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Homocysteine is a metabolite generated by methionine cycle metabolism, comprising the demethylated derivative of methionine. Homocysteine can be metabolised by the transsulphuration pathway to cystathionine, which requires vitamin B6, or can undergo remethylation to methionine. Homocysteine remethylation to methionine is catalysed by methionine synthase activity which requires vitamin B12, regenerating methionine to allow synthesis of the universal methyl donor S-adenosylmethionine required for methylation and gene transcription regulation. The methyl-group donated for homocysteine remethylation comes from 5-methyltetrahydrofolate generated by the folate cycle, which allows tetrahydrofolate to be returned to the active folate pool for nucleotide biosynthesis. Therefore the integrated actions of the methionine and folate cycles, required to metabolise homocysteine, also perpetuate methylation and nucleotide synthesis, vitally important to support embryonic growth, proliferation and development. Dysregulated activities of these two interdependent metabolic cycles, arising from maternal suboptimal intake of nutrient co-factors such as folate and vitamin B12 or gene polymorphisms resulting in reduced enzymatic activity, leads to inefficient homocysteine metabolic conversion causing elevated concentrations, known as hyperhomocysteinemia. This condition is associated with multiple adverse pregnancy outcomes including neural tube defects (NTDs). Raised homocysteine is damaging to cellular function, binding to proteins thereby impairing their function, with perturbed homocysteine metabolism impacting negatively on embryonic development. This review discusses the “cross-talk” of maternal-fetal homocysteine interrelationships, describes the placental transport of homocysteine, homocysteine impacts on pregnancy outcomes, homocysteine and methylation effects linking to NTD risk and proposes a putative pathway for embryonic provision of folate and vitamin B12, homocysteine-modulating nutrients that ameliorate NTD risk.
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INTRODUCTION
An optimal maternal dietary intake during pregnancy is essential to provide the balance of nutrients required for normal embryogenesis and fetal growth and development (Williamson, 2016). A constellation of integrative maternal metabolic networks provides nutrient-derived precursors to the developing fetus, which can then be utilised for cellular biosynthesis, bioenergetic regulation and protein accretion, processes all highly dependent on appropriately balanced maternal dietary intakes. Metabolites can act as cell signalling molecules (Finkelstein, 2007), regulating processes such as cellular proliferation (Miyazawa and Aulehla, 2018), leading to an emergent appreciation that metabolites can play a key role in “maternal-fetal crosstalk” during embryonic and fetal development. This has prompted continued interest in elucidating more fully the links between maternal environmental nutrient cues and metabolism and how this affects developmental plasticity and phenotypic outcomes. To this end, there has been considerable interest in the co-ordinated interconnectivity of carbon-directed metabolic pathways, as these are crucial in providing carbon-containing moieties for normal development (Miyazawa and Aulehla, 2018). Within this integrative metabolic network, one-carbon metabolism plays an essential role, encompassing a range of metabolic reactions that interlink the folate and methionine metabolic cycles (Figure 1). Importantly, the interconnected activities of these two cycles allow the transfer of methyl (-CH3) groups, while also providing one-carbon units for multiple biosynthetic processes including purine and thymidine synthesis required for nucleic acid synthesis and cellular proliferation (Ducker and Rabinowitz, 2017; Figure 1). Additionally, the integrated activities of these two metabolic cycles allow the synthesis of S-adenosylmethionine (SAM; Figure 1), the sole methyl donor for multiple methylation reactions including gene methylation (Bottiglieri, 2002). Methyl donation from SAM to various cellular acceptors generates S-adenosylhomocysteine (SAH; Figure 1). The efficient catabolism of SAH (Figure 1) by SAH hydrolase to homocysteine and adenosine is essential as SAH can inhibit the activities of SAM-dependent methyltransferases that participate in a variety of methylation reactions (Finkelstein, 2007).
[image: Figure 1]FIGURE 1 | Homocysteine metabolism is dependent on folate and methionine metabolism. Folic acid is reduced to dihydrofolate by the action of dihydrofolate reductase (DHFR), which together with dietary dihydrofolate is reduced further to tetrahydrofolate (THF), which enters the folate metabolic cycle. Alternatively, folate may enter the folate cycle as 5-methyltetrahydrofolate (5-MTHF), with folate cycle metabolism involved in the transfer of one-carbon units to generate thymidylate and purines for nucleotide biosynthesis. Methionine acts as the precursor for the ATP-dependent synthesis of the primary methyl donor S-adenosylmethionine (SAM) which through the action of methyltransferases transfer methyl groups to various acceptors (R-) resulting in the methylation of DNA, proteins and lipids, whilst generating S-adenosylhomocysteine (SAH). SAH is catabolized to homocysteine by S-adenosylhomocysteine hydrolase (AHCY). Homocysteine can be metabolised by three metabolic pathways. 1) Remethylation of homocysteine to methionine relies on 5-MTHF as methyl donor, catalysed by the vitamin B12-dependent action of methionine synthase (MS). THF is then re-cycled to form 5-MTHF, catalysed by methylenetetrahydrofolate reductase (MTHFR). 2) Betaine can be utilized as an alternative methyl donor to generate methionine and dimethylglycine (DMG), catalysed by betaine-homocysteine methyltransferase (BHMT). 3) Alternatively, homocysteine can enter the transsulphuration pathway being converted to cysteine through the action of cystathionine β-synthase (CβS).
In this short review, we discuss aspects that relate to maternal-fetal homocysteine “cross-talk” and impacts on pregnancy and embryonic/fetal development, focussing on our previous studies. We present an overview of some key characteristics of homocysteine and its effects in pregnancy, describe maternal-fetal homocysteine relationships in human pregnancy, elaborate on homocysteine transport mechanisms across the placenta, outline the potential protein-modifying cellular effects of homocysteine, make reference to the nutrient-modulation of homocysteine with emphasis on folate and vitamin B12, discuss the potential effects of homocysteine with regard to methylation in the aetiology of neural tube defects (NTDs) and propose a pathway for the embryonic provision of folate and vitamin B12, nutrient factors that ameliorate NTD risk.
Homocysteine–an Intermediate Metabolite of the Methionine Cycle That is Associated With Adverse Pregnancy Outcomes
Homocysteine is a thiol group-containing amino acid generated by methionine cycle metabolism that is the demethylated derivative of methionine (Selhub, 1999; Strain et al., 2004; Figure 1). As a branch point metabolite, homocysteine can be converted via three potential metabolic pathways, as illustrated in Figure 1: 1) remethylation to methionine using 5-methyltetrahydrofolate (5-MTHF) as the methyl donor catalysed by the action of methionine synthase requiring vitamin B12 (cobalamin) as a cofactor, 2) remethylation by betaine as methyl donor to generate methionine and dimethylglycine catalysed by betaine-homocysteine methyltransferase (BHMT) or 3) transsulphuration to cysteine catalysed by cystathionine β-synthase (CβS) requiring vitamin B6 (pyridoxine) as a cofactor. 5-MTHF for homocysteine remethylation is generated by the activity of methylenetetrahydrofolate reductase (MTHFR) which requires vitamin B2 (riboflavin) to produce flavin adenine dinucleotide as a cofactor for MTHFR enzyme activity. Hence, homocysteine is placed at the intersection of the transmethylation and transsulphuration conversion pathways that require involvement of B-group vitamins, with the joint sustained activities of the folate and methionine metabolic cycles vital to ensure efficient metabolic disposal of homocysteine during pregnancy. These metabolic interdependencies between the two cycles highlight the need for adequate maternal intake of methionine, methyl donors such as choline (which undergoes oxidative metabolism to betaine; Barak and Tuma, 1983) and folate, as well as vitamin B12, vitamin B6 and vitamin B2 over pregnancy (Kalhan, 2016). Further, cord blood concentrations of folate, vitamin B12, vitamin B6 and, vitamin B2 are significantly higher than that in maternal blood (Kirshenbaum et al., 1987; Obeid et al., 2005), interpreted as there being active transport mechanisms for each of these nutrients across the placenta to meet fetal developmental demand (Solanky et al., 2010; Kalhan, 2016) and the high rates of homocysteine remethylation and transmethylation that occur as pregnancy advances (Kalhan and Marczewski, 2012). Precisely when along a developmental timeline these mechanisms are active and such maternal-fetal concentration gradients are generated is difficult to establish, but our previous data are consistent with the existence of active placental transport mechanisms for folate (Solanky et al., 2010) and amino acids (Mahendran et al., 1994) in the first trimester, with a positive correlation between maternal and placental methionine concentrations already present at this pregnancy stage (Jauniaux et al., 1998).
Hence, either sub-optimal maternal intakes of these nutrients or gene polymorphisms resulting in diminished catalytic activity of homocysteine metabolising enzymes, leading to allied perturbation of these metabolic cycles (Refsum et al., 1998; Selhub, 1999; Murphy and Fernandez-Ballart, 2011; Smith and Refsum, 2021), is associated with hyperhomocysteinemia (HHcy). HHcy is characterised by an elevation in the plasma concentration of total homocysteine (tHcy; > 15 µM), comprising the reduced and oxidized forms of homocysteine (Smith and Refsum, 2021). This has pleiotropic effects: raised maternal plasma concentrations of tHcy are associated with various vascular-related complications of pregnancy including pre-eclampsia, placental abruption, recurrent pregnancy loss, fetal growth restriction and stillbirth (Ray and Laskin, 1999; Vollset et al., 2000; Wang et al., 2000; de la Calle et al., 2003; Dodds et al., 2008; Murphy and Fernandez-Ballart, 2011; Pisal et al., 2019), as well as adverse outcomes for the baby such as NTDs and congenital abnormalities including heart defects (Vollset et al., 2000; de la Calle et al., 2003; Murphy and Fernandez-Ballart, 2011; Smith and Refsum, 2021) along with impaired gene methylation and regulation of gene activity (Fryer et al., 2009; Kim et al., 2009; Fryer et al., 2011).
Homocysteine in Pregnancy–Maternal-Fetal Interrelationships
A few studies have performed longitudinal measurements to examine the changes in maternal tHcy concentration across each trimester of pregnancy, albeit in distinct populations with differing maternal diets and supplementary folic acid intakes (Cikot et al., 2001; Murphy et al., 2002; Murphy et al., 2004; Powers et al., 2004; Velzing-Aarts et al., 2005; Dodds et al., 2008). The relative expression and co-ordinated gestational activity of homocysteine-generating and homocysteine-metabolising enzymes will contribute as determinants of maternal tHcy concentration (Finkelstein, 1998, 2007). Pregnancy causes a lowering of plasma tHcy concentration compared to the non-pregnant state (Bonnette et al., 1998; Walker et al., 1999; Cikot et al., 2001; Murphy et al., 2002; Murphy et al., 2004; Powers et al., 2004) and although the pregnancy-related decline occurs independently of maternal folic acid supplementation use (Murphy et al., 2002; Murphy et al., 2004), the fall in tHcy concentration is greater with maternal folic acid supplementation (Murphy et al., 2002; Murphy et al., 2004). This physiological response to pregnancy has been suggested to be attributable to haemodilution and albumin binding of tHcy, with a correlation between maternal plasma albumin and tHcy concentrations reported previously (Walker et al., 1999). However, others do not hold with this view, showing that the degree of haemodilution and change in plasma albumin is far more marginal than can account for the marked pregnancy-related decline in tHcy concentration, and further, that this phenomenon is already evident prior to when maternal plasma volume begins to increase at ∼ 10 weeks gestation (Murphy et al., 2002). Others propose that the increased glomerular filtration rate and renal clearance of tHcy contributes, with a significant inverse correlation between tHcy plasma concentration and renal clearance of tHcy (Powers et al., 2004). Hence, in early first trimester there is a physiological shift to a lower maternal tHcy plasma concentration compared to the pre-pregnancy state (Murphy et al., 2002; Murphy et al., 2004; Powers et al., 2004), with mean maternal tHcy concentration declining further towards the second trimester (Murphy et al., 2002; Powers et al., 2004; Dodds et al., 2008) to a nadir at ∼20–28 weeks gestation (Andersson et al., 1992; Walker et al., 1999; Murphy et al., 2002; Velzing-Aarts et al., 2005), reaching a plateau by the third trimester (Murphy et al., 2002; Murphy et al., 2004; Powers et al., 2004; Velzing-Aarts et al., 2005), although some studies report an increase (Walker et al., 1999; López-Quesada et al., 2003), with a subsequent post-partum rise in maternal plasma tHcy concentration (Andersson et al., 1992; Cikot et al., 2001; Powers et al., 2004; Velzing-Aarts et al., 2005). As the pregnancy related decline in maternal tHcy concentration occurs independently of maternal folic acid supplementation (Murphy et al., 2002; Murphy et al., 2004) it has promoted the suggestion that this represents a physiological adaptation to pregnancy that may contribute to the regulation of haemostasis (Holmes, 2003), and which is most likely modulated by endocrine factors (Murphy et al., 2002), with estrogen a plausible regulatory candidate (Dimitrova et al., 2002; Holmes, 2003).
Understanding the mechanisms that influence and regulate maternal tHcy concentration is particularly important from a developmental perspective as the concentration of maternal tHcy at pre-conception and throughout human pregnancy is significantly correlated with fetal cord blood tHcy concentration measured at birth (Murphy et al., 2004), and as already alluded to, raised maternal tHcy concentration is associated with a variety of adverse pregnancy outcomes. Hence, maternal tHcy is a major determinant of fetal cord plasma tHcy concentration at birth, with maternal tHcy concentration higher than that in fetal plasma, with a significant, positive correlation between these two variables (Malinow et al., 1998; Wang et al., 2000; Molloy et al., 2002; Murphy et al., 2004; Pisal et al., 2019). This higher maternal concentration of tHcy relative to fetal concentration is likely to reflect homocysteine’s status as an amino acid which is not incorporated into protein. However, this contrasts with other non-proteinogenic amino acids such as taurine, where fetal taurine concentration is significantly higher than maternal (Cetin et al., 1992), reflective of its essential role in fetal growth and organogenesis as well as osmoregulation and neuromodulation (Sturman, 1988). Likewise, proteinogenic amino acids fetal amino acid concentrations are significantly higher than maternal (Cetin et al., 1992). Teleologically, this may protect the fetus from the potential teratogenic effects of homocysteine (van Mil et al., 2010), which are likely to be particularly impactful during the early stages of embryogenesis when organogenesis is occurring.
Homocysteine—“Cross-Talk” Across the Maternal-Fetal Interface
The correlation between maternal and fetal tHcy concentrations, together with the biochemical similarity of homocysteine to methionine, led us to consider whether homocysteine could be actively transported across the epithelial exchange barrier of human placenta, the syncytiotrophoblast (Tsitsiou et al., 2009; Tsitsiou et al., 2011). Different classes of amino acid transporters are distributed to the maternal-facing microvillous plasma membrane and fetal-facing basal plasma membrane of the syncytiotrophoblast, providing amino acids for biosynthetic processes such as fetal protein synthesis as well as fetal metabolism (Cleal and Lewis, 2008).
Our focus was to examine the activity of the three amino acid transport systems that mediate methionine transport, namely systems L, A and y+L, and investigate whether homocysteine could act as an amino acid substrate for each of these amino acid transport mechanisms (Tsitsiou et al., 2009; Tsitsiou et al., 2011). We found that homoysteine could indeed be transported by each of these amino acid transporter mechanisms, in a manner similar to methionine (Tsitsiou et al., 2009). The contribution to placental homocysteine uptake was greatest for system L-mediated activity (69%), with lesser contributions by system A (21%) and system y+L-mediated (19%) activities (Tsitsiou et al., 2009). The dominance of system L-mediated activity is interesting, as this is a very rapid amino acid exchange mechanism that transports essential amino acids. It mediates placental uptake and fetal delivery of essential amino acids being distributed to both the microvillous and basal plasma membranes of the syncytiotrophoblast (Cleal and Lewis, 2008; Widdows et al., 2015). System L activity relies on the accumulative uptake of amino acids by system A to serve as substrates for exchange (Cleal and Lewis, 2008), and the ability of both systems to transport homocysteine presents a plausible route for transplacental homocysteine transfer to the developing fetus (Tsitsiou et al., 2011). The capacity of the placenta to take up and transport homocysteine could have several putative functional implications: reduction in the provision of amino acids to the developing fetus for growth and development by competing with other amino acid substrates for transport (Tsitsiou et al., 2009; Tsitsiou et al., 2011), induction of trophoblast cell apoptosis (Di Simone et al., 2003), altered vascular function (Wang et al., 2000; Laskowska et al., 2013), disturbed methylation capacity (Kim et al., 2009), altered placental development (Pickell et al., 2009) and perturbation of placental methionine/homocysteine metabolism (Kalhan, 2016). The latter could invoke a greater demand for placental folate availability as human placenta relies on the folate-dependent remethylation of homocysteine as the major pathway for its metabolic disposal, as BHMT expression is absent and CβS expression is minimal (Solanky et al., 2010) with undetectable or negligible CβS and cystathionase activities (Sturman et al., 1970; Gaull et al., 1972), which would serve to commit homocysteine to folate-dependent remethylation and the efficient recycling to methionine, thereby increasing the availability of methionine for protein synthesis and further cellular transmethylation reactions. For these reasons, this review focusses on this aspect of homocysteine metabolism.
There is a decreasing concentration gradient of plasma tHcy from maternal vein to umbilical vein to umbilical artery (Malinow et al., 1998). It has previously been reported that maternal plasma tHcy concentration is influenced by maternal folate and vitamin B12 status (Malinow et al., 1998; Refsum, 2001; Murphy et al., 2004), with an inverse relationship between these variables (Malinow et al., 1998; Molloy et al., 2002; Murphy et al., 2004; Yajnik et al., 2005; Gu et al., 2012). We (D’Souza et al., 2017) and others (Malinow et al., 1998) have shown that there is a positive correlation between umbilical venous and arterial tHcy concentration in cord blood at term in normal, uncomplicated pregnancies with a significantly higher concentration in umbilical venous plasma (D’Souza et al., 2017), indicating there is a small, but proportional uptake of homocysteine by the fetus, which could then be remethylated to methionine. A similar trend was seen as regards the umbilical venous-arterial concentration difference for vitamin B12, but not for folate, although study participants did report taking folic acid supplements in early pregnancy (D’Souza et al., 2017). Interestingly, cord venous tHcy exhibited a significant negative correlation with cord venous vitamin B12 concentration, but this was not observed for folate, suggesting tHcy entering the fetal circulation was predominantly modulated by vitamin B12 in this setting. The concept that fetal vitamin B12, in particular, exerts a regulatory dominance on fetal tHcy concentration is consistent with the observations of others (Monsen et al., 2001; Molloy et al., 2002; Molloy et al., 2005; Braekke et al., 2007), in agreement with our observations (D’Souza et al., 2017). Further support for this notion comes from the reciprocal relationship between cord venous tHcy and vitamin B12 concentrations with respect to anthropometric measures of neonates at birth: birth weight, corrected birth weight, length and mid-arm circumference were positively associated with cord venous tHcy, but negatively with cord venous vitamin B12 concentration, with no associations with cord venous folate (D’Souza et al., 2017). Interestingly, stratification of corrected birth weight percentiles showed a significant positive association with elevations in tHcy concentration in both cord venous and arterial plasma concentration, which, bearing in mind the aforementioned inverse relationship between tHcy and vitamin B12, may reflect an increased utilization of vitamin B12 in larger babies to remethylate homocysteine to methionine (D’Souza et al., 2017).
These relationships to fetal growth outcomes, led us to consider how the arterial concentration of tHcy might influence fetal vascular function, and in particular the distensibility of human placental chorionic plate arteries as a site of vascular resistance within the fetoplacental circulation (D’Souza et al., 2017). It is known that impairment of vasodilation is elicited by elevated tHcy concentrations in other vessel types (Tawakol et al., 1997; Chambers et al., 1999). We found a lower intrinsic stiffness and greater distensibility of placental chorionic vessels as the tHcy concentration in cord arterial plasma increased (D’Souza et al., 2017). A relatively greater distensibility of chorionic plate arteries would be consistent with a lower resistance in the fetoplacental circulation and the facilitation of placental nutrient delivery which would accord with the positive association between umbilical tHcy concentrations with birth weight outcomes taken as a measure of fetal growth.
Collectively, these observations suggest that within the setting of normal pregnancy, tHcy concentration in the maternal, placental and fetal compartments is highly regulated and is particularly modulated by maternal folate and vitamin B12 dietary intakes and is contingent upon the optimal synergistic activities of the folate and methionine metabolic cycles. The metabolic remethylation of homocysteine to methionine is responsible for the conversion of ∼50–80% of homocysteine generated (Bailey and Gregory, 1999), and as such represents a key functional locus at the intersection of homocysteine metabolism that will be particularly vulnerable to dysregulation associated with maternal folate and vitamin B12 dietary insufficiencies. This is likely to be particularly profound as regards fetal homocysteine metabolism, as BHMT activity is absent and the activity of transsulphuration pathway is negligible putting reliance on methyl-dependent transmethylation pathways to maintain homocysteine metabolic conversion to methionine, catalysed by methionine synthase (Figure 1). Crucially too, in the context of fetal growth and development, this remethylation conversion step is required to transfer a methyl group from 5-MTHF to homocysteine, thereby allowing tetrahydrofolate (THF) to be returned to the active folate pool for nucleotide biosynthesis (Bailey and Gregory, 1999; Figure 1). Hence, impaired methionine synthase activity results not only in the accumulation of homocysteine, but also 5-MTHF, leading to cellular depletion of other folate derivatives, a condition referred to as a “methyl trap”. The methyl trap arises because the reduction of 5,10-methyleneTHF to 5-MTHF by MTHFR (Figure 1) is irreversible, and methionine synthase is the only folate-dependent enzyme to utilise 5-MTHF as a substrate (Finkelstein, 1998; Bailey and Gregory, 1999; Beaudin and Stover, 2009). Hence, maintenance of catalytic activity at this metabolic locus requires both folate and vitamin B12 and is absolutely essential to promote normal embryonic/fetal development. This concept is further emphasized by the lack of embryonic viability that arises when the gene encoding methionine synthase is ablated in mice; homozygous-null embryos appear to survive through implantation but die shortly afterwards (Swanson et al., 2001).
Homocysteine–a Metabolite With Potential to Act as a Signalling Molecule
The biochemical similarity of homocysteine to methionine means it can be recognized and activated by methionyl-tRNA synthetase (Jakubowski, 2001; Jakubowski, 2004; Jakubowski, 2006). However, homocysteine is not incorporated into protein as the error-editing activity of methionyl-tRNA synthetase produces homocysteine thiolactone (HTL) (Jakubowski, 2000; Jakubowski, 2003; Jakubowski, 2004; Perła-Kaja´n et al., 2007), which can be subsequently hydrolyzed by thiolactonases to homocysteine (Perła-Kaja´n et al., 2007), but which also interacts with free amino groups on the lysine residues of proteins leading to protein N-homocysteinylation (Jakubowski, 2003; Jakubowski, 2004; Jakubowski, 2006). Alternatively, homocysteine can form stable disulphide bonds with protein cysteine residues, leading to S-homocysteinylation, with both forms of homocysteinylation impairing protein functional activity (Perła-Kaja´et al., 2007). The degree of HTL synthesis will depend on the relative concentrations of homocysteine and methionine and the cellular metabolic capacities of methionine synthase and CβS as determinants of homocysteine concentration, together with the activity of methionyl-tRNA synthetase (Jakubowski, 1999). Because the activities of these two homocysteine metabolising enzymes requires folate, vitamin B12 and vitamin B6 (Figure 1), the rate of HTL formation and propensity for protein function impairment will depend on the concentration and availability of these micronutrients. For example, in human umbilical endothelial cells, deprivation of folate and vitamin B12 leads to homocysteine being incorporated into protein at a level which represents about ∼36% of that metabolized to methionine, which is attenuated to <0.3% when supplemented with folate and vitamin B12 (Jakubowski, 2000). Hence, protein homocysteinylation has the potential to impair embryonic/fetal development through impaired protein function (Jakubowski, 1999; Perła-Kaja´n et al., 2007), protein aggregation (Jakubowski, 1999), or the generation of autoantibodies directed against homocysteinylated proteins (Jakubowski, 2006; Perła-Kaja´n et al., 2007). Collectively, protein homocysteinylation can affect the function of both intracellular and extracellular proteins (Jakubowski, 2000) and so the function of a diverse array of proteins may be impacted, potentially affecting multiple biological processes.
However, it is worth commenting that elucidation of the molecular mechanisms by which HHcy elicits impaired physiological function leading to the pathogenesis of disease is difficult, as changes in the concentrations of individual homocysteine metabolites (homocysteine, SAH and HTL) are likely to occur in parallel making it difficult to attribute specific effects to an individual homocysteine metabolite per se. Notwithstanding this, as already outlined above, HHcy associates with an array of pregnancy complications, and in the broader context of disease pathogenesis there is a growing understanding that the homocysteine-methionine metabolic locus acts as a key metabolic sensor system. Imbalance of homocysteine-methionine cellular homeostasis is postulated to serve as a ‘metabolism-associated danger recognition signal’, through which modulation of SAM-dependent methylation and the hypomethylation of modified histone residues contributes to the epigenetic dysregulation and aetiology of a variety of metabolic, immune and vascular diseases (Shen et al., 2020).
Hence, perturbations in the metabolic interdependencies of homocysteine-methionine cycling are likely to have notable developmental impacts, particularly during the early phases of pregnancy when embryonic organogenesis is occurring with high rates of DNA synthesis and cellular proliferation together with rapid rates of de novo gene methylation (Geiman and Muegge, 2010). Indeed, the early phase of pregnancy represents a period of high embryonic developmental vulnerability that is critically dependent on the adequate provision of interacting nutrients involved in one-carbon metabolism, as most clearly exemplified in the case of NTDs, a group of congenital malformations of the central nervous system that arise from a failure of neural tube closure during embryogenesis. Sensitivity of neural tube closure to one-carbon metabolism is signified by the lowering of NTD risk associated with higher maternal folate (MRC Vitamin Study Research Group, 1991; Czeizel et al., 2011; De-Regil et al., 2015; Yadav et al., 2021), vitamin B12 (Ray et al., 2007; Gu et al., 2012; Molloy, 2018; Wahbeh and Manyama 2021; Yadav et al., 2021), vitamin B6 (Candito et al., 2008), choline (Shaw et al., 2004; Shaw et al., 2009), betaine (Shaw et al., 2004), and methionine (Shaw et al., 1997; Shaw et al., 2004) status.
These observations compel us to consider how these nutrients might reach the embryo from the mother over the period when the neural tube is closing to exert regulatory influence? This constitutes a developmentally important question, yet the mechanisms remain poorly defined. The embryonic neural plate undergoes a series of co-ordinated morphological events which culminates in formation of the closed neural tube by the fourth week post-conception (Greene and Copp, 2009; Greene and Copp, 2014). Failure of neural tube closure leads to NTDs, including anencephaly and spina bifida (Greene and Copp, 2009; Greene and Copp, 2014). Therefore, the temporal window over which nutrients have the potential to exert a modulatory influence on the orchestrated developmental processes that are involved in neural tube closure, as well as other embryonic organ systems in early pregnancy, necessitates that these nutrients reach the embryonic compartment over the timeframe of first few weeks of pregnancy (D’Souza et al., 2021). We would therefore propose that a better understanding of the pathways involved is needed if maternal dietary modulation of embryonic developmental events is being considered in the therapeutic context of clinical treatment.
With this in mind, in the next sections we focus on two aspects related to NTDs: 1) Based on the synergistic interaction of folate and vitamin B12 in maintaining methylation capacity (Figure 1), we consider whether methylation is a functional node at which folate and vitamin B12 converge to ameliorate NTD disease risk? 2) We discuss a putative transport pathway for the embryonic provision of folate and vitamin B12 based on their properties as homocysteine-lowering micronutrients which confer embryonic developmental benefit that lowers NTD risk, although knowledge remains relatively scant.
Homocysteine, Methylation and Neural Tube Defect Risk
The folate-dependent amelioration of NTD risk, together with the knowledge that folate-dependent one-carbon metabolism generates SAM, the universal methyl donor for methylation (Figure 1), have led to a wealth of studies investigating whether these phenomena may be functionally linked, with altered methylation contributing to the aetiology of NTDs (Wilde et al., 2014). Although the molecular mechanisms by which methylation modulates neurulation and neural tube closure still remain to be fully defined, there is an emerging consensus that altered gene methylation and epigenetic regulation contribute to the complex aetiology of NTD risk (Blom et al., 2006; Blom, 2009; Greene et al., 2011; Imbard et al., 2013). Further, the functional activity of the methionine cycle is known to be essential to neural tube closure (Leung et al., 2017). Convincing evidence that methylation is a key locus to understanding the pathogenesis of NTDs comes from studies in cultured mouse embryos showing that the suppression of methylation cycle activity accompanied by a reduction in SAM and an increase in SAH concentration, likely to impair methyltransferase activity and methylation, was associated with the formation of cranial NTDs (Dunlevy et al., 2006b). Further studies have demonstrated that inhibition of methylation capacity or perturbation of homocysteine metabolism by methionine excess, resulting in a lowered SAM:SAH ratio, also results in the formation of cranial NTDs (Dunlevy et al., 2006a). Strikingly, these collective treatments were selective in impairing cranial neural tube closure, but did not result in other notable impacts as regards embryonic developmental growth, implicating a particular sensitivity of cranial neural tube closure to aberrant methylation. Consistent with this concept, de novo methylation has a key role in neural tube closure; ablation of the DNA methyltransferase 3b (Dnmt3b) gene gives rise to cranial NTDs in mice, yet this phenotype is not seen in Dnmt3a knockouts, which may relate to relatively high expression of Dnmt3b in the embryonic neural ectoderm and the elevating neural folds during neural tube formation (Okano et al., 1999). This may also relate to the capacity of Dnmt3b to methylate a broad subset of DNA target sites early in embryonic development as compared to Dnmt3a, including centromeric satellite repeats conferring chromatin stability (Okano et al., 1999).
Several studies, but not all, have found a significantly higher plasma tHcy concentration between mothers having a NTD-affected offspring compared to those with unaffected pregnancies (Tang et al., 2015; Yang et al., 2017). From their meta-analysis, Yang et al. (2017) concluded there was 6% (2–9%) higher tHcy concentration in mothers having a NTD-affected pregnancy compared to the control group, although they emphasize that the gestational timing of sampling with respect to the pregnancy-associated changes in maternal tHcy (as discussed above), maternal folate supplementation or mandatory folate fortification are likely to affect such associations.
Despite these observations, other evidence suggests that homocysteine per se is unlikely to have a direct causal role in the failure of neural tube closure. For example, NTDs are not seen in Mthfr−/− mice mutants that have a marked elevation in SAH or homocysteine accompanied by brain hypomethylation, and even with induced maternal folate deficiency, NTDs still do not arise in such mutants, yet offspring suffer from other developmental impacts such as restricted growth with developmental retardation and congenital heart defects (Chen et al., 2001; Li et al., 2005; Leung et al., 2017). Likewise, mouse mutants that lack CβS activity are born normal, without evidence of an increased incidence of NTDs, but have severe HHcy and exhibit marked growth restriction and die a few weeks after birth (Watanabe et al., 1995). But, perhaps the most compelling evidence for a lack of causality is that homocysteine (thiolactone) added exogenously to mouse embryo culture did not cause NTDs, although there was a dose-dependent increase in embryonic lethality and growth retardation (Greene et al., 2003). Likewise, others report a lack of NTD induction in mouse embryo cultures treated with HTL or a racemic mixture of D,L-homocysteine (Hansen et al., 2001) or in embryos where pregnant mice dams had been treated with D,L-homocysteine (Bennett et al., 2006). Together, these observations argue for a lack of a direct causative role of homocysteine in NTD pathogenesis but instead suggest that elevated homocysteine more likely serves a biomarker of dysregulated folate-dependent one-carbon metabolism that can impact on methylation events in a tissue-specific manner (Greene et al., 2003; Beaudin and Stover, 2009; Greene et al., 2011).
Supportive evidence that altered gene methylation is a downstream consequence of perturbed one-carbon metabolism which may link to NTD aetiology has come from studies that have examined methylation of long interspersed nucleotide element-1 (LINE-1) sequences; methylation signatures at these sequences are sensitive to nutritional factors such as methyl precursor availability in early embryonic development (Waterland and Jirtle, 2004). LINE-1 methylation is considered a good surrogate of genome wide DNA methylation, with significant correlations between these two variables demonstrated (Wang et al., 2010). In umbilical cord blood, LINE-1 methylation showed a significant inverse correlation with fetal plasma homocysteine concentration, but not folate (Fryer et al., 2009). Further analysis demonstrated that the majority of CpG dinucleotides located within CpG islands exhibited hypomethylation with the correlation to fetal plasma homocysteine concentration upheld (Fryer et al., 2011). Wang et al. (2010) demonstrated that methylation of genomic DNA (5-methyl cytosine) and LINE-1 sequences were lower in NTD-affected pregnancies with cephalic malformations compared to controls, with methylation levels of all CpG sites lower, but there was a lack of a significant correlation between either LINE-1 methylation levels or global methylation levels to maternal folate, vitamin B12, and tHcy concentrations across groups. However, in contrast, no differences were seen in the degree of methylation for spina bifida cases (Wang et al., 2010). In case-control studies examining fetal brain tissue, global DNA methylation levels were significantly decreased in NTD cases compared with controls, with DNA hypomethylation resulting in ∼5.7-fold increased risk for NTDs, whereas no methylation differences were seen in skin samples measured in parallel (Chen et al., 2010). This is in agreement with the observations of others that show a hypomethylation of genomic DNA in brain tissue of NTD cases compared to controls, which is not apparent in skin, lung, kidney or heart (Chang et al., 2011). DNA methylation profiling of the DNA repair gene O6 -methylguanine-DNA methyltransferase (MGMT) in DNA isolated from fetal brain tissue showed hypomethylation of the MGMT promoter was associated with an increased risk for cephalic malformations, especially among female embryos (Tran et al., 2012). However, others have failed to find aberrant genome-wide DNA methylation or CpG site-specific changes in the brain or spinal cord of anencephalic and spina bifida fetuses taken from a folate-replete population compared to pregnancies unaffected by NTDs as control, and whilst these tissues did not exhibit DNA methylation changes, interestingly, the fetal kidney exhibited multiple differentially methylated sites in the case of spina bifida (Price et al., 2016). An inherent difficulty in the experimental design of conducting these studies, which is not easily circumvented, is that the use of second trimester fetal tissues of NTD-affected pregnancies, if matched for gestational age to a NTD-unaffected control group, will, by necessity, have to include samples from other pregnancy complications, generating a heterogeneous reference control group. Notwithstanding this, such studies still provide mechanistic insights regarding the tissue-specific nature of NTD-associated methylation changes across different embryonic tissues.
In this context, others have examined placental tissue, as another fetal tissue of interest, revealing differential patterns of placental gene methylation between normal (at 40 weeks) and spina bifida (27–41 weeks) affected pregnancies, with the caveat that these were not gestation-matched. DNA methylation patterns for genes were differentially altered in the placentas of affected pregnancies but, interestingly, differential DNA methylation was most prominently altered in the transcription start site regions of genes functional in neurological system development, cell development and differentiation (Zhang et al., 2015). Yet, comparisons of chorionic villi DNA methylation between anencephaly to controls in other studies have yielded limited differences with only four CpG sites differentially methylated (Price et al., 2016).
However, whilst these collective observations implicate a role for methylation-dependent neural tube closure, this does not require the interdependent activities of the folate and methionine cycles and absent maternal or embryonic MTHFR activity does not impair neural tube closure, yet the functional activity of both cycles is crucial (Leung et al., 2017). Indeed, it has been suggested that under most conditions, the majority of one-carbon units for cytoplasmic processes are derived from mitochondrial formate, and consistent with this notion, ablation of the glycine cleavage system results in NTDs, with the function of the glycine cleavage system contributing to neural tube closure at all axial levels (Leung et al., 2017).
Whilst much emphasis has been placed on investigating DNA methylation, it should be remembered that altered methylation applies to other methylation acceptors such as proteins in the context of neural tube closure (Wilde et al., 2014). For example, adequate methylation of proteins affecting cellular cytoskeletal structure and motility such as actin and αβ-tubulin (Moephuli et al., 1997) and septin2 (Toriyama et al., 2017) have been shown to be required for neural tube closure. Recent attention has also been drawn to epigenetic regulation by histone methylation. In an initial small study of four cases of spina bifida and controls respectively using liquid chromatography with tandem mass spectrometry, the histone methylation pattern in fetal brain appeared altered in NTD cases; histone H3 lysine 79 dimethylation (H3K79me2) was detected in all controls, but was absent in NTD cases and, likewise, histone H2b lysine 5 monomethylation (H2bK5me) was also absent in NTD samples (Zhang et al., 2013). However, a more extensive analysis in 11 controls and 24 NTD cases by Western blotting demonstrated that expression of H3K79me2 was found to be very variable, with a reduced H3K37me2 expression in many NTD samples but not all (Zhang et al., 2013). This is interesting in the light of further studies that have demonstrated that homocysteinylation of histone H3 lysine 79 (H3K79Hcy) in neural stem cells is associated with the downregulation of genes related to neural tube closure, with several histone lysine residues identified as having the potential to be homocysteinylated (Zhang et al., 2018). Comparison of expression of H3K79Hcy in the fetal brains of NTD-affected cases with high homocysteine concentrations revealed a significantly higher level of H3K79Hcy compared to unaffected controls (Zhang et al., 2018). Hence, reduced histone methylation, or enhanced homocysteinylation, at specific histone lysine residues, can influence the transcriptional activity of genes implicated in neural tube closure.
Taken together, elevated homocysteine as a marker of perturbed folate-dependent methionine metabolism, together with accompanying impaired methylation appears to constitute a dysfunctional locus that is implicated in the aetiology of NTDs. Although multiple downstream methylation targets may be impacted by altered methylation, the early co-ordinated processes involved in neural tube closure seems particularly sensitive to such imbalances in methylation, with methylation regulation of DNA, histones and other proteins all likely to play a key role, in concert with other modes of epigenetic regulation (Greene et al., 2011; Wilde et al., 2014).
Embryonic Provision of Folate and Vitamin B12
As already outlined, neural tube closure in humans occurs by the 28th day post-conception (Greene and Copp, 2014). There is, however, concomitant development of the placenta over this period, and by the third week following conception, villi have already formed over the entire chorionic sac (Burton and Jauniaux, 2018a). Placental growth and development at this stage is believed to be supported by nutrient-containing secretions (“histiotroph”) from the underlying endometrial (uterine) glands, that flow directly through openings in the basal plate into the intervillous space surrounding the chorionic villi (Burton et al., 2002; Burton and Jauniaux, 2018a), as depicted in Figure 2. These secretions probably contain plasma transudates from the capillary plexus surrounding the glands as well as carbohydrates, lipids and proteins synthesised within the glandular cells, as well as other metabolites (Hempstock et al., 2004; Burton et al., 2007; Burton et al., 2011), together with a variety of growth factors likely to regulate placental development and differentiation (Burton et al., 2007; Burton et al., 2011; Burton and Jauniaux, 2018a). Whether these secretions contain micronutrients such as folate and vitamin B12 is not clear, but eminently plausible if maternal plasma transudates contribute to its composition. The glands gradually regress over the first trimester, but, until at least 10 weeks, remain connected with the placental intervillous space and their secretions appear to contribute to the fluid contained therein until this pregnancy stage (Burton et al., 2002; Hempstock et al., 2004).
[image: Figure 2]FIGURE 2 | Histiotrophic pathway for embryonic nutrient delivery. Maternal plasma ultrafiltrates containing nutrients from the spiral arteries (1, grey arrow) percolate through plugs of endovascular trophoblast cells that occlude their openings (2), to reach the intervillous space of the placenta (3), along with secretions from the uterine glands (4, black arrow). Nutrients are taken up by the syncytiotrophoblast of the developing placenta (5), and pass through the villous mesenchymal core (6) with connections to the exocoelomic cavity (7) containing coelomic fluid with relatively high concentrations of methionine, folate and vitamin B12 (Table 1) which bathes the yolk sac (8). Nutrients taken up by the yolk sac from the coelomic fluid enter the vitelline circulation of the yolk sac (8) that is in direct continuity with the embryonic circulation, or else pass from the yolk sac cavity along the direct connection of the vitelline duct to the embryonic gut (9) of the embryo (10), which is contained within the amniotic cavity (11). Figure was created with BioRender.com.
So, over this phase of pregnancy, while the placenta is developing, neural tube closure is occurring concomitantly, yet, at this pregnancy stage, when embryonic demand for biosynthetic precursors is likely to be high to support the relatively rapid rates of embryonic growth (van Uitert et al., 2013), blood flow through the uteroplacental circulation has yet to be established. This is because prior to ∼10 weeks of gestation, maternal blood flow to the maternal spiral artery openings of the placenta is occluded by plugs of migrating endovascular trophoblast cells (Jaffe et al., 1997; Burton and Jauniaux, 2018a; Figure 2). Teleologically, this minimalisation of uteroplacental blood flow means that the embryo can undergo organogenesis and development in a low oxygen environment, limiting the damaging potential of reactive oxygen species (Burton et al., 2003), whilst also serving to promote placental development and differentiation (Burton and Jauniaux, 2018a). Hence, early embryonic and placental development occurs jointly in a low oxygen environment. Subsequently, at approximately 10 weeks of gestation, the enmeshed trophoblast cell “plugs” start to dislodge allowing the maternal arterial circulation to flow to the intervillous space, facilitating the full establishment of the uteroplacental circulation, alongside the contemporaneous elaboration of the feto-placental circulation (Burton and Jauniaux, 2018a; Burton and Jauniaux, 2018b), thereby enabling nutrients to be transferred from maternal blood flowing to the intervillous space, to fetal blood in the capillaries within the core of the placental villi via “haemotrophic” nutrition.
This poses the need to understand more fully the mechanistic pathways by which maternal nutrients are provided to the embryo when demand for nutrient precursors is going to be high, underscored by biosynthetic demand over the major phases of organogenesis and dynamic growth, and to elucidate the integrative metabolic networks that support such events whilst maintaining embryonic homeostasis to promote normal developmental progression. As already alluded to, the embryonic developmental landmark of neural tube closure appears to be notably “responsive” to maternal folate and vitamin B12 status (Imbard et al., 2013) which as described above, jointly participate in homocysteine metabolism and its remethylation to methionine (Figure 1), although it should be emphasized that the mechanistic loci at which these micronutrients act to promote neural tube closure may be independent and still remains unresolved. However, these phenomena in reducing NTD risk do prompt us to address a gap in knowledge and consider how these nutrients are delivered to the developing embryo?
This question is not easily answered as there is a scarcity of information. However, a more generic embryonic nutrient pathway of ‘histiotrophic nutrition’ has been described previously (Burton et al., 2001). In this scheme (Figure 2), the intercellular spaces between the endovascular trophoblast cells of the spiral artery “plugs” allows maternal plasma to permeate through the network of intercellular spaces between the enmeshed trophoblast cells and connect with the fluid within the intervillous space surrounding the chorionic (placental) villi (Burton et al., 1999). This fluid will therefore comprise a mixture of these plasma transudates and the aforementioned uterine gland secretions that transit directly to the intervillous space. Nutrients within the intervillous space fluid are then proposed to be taken up by the epithelial syncytiotrophoblast layer of the placental villi into the villous mesenchyme containing stromal channels that have connections to the exocoelomic cavity containing coelomic fluid, which surrounds and bathes the yolk sac for subsequent nutrient uptake by the yolk sac (Burton et al., 2001; Cindrova-Davies et al., 2017; Figure 2).
Nutrients taken up by the yolk sac can then pass to the embryo in direct continuity with the embryonic circulation via the vitelline circulation, or else can pass from the yolk sac cavity along the anatomical connection of the vitelline duct directly linked to the embryonic gut (D’Souza et al., 2021; Figure 2). Therefore, the human yolk sac is likely to play a crucial role in the provision of early embryonic nutrition (Burton et al., 2001; Cindrova-Davies et al., 2017) but knowledge regarding its nutrient transport function remains fairly scant. One reason for this is the limited gestational presence of the human yolk sac; it exists only to ∼12 weeks of human pregnancy after which it regresses (Jauniaux and Moscoso, 1992). It is worth commenting that the gestational timing of the regression of human yolk sac appears to be coincident with the onset and establishment of placental nutrient transport function, which, thereafter, will support nutrient demand for fetal growth and development.
Hence, over much of the first trimester, during critical periods of human embryonic development, transfer of nutrients and precursors for embryonic development and growth occurs prior to the onset of established blood flow through the placental circulations, with the human yolk sac likely to play a major role in the provision of embryonic nutrient delivery. In this context, we have recently proposed a role for the yolk sac in embryonic inositol transport that may contribute to the amelioration of risk for NTDs that are not responsive to folic acid (D’Souza et al., 2021).
In order for such a histiotrophic pathway scheme to support the human embryonic provision of folate and vitamin B12, it would require: 1) transporters for these micronutrients to be expressed and distributed to the first trimester human placental villi as well as the human yolk sac; and 2) favourable concentrations of these micronutrients in maternal plasma-derived transudates or uterine gland secretions that enter the intervillous space for uptake by transporters localised to placental villi, and in the coelomic fluid for yolk sac uptake for embryonic delivery.
In support of the first notion, the first trimester human placenta and yolk sac express transporting moieties in common for both micronutrients. We have previously described a scheme that describes the transplacental transport of folate in first trimester and term placenta involving folate receptor (FRα), proton-coupled folate transporter (PCFT) and reduced folate carrier (Solanky et al., 2010). By analogy, the co-expression of FOLR1 and SLC46A1 genes encoding FRα and PCFT respectively in human yolk sac (Cindrova-Davies et al., 2017), which are jointly required for FRα-mediated folate uptake and cellular release, leads to the speculation that this is a plausible mechanism, consistent with the localisation of FRα to the mesothelial surface of human yolk sac in contact with coelomic fluid (Jauniaux et al., 2007). A putative scheme to describe placental transcellular vitamin B12 transport, by analogy with other epithelia, is predicted to involve receptor-mediated binding of transcobalamin (TCN2) to its receptor (CD320), lysosomal export to the cytosol (LMBD1) and multidrug resistance protein 1 (MRP1)-mediated efflux (Nielsen et al., 2012). Expression of all four genes encoding these proteins is found in first trimester placenta and yolk sac transcriptomes (Cindrova-Davies et al., 2017), again leading to the possibility that this pathway of receptor-mediated endocytosis may be a mechanism for embryonic delivery of vitamin B12. Also supportive of this notion, is the distribution of megalin, an endocytic receptor for transcobalamin-B12, to the syncytiotrophoblast of first trimester placenta as well as the endoderm of human yolk sac (Burke et al., 2013).
In support of the second concept, Table 1 provides reported concentrations of precursors for one-carbon metabolism in maternal plasma and coelomic fluid and highlights the relatively high concentrations found in the latter, suggesting active transport mechanisms must be engaged at this stage of pregnancy to maintain such concentration gradients. It is also striking that there is a high relative concentration ratio of both methionine and vitamin B12 in coelomic fluid relative to maternal plasma, which is not as apparent for folate, yet homocysteine concentrations in coelomic fluid are maintained at a low level, in accord with the notion that this exerts the protective advantage of maintaining the embryo in an environment that will limit the potential for homocysteine-induced oxidative stress (Perna et al., 2003) and teratogenesis.
TABLE 1 | Folate, vitamin B12 and methionine-related metabolites in maternal plasma and coelomic fluid.
[image: Table 1]Taken together, these findings are supportive of a postulate whereby the histiotrophic nutritional pathway, incorporating yolk sac-mediated uptake, plays a role in the embryonic provision of folate and vitamin B12.
CONCLUSION
Optimal functioning of folate and methionine metabolic cycling, modulated by methionine, folate and vitamin B12 availability regulates homocysteine production. Perturbation of these metabolic cycles linked to one-carbon metabolism leads to the raised production of homocysteine and allied metabolites, which is associated with various adverse pregnancy outcomes including NTDs. The appropriate flux of one-carbon moieties through the folate and methionine metabolic cycles is essential for maintaining methylation capacity. The flux of one-carbon units through the methionine cycle, as well the partitioning of one-carbon donors from the mitochondrial glycine cleavage system to the folate cycle, is essential for neural tube closure necessitating the synergistic activities of both cycles (Leung et al., 2017). The flow and cycling of one-carbon metabolites relies on the sufficiency of nutrient cofactors to maintain effective folate and methionine metabolism, serving to direct one-carbon units and intermediates into the most favourable biosynthetic pathway to meet individual tissue and cellular requirement.
Given the intricate complexity and the multifactorial nature of human NTDs, delineation of methylated molecular targets and a more complete understanding of the regulatory mechanisms that maintain the metabolic interconnectivity that underpins methylation capacity, particularly in the embryonic period, remains an attractive area of research for developing future therapeutic approaches to reduce NTD risk. However, although a raised maternal provision of folate and vitamin B12 have been shown to be effective in the amelioration of NTD risk, the loci of their action remains to be determined. A more complete understanding of the route by which the transport of such nutrients from the mother to developing embryo is achieved, would be insightful in supporting the mechanistic framework that underpins nutrient-based therapeutics in the amelioration of embryonic developmental anomalies.
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