Metabolic profile of human extracoelomic cavity fluid, during pregnancy
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Abstract

Coelomic fluid (CF) and coelomic fluid cells (CFC) content have been used for diagnosis of chromosomal abnormalities and accurate prediction of fetal gender. However there is very limited knowledge on the molecular content of both CF and CFC. This study presents the first attempt to elucidate the metabolic profile of such samples. CF and CFC were collected via coelocentesis from 41 women during the first trimester of gestation. Metabolic profiling studies were performed using four different analytical platforms. Targeted analysis was performed using a hydrophilic interaction Ultra High Performance Liquid Chromatography - tandem Mass Spectrometry (HILIC UPLC-MS/MS) able to identify and quantify ca 100 metabolites.  Holistic analysis was performed by Gas Chromatography-Mass spectrometry (GC-MS), Nuclear Magnetic Resonance (NMR) spectroscopy and Ion Cyclotron Ultra-High Resolution Mass Spectrometry. 

Targeted analysis enabled the identification and semi-quantitation of 67 and 47 polar metabolites respectively. GC-MS analysis identified 52 and 42 metabolites CF and CFC respectively. NMR analysis allowed identification of 21 compounds in CF. FT-ICR-MS enabled ….

Our observations suggest CF and CFC as promising biosamples, rich in metabolites with potential use for prognostic and/or diagnostic purposes. 

1. Introduction 

Exocoelomic cavity (EEC) is probably one of the least explored physiological body fluid cavities in the human body. During the fourth week of gestation, the exocoelomic cavity or extraembryonic coelom splits the extraembryonic mesoderm into two layers: the splanchnic mesoderm lining the secondary yolk sac and embryo, and the somatic mesoderm adjacent to the trophoblast. EEC is the largest space inside the human gestational sac up to 9 weeks gestation. After 10 weeks, the EEC starts shrinking with expansion of the amniotic cavity.  EEC is an essential nutritional pathway for the early fetus before the placental circulation is fully establishes. Coelocentesis has a success rate of >95% between 6 and 11 weeks of gestation. In theory, it is the ideal alternative for early amniocentesis and chorionic villous sampling because the risk of directly injuring the growing embryo or damaging its placenta is very low. The safety of celocentesis in continuing pregnancies still remain to be assessed. 
Several authors have proposed using coelomic fluid cells for prenatal diagnosis. Different techniques have been used, including fluorescence in-situ hybridization (FISH) and polymerase chain reaction (PCR) to identify fetal sex, DNA amplification to identify single gene disorders such as sickle cell anaemia or beta-thalassaemia and standard cytogenetic cultures. Prenatal diagnosis in the first trimester could provide early reassurance to most mothers that their fetus is not affected by the genetic disorder under investigation. There is very limited knowledge on the metabolic content of both coelomic fluid (CF) and coelomic fluid cells (CFC). This study presents the first attempt to elucidate the metabolic profile of coelocentesis samples.
2. Experimental 

2.1.  Reagents and Materials
All solvents used were of LC/MS analytical grade.  Acetonitrile and methanol were obtained from Carlo Erba (Val de Remil, France). Water (18.2 MΩ) was purified in Milli-Q device, Millipore Purification System (Merck Darmstadt, Germany). Ammonium formate, formic acid, sodium phosphate dibasic anhydrous, sodium phosphate monobasic dihydrate, sodium maleate dibasic anhydrous were purchased from Sigma Aldrich (Gillingham, Dorset UK), and deuterium oxide 99.90 % was obtained from Euriso-top (France). Derivatization agents: Ν-methyl-N-trifluoroacetamine (MSTFA) was purchased from ThermoScientific while methoxyamine hydrochloride (MeOX), trimethylochlorosilane (TMCS) and pyridine were provided from Alfa Aesar (Karlsruhe, Germany). A fatty acid methyl esters (FAMEs) mixture solution (C4-C24, 10 Supelco™ 37 Component FAME) was also purchased from Sigma-Aldrich.  Bond Elut PPL cartridges (100 mg, 1 mL), a styrene-divinylbenzene  polymer that has been modified with a proprietary non-polar surface, was obtained from Agilent. All other used standards were of analytical or higher grade and for this study obtained from various vendors.

The standards used for spiking in targeted analysis were of analytical or higher grade and for this study obtained from various vendors. Standard mixtures of polar metabolites were prepared from the stock solutions by appropriate dilution with ACN/H2O, 95:5 (v/v). All the analytes used within method were classified in three different concentration groups based on their reference concentrations for AF since CF and cells concentrations have not been previously been reported: Group A (0.01-2 mg/l) Group B (0.2-18 mg/l) and Group C 5-95 mg/l). 
2.2. Subjects and samples

Coelocentesis was performed on 41 women between 8-10 weeks of gestation, undergoing termination of pregnancy for psychosocial reasons. The procedure was previously reported. [Makrydimas G, Georgiou I, Kranas V, Zikopoulos K, Lolis D, 1997, Prenatal diagnosis of beta-thalassaemia by coelocentesis. Molecular Human Reproduction 3, 729–731]. The CF samples were collected at University Hospital of Ioannina (Greece).  The study was approved by the ethical committee of the hospital and informed consent was obtained before collection of materials. CF aspirated was 1-2.5 mL. Coelomic cells were isolated after centrifugation of the CF at 20000 g for 10 min. Coelomic fluid is pure in cells (0-10600 cells/mL) [Jouannic J-M, Tachdjian G, Costa J-M, Bénifla J-L, 2008, Coelomic fluid analysis: the absolute necessity to prove its fetal origin 16:1, Reproductive BioMedicine Online, 148-151] All samples were stored at -80 °C immediately after collection.

A pooled sample of 41 CF was prepared by an aliquot of 50 mL of each sample. This pooled sample was used for the quality control (QC) samples in UPLC-MS/MS and as representative sample for targeted and untargeted analysis. For coelomic cells, 10 samples were mixed to prepare a representative sample of metabolic content, as described in GC-MS sample preparation section. 
2.3 NMR Spectroscopy 

2.3.1 Sample preparation
 CF sample were thawed for approximately 2 hours on ice before further elaboration. The sample was prepared by adding 150 μL phosphate buffer in D2O to 400 μL of CF. The mixture was centrifuged (10,000 rpm, 4 °C, 10 minutes) and 50 μL of sodium maleate was added as internal standard (distinct resonance peak in the 1H NMR spectrum at 5.95 ppm) to 500 μL of the supernatant and transferred into 5mm NMR tubes for subsequent spectral analysis. 
2.3.2 Analysis


NMR spectra were recorded, at 25 °C, on a Varian-600 MHz NMR spectrometer (Varian Inc., Palo Alto, CA) with a 1H {13C – 15N} 5mm PFG Autox ID probe. 

The Presat pulse sequence was applied. Spectra were collected with 128 transients using a 4 s acquisition time and 64K data points. Relaxation delay was set to 2 s. Receiver Gain was kept set to 30. All FIDs were zero-filled to 64k data points and subjected to line broadening of 0.5 Hz. The 1H-NMR spectra was processed and analyzed with the use of MestReNova software version 10.0. 


A series of 2D experiments, gCOSY, gHMBCad, gHSQCad were recorded at 25 οC and permitted the assignment of the existing metabolites. The acquisition parameters for gCOSY were: spectral width (SW) 7225.4 Hz, t1 increments 400, acquisition time 0.150 s, number of scans 192, 1084 data points, receiver gain 30 and relaxation delay 1 s. The acquisition parameters for gHSQCad were: f2 spectral width (SW) 7225.4 Hz, f1 spectral width (SW) 30165.9 Hz, t1 increments 256, number of scans 256, acquisition time 0.150 s, 1084 data points, receiver gain 40 and relaxation delay 1 s. The acquisition parameters for gHMBCad were: f2 spectral width (SW) 7225.4 Hz, f1 spectral width (SW) 36199.1 Hz, t1 increments 256, number of scans 256, acquisition time 0.150 s, 1084 data points, receiver gain 40 and relaxation delay 1 s. The interpretation of 2D spectra was performed with the use of MestReNova software version 10.0. Metabolite identification was assisted by the combined use of a reference metabolic 1H NMR database (Chenomx Suite 7.6), spiking experiments and literature data.

2.4 GC-MS analysis

2.4.1 Sample preparation
 Sample preparation for CF was as follows: A volume of 200μLacenotrile was added to 100 uL of CF and the mixture was vortexed for 10 min, kept at -20 °C for 5 min and subsequently centrifuged at 7000 rpm for 18 min. A glass vial was used to transfer 200μLof the supernatant. The solvent was evaporated till dryness under stream of nitrogen followed by derivatisation.
For coelomic cells a different procedure was followed in order to extract intracellular metabolites. Cell samples were dissolved in 100 μL of cold methanol-acenotrile-water 4:2:4 (v/v/v) and 3 cycles of sonication –freezing steps were carried out lasting 5 min each.  In total 10 sample extracts of intracellular content were mixed, vortexed for 10 min and sonicated for 5 min. Centrifugation and evaporation steps were performed as for CF samples.
Derivatization of metabolites.  A two-step derivatization protocol was applied for both CF and CFC extracts. Extracted residues were reconstituted in 50 μL of 20 mg/mL methoxyamine hydrochloride (MeOX) in pyridine and incubated for 1.5 h at 60 °C. In the second step 80 μL of MSTFA (1% TMCS) derivatization agent was added and samples were incubated at 60 °C for another 1.5 h. In-between incubation the samples were vortexed in order to achieve homogenization and effective derivatization. Derivatized matrices were subsequently transferred to GC-MS vials for direct analysis. 

2.4.2 Analysis
Analysis was performed with a GC-MS Agilent Technologies (Wilmington, DE, U.S.A.) system consisting of a 7890A GC with programmable temperature vaporizing inlet (PTV- glass liner 1.8 mm i.d.), a quadrupole mass spectrometer (MS 5975 C inertXL EI/CI MSD with Triple-Axis Detector) and a CTC PAL autosampler (CTC-CH 4222, Analytical, Zwingen, Switzerland). A 1μL aliquot was injected into an Agilent HP-5ms (29 m × 250 um × 0.25 um) in splitless mode. The programmed temperature vaporizing injector was held at 150 °C for 0.3 min, then increased by 270°C/min from 150 to 320°C where it was held for 6 min. The GC oven temperature was increased by 5°C/min from 70°C to 100°C, then it was held for 1 min, again was increased from 270 to 350°C by 5°C/min from 100°C to 200°C and finally by 10 °C/min from 200 to 260°C for a total run time 41 min per sample. Helium as carrier gas was set at a flow of 3 mL/min. The ion source injector temperature was set at 230 °C. Ions were generated by a 70 eV electron beam and the mass spectrometer was using electron ionization source in a full scan mode over the range from m/z 50 to 800. The aCFCeleration voltage was turned on after a solvent delay of 5 min.
2.5 FT-ICR-MS
2.5.1 
Sample preparation
 The extraction procedure for FT-ICR analysis was performed as follows. Bond Elut-PPL cartridges were placed in a vacuum elution apparatus and preconditioned passing 2 mL of methanol containing 0,1% formic acid and subsequently 2 mL of water:methanol  95:5 (v/v) containing 0,1 % formic acid (solvent 1). An aliquot of 20μLextracted QC CF sample, as described in LC-MS sample preparation section, and 20μLof extracted CFC mixture (as described in GC-MS section) were individually diluted with solvent 1 to 500 μLand loaded onto the preconditioned column under vacuum. Then the cartridges were washed twice with solvent 1 and the sample was eluted twice with 250 μL of solvent 2 (water:methanol 5:95 v/v,  0,1 % in forming acid). Finally 125 μL of water containing 0,1% formic acid was added. The eluents were mixed prior to analysis.

2.5.2 Analysis

 Samples were diluted 1:200 for positive and 1:62 (v/v) for negative ionization mode respectively with 70 % MeOH before analysis. The analysis was performed on a Bruker solariX equipped with a 12 T magnet and an Apollo II ion source (Bremen, Germany). The samples were introduced with a syringe pump, at a flow of 120 μL h−1. Settings for the ion source were: drying-gas temperature = 200 °C, drying gas flow = 2.4 L min−1, nebulizer-gas flow = 1.1 L h−1, capillary voltage = 4500 V, spray shield = −500 V. The mass spectrometer was externally calibrated on cluster of arginine (10 mg L−1 in MeOH). Spectra were obtained in positive mode with an m/z range from 100 to 1000 at 2 megawords and 300 scans were accumulated for one spectrum. All tubing, the syringe, and the sprayer needle were thoroughly washed between samples to prevent cross contamination of the spectra.
Spectra were internally recalibrated and exported as a masslist file (.asc) at a signal-to-noise ratio of 3, using Bruker Data Analysis 4.2 (Bremen, Germany). A matrix, containing an aligned mass list with the corresponding intensities for each sample, was generated using an in-house software tool with a window width of 1.0 ppm for peak alignment [23]. All masses were uploaded to an in-house version of MassTRIX [25, 26] with a search range of 1.0 ppm for possible metabolite annotation. Mass difference networking for formula calculation was performed as described [Tziotis et al EMS, Moritz et al Journa of Breath Research 2015]. Further analysis was carried out in Excel 2013 (Microsoft) and Gephi for network visualization.
2.6 LC-MS/MS 

2.6.1 Sample preparation 
Samples were allowed to thaw at room temperature.  A volume of 200 μL ice-cold acetonitrile was added to CF sample aliquots and vigorously vortexed for 10 min at room temperature.  Subsequently samples were centrifuged for 18 min (7000 rpm) after a 5 min freezing at -20 °C. Supernatants were transferred to LC/MS vials prior to analysis. Coelomic cells samples were treated with 100 μL of cold methanol-acenotrile-water 2:3:1 (v/v/v) and 3 cycles of sonication –freezing steps  (-20 °C) were carried out for 5 min each one. Centrifugation was applied as coelomic fluid samples and supernatants were acquired.
2.6.2 (HILIC) UPLC-MS/MS Targeted Analysis

Chromatography was performed on an Acquity BEH Amide Column (2.1 mm x 150 mm, 1.7 um) protected by an Acquity UPLC Van-Guard pre-column (Waters Ltd, Elstree UK), using a Acquity UPLC System (Waters Corporation Millford, USA). Temperature was maintained constant at 40 °C. Separation was performed under gradient elution using a binary mobile phase system consisting of solvent A: acetonitrile/water 95:5 (v/v), and solvent B: water: acetonitrile 70:30 (v/v). Both solvents contained 10 mM ammonium formate. Gradient elution program started with a 4 min isocratic step at 100% A, then rising to 40% B linearly over the next 21 min and finally reaching 85% B over 5 min. The column was equilibrated for 10 min in the initial conditions. Flow rate was 0.5 mL/min. Injection system was subjected to two washing cycles with a strong solvent (95:5, acetonitrile/water, 0.1% HCOOH) and a weak solvent (70:30, water/methanol, 0.1% HCOOH) prior to injection and one cycle of 6 sec with strong solvent for post wash.

Mass spectrometry was carried out on Xevo TQD system (Waters). Electrospray ionisation was operating at positive and negative mode (polarity switching mode) during a single analysis. Capillary voltage was set at +3.5 kV or -3.5 kV. Block and desolvation temperatures were 150 °C and 350 °C respectively, desolvation gas flow rate was 650 L/h and cone gas was set at 50 L/h. Cone voltage and collision energy were optimized for each analyte in direct infusion mode. Multiple reaction monitoring (MRM) mode was applied for the detection and quantification of all the compounds. In total 108 transitions were monitored in specific time windows for total analysis of 40 min. Dwell time was set automatically from the software for the majority of the analytes while optimum dwell time was found for the compounds with low signal to noise ratio.

The method validation procedure has been described in a previous paper from our group []. Linearity, LOD, and LOQ have been calculated using a series of calibration standards. Repeatability and reproducibility of the method within batch and batch to batch was also assayed using a standard mixture of targeted analytes. The method proved reliable, sensitive, robust and linear over a wide range of concentrations.
















2.7 Data processing and statistical analysis
NMR spectra…bins… Liana please add
Post-analysis processing of the obtained GC-MS data was conducted using AMDIS software (Automated Mass Spectral Deconvolution and Identification System) and Agilent’s ChemStation software.  Raw data were processed with AMDIS using GC–MS spectral libraries, Agilent Fiehn Metabolomics Spectral Library and National Institute of Standards and Technology Spectral Library  identify metabolites. Retention Indices (RIs) were calculated using FAMEs mixture solution which served as an external standard. A mixture of 108 standards were also run through the GC–MS to confirm their identity. Parameters for AMDIS peak deconvolution and annotation were set according to obtained chromatographic peaks as follows:  match factor >70%, scan direction was set high to low, component width was set as 12, adjacent peak subtraction was set as two, resolution, sensitivity and shape requirements  were set as medium. 
The evaluation of chromatograms from targeted HILIC-MS/MS analysis was performed by Waters MassLynx and TargetLynx version 4.1 (SCN 882). The quantitative determination of endogenous compounds was performed by the application of the standard addition method. Quality control samples were quantified using a standard addition calibration curve. Nine QC aliquots (50ul each) of CF were spiked individually with 50 μL of standard mixtures of increasing concentrations. A calibration curve was created and the concentration of the endogenous metabolites was calculated as intercept/slope.

Multivariate statistical analysis was performed using Simca-P v13.0 software (UMETRICS AB Sweden). Partial least squared discriminant analysis (PLS-DA) was used for modelling differences between the metabolic profile of women with regards to the week of gestation, and for statistical evaluation of the models. 










3. Results and discussion
The aim of this study was the identification and quantification of several classes of metabolites in extracoelomic cavity content, CF and CFC. Typically in metabolomics studies due to the complexity of the studied samples and the diversity of physical and chemical properties of the analysed metabolites, application of multiple analytical platforms is the essential strategy in order to increase the metabolome coverage.
In untargeted analysis representative pooled samples were utilized both for CFC and CF samples while in targeted LC-MS/MS analysis both pooled samples and a set of 41 individuals samples were used for CF metabolomics based analysis. Targeted analysis was applied for 3 randomly selected CFC samples.
3.1 Literature survey of CF

As CF is difficult to be collected and only a small volume of liquid can be obtained, there is lack of knowledge on its metabolomics content. Several authors have proposed using coelomic cells for prenatal diagnosis. Different techniques have been used including fluorescence in-situ hybridization (FISH) and polymerase chain reaction (PCR) to identify fetal sex [Jurkovic D, Jauniaux E, Campbell S et al. 1993 Coelocentesis: a new technique for early prenatal diagnosis. Lancet 341, 1623–1624.] [Cruger DG, Bruun-Petersen G, Kolvraa S 1997a Quantitative evaluation of fluorescence in situ hybridization (FISH) signals in uncultured coelomic cells. Prenatal Diagnosis 17, 635–642.][Cruger DG, Bruun-Petersen G, Kolvraa S 1997b Turner’s syndrome 45,X found by coelocentesis. Prenatal Diagnosis 17, 588–589.][ Jouannic J-M, Tachdjian G, Costa J-M, Bénifla J-L, 2008, Coelomic fluid analysis: the absolute necessity to prove its fetal origin 16:1, Reproductive BioMedicine Online, 148-151.]. 

DNA amplification to identify single gene disorders such sickle cell anaemia [Jurkovic D, Jauniaux E, E, Campbell et al. 1995 Detection of single gene by coelocentesis in early pregnancy: a new approach to prenatal diagnosis of single gene disorders. Human Reproduction 10, 1287–1289.] or beta-thalassaemia [Makrydimas G, Georgiou I, Kranas V, Zikopoulos K, Lolis D, 1997, Prenatal diagnosis of beta-thalassaemia by coelocentesis. Molecular Human Reproduction 3, 729–731.]  and standard cytogenetic cultures [Cruger DG, Bruun-Petersen G, Kolvraa S 1997b Turner’s syndrome 45,X found by coelocentesis. Prenatal Diagnosis 17, 588–589.].
Although some studies have focused on the biochemical composition of the CF its metabolic content is still unknown [Jauniaux E, Cindrova-Davies T, Johns G et al. 2004 Distribution and transfer pathways of antioxidant molecules inside the first trimester human gestational sac. Journal of Clinical Endocrinology and Metabolism 89, 1452–1458.][ [Jauniaux E, Jurkovic D, Gulbis B, Gervy C, Ooms HA, Campbell S. Biochemical composition of exocoelomic fluid in early human pregnancy. Obstet Gynecol 1991;78:1124±8]. Until now microbiological assays have been performed for identification and or quantitation of metabolites in CF. The compounds that have been identified and semi-quantified were Vitamin B12 and folic acid [J. Campbell, N. Wathen, G. Perry, S. Soneji, N. Sourial, T. Chard. The coelomic cavity: an important site of materno-fetal nutrient exchange in the first trimester of pregnancy. British Journal of Obsteric and Gynaecology, 100,765-767], methionine and total homocysteine [R. Steegers-Theunissen, N. Wathen, … T. Chard. Maternal and fetal levels of rnethionine and hornocysteine in early human pregnancy. British Journal of Obstetrics and Gynaecology, 100, 20-24]
In another study 21 amino acids were identified and quantified in both coelomic fluid and amniotic fluid during the first trimester of pregnancy. The determination of amino acids is performed by ninydrin detection at automatic analyser and amino acid quantification were: glutamic acid ( 5±2 uL/mL), taurine ( 191±55 uL/mL), glycine ( 251±50 uL/mL), alanine ( 742±115 uL/mL), aspartic acid (6±2 uL/mL), lysine (703±78 uL/mL), serine (116±49 uL/mL), glutamine (694±94 uL/mL), valine (403±39 uL/mL), threonine (289±51 uL/mL), proline (289±50 uL/mL), leucine (221±22 uL/mL), arginine (204±34 uL/mL), isoleucine (101±8 uL/mL), phenylalanine (130±17 uL/mL), asparagine (101±19 uL/mL), tyrosine (111±19 uL/mL), cystine (91±15 uL/mL), methionine (48±8 uL/mL), histidine (170±31 uL/mL), ornithine (112±22 uL/mL), tryptophan (29±7 uL/mL), citrulline (10±2 uL/mL), a-aminobutyric acid (33±15 uL/mL). [Eric Jauniauxa, Beatrice Gulbis, Erik Gerlo, Charles Rodeck. Free amino acid distribution inside the first trimester human gestational sac Early Human Development 51 (1998) 159–169]
Polyols such inositol, glycerol, mannose, glucose, galactose, sorbitol, fructose, erythritol, ribitol, mannitol, galactosamine, glucosamine were identified and quantified by anion exchange HPLC but there is lack of information about the quantification and validation of the method. [Eric Jauniaux, Joanne Hempstock, Cecilia Teng, Frederick C. Battaglia, and Graham J. Burton, Polyol Concentrations in the Fluid Compartments of the Human Conceptus during the First Trimester of Pregnancy: Maintenance of Redox Potential in a Low Oxygen Environment,The Journal of Clinical Endocrinology & Metabolism 90(2):1171–1175]. 

3.2 NMR 
Fig. 1 shows a representative high resolution NMR spectrum of CF.  Analysis of the NMR spectrum resulted in the identification of 26 compounds (Table 1). 
Out of these 26 identified compounds, 12 were amino acids, 10 were organic acids/hydroxyacids and 4 were other metabolites belonging in various classes. The amino acids were also identified by LC-MS/MS and GC-MS (except for histidine) as presented in Table 2. Of these 12 amino acids were also quantified by LC-MS/MS method and as can been seen in Table 4 their concentrations were relatively high. 
One interesting observation was the detection of methanol. Methanol was reported present in several biofluids (blood, breast milk, urine, saliva etc) in normal and abnormal conditions [hmdb, plosone]. Although the abundance observed in NMR spectrum is relatively high, but this could be the result of exogenous contamination during sample preparation.
3.3 GC-MS 

The results of GC-MS qualitative analysis of CF and CFC are given in Tables 2 and 3.  In total 52 and 41 metabolites were identified by GC-MS in CF and CFC respectively. Thirty nine (39) identified metabolites were found to be common in the two matrices.  Figure 2a illustrates a GC-MS total ion chromatogram of pooled  extract CF sample.  
Among the detected compounds, 18 were amino-acids, 9 carbohydrates/sugars and 18 organic acids including 5 free fatty acids. Identification of co-eluting compounds and compounds with similar chemical structure and retention time, like carbohydrates and sugar alcohols, was achieved by applying optimized AMDIS deconvolution  parameters and RIs.  

Figure 2b illustrates a GC-MS total ion chromatogram of a mixed of 10 CFC extracts sample.  Except of hypotaurine and threonic acid all the other compounds were also found present in CF metabolic content.
Approximately over 60% of the detected peaks were annotated to a unique compound while for the remaining peaks only chemical formulas could be found. It is important to mention that some of the un-identified peaks may be derivatization byproducts or degradation products of original metabolites. 



3.4 LC-MS/MS

Data obtained from the analysis of 41 CF samples were studied using TargetLynx software with a quantification method developed by our group. This targeted method is able to identify and quantify 108 metabolites; of these 67 metabolites were identified; these were detected in all analysed CF samples. These 67 detected analytes were basically primary key-end points belonging to different chemical classes: 23 amino acids, 7 organic acids, 9 carbohydrates, 4 amines and 8 nucleotides. Additionally 17 compounds were classified to other chemical classes like vitamins, while non-endogenous compounds were also identified including cotinine, theobromine and caffeine. Overlaid chromatographic peaks of selected metabolites in CF QC sample can be seen in Figure 4.
Quantitation, of the detected compounds in a representative sample (QC pooled), was performed by the application of standard addition procedure. Concentration was calculated, using a standard addition calibration curve, as intercept/slope. Table 4a presents the concentrations of identified metabolites in a QC sample of CF. Concentrations ranged from 0.012 uM/L for thiamine to 3069.17 uM/L for lactic acid. Distributions of areas in detected compounds of 41 CF samples are presented in figure 3. The highest signal distribution within samples can be observed for galactose, 3-methylhistidine, caffeine cotinine and pyridoxine, metabolites that are basically related to nutrition and life style habits.
With regard to coelomic cells in total 46 compounds were detected in the intracellular content of 3 different samples. Compared to CF only 3 compounds were uniquely identified in coelomic cells namely benzoic acid, methylamine and adenosine. The detected compounds in intracellular content are presented in Table 3. Box plots of detected metabolites showing the distribution of concentrations in the samples are shown in Figure 3b. The maximum dispersion of peak areas was observed for cotinine, caffeine and theobromine.
Statistical analysis was performed using the areas of CF samples, in order to find correlations between the metabolic profile and the time of sampling: samples were obtained at 8-9 and 10th week of gestation. Peak tables were inserted in SIMCA P software, for Principal component analysis (PCA) of all samples including the quality control QC pooled samples. The QC samples were clustered together, indicating satisfactory stability and reproducibility of the chromatographic separation and mass measurement during the whole sequence ().

PLS-DA and OPLS-DA was used further to identify potential trends related to gestational age/week. The OPLS-DA score plot is shown in Fig (a). Distinct clustering between the two groups was achieved for CF samples. Two principal components were calculated with R2Y(cum)  and Q2 of 0.688 and 0.494 respectively. To control model overfitting, permutation test with 200 iterations were performed for both models, to compare the goodness of fit of the original model with that of randomly permutated models. Results Fig(b) shows that the generated model is robust and indicate strong influence of gestational week in the metabolic profile.

Loading plot was used for to study the contribution of the individual metabolites in the group classification. (Supplementary figure2). The markers on the edges of the plot were the most relevant metabolites for the separation of samples. Univariate statistical analysis was applied further and variables without significant pvalues (p>0.05) were not further considered eliminated. In total 8 metabolites passed these tests and were considered found to contribute significantly to the model. Specifically pyruvate, acetylcarnitine, inosine, uridine and hypoxanthine were found at higher levels in CF of women at the 10th week of pregnancy while the opposite was observed for thiamine and nicotinamide. THESE ARE 7 not 8. GT
3.5 FT-ICR-MS

Annotation of m/z features
Pooled samples from coelomic fluid and coelomic cells were subjected to FT-ICR-MS analysis in order to obtain an overview on the chemical space occupied in these samples. Positive ionization mode has been choosen, since it is richer in information. Spectra were internally recalibrated with errors below 0.2 ppm, aligned and subjected to metabolite annotation using MassTRIX [Wägele et al PlosOne, Witting & Schmitt-Kopplin Transcriptome and Metabolome Data Integration—Technical Perquisites for Successful Data Fusion and Visualization] and mass difference networking for formula calculation [Tziotis et al EMS, Moritz et al Journal of Breath Research 2015]. After removal of noise peaks using mass defect filtering 6695 peaks remained and could be annotated with a formula. 2524 masses were detected exclusively in coelomic cells, while 2248 were detected in the cells and the fluid and 1923 only in the fluid. Searching KEGG, HMDB, LipidMaps and MetaCyc with an in-house version of MassTRIX  with an error of 1 ppm 1874 masses could be annotated with known metabolites from these databases.
Formulas calculated by the network approach and obtained from annotation are in good agreement and show low errors <0.5 ppm for most cases. From these formulas a van Krevelen plot to visualize the chemical space was produced (Figure X
 A). Molecular formula obtained from the data are depicted in red, and biological valid formulas from KEGG, HMDB, LipidMaps and MetaCyc in grey. Large spaces of the lipid area covered. Additionally some parts of the amino acid and peptide region are also covered. This is also represented by the count of the molecular formula types (Figure X B), which shows high counts for CHO, CHON and CHONS type molecules. Searching for additional potential annotations for the sulfur containing metabolites in Metlin [cite http://www.ncbi.nlm.nih.gov/pubmed/16404815] several of them were annotated as Cysteine containing peptides.
The obtained mass difference network is highly connected and dense. For visualization of a subpart of the network (Figure X C) top 25 of the used reactions were used based on their count. These top 25 reactions included addition/removal of C1, C2 and C4 units, esterification and hydroxylation, which is also in line the mostly found CHO and lipid like species. The network in Figure X C depicts a highly connected region of CHO compounds. Annotations from biochemical databases within this subnetwork showed mainly fatty acids, oxygenated fatty acids, steroids and related substances, e.g. prostaglandins.
The obtained information is highly complementary to other used methods with covered mostly polar metabolites. Since FT-ICR/MS was utilized in direct infusion mode, only information on present molecular formulas, with some relation to potential biological entities can be given. For further elucidation of the chemical space different chromatographic methods, e.g. RP has to be used together with tandem mass spectrometry for metabolite identification. Most of the features were detected at the lower third of the intensity range in the FT-ICR/MS. Therefore metabolites have to strongly enriched to allow detailed characterization.
Despite, FT-ICR/MS gave a detailed snapshot of these new matrix and showed a rich chemical composition beside highly abundant polar metabolites.
3.6 Comparison of methods

Summarizing the above, four different analytical platforms were used in this study for mapping the metabolic content of CF and the intracellular content of CFC. The number of identified metabolites using both targeted and untargeted analysis for CF is illustrated in a Venn diagram (Figure 5). Specifically with NMR spectroscopy 26 compounds were identified; of these only 5 (methanol, formic acid, acetoacetic acid, acetic acid and methyl-3-hydroxybutyric acid) were unique compared to GC-MS and LC-MS/MS analysis. Venn shows 3 to be unique. 
Although, GC-MS seemed as more powerful technique for holistic analysis compared to NMR in the present study, both are important for an integrated study of the metabolic content of the two matrices. Additionally LC-MS/MS method proved a valuable tool for metabolic profiling analysis as 36 unique metabolites, compared to the other two techniques, were detected and in total 67 metabolites included in the metabolic content of CF were quantified for the first time. Amines and nucleotides were only detected by (HILIC) UPLC-MS/MS method while as it was expected more organic acids were identified using GC-MS instrumentation. Together the three methods were able to identify a common set of 97 compounds in CF. 

The intacellular metabolic content of CFC can provide additional information about the metabolome of extracoelomic cavity. In total 49 compounds of different chemical classes were identified by applying both targeted and untargeted analysis. Both mass spectrometry techniques assist in the coverage of the metabolic profile of CFC, as 22 and 27 unique compounds were identified using GC-MS and LC-MS/MS instrumentation respectively.

 


4. Conclusion


As mentioned above the present study represents the first attempt to cover the metabolic profile of bio-fluids in exocoelomic cavity. Until now it is known that coelocentesis is the earliest invasive prenatal diagnostic procedure that has been used in ongoing pregnancies to identify single gene defects.
 The metabolic mapping of both CF and CFC increases the relevant biochemical/clinical insight and can provide useful information for related research. Metabolic profiling of CFC shows promise for biomarkers discovery related to chromosome abnormalities. Developments in this area could enable researchers to acquire the molecular Karyotype using CFC at the 7th-9th week of gestation. In addition, CF was found to be rich in metabolites with potential of further use for the discovery of biomarkers  that could be realted to fetal growth or those that could affect pregnancy development and outcome.
The metabolic content of CF and CFC can provide molecular information about the role and function of this embryonic cavity. It is important to investigate the transportation of metabolites through the embryonic membranes and how the concentration of metabolites could be affected by embryonic physiology. The present paper provides for the first time data on the molecular content of CF and CFC.
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