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Abstract

:

Background/Objectives: Profiling of metabolites and lipids in biological samples can provide invaluable insights into life-sustaining chemical processes. The ability to detect both metabolites and lipids in the same sample can enhance these understandings and connect cellular dynamics. However, simultaneous detection of metabolites and lipids is generally hampered by chromatographic systems tailored to one molecular type. This void can be filled by direct infusion mass spectrometry (MS), where all ionizable molecules can be detected simultaneously. However, in direct infusion MS, the high chemical complexity of biological samples can introduce limitations in detectability due to matrix effects causing ionization suppression. Methods: Decreased sample complexity and increased detectability and molecular coverage was provided by combining our direct infusion probe (DIP) with liquid–liquid extraction (LLE) and directly sampling the different phases for direct infusion. Three commonly used LLE methods for separating lipids and metabolites were evaluated. Results: The butanol–methanol (BUME) method was found to be preferred since it provides high molecular coverage and have low solvent toxicity. The established BUME DIP-MS method was used as a fast and sensitive analysis tool to study chemical changes in insulin-secreting cells upon glucose stimulation. By analyzing the metabolome at distinct time points, down to 1-min apart, we found high dynamics of the intracellular metabolome. Conclusions: The rapid workflow with LLE DIP-MS enables higher sensitivity of phase separated metabolites and lipids. The application of BUME DIP-MS provides novel information on the dynamics of the intracellular metabolome of INS-1 during the two phases of insulin release for both metabolite and lipid classes.
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1. Introduction


Metabolites and lipids are key factors in biology, where they are triggers, intermediates and end products of biological processes [1]. Thus, their abundancies are dynamic and provide pivotal information on the status of biological systems, including responses to stimuli [2]. Nuclear magnetic resonance (NMR) spectroscopy can be used to elucidate the chemical structure of these compounds. However, due to higher sensitivity and smaller required sample volumes, mass spectrometry (MS) is the preferred technique for identification and quantitation of lipids and metabolites in biological samples [3]. Due to the complex chemical composition of biological samples, a separation technique is usually coupled to the MS for analyte separation prior to ionization. The most commonly used online techniques for analyte separation prior to MS are liquid chromatography (LC) [4,5], gas chromatography (GC) [6,7] and capillary electrophoresis (CE) [8,9]. These have been successfully used for metabolomics and lipidomics. For example, LCMS has been used to elucidate the mechanisms behind dibutyl phthalate-promoted breast cancer [10], and aided in the discovery of biomarkers for the detection and monitoring of different stages and grades of bladder cancer [11]. However, the LC separation step for analytes prior to MS increases analysis time compared to direct infusion MS techniques [12,13,14,15,16]. Thus, there are gains to be made from establishing MS analyses using direct infusion techniques.



Several direct infusion techniques have been developed and used for metabolomics and lipidomics. The most common ionization techniques for direct infusion are matrix-assisted laser desorption ionization (MALDI) and electrospray ionization (ESI) MS [17]. While MALDI MS is always based on laser ablation of a solid sample, there are several approaches for sample introduction for ESI MS. These include directly infusing the sample using a syringe pump [18]; introducing the sample via a sample loop into a flowing solvent stream (flow injection analysis (FIA)) [19,20,21,22]; and self-aspirating the sample through the ESI emitter using the Venturi effect [23,24,25,26,27]. One system that uses the Venturi effect is our previously reported direct infusion probe (DIP) coupled to MS [28]. The DIP enables samples to be rapidly switched with minimal carryover while avoiding the longitudinal diffusion characteristic of FIA [28]. Nevertheless, a challenge with all direct infusion MS systems is the inherent ionization suppression that can limit analyte ionization efficiency and therefore detectability in chemically complex samples.



The chemical complexity can be reduced by adding a sample clean-up step, such as solid phase extraction (SPE) or liquid–liquid extraction (LLE), prior to analysis [29]. In LLE for lipidomics and metabolomics of biological samples, one major goal is to isolate lipids and metabolites in different phases, as first described in the 1950s by Folch et al. [30] and Bligh and Dyer (BD) [31]. In these methods, a mixture of methanol and chloroform or dichloromethane generates two phases where lipids primarily partition into the organic-rich phase. For example, the BD method has been used to ascertain a conserved lipid profile in mutant KRAS lung cancer (KMLC) patient-derived xenografts compared to primary patient specimens [32]. Furthermore, BD was employed to show that acute radiation exposure causes alterations in lipid metabolism correlated with cardiac dysfunction [33]. However, despite the high performance of BD, both chloroform and dichloromethane are highly toxic and carcinogenic; thus, other LLE systems have been explored and developed to obtain more sustainable LLE methods [29].



Two other LLE methods are the butanol–methanol (BUME) method and the three-phase liquid extraction (3-PLE) method. The BUME method was first reported by Löfgren et al. and includes a mixture of butanol, methanol, hexane, ethyl acetate and water that forms the organic and aqueous-rich phases [34]. For example, the BUME method was used in a study showing that diets rich in saturated fatty acids promote fat accumulation and increase serum ceramides, while the opposite was found for polyunsaturated fatty acid-rich diets in overweight humans [35]. The 3-PLE method was established by Vale et al. [36,37]. In this method, the mixture of hexane, methyl acetate, acetonitrile and water generates a three-phase system that has two organic-rich phases and one aqueous-rich phase. The 3-PLE method was used in a study confirming that a fatty acid synthase inhibitor induces oxidation of the polar lipid fraction of KMLC cells without influencing neutral lipids [32]. Another study showed tissue-specific and temporal alterations in lipid homeostasis and reported that more than one time point should be considered when studying lipid homeostasis in metabolic diseases [38]. Overall, various LLE methods can be used in a wide range of applications to learn about the chemistry behind biological function and dysfunction.



Here, we present the online combination of LLE with DIP-MS to reduce the chemical complexity of the samples while maintaining rapid direct infusion MS analysis. By simply dipping the probe into the respective phase, we report rapid analysis of the respective phases for metabolomics and lipidomics of biological samples. We compared the three LLE methods, BD [39], BUME [34] and 3-PLE [36], for compatibility with online LLE DIP-MS using a tissue extract. Following, the BUME method was selected for further characterization and utilization in a study showing intracellular time-resolved chemical dynamics of INS-1 cells upon exposure to glucose. Overall, we report a successful and rapid pre-separation of the organic and aqueous-rich phases of both lipids and metabolites in chemically complex biological samples using LLE and direct infusion analysis.




2. Materials and Methods


Chemicals: The solvents used were analysis-grade formic acid (Merck, Darmstadt, Germany), GC grade 2-butanol (Merck, Darmstadt, Germany), LC-MS-grade acetonitrile (Thermo Fisher Scientific, Waltham, MA, USA), HPLC-grade heptane (Thermo Fisher Scientific, Waltham, MA, USA), LC-MS-grade methanol (Honeywell, Charlotte, NC, USA), LC-MS-grade ethyl acetate (Honeywell, Charlotte, NC, USA), technical-grade hexane (VWR, Radnor, PA, USA), HPLC-grade chloroform (Acros Organics, Waltham, MA, USA) and Milli-Q water from Milli-Q Plus.



The Standards used were L-alanine (≥99.5%), L-arginine (98.5–101.0%), L-asparagine (≥98%), L-aspartic acid (≥99%), L-cysteine (≥98.5%), D-glutamine (≥98%), L-glutamic acid (98.5–100.5%), glycine (98.5–101.0%), L-histidine (≥99%), L-isoleucine (≥98%), L-leucine (≥98%), L-lysine (≥98.0%), L-methionine (99.0–101.0%), L-phenylalanine (99%), L-proline (≥99.5%), L-serine (≥99%), L-threonine (≥98%), DL-tryptophan, L-tyrosine (purissimum-grade), L-valine (≥99.5%), γ-aminobutyric acid (≥99%), O-acetyl-L carnitine hydrochloride (≥99%), choline chloride (≥99%), creatine monohydrate (99%), Cell-Free Amino Acid Mixture—15N (98%), glucose-d2, γ-aminobutyricacid-d2 (GABA-d2), acetylcholine-d9, oleic acid-d9 (FA 18:1-d9) and LPC 19:0, PC 11:0/11:0. The concentrations of labeled and non-labeled standards used for the different experiments can be found in Tables S1 and S2. The IS solutions were prepared in Milli-Q water for the liquid–liquid extractions or in MeOH:H2O (9:1) + 0.1% formic acid.



Liquid–liquid extraction protocols: The different extractions were performed as previously described. Briefly, for the BD [39], 80 µL of chloroform, 80 µL of methanol and 72 µL of water (containing the sample) were mixed and vortexed for 10 s. For the BUME extraction [34], 30 µL of the sample were mixed with 100 µL of butanol/methanol (3/1), vortexed for 5 s and then 50 µL of heptane/ethyl acetate (3/1) and 100 µL 1% formic acid were added and the solution was vortexed again for 10 s. For the 3-PLE method [37], 80 µL of hexane, 80 µL of methyl acetate, 60 µL of acetonitrile and 80 µL of water (containing the sample) were mixed and vortexed for about 10 s. After allowing the phases to separate for a couple of minutes, they were analyzed using online LLE DIP-MS.



BUME characterization: The solvents were mixed according to the BUME protocol [34]. Following, each phase was separated and solutions containing known concentrations of analytes were prepared in each phase at similar concentrations and analyzed with DIP-MS to generate response curves (Tables S1 and S2).



Biological samples: Intact frozen rat brain tissue (bought from Innovative Research Inc., Novi, MI, USA) was chopped into small pieces and 35 mL of MeOH was added. The sample was sonicated using an ultrasonic processor (VCX 130, Sonics and Materials, Inc., Newton, CT, USA) for 2 cycles at 50% for a total of 5 min, pulsed for 2 s with 1 s pauses in between the cycles in order to achieve cell dissociation. Finally, the sample was centrifuged at 2000× g for 6 min and the supernatant was collected and stored at −20 °C until use. The final extract contained 34.61 mg of rat brain tissue per mL.



Rat insulinoma cell line INS-1 clone 832/13 cells were maintained in RPMI 1640 (Invitrogen, Walthan, MA, USA) containing 10 mM glucose and supplemented with 10% Newborn Calf Serum, L-glutamine (2 mM), penicillin (100 μg/mL), streptomycin (100 μg/mL), sodium pyruvate (1 mM) and β-mercaptoethanol (50 μM). The cells were kept at 37 °C in a humid atmosphere containing 5% CO2. Cells were counted and grown in 24-well plates. After 24 h, the cells were washed with 1× PBS and incubated with 3 mM glucose for 1 h at 37 °C without CO2. Afterward, the cells were exposed to 20 mM extracellular buffer containing 138 mM NaCl, 5.6 mM KCl, 1.2 mM MgCl2 and 2.6 mM CaCl2 at pH 7.4 for ten different durations at 37 °C without CO2. Three wells were prepared for each glucose exposure time: 0, 1, 2, 3, 4, 5, 6, 8, 10 and 15 min. After, the cells were quickly washed with water, and analytes were extracted by adding 150 µL of butanol/methanol (3:1) and sonicating for 2 min. A 100 µL volume of this extract was stored at −80 °C. From the cell extract, a volume equivalent to 27,000 cells (experimental section of Supplementary Materials) was pipetted and freeze-dried and dissolved in different solvents: for MeOH:H2O (9:1) DIP-MS analysis, 54.1 µL of MeOH:H2O (9:1) with 0.1% formic acid was added and the samples were sonicated for 2 min. For BUME extraction, 40 µL of butanol/methanol (3:1) was added, followed by 12 µL of water. The sample was then sonicated for 2 min. Subsequently, 20 µL of heptane/ethyl acetate was added, followed by 40 µL of 1% formic acid. The solution was then vortexed for 10 s. All samples were kept at −80 °C until analysis.



Mass spectrometric parameters: An Orbitrap™ IQ-X™ Tribrid™ (Thermo Fisher Scientific, Bremen, Germany) was used to acquire data in positive and negative modes in full scan mode using a mass resolution of 240k (m/Δm at m/z 200) and a transfer tube temperature of 275 °C. The applied high voltage was optimized for each solvent (Table S3).



Direct infusion probe (DIP): The DIP-MS system was set up as described in Marques et al. [28]. Briefly, a 7 cm stainless-steel capillary (320:50 µm OD:ID) (MS Ekspert Sp. z o.o., Gdańsk, Poland) was inserted in a PEEK sample tee (0.050″ through hole) (Upchurch Scientific, Oak Harbor, WA, USA) with Teflon sleeves with 1/16-inch OD and 0.5 mm ID (VICI Valco, Houston, TX, USA). The probe was held in place using a 3D-printed holder attached to the nano-spray interface of the MS. The sample vial was positioned manually and held in place using a MIM micro-manipulator (Quarter Research and Development, Bend, OR, USA).



Data analysis: The collected data were extracted with the software MZmine 2.53 [40] according to the details in the experimental section of the supporting information. Graphs were generated using in-house RStudio 2023.03.0 scripts [41].




3. Results and Discussion


3.1. Online LLE DIP-MS


Direct infusion MS provides rapid simultaneous detection of all ionizable compounds in a sample. Consequently, a complex chemical matrix, including salts, proteins or endogenous metabolites and lipids, can suppress analyte signals and limit analyte detectability [42,43,44,45]. Although these effects can be minimized by sample preparation, such as LLE or SPE, sample preparation is typically laborious, thus it adds time to each analysis and can be a source of errors, including analyte degradation and losses. Here, we report the combination of LLE with DIP-MS, where we directly sample the LLE phases with the DIP. This enables rapid online sampling and increased detection of analytes partitioned into the different phases without the added time required for pre-separation of the phases.



The procedure for this analysis is trivial and only includes two steps. Firstly, the sample is placed into a vial followed by the addition of the solvents for LLE and the equilibration of the phases (Figure 1A,B). Secondly, the vial is positioned by the instrument for DIP-MS analysis. The vial is positioned so that the tip of the DIP is submerged in the respective phase to be analyzed. For example, the tip can be first positioned in the upper phase for 40 s, of which 10 s are used to equilibrate the capillary to the new sample, followed by 30 s of data acquisition in one phase. This will ensure that the signal is stable and that there is no carryover between the phases, including the interface of the phases [28]. Subsequently, the DIP can be repositioned to the lower phase for a repeat of the measurement procedure. After these two steps, the acquired data are ready to be processed and evaluated. This simple workflow provides an efficient way to analyze both lipids and metabolites in their respective phases with DIP-MS with reduced matrix effects and without the need for time-consuming manual phase separations and potential losses when transferring material between containers.




3.2. Comparison of Liquid–Liquid Extraction Methods


The major reason for performing LLE is to reduce the chemical complexity that may cause interferences during the ionization of chemically complex biological samples by separating lipids and polar metabolites. Here, the applicability of three different LLE methods, BD [39], BUME [34] and 3-PLE [37], for online LLE DIP-MS was evaluated. The three LLE methods were selected since they had similar reported efficiencies in separating lipids and metabolites despite their vastly different solvent systems [34,37]. For comparison, a methanolic extract of rat brain was used; this enabled direct evaluation of analyte phase separation and detectability despite the high chemical complexity. Prior to analysis, the tissue extract and the solvents for the respective LLE methods were added to silanized glass vials. Upon equilibration of the respective LLE phases, the phases were analyzed by inserting the DIP probe into each phase and acquiring data in both positive and negative modes. To ensure good spray stability and analyte detectability in all analyses, the voltage settings for ionization were optimized for each phase (Table S3). The ESI of all phases was found to be stable with a TIC variation of below 20%, except for the middle organic and lower aqueous phases of 3-PLE, where the TIC variation was up to 30%. Thus, despite using these unconventional organic solvents for ESI, the LLE DIP-MS setup was found to be robust.



To compare detected analytes from the extract in the different methods and phases, all data were aligned, and the detected metabolites and lipids were putatively annotated (experimental section of Supplementary Materials). Following, lipids and metabolites were grouped according to their molecular classes and plots were generated, with the circle size corresponding to the number of annotated molecules in that group (Figure 2, Tables S4 and S5). The results show a great difference in detected analytes between the LLE methods, LLE phases, and ionization modes. Overall, all LLE methods were found to provide a wide coverage of detected classes, despite the use of unconventional ESI solvents. Moreover, in all LLE methods, small polar metabolites were separated from phospholipids and neutral lipids, which is expected based on previous work [34,36,46]. For BD, the lower organic-rich phase contained a large amount of different lipid classes in both positive and negative ionization modes. Similarly, the upper organic-rich phase of BUME contained a large amount of lipid classes. In 3-PLE, the majority of the lipids in the negative mode were detected in the middle organic-rich phase while in the positive mode, both the middle and the upper organic-rich phases contained lipid species. Overall, the partitioning of the compounds between the aqueous and organic phases was found to be in agreement with their log p values (Table S6). The compounds with log p < 1, which are small metabolites, were found in the aqueous phases, while compounds with log p > 1, corresponding to lipids, were found in the organic-rich phases [47]. Comparably, the BD and BUME methods provided a higher coverage of lipid species than the 3-PLE method. For instance, in positive mode, BD and BUME enabled the detection of 62 and 90 lipid species, respectively, while 3-PLE enabled the detection of 48 lipid species when considering both organic phases (Tables S4 and S5). The BUME method enabled the detection of more lipid species than the BD method, with 90 and 85 species detected for BUME and 62 and 75 species detected for BD in the positive and negative modes, respectively. However, the BD method contained a large amount of the toxic solvent chloroform in the lower phase of BD, which should be avoided if possible. Thus, out of the three evaluated methods, the preferred method for online LLE DIP-MS was found to be BUME.




3.3. Characterization of BUME for Online LLE ESI-MS


In BUME, the upper organic-rich phase mainly contains lipids, while the lower aqueous-rich phase mainly contains metabolites. However, artifacts during ionization of either phase may limit detectability. In an experiment, a larger volume of BUME solvents was mixed and the two phases were manually separated into two vials of equal volume (Figure 3A). Following, equal volumes of a standard solution containing known metabolites and lipids at known concentrations were added into each vial containing either the organic or the aqueous BUME phase, for subsequent DIP-MS analysis (Figure 3A, Tables S1 and S2). The acquired data were plotted as response curves, with the signal of the analyte normalized to the total ion current (TIC) (Figure 3B–D and Figure S1). The TIC is on average 8 × 107 for the aqueous phase and 2 × 10 8 for the organic phase. Several observations can be made: the slope of phenylalanine is much higher in the aqueous phase (2 × 10−5) compared to the organic phase (9 × 10−6), the slope of choline is much higher in the organic phase (6 × 10−5) than in the aqueous phase (8 × 10−7) and, the slope of creatine is similar in the organic (1 × 10−3) and aqueous phases (1.6 × 10−3). This suggests that analytes can be ionized in both phases, but the efficiency of ionization of each species is solvent-dependent. The ion evaporation model [48,49] of ionization mechanisms in ESI states that small analytes close to the droplet surface will preferentially be ejected and thereby ionized [42,48,50,51,52]. Thus, in addition to differences in the evaporation of the solvent, our results indicate a solvent-dependent difference in the distribution of choline, phenylalanine and creatine inside the ESI droplets that directly impacts ionization. Nevertheless, these results show that both the aqueous-rich and the organic-rich phases provide reasonable but analyte-specific ESI of metabolites and lipids.




3.4. Rapid Workflow for Cellular Metabolomics and Lipidomics


Metabolite and lipid profiling with online LLE DIP-MS opens up new possibilities to rapidly analyze a larger number of low-volume cellular extracts with low cell density to learn about chemical alterations in biological systems. The established workflow was therefore used to analyze the many samples required for time-resolved analysis of metabolic alterations in insulin-secreting cells after glucose exposure. In this experiment, INS-1 cells were cultured to confluency in 24-well plates, averaging 405,750 cells/well, with an RSD of 6% as determined by manual counting using a Bürker chamber. Following, the attached cells were quickly washed with water to remove media contaminants and then butanol/methanol (3:1) was added to lyse the cells and extract analytes. An aliquot of the extract, corresponding to 27,000 cells, was used for LLE DIP-MS analysis. This low amount of cells is orders of magnitude less than typical omics studies [53,54]. In addition to BUME DIP-MS, an equal aliquot of the sample was analyzed using the one-phase solvent, methanol/water (9:1). This was chosen for comparison of detected analytes from the cells since previous reports have used solvent systems containing different compositions of methanol/water to detect small metabolites and lipids with direct infusion techniques [28,55,56,57,58,59]. For the LLE samples, the final cell density was 242 cells/µL of total volume or, in the case of full partitioning, 483 cells/µL and 520 cells/µL for aqueous and organic phases, respectively. For the MeOH:H2O solution, the final cell density was 500 cells/µL, which is an almost equal amount of cells for comparison between the methods. Furthermore, the volume of each LLE phase and the methanolic solution was the same, 54 µL, showcasing that the LLE DIP-MS can be used to analyze samples containing low cell numbers in small volumes.



The sample aliquots were analyzed with DIP-MS, either the one-phase MeOH:H2O or the two BUME phases, and the detected analytes were putatively assigned using accurate mass (<5 ppm). The results show that the BUME DIP-MS increased the detectability of lipids compared to MeOH:H2O (Figures S2–S4). In particular, the organic-rich phase of BUME enabled the detection of additional lipid classes, which showed intensities >1.3 times the blank in all three replicates in both positive and negative modes. For example, FA, MG, PI, PS, PG, SPB and n-acyl taurine species were only detected in the organic-rich phase of BUME (Figures S2–S4). In the aqueous-rich BUME phase, the detected metabolites were similar to the metabolites detected in the methanolic solvent, including amino acids, creatine, taurine and glucose derivatives (Figures S3 and S4, Tables S7 and S8). However, in our experience, the methanolic solvent in general provided better ionization than the aqueous phase. The quick separation step of lipids and metabolites into two phases, in the same vial used for analysis, was achieved within 45 s per phase. This includes time for sample movement and acquisition of 30 s of stable data, making this method ideal when higher throughput analysis is required. Overall, this rapid workflow with minimal manual handling time provides opportunities to increase the number of detected analytes per sample, even samples with low volumes and low cell densities, and allows for analysis of a large number of samples within minimal time.




3.5. Time-Resolved Analysis of Glucose-Exposed INS-1 Cells


One biological system that is chemically dynamic over time is the release of insulin from beta cells upon exposure to glucose. The immortalized INS-1 cell line enables the study of the insulin mechanism behind type 2 diabetes [60]. Specifically, upon an increase in glucose in the medium, the cellular metabolome is altered for the release of insulin. This process has been shown to occur in a biphasic manner in individuals, where the first phase starts within 2 min and lasts for around 10 min, and plateaus 2–3 h after glucose exposure [61]. The intricate internal events that occur within the first 15 min of glucose exposure are still being elucidated [61]. With the fast, sensitive and high-throughput analysis of minute samples that is achievable with online LLE DIP MS, the metabolome dynamics in INS-1 cells upon glucose exposure can be studied at several time points.



The metabolome dynamics at different time points can potentially be further clarified with the less complex chemical matrix by using LLE-DIP MS. In an experiment, INS-1 cells were cultured to confluency in 24-well plates, as described above. Following, the cells in all the wells were exposed to 20 mM glucose. The exposure times of different wells were stopped at ten time points (0, 1, 2, 3, 4, 5, 6, 8, 10 and 15 min) by lysing the cells with a butanol/methanol (3:1) solution according to the established BUME workflow. Subsequently, a 100 µL solution was removed and 10 µL of the solution was freeze-dried to remove the solvent and allow for reconstitution in any solvent. Here, the solvent systems that were selected for comparison were again the one-phase solvent system MeOH:H2O (9:1) and the BUME system. Reconstitution was achieved by adding the respective solvents to the freeze-dried material. Following, all samples (MeOH:H2O and the two BUME phases) were analyzed with DIP-MS or LLE DIP-MS, respectively, in both positive and negative modes. The analysis was performed using triplicates of all samples and in total 180 measurements were conducted, including blanks. Due to the high throughput with minimal required sample handling and analysis, all 180 samples were analyzed within 3 h. Following, data from all samples were extracted and analytes were putatively annotated based on accurate mass (<5 ppm) prior to plotting their relative intensities at the ten different time points to elucidate metabolome dynamics.



The results show that time-resolved analysis provides extensive analyte and methodological information. For example, glucose was detected in three different mass channels across the two different ionization modes in both the aqueous-rich BUME phase and the MeOH:H2O solvent. Specifically, glucose was detected in negative ion mode both as deprotonated and chloride adduct and in positive ion mode as sodium adduct, in both the aqueous phase of BUME and in the MeOH:H2O solvent (Figure 4A–C). In all six cases, the time-resolved data show that the dynamics of glucose are equal, with a sharp increase within the first 2 min followed by more variation in the later time points (Figure 4A–C). The large error bars at the different time points could potentially be attributed to variations in cell number in the different samples or to differences in time of glucose exposure since this was performed manually. However, the consistent profile of intracellular glucose despite adduct ion and solvent composition suggests that the error bars originate from biological variability. Overall, the comprehensive analysis of several phases and adductions validates the dynamics of intracellular glucose in INS-1 cells.



The first intracellular metabolic pathway of glucose is glycolysis, where glucose is converted into pyruvate in several steps while generating energy in the form of ATP and NADPH. Glucose-6-phosphate and glycerol-3-phosphate are two intermediate metabolites in glycolysis that have been previously reported to be altered in glucose-stimulated INS-1 cells [62,63,64]. Both of these metabolites are detected as deprotonated ions in both the aqueous phase of BUME and the MeOH:H2O (9:1) using DIP-MS (Figure 4D,E). The time profiles of glucose-6-phosphate and glycerol-3-phosphate are very similar, with a constant increase of 1–4 min for each metabolite after glucose exposure. This suggests that glucose exposure increases the rate of glycolysis over time, similar to previous reports.



Of noteworthy, error bars of glucose-6-phosphate and glycerol-3-phosphate are overall smaller in the aqueous phase of the BUME compared to the MeOH:H2O solvent. This is reasonable due to their high solubility in water and their low detected intensity, which would make them more sensitive to ionization suppression by other analytes in the MeOH:H2O solvent. Even smaller error bars are found at the later time point for FA 16:0, 16:1 and 16:2, which all have similar profiles and are only detected in the organic-rich phase of BUME (Figure 4F and Figure S5). Finally, the low standard deviations at higher time points for the fatty acids indicate that biological variations in fatty acids after glucose exposure decrease after 5 min.



Although glucose, glucose-6-phosphate and glycerol-3-phosphate have been previously reported to be altered in glucose-stimulated INS-1 cells, this is the first report on minute resolved intracellular dynamics. LPE, which is also detected at low intensity in the MeOH:H2O solvent, is, to the best of our knowledge, the first report on its implication in insulin release (Figure 4G). Similarly, we report the dynamics of C16 and C18 sphinganines that are only detected in the organic phase. The intensity of both sphingosines increases between 5 and 10 min after exposure to glucose, which could be an indication of their importance in the transition into the second phase of insulin release (p-values after 6 min are between 0.001 and 0.033) (Figure 4H,I). Sphinganines can be linked to sphingolipid metabolism, which has been previously shown to be altered in patients with type 2 diabetes [65,66]. Although changes in sphingolipid metabolism have been reported in the glucose-exposed mouse insulinoma-6 (MIN6) cell line [67], our results are, to the best of our knowledge, the first to show these time-resolved alterations in sphingolipid metabolism in INS-1 cells. Overall, the results show that online LLE DIP-MS can be used to rapidly enable new insights into biological systems, such as the time-sensitive dynamics of the metabolome in INS-1 cells that are linked to insulin release.





4. Conclusions


Despite using non-traditional solvents for ESI-MS for the online LLE DIP-MS analysis, high coverage and detectability of various metabolite and lipid classes are found for all three LLE methods that were compared. Additionally, for all methods and phases, the DIP-MS is stable after only 10 s, enabling a rapid switch between phases. Out of the compared LLE methods, the BUME method was preferred since it showed high separation of lipids into the organic-rich phase and low solvent toxicity with more detected analytes than with a comparable one-phase system. The online LLE DIP-MS system can handle minute sample volumes since the phases do not need to be transferred after phase separation, which opens the opportunity to use samples with low cell counts. This is exemplified here by looking at time-resolved metabolomics and lipidomics from INS-1 cells exposed to high glucose with minute resolution. The separation into the two BUME phases prior to DIP-MS provides additional detectability of several lipids that show dynamic intracellular alterations in INS-1 cells exposed to glucose. Overall, we foresee the online LLE DIP-MS to be a useful tool when analyzing a large number of low-volume samples in a rapid manner and with high detectability of metabolites and lipids.
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Figure 1. (A) Schematic of online LLE DIP-MS sampling with two phases depicted in purple and green. (B) Schematic of sampling and data from the upper and lower LLE phases of online LLE DIP-MS. 
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Figure 2. Analysis of tissue extract with online LLE DIP-MS from individual phases of three LLE methods (BD, BUME, and 3-PLE) in positive (left) and negative (right) modes. Bubble size represents the number of putatively annotated analytes for each class using an in-house-generated analyte list. The abbreviations of the classes are as follows: EAA, essential amino acids; OSM, other small metabolites; FA, fatty acyls, fatty acids, and fatty aldehydes; PC, phosphatidylcholines; LPC, lysophosphatidylcholines; PE, phosphatidylethanolamines; LPE, lysophosphatidylethanolamines; PS, phosphatidylserines; LPS, lipopolysaccharides; MG, monoacylglycerols; DG, diacylglycerols; SM, sphingomyelins; SPB, sphingoid bases; Steroids, sterols and sterol lipids; Cer, ceramides; SHexCer, sulfatide species; PI, phosphatidylinositols; LPI, lysophosphatidylinositols; PA, phosphatidic acids; LPA, lysophosphatidic acids; PG, phosphatidylglycerols; and LPG, lysophosphatidylglycerols. 






Figure 2. Analysis of tissue extract with online LLE DIP-MS from individual phases of three LLE methods (BD, BUME, and 3-PLE) in positive (left) and negative (right) modes. Bubble size represents the number of putatively annotated analytes for each class using an in-house-generated analyte list. The abbreviations of the classes are as follows: EAA, essential amino acids; OSM, other small metabolites; FA, fatty acyls, fatty acids, and fatty aldehydes; PC, phosphatidylcholines; LPC, lysophosphatidylcholines; PE, phosphatidylethanolamines; LPE, lysophosphatidylethanolamines; PS, phosphatidylserines; LPS, lipopolysaccharides; MG, monoacylglycerols; DG, diacylglycerols; SM, sphingomyelins; SPB, sphingoid bases; Steroids, sterols and sterol lipids; Cer, ceramides; SHexCer, sulfatide species; PI, phosphatidylinositols; LPI, lysophosphatidylinositols; PA, phosphatidic acids; LPA, lysophosphatidic acids; PG, phosphatidylglycerols; and LPG, lysophosphatidylglycerols.



[image: Metabolites 14 00587 g002]







[image: Metabolites 14 00587 g003] 





Figure 3. DIP-MS analysis of pre-separated and standard doped BUME phases. (A) Experimental setup: the phases used in the BUME extraction were separated and standards were added to each phase, which were then analyzed with DIP-MS. (B–D) Relative signals (normalized to TIC) for standards at different concentrations. In each graph, the data for the lower aqueous phase are presented in green and for the upper organic phase in purple. n = 3 for each point. 
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Figure 4. Time-resolved information on selected metabolites (A–E) and lipids (F–I) analyzed with the DIP-MS (orange) and the aqueous (green) and organic (purple) phases of the online LLE DIP-MS from INS-1 cells exposed to 20 mM glucose for different time durations (0, 1, 2, 3, 4, 5, 6, 8, 10 and 15 min). The glucose signal has been normalized to the signal of glucose-d2 while the rest have been normalized to the TIC. The error bars correspond to one standard deviation of triplicates of sample preparation. 
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