane using a Bio-Rad Trans-Blot Turbo Transfer System and blotted using anti tubulin (Sigma-Aldrich T5168), anti ACC (Cell Signaling #3676), ACLY (Cell Signaling #4332), Calnexin (Santacruz sc-6465), FASN (Cell Signaling #3180), IDH2 (Elabscience E-AB-11319), OGDH (Cell signaling #26865), PDH (Abclonal P08559), pPDH (Cell signaling #31866). The proteins of interest were revealed by enhanced chemiluminescence detection (Immobilon Forte Western HRP Substrate with a Bio-Rad Molecular Imager ChemiDoc XRS+, Universal Hood II) and the signal was quantified by using the Image Lab software. 
2.7	Oil Red O staining
INS-1E cells were washed twice with phosphate buffered saline (PBS) and fixed using 3.7% formaldehyde (in PBS) for 1 h at room temperature. The fixative was removed and replaced with 60% isopropanol. Cells were stained for 10 min at room temperature with Oil Red O ready used solution (Merck, Darmstadt, Germany). Cells were then washed 3 times with PBS to remove excess stain. Photos were taken using ZEN Microscope version 2012 (Carl Zeiss Microscopy GmbH).
2.8	Oxygen consumption rate
INS-1E permeabilized cells were pelleted and resuspended in 100 µL KRBH supplemented with 0.5% free fatty acid BSA. Oxygen consumption rate (OCR) was measured at 37°C using a Clark-type electrode (Mitocell MT200 with a 782 Oxygen meter, Strathkelvin Instruments). Digitonin (50 µM) was added during 10 min to permeabilize cells. Pyruvate (2 mM) and ADP (2 mM) were used as respiratory substrates and were added during OCR acquisition.
2.9	Sample preparation for NMR analyses
Metabolite concentrations were measured in supernatants of INS-1E cell or human islets as previously described [22]. Cells were seeded at a density of 0.3 × 106, 0.32 × 106, 0.38 × 106 or 0.42 × 106 cells per well for control, glucotoxicity, lipotoxicity or glucolipotoxicity conditions respectively in order to obtain the same number of cells upon supernatant collection (48 h after medium exchange, see Fig. S6). Cells were cultured in 12-well dishes with 2 mL of culture medium. After 60 h, the medium was replaced by 600 μL of conditioned medium, and the culture was prolonged for 24 or 48 hours as indicated. Control media without cells were processed along to determine the initial metabolite concentrations. At the end of the culture, supernatants were collected after centrifugation, snap-frozen and stored at -20°C until NMR analyses. For the NMR samples preparation, 540 μL of culture supernatants were supplemented with 60 μL of 10X phosphate buffer pH 7.4 (162 mM Na2HPO4, 34 mM NaH2PO4, 1 mM TSP, and 2 mM NaN3 in 100% D2O) [23] and vortexed. Samples were analyzed in 5 mm NMR tubes containing 550 μL of the sample mix. Control culture media were analyzed in parallel during each NMR session. For endometabolome analyses, we used the same optimized protocol as previously described [24,25]. Briefly, metabolite extraction was performed using 100% methanol on 2 x 107 INS-1E cells. After extraction, raw metabolite extracts were dried under a gentle N2 flow until complete evaporation, then stored at − 20 °C until NMR sample preparation, right before analysis. 600 μL of 1X D2O phosphate buffer was used to redissolve dried extracts by vortex for 30 s. Extracts were then transferred to 1.5 mL Eppendorf tubes and centrifuged at 13,000 rpm for 1 min at 4 °C. 550 μL of supernatant was transferred to 5 mm NMR tubes.

2.10	NMR analysis and data processing
High-resolution NMR analyses were carried out at the very high field NMR center (CRMN, Lyon, France). All NMR experiments were acquired at 30.0°C on a 600 MHz Bruker NMR spectrometer equipped with a 5 mm TCI cryoprobe. A cooled SampleJet autosampler enabled high throughput data acquisition. A standard 1H-1D NMR pulse sequence nuclear Overhauser effect spectroscopy (NOESY) with z-gradient and water presaturation (Bruker pulse program noesygppr1d) was recorded on each sample, with a total of 128 transient free induction decays (FID) and a spectral width of 20 ppm, and a relaxation delay was set to 4 seconds. The NOESY mixing time was set to 10 milliseconds, and the 90° pulse length was automatically determined for each sample (around 13 μs). The total acquisition time of each sample was 12 minutes and 15 seconds.
All free induction decays (FIDs) were multiplied by an exponential function corresponding to a 0.3 Hz line-broadening factor prior to Fourier transform 1H-NMR spectra which were manually phased and referenced to the glucose doublet at 5.23 ppm using TopSpin 3.6 (Bruker GmbH, Rheinstetten, Germany). 
2.11	Metabolite identification and quantification
Identification of the metabolites was carried out from the 1D NMR spectra using the software Chenomx NMR Suite 8.0 (Chenomx Inc., Edmonton, Canada) and confirmed from analysis of 2D 1H-1H TOCSY, 1H-13C HSQC, and 1H J-Resolved NMR spectra recorded with standard parameters. The measured chemical shifts were compared to reference shifts of pure compounds using the HMDB database [26]. Absolute metabolite concentrations were determined using Chenomx software by manual fitting of the proton resonance lines for the compounds available in the database. The linewidth used in the reference database was adjusted to the width of one component of the alanine doublet. A pure standard lactate solution (1 g/l, Fisher) was used as an external concentration reference and exploited using the ERETIC2 utility from TopSpin (Bruker GmbH, Rheinstetten, Germany) to add a digitally synthesized peak to a spectrum [27]. Concentrations are presented as non- normalized data. They are apparent concentrations, as endogenous and FCS proteins were not removed from the NMR samples.
2.12	Multivariate analysis on exometabolome
Outlier’s spectrum was identified by PCA on metabolite quantifications. The between-group differences were identified by OPLSDA coefficients on metabolite quantifications, and the implication of specific metabolite was assessed using VIP.
The matrix was then introduced to EZinfo 2.0 software for principal component analysis (PCA) and orthogonal partial least-squared discriminant analysis (OPLS-DA) analyses. All variables were Pareto scaled before analysis. In order to gain an overview of the rat plasma metabolic profiling; an unsupervised PCA method was used to give the comprehensive view of the clustering trends for the three groups. A supervised OPLS-DA analysis technique was used to search biomarkers based on the variable importance in the projection (VIP .1) between NC and M. The quality of these models can be explained by R2 and Q2 values. R2 indicates the goodness of fit displaying the variance explained in the model and Q2 indicates predictability displaying the variance in the data predictable by the model. The values of these parameters close to 1.0 indicating a reasonably good prediction for the constructed mathematical mode.
The quantified metabolites matrix was then introduced to Simca 15.0 software. Principal component analysis (PCA) and orthogonal partial least-squared discriminant analysis (OPLS-DA) were performed. All variables were Pareto scaled before analysis. Biomarkers were search using the Variable Importance in the Projection (VIP) on supervised OPLS-DA analysis technique between treatments. R2 and Q2 values were used to assessed quality of these models. The goodness of fit displaying the variance explained in the model and the predictability displaying the variance in the data predictable by the model [28] were indicate respectively by R2 and Q2. These values have to be as close as possible to 1.0 to indicate a good prediction for the model.
2.13	Correlogram and heat map
Correlation between beta cell function (GSIS and IC) and exometablome were assessed after 48 h treatment. The r correlation coefficients were calculated using Excel. Statistical significance of correlation coefficients was assessed by using Student law. Heatmaps were generated using log2 (correlation coefficient fold change).
2.14	Statistical Analysis
All data are presented as mean ± SEM.  If values are paired, differences between two groups were tested with paired Student t test. If else, value normality is assessed with Jarqe-Bera test and differences between groups were tested with Welch test. Statistical significance was accepted when p < 0.05.
3. Results
3.1	Glucolipotoxicity-induced increased glucose intake promotes loss-of-function of glucose-stimulated insulin secretion and secretome remodeling in human islets.
To investigate the metabolic features associated with insulin secretion in beta cells, we studied cultures of human pancreatic islets isolated from eleven donors (from D1 to D11) (Fig. S1A; Table 1), among which two were isolated from donors known to have T2D (D10 and D11). GSIS measurements were performed to assess beta-cell function after donor isolation and culture in the presence of 5 mM glucose in control medium. Seven islet batches showed basal insulin secretion below 1,000 mU/L/50 islets/45 min (D1-D7) and four others showed higher secretion levels (D8-D11) (Fig. S1B). As expected, lots D10 and D11 from T2D donors did not react to the GSIS test (Fig. 1A, and S1).We observed that after 48 h of culture in the presence of 25 mM glucose and 0.1 mM palmitate, GSIS failed and CI decreased by more than 50%, confirming glucolipotoxicity-induced beta-cell dysfunction. Glucotoxicity alone, but not lipotoxicity alone, produced GSIS failure and strong IC decrease (Fig. 1A, 1B, and S1; p<0.05). To study the metabolic profiles of islets in relation to their GSIS properties and their ability to adapt to chronic nutritional stress, islet batches were divided (300 islets per tube) and subjected to modified culture conditions (6 replicates per condition). After 48 hours of culture, the supernatant was collected for nuclear magnetic resonance (1H-NMR) analysis. Sextuplicate of each batch was required to obtain robust quantification of metabolite consumption or production, independently of the natural variation in islet size for a given donor, as illustrated in Fig. S1A.
All cell culture supernatants provided high-resolution NMR spectra with sharp peaks typical of small molecules. Careful analysis of 1H 1D and the two-dimensional 1H-1H and 1H-13C NMR spectra identified and quantified 31 metabolites in each islet batch, under control versus gluco-, lipo- and glucolipo-toxicity conditions (Table 2).
Multivariate data analyses were first performed to determine metabolic secretome differences between healthy and T2D-derived islets under control culture conditions. A principal component analysis (PCA) was first performed to check the homogeneity of the samples. No biological or technical outliers were identified. PCA was not sufficient to discriminate between islets according to their positive or negative response to GSIS (Fig. S2A). To optimize discrimination between islet metabolic profiles and identify functional metabolic signatures, a supervised analysis of NMR metabolic profiles was performed by O-PLS-DA [29]. We obtained clear discrimination between a positive or negative GSIS response, as illustrated in Fig. 1C and S2, assessed by high values of goodness-of-fit model parameters R2 and Q2. These two components refer respectively to the variance explained and the variance predicted in the model (R2(X)= 0.489; R2(Y) = 0.94; Q2 = 0.914). The discrimination robustness was further validated by resampling the model 1000 times under the null hypothesis, which showed a clear decrease in R2 and Q2 with the correlation between the original and permuted class information Y matrices (data not shown). The statistical significance of the model was assessed by a p-value 9.25x10-21, calculated by analysis of variance (CV- ANOVA). Of the 31 metabolites quantified, 4 metabolites (citrate, alanine, glutamate and lactate) showed a significant contribution to the statistical model, as shown by values of Variable Importance in Projection of independent variables (VIP) values greater than 1.5. Multivariate O-PLS-DA analyses were also performed under glucolipotoxicity conditions and showed equivalent discrimination of positive and negative islets (R2(X)= 0.682; R2(Y) = 0.923; Q2 = 0.871) (Fig. S2). Alanine, pyruvate and citrate appeared to have a significant influence on model discrimination, while glutamate and lactate are slightly below the VIP=1.5 threshold. Altogether, alanine, pyruvate and citrate emerged as biomarkers of human islet dysfunction, under both control conditions and glucolipotoxicity (Fig. S2). 

Table 2. Metabolite amount measured by 1H-NMR in human islets supernatants after 48 h of culture in the conditions described in Fig. 1. Metabolite quantity in nanomole in the medium placed in the same culture conditions but without cells are indicated in the presented results. Data have not been normalized. 300 islets were used per well and Human islet donor are indicated and related to Table 1. Statistics are from t-tests; p value ≤ 0.05 is considered significant.
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The impact of gluco-, lipo- and glucolipo-toxicity conditions could only be assessed from D1 to D5 and D8 donors (Table1). All 3 conditions induced significant alterations in metabolite secretion, which could be distinguished from the control by O-PLS-DA analysis (Fig. 1D). Interestingly, glucolipo- (Fig. S3A) and gluco-toxicities (Fig. S3B) induced similar disturbances, with pyruvate, citrate, alanine and lactate being the most discriminating metabolites, while lipotoxicity alone impacted on the secretion of a different set of metabolites (isoleucine, tryptophan, glutamate) (Fig. S3C). 
Table 2 shows the absolute amount of metabolites in nanomol in the medium before islet incubation and after 48 h of exposure, allowing us to determine the rate of metabolite consumption or secretion in nmol per 300 islets per 48 h. Glucose was the most consumed metabolite with 271 (+/- 107) nmol for healthy donors and up to 839 (+/- 57) nmol (D10) consumed per 300 islets/48 h. No correlation could be established for glucose consumption under normal conditions between healthy islets and islets derived from donors with T2D. The same observation was made under glucolipotoxicity condition, with glucose consumption unable to distinguish between positive and negative islets. Islets glucose consumption was increased upon glucolipotoxicity by 1.5 (D4) and up to 5-fold (D3). These results confirm that human islets do not regulate glucose entry under excess conditions in line with other reports in the literature [30]. Although lactate has been identified as a biomarker for discriminating islet-positive from islet-negative, its secretion varied from 55 (+/-30) nmol (D5) to 984 (+/-25) nmol (D10) with sometimes similar secretion for healthy islets D3 (680 (+/-63) nmol) and T2D islets D11 (695 (+/-123) nmol). The lactate secretion ratio between normal and glucolipotoxicity oscillates between 1.3 (D3, D10, D11) and 2.5 (D4) with no clear link to islet functionality.
Altogether, the variability of lactate secretion precludes its utility as a candidate biomarker of islet dysfunction.
3.2	Pyruvate and citrate secretion are biomarkers of healthy islets alteration in the glycolysis-TCA-insulin secretion pathways
A correlogram was performed to compare GSIS, IC and secretome metabolite characteristics only from D1 to D5 (Fig. 1E). As expected, IC and GSIS were highly correlated, indicating that high insulin storage is associated with insulin secretory capacity. Alanine, citrate and pyruvate secretions were associated with both IC and GSIS (p<0.001). In healthy islets, we observed very low citrate secretion (≤10 nmol) in control condition, while pyruvate secretion reached 30 nmol (Table 2). Pyruvate and citrate secretions were significantly increased in T2D islets (D10 and D11; p<0.01) (Fig. 1F, and 1G). Under glucolipotoxic conditions, pyruvate secretion reached more than 100 nmol and citrate secretion more than 20 nmol (Table 2; Fig. 1F, and 1G). Statistical analyses comparing healthy and T2D-derived islets confirmed a significant increase in pyruvate (p<0.01) and citrate secretion (p<0.01). We conclude that culture conditions, particularly under high glucose concentration, may exacerbate a well-observed citrate and pyruvate over-secretion for T2D islets. This observation is easily confirmed by the plot of citrate secretion versus function of pyruvate secretion, which shows a clear linear transition from islets positive in glucolipotoxicity to islets negative under normal conditions (Fig. 1H). Taken together, these data indicate that citrate and pyruvate secretion is a quantitative biomarker of islet alteration and loss of insulin secretion under glucolipotoxic conditions.
Previous proteomic and phosphoproteomic studies have highlighted specific changes in mitochondrial enzymes associated with the diabetic mouse model [18,19] but natural variation in key metabolic enzymes is well observed between rodent and human islets [31]. Thus, we focused on mitochondrial dehydrogenases (pyruvate dehydrogenase (PDH) and its phosphorylated form (pPDH), isocitrate dehydrogenase 2 (IDH2) and mitochondrial oxoglutarate dehydrogenase (OGDH)). Quantitative immunoblots of the three dehydrogenases showed a decrease in OGDH expression of around 50% after exposure to glucotoxicity for four islets (D1, D5, D6 and D7) and no decrease for a single islet (D4), producing a significant overall decrease in OGDH (p<0.09). Expression of PDH and IDH2 remained unchanged, as did the pPDH/PDH ratio (Fig. 1I and S5A). Moreover, mitochondrial dehydrogenase expression was not clearly affected in T2D islets (Fig. S5B).
3.3	Rodent INS-1E beta cells confirm and modulate glucolipotoxicity-related stopper in glycolysis-TCA-insulin pathways
The study of metabolic stress conditions on islets was reproduced on the INS-1E cell line, the most widely studied beta cell model derived from a rat insulinoma. Surprisingly, high glucose exposure for 48 h was the only condition inducing GSIS failure in INS-1E cells, as GSIS was increased by glucolipotoxicity by 72% and showed a tendency to be increased during lipotoxicity (Fig. 2A). However, INS-1E beta cells showed a 50% decrease in IC after glucolipotoxicity and glucotoxicity but not lipotoxicity (p<0.001) (Fig. 2B) in total agreement with the alterations in human islets (Fig. 1B). In addition, we measured cell growth and oxygen consumption rates (OCR) as a marker of the ATP regeneration capacity of the cells. The results showed that glucotoxicity alone reduced cell numbers by 13% after 72 hours of culture (p < 0.05), whereas cell numbers were reduced by 32% and 38% by glucolipo- and lipotoxicity alone after 24 hours (p<0.001 and p<0.0001 respectively) (Fig. S6A). OCR was also measured between control and glucolipotoxicity in permeabilized cells directly supplied with pyruvate and ADP. It revealed a clear decrease in oxygen consumption of 85% (p<0.01) after glucolipotoxicity treatment (Fig. 2C, S4B and S4C). Taken together, these data indicate that glucolipotoxicity influences cell viability and may have an impact on the ability of mitochondria to use pyruvate.


As with human islets, Table 3 shows the absolute concentration of metabolites in the medium before INS-1E incubation and after 48 h of incubation, enabling the rate of metabolite consumption or secretion to be determined in nmol per million cells per 48 h. Glutamine, glucose and arginine are the substrates most consumed by INS-1E cells while catabolic products such as glutamate, alanine and lactate are the most secreted. As with human islet analyses, a correlogram was used to identify metabolites correlated with both INS-1E GSIS and IC treated with control, gluco-, lipo- and glucolipotoxicity. However, as the loss of GSIS and IC did not correlate with the response to glucolipotoxicity (Fig. 2A, and 2B), identification of metabolites with significant variation shared between GSIS and IC was irrelevant, unlike in human islets (Fig. 2D). In INS-1E cells, we identified 9/27 significantly altered metabolites in the culture supernatant that were linked to altered IC, while a further 12/27 metabolites were linked to altered GSIS. Altogether, 21/27 metabolites were modified according to loss-of-function of INS-1E.
As in human islets, pyruvate secretion by INS-1E cells under glucolipo- and glucotoxicity increased 2.5 fold after 48 h (2.07 µmol, and 2.37 µmol respectively, vs 0.86 µmol in control conditions) but no change after lipotoxicity (Fig. 2E; Table 3 p<0.001). On the other hand, citrate secretion is decreased by almost 25% in cases of gluco-, lipo- and glucolipo- toxicity (0.16 µmol, 0.14 µmol and 0.12 µmol respectively, vs 0.2 µmol in control conditions) (Fig. 2F; Table 3 p<0.001)
Concurrent analyses of the INS-1E exometabolome with the traditional endometabolome under glucolipo-, gluco- and lipotoxicity showed citrate accumulation in cells of the order of 0.08 mM +/- 0.009 (Fig. S6 and data not shown) which cannot explain the 0.1 µmol/106 cells/24 h reduction observed in glucolipotoxicity (Table 3; Fig. S6A). Glycerol accumulation increased from 0.03 to 0.102 mM/106 cells (Fig. S6 and data not shown) as did triglycerides (from 10 to 68 µmol/106 cells) during glucolipotoxicity (Fig. S6B and S6C). Triglycerides secretion was evident with a secretion from 6 to 132 µmol/106 cells/24 h during glucolipotoxicity (Fig. 2G). We interpret that citrate metabolism may depend on lipid synthesis. Indeed, some of the citrate produced by the mitochondria can be relocated in the cytoplasm and feed the de novo lipogenesis pathway (Fig. 2H). In addition, for the INS-1E model, several de novo lipogenesis enzymes were monitored and quantified: fatty acid synthase (FAS), acetyl-CoA carboxylase (ACC) and ATP citrate lyase (ACLY). Glucolipotoxicity increased ACLY and FAS quantities more than 2 fold (p<0.01 and p<0.05 respectively) but did not significantly affect ACC. Lipotoxicity alone did not affect the relative quantity of lipogenic enzymes in INS-1E after 48 h. Glucotoxicity alone increased the relative quantities of ACLY, ACC and FAS (Fig. 2I). 
Then, we profiled mitochondrial dehydrogenase expression as in human islets. IDH was not downregulated, we observed a clear reduction of OGDH quantity in glucolipotoxicity (39%, p<0.05) and glucotoxicity (44%, p<0.05) conditions. Lipotoxicity did not affect dehydrogenase levels but pPDH was clearly decreased with a 42% reduced pPDH /PDH ratio, a feature not observed in human islets (Fig. 2J).

Table 3. : Metabolite amount measured by 1H-NMR in INS-1E cell supernatants after 24 h of culture in the conditions described in Fig. 2. Metabolite concentrations in the medium placed in the same culture conditions but without cells have been deduced in the presented results. Negative results indicate consumed metabolite and positive results indicate secreted metabolites. Statistics are from t-tests; p value ≤ 0.05 is considered significant.
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4. Discussion
In this study, we performed a comprehensive characterization of the metabolites secreted and consumed by cultured human pancreatic islets under various conditions, using NMR metabolomic approaches. These analytical methods are perfectly suited to determine the biological activity alteration and evaluate the positive and negative effects of nutrients in islets but also in a variety of cell types and models [32]. We found clear discrimination between islets from healthy donors and those from donors with T2D. Islets from T2D donors consumed more glucose and secreted greater amounts of pyruvate and citrate than islets from healthy donors. These results indicate that the glycolysis to TCA axis was significantly dampened in the context of T2D. Similar changes were observed in healthy donors and INS-1E cells exposed to chronic high glucose. Our results demonstrated that glycolysis was upregulated in diabetic islets, which show a clear increase in glucose consumption and pyruvate and lactate secretion. These findings are in agreement with the upregulation of selected glycolytic enzymes observed in rat islets with T2D [33] and in rat islets and cell lines cultured in the presence of high glucose concentration [18,19,34,35].
We also demonstrate that glucolipotoxic conditions induced downregulation of mitochondrial OGDH in islets from healthy donors and in INS-1E cells. This regulation should be associated with a reduction in TCA levels, ATP synthesis and insulin secretion. In contrast to previous reports in rodent islets based on combined transcriptomic-proteomic [18] or combined proteomic-phosphoproteomic analyses [19], IDH2 expression was not downregulated in our study and the change in the pPDH/PDH ratio observed by both research groups was demonstrated only in INS-1E cells and not in human islets. These discrepancies are probably related to the well-described disparities between human and rat models, which have long been reported in the literature [31] and have recently been reviewed in the context of metabolomic studies [20].
Our study of INS-1E cells reveals that both mitochondrial oxygen consumption and coupling efficiency are impaired. These changes may be associated with the inability of increased intracellular glucose to raise cytosolic ATP levels and drive glucose-stimulated insulin release. Contrary to islets secreting citrate and pyruvate, we observed a marked increase in triglyceride secretion by INS-1E cells in the presence of high glucose concentration, and overexpression of the lipogenic enzymes ACLY, ACC and FAS. An increase in triglyceride biosynthesis was also observed in islets isolated from obese mouse models of diabetes [36]. The low activity of ACLY, the first enzyme involved in the de novo lipogenic pathway, in human islets (24 nmol product/min/mg protein) compared with rat islets (96 nmol product/min/mg protein) [31] could explain the functional discrepancies between human and rodent models. Overall, these data suggest that high glucose alone may be sufficient to induce functional changes in rat INS-1E cells, and raise the question of whether rodent islets, but not human islets, would be able to activate the de novo lipogenesis pathway [20].
Altogether, our NMR-based metabolomic results from pancreatic islets and INS-1E cells support a model in which higher glucose concentrations trigger functional alteration of beta cells that is associated with GSIS and IC failure and profound adaptation of cellular and mitochondrial metabolism (Fig. 3). The excess of energy provided by the increase in intracellular glucose is processed either towards pyruvate and citrate secretion (in the case of islets) or pyruvate and triglyceride (in the case of INS-1E cells). This model provides integrated support compatible with our previous work highlighting the role of mitochondria-ER contact and mitochondrial dehydrogenases in the progression of diabetic disease [37,38] (Fig. S5C).
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Figure 1. Functional analysis of human pancreatic islets and metabolite production and secretion analyses under glucolipotoxicity. (A, B) Boxplots showing respectively stimulated/basal insulin secretion and corresponding cellular Insulin Content (IC) of human pancreatic islets during GSIS after 48 h treatment with indicated glucose and palmitate concentration. (n= 5 healthy human islets D1-D5, and n=2 TD2 islets D10-D11). Significance in (A) represent the difference between stimulated versus basal insulin secretion and significance in (B) represent difference between control and treated conditions. (C, D) 0-PLS-DA score plot derived from 1H NMR metabolite quantification discriminating human GSIS positive islets vs non-secreting ones after 48 h in control medium (C) and after 48 h in control vs glucolipotoxicity medium (D). The major metabolites contributing to the cluster separation were evidenced by the derived-models VIP values detailed in Fig. S2 and S3. (E) Log2 fold change of the correlation coefficient between islet insulin secretion after glucose stimulation (GSIS) or insulin content (IC) and metabolite concentration in medium after 48 h in all treatments (control, gluco-, lipo- or glucolipotoxicity) of D1-D5 islet donors. Significance represents the significativity of the calculated correlation. (F, G) Representative high-resolution NMR spectra (upper panel) and corresponding metabolite quantification (lower panel). P, G, C and M 1H-NMR peaks correspond respectively to specifics peaks of pyruvate, glutamate, citrate and methionine respectively. Green lines represent control culture condition compared to high glucose (25 mM) and high palmitate (0.1 mM) culture conditions in red. Dotted line and full line represent medium at 0 and 48 h culture respectively. (F) Pyruvate and (G) citrate secretions of 300 pancreatic islets after 48h of incubation with indicated culture conditions. (K) Scatter plot of pancreatic islet pyruvate and citrate secretions after 48 h in control culture condition (green ellipse) and in high glucose (25 mM) and palmitate (0.1 mM) culture condition (red ellipse) in healthy islets (blue) and DT2 islets (black). Ellipse represents confidence interval at 95%. (I) Representative western blots and quantitative analyses of key mitochondrial dehydrogenases namely PDH, pPDH, IDH2, OGDH in human pancreatic islets of 5 donors (D1, D4-D7) cultured 48 h under control or glucolipotoxicity. Student t-test was performed to compare enzyme expression between control and glucolipotoxicity conditions. Error bars represent standard deviation, *p <0.05, **p<0.01, ***p<0.001, ****p<0.0001   
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Figure 2. Functional analysis of INS-1E beta cell and metabolite production analyses under glucolipotoxicity. (A, B) Boxplots showing respectively Stimulated/Basal insulin secretion and corresponding cellular insulin content (IC) of INS-1E cells during GSIS after 48 h treatment with indicated glucose and palmitate concentration. Significance in (A) represents the difference between Stimulated versus Basal insulin secretion and significance in (B) represents difference between control and treated conditions. (C) Boxplots showing oxygen consumption rate (OCR) of INS-1E permeabilized cells after pyruvate and ADP addition following 48 h treatment in corresponding glucose and palmitate concentration. (D) Log2 fold change of the correlation coefficient between islet insulin secretion after glucose stimulation (GSIS) or insulin content (IC) and metabolite concentration in medium after 48 h in all treatments (control, gluco-, lipo- or glucolipotoxicity) of INS-1E cells. Significance represents the significativity of the calculated correlation. (E, F, G) Pyruvate (E), citrate (F) and triglycerides (G) secretion normalized by cell number after 48 h incubation with indicated culture conditions. (H) Pyruvate fate in oxidative phosphorylation metabolism and de novo lipogenesis. (I, J) Representative western blot and quantitative analyses of ACLY, ACC, FASN (I) and PDH, pPDH, IDH2, OGDH (J) in INS-1E cells. Error bars represent standard deviation. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

[image: ]

Figure 3. Model presenting how glucolipotoxicity could trigger a mitochondrial bypass that leads to metabolite excretion rather than energy production.
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D1 : healthy donor

Glucose (mM) 5 25 25 5 5.0 25.0 25.0 5.0
Palmitate (mM) 0 0.1 0 0.1 0.0 0.1 0.0 0.1
Mean (£SD) Mean (£SD) p value Mean (+SD) p value Mean (+SD) p value Medium
Acetate 31.1 (#1.5) 35.2 (#1.1) rrE 32.4 (£1.2) 34.6 (£3.2) * 28.0 27.1 253 24.1
Alanine 99.0 (+7.6) 107.6 (+2.9) * 114.4 (+8.2) o 105.5 (+8.2) 57.7 574 55.6 54.6
Asparagine 8.0 (+0.9) 7.4 (+1.2) 8.6 (x3.0) 7.2 (+3.0) 5.6 0.6 9.4 7.1
Aspartate 7.2 (x0.8) 8.7 (+1.5) 7.1 (#1.2) 9.1 (¢3.1) 6.1 5.6 6.8 10.3
Citrate 18.9 (+0.7) 32.2 (£3.6) *rx 30.9 (+2.5) *HAK 19.9 (+3.9) 14.4 143 15.1 143
Formate 27.8 (#3.1) 27.7 (#1.5) 26.4 (+2.6) 28.6 (£1.9) 25.1 23.8 22.4 24.5
Fructose 267.2 (#10.6)  269.0 (+8.3) 250.4 (£11.9) * 240.9 (£10.8) *x 277.2  250.0 257.8 249.7
Fumarate 1.3 (1.1) 1.6 (+1.1) 1.9 (+1.1) 1.3 (+1.0) nd 1.8 2.0 nd
Glucose 2,760.1 (£92.2) 1,2478.6 (£201.3) **** 1,1271.6 (£+425.6) **** 2,756.4 (£89.1) 2,905.0 13,016.6 11,922.8 2,975.9
Glutamate 78.6 (+4.2) 70.6 (+2.4) *ox 70.7 (+4.7) * 71.8 (£9.8) 450 451 47.6 38.0
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Histidine 97.1 (+7.9) 105.0 (+2.0) 92.2 (+8.0) 92.0 (+6.7) 1024 914 88.3 92.4
Isoleucine 361.1 (+16.3)  367.4 (¢7.1) 337.4 (+26.6) 371.1 (¢8.8) 359.8 397.1  340.7  359.0
lactate 992.9 (£39.7)  1113.9 (+42.3)  *** 1100.9 (£68.4)  * 1037.8 (+107.1) 861.6 8744  860.4  860.6
Leucine 385.0 (£19.6)  389.9 (+8.2) 368.0 (+25.0) 389.1 (£6.5) 390.0 389.6 374.0 385.3
Lysine 342.4 (£8.6) 343.6 (£6.6) 325.4 (+13.7) * 341.2 (£9.4) 339.7 3424 325.0 334.6
Methionine 72.7 (+4.7) 74.5 (x4.1) 70.1 (£2.5) 75.1 (£3.9) 70.6 74.2 68.9 60.7
Myo-nositol  96.9 (+4.3) 77.7 (¢6.3) Hax 78.4 (+4.5) kxkk 1019 (+3.5) 1015  76.2 83.9 97.2
Niacinamide  13.6 (+1.0) 15.4 (+2.8) 14.9 (+3.7) 13.1 (+3.5) 169 17.0 17.3 13.1
Phenylalanine  192.5 (9.7)  239.3 (+14.3) *ox 227.0 (£15.2) o 219.7 (+16.1)  ** 1789 1811 1740 1788
Pyroglutamate 259.2 (+11.1) 292.1 (+16.0) ** 245.3 (+14.7) 289.8 (£15.9) ** 2759 2945 252.5 294.4
Pyruvate 40.5 (+4.7) 93.2 (+4.9) rrEE 93.3 (£9.3) HHAK 48.3 (+15.2) 1.7 1.2 1.9 0.6
Serine 163.9 (+2.7) 156.7 (+6.5) * 142.3 (¥13.6) * 165.6 (+3.8) 168.0 173.2 165.4 166.2
Succinate 39.0 (+2.2) 40.9 (+1.1) 36.6 (+2.0) 38.6 (+1.0) 42.4 401 36.0 37.3
Threonine 361.4 (+16.0)  343.1 (+23.0) 346.0 (+30.1) 345.8 (+14.0) 388.2 3725 3482 3482
Tryptophan 10.6 (+1.8) 17.8 (+2.9) *ox 10.2 (+1.4) 14.5 (+2.4) *ox 121 154 10.9 17.9
Tyrosine 159.9 (+21.8)  144.7 (£25.5) 157.9 (£19.8) 129.7 (+24.8) * 184.2 187.6 185.0 181.9

Valine 316.9 (+7.8) 300.6 (+7.2) o 290.4 (+17.4) * 316.5 (+11.1) 3205 295.8 301.8 313.2










Glucose (mM)

5 5.0 25.0 25.0 5.0

Palmitate (mM)

0 0.0 0.1 0.0 0.1

Mean (±SD) Mean (±SD)

p 

valueMean (±SD)

p 

valueMean (±SD)

p 

value

Acetate

31.1 (±1.5) 35.2 (±1.1) *** 32.4 (±1.2)   34.6 (±3.2) * 28.0 27.1 25.3 24.1

Alanine

99.0 (±7.6) 107.6 (±2.9) * 114.4 (±8.2) ** 105.5 (±8.2)   57.7 57.4 55.6 54.6

Asparagine

8.0 (±0.9) 7.4 (±1.2)   8.6 (±3.0)   7.2 (±3.0)   5.6 0.6 9.4 7.1

Aspartate

7.2 (±0.8) 8.7 (±1.5)   7.1 (±1.2)   9.1 (±3.1)   6.1 5.6 6.8 10.3

Citrate

18.9 (±0.7) 32.2 (±3.6) *** 30.9 (±2.5) **** 19.9 (±3.9)   14.4 14.3 15.1 14.3

Formate

27.8 (±3.1) 27.7 (±1.5)   26.4 (±2.6)   28.6 (±1.9)   25.1 23.8 22.4 24.5

Fructose

267.2 (±10.6) 269.0 (±8.3)   250.4 (±11.9) * 240.9 (±10.8) ** 277.2 250.0 257.8 249.7

Fumarate

1.3 (±1.1) 1.6 (±1.1)   1.9 (±1.1)   1.3 (±1.0)   nd 1.8 2.0 nd

Glucose

2,760.1 (±92.2)1,2478.6 (±201.3)**** 1,1271.6 (±425.6)**** 2,756.4 (±89.1)   2,905.013,016.611,922.82,975.9

Glutamate

78.6 (±4.2) 70.6 (±2.4) ** 70.7 (±4.7) * 71.8 (±9.8)   45.0 45.1 47.6 38.0

Glutamine

1,333.2 (±48.8)1,449.4 (±36.6) ** 1,319.1 (±73.9)   1,379.0 (±40.4)   1,473.51,522.9 1,345.2 1,453.9

Glycerol

147.9 (±281.5)37.4 (±4.8)   37.0 (±3.9)   29.0 (±5.8)   46.4 44.8 45.4 43.1

Glycine

190.1 (±9.8) 171.3 (±11.4) * 175.2 (±12.8) * 193.5 (±4.5)   181.3 184.4 181.3 181.3

Histidine

97.1 (±7.9) 105.0 (±2.0)   92.2 (±8.0)   92.0 (±6.7)   102.4 91.4 88.3 92.4

Isoleucine

361.1 (±16.3) 367.4 (±7.1)   337.4 (±26.6)   371.1 (±8.8)   359.8 397.1 340.7 359.0

Lactate

992.9 (±39.7) 1113.9 (±42.3) *** 1100.9 (±68.4) * 1037.8 (±107.1)  861.6 874.4 860.4 860.6

Leucine

385.0 (±19.6) 389.9 (±8.2)   368.0 (±25.0)   389.1 (±6.5)   390.0 389.6 374.0 385.3

Lysine

342.4 (±8.6) 343.6 (±6.6)   325.4 (±13.7) * 341.2 (±9.4)   339.7 342.4 325.0 334.6

Methionine

72.7 (±4.7) 74.5 (±4.1)   70.1 (±2.5)   75.1 (±3.9)   70.6 74.2 68.9 60.7

Myo-Inositol

96.9 (±4.3) 77.7 (±6.3) *** 78.4 (±4.5) **** 101.9 (±3.5)   101.5 76.2 83.9 97.2

Niacinamide

13.6 (±1.0) 15.4 (±2.8)   14.9 (±3.7)   13.1 (±3.5)   16.9 17.0 17.3 13.1

Phenylalanine

192.5 (±9.7) 239.3 (±14.3) *** 227.0 (±15.2) ** 219.7 (±16.1) ** 178.9 181.1 174.0 178.8

Pyroglutamate

259.2 (±11.1) 292.1 (±16.0) ** 245.3 (±14.7)   289.8 (±15.9) ** 275.9 294.5 252.5 294.4

Pyruvate

40.5 (±4.7) 93.2 (±4.9) **** 93.3 (±9.3) **** 48.3 (±15.2)   1.7 1.2 1.9 0.6

Serine

163.9 (±2.7) 156.7 (±6.5) * 142.3 (±13.6) * 165.6 (±3.8)   168.0 173.2 165.4 166.2

Succinate

39.0 (±2.2) 40.9 (±1.1)   36.6 (±2.0)   38.6 (±1.0)   42.4 40.1 36.0 37.3

Threonine

361.4 (±16.0) 343.1 (±23.0)   346.0 (±30.1)   345.8 (±14.0)   388.2 372.5 348.2 348.2

Tryptophan

10.6 (±1.8) 17.8 (±2.9) *** 10.2 (±1.4)   14.5 (±2.4) ** 12.1 15.4 10.9 17.9

Tyrosine

159.9 (±21.8) 144.7 (±25.5)   157.9 (±19.8)   129.7 (±24.8) * 184.2 187.6 185.0 181.9

Valine

316.9 (±7.8) 300.6 (±7.2) ** 290.4 (±17.4) * 316.5 (±11.1)   320.5 295.8 301.8 313.2

Medium

D1 : healthy donor

25 25 5

0.1 0 0.1


image4.emf
D2 : healthy donor

Glucose (mM) 5 25 25 5 5.0 25.0 25.0 5.0
Palmitate (mM) 0 0.1 0 0.1 0.0 0.1 0.0 0.1
Mean (£SD) Mean (£SD) p value Mean (+SD) p value Mean (+SD) p value Medium
Acetate 34.2 (£2.9) 42.1 (+3.2) *x 39.8 (+2.0) *x 34.3 (£2.7) 23.4 26.0 22.8 24.7
Alanine 67.7 (£3.7) 95.8 (+5.3) rorkE 90.5 (£6.5) HAAR 75.1 (+6.0) * 25.9 33.8 278 31.6
Asparagine 13.7 (£3.6) 11.0 (£2.2) 11.4 (x2.4) 13.5 (+2.4) 12.1 7.7 10.2 13.4
Aspartate 8.5 (+1.3) 9.7 (+2.1) 8.6 (x1.7) 7.5 (+1.0) 7.3 70 59 6.7
Citrate 22.8 (+2.4) 35.8 (5.7) ** 38.2 (+6.9) *x 18.5 (+2.9) * 11.6 10.1 11.0 11.4
Formate 26.6 (£2.2) 25.2 (+1.4) 28.0 (+3.4) 26.5 (+4.8) 16.7 18.2 216 21.2
Fructose 144.6 (+7.8) 142.1 (+10.4) 143.0 (¥10.1) 141.8 (+6.7) 118.6 127.8 146.6 129.8
Fumarate 1.4 (+0.7) 1.7 (0.4) 0.6 (+0.8) 0.3 (+0.6) * nd 12 08 nd
Glucose 2,863.8 (£99.9) 14,696.9 (£414.4) **** 1,3878.7 (£660.1) **** 2,997.1 (+109.0) 3,131.3 15,098.8 3,175.0
Glutamate 82.4 (£9.9) 70.0 (£6.9) * 75.7 (£9.4) 72.9 (£6.0) 263  27.8 295 30.6
Glutamine 729.3 (+20.5)  775.5 (+10.4) ** 717.8 (£25.7) 752.0 (+21.4) 802.2 806.4 807.0 809.5
Glycerol 19.3 (+2.6) 54.7 (+5.7) rrEE 57.2 (£7.1) HHAK 19.9 (+3.8) 24.8 36.2 33.6 21.0
Glycine 200.5 (£¥10.8)  220.9 (+16.0) * 203.1 (+15.2) 213.2 (£10.8) 187.4 187.3 182.6 187.2
Histidine 110.6 (+4.6) 112.4 (+7.0) 106.5 (+6.8) 106.2 (+8.4) 91.2 90.2 973 104.5
Isoleucine 3717 (£23.1)  398.3 (+15.6) * 348.6 (+22.8) 373.4 (+10.4) 3959 3653 3493  359.0
lactate 865.8 (t91.0) 1058.4 (+106.7)  ** 1135.2 (£132.5)  ** 822.6 (£75.9) 482.9  478.9 482.4  484.0
Leucine 397.1(£23.9) 425.9 (+18.1) * 405.2 (+29.9) 419.4 (+21.7) 389.3 368.5 407.6 402.0
Lysine 394.8 (#15.1)  398.4 (+15.3) 373.0 (+23.7) 387.2 (£18.3) 380.4 349.6 351.8 356.8
Methionine 86.3 (+5.1) 88.9 (3.3) 84.4 (£5.8) 89.5 (+7.2) 81.2 78.1 82.1 81.8
Myo-nositol  62.6 (7.9) 87.5 (+9.5) Hax 82.2 (+6.2) Kok 63.0 (£5.4) 73.1 742 772 724
Niacinamide  17.9 (+2.6) 17.0 (£0.8) 17.0 (+1.0) 17.7 (£0.9) 19.0 17.0 205 15.2
Phenylalanine  197.4 (¢8.4)  243.6 (+10.1) *Rx% 2136 (+£12.6) * 208.2 (+10.3) 198.0  197.4 209.0  205.8
Pyroglutamate 114.3 (+6.2) 142.0 (+3.2) HrEE 115.3 (¢8.4) 132.6 (+6.9) *xE 121.6 142.0 120.0 135.1
Pyruvate 30.7 (£2.1) 135.8 (+15.8) rrEE 146.5 (£23.0) HHAK 26.9 (+4.7) 0.7 0.8 038 1.0
Serine 179.9 (+7.5) 190.6 (+8.9) * 172.5 (¢8.2) 193.7 (+6.6) *x 184.3 183.0 177.8 191.5
Succinate 22.1 (+1.7) 26.2 (+1.5) * 22.6 (+1.3) 24.4 (£2.0) 21.1 223 214 245
Threonine 402.1 (+40.5)  422.4 (+24.0) 382.4 (£22.2) 397.1 (£20.3) 391.8 409.4 370.7 391.4
Tryptophan 15.7 (+1.2) 24.0 (+1.9) *Rx% 147 (+1.0) 23.4 (+2.0) *xxk 134 252 120 22.0
Tyrosine 165.2 (£26.8)  144.4 (£21.6) 138.0 (+22.4) 174.2 (£32.0) 207.1 205.4 202.7 208.1
Valine 340.1 (£25.2)  334.2 (+19.2) 311.2 (+21.5) 348.2 (£17.8) 350.3 284.2 306.0 328.1










Glucose (mM)

5 25 25 5 5.0 25.0 25.0 5.0

Palmitate (mM)

0 0.1 0 0.1 0.0 0.1 0.0 0.1

Mean (±SD) Mean (±SD)

p 

valueMean (±SD)

p 

valueMean (±SD)

p 

valueMedium

Acetate

34.2 (±2.9) 42.1 (±3.2) ** 39.8 (±2.0) ** 34.3 (±2.7)   23.4 26.0 22.8 24.7

Alanine

67.7 (±3.7) 95.8 (±5.3) **** 90.5 (±6.5) **** 75.1 (±6.0) * 25.9 33.8 27.8 31.6

Asparagine

13.7 (±3.6) 11.0 (±2.2)   11.4 (±2.4)   13.5 (±2.4)   12.1 7.7 10.2 13.4

Aspartate

8.5 (±1.3) 9.7 (±2.1)   8.6 (±1.7)   7.5 (±1.0)   7.3 7.0 5.9 6.7

Citrate

22.8 (±2.4) 35.8 (±5.7) ** 38.2 (±6.9) ** 18.5 (±2.9) * 11.6 10.1 11.0 11.4

Formate

26.6 (±2.2) 25.2 (±1.4)   28.0 (±3.4)   26.5 (±4.8)   16.7 18.2 21.6 21.2

Fructose

144.6 (±7.8) 142.1 (±10.4)   143.0 (±10.1)   141.8 (±6.7)   118.6 127.8146.6 129.8

Fumarate

1.4 (±0.7) 1.7 (±0.4)   0.6 (±0.8)   0.3 (±0.6) * nd 1.2 0.8 nd

Glucose

2,863.8 (±99.9)14,696.9 (±414.4)**** 1,3878.7 (±660.1)**** 2,997.1 (±109.0)  3,131.3 15,098.83,175.0

Glutamate

82.4 (±9.9) 70.0 (±6.9) * 75.7 (±9.4)   72.9 (±6.0)   26.3 27.8 29.5 30.6

Glutamine

729.3 (±20.5) 775.5 (±10.4) ** 717.8 (±25.7)   752.0 (±21.4)   802.2 806.4807.0 809.5

Glycerol

19.3 (±2.6) 54.7 (±5.7) **** 57.2 (±7.1) **** 19.9 (±3.8)   24.8 36.2 33.6 21.0

Glycine

200.5 (±10.8) 220.9 (±16.0) * 203.1 (±15.2)   213.2 (±10.8)   187.4 187.3182.6 187.2

Histidine

110.6 (±4.6) 112.4 (±7.0)   106.5 (±6.8)   106.2 (±8.4)   91.2 90.2 97.3 104.5

Isoleucine

371.7 (±23.1) 398.3 (±15.6) * 348.6 (±22.8)   373.4 (±10.4)   395.9 365.3349.3 359.0

Lactate

865.8 (±91.0) 1058.4 (±106.7) ** 1135.2 (±132.5) ** 822.6 (±75.9)   482.9 478.9482.4 484.0

Leucine

397.1 (±23.9) 425.9 (±18.1) * 405.2 (±29.9)   419.4 (±21.7)   389.3 368.5407.6 402.0

Lysine

394.8 (±15.1) 398.4 (±15.3)   373.0 (±23.7)   387.2 (±18.3)   380.4 349.6351.8 356.8

Methionine

86.3 (±5.1) 88.9 (±3.3)   84.4 (±5.8)   89.5 (±7.2)   81.2 78.1 82.1 81.8

Myo-Inositol

62.6 (±7.9) 87.5 (±9.5) *** 82.2 (±6.2) *** 63.0 (±5.4)   73.1 74.2 77.2 72.4

Niacinamide

17.9 (±2.6) 17.0 (±0.8)   17.0 (±1.0)   17.7 (±0.9)   19.0 17.0 20.5 15.2

Phenylalanine

197.4 (±8.4) 243.6 (±10.1) **** 213.6 (±12.6) * 208.2 (±10.3)   198.0 197.4209.0 205.8

Pyroglutamate

114.3 (±6.2) 142.0 (±3.2) **** 115.3 (±8.4)   132.6 (±6.9) *** 121.6 142.0120.0 135.1

Pyruvate

30.7 (±2.1) 135.8 (±15.8) **** 146.5 (±23.0) **** 26.9 (±4.7)   0.7 0.8 0.8 1.0

Serine

179.9 (±7.5) 190.6 (±8.9) * 172.5 (±8.2)   193.7 (±6.6) ** 184.3 183.0177.8 191.5

Succinate

22.1 (±1.7) 26.2 (±1.5) ** 22.6 (±1.3)   24.4 (±2.0)   21.1 22.3 21.4 24.5

Threonine

402.1 (±40.5) 422.4 (±24.0)   382.4 (±22.2)   397.1 (±20.3)   391.8 409.4370.7 391.4

Tryptophan

15.7 (±1.2) 24.0 (±1.9) **** 14.7 (±1.0)   23.4 (±2.0) **** 13.4 25.2 12.0 22.0

Tyrosine

165.2 (±26.8) 144.4 (±21.6)   138.0 (±22.4)   174.2 (±32.0)   207.1 205.4202.7 208.1

Valine

340.1 (±25.2) 334.2 (±19.2)   311.2 (±21.5)   348.2 (±17.8)   350.3 284.2306.0 328.1

D2 : healthy donor


image5.emf
D3 : healthy donor

Glucose (mM) 5 25 25 5 5.0 25.0 25.0 5.0
Palmitate (mM) 0 0.1 0 0.1 0.0 0.1 0.0 0.1
Mean (£SD) Mean (£SD) p value Mean (+SD) p value Mean (+SD) p value Medium
Acetate 42.3 (+3.3) 43.7 (+4.7) 44.2 (+2.5) 43.4 (+2.2) 17.5 13.2 154 14.5
Alanine 87.3 (+2.7) 94.8 (+6.0) * 96.5 (+2.0) Kok 92.1 (+2.1) o 321 323 323 326
Asparagine 9.1 (+x1.7) 8.0 (+2.6) 8.0 (x1.6) 7.8 (+2.0) 2.1 3.5 2.6 2.3
Aspartate 4.8 (+1.4) 4.1 (+1.0) 3.1 (#1.1) 3.5 (x0.5) 5.8 2.9 4.1 45
Citrate 17.1 (+1.1) 22.0 (#3.2) * 25.4 (+1.4) *HAK 16.3 (+2.0) 6.3 6.9 7.0 6.4
Formate 13.3 (+x0.9) 10.4 (+0.8) *rx 16.0 (+0.7) *EE 17.0 (+¥1.1) HAAk 5.1 4.3 7.4 7.5
Fructose 141.0 (+2.3) 148.8 (+6.0) * 143.1 (+4.4) 138.7 (+3.5) 140.6 135.5 143.9 140.1
Fumarate 1.2 (+0.2) 1.2 (+0.3) 1.3 (£0.3) 1.2 (+0.2) nd nd 1.1 0.7
Glucose 2,095.5 (£59.8) 11,827.7 (£+405.7) **** 10,662.7 (£313.8) **** 2,048.0 (+77.6) 2,302.9 12,852.1 11,744.3 2,467.2
Glutamate 62.9 (+4.3) 58.4 (£6.5) 58.5 (+3.6) 63.5 (+3.8) 231 253 21.3 28.9
Glutamine 1,314.0 (+48.9) 1,445.6 (+12.3) *rx 1,403.7 (+35.7) *x 1,419.2 (+33.1) ** 1,541.3 1,544.2 1,531.1 1,555.1
Glycerol 20.2 (£2.5) 30.9 (#5.1) ** 28.5 (+3.1) *x 17.4 (+9.9) 16.1 18.8 19.0 18.2
Glycine 178.0 (+6.6) 199.1 (¥17.9) * 179.0 (¥10.7) 186.1 (+10.6) 154.7 158.1 156.9 158.0
Histidine 100.1 (£2.5)  98.5 (+4.0) 96.4 (+3.8) 97.0 (+2.1) * 106.0  92.9 98.7 101.9
Isoleucine 377.3 (#11.6)  391.9 (+14.7) 368.4 (+13.0) 383.4 (+14.6) 359.1 4025 3899 4085
lactate 1,109.9 (£63.0) 13,60.9 (£153.2) ** 1,252.8 (£62.2)  ** 1,044.3 (£30.2) 4301 4506 4523 4433
Leucine 381.5 (+13.4)  407.7 (+13.3) ** 387.5 (+16.8) 366.9 (£16.8) 387.3 393.3 363.9 368.2
Lysine 341.5 (£6.4) 348.1 (£14.5) 341.0 (+12.8) 347.2 (£9.3) 340.1 334.1 333.1 339.7
Methionine 94.5 (+3.0) 96.3 (+2.7) 93.8 (+6.3) 93.5 (+1.7) 88.5 93.3 90.1 96.8
Myo-Inositol 71.2 (+1.3) 76.3 (+3.0) *x 76.6 (£1.6) *EE 72.3 (£3.9) 54.5 69.1 65.7 68.3
Niacinamide  15.4 (0.9) 16.2 (+1.0) 15.1 (+1.5) 15.6 (+0.7) 14.7 17.1 15.3 16.2
Phenylalanine  155.6 (+2.1)  163.8 (+1.4) *kx% 1559 (+4.5) 160.9 (+2.8)  ** 1720 1617 1513  161.0
Pyroglutamate 184.8 (+7.4) 260.2 (£16.9) HrEE 205.6 (+9.0) *x 250.3 (£12.5)  **** 202.8 259.3 186.5 264.1
Pyruvate 65.5 (£6.7) 96.3 (+15.0) ** 81.6 (+6.9) *x 63.7 (£6.2) 1.0 2.7 13 13
Serine 177.7 (+5.4) 176.0 (+9.1) 183.2 (¢5.8) 179.7 (¢7.9) 172.9 178.0 171.1 195.5
Succinate 24.7 (+1.4) 20.9 (2.6) * 21.4 (+1.3) o 20.8 (2.1) o 21.4 214 26.3 235
Threonine 401.0 (£3.2) 412.5 (£15.9) 405.5 (£19.4) 403.4 (£14.0) 366.8 391.7 437.9 384.8
Tryptophan 8.9 (x0.7) 14.5 (+1.2) *xx% 94 (40.9) 14.4 (20.9) wrxK g 16.3 7.3 15.8
Tyrosine 242.3 (£7.6) 233.0 (£12.2) 223.7 (+11.7) * 224.4 (£9.2) ** 231.1 218.7 228.8 225.5

Valine 394.4 (+10.8)  397.9 (+¥17.7) 382.9 (+x17.4) 395.4 (+9.7) 332.9 3913 403.8 407.5










Glucose (mM)

5 25 25 5 5.0 25.0 25.0 5.0

Palmitate (mM)

0 0.1 0 0.1 0.0 0.1 0.0 0.1

Mean (±SD) Mean (±SD)

p 

valueMean (±SD)

p 

valueMean (±SD)

p 

valueMedium

Acetate

42.3 (±3.3) 43.7 (±4.7)   44.2 (±2.5)   43.4 (±2.2)   17.5 13.2 15.4 14.5

Alanine

87.3 (±2.7) 94.8 (±6.0) * 96.5 (±2.0) *** 92.1 (±2.1) ** 32.1 32.3 32.3 32.6

Asparagine

9.1 (±1.7) 8.0 (±2.6)   8.0 (±1.6)   7.8 (±2.0)   2.1 3.5 2.6 2.3

Aspartate

4.8 (±1.4) 4.1 (±1.0)   3.1 (±1.1)   3.5 (±0.5)   5.8 2.9 4.1 4.5

Citrate

17.1 (±1.1) 22.0 (±3.2) * 25.4 (±1.4) **** 16.3 (±2.0)   6.3 6.9 7.0 6.4

Formate

13.3 (±0.9) 10.4 (±0.8) *** 16.0 (±0.7) *** 17.0 (±1.1) **** 5.1 4.3 7.4 7.5

Fructose

141.0 (±2.3) 148.8 (±6.0) * 143.1 (±4.4)   138.7 (±3.5)   140.6 135.5 143.9 140.1

Fumarate

1.2 (±0.2) 1.2 (±0.3)   1.3 (±0.3)   1.2 (±0.2)   nd nd 1.1 0.7

Glucose

2,095.5 (±59.8)11,827.7 (±405.7)**** 10,662.7 (±313.8)**** 2,048.0 (±77.6)  2,302.9 12,852.111,744.32,467.2

Glutamate

62.9 (±4.3) 58.4 (±6.5)   58.5 (±3.6)   63.5 (±3.8)   23.1 25.3 21.3 28.9

Glutamine

1,314.0 (±48.9)1,445.6 (±12.3) *** 1,403.7 (±35.7) ** 1,419.2 (±33.1)** 1,541.3 1,544.2 1,531.1 1,555.1

Glycerol

20.2 (±2.5) 30.9 (±5.1) ** 28.5 (±3.1) ** 17.4 (±9.9)   16.1 18.8 19.0 18.2

Glycine

178.0 (±6.6) 199.1 (±17.9) * 179.0 (±10.7)   186.1 (±10.6)   154.7 158.1 156.9 158.0

Histidine

100.1 (±2.5) 98.5 (±4.0)   96.4 (±3.8)   97.0 (±2.1) * 106.0 92.9 98.7 101.9

Isoleucine

377.3 (±11.6) 391.9 (±14.7)   368.4 (±13.0)   383.4 (±14.6)   359.1 402.5 389.9 408.5

Lactate

1,109.9 (±63.0)13,60.9 (±153.2) ** 1,252.8 (±62.2) ** 1,044.3 (±30.2)  430.1 450.6 452.3 443.3

Leucine

381.5 (±13.4) 407.7 (±13.3) ** 387.5 (±16.8)   366.9 (±16.8)   387.3 393.3 363.9 368.2

Lysine

341.5 (±6.4) 348.1 (±14.5)   341.0 (±12.8)   347.2 (±9.3)   340.1 334.1 333.1 339.7

Methionine

94.5 (±3.0) 96.3 (±2.7)   93.8 (±6.3)   93.5 (±1.7)   88.5 93.3 90.1 96.8

Myo-Inositol

71.2 (±1.3) 76.3 (±3.0) ** 76.6 (±1.6) *** 72.3 (±3.9)   54.5 69.1 65.7 68.3

Niacinamide

15.4 (±0.9) 16.2 (±1.0)   15.1 (±1.5)   15.6 (±0.7)   14.7 17.1 15.3 16.2

Phenylalanine

155.6 (±2.1) 163.8 (±1.4) **** 155.9 (±4.5)   160.9 (±2.8) ** 172.0 161.7 151.3 161.0

Pyroglutamate

184.8 (±7.4) 260.2 (±16.9) **** 205.6 (±9.0) ** 250.3 (±12.5) **** 202.8 259.3 186.5 264.1

Pyruvate

65.5 (±6.7) 96.3 (±15.0) ** 81.6 (±6.9) ** 63.7 (±6.2)   1.0 2.7 1.3 1.3

Serine

177.7 (±5.4) 176.0 (±9.1)   183.2 (±5.8)   179.7 (±7.9)   172.9 178.0 171.1 195.5

Succinate

24.7 (±1.4) 20.9 (±2.6) * 21.4 (±1.3) ** 20.8 (±2.1) ** 21.4 21.4 26.3 23.5

Threonine

401.0 (±3.2) 412.5 (±15.9)   405.5 (±19.4)   403.4 (±14.0)   366.8 391.7 437.9 384.8

Tryptophan

8.9 (±0.7) 14.5 (±1.2) **** 9.4 (±0.9)   14.4 (±0.9) **** 9.2 16.3 7.3 15.8

Tyrosine

242.3 (±7.6) 233.0 (±12.2)   223.7 (±11.7) * 224.4 (±9.2) ** 231.1 218.7 228.8 225.5

Valine

394.4 (±10.8) 397.9 (±17.7)   382.9 (±17.4)   395.4 (±9.7)   332.9 391.3 403.8 407.5

D3 : healthy donor


image6.emf
D4 : healthy donor

Glucose (mM) 5 25 5 25
Palmitate (mM) 0 0.1 0 0.1
Mean (£SD) Mean (£SD) p value Medium
Acetate 38.6 (+3.3) 39.3 (+1.6) 353 28.4
Alanine 87.3 (+5.5) 102.0 (+5.8) ¥ 65.1 58.4
Asparagine 6.6 (x0.7) 6.7 (x1.3) 3.2 1.4
Aspartate 6.7 (£0.7) 8.1 (+2.3) 5.4 6.2
Citrate 24.6 (+1.7) 37.6 (+3.7) HxE 16.1 16.3
Formate 23.7 (#2.2) 22.0 (x1.5) 229 19.3
Fructose 344.0 (+20.4) 317.0 (x13.2) * 375.6 3403
Fumarate 1.4 (+0.3) 1.4 (+0.3) 19 1.2
Glucose 3,153.2 (+217.8) 14,804.6 (+139.0) **** 3,595.0 15,488.6
Glutamate 78.0 (x7.9) 65.7 (+7.3) * 53.9 42.0
Glutamine 1,793.3 (+105.3) 1,741.0 (+85.7) 2,092.4 1,780.4
Glycerol 35.2 (+5.6) 31.4 (x9.3) 40.9 435
Glycine 222.4 (+16.5) 220.6 (+10.3) 232.0 196.0
Histidine 108.9 (+10.2) 97.8 (£6.9) 112.3 110.7
Isoleucine 411.0 (£33.4) 382.3 (£11.6) 479.4 404.3
Lactate 1057.0 (+48.3)  1166.7 (+71.1) * 959.6  916.7
Leucine 405.7 (+36.2) 382.6 (+1.9) 482.4  381.8
Lysine 310.5 (+18.7) 317.3 (x16.4) 4351  302.0
Methionine 96.1 (+5.2) 89.3 (+2.3) * 105.8  85.6
Myo-Inositol 94.2 (+1.9) 99.3 (+2.3) ¥ 1163  80.1
Niacinamide 17.2 (£1.7) 15.8 (x0.5) 17.9 16.7
Phenylalanine  193.3 (+10.4) 187.5 (+7.2) 184.6 179.6
Pyroglutamate 252.3 (£17.9) 280.9 (+30.0) 271.2  266.6
Pyruvate 39.3 (+4.2) 98.2 (+14.5) Horxx 1.8 1.8
Serine 198.9 (+10.6) 180.3 (+8.3) *x 219.5 1959
Succinate 40.4 (£3.3) 37.8 (+2.1) 48.1 40.8
Threonine 431.1 (£33.0) 362.0 (£9.3) *x 475.7 365.9
Tryptophan 6.3 (£1.1) 8.2 (£1.2) * 6.0 8.6
Tyrosine 243.1 (+12.3) 224.4 (+9.4) * 2753 209.6

Valine 380.9 (+43.3) 375.7 (+36.6) 478.2 4294










Glucose (mM)

5 25 5 25

Palmitate (mM)

0 0.1 0 0.1

Mean (±SD) Mean (±SD)

p 

valueMedium

Acetate

38.6 (±3.3) 39.3 (±1.6)   35.3 28.4

Alanine

87.3 (±5.5) 102.0 (±5.8) ** 65.1 58.4

Asparagine

6.6 (±0.7) 6.7 (±1.3)   3.2 1.4

Aspartate

6.7 (±0.7) 8.1 (±2.3)   5.4 6.2

Citrate

24.6 (±1.7) 37.6 (±3.7) *** 16.1 16.3

Formate

23.7 (±2.2) 22.0 (±1.5)   22.9 19.3

Fructose

344.0 (±20.4) 317.0 (±13.2) * 375.6 340.3

Fumarate

1.4 (±0.3) 1.4 (±0.3)   1.9 1.2

Glucose

3,153.2 (±217.8)14,804.6 (±139.0)**** 3,595.0 15,488.6

Glutamate

78.0 (±7.9) 65.7 (±7.3) * 53.9 42.0

Glutamine

1,793.3 (±105.3)1,741.0 (±85.7)   2,092.4 1,780.4

Glycerol

35.2 (±5.6) 31.4 (±9.3)   40.9 43.5

Glycine

222.4 (±16.5) 220.6 (±10.3)   232.0 196.0

Histidine

108.9 (±10.2) 97.8 (±6.9)   112.3 110.7

Isoleucine

411.0 (±33.4) 382.3 (±11.6)   479.4 404.3

Lactate

1057.0 (±48.3) 1166.7 (±71.1) * 959.6 916.7

Leucine

405.7 (±36.2) 382.6 (±1.9)   482.4 381.8

Lysine

310.5 (±18.7) 317.3 (±16.4)   435.1 302.0

Methionine

96.1 (±5.2) 89.3 (±2.3) * 105.8 85.6

Myo-Inositol

94.2 (±1.9) 99.3 (±2.3) ** 116.3 80.1

Niacinamide

17.2 (±1.7) 15.8 (±0.5)   17.9 16.7

Phenylalanine

193.3 (±10.4) 187.5 (±7.2)   184.6 179.6

Pyroglutamate

252.3 (±17.9) 280.9 (±30.0)   271.2 266.6

Pyruvate

39.3 (±4.2) 98.2 (±14.5) **** 1.8 1.8

Serine

198.9 (±10.6) 180.3 (±8.3) ** 219.5 195.9

Succinate

40.4 (±3.3) 37.8 (±2.1)   48.1 40.8

Threonine

431.1 (±33.0) 362.0 (±9.3) ** 475.7 365.9

Tryptophan

6.3 (±1.1) 8.2 (±1.2) * 6.0 8.6

Tyrosine

243.1 (±12.3) 224.4 (±9.4) * 275.3 209.6

Valine

380.9 (±43.3) 375.7 (±36.6)   478.2 429.4

D4 : healthy donor


image7.emf
D5 : healthy donor

Glucose (mM) 5 25 25 5 5.0 25.0 25.0 5.0
Palmitate (mM) 0 0.1 0 0.1 0.0 0.1 0.0 0.1
Mean (£SD) Mean (£SD) p value Mean (+SD) p value Mean (+SD) p value Medium
Acetate 25.4 (+1.4) 28.3 (+1.0) *x 26.8 (+1.0) 24.7 (#1.3) 25.9 21.2 22.7 23.7
Alanine 90.5 (+4.3) 112.2 (+4.5) *rEk 1154 (+5.7) **kx 90 0 (+4.3) 75.5 69.0 76.2 70.9
Asparagine 6.6 (+1.6) 5.6 (+1.7) 6.3 (x1.0) 6.4 (+1.3) 3.9 4.0 3.5 3.3
Aspartate 5.7 (£1.1) 6.0 (£2.7) 5.3 (£1.4) 7.6 (£1.7) 4.7 4.0 5.8 5.5
Citrate 24.1 (#1.1) 35.4 (£2.5) rrEE 33.6 (+2.9) *EE 23.0 (#1.7) 18.5 18.5 18.1 18.4
Formate 5.1(+0.7) 5.6 (+0.5) 5.2 (+0.7) 5.0 (+0.4) 6.9 5.4 7.2 7.1
Fructose 311.6 (£7.7) 318.2 (£7.8) 310.1 (+6.9) 315.7 (£1.8) 3121 328.7 307.6 3224
Fumarate 1.5 (+0.1) 1.5 (+0.2) 1.5 (+0.3) 1.4 (+0.2) 1.6 1.5 1.3 1.8
Glucose 2,745.4 (£88.4) 12,559.6 (£202.9) **** 12,632.5 (£177.7) **** 2,730.8 (+40.1) 3,027.3 13,339.3 13,479.7 2,845.4
Glutamate 72.3 (£7.0) 68.5 (4.0) 67.9 (£3.5) 67.7 (£2.6) 55.1 57.1 57.7 56.7
Glutamine 1,643.5 (+32.9) 1,618.9 (+20.3) 1,638.9 (+71.2) 1,687.9 (+62.7) 1,853.7 1,721.7 1,749.1 1,792.1
Glycerol 50.0 (3.6) 50.0 (5.0) 57.5 (+3.4) *x 47.1 (+5.1) 53.2 42.1 52.7 52.4
Glycine 186.8 (+9.8) 174.4 (+3.6) * 181.1 (+8.4) 190.6 (+5.7) 201.3 192.1 187.2 194.7
Histidine 91.7 (+3.0) 91.3 (+2.5) 89.0 (£3.0) 90.6 (+3.2) 96.4 94.7 91.9 94.5
Isoleucine 345.0 (£15.0)  396.8 (+0.0) o 396.8 (+0.0) ok 396.8 (£0.0)  *** 396.8 396.8 3527  396.8
Lactate 986.6 (+30.4) 1,061.4 (+44.3)  ** 1,085.8 (+36.6)  *** 989.6 (+69.3) 931.4 9359 9349  940.0
Leucine 361.8 (£15.9) 324.3 (+9.7) ** 338.8 (+18.3) * 338.7 (£29.5) 373.5 350.2 351.3 360.1
Lysine 322.1(#13.4)  305.5 (+4.4) * 321.0 (+7.5) 325.2 (£8.8) 332.0 314.3 326.3 344.9
Methionine 79.1 (+1.4) 76.3 (+2.3) * 77.4 (£2.4) 76.8 (+2.0) * 83.4 78.7 80.8 78.7
Myo-Inositol 120.8 (£8.2)  142.7 (¢5.2) Hax 140.8 (+5.4) Kok 123.7 (+8.6) 1225 123.0 1247 1245
Niacinamide  15.3 (+1.0) 15.0 (+0.5) 15.0 (+0.6) 13.9 (+0.9) * 16.8 13.5 16.1 14.3
Phenylalanine  143.6 (+3.7)  149.0 (#5.1) 145.5 (+3.8) 147.9 (+4.5) 1484 1504  147.7  155.0
Pyroglutamate 165.9 (+13.5)  194.5 (+8.3) ** 169.5 (+11.4) 185.7 (+6.5) * 167.7 192.1 171.9 213.7
Pyruvate 55.9 (+6.7) 131.8 (+9.3) rrEE 130.4 (+10.2) HHAK 50.9 (+3.6) 27.7 25.9 26.0 26.9
Serine 177.7 (+4.9) 162.5 (+7.1) *x 166.2 (¢5.3) *x 177.4 (+10.0) 201.3 172.5 178.8 185.7
Succinate 47.7 (+2.7) 47.0 (+2.5) 43.7 (+1.8) * 47.3 (+2.3) 515 463 453 454
Threonine 356.5 (£19.2)  326.2 (+21.3) * 324.5 (£12.8) o 354.3 (£17.5) 3903 344.1 3414 3613
Tryptophan 3.9 (£0.6) 6.4 (£0.7) HAkX 3.6 (£1.2) 6.6 (£1.0) Hkx nd 6.8 3.9 7.7
Tyrosine 198.7 (+4.9) 200.1 (£5.8) 192.9 (+3.8) * 199.4 (+6.4) 206.2 207.1 203.4 205.1

Valine 364.6 (x14.1)  312.1 (¢8.2) R 323.4 (x13.9) Hoxx 349.6 (+11.0) 398.5 336.3 364.5 364.3










Glucose (mM)

5 25 25 5 5.0 25.0 25.0 5.0

Palmitate (mM)

0 0.1 0 0.1 0.0 0.1 0.0 0.1

Mean (±SD) Mean (±SD)

p 

valueMean (±SD)

p 

valueMean (±SD)

p 

valueMedium

Acetate

25.4 (±1.4) 28.3 (±1.0) ** 26.8 (±1.0)   24.7 (±1.3)   25.9 21.2 22.7 23.7

Alanine

90.5 (±4.3) 112.2 (±4.5) **** 115.4 (±5.7) **** 90.0 (±4.3)   75.5 69.0 76.2 70.9

Asparagine

6.6 (±1.6) 5.6 (±1.7)   6.3 (±1.0)   6.4 (±1.3)   3.9 4.0 3.5 3.3

Aspartate

5.7 (±1.1) 6.0 (±2.7)   5.3 (±1.4)   7.6 (±1.7)   4.7 4.0 5.8 5.5

Citrate

24.1 (±1.1) 35.4 (±2.5) **** 33.6 (±2.9) *** 23.0 (±1.7)   18.5 18.5 18.1 18.4

Formate

5.1 (±0.7) 5.6 (±0.5)   5.2 (±0.7)   5.0 (±0.4)   6.9 5.4 7.2 7.1

Fructose

311.6 (±7.7) 318.2 (±7.8)   310.1 (±6.9)   315.7 (±1.8)   312.1 328.7 307.6 322.4

Fumarate

1.5 (±0.1) 1.5 (±0.2)   1.5 (±0.3)   1.4 (±0.2)   1.6 1.5 1.3 1.8

Glucose

2,745.4 (±88.4)12,559.6 (±202.9)**** 12,632.5 (±177.7)**** 2,730.8 (±40.1)  3,027.3 13,339.313,479.72,845.4

Glutamate

72.3 (±7.0) 68.5 (±4.0)   67.9 (±3.5)   67.7 (±2.6)   55.1 57.1 57.7 56.7

Glutamine

1,643.5 (±32.9)1,618.9 (±20.3)   1,638.9 (±71.2)   1,687.9 (±62.7)  1,853.7 1,721.7 1,749.1 1,792.1

Glycerol

50.0 (±3.6) 50.0 (±5.0)   57.5 (±3.4) ** 47.1 (±5.1)   53.2 42.1 52.7 52.4

Glycine

186.8 (±9.8) 174.4 (±3.6) * 181.1 (±8.4)   190.6 (±5.7)   201.3 192.1 187.2 194.7

Histidine

91.7 (±3.0) 91.3 (±2.5)   89.0 (±3.0)   90.6 (±3.2)   96.4 94.7 91.9 94.5

Isoleucine

345.0 (±15.0) 396.8 (±0.0) *** 396.8 (±0.0) *** 396.8 (±0.0) *** 396.8 396.8 352.7 396.8

Lactate

986.6 (±30.4) 1,061.4 (±44.3) ** 1,085.8 (±36.6) *** 989.6 (±69.3)   931.4 935.9 934.9 940.0

Leucine

361.8 (±15.9) 324.3 (±9.7) ** 338.8 (±18.3) * 338.7 (±29.5)   373.5 350.2 351.3 360.1

Lysine

322.1 (±13.4) 305.5 (±4.4) * 321.0 (±7.5)   325.2 (±8.8)   332.0 314.3 326.3 344.9

Methionine

79.1 (±1.4) 76.3 (±2.3) * 77.4 (±2.4)   76.8 (±2.0) * 83.4 78.7 80.8 78.7

Myo-Inositol

120.8 (±8.2) 142.7 (±5.2) *** 140.8 (±5.4) *** 123.7 (±8.6)   122.5 123.0 124.7 124.5

Niacinamide

15.3 (±1.0) 15.0 (±0.5)   15.0 (±0.6)   13.9 (±0.9) * 16.8 13.5 16.1 14.3

Phenylalanine

143.6 (±3.7) 149.0 (±5.1)   145.5 (±3.8)   147.9 (±4.5)   148.4 150.4 147.7 155.0

Pyroglutamate

165.9 (±13.5) 194.5 (±8.3) ** 169.5 (±11.4)   185.7 (±6.5) * 167.7 192.1 171.9 213.7

Pyruvate

55.9 (±6.7) 131.8 (±9.3) **** 130.4 (±10.2) **** 50.9 (±3.6)   27.7 25.9 26.0 26.9

Serine

177.7 (±4.9) 162.5 (±7.1) ** 166.2 (±5.3) ** 177.4 (±10.0)   201.3 172.5 178.8 185.7

Succinate

47.7 (±2.7) 47.0 (±2.5)   43.7 (±1.8) * 47.3 (±2.3)   51.5 46.3 45.3 45.4

Threonine

356.5 (±19.2) 326.2 (±21.3) * 324.5 (±12.8) ** 354.3 (±17.5)   390.3 344.1 341.4 361.3

Tryptophan

3.9 (±0.6) 6.4 (±0.7) **** 3.6 (±1.2)   6.6 (±1.0) *** nd 6.8 3.9 7.7

Tyrosine

198.7 (±4.9) 200.1 (±5.8)   192.9 (±3.8) * 199.4 (±6.4)   206.2 207.1 203.4 205.1

Valine

364.6 (±14.1) 312.1 (±8.2) **** 323.4 (±13.9) *** 349.6 (±11.0)   398.5 336.3 364.5 364.3

D5 : healthy donor


image8.emf
D8 : healthy unsecreting donor

Glucose (mM) 5 25 25 5 5.0 25.0 25.0 5.0
Palmitate (mM) 0 0.1 0 0.1 0.0 0.1 0.0 0.1
Mean (£SD) Mean (£SD) p value Mean (+SD) p value Mean (+SD) p value Medium
Acetate 33.1 (+1.6) 38.8 (£3.0) *x 36.4 (+2.6) * 33,5 (£2.2) 30.5 28.3 26.3 26.2
Alanine 94.5 (£6.6) 117.7 (¢5.0) rorkE 112.7 (¢7.4) *EE 95.0 (3.5) 55.3 56.5 56.5 56.8
Asparagine 11.1 (+1.4) 8.3 (+0.7) *x 9.2 (x2.4) 11.3 (£0.8) 4.9 9.1 2.3 8.2
Aspartate 5.2 (x0.2) 8.7 (+2.0) *ox 6.3 (x1.1) * 8.8 (+2.4) o 5.8 6.2 5.2 5.6
Citrate 28.6 (£2.7) 46.1 (+4.8) rrEE 48.4 (+1.8) *HAK 24.2 (£1.3) ** 134 13.2 13.8 143
Formate 28.5 (+3.3) 28.1 (#1.3) 28.7 (+2.4) 32.0 (#2.3) * 20.0 21.4 20.8 20.6
Fructose 257.7 (#19.4)  274.6 (+x14.3) 262.8 (+12.0) 273.6 (£7.2) 277.8 294.7 247.0 253.0
Fumarate 0.8 (+0.7) 2.0 (£0.3) *ox 1.3 (¢1.2) 1.3 (+0.9) nd 1.2 nd 0.8
Glucose 2,817.7 (£84.1) 1,2828.9 (£274.4) **** 1,2916.6 (£373.4) **** 2,929.7 (£75.3) * 3,097.9 13,551.7 13,566.6 3,093.8
Glutamate 80.0 (¢3.2) 66.5 (+2.7) *Rx% 7] 6 (45.4) o 73.3 (£6.2) * 456  43.0 413 49.1
Glutamine 678.4 (£8.6) 764.0 (+17.6) rrEE 736.1 (+22.6) *EE 726.7 (x17.5)  *** 838.4 866.4 832.3 872.6
Glycerol 29.4 (+4.5) 50.3 (+4.9) rrEE 60.7 (£18.8) *x 32.2 (+4.8) 35.0 38.0 329 35.5
Glycine 189.0 (+6.7) 174.5 (+14.6) * 187.9 (¥9.5) 189.9 (+3.6) 187.4 175.3 160.3 181.3
Histidine 94.0 (+4.4) 96.4 (+7.7) 89.5 (+7.4) 98.6 (+3.3) * 103.0 99.7 98.3 84.6
Isoleucine 327.0 (#11.9)  350.0 (+12.2) ** 334.7 (+14.3) 331.8 (£9.4) 3524 3732 3433 3343
lactate 948.1 (£57.5)  1,047.2 (+40.3)  ** 1,055.1 (£34.6)  ** 985.1 (+24.2) 8384 8375 8360  833.8
Leucine 362.7 (£15.6)  372.0 (+20.2) 357.4 (+15.7) 363.8 (£10.7) 382.7 400.2 367.0 392.2
Lysine 354.2 (£9.5) 352.8 (£11.7) 345.0 (+12.4) 365.3 (£9.6) * 337.2 335.5 319.7 3325
Methionine 72.9 (+2.6) 70.3 (+2.3) 68.9 (+1.3) *x 74.1 (+1.4) 68.0 72.2 68.5 69.1
Myo-Inositol 84.8 (+5.0) 103.9 (+9.1) ok 99.3 (£5.2) *EE 80.1 (+2.0) * 85.4 106.1 99.2 85.6
Niacinamide  13.6 (+1.9) 13.5 (+2.4) 15.4 (+3.2) 15.7 (+2.2) 115 15.1 13.9 15.2
Phenylalanine  181.3 (9.6)  230.7 (+11.0) *xx% 2138 (+13.7) Hoxx 187.9 (¢7.7) 191.8 1866 1703  187.2
Pyroglutamate 124.9 (+6.1) 155.0 (+7.0) HrEE 133.1 (¢9.5) 145.2 (+7.2) *EE 135.0 154.7 127.3 140.9
Pyruvate 38.9 (#5.5) 145.3 (+14.4) rrEE 142.9 (+9.2) HHAK 39.2 (+4.6) 1.0 14 1.2 1.2
Serine 153.0 (+2.7) 156.1 (+8.9) 163.6 (¥1.3) HoHER 164.4 (+3.6) HAAR 170.8 173.2 145.8 166.0
Succinate 38.3 (+1.6) 40.7 (+1.7) * 38.0 (+1.8) 38.9 (+1.8) 39.8 414 37.1 425
Threonine 347.3 (+14.4)  376.6 (+21.5) * 355.3 (x12.1) 361.9 (+21.7) 3164 3552 3332  363.4
Tryptophan 11.1 (#1.5) 14.4 (+1.9) *ox 11.7 (#1.7) 13.7 (21.6) o 10.6  13.8 10.3 17.3
Tyrosine 159.6 (+12.1)  168.8 (£23.1) 173.0 (¥17.3) 181.1 (+19.1) * 148.4 151.1 178.0 183.4

Valine 307.7 (£7.5) 286.9 (+16.4) * 286.8 (+15.8) * 311.4 (+4.8) 321.8 291.2 261.5 317.5










Glucose (mM)

5 25 25 5 5.0 25.0 25.0 5.0

Palmitate (mM)

0 0.1 0 0.1 0.0 0.1 0.0 0.1

Mean (±SD) Mean (±SD)

p 

valueMean (±SD)

p 

valueMean (±SD)

p 

valueMedium

Acetate

33.1 (±1.6) 38.8 (±3.0) ** 36.4 (±2.6) * 33.5 (±2.2)   30.5 28.3 26.3 26.2

Alanine

94.5 (±6.6) 117.7 (±5.0) **** 112.7 (±7.4) *** 95.0 (±3.5)   55.3 56.5 56.5 56.8

Asparagine

11.1 (±1.4) 8.3 (±0.7) ** 9.2 (±2.4)   11.3 (±0.8)   4.9 9.1 2.3 8.2

Aspartate

5.2 (±0.2) 8.7 (±2.0) ** 6.3 (±1.1) * 8.8 (±2.4) ** 5.8 6.2 5.2 5.6

Citrate

28.6 (±2.7) 46.1 (±4.8) **** 48.4 (±1.8) **** 24.2 (±1.3) ** 13.4 13.2 13.8 14.3

Formate

28.5 (±3.3) 28.1 (±1.3)   28.7 (±2.4)   32.0 (±2.3) * 20.0 21.4 20.8 20.6

Fructose

257.7 (±19.4) 274.6 (±14.3)   262.8 (±12.0)   273.6 (±7.2)   277.8 294.7 247.0 253.0

Fumarate

0.8 (±0.7) 2.0 (±0.3) ** 1.3 (±1.2)   1.3 (±0.9)   nd 1.2 nd 0.8

Glucose

2,817.7 (±84.1)1,2828.9 (±274.4)**** 1,2916.6 (±373.4)**** 2,929.7 (±75.3)* 3,097.9 13,551.713,566.63,093.8

Glutamate

80.0 (±3.2) 66.5 (±2.7) **** 71.6 (±5.4) ** 73.3 (±6.2) * 45.6 43.0 41.3 49.1

Glutamine

678.4 (±8.6) 764.0 (±17.6) **** 736.1 (±22.6) *** 726.7 (±17.5) *** 838.4 866.4 832.3 872.6

Glycerol

29.4 (±4.5) 50.3 (±4.9) **** 60.7 (±18.8) ** 32.2 (±4.8)   35.0 38.0 32.9 35.5

Glycine

189.0 (±6.7) 174.5 (±14.6) * 187.9 (±9.5)   189.9 (±3.6)   187.4 175.3 160.3 181.3

Histidine

94.0 (±4.4) 96.4 (±7.7)   89.5 (±7.4)   98.6 (±3.3) * 103.0 99.7 98.3 84.6

Isoleucine

327.0 (±11.9) 350.0 (±12.2) ** 334.7 (±14.3)   331.8 (±9.4)   352.4 373.2 343.3 334.3

Lactate

948.1 (±57.5) 1,047.2 (±40.3) ** 1,055.1 (±34.6) ** 985.1 (±24.2)   838.4 837.5 836.0 833.8

Leucine

362.7 (±15.6) 372.0 (±20.2)   357.4 (±15.7)   363.8 (±10.7)   382.7 400.2 367.0 392.2

Lysine

354.2 (±9.5) 352.8 (±11.7)   345.0 (±12.4)   365.3 (±9.6) * 337.2 335.5 319.7 332.5

Methionine

72.9 (±2.6) 70.3 (±2.3)   68.9 (±1.3) ** 74.1 (±1.4)   68.0 72.2 68.5 69.1

Myo-Inositol

84.8 (±5.0) 103.9 (±9.1) *** 99.3 (±5.2) *** 80.1 (±2.0) * 85.4 106.1 99.2 85.6

Niacinamide

13.6 (±1.9) 13.5 (±2.4)   15.4 (±3.2)   15.7 (±2.2)   11.5 15.1 13.9 15.2

Phenylalanine

181.3 (±9.6) 230.7 (±11.0) **** 213.8 (±13.7) *** 187.9 (±7.7)   191.8 186.6 170.3 187.2

Pyroglutamate

124.9 (±6.1) 155.0 (±7.0) **** 133.1 (±9.5)   145.2 (±7.2) *** 135.0 154.7 127.3 140.9

Pyruvate

38.9 (±5.5) 145.3 (±14.4) **** 142.9 (±9.2) **** 39.2 (±4.6)   1.0 1.4 1.2 1.2

Serine

153.0 (±2.7) 156.1 (±8.9)   163.6 (±1.3) **** 164.4 (±3.6) **** 170.8 173.2 145.8 166.0

Succinate

38.3 (±1.6) 40.7 (±1.7) * 38.0 (±1.8)   38.9 (±1.8)   39.8 41.4 37.1 42.5

Threonine

347.3 (±14.4) 376.6 (±21.5) * 355.3 (±12.1)   361.9 (±21.7)   316.4 355.2 333.2 363.4

Tryptophan

11.1 (±1.5) 14.4 (±1.9) ** 11.7 (±1.7)   13.7 (±1.6) ** 10.6 13.8 10.3 17.3

Tyrosine

159.6 (±12.1) 168.8 (±23.1)   173.0 (±17.3)   181.1 (±19.1) * 148.4 151.1 178.0 183.4

Valine

307.7 (±7.5) 286.9 (±16.4) * 286.8 (±15.8) * 311.4 (±4.8)   321.8 291.2 261.5 317.5

D8 : healthy unsecreting  donor
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D10 : T2D donor

D11 : T2D donor

Glucose (mM) 5 25 5 25 5 25 5 25
Palmitate (mM) 0 0.1 0 0.1 0 0.1 0 0.1
Mean (£SD) Mean (£SD) p value Medium Mean (£SD) Mean (£SD) p value Medium
Acetate 28.7 (£2.1) 34.3 (£2.0) rrE 18.5 19.4 46.5 (+1.6) 51.3 (+5.0) 28.6 29.9
Alanine 132.0 (+2.6) 145.9 (+6.9) *x 61.4 62.4 110.4 (¢7.2) 131.9 (+10.3) *x 59.0 57.3
Asparagine 6.3 (£1.6) 5.2 (+0.8) nd 2.2 15.7 (¢1.1) 13.0 (£1.8) * 2.7 nd
Aspartate 5.5 (+1.0) 5.4 (+1.6) 3.7 2.6 6.7 (+1.1) 7.0 (+1.7) 8.1 5.1
Citrate 27.2 (#1.2) 42.9 (+2.2) rrEE 15.1 15.5 33.6 (+1.9) 52.2 (+4.2) rrEE 14.4 15.2
Formate 19.9 (+0.8) 18.8 (+1.0) 9.2 6.1 31.1 (+2.5) 30.3 (¥2.9) 19.4 19.7
Fructose 303.5 (£#10.1)  297.7 (+12.7) 310.0 305.4 344.7 (£10.9) 331.4 (£21.5) 320.6 356.0
Fumarate 1.4 (+0.2) 1.4 (+0.3) 1.2 1.3 1.5 (+0.2) 1.5 (+0.2) 1.0 1.3
Glucose 1,622.3 (x57.0) 12,135.9 (£558.8) **** 2,461.7 14,260.5 2,813.7 (+126.4) 14,288.8 (£399.7) **** 3,201.3 15,150.2
Glutamate 113.3 (#4.7)  104.2 (£5.8) * 435 428 99.7 (+16.5) 89.8 (+13.1) 454 524
Glutamine 540.0 (+28.0) 617.8 (+23.5) *rx 736.3 735.9 1,679.3 (+49.9) 1,706.2 (£51.1) 1,826.8 1,781.6
Glycerol 15.5 (+2.6) 35.8 (£7.3) *rx 28.6 18.0 31.0 (+2.8) 36.8 (+8.6) 36.1 39.6
Glycine 192.7 (+5.6) 171.6 (+6.5) rrE 186.1 184.3 236.6 (+8.8) 236.5 (£22.0) 210.9 225.6
Histidine 92.5 (+0.9) 88.1 (+2.3) *x 95.4 921 97.9 (+4.1) 101.9 (+2.1) 93.1 100.7
Isoleucine 396.8 (£0.0)  396.8 (+0.0) #DIV/O! 396.8 396.8  377.1(¢6.8) 385.0 (£15.5) 364.0  399.7
lactate 1,851.7 (£25.2) 2,203.3 (£80.4)  **** 8682  908.3  1,516.5(+123.0) 1,830.8 (+165.2) ** 8213  898.7
Leucine 291.7 (£#17.8)  302.3 (+10.0) 366.9 336.1 371.4 (+11.0) 386.9 (£9.4) * 352.8 381.8
Lysine 328.6 (£12.6)  313.7 (+10.2) * 316.2 303.6 321.5 (+8.9) 310.7 (£29.4) 314.6 304.3
Methionine 73.0 (+1.4) 74.4 (£1.5) 78.9 74.5 86.7 (+2.6) 87.1 (+1.8) 79.4 92.4
Myo-Inositol 106.1 (+4.2)  126.2 (+4.4) #xkk 1205 1204 89.0 (+4.1) 90.0 (+5.7) 83.7 87.8
Niacinamide  14.1 (+0.6) 15.0 (+1.2) 14.1 13.6 15.6 (+0.5) 15.3 (+0.6) 15.6 16.3
Phenylalanine  148.0 (2.2)  146.0 (2.7) 150.6 1545  183.4 (¢5.1) 176.4 (+5.3) * 175.4  189.1
Pyroglutamate 105.3 (+5.4) 118.2 (+10.7) * 106.5 120.4 192.1 (+10.0) 224.2 (£19.2) ** 184.1 247.9
Pyruvate 99.0 (+6.3) 199.1 (+9.8) rrEE 5.8 6.3 91.1 (+9.1) 175.4 (+20.7) rrEE nd 0.6
Serine 148.6 (+5.3) 135.0 (+6.4) *x 171.4 154.4 181.1 (+8.0) 163.5 (+12.8) * 181.9 177.2
Succinate 41.5 (+1.9) 39.9 (+1.9) 38.7 4.8 39.4 (+2.5) 39.6 (+3.3) 37.7 41.1
Threonine 345.6 (+16.9)  323.8 (+11.4) * 356.6 3357  401.2 (+6.4) 393.8 (+18.2) 3776 355.1
Tryptophan 6.1 (+0.4) 8.2 (+1.3) * 6.3 6.1 4.8 (+1.0) 8.5 (x1.1) *ox 4.4 8.1
Tyrosine 191.1 (+4.3) 194.0 (+6.2) 183.1 198.8 223.5 (£8.6) 224.7 (£9.3) 227.3 219.2
Valine 304.2 (+4.6) 283.8 (£24.8) 331.9 289.7 351.6 (+23.9) 358.4 (+47.0) 292.6 387.2










Glucose (mM)

5 25 5 25 5 25 5 25

Palmitate (mM)

0 0.1 0 0.1 0 0.1 0 0.1

Mean (±SD) Mean (±SD)

p 

valueMedium Mean (±SD) Mean (±SD)

p 

valueMedium

Acetate

28.7 (±2.1) 34.3 (±2.0) *** 18.5 19.4 46.5 (±1.6) 51.3 (±5.0)   28.6 29.9

Alanine

132.0 (±2.6) 145.9 (±6.9) ** 61.4 62.4 110.4 (±7.2) 131.9 (±10.3) ** 59.0 57.3

Asparagine

6.3 (±1.6) 5.2 (±0.8)   nd 2.2 15.7 (±1.1) 13.0 (±1.8) * 2.7 nd

Aspartate

5.5 (±1.0) 5.4 (±1.6)   3.7 2.6 6.7 (±1.1) 7.0 (±1.7)   8.1 5.1

Citrate

27.2 (±1.2) 42.9 (±2.2) **** 15.1 15.5 33.6 (±1.9) 52.2 (±4.2) **** 14.4 15.2

Formate

19.9 (±0.8) 18.8 (±1.0)   9.2 6.1 31.1 (±2.5) 30.3 (±2.9)   19.4 19.7

Fructose

303.5 (±10.1) 297.7 (±12.7)   310.0 305.4 344.7 (±10.9) 331.4 (±21.5)   320.6 356.0

Fumarate

1.4 (±0.2) 1.4 (±0.3)   1.2 1.3 1.5 (±0.2) 1.5 (±0.2)   1.0 1.3

Glucose

1,622.3 (±57.0)12,135.9 (±558.8)**** 2,461.7 14,260.52,813.7 (±126.4)14,288.8 (±399.7)**** 3,201.3 15,150.2

Glutamate

113.3 (±4.7) 104.2 (±5.8) * 43.5 42.8 99.7 (±16.5) 89.8 (±13.1)   45.4 52.4

Glutamine

540.0 (±28.0) 617.8 (±23.5) *** 736.3 735.9 1,679.3 (±49.9) 1,706.2 (±51.1)   1,826.8 1,781.6

Glycerol

15.5 (±2.6) 35.8 (±7.3) *** 28.6 18.0 31.0 (±2.8) 36.8 (±8.6)   36.1 39.6

Glycine

192.7 (±5.6) 171.6 (±6.5) *** 186.1 184.3 236.6 (±8.8) 236.5 (±22.0)   210.9 225.6

Histidine

92.5 (±0.9) 88.1 (±2.3) ** 95.4 92.1 97.9 (±4.1) 101.9 (±2.1)   93.1 100.7

Isoleucine

396.8 (±0.0) 396.8 (±0.0) #DIV/0!396.8 396.8 377.1 (±6.8) 385.0 (±15.5)   364.0 399.7

Lactate

1,851.7 (±25.2)2,203.3 (±80.4) **** 868.2 908.3 1,516.5 (±123.0)1,830.8 (±165.2) ** 821.3 898.7

Leucine

291.7 (±17.8) 302.3 (±10.0)   366.9 336.1 371.4 (±11.0) 386.9 (±9.4) * 352.8 381.8

Lysine

328.6 (±12.6) 313.7 (±10.2) * 316.2 303.6 321.5 (±8.9) 310.7 (±29.4)   314.6 304.3

Methionine

73.0 (±1.4) 74.4 (±1.5)   78.9 74.5 86.7 (±2.6) 87.1 (±1.8)   79.4 92.4

Myo-Inositol

106.1 (±4.2) 126.2 (±4.4) **** 120.5 120.4 89.0 (±4.1) 90.0 (±5.7)   83.7 87.8

Niacinamide

14.1 (±0.6) 15.0 (±1.2)   14.1 13.6 15.6 (±0.5) 15.3 (±0.6)   15.6 16.3

Phenylalanine

148.0 (±2.2) 146.0 (±2.7)   150.6 154.5 183.4 (±5.1) 176.4 (±5.3) * 175.4 189.1

Pyroglutamate

105.3 (±5.4) 118.2 (±10.7) * 106.5 120.4 192.1 (±10.0) 224.2 (±19.2) ** 184.1 247.9

Pyruvate

99.0 (±6.3) 199.1 (±9.8) **** 5.8 6.3 91.1 (±9.1) 175.4 (±20.7) **** nd 0.6

Serine

148.6 (±5.3) 135.0 (±6.4) ** 171.4 154.4 181.1 (±8.0) 163.5 (±12.8) * 181.9 177.2

Succinate

41.5 (±1.9) 39.9 (±1.9)   38.7 44.8 39.4 (±2.5) 39.6 (±3.3)   37.7 41.1

Threonine

345.6 (±16.9) 323.8 (±11.4) * 356.6 335.7 401.2 (±6.4) 393.8 (±18.2)   377.6 355.1

Tryptophan

6.1 (±0.4) 8.2 (±1.3) * 6.3 6.1 4.8 (±1.0) 8.5 (±1.1) *** 4.4 8.1

Tyrosine

191.1 (±4.3) 194.0 (±6.2)   183.1 198.8 223.5 (±8.6) 224.7 (±9.3)   227.3 219.2

Valine

304.2 (±4.6) 283.8 (±24.8)   331.9 289.7 351.6 (±23.9) 358.4 (±47.0)   292.6 387.2

D10 : T2D donor D11 : T2D donor
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Glucose (mM) 10 25 25.0 10.0 10 25 25 10
Palmitate (mM) 0 0.1 0.0 0.1 0 0.1 0 0.1
Moy LG Moy HGP p value Moy HG p value Moy LGP p value Medium
Acetate 180.1 (+12.4) 189.0 (+11.0) 172.4 (£7.1) 174.4 (+6.6) 29.2 41.6 38.8 35.6
Alanine 750.7 (+28.0) 1,130.8 (+59.2) HAAR 746.3 (+44.8) 726.1 (+63.8) 78.4 98.9 96.8 84.6
Arginine 166.1 (£32.1)  142.5 (+15.9) 206.0 (+30.9) * 197.7 (+48.2) 1,300.2 1,349.8 1,335.1 1,408.7
Asparagine 378.3 (£14.4) 416.4 (+8.6) rxE 417.9 (+18.3) xRk 413.0 (£19.6) *x 426.8 450.3 426.8 452.9
Aspartate 126.0 (¢8.9) 143.8 (¢7.8) ok 104.8 (£9.5) *x 142.8 (£4.0) * 1732 2014 1789 1862
Citrate 219.7 (£16.6) 152.1 (¢£7.3) HAAK 168.7 (+11.4) HrEE 129.1 (+12.1) rrEE 18.3 23.7 17.7 18.4
Formate 50.5 (3.6) 70.8 (+3.1) HAAk 44.4 (+4.6) * 75.7 (+4.3) rrEE 25.7 33.1 29.8 28.1
Fructose 301.9 (¥15.7) 326.3 (£9.5) ** 342.0 (+20.6) ** 342.3 (£21.6) *x 298.8 366.0 323.9 323.8
Fumarate 3.5 (+1.0) 4.2 (20.3) 4.2 (x0.3) 2.9 (£0.3) 18 2.4 16 2.4
Glucose 9,659.9 (£731.1) 22,984.3 (£457.5) ****  24107.4 (£518.2) ****  10,886.7 (£340.9) ** 13,142 30,435.9 28,842.7 14,159.3
Glutamate 1,462.3 (£175.8) 1,901.6 (+47.3)  ***  1,503.1 (¢76.6) 1,416.8 (£132.7) 2567 2510 2493 2709
Glutamine 2,114.9 (+122.6) 1,589.9 (£111.6) **** 2,290.2 (+61.9) ** 2,163.7 (+60.3) 4,350.4 4,472.2 4,040.6 4,350.4
Glycine 83.2 (+6.7) 93.9 (+6.9) * 85.7 (+14.4) 106.3 (+4.2) rrEE 132.2 166.0 151.6 158.8
Isoleucine 361.3 (£26.8) 379.3 (+8.7) 407.0 (+16.4) ** 406.8 (+9.9) ** 401.3 506.3 450.3 483.7
Lactate 1,048.3 (+65.9) 1,411.2 (+43.8) FAkx 1,237.4 (£54.9) HHEK 1,178.7 (+67.8) *x 910.3 1,042.1 977.2 1,050.2
Leucine 312.9 (£19.2)  313.3 (7.8) 354.0 (£5.1) xx 353.1 (+15.1) *k 4126 4710 4380 4424
Methionine 56.2 (£5.6) 53.8 (+2.0) 64.3 (£2.3) *x 67.5 (£3.4) * 1003 1144 1074 1066
Phenylalanine  58.1 (+2.0) 48.2 (+2.6) HoAAK 61.8 (+1.6) ** 61.9 (+2.3) ** 95.7 113.4 102.6 108.2
Pyroglutamate 290.0 (+9.9) 304.8 (+22.3) 280.2 (£24.2) 368.8 (£35.4) *rx 430 581.2 432.9 563.6
Pyruvate 881.6 (+62.2) 2,230.5 (£226.6)  **** 2,191.3 (£258.4) **** 622.7 (£22.8) rrEE 194 20.7 22.0 19.9
Serine 153.6 (+10.0) 97.6 (£8.4) FAkx 165.8 (+11.1) 156.6 (+7.2) 381 3314 327.3 372.8
Succinate 57.6 (+3.5) 59.8 (+2.1) 58.4 (+2.8) 62.3 (x4.9) 494 619 619 494
Threonine 127.2 (¢15.3)  136.9 (¢18.3) 149.1 (x13.3) * 153.0 (£25.9) * 2244 1958 1713 1653
Tryptophan 13.6 (+2.5) 10.8 (+0.7) * 10.8 (+1.8) * 13.0 (+1.6) 20.4 20.2 20.0 23.8
Tyrosine 108.5 (+5.5) 95.5 (+2.9) *EE 115.9 (+4.7) * 113.8 (+4.3) 158.8 163.8 157.4 162.8
Valine 131.3 (+8.7) 118.5 (#3.0) ** 143.5 (£6.4) * 142.5 (+3.2) * 227.8 246.6 2333 233.7
myo-nositol  334.8 (+26.7)  352.6 (+5.0) 356.4 (+11.0) 358.3 (+20.8) 3223 3888 3724 3504










Glucose (mM) 10 10 25 25 10

Palmitate (mM)

0 0 0.1 0 0.1

Moy LG Moy HGP p valueMoy HG p valueMoy LGP p value

Acetate

180.1 (±12.4) 189.0 (±11.0) 172.4 (±7.1) 174.4 (±6.6) 29.2 41.6 38.8 35.6

Alanine

750.7 (±28.0) 1,130.8 (±59.2) **** 746.3 (±44.8) 726.1 (±63.8) 78.4 98.9 96.8 84.6

Arginine

166.1 (±32.1) 142.5 (±15.9) 206.0 (±30.9) * 197.7 (±48.2) 1,300.2 1,349.8 1,335.1 1,408.7

Asparagine

378.3 (±14.4) 416.4 (±8.6) *** 417.9 (±18.3) *** 413.0 (±19.6) ** 426.8 450.3 426.8 452.9

Aspartate

126.0 (±8.9) 143.8 (±7.8) ** 104.8 (±9.5) ** 142.8 (±4.0) ** 173.2 201.4 178.9 186.2

Citrate

219.7 (±16.6) 152.1 (±7.3) **** 168.7 (±11.4) **** 129.1 (±12.1) **** 18.3 23.7 17.7 18.4

Formate

50.5 (±3.6) 70.8 (±3.1) **** 44.4 (±4.6) * 75.7 (±4.3) **** 25.7 33.1 29.8 28.1

Fructose

301.9 (±15.7) 326.3 (±9.5) ** 342.0 (±20.6) ** 342.3 (±21.6) ** 298.8 366.0 323.9 323.8

Fumarate

3.5 (±1.0) 4.2 (±0.3) 4.2 (±0.3) 2.9 (±0.3) 1.8 2.4 1.6 2.4

Glucose

9,659.9 (±731.1)22,984.3 (±457.5)**** 24,107.4 (±518.2)**** 10,886.7 (±340.9)** 13,14230,435.928,842.714,159.3

Glutamate

1,462.3 (±175.8)1,901.6 (±47.3) *** 1,503.1 (±76.6) 1,416.8 (±132.7) 256.7 251.0 249.3 270.9

Glutamine

2,114.9 (±122.6)1,589.9 (±111.6) **** 2,290.2 (±61.9) ** 2,163.7 (±60.3) 4,350.4 4,472.2 4,040.6 4,350.4

Glycine

83.2 (±6.7) 93.9 (±6.9) * 85.7 (±14.4) 106.3 (±4.2) **** 132.2 166.0 151.6 158.8

Isoleucine

361.3 (±26.8) 379.3 (±8.7) 407.0 (±16.4) ** 406.8 (±9.9) ** 401.3 506.3 450.3 483.7

Lactate

1,048.3 (±65.9) 1,411.2 (±43.8) **** 1,237.4 (±54.9) **** 1,178.7 (±67.8) ** 910.3 1,042.1 977.2 1,050.2

Leucine

312.9 (±19.2) 313.3 (±7.8) 354.0 (±5.1) ** 353.1 (±15.1) ** 412.6 471.0 438.0 442.4

Methionine

56.2 (±5.6) 53.8 (±2.0) 64.3 (±2.3) ** 67.5 (±3.4) ** 100.3 114.4 107.4 106.6

Phenylalanine

58.1 (±2.0) 48.2 (±2.6) **** 61.8 (±1.6) ** 61.9 (±2.3) ** 95.7 113.4 102.6 108.2

Pyroglutamate

290.0 (±9.9) 304.8 (±22.3) 280.2 (±24.2) 368.8 (±35.4) *** 430 581.2 432.9 563.6

Pyruvate

881.6 (±62.2) 2,230.5 (±226.6) **** 2,191.3 (±258.4) **** 622.7 (±22.8) **** 19.4 20.7 22.0 19.9

Serine

153.6 (±10.0) 97.6 (±8.4) **** 165.8 (±11.1) 156.6 (±7.2) 381 331.4 327.3 372.8

Succinate

57.6 (±3.5) 59.8 (±2.1) 58.4 (±2.8) 62.3 (±4.9) 49.4 61.9 61.9 49.4

Threonine

127.2 (±15.3) 136.9 (±18.3) 149.1 (±13.3) * 153.0 (±25.9) * 224.4 195.8 171.3 165.3

Tryptophan

13.6 (±2.5) 10.8 (±0.7) * 10.8 (±1.8) * 13.0 (±1.6) 20.4 20.2 20.0 23.8

Tyrosine

108.5 (±5.5) 95.5 (±2.9) *** 115.9 (±4.7) * 113.8 (±4.3) 158.8 163.8 157.4 162.8

Valine

131.3 (±8.7) 118.5 (±3.0) ** 143.5 (±6.4) * 142.5 (±3.2) * 227.8 246.6 233.3 233.7

myo-Inositol

334.8 (±26.7) 352.6 (±5.0) 356.4 (±11.0) 358.3 (±20.8) 322.3 388.8 372.4 350.4

Medium

25 25.0 10.0

0.1 0.0 0.1
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