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Graphical Abstract
General view of aberrant glutamate and glutamine metabolism in fetal ultrasound anomalies.







Introduction

Fetal structural anomalies, which can range from minor deficiencies in a single organ to severe multi-organ system malformations, have a considerable impact on fetal morbidity and mortality (1). Prenatal ultrasound is now regarded as a routine analysis in obstetrical care, and with increasingly high resolution, fetal structural anomalies are identified in approximately 3% of pregnancies. Fetal structural anomalies have various genetic causes, including chromosomal aneuploidy, copy number variations (CNVs), and pathogenic sequence variants in developmental genes (2). Genetic investigations are essential for the assessment and clinical triage of fetal structural anomalies. Clinically, when fetal anomalies are identified, further prospective evaluations included karyotype testing and chromosomal microarray analysis (CMA) to detect aneuploidies and CNVs (3, 4). Overall, approximately 32% of fetuses with a structural anomaly identified by ultrasound have a clinically relevant abnormal karyotype, and 6.5% of them have a causative CNV (1, 3–5). Additionally, where karyotype testing and CMA failed to determine the underlying cause, whole-exome sequencing was reported to identify a well-described genetic cause in 8.5-10% of fetuses with structural anomalies (2, 6). However, more than 50% of fetal structural anomalies are left without a prospectively screening or identification method.

Pregnancy is related to the onset of many adaptation processes that change throughout gestation (7). Maternal blood constantly exchanges with the fetus’s blood through the placenta to provide the nutrients needed for fetal growth and development. Amniotic fluid (AF) can also be considered a pool of metabolites reflecting the biological process of anabolism and catabolism (8, 9). The biochemical nature of AF and maternal blood makes them extremely valuable materials for fetal health diagnostics.

Spurred by tremendous technological advancements, the metabolome has become widely acknowledged as the dynamic and sensitive expression of biological phenotypes at the molecular level, placing metabolomics at the forefront of biomarker and mechanistic discoveries associated with pathophysiological processes (10). Untargeted metabolomics is applied to measure the most comprehensive range of compounds or putative metabolites present in an extracted sample without prior knowledge of the metabolome (11). In contrast, targeted metabolomics focuses on a small group (50–500) of compounds of interest; here, methods are generated and optimized for the investigation of specific metabolites and metabolic pathways with higher sensitivity and selectivity than untargeted metabolomics (12). The targeted analysis is also outstanding for hypothesis validation and expanding upon the results of untargeted analysis (13).

Liquid chromatography-tandem mass spectrometry (LC-MS/MS) is a current, routine, highly accurate application in newborn screening (14, 15). Similarly, metabolomics can be applied to fetal malformations by exploring the AF metabolome, and several studies have reported promising results (16, 17), revealing the possibility of using this technology in clinical practice. Since AF can reflect both maternal and fetal health, linking AF metabolic profiles with structural anomalies is conducive to biomarker discovery, and will better guide clinical practice.

The present study aimed to characterize the metabolic signature of AF in fetal structural anomalies. Also, we tried to investigate whether metabolic changes reflect maternal or fetal conditions. In this study, we measured AF metabolites in the structural anomalies and control groups from two independent cohorts using both untargeted and targeted metabolomics. First, a high-coverage untargeted metabolomic assay based on ultra-high performance liquid chromatography-tandem mass spectrometry (UHPLC-MS/MS) was applied to 137 participants (the discovery cohort). To assay the changes in metabolites more quantitatively, we performed targeted metabolomic analysis using the UHPLC-MS/MS system and isotope-labeled internal standards. The findings in the discovery cohort were confirmed by targeted metabolomic analysis of a validation cohort of 157 participants. At the same time, we analyzed maternal serum metabolites using targeted metabolomics, which reflected the amino acid metabolism of the mothers.



Materials and methods


Study design and participant enrollment

This study was approved by the medical ethics committee of Jiangxi Maternal and Child Health Hospital (Approval number: EC-KT-202210). All the participants provided written informed consent. All participants were recruited from the prenatal diagnosis center of Jiangxi Maternal and Child Health Hospital from June 2021 to March 2022. Inclusion criterion: Pregnant women who had an indication for amniocentesis, including structural anomalies and a positive result from maternal serum screening or non-invasive prenatal testing. Exclusion criteria: (1) abnormal karyotype or chromosomal microarray analysis results; gestational age beyond 140-154 days; (3) multiple pregnancies; (4) other risk factors for prenatal diagnoses. Finally, 294 participants were included and separated into the discovery (n= 137, from June 2021 to October 2021) and validation (n= 157, from November 2021 to March 2022) cohorts. Fetuses with structural anomalies were categorized into three phenotypic groups based on abnormalities in different organ systems detected by ultrasound, including cardiac, central nervous systems, and renal anomalies. The control group in this study included women with singleton pregnancies whose fetuses had no structural malformations, but who had indications for amniocentesis, including a positive result from maternal serum screening or non-invasive prenatal testing.



Collection and processing of samples

20-25 mL of AF and 3-5 mL of blood were obtained from the pregnant women at the time of amniocentesis. The AF was centrifuged at 1200 rpm for 10 min at 4°C, and the supernatant was collected. Blood was placed at 4°C for 1 h and centrifuged at 3000 rpm at 4°C for 10 min, and serum was collected from the upper layer. All samples were stored at -80°C before analysis, and their use for research was approved by the ethical committee. In the validation cohort, AF and blood samples were obtained from the same pregnant woman.



Untargeted LC-MS metabolomics profiling

Broad-based metabolomic profiling was performed using UHPLC-MS/MS platform. Further details are provided in the Supplementary Material.



Targeted LC-MS metabolomics data collection and processing

Fifty-four amino acids and their derivatives were quantified using a Shimadzu LC-20ADXR (Shimadzu, Kyoto, Japan) coupled with a Sciex 5500+ triple quadrupole mass spectrometer (AB Sciex, Singapore). Further details are provided in the Supplementary Material.



Statistical analysis

The metabolites included in the statistical analyses were those which were consistently detected in at least 80% of the samples. The metabolome data derived from different methods were normalized. Data scaling was assessed using Pareto scaling. Multivariate statistical analyses, partial least squares discrimination (PLS-DA), functional enrichment, metabolic pathway analysis of metabolites and lipids, and receiver operating characteristic (ROC) analysis, and the respective area under the ROC curve (AUC) were performed using an online data analysis platform- MetaboAnalyst 5.0 (https://www.metaboanalyst.ca). Unit statistical analyses, such as t-tests, were performed using SPSS software (version 26.0; IBM, USA). Bar and line plots were drawn by GraphPad Prism 8.0 (GraphPad Software Inc., USA). Chemical similarity enrichment analysis was conducted using ChemRICH R package (18), and significant metabolites alterations were visualized in an enhanced heat map in gplots package using the in R (version 3.6). All p-values involved in this study were two-tailed probabilities and were adjusted by false discovery rate (FDR). Differences were considered statistically significant at FDR <0.05.




Results


High-coverage untargeted metabolomics analysis revealed distinct metabolic signatures with amino acids predominantly changed in the structural anomalies group

To comprehensively detect the metabolic profiles of structural anomalies, we implemented a high-coverage untargeted metabolomic analysis of AF samples by integrating five different analytical methods that could cover both hydrophobic and hydrophilic metabolomes. Between June 2021 and March 2022, 1580 pregnant women whose fetuses were diagnosed with structural anomalies were screened for their eligibility for inclusion in our study (Figure 1). Finally, 137 and 157 participants prospectively enrolled in the study as described in Table 1. The untargeted metabolomic analysis enabled the detection and relative quantification of 602 metabolites in all AF samples. As shown in the PLS-DA score plot, the structural anomalies group was separated from the control group in the direction of the first principal component (Figure 2A). Running 10-fold cross-validation showed that the accuracy of one component was 0.87 (0.54 for R2 and 0.50 for Q2) (Supplementary Table 1). Moreover, 321 metabolites were identified as differential metabolites between the structural anomalies and control groups (FDR, q <0.05) (Supplementary Table 2, Supplementary Figure 1A). Among these, differential amino acids were the most abundant (Figure 2B). The KEGG pathway enrichment analysis of these differential metabolites also showed that amino acid metabolic pathways, such as glutamine (Gln) and glutamate (Glu) metabolism; alanine, aspartate and Glu metabolism; and phenylalanine, tyrosine and tryptophan biosynthesis, were the most significant changed (Figure 2C). Among all amino acids, Gln (32% increase, FDR, q<1×10−13) and Glu (84% decrease, FDR, q<1×10−11) were the significantly the significantly altered metabolite in structural anomalies group (Figure 2D, Supplementary Table 2).




Figure 1 | Study outline of workflow.




Table 1 | Characteristics of cases with structural anomalies and matched controls.






Figure 2 | Amniotic fluid metabolic landscape for fetal ultrasound anomalies. (A) PLS-DA score plot for untargeted metabolomics data. (B) Classed enrichment analysis for differential metabolites between ultrasound anomalies group and the control group. (C) Pathway enrichment analysis for significantly different metabolites between ultrasound anomalies group and the control group. (D) Volcano plot for all metabolites from untargeted metabolomics. (E) Venn plot of differential metabolites from three kinds of ultrasound anomalies compared with the control group. (F) Chemical similarity enrichment analysis for differential metabolites from three kinds of ultrasound anomalies. CA, cardiac anomalies; CNA, central nervous system anomalies; RA, renal anomalies.



Based on the above results, we focused on the amino acid changes among different structural anomalies, including cardiac, central nervous system, and renal system anomalies. Compared to the control group, each type of structural anomaly demonstrated a distinct metabolic profile, with 172 overlapping differential metabolites (Figure 2E). There were 14 amino acids in the 172 overlapping metabolites. Surprisingly, Glu levels were dramatically lower while Gln levels were significantly higher in the cardiac, central nervous system, and renal anomalies (Supplementary Table 2). Gln-Glu exchange is important in placental amino acid transport, and Gln and Glu are the most utilized amino acids in fetuses during late gestation. Therefore, we hypothesized that Gln and Glu are vital for the early diagnosis of fetal structural anomalies.

In addition to the significant changes in Glu metabolism in the three types of structural anomalies, it is worth noting that fetuses with renal anomalies uniquely showed significantly inhibited urea cycle (arginine and proline metabolism), and that creatine metabolism was positively regulated in fetuses with central nervous system anomalies subjects (Figure 2F). These metabolic pathway changes may be typical responses to different structural anomalies.



Amniotic fluid-targeted metabolomics of identified glutamate and glutamine as novel predictive markers for structural anomalies

We performed a targeted metabolomic assay of 54 amino acids and their derivatives to quantify the metabolite changes in the structural anomalies and control groups more precisely. We first quantified AF amino acids obtained from 137 participants in the discovery cohort, confirming that aberrant amino acid metabolism occurred in the structural anomalies group (Supplementary Table 3). Gln and Glu were significantly altered in targeted metabolomics.

To further validated these results, we applied targeted metabolomics to the validation cohort. Based on the concentrations presented in the different groups, 33 amino acids, including Gln and Glu, showed significant differences between the structural anomalies and control groups (Supplementary Table 4). Twenty amino acids were shared by the three types of structural anomalies (cardiac, central nervous system and renal anomalies), and significant differences existed between the structural anomalies and control groups (Supplementary Figures 1B, C). We found that Glu levels in the AF were significantly lower (Figure 3A), while Gln levels were significantly higher in the structural anomalies group than in the control group (Figure 3B). Using Gln/Glu as a metric indicating Gln-Glu conversion, we found that this ratio fell approximately 14-fold on an average among participants in the structural anomalies group (Figure 3C). Notably, regardless of the types of anomaly present, the Gln/Glu ratio was significantly reduced in the structural anomalies group than in the control group (Supplementary Figure 1D). These results were consistent with our findings in the discovery cohort (Supplementary Figure 1E). In addition, Glu (AUC=0.862, 95%CI: 0.800-0.925), Gln (AUC=0.894, 95%CI: 0.838-0.950) and Gln/Glu (AUC=0.903, 95%CI: 0.851-0.954) had great prediction ability in distinguishing structural anomalies from the control group in the validation cohort (Figure 3D–F).




Figure 3 | Glutamine and Glutamate were novel predictive markers for ultrasound anomalies. (A–C) Expression of glutamine (A), glutamate (B) and glutamine/glutamate (C) in amniotic fluid of validation cohort. (D, E) ROC curves of glutamine (D), glutamate (E) and glutamine/glutamate (F) in discovery cohort (red line) and validation cohort (blue line). ****, P<0.0001.



We then investigated whether the Gln/Glu in AF correlated with maternal metabolic conditions. Serum samples were collected from women in the validation cohort and analyzed using the same amino acid-targeted metabolomic assay. Notably, maternal serum Glu (Supplementary Figure 1F) and Gln levels (Supplementary Figure 1G) did not differ significantly between the structural anomalies and control groups. Gln/Glu ratio also did not differ between the two groups (Supplementary Figure 1H). In addition, almost all the quantified amino acids demonstrated no big differences between the structural anomalies group and control group (Supplementary Table 5), except for threonine (Supplementary Figure 1I) and leucyl-leucine (Supplementary Figure 1J). Taken together, these results suggest that changes in Gln/Glu ratio in the AF of the structural anomalies group are associated with the fetal condition rather than the maternal condition (Figure 4).




Figure 4 | General view of aberrant glutamate and glutamine metabolism in fetal ultrasound anomalies. NS, no significance; ****, P<0.0001.






Discussion

Despite the use of karyotype testing and chromosomal microarray as routine investigations in obstetric care, a large proportion of fetal structural anomalies still have no proven cause. Herein, we explored the underlying causes of fetal malformations using AF metabolomics study. First, we performed an untargeted metabolomic assay on AF samples, starting with the discovery cohort. The results demonstrated that AF metabolic signatures were remarkably altered in the structural anomalies group compared to the control group. The most apparent alterations were observed in amino acids and their derivatives. These amino acid changes were further confirmed using targeted metabolomics, and we found 23 amino acids that were differentially expressed in the three types of structural anomalies (cardiac, central nervous system, and renal anomalies). Among these amino acids, Glu and Gln were the most significantly altered metabolites. The structural anomalies group was characterized by a significantly lower Gln/Glu ratio than the control group. To strengthen this finding, the results were validated using samples from an independent validation cohort. The results of the validation cohort were consistent with those of the discovery cohort; aberrant Glu and Gln metabolism was found in fetal structural anomalies. In addition, analysis of maternal blood samples through targeted metabolomics demonstrated no significant difference in Gln/Glu ratio between the fetal structural anomalies and the control groups, suggesting that the contributors to these Glu-Gln changes in AF were closely related to fetal metabolic conditions rather than maternal metabolic status. It is also worth noting that most amino acids in maternal blood did not show significant changes in the structural anomalies and the control groups.

During pregnancy, amino acids serve as important precursors for the biosynthesis of macromolecules, including proteins and nucleotides, which are involved in fetal development and growth (19–21). Glu and Gln are among the most abundant and most utilized amino acids in the fetus during late pregnancy (19). The human placenta mediates the net transfer of amino acids to the fetus, with amino acid concentrations being generally higher in the fetus than in the mother, indicating an active transfer process across the placenta (22, 23). One notable exception to this process is Glu, which is the net placental uptake from the fetus (23). To meet the acquisitive demand for nutrients, Gln, a non-essential amino acid, is essential when fetal demand for amino acids exceeds maternal supply during pregnancy (24, 25). This demand is met through the interorgan recycling of Gln and Glu. In the fetal liver, the deamination of Gln produces Glu. Glu is transported across the syncytiotrophoblast microvillous membrane and basal membranes by high-affinity excitatory amino acid transporters and is converted to Gln in the placenta (26, 27). Glu is also an important nitrogen resource and a precursor of γ-aminobutyric acid, a key inhibitory neurotransmitter (28, 29). Therefore, the Glu-Gln cycle and exchange in the placenta-fetus unit likely play important roles in fetal growth and development.

In our study, the significant increase in Gln/Glu ratio in the AF observed in the fetal structural anomalies group suggested a disturbing Glu-Gln cycle in the fetus rather than in the mother, since no obvious changes were detected for either Glu or Gln in maternal blood. Decreased levels of Glu and increased levels of Gln in AF have also been reported in the studies of fetal malformations, prediagnostic gestational diabetes, preterm delivery and early rupture of membranes (16, 30). The underlying cause may be the dysfunction of transporters utilized by Glu and Gln. The amino acids that the fetus requires for metabolic processes and biosynthesis pathways can only be obtained from the placenta and delivered by different amino acid transporters (23, 31). For example, in fetal growth restriction, the initial rate of uptake of Gln and Glu into placental villous fragments is reportedly reduced but increases with the expression of their transporter proteins (Gln: LAT1, LAT2, SNAT5, Glu: EAAT1) (32, 33). Transporter activity is not simply determined by the protein expression levels; it is also influenced by factors that regulate substrate levels on both sides of the membrane. Interestingly, a study demonstrated that Glu efflux down its transmembrane gradient drives placental uptake via OAT4 and OATP2B1 from the fetal circulation and that the reuptake of Glu maintains this driving gradient, although OAT4 and OATP2B1 are not currently understood Glu transporters (26).

In the group with renal anomalies, we also found inhibited urea cycle metabolism. Arginine is the precursor for the synthesis of ornithine, proline, and nitric oxide (34), detecting the levels of arginine and its metabolites may provide insight into discriminating fetal renal anomalies and monitoring fetal urinary development.

However, there are some limitations to our study. First, this study was limited to one center: the Prenatal Diagnosis Center of Jiangxi Maternal and Child Health Hospital. UHPLC-MS/MS analysis is simple and sensitive, and it uses only a small amount of AF for metabolic analysis, AF acquisition is still invasive. Additionally, details of clinical examination results were not available in our study, so the study did not reveal the correlations between changed metabolites and the clinical data.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding authors.



Ethics statement

The studies involving human participants were reviewed and approved by The medical ethics committee of Jiangxi Maternal and Child Health Hospital. The patients/participants provided their written informed consent to participate in this study. Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.



Author contributions

BY, YL, PY conceived and designed the experiment. HY, XW, TH,DL and SH collected the samples and clinical information. HY, CL, ZW performed the experiments and analyzed the data. CL, ZW drafted the manuscript, BY, YL, PY reviewed the manuscript, and BY, PY edited the final manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the key research and development project of Liaoning Province (No. 2018225054).



Acknowledgments

Graphical abstract and Figure 4 in this study were created with BioRender.com.



Conflict of interest

ZW and PY are co-founders of iphenome Yun Pu Kang biotechnology Inc. Author ZW is employed by PY.

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



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fendo.2023.1072461/full#supplementary-material



References

1. Kilby, MD. The role of next-generation sequencing in the investigation of ultrasound-identified fetal structural anomalies. BJOG an Int J Obstetrics Gynaecol (2021) 128(1):420–9. doi: 10.1111/1471-0528.16533

2. Lord, J, McMullan, DJ, Eberhardt, RY, Rinck, G, Hamilton, SJ, Quinlan-Jones, E, et al. Prenatal exome sequencing analysis in fetal structural anomalies detected by ultrasonography (Page): A cohort study. Lancet (2019) 393(10173):747–57. doi: 10.1016/S0140-6736(18)31940-8

3. Wapner, RJ, Martin, CL, Levy, B, Ballif, BC, Eng, CM, Zachary, JM, et al. Chromosomal microarray versus karyotyping for prenatal diagnosis. N Engl J Med (2012) 367(23):2175–84. doi: 10.1056/NEJMoa1203382

4. Robson, SC, Chitty, LS, Morris, S, Verhoef, T, Ambler, G, Wellesley, DG, et al. Efficacy and mechanism evaluation. evaluation of array comparative genomic hybridisation in prenatal diagnosis of fetal anomalies: A multicentre cohort study with cost analysis and assessment of patient, health professional and commissioner preferences for array comparative genomic hybridisation. Southampton (UK: NIHR Journals Library 2017.

5. Hillman, SC, Pretlove, S, Coomarasamy, A, McMullan, DJ, Davison, EV, Maher, ER, et al. Additional information from array comparative genomic hybridization technology over conventional karyotyping in prenatal diagnosis: A systematic review and meta-analysis. Ultrasound Obstet Gynecol (2011) 37(1):6–14. doi: 10.1002/uog.7754

6. Petrovski, S, Aggarwal, V, Giordano, JL, Stosic, M, Wou, K, Bier, L, et al. Whole-exome sequencing in the evaluation of fetal structural anomalies: A prospective cohort study. Lancet (2019) 393(10173):758–67. doi: 10.1016/S0140-6736(18)32042-7

7. Lain, KY, and Catalano, PM. Metabolic changes in pregnancy. Clin Obstet Gynecol (2007) 50(4):938–48. doi: 10.1097/GRF.0b013e31815a5494

8.Amniotic fluid and its clinical significance. Arch Dis Child (1981) 56(12):966. doi: 10.1136/adc.56.12.966-c

9. Underwood, MA, Gilbert, WM, and Sherman, MP. Amniotic fluid: Not just fetal urine anymore. J Perinatol (2005) 25(5):341–8. doi: 10.1038/sj.jp.7211290

10. Johnson, CH, Ivanisevic, J, and Siuzdak, G. Metabolomics: Beyond biomarkers and towards mechanisms. Nat Rev Mol Cell Biol (2016) 17(7):451–9. doi: 10.1038/nrm.2016.25

11. Wishart, DS. Metabolomics for investigating physiological and pathophysiological processes. Physiol Rev (2019) 99(4):1819–75. doi: 10.1152/physrev.00035.2018

12. Roberts, LD, Souza, AL, Gerszten, RE, and Clish, CB. Targeted metabolomics. Curr Protoc Mol Biol (2012), 1–24. doi: 10.1002/0471142727.mb3002s98

13. Ivanisevic, J, Elias, D, Deguchi, H, Averell, PM, Kurczy, M, Johnson, CH, et al. Arteriovenous blood metabolomics: A readout of intra-tissue metabostasis. Sci Rep (2015) 5:12757. doi: 10.1038/srep12757

14. Seger, C, and Salzmann, L. After another decade: Lc-Ms/Ms became routine in clinical diagnostics. Clin Biochem (2020) 82:2–11. doi: 10.1016/j.clinbiochem.2020.03.004

15. Lehotay, DC, Hall, P, Lepage, J, Eichhorst, JC, Etter, ML, and Greenberg, CR. Lc-Ms/Ms progress in newborn screening. Clin Biochem (2011) 44(1):21–31. doi: 10.1016/j.clinbiochem.2010.08.007

16. Graca, G, Goodfellow, BJ, Barros, AS, Diaz, S, Duarte, IF, Spagou, K, et al. Uplc-Ms metabolic profiling of second trimester amniotic fluid and maternal urine and comparison with nmr spectral profiling for the identification of pregnancy disorder biomarkers. Mol Biosyst (2012) 8(4):1243–54. doi: 10.1039/c2mb05424h

17. Fedou, C, Camus, M, Lescat, O, Feuillet, G, Mueller, I, Ross, B, et al. Mapping of the amniotic fluid proteome of fetuses with congenital anomalies of the kidney and urinary tract identifies plastin 3 as a protein involved in glomerular integrity. J Pathol (2021) 254(5):575–88. doi: 10.1002/path.5703

18. Barupal, DK, and Fiehn, O. Chemical similarity enrichment analysis (Chemrich) as alternative to biochemical pathway mapping for metabolomic datasets. Sci Rep (2017) 7(1):14567. doi: 10.1038/s41598-017-15231-w

19. Wu, X, Xie, C, Zhang, Y, Fan, Z, Yin, Y, and Blachier, F. Glutamate-glutamatetamine cycle and exchange in the placenta-fetus unit during late pregnancy. Amino Acids (2015) 47(1):45–53. doi: 10.1007/s00726-014-1861-5

20. Parimi, PS, and Kalhan, SC. Glutamatetamine supplementation in the newborn infant. Semin Fetal Neonatal Med (2007) 12(1):19–25. doi: 10.1016/j.siny.2006.10.003

21. Pochini, L, Scalise, M, Galluccio, M, and Indiveri, C. Membrane transporters for the special amino acid glutamatetamine: Structure/Function relationships and relevance to human health. Front Chem (2014) 2:61. doi: 10.3389/fchem.2014.00061

22. Cetin, I, Ronzoni, S, Marconi, AM, Perugino, G, Corbetta, C, Battaglia, FC, et al. Maternal concentrations and fetal-maternal concentration differences of plasma amino acids in normal and intrauterine growth-restricted pregnancies. Am J Obstet Gynecol (1996) 174(5):1575–83. doi: 10.1016/s0002-9378(96)70609-9

23. Cleal, JK, Lofthouse, EM, Sengers, BG, and Lewis, RM. A systems perspective on placental amino acid transport. J Physiol (2018) 596(23):5511–22. doi: 10.1113/JP274883

24. Neu, J. Glutamatetamine in the fetus and critically ill low birth weight neonate: Metabolism and mechanism of action. J Nutr (2001) 131(9 Suppl):2585S–9S. doi: 10.1093/jn/131.9.2585S

25. Tapiero, H, Mathe, G, Couvreur, P, and Tew, KD. II. glutamatetamine and glutamate. BioMed Pharmacother (2002) 56(9):446–57. doi: 10.1016/s0753-3322(02)00285-8

26. Lofthouse, EM, Brooks, S, Cleal, JK, Hanson, MA, Poore, KR, O'Kelly, IM, et al. Glutamate cycling may drive organic anion transport on the basal membrane of human placental syncytiotrophoblast. J Physiol (2015) 593(20):4549–59. doi: 10.1113/jp270743

27. Day, PE, Cleal, JK, Lofthouse, EM, Goss, V, Koster, G, Postle, A, et al. Partitioning of glutamatetamine synthesised by the isolated perfused human placenta between the maternal and fetal circulations. Placenta (2013) 34(12):1223–31. doi: 10.1016/j.placenta.2013.10.003

28. Moores, RR Jr., Vaughn, PR, Battaglia, FC, Fennessey, PV, Wilkening, RB, and Meschia, G. Glutamate metabolism in fetus and placenta of late-gestation sheep. Am J Physiol (1994) 267(1 Pt 2):R89–96. doi: 10.1152/ajpregu.1994.267.1.R89

29. Vaughn, PR, Lobo, C, Battaglia, FC, Fennessey, PV, Wilkening, RB, and Meschia, G. Glutamatetamine-glutamate exchange between placenta and fetal liver. Am J Physiol (1995) 268(4 Pt 1):E705–11. doi: 10.1152/ajpendo.1995.268.4.E705

30. Graca, G, Duarte, IF, Barros, AS, Goodfellow, BJ, Diaz, SO, Pinto, J, et al. Impact of prenatal disorders on the metabolic profile of second trimester amniotic fluid: A nuclear magnetic resonance metabonomic study. J Proteome Res (2010) 9(11):6016–24. doi: 10.1021/pr100815q

31. Cleal, JK, Glazier, JD, Ntani, G, Crozier, SR, Day, PE, Harvey, NC, et al. Facilitated transporters mediate net efflux of amino acids to the fetus across the basal membrane of the placental syncytiotrophoblast. J Physiol (2011) 589(Pt 4):987–97. doi: 10.1113/jphysiol.2010.198549

32. Persson, M, Cnattingius, S, Villamor, E, Soderling, J, Pasternak, B, Stephansson, O, et al. Risk of major congenital malformations in relation to maternal overweight and obesity severity: Cohort study of 1.2 million singletons. BMJ (2017) 357:j2563. doi: 10.1136/bmj.j2563

33. McIntyre, KR, Vincent, KMM, Hayward, CE, Li, X, Sibley, CP, Desforges, M, et al. Human placental uptake of glutamatetamine and glutamate is reduced in fetal growth restriction. Sci Rep (2020) 10(1):16197. doi: 10.1038/s41598-020-72930-7

34. Wu, G, and Morris, SM Jr. Arginine metabolism: Nitric oxide and beyond. Biochem J (1998) 336(Pt 1):1–17. doi: 10.1042/bj3360001



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Yuan, Liu, Wang, Huang, Liu, Huang, Wu, Liu, Yin and Yang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Association between aberrant amino acid metabolism and nonchromosomal modifications fetal structural anomalies: A cohort study

      

        		

          Introduction

        



        		

          Materials and methods

        

          		

            Study design and participant enrollment

          



          		

            Collection and processing of samples

          



          		

            Untargeted LC-MS metabolomics profiling

          



          		

            Targeted LC-MS metabolomics data collection and processing

          



          		

            Statistical analysis

          



        



        



        		

          Results

        

          		

            High-coverage untargeted metabolomics analysis revealed distinct metabolic signatures with amino acids predominantly changed in the structural anomalies group

          



          		

            Amniotic fluid-targeted metabolomics of identified glutamate and glutamine as novel predictive markers for structural anomalies

          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fendo.2023.1072461_cover.jpg
? frontiers | Frontiers in Endocrinology

Association between aberrant
amino acid metabolism and
nonchromosomal modifications
fetal structural anomalies: A
cohort study





OEBPS/Images/fendo-14-1072461-g002.jpg
-Log10(Q-value)

Component2 (7.2 %)

Scores Plot
ot
o poemt
o

g
8
§

S U

Component 1 (31.1 %)
lutamine

Logs fold change

©® p>0.05 ® -1.3<log2FC<1.3 @ p<0.05,log2 FC>1.3 or <-1.3

Amino acid
Unannotated

Fatty acid
Purine&Pyrimidine
Carbohydrate
Glycerophosphocholine
Acylcamitine

Steroid

Peptide

Organic acid -

Triacylglycerol

Exogenous Chemical *

Sphingomyelin

Microbial metabolite

Bile acid
Glycerophosphoethanolamine
Vitamin&Cofactor

Porphyrin

Other

Glycosphingolipid

Ceramide

LysoPC&LysoPE

Benzenoid

CA

33

number of differential metabolites
Ee——

CNA

SR 2

3 °
B84
24 Alanine, aspartate and
glutamate metabolism
- °
g =
% Glutamine and’g‘itamate metabolism
F 8l ®
e Phenylalanine, tyrosine and
°® tryptophan biosynthesis
2 ®
g o
T T T 1
04 06 08 10
Pathway Impact

EfectDrecion
Alanine a etabol Iuga Alpostve
Ascofbahe andAdars 3 [Em
m Vised
FEs |'s
Disaccharides Alnegatve

d Oligosaccha ﬁ
raty Aﬂwmﬁ; o ‘Wf%am..é
Fany l
Fructose, Mamﬂ&anﬂ 80%&

E =
o Sm i
e ,.gg"»i" i i Eﬁ
R Ea%‘;ﬁ;
P——— smgug@mw"i% -
EJM!
< <

Cluster name

ﬂ‘l l\f mem

Purine Me'ahnl m, (Hxx% ﬁl:(lne nsme ‘containir
Sy i '"ﬁ
Secméa'”'gﬁ‘e’dAgm

le DS']F
ria

Urea cycle; Argifing a‘r‘.‘a‘ Ilne

(SaSTs

Comparison





OEBPS/Images/fendo-14-1072461-g004.jpg
Fetus with

Mother .
structural anomalies

— placental ) =

aming acid
transport

Glutamin

[ omEL Glutamine

( ) Amniotic

Amino acids .
Blood <—Glutamate$—> fluid

: <+— Glutamate
metabolism

Glutamine/Glutamate

)k k>k

Glutamine/Glutamate

157 NS






OEBPS/Images/logo.jpg
, frontiers ’ Frontiers in Endocrinology





OEBPS/Images/fendo-14-1072461-g001.jpg
1580 pregnant women
underwent amniocentesis

1286 excluded
- 189 had abnormal karyotype or
chromosomal microarray analysis results

- 853 were beyond gestational age 140-154 days

- 62 had multiple pregnancy
- 182 with other high-risk factors of prenatal diagnosis

294 pregnant women enrolled

Discovery cohort
n= 137
(June 2021-October 2021)

Validation cohort
n= 157
(November 2021-March 2022)

100 fetal 37 85 fetal 72
structural normal structural normal

anomalies fetus anomalies fetus

Targeted

Untargeted
metabolomics

metabolomics






OEBPS/Misc/fendo.2023.1072461.pdf


https://www.frontiersin.org/articles/10.3389/fendo.2023.1072461/full

https://www.frontiersin.org/articles/10.3389/fendo.2023.1072461/full

https://www.frontiersin.org/articles/10.3389/fendo.2023.1072461/full

https://www.frontiersin.org/articles/10.3389/fendo.2023.1072461/full

https://www.frontiersin.org/articles/10.3389/fendo.2023.1072461/full

https://www.frontiersin.org/journals/endocrinology

https://www.frontiersin.org

http://crossmark.crossref.org/dialog/?doi=10.3389/fendo.2023.1072461&domain=pdf&date_stamp=2023-02-24

mailto:yangbc1985@126.com

mailto:Lyq0914@126.com

mailto:yinpeiyuan@dmu.edu.cn

https://doi.org/10.3389/fendo.2023.1072461

http://creativecommons.org/licenses/by/4.0/

http://creativecommons.org/licenses/by/4.0/

https://www.frontiersin.org/journals/endocrinology#editorial-board

https://www.frontiersin.org/journals/endocrinology#editorial-board

https://doi.org/10.3389/fendo.2023.1072461

https://www.frontiersin.org/journals/endocrinology





Yuan et al. 10.3389/fendo.2023.1072461

Introduction


Fetal structural anomalies, which can range from minor


deficiencies in a single organ to severe multi-organ system


malformations, have a considerable impact on fetal morbidity and


mortality (1). Prenatal ultrasound is now regarded as a routine


analysis in obstetrical care, and with increasingly high resolution,


fetal structural anomalies are identified in approximately 3% of


pregnancies. Fetal structural anomalies have various genetic causes,


including chromosomal aneuploidy, copy number variations


(CNVs), and pathogenic sequence variants in developmental


genes (2). Genetic investigations are essential for the assessment


and clinical triage of fetal structural anomalies. Clinically, when fetal


anomalies are identified, further prospective evaluations included


karyotype testing and chromosomal microarray analysis (CMA) to


detect aneuploidies and CNVs (3, 4). Overall, approximately 32% of


fetuses with a structural anomaly identified by ultrasound have a


clinically relevant abnormal karyotype, and 6.5% of them have a


causative CNV (1, 3ï¿½ 5). Additionally, where karyotype testing and


CMA failed to determine the underlying cause, whole-exome


sequencing was reported to identify a well-described genetic cause


in 8.5-10% of fetuses with structural anomalies (2, 6). However,


more than 50% of fetal structural anomalies are left without a


prospectively screening or identification method.


Pregnancy is related to the onset of many adaptation processes


that change throughout gestation (7). Maternal blood constantly


exchanges with the fetus ï¿½ s blood through the placenta to provide the
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nutrients needed for fetal growth and development. Amniotic fluid


(AF) can also be considered a pool of metabolites reflecting the


biological process of anabolism and catabolism (8, 9). The


biochemical nature of AF and maternal blood makes them


extremely valuable materials for fetal health diagnostics.


Spurred by tremendous technological advancements, the


metabolome has become widely acknowledged as the dynamic and


sensitive expression of biological phenotypes at the molecular level,


placing metabolomics at the forefront of biomarker and mechanistic


discoveries associated with pathophysiological processes (10).


Untargeted metabolomics is applied to measure the most


comprehensive range of compounds or putative metabolites present


in an extracted sample without prior knowledge of the metabolome


(11). In contrast, targeted metabolomics focuses on a small group


(50ï¿½ 500) of compounds of interest; here, methods are generated and


optimized for the investigation of specific metabolites and metabolic


pathways with higher sensitivity and selectivity than untargeted


metabolomics (12). The targeted analysis is also outstanding for


hypothesis validation and expanding upon the results of untargeted


analysis (13).


Liquid chromatography-tandem mass spectrometry (LC-MS/


MS) is a current, routine, highly accurate application in newborn


screening (14, 15). Similarly, metabolomics can be applied to fetal


malformations by exploring the AF metabolome, and several


studies have reported promising results (16, 17), revealing the


possibility of using this technology in clinical practice. Since AF


can reflect both maternal and fetal health, linking AF metabolic

GRAPHICAL ABSTRACT


General view of aberrant glutamate and glutamine metabolism in fetal ultrasound anomalies.

frontiersin.org



https://doi.org/10.3389/fendo.2023.1072461

https://www.frontiersin.org/journals/endocrinology

https://www.frontiersin.org





Yuan et al. 10.3389/fendo.2023.1072461

profiles with structural anomalies is conducive to biomarker


discovery, and will better guide clinical practice.


The present study aimed to characterize the metabolic signature


of AF in fetal structural anomalies. Also, we tried to investigate


whether metabolic changes reflect maternal or fetal conditions. In


this study, we measured AF metabolites in the structural anomalies


and control groups from two independent cohorts using both


untargeted and targeted metabolomics. First, a high-coverage


untargeted metabolomic assay based on ultra-high performance


liquid chromatography-tandem mass spectrometry (UHPLC-MS/


MS) was applied to 137 participants (the discovery cohort). To assay


the changes in metabolites more quantitatively, we performed targeted


metabolomic analysis using the UHPLC-MS/MS system and isotope-


labeled internal standards. The findings in the discovery cohort were


confirmed by targeted metabolomic analysis of a validation cohort of


157 participants. At the same time, we analyzed maternal serum


metabolites using targeted metabolomics, which reflected the amino


acid metabolism of the mothers.

Materials and methods


Study design and participant enrollment


This study was approved by the medical ethics committee of


Jiangxi Maternal and Child Health Hospital (Approval number: EC-


KT-202210). All the participants provided written informed consent.


All participants were recruited from the prenatal diagnosis center of


Jiangxi Maternal and Child Health Hospital from June 2021 to March


2022. Inclusion criterion: Pregnant women who had an indication for


amniocentesis, including structural anomalies and a positive result


from maternal serum screening or non-invasive prenatal testing.


Exclusion criteria: (1) abnormal karyotype or chromosomal


microarray analysis results; gestational age beyond 140-154 days;


(3) multiple pregnancies; (4) other risk factors for prenatal diagnoses.


Finally, 294 participants were included and separated into the


discovery (n= 137, from June 2021 to October 2021) and validation


(n= 157, from November 2021 to March 2022) cohorts. Fetuses with


structural anomalies were categorized into three phenotypic groups


based on abnormalities in different organ systems detected by


ultrasound, including cardiac, central nervous systems, and renal


anomalies. The control group in this study included women with


singleton pregnancies whose fetuses had no structural malformations,


but who had indications for amniocentesis, including a positive result


from maternal serum screening or non-invasive prenatal testing.

Collection and processing of samples


20-25 mL of AF and 3-5 mL of blood were obtained from the


pregnant women at the time of amniocentesis. The AF was


centrifuged at 1200 rpm for 10 min at 4ï¿½C, and the supernatant


was collected. Blood was placed at 4ï¿½C for 1 h and centrifuged at


3000 rpm at 4ï¿½C for 10 min, and serum was collected from the


upper layer. All samples were stored at -80ï¿½C before analysis, and


their use for research was approved by the ethical committee. In the
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validation cohort, AF and blood samples were obtained from the


same pregnant woman.

Untargeted LC-MS metabolomics profiling


Broad-based metabolomic profiling was performed using


UHPLC-MS/MS platform. Further details are provided in the


Supplementary Material.

Targeted LC-MS metabolomics data
collection and processing


Fifty-four amino acids and their derivatives were quantified using a


Shimadzu LC-20ADXR (Shimadzu, Kyoto, Japan) coupled with a Sciex


5500+ triple quadrupole mass spectrometer (AB Sciex, Singapore).


Further details are provided in the Supplementary Material.

Statistical analysis


The metabolites included in the statistical analyses were those


which were consistently detected in at least 80% of the samples. The


metabolome data derived from different methods were normalized.


Data scaling was assessed using Pareto scaling. Multivariate


statistical analyses, partial least squares discrimination (PLS-DA),


functional enrichment, metabolic pathway analysis of metabolites


and lipids, and receiver operating characteristic (ROC) analysis, and


the respective area under the ROC curve (AUC) were performed


using an online data analysis platform- MetaboAnalyst 5.0 (https://


www.metaboanalyst.ca). Unit statistical analyses, such as t-tests,


were performed using SPSS software (version 26.0; IBM, USA). Bar


and line plots were drawn by GraphPad Prism 8.0 (GraphPad


Software Inc., USA). Chemical similarity enrichment analysis was


conducted using ChemRICH R package (18), and significant


metabolites alterations were visualized in an enhanced heat map


in gplots package using the in R (version 3.6). All p-values involved


in this study were two-tailed probabilities and were adjusted by false


discovery rate (FDR). Differences were considered statistically


significant at FDR <0.05.

Results


High-coverage untargeted metabolomics
analysis revealed distinct metabolic
signatures with amino acids predominantly
changed in the structural anomalies group


To comprehensively detect the metabolic profiles of structural


anomalies, we implemented a high-coverage untargeted metabolomic


analysis of AF samples by integrating five different analytical methods


that could cover both hydrophobic and hydrophilic metabolomes.


Between June 2021 and March 2022, 1580 pregnant women whose


fetuses were diagnosed with structural anomalies were screened for
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their eligibility for inclusion in our study (Figure 1). Finally, 137 and


157 participants prospectively enrolled in the study as described in


Table 1. The untargeted metabolomic analysis enabled the detection


and relative quantification of 602 metabolites in all AF samples. As


shown in the PLS-DA score plot, the structural anomalies group was


separated from the control group in the direction of the first principal


component (Figure 2A). Running 10-fold cross-validation showed


that the accuracy of one component was 0.87 (0.54 for R2 and 0.50 for


Q2) (Supplementary Table 1). Moreover, 321 metabolites were


identified as differential metabolites between the structural


anomalies and control groups (FDR, q <0.05) (Supplementary


Table 2, Supplementary Figure 1A). Among these, differential


amino acids were the most abundant (Figure 2B). The KEGG


pathway enrichment analysis of these differential metabolites also


showed that amino acid metabolic pathways, such as glutamine (Gln)
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and glutamate (Glu) metabolism; alanine, aspartate and Glu


metabolism; and phenylalanine, tyrosine and tryptophan


biosynthesis, were the most significant changed (Figure 2C).


Among all amino acids, Gln (32% increase, FDR, q<1ï¿½10 −13) and


Glu (84% decrease, FDR, q<1ï¿½10 −11) were the significantly the


significantly altered metabolite in structural anomalies group


(Figure 2D, Supplementary Table 2).


Based on the above results, we focused on the amino acid


changes among different structural anomalies, including cardiac,


central nervous system, and renal system anomalies. Compared to


the control group, each type of structural anomaly demonstrated a


distinct metabolic profile, with 172 overlapping differential


metabolites (Figure 2E). There were 14 amino acids in the 172


overlapping metabolites. Surprisingly, Glu levels were dramatically


lower while Gln levels were significantly higher in the cardiac,

FIGURE 1


Study outline of workflow.

TABLE 1 Characteristics of cases with structural anomalies and matched controls.*


Structural anomalies Control


Discovery cohort Validation cohort Discovery cohort Validation cohort


AF samples, No.(%) 100 (34%) 85 (29%) 37 (13%) 72 (24%)


blood samples,No.(%) 0 85 (54%) 0 72 (56%)


gestational age when underwent amniocentesis (days) 146.76 ï¿½ 4.82 147.14 ï¿½ 4.61 145.82 ï¿½ 3.96 146.36 ï¿½ 4.68


Maternal age (years) 27.36 ï¿½ 2.12 25.68 ï¿½ 1.85 27.97 ï¿½ 2.32 29.07 ï¿½ 2.64


Smoke during pregnancy 0 0 0 0


Fetal karyotype analysis results normal normal normal normal


Fetal chromosomal microarray analysis results normal normal normal normal


Maternal ethnicity Asian Asian Asian Asian
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central nervous system, and renal anomalies (Supplementary


Table 2). Gln-Glu exchange is important in placental amino acid


transport, and Gln and Glu are the most utilized amino acids in


fetuses during late gestation. Therefore, we hypothesized that Gln


and Glu are vital for the early diagnosis of fetal structural anomalies.


In addition to the significant changes in Glu metabolism in the


three types of structural anomalies, it is worth noting that fetuses


with renal anomalies uniquely showed significantly inhibited urea


cycle (arginine and proline metabolism), and that creatine


metabolism was positively regulated in fetuses with central


nervous system anomalies subjects (Figure 2F). These metabolic


pathway changes may be typical responses to different


structural anomalies.

Amniotic fluid-targeted metabolomics
of identified glutamate and glutamine
as novel predictive markers for
structural anomalies


We performed a targeted metabolomic assay of 54 amino acids


and their derivatives to quantify the metabolite changes in the
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structural anomalies and control groups more precisely. We first


quantified AF amino acids obtained from 137 participants in the


discovery cohort, confirming that aberrant amino acid


metabolism occurred in the structural anomalies group


(Supplementary Table 3). Gln and Glu were significantly altered


in targeted metabolomics.


To further validated these results, we applied targeted


metabolomics to the validation cohort. Based on the


concentrations presented in the different groups, 33 amino acids,


including Gln and Glu, showed significant differences between the


structural anomalies and control groups (Supplementary Table 4).


Twenty amino acids were shared by the three types of structural


anomalies (cardiac, central nervous system and renal anomalies),


and significant differences existed between the structural anomalies


and control groups (Supplementary Figures 1B, C). We found that


Glu levels in the AF were significantly lower (Figure 3A), while Gln


levels were significantly higher in the structural anomalies group


than in the control group (Figure 3B). Using Gln/Glu as a metric


indicating Gln-Glu conversion, we found that this ratio fell


approximately 14-fold on an average among participants in the


structural anomalies group (Figure 3C). Notably, regardless of the


types of anomaly present, the Gln/Glu ratio was significantly

A B


D


C


E F


FIGURE 2


Amniotic fluid metabolic landscape for fetal ultrasound anomalies. (A) PLS-DA score plot for untargeted metabolomics data. (B) Classed enrichment
analysis for differential metabolites between ultrasound anomalies group and the control group. (C) Pathway enrichment analysis for significantly
different metabolites between ultrasound anomalies group and the control group. (D) Volcano plot for all metabolites from untargeted metabolomics.
(E) Venn plot of differential metabolites from three kinds of ultrasound anomalies compared with the control group. (F) Chemical similarity
enrichment analysis for differential metabolites from three kinds of ultrasound anomalies. CA, cardiac anomalies; CNA, central nervous system
anomalies; RA, renal anomalies.
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reduced in the structural anomalies group than in the control group


(Supplementary Figure 1D). These results were consistent with our


findings in the discovery cohort (Supplementary Figure 1E). In


addition, Glu (AUC=0.862, 95%CI: 0.800-0.925), Gln (AUC=0.894,


95%CI: 0.838-0.950) and Gln/Glu (AUC=0.903, 95%CI: 0.851-


0.954) had great prediction ability in distinguishing structural


anomalies from the control group in the validation cohort


(Figure 3D ï¿½ F).


We then investigated whether the Gln/Glu in AF correlated


with maternal metabolic conditions. Serum samples were collected


from women in the validation cohort and analyzed using the same


amino acid-targeted metabolomic assay. Notably, maternal serum


Glu (Supplementary Figure 1F) and Gln levels (Supplementary


Figure 1G) did not differ significantly between the structural


anomalies and control groups. Gln/Glu ratio also did not differ


between the two groups (Supplementary Figure 1H). In addition,


almost all the quantified amino acids demonstrated no big


differences between the structural anomalies group and control


group (Supplementary Table 5), except for threonine


(Supplementary Figure 1I) and leucyl-leucine (Supplementary


Figure 1J). Taken together, these results suggest that changes in


Gln/Glu ratio in the AF of the structural anomalies group are


associated with the fetal condition rather than the maternal


condition (Figure 4).
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Discussion


Despite the use of karyotype testing and chromosomal


microarray as routine investigations in obstetric care, a large


proportion of fetal structural anomalies still have no proven cause.


Herein, we explored the underlying causes of fetal malformations


using AF metabolomics study. First, we performed an untargeted


metabolomic assay on AF samples, starting with the discovery cohort.


The results demonstrated that AF metabolic signatures were


remarkably altered in the structural anomalies group compared to


the control group. The most apparent alterations were observed in


amino acids and their derivatives. These amino acid changes were


further confirmed using targeted metabolomics, and we found 23


amino acids that were differentially expressed in the three types of


structural anomalies (cardiac, central nervous system, and renal


anomalies). Among these amino acids, Glu and Gln were the most


significantly altered metabolites. The structural anomalies group was


characterized by a significantly lower Gln/Glu ratio than the control


group. To strengthen this finding, the results were validated using


samples from an independent validation cohort. The results of the


validation cohort were consistent with those of the discovery cohort;


aberrant Glu and Gln metabolism was found in fetal structural


anomalies. In addition, analysis of maternal blood samples through


targeted metabolomics demonstrated no significant difference in Gln/

A B


D


C


E F


FIGURE 3


Glutamine and Glutamate were novel predictive markers for ultrasound anomalies. (A ï¿½ C) Expression of glutamine (A), glutamate (B) and glutamine/
glutamate (C) in amniotic fluid of validation cohort. (D, E) ROC curves of glutamine (D), glutamate (E) and glutamine/glutamate (F) in discovery
cohort (red line) and validation cohort (blue line). ****, P<0.0001.
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Glu ratio between the fetal structural anomalies and the control


groups, suggesting that the contributors to these Glu-Gln changes in


AF were closely related to fetal metabolic conditions rather than


maternal metabolic status. It is also worth noting that most amino


acids in maternal blood did not show significant changes in the


structural anomalies and the control groups.


During pregnancy, amino acids serve as important precursors for


the biosynthesis of macromolecules, including proteins and


nucleotides, which are involved in fetal development and growth


(19ï¿½ 21). Glu and Gln are among the most abundant and most


utilized amino acids in the fetus during late pregnancy (19). The


human placenta mediates the net transfer of amino acids to the fetus,


with amino acid concentrations being generally higher in the fetus than


in the mother, indicating an active transfer process across the placenta


(22, 23). One notable exception to this process is Glu, which is the net


placental uptake from the fetus (23). To meet the acquisitive demand


for nutrients, Gln, a non-essential amino acid, is essential when fetal


demand for amino acids exceeds maternal supply during pregnancy


(24, 25). This demand is met through the interorgan recycling of Gln


and Glu. In the fetal liver, the deamination of Gln produces Glu. Glu is


transported across the syncytiotrophoblast microvillous membrane


and basal membranes by high-affinity excitatory amino acid


transporters and is converted to Gln in the placenta (26, 27). Glu is


also an important nitrogen resource and a precursor of g-aminobutyric


acid, a key inhibitory neurotransmitter (28, 29). Therefore, the Glu-Gln


cycle and exchange in the placenta-fetus unit likely play important roles


in fetal growth and development.


In our study, the significant increase in Gln/Glu ratio in the AF


observed in the fetal structural anomalies group suggested a disturbing


Glu-Gln cycle in the fetus rather than in the mother, since no obvious


changes were detected for either Glu or Gln in maternal blood.
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Decreased levels of Glu and increased levels of Gln in AF have also


been reported in the studies of fetal malformations, prediagnostic


gestational diabetes, preterm delivery and early rupture of


membranes (16, 30). The underlying cause may be the dysfunction


of transporters utilized by Glu and Gln. The amino acids that the fetus


requires for metabolic processes and biosynthesis pathways can only be


obtained from the placenta and delivered by different amino acid


transporters (23, 31). For example, in fetal growth restriction, the initial


rate of uptake of Gln and Glu into placental villous fragments is


reportedly reduced but increases with the expression of their


transporter proteins (Gln: LAT1, LAT2, SNAT5, Glu: EAAT1) (32,


33). Transporter activity is not simply determined by the protein


expression levels; it is also influenced by factors that regulate substrate


levels on both sides of the membrane. Interestingly, a study


demonstrated that Glu efflux down its transmembrane gradient drives


placental uptake via OAT4 and OATP2B1 from the fetal circulation and


that the reuptake of Glu maintains this driving gradient, although OAT4


and OATP2B1 are not currently understood Glu transporters (26).


In the group with renal anomalies, we also found inhibited urea


cycle metabolism. Arginine is the precursor for the synthesis of


ornithine, proline, and nitric oxide (34), detecting the levels of


arginine and its metabolites may provide insight into discriminating


fetal renal anomalies and monitoring fetal urinary development.


However, there are some limitations to our study. First, this


study was limited to one center: the Prenatal Diagnosis Center of


Jiangxi Maternal and Child Health Hospital. UHPLC-MS/MS


analysis is simple and sensitive, and it uses only a small amount


of AF for metabolic analysis, AF acquisition is still invasive.


Additionally, details of clinical examination results were not


available in our study, so the study did not reveal the correlations


between changed metabolites and the clinical data.

FIGURE 4


General view of aberrant glutamate and glutamine metabolism in fetal ultrasound anomalies. NS, no significance; ****, P<0.0001.
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