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Abstract

:

Folic acid (FA) food fortification in Australia has resulted in a higher-than-expected intake of FA during pregnancy. High FA intake is associated with increased insulin resistance and gestational diabetes. We aimed to establish whether maternal one-carbon metabolism and hormones that regulate glucose homeostasis change in healthy pregnancies post-FA food fortification. Circulating folate, B12, homocysteine, prolactin (PRL), human placental lactogen (hPL) and placental growth hormone (GH2) were measured in early pregnancy maternal blood in women with uncomplicated pregnancies prior to (SCOPE: N = 604) and post (STOP: N = 711)-FA food fortification. FA food fortification resulted in 63% higher maternal folate. STOP women had lower hPL (33%) and GH2 (43%) after 10 weeks of gestation, but they had higher PRL (29%) and hPL (28%) after 16 weeks. FA supplementation during pregnancy increased maternal folate and reduced homocysteine but only in the SCOPE group, and it was associated with 54% higher PRL in SCOPE but 28% lower PRL in STOP. FA food fortification increased maternal folate status, but supplements no longer had an effect, thereby calling into question their utility. An altered secretion of hormones that regulate glucose homeostasis in pregnancy could place women post-fortification at an increased risk of insulin resistance and gestational diabetes, particularly for older women and those with obesity.
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1. Introduction


Adequate maternal folate (vitamin B9) is essential for pregnancy health [1]. Folic acid (FA) is a synthetic form of folate that is used in pregnancy supplements and food fortification [2]. In Australia, folic acid (FA) supplementation, with a daily dose of 400 μg for at least one month prior to and during the first trimester of pregnancy, has been part of clinical guidelines for over 20 years and was proven to reduce the incidence of neural tube defects [3,4]. To ensure that all women of reproductive age have sufficient folate levels, including those who may conceive unintentionally and are unlikely to supplement, over 80 governments across the world implemented mandatory FA food fortification programs [5]. The Australian government implemented a FA fortification mandate for bread-making flour in 2009 [6]. The mandate was expected to increase daily FA intake by 100 μg. However, most pregnant women post-FA fortification mandate are exceeding the recommended total daily intake of 600 µg [7,8]. A recent systematic review of women taking FA supplements in countries with mandatory food fortification programs found that almost all women exceed the upper tolerable limit of FA (1000 μg/day) [7]. A possible explanation for the disparity between the expected and actual daily increase, at least in Australia, is that within a couple of years after the FA fortification mandate, the voluntary fortification of numerous food products with FA commenced, resulting in substantially higher intakes of FA than predicted from the fortification mandate alone. Given widespread FA food fortification and the fact that many pregnancy supplements available in Australia contain more than 400 µg FA, it is likely that pregnant women in Australia are indeed exceeding the recommended daily FA intake, with unknown repercussions for pregnancy health.



FA is a metabolically inactive compound that undergoes sequential reductions to generate a biologically active metabolite 5-methyl tetrahydrofolate (5-methylTHF; Figure 1), the main form of folate found in plasma [9]. Various FA metabolites play key roles in one-carbon metabolism (1Cm), a complex set of reactions that form two vital biological cycles: folate and methionine (Figure 1). Folate metabolites donate carbon groups for nucleic acid biosynthesis and DNA repair (folate cycle) as well as methyl groups required for global methylation and protein synthesis (methionine cycle) [10,11,12]. The interconversion between different folate forms will favour either folate or methionine cycle, depending on cellular needs [13]. Given that circulating folate is readily taken up from maternal circulation by the placenta, [14,15] low or high FA intake and maternal folate status can affect placental methylation, gene expression and protein synthesis, development and function and, ultimately, pregnancy health [16,17,18,19,20,21,22]. We, and others, showed that maternal folate deficiency increases the risk of delivering small and low-birthweight babies and of preterm birth, and that FA supplementation reduces these risks [23,24,25,26,27]. However, the influence of maternal folate excess on pregnancy outcomes is largely unknown. Recent studies show that high FA intake can lead to saturation of certain enzymes in the 1C metabolic pathway, leading to an accumulation of unmetabolized FA (UMFA) [28,29,30]. Concerns were raised regarding adverse health effects due to UMFA, which can be detected in circulation with daily FA doses as low as 300–400 μg [31]. UMFA levels are higher in people who supplement with FA alone compared to combined FA and vitamin B12, an essential co-factor in 1Cm [32]. Despite its important role in FA metabolism, as well as its ability to reduce levels of pro-inflammatory homocysteine (high levels of which are associated with several pregnancy complications [33]) (Figure 1), B12 was not included in the Australian FA food fortification mandate. However, many food manufacturers voluntarily add B12 to various food products.



High FA/folate as well as a combination of high Folate:B12 and Hcy are associated with increased insulin resistance and risk of gestational diabetes mellitus (GDM) [35,36,37,38,39]. Interestingly, the incidence of GDM in Australia has tripled over a decade, from 5.4% in 2008 to 16.1% (43,100 births) in 2018, [40] coinciding with the Australian FA food fortification mandate and voluntary food fortification. It is important to note that the trajectory of the GDM rise started before and continued after the implementation of new 2015 GDM classification guidelines; thus, only a fraction of the increased GDM incidence can be attributed to changes in diagnostic criteria [41].



Findings from animal models suggest that high maternal FA intake leads to dysregulation of maternal and/or foetal one-carbon metabolism (1Cm) and lipid metabolism as well as increased insulin resistance and glucose intolerance, but the proposed mechanisms are lacking [42,43,44,45,46]. Although rising, the incidence of Type 2 diabetes in Australia is not on the same trajectory as GDM; hence, given their shared aetiology, it is likely that FA acts at least partially via the placenta, a transient organ unique to pregnancy that is an essential regulator of maternal insulin resistance and glucose transport to the foetus [47]. To control glucose homeostasis during pregnancy while maximizing glucose transport to the foetus, several placental peptide hormones are secreted into maternal circulation in addition to the pituitary- and decidua-released hormone prolactin [48,49]. Placental growth hormone variant (GH2) is secreted into maternal circulation to promote a state of mild insulin resistance. This is achieved by reducing insulin receptor expression and signalling, reducing insulin-sensitive glucose transporter (GLUT-4) in skeletal muscle and liver, and stimulating lipolysis to provide fatty acids for maternal energy use [49,50,51]. Increased insulin resistance is an essential maternal adaptation to pregnancy that ensures glucose availability for the foetus, as glucose is the preferred fuel for foetal growth and development [52]. Increased maternal insulin resistance calls for pancreatic beta cells to adapt and compensate by secreting more insulin [53]. Prolactin (PRL), secreted predominantly by the pituitary, and placental derived human placental lactogen (hPL) promote maternal pancreatic beta cell expansion and/or insulin secretion to control increased maternal glucose levels due to increased insulin resistance, thereby protecting against hyperglycaemia and the development of GDM [53]. PRL and hPL function via the PRL receptor located in pancreatic beta cells [54]. Interestingly, GH2 was also reported to increase pancreatic insulin secretion in human beta cells [55], although this role is less prominent than its role in promoting insulin resistance. Similarly, both PRL and hPL were reported to increase maternal insulin resistance [56], although their role in beta cell adaptation is greater.



Given that proper placental function relies on a balanced maternal nutrient supply [57,58,59,60], it is possible that changes in maternal micronutrient status (such as high folate or Folate:B12 imbalance) may impact aspects of placental function, such as hormone secretion, and ultimately affect pregnancy health. The aberrant secretion of hormones including PRL, hPL and GH2 discussed previously can place pregnant women at an increased risk of hyperglycaemia, GDM and potentially other adverse outcomes of pregnancy. To our knowledge, the association between FA and these hormones has not been explored.



Considering the steep GDM rise post-FA fortification in Australia, we aimed to better understand what changed in healthy pregnancies post-FA fortification that may contribute to an increased risk of GDM, particularly in those with known GDM risk factors such as increased maternal age and obesity. We aimed to determine if PRL and placental hormones hPL and GH2 are different in healthy pregnancies post- compared to pre-FA fortification. The work presented here explores powerful clinical and lifestyle databases and biobanks from women with uncomplicated pregnancies who were recruited to two large prospective pregnancy cohorts at the same hospital in Adelaide prior to (SCOPE) and post (STOP)-FA food fortification.




2. Materials and Methods


2.1. Study Population


This study used data from two prospective pregnancy cohorts that recruited women predominantly from the Lyell McEwin Hospital, Adelaide, South Australia. The Adelaide Screening for Pregnancy Endpoints (SCOPE; 2005–2008; Total N = 1164, Uncomplicated N = 604) cohort was part of a multi-centre international study of 5628 participants that aimed to develop screening tests to predict risk for pregnancy complications early in pregnancy before women became symptomatic. The Screening Tests to identify poor Outcomes of Pregnancy (STOP; 2015–2018; Total N = 1300; Uncomplicated N = 711) cohort was established to validate screening tests for several pregnancy complications that were generated in SCOPE. The SCOPE cohort was recruited and gave birth prior to the 2009 FA fortification mandate, whereas the STOP cohort recruited women 6–9 years post-mandate. Nulliparous women with singleton pregnancies were recruited at 14–16 weeks of gestation in SCOPE and between 6–16 weeks in STOP. Women at high risk of pregnancy complications due to underlying medical history (e.g., type 1 or type 2 diabetes, hypertension, and related disorders), 3 or more previous miscarriages or terminations of pregnancy, those whose pregnancy was complicated by a known foetal anomaly and those who received interventions that may modify pregnancy outcomes (e.g., aspirin) were excluded from both studies. Women were also excluded if they were taking calcium (>1 g/d), eicosapentaenoic acid (≥2.7 g/d), vitamin C (>1000 mg/d) or vitamin E (>400 IU/d). The exclusion criteria for this study are outlined in Figure 2.




2.2. Data Collection


In this study, we compared the following baseline characteristics: maternal age, ethnicity, body mass index (BMI; calculated using maternal height and weight), demographic information with socio-economic index (SEI) as classified by using New Zealand’s criteria (scale of 10–90, with 10 representing the lowest SEI [61]), smoking status and micronutrient supplement use. Total daily doses of FA supplements were calculated from the quantity and formulation of tablets consumed, which included both discrete FA tablets and FA contained in multivitamin preparations. A non-fasting blood sample was taken at the time of recruitment and stored for downstream biochemical analyses that included circulating folate, vitamin B12, homocysteine (Hcy), red cell folate (RCF), PRL, hPL and GH2.



An uncomplicated pregnancy was defined as a pregnancy in which no antenatal medical or obstetric complication had been diagnosed and as one which resulted in delivery of a healthy baby (birthweight customized centile >10th) at ≥37 weeks of gestation. Pregnancy and birth outcomes were ascertained from patient medical records by research midwives. Only women with a confirmed uncomplicated pregnancy were included in our data analyses.




2.3. Biochemical Measurements


Peripheral blood samples collected at 14–16 (SCOPE) and 6–16 (STOP) weeks of gestation were placed on ice, processed and stored at −80 °C for future analyses. Serum folate (nmol/L), B12 (pmol/L) and homocysteine (Hcy; μmol/L) quantifications were performed by Clinpath Laboratories, Adelaide, South Australia using chemiluminescent microparticle immunoassays on an Abbott Alinity automated immunoassay analyser. All samples were randomized to 96-well assay plates and measured at the same time to avoid cohort bias.



Red cell folate (RCF) was measured by the state pathology service (SA Pathology) using an ARCHITECT folate assay, Abbott Laboratories, Abbott Park, IL, USA per our previous publication [23]. RCF measurements were only available for the post-FA fortification cohort STOP. However, we previously published RCF data from 410 women at 12 weeks of gestation who were recruited at the same hospital at the same time as the SCOPE women (and thus, prior to FA food fortification), and we compared these data to those of the STOP women [23].



PRL (pg/mL; ALPCO, USA; Cat No: 25-PROHU-E01), hPL (μg/mL; Human Placental Lactogen ALPCO, USA; Cat No: 20-HPLHU-E01) and GH2 (pg/mL; Placenta-specific growth hormone variant; FineTest, China; Cat No: EH3133-96T) were measured in 465 SCOPE and 684 STOP women for whom we had available blood samples. Hormones were measured using Enzyme-Linked Immunosorbent Assays (ELISA) following the manufacturer’s instructions. All samples for the three hormone assays were diluted prior to use, and hormones were measured in duplicate by strictly following the recommended protocol guidelines. Optical density was measured using the SpectraMax iD5 plate reader. All measurements were performed using patient study numbers in a blinded manner. SCOPE and STOP samples were run on the same ELISA plates at the same time to avoid cohort bias.




2.4. Statistics


Descriptive statistics are reported for demographics and blood biochemistry measures by cohort. Means (SD), or medians (IQR) where appropriate, were used for continuous variables, and frequencies (%) were used for categorical variables. Linear regression was used to examine the association between blood biochemistry measures of one-carbon metabolism and of FA supplementation in SCOPE and STOP, adjusted for maternal age and BMI. An interaction term between blood biochemistry measures and the study was included to allow for non-constant effects across studies. Pre-specified post hoc contrasts comparing FA supplementation groups between and within studies were performed and adjusted for multiple comparisons. Data was log-transformed to approximate normality, and the ratios of geometric means (95% CI) are reported. Measures of red cell folate were compared between STOP and a separate pre-FA fortification cohort (N = 410) using the Mann–Whitney U test.



Serum hormone (PRL, hPL and GH2) concentrations were analysed using a linear mixed effects model, adjusting for gestational age at sampling. A random intercept for each participant was included to account for repeated measures from some participants in SCOPE who also had an earlier blood sample (at 12 ± 1 weeks of gestation) available. Separate models for maternal age and BMI were fitted, and an interaction term with the study was included. Pre-specified post hoc contrasts comparing each (maternal age and BMI) group between and within studies were performed and adjusted for multiple comparisons. Data were log-transformed to approximate normality, and the ratios of geometric means (95% CI) are reported.



Hormone concentrations (hPL and GH2) in media from human placental explants treated with different FA doses were analysed using linear regression with the post hoc Dunnett’s test and compared to 0nM FA treatment. Assumption checking was performed for all regression and linear mixed effects models. A two-sided alpha level of 0.05 was considered statistically significant. All analyses were performed using R version 4.2.1 (R Foundation for Statistical Computing, Vienna, Austria).




2.5. Ethics Approval and Patient Consent


SCOPE study ethics approval was obtained from the Central Northern Adelaide Health Service Human Research Ethics Committee (REC 1712/5/2008). STOP study ethics approval was obtained from the Women’s and Children’s Health Network Human Research Ethics Committee (HREC/14/WCHN/90). Ethics approval was obtained from Central Adelaide Local Health Network Human Research Ethics Committee to collect placentas from elective terminations of pregnancy at the Pregnancy Advisory Centre of The Queen Elizabeth Hospital in Adelaide (HREC/16/TQEH/33).



Pregnant nulliparous women attending their first antenatal clinic at the Lyell McEwin Hospital and Women’s and Children’s Hospital, Adelaide, South Australia, as well as women undergoing elective termination of pregnancy at The Queen Elizabeth Hospital, South Australia, were provided study participant information sheets. Written informed consent was obtained from all eligible women to participate in these studies.



SCOPE and STOP studies were registered with the Australian New Zealand Clinical Trial Registry (ACTRN12607000551493 and ACTRN12614000985684, respectively).





3. Results


3.1. Descriptive Characteristics


A total of 1164 women were recruited to SCOPE Adelaide. Of these, 604 (51.9%) women had an uncomplicated pregnancy (Figure 2). A total of 1300 women were recruited to STOP. Of these, 711 (54.7%) women had an uncomplicated pregnancy (Figure 2). Table 1 presents the maternal and pregnancy data for 604 SCOPE and 711 STOP women with an uncomplicated pregnancy. Compared to SCOPE, STOP women were older (Median (IQ): 23 y [20,21,22,23,24,25,26] vs. 25 y [22,23,24,25,26,27,28,29], p < 0.0001), had a higher SEI (Median (IQ): 24 [20,21,22,23,24,25,26,27,28,29,30] vs. 29 [22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45], p < 0.0001) and were less likely to be white (91.9% vs. 83.7%). There was no difference in early pregnancy BMI between the cohorts. Compared to SCOPE, fewer women smoked in early pregnancy in STOP (21.2% vs. 14.5%).



FA supplementation increased from 79.7% in SCOPE to 87.8% in STOP. Despite the 12.2% missing supplementation data in STOP (Table 1), indicating a possible underestimation, at least 62% of STOP women with an uncomplicated pregnancy used 800 μg or higher daily FA supplement tablets compared to 24.3% in SCOPE. Compared to SCOPE, vitamin B12 supplementation increased in STOP (53% vs. 71.6%; p < 0.0001; Table 1).



Compared to SCOPE, STOP women had significantly higher serum folate (Median [IQ range]: 36.4 [28.5–43] vs. 40.5 [36.4–45.2] nmol/L; p < 0.0001), B12 (Median [IQ range]: 248 [195.5–316] vs. 277.5 [219–355] pmol/L; p < 0.0001) and homocysteine (Mean ± SD: 4.6 ± 1.1 μM in SCOPE vs. 5 ± 1.1 μM in STOP; p < 0.0001). Compared to SCOPE, STOP women with an uncomplicated pregnancy had a significantly higher Folate:B12 ratio (Median (IQR): 142.6 [104–207.4] vs. ±5.9 [115.7–222.4]; p = 0.0006; Table 1).



Regarding measured birth outcomes, gestational age at birth and birthweight were lower in STOP compared to SCOPE, but the mean customised birthweight centiles remained unchanged. The difference in gestational age is likely due to increased induction of labour before or at 40 weeks of gestation (SCOPE 22.2% vs. STOP 41.6%, p < 0.0001).




3.2. One-Carbon Metabolism Components in Early Pregnancy in Response to FA Supplementation


FA supplementation was divided into four categories: None; ≤400 μg; >400 to <800 μg; ≥800 μg. We used 400 μg and 800 μg as guides because in Australia, 400 μg is the recommended daily supplementation dose in pregnancy, and the most popular pregnancy supplement in Australia (Elevit, Bayer) has 800 μg per tablet. Table 2 presents maternal one-carbon metabolism blood biochemistry data (actual non-adjusted measurements) in early pregnancy for SCOPE and STOP women stratified by FA supplementation. SCOPE FA supplementation data was available for all 604 study participants, whereas STOP FA supplementation data was available for 624 of the 711 participants.



Serum folate was higher in SCOPE women who supplemented with FA compared to those who did not supplement. SCOPE women who supplemented with ≤400, >400 to <800 and ≥800 μg daily FA had 37% (ratio of geometric means (95% CI): 1.37 (1.09, 1.72) p = 0.0006), 53% (mean ratio (95% CI): 1.53 (1.30, 1.80) p < 0.0001) and 61% (mean ratio (95% CI): 1.61 (1.34, 1.93) p < 0.0001) higher median serum folate, respectively, than women who did not supplement with FA. In STOP women, however, FA supplementation during pregnancy did not result in higher serum folate concentrations.



Although there was no difference in serum folate levels between the supplementation groups in STOP, STOP women who did not supplement with FA had 63% higher mean serum folate (Median (IQ): 38.9 [34.3–43.2]) compared to SCOPE women who did not supplement (Median (IQ): 27.1 [18.5–34.3]) (mean ratio (95% CI): 1.63 [1.28, 2.08]; p < 0.0001). There were no significant differences in serum folate levels between SCOPE and STOP for other FA supplementation categories.



Serum Vitamin B12 was not statistically different between supplementation groups in SCOPE or STOP.



The Folate:B12 ratio in SCOPE was 37% (mean ratio (95% CI): 1.37 [1.12, 1.66] p < 0.0001) and 43% (mean ratio (95% CI): 1.43 [1.15, 1.78] p < 0.0001) higher in women who supplemented with >400 to <800 μg and ≥800 μg FA, respectively, compared to women who did not supplement. No difference between Folate:B12 ratios was observed between FA supplementation categories in STOP. Compared to SCOPE, the overall Folate:B12 ratio was higher in STOP (Median (IQR): 142.6 [104–207.4] vs. 156 [115.7–222.4], p = 0.0006). Compared to SCOPE women who did not supplement with FA, STOP women who did not supplement had 37% higher Folate:B12 (ratio of GM (95% CI): 1.37 [1.02, 1.84] p = 0.02).



Serum Hcy concentrations were lower in SCOPE women who supplemented with FA daily compared to women who did not supplement (12% with ≤400 μg, p = 0.008; 11% with >400 to <800 μg, p = 0.0003; and 15% with ≥800 μg, p < 0.0001) (Table 2). Hcy was not different between FA supplementation groups in STOP. Interestingly, STOP women who supplemented with higher doses of FA, specifically those in the >400 to <800 μg and ≥800 μg groups, had 17% (ratio of GM (95% CI): 1.17 [1.09, 1.26] p < 0.0004) and 12% (ratio of GM (95% CI): 1.12 [1.05, 1.20] p < 0.0001) higher Hcy, respectively, compared to the same supplementation categories in SCOPE (Table 2).



Red cell folate (RCF) data was available for STOP women but not for SCOPE. Therefore, we could not directly compare differences in RCF concentrations between SCOPE and STOP. However, we did have RCF data for 410 pregnant women at 12 weeks of gestation who were recruited at the same time and at the same hospital as SCOPE women, enabling a comparison of RCF levels prior to (N = 410) and after (STOP, N = 711) the FA food fortification mandate (Figure 3). Prior to the implementation of FA food fortification, women who supplemented with FA during early pregnancy had significantly higher RCF compared to women who did not supplement (Median (IQR): 623 nmol/L [417–848] vs. 379 nmol/L [261.2–596.5]; p < 0.0001). Although many women in the pre-FA food fortification cohort were folate-deficient, the median RCF was within the Royal College of Pathologists of Australasia (RCPA)’s reference range for normal RCF (shown by dashed red lines in Figure 3), regardless of whether women supplemented with FA during pregnancy. Following FA food fortification (STOP), FA supplementation during pregnancy had no effect on RCF (Median (IQR): no FA supplement: 1516 nmol/L [1266–1784] vs. FA supplement: 1512 nmol/L [1259–1792]; p = 0.9).



Compared to women pre-FA fortification, STOP women had significantly higher RCF, regardless of whether they supplemented with FA during pregnancy or not (No FA supplement: pre-FA fortification Median (IQR): 379 nmol/L [261.2–596.5] vs. STOP 1516 nmol/L [1266–1784], p < 0.0001; FA supplement: pre-FA fortification 623 nmol/L [417–848] vs. STOP 1512 nmol/L [1259–1792], p < 0.0001). All STOP women, regardless of FA supplementation, had median RCF levels above the RCPA reference range for normal RCF. STOP concentration medians are, in fact, a conservative estimate, as many women post-FA fortification had RCF levels at the upper limit of assay detection (1790 nmol/L). Of the 711 STOP women with an uncomplicated pregnancy, only 6 were RCF-deficient.




3.3. Pregnancy Hormones


3.3.1. Gestational Modelling


PRL, hPL and GH2 were measured at 14–16 weeks of gestation in SCOPE and 6–16 weeks in STOP. Placental hormone secretion increases with gestation; hence, hormone data were adjusted for gestational age at the time of sampling using blood samples that were taken from the same SCOPE patients (N = 22) at both 11–13 and 14–16 weeks of gestation. Model fitting was performed to estimate changes in each hormone across early gestation (Supplementary Figure S1). Regression lines between 11–13 and 14–16 weeks of gestation samples show a clear separation (Supplementary Figure S1), supporting the need to account for gestational age at sampling in order to more accurately compare hormone levels between SCOPE and STOP women. As such, both 11–13 and 14–16 weeks of gestation samples from SCOPE were included as repeated measures in linear mixed effects models to generate a more accurate mean estimation across gestation for both cohorts and to account for the within and between-subject variances that are presented in Figure 4.




3.3.2. Estimated Means for PRL, hPL and GH2


Estimated mean PRL, hPL and GH2 concentrations were plotted across early gestation between weeks 6 and 16 for SCOPE and STOP women (Figure 4), accounting for gestational age at blood sampling. Data presented are for N = 465 SCOPE and N = 684 STOP women with uncomplicated pregnancies for whom we had blood samples available. We calculated the estimated marginal means of each hormone at 10 weeks of gestation, at the time of onset of maternal blood flow to the placenta, and at 16 weeks, the latest time point of sampling in SCOPE and a time at which the second trimester’s exponential rise in hPL and GH2 is underway. Compared to SCOPE, at 10 weeks of gestation, estimated hPL and GH2 levels were significantly lower in STOP women (hPL −33%; 58.2 ± 6 vs. 38.8 ± 1.1 μg/mL, p < 0.0001 and GH2 −43%; 1.67 ± 0.17 vs. 0.96 ± 0.03 ng/mL, p < 0.0001), whereas at 16 weeks, STOP women had 29% higher circulating PRL and 28% higher hPL (185.5 ± 18 vs. 144 ± 11.5 ng/mL, p = 0.0004 and 253 ± 10.7 vs. 197 ± 5.8 μg/mL, p < 0.0001, respectively) (Figure 4). The level of GH2 at 16 weeks was not different between SCOPE and STOP (Ratio of geometric means (95% CI): 1.09 [0.99, 1.20]; p = 0.08).




3.3.3. PRL, hPL and GH2 Concentrations Relative to FA Supplementation


To determine if there is an association between FA intake and pregnancy hormones, we analysed hormone concentrations (estimated marginal means) according to FA supplementation categories (Table 3 and Figure 5). Post hoc analyses compared hormone concentrations between different FA supplementation groups within each cohort, and the same FA supplementation groups between SCOPE and STOP.



Prolactin (PRL): SCOPE women who supplemented daily with any dose of FA had significantly higher PRL concentrations than women who did not supplement (≤400 μg: +24% [95% CI: 0 to 54%] p = 0.05; >400 to <800 μg: +36% [95% CI: 14 to 62%] p < 0.0001; ≥800 μg: +54% [95% CI: 26 to 89%] p < 0.0001). The FA supplementation dose response observed in SCOPE was not present in STOP participants. STOP women who supplemented with the highest daily dose (≥800 μg) FA had: 28% (95% CI: 6 to 44%) lower PRL than women who did not supplement (p = 0.009); 49% (95% CI: 2 to 73%) lower PRL than women who supplemented with ≤400 μg (p = 0.04); 41% (95% CI: 31 to 49%) lower PRL than women who supplemented with >400 to <800 μg FA (p < 0.0001) (Table 3 and Figure 5).



Compared to SCOPE, STOP women had significantly higher PRL for each FA supplementation group (None: +75%, p < 0.0001; ≤400 μg: +99%, p = 0.01 and >400 to <800 μg: +57%, p < 0.0001), except for women who supplemented with the highest daily FA dose of ≥800 μg, who had 18% (p = 0.02) lower PRL than women in the same supplementation category in SCOPE (Table 3 and Figure 5).



Human Placental lactogen (hPL): hPL concentrations were not significantly different between daily FA supplementation categories in SCOPE nor in STOP. However, hPL concentrations were significantly higher in STOP compared to SCOPE women for all supplementation categories (None: 22% [95% CI: 7 to 38%] p = 0.003; ≤400 μg: 36% [95% CI: 3 to 78%] p = 0.03; >400 to <800 μg: 16% [95% CI: 6 to 27%] p = 0.002; ≥800 μg: 13% [95% CI: 4 to 24%] p = 0.007) (Table 3 and Figure 5).



Growth hormone variant (GH2): Like hPL, GH2 concentrations were not significantly different between daily FA supplementation categories in SCOPE nor in STOP. However, compared to SCOPE, in STOP women who supplemented with ≥800 μg, GH2 was 13% lower (95% CI: 2 to 22%, p = 0.02) (Table 3 and Figure 5).




3.3.4. PRL, hPL and GH2 Concentrations Relative to Blood 1C Metabolism Biochemistry


To identify relationships between maternal 1C metabolism variables, including serum folate, B12 and Hcy and pregnancy hormones, we analysed hormone concentrations according to blood biochemistry data for both SCOPE and STOP. Given that there was no study effect when responses for each cohort were compared, SCOPE and STOP samples were combined for these analyses. We also assessed the association between RCF and pregnancy hormones in STOP.



Serum folate and RCF were not associated with any of the hormones studied. However, increased B12 was associated with increased PRL, hPL and GH2. Every 100 unit increase in B12 was associated with a 5% increase in PRL (95% CI: 2 to 9%), a 2% increase in hPL (95% CI: 0 to 4%) and a 3% increase in GH2 (95% CI: 1 to 5%) (Table 4). Interestingly, increased Folate:B12 ratios were associated with reduced GH2. Every 100 unit increase in Folate:B12 ratio was associated with a 2% reduction in GH2 (95% CI: 1 to 4%) (Table 4). Increased Hcy was associated with reduced PRL. Every one unit of increase in Hcy was associated with a 7% reduction in PRL (95% CI: 3 to 10%) (Table 4).




3.3.5. PRL, hPL and GH2 Concentrations Relative to Maternal Age and/or BMI


Maternal age (≥35y) and obesity (BMI ≥ 30 kg/m2) are risk factors for several pregnancy complications, including increased insulin resistance and GDM. We analysed PRL, hPL and GH2 concentrations with respect to maternal age and obesity in SCOPE to determine if hormone concentrations are different in older women or those with obesity, or with a combination of the two in healthy pregnancy. We then assessed the same in STOP to determine whether maternal age and obesity alter these hormones in healthy pregnancies post-FA fortification. For these analyses, women with a healthy BMI (20–24.9 kg/m2) are referred to as ‘non-obese’, and their hormones are compared to those of women with obesity (BMI ≥ 30 kg/m2).



Maternal age: Maternal age did not influence PRL, hPL or GH2 in SCOPE. However, in STOP, women ≥35y had 31% lower PRL compared to women <35y (95% CI: 13 to 45%, p = 0.002; Table 5). Interestingly, STOP women ≥35y had higher serum folate compared to STOP women < 35y (Median [IQ range]: 44 [41.2–98] vs. 40.4 [36.3–44.9] nmol/L; p < 0.001), whereas in SCOPE, serum folate levels did not differ between the two age groups.



Maternal obesity: SCOPE women with obesity had lower PRL (−19%, [95% CI: 2 to 33%] p = 0.02), hPL (−21% [95% CI: 12 to 28%] p < 0.0001) and GH2 (−27%, [95% CI: 17 to 36%] p < 0.0001) compared to non-obese women (Table 6). In STOP, obese women had 30% lower PRL (95% CI: 18 to 41%, p < 0.0001) and 23% lower hPL (95% CI: 16 to 29%, p < 0.0001) compared to non-obese women. GH2 was not affected by obesity in STOP. Serum folate was not different between obese and non-obese groups in SCOPE nor in STOP.



Interactive effects of maternal age and obesity:



Prolactin (PRL): In SCOPE, compared to younger non-obese women, younger obese women had 26% (95% CI: 11 to 38%) lower PRL (Figure 6, Table 7). In STOP, compared to younger non-obese women, younger obese women had 24% (95% CI: 11 to 35%) lower PRL, whereas older non-obese and older obese women had 33% (95% CI: 5 to 53%) and 48 % (95% CI: 6 to 71%) lower PRL, respectively (Figure 6, Table 7).



Compared to younger non-obese women in SCOPE, younger non-obese women in STOP had 17% higher PRL (95% CI: 3 to 33%). Interestingly, compared to older obese women in SCOPE, older obese women in STOP had 48% lower PRL (95% CI: 4 to 72%) (Figure 6, Table 7).



Human placental lactogen (hPL): In SCOPE, compared to younger non-obese women, younger obese and older obese women had 18% (95% CI: 10 to 25%) and 31% (95% CI: 4 to 50%) lower hPL, respectively (Figure 7, Table 8). In STOP, compared to younger non-obese women, younger obese women had 21% (95% CI: 14 to 27%) lower hPL, whereas older obese women had 30% (95% CI: 4 to 48%) lower hPL (Figure 7, Table 8). Compared to younger non-obese women in SCOPE, younger non-obese women in STOP had 12% higher hPL (95% CI: 4 to 20%) (Figure 7, Table 8).



Placental growth hormone (GH2): In SCOPE, compared to younger non-obese women, younger obese women had 23% (95% CI: 13 to 32%) lower GH2 (Figure 8, Table 9). In STOP, compared to younger non-obese women, younger obese women had 12% (95% CI: 2 to 21%) lower GH2 (Figure 8, Table 9). Compared to younger non-obese women in SCOPE, younger non-obese women in STOP had 10% lower GH2 (95% CI: 2 to 18%) (Figure 8, Table 9).






4. Discussion


A combination of widespread FA food fortification in Australia and high FA supplementation compliance during pregnancy resulted in a considerably higher intake of daily FA than expected, as suggested by a recent review [7]. Indeed, our pregnancy data shows a significant increase in serum folate (marker of recent dietary intake) and a threefold increase in mean red cell folate (RCF; marker of long-term folate stores) in women post-FA fortification, regardless of whether women supplemented with FA in pregnancy. These findings suggest that diet-derived folate is the main driver behind high maternal folate in women post-FA food fortification. Folate deficiency, notable in women prior to FA food fortification, was mostly resolved post-FA fortification, with less than 1% of women found to be deficient. This is in line with pre and post-FA food fortification reports from the USA [62]. However, most women in our post-FA fortification cohort had red cell folate (RCF) above the normal RCPA reference range (1400 nmol/L). This is not the first report to implicate FA food fortification with folate concentrations above the normal reference range [63]. The post-FA fortification mean RCF level in our study is a conservative estimate, given that many women had RCF at the upper limit of the assay detection (1700 nmol/L). This observation is of potential concern given the lack of evidence for the safety of excess maternal folate. Clearly, not all excess folate/FA is simply excreted.



Despite the effectiveness of FA food fortification, compliance to FA supplementation in pregnancy was higher in women post-FA fortification. Furthermore, more women post-FA fortification consumed 800 μg (or higher) daily FA supplements compared to pre-FA fortification. Prior to FA food fortification, maternal serum folate in early pregnancy increased with increasing doses of FA supplementation. However, post-FA food fortification, supplementation with FA during pregnancy did not change maternal serum or RCF levels. The utility of FA supplementation to increase maternal folate during early pregnancy in women post-Australian FA food fortification is thereby questionable, warranting re-evaluation of the paradigm that all women should supplement with FA prior to and during pregnancy in the era of widespread FA food fortification.



Increased multivitamin supplementation and the addition of B12 to many voluntarily FA-fortified food products could also explain higher B12 in STOP. Due to their roles in the methionine cycle, ref. [64] and the observed clinical effects of combined FA and B12 supplementation, ref. [65,66,67] increased circulating folate, and B12 would be expected to lower homocysteine in women post-FA fortification. Unexpectedly, Hcy was higher in STOP women. This may be explained by the relationship between folate and B12. Despite higher B12 in STOP, the ratio of Folate:B12 is significantly higher, suggesting a disproportionate increase in circulating folate in women post-FA fortification. Both folate and B12 are key players in 1C metabolism, with B12 being essential for lowering homocysteine [68]. Higher intakes of FA relative to B12 could lead to a pseudo folate-deficient state [69,70]. This would result in a shift from the methionine to the folate pathway (left to right shift in Figure 1), favouring DNA synthesis at the expense of methylation and epigenetic programming. This shift leads to an increase in homocysteine [44,70], as we have demonstrated in the post-FA fortification cohort (STOP). Homocysteine is proinflammatory and associated with increased insulin resistance. This association is partly due to its ability to alter glucose transporter translocation to the plasma membrane, thereby reducing systemic glucose uptake, and partly due to its ability to inhibit pro-insulin receptor cleavage, causing insulin resistance [71]. Thus, higher Folate:B12 ratios and higher homocysteine levels in women post-FA fortification could promote systemic inflammation and insulin resistance. Unfortunately, we were unable to collect fasting blood to measure maternal insulin.



Nevertheless, given the role of these 1Cm variables in methylation and control of gene expression [72], increased FA intake and Folate:B12 status in women post-FA fortification could affect their systemic gene expression and, thereby, various tissue functions [69,73,74,75,76,77]. We sought to establish if peptide hormones secreted by the placenta, uterine decidua and the pituitary, which regulate insulin resistance and glucose metabolism in pregnancy, are altered with high FA intake and in women post-FA fortification. To the best of our knowledge, our work is the first to report an association between FA/folate and the secreted hormones prolactin, human placental lactogen and placental growth hormone.



Due to gestational age effects on circulating maternal hormone concentrations measured in this study, all hormone data were adjusted for gestational age at sampling, thereby enabling comparison between SCOPE and STOP. Our novel findings show lower hPL and GH2 in the first trimester of pregnancy, followed by higher PRL and hPL early in the second trimester in women post-FA fortification. GH2 promotes maternal insulin resistance [50,51], whereas PRL promotes insulin secretion to compensate for the increase in maternal insulin resistance during pregnancy [55]. hPL plays a dual role in regulating maternal glucose homeostasis: due to its high binding affinity to PRL receptors on pancreatic beta cells, it is believed to primarily promote insulin secretion [78,79], but due to its lower binding affinity to growth hormone receptors, it can also promote insulin resistance [56]. The role of hPL as driver of insulin resistance was demonstrated a few decades ago [80]. However, more recent studies clearly demonstrate its primary role in human insulin secretion [53,54]. The ambiguity of hPL action combined with the lack of insulin data makes it difficult to understand the implications of altered hPL on insulin resistance in women post-FA fortification. Lower GH2 and hPL in STOP could imply reduced insulin resistance in the first trimester. However, if hPL does indeed primarily promote insulin secretion, then it is plausible that lower hPL in early pregnancy in STOP reflects a decreased demand for insulin, which is possibly due to lower GH2. Interestingly, we found significantly higher hPL and PRL concentrations in women in early second trimester of pregnancy post-FA fortification. Depending on the biological role of hPL, this observation can have two implications. The first is that women post-FA food fortification are secreting more insulin. Although we observed no changes in GH2 (promoter of insulin resistance), Folate:B12 ratio and Hcy were higher in STOP. Given that both are associated with increased insulin resistance and GDM (and consistent with higher GDM incidence in STOP) [33,36,37,38,81,82], higher PRL and hPL may be essential to promote insulin secretion in response to cues brought on by alterations in 1C metabolism. The second possibility is that increased hPL in STOP women implies increased insulin resistance; thus, the concurrent increase in PRL may serve to promote insulin secretion and compensate for increased hPL. Whatever the metabolic implications of these hormones may be in pregnancy, their levels in the first trimester and early in the second trimester are significantly different in women post-FA fortification, and thus, they are likely to affect maternal glucose homeostasis.



To further explore the association between FA and pregnancy hormones, we examined the relationships between FA supplementation during pregnancy and hormone concentrations. Women were stratified into different FA supplementation categories depending on FA supplementation doses during early pregnancy. Strata were based on the recommended 400 μg and the most popular pregnancy brand in Australia, which contains 800 μg FA. Consistent with observed higher PRL in women post-FA food fortification, we show a FA supplementation dose effect on PRL in SCOPE, where PRL increased with increasing doses of FA supplementation. This would suggest that, in women prior to FA food fortification, FA may have had a protective effect against insulin resistance by promoting PRL secretion. However, this dose response was not observed in women post-FA food fortification. In fact, PRL was the lowest in women who supplemented with the highest dose of FA in STOP. Impairment of 1C metabolism due to long-term exposure to FA may explain the observed hormonal discrepancies between SCOPE and STOP, particularly the lower PRL in STOP women who supplemented with the highest daily dose of FA. Continual exposure to dietary FA excess, as is the case for many STOP women, combined with high FA supplementation in pregnancy can lead to alterations in 1C metabolism, particularly in the methionine cycle. Increased methylation and epigenetic metastability with FA and B12 supplementation were established in animal models, highlighting potential deleterious effects on the establishment of epigenetic gene regulation in humans [83]. High FA intake can also cause 1C metabolic enzyme saturation and a pseudo-5-methylTHF deficiency [84,85] affecting methionine cycle potential. Increased Hcy in STOP could represent an impairment of methylation potential, which would affect gene expression profiles, and thus, it would also affect PRL, hPL and GH2 secretion in women post-FA fortification.



Despite higher hPL in women post-FA fortification, FA supplementation during early pregnancy was not associated with hPL nor with GH2 in either cohort. Thus, the effects of FA on placenta-derived hPL and GH2 appear to be a result of long-term, rather than short-term, exposure to high levels of FA. This suggests that placental regulation of insulin resistance is mostly affected by long-term exposure to FA. This would explain the tripling in GDM incidence without a similar trend in magnitude in type 2 diabetes incidence, as insulin resistance in pregnancy is predominantly under placental control. In support of this contention are reports that long-term (≥3 months) FA supplementation prior to or during pregnancy are associated with a significantly higher risk of GDM compared to short-term (<3 months) FA exposure [86,87,88].



PRL, hPL and GH2 hormones play balancing roles in maternal metabolic adaptations required for a healthy pregnancy. Thus, changes to hormone concentrations post-FA fortification could foster increased insulin resistance in healthy pregnancy, placing women at an increased risk of GDM, particularly if combined with other known GDM risk factors such as increased maternal age and obesity. Advanced maternal age was shown to affect concentrations of several placental hormones across gestation [89,90]. Although there was no association between maternal age and measured hormones in SCOPE, women 35y and older had lower PRL than their younger counterparts post-FA fortification. This suggests that increased FA intake may impair the ability of older pregnant women to secrete adequate insulin to counteract the natural progression of insulin resistance in pregnancy. Unsurprisingly, the same women (35y and older) also had higher folate status, which is in line with our observations in STOP that showed lower PRL in women with highest FA intake.



We further report an association between maternal obesity and measured hormones. Overall, maternal obesity is associated with reduced hormone concentrations. This suggests that obesity has the potential to affect essential maternal adaptations required for glucose homeostasis, regardless of folate status. This is consistent with reports of reduced hPL and other hormones in pregnant women with obesity [91,92]. Interestingly, GH2, which promotes insulin resistance, was lower in obese women in SCOPE (in line with lower PRL and hPL) but not in STOP. This suggests that maternal obesity post-FA fortification may increase the risk of insulin resistance due to low PRL and hPL in the setting of higher GH2.



The combined effects of maternal age and obesity on pregnancy hormones show that younger women with a healthy BMI had significantly higher PRL and hPL and lower GH2 in STOP compared to SCOPE. However, older obese women had significantly lower PRL in STOP compared to SCOPE. Despite overall PRL being significantly higher in STOP than SCOPE, lower PRL in older and obese women in STOP indicates that women with a combination of increased maternal age and obesity post-FA fortification may now be more at risk of failure to adequately adapt to the metabolic demands of pregnancy.



What are the potential implications of our findings for GDM? Our understanding of the effects of studied hormones on maternal glucose homeostasis in human pregnancy is indirect, as most of our knowledge is derived from studies on rodents with a different placental lactogen-prolactin gene evolution profile. The associations between these hormones and insulin resistance or GDM are not straightforward. For example, despite strong support for the role of PRL in promoting insulin secretion in pregnancy, several studies show that high levels of PRL are associated with insulin resistance and/or hyperglycaemia, beta cell dysfunction and risk of GDM [93,94,95,96]. The effect of hPL on GDM is still not well-established, although higher hPL is associated with pre-gestational diabetes [97] and reported in amniotic fluid [98] as well as maternal blood from women with GDM [99,100]. GH2 is mostly not associated with GDM, although one study showed increased placental GH2 mRNA in pregnancies affected by GDM [101]. In clinical studies, changes in placental hormones do not directly correlate with changes in insulin resistance [102]. This implies that a complex synergistic relationship between placental hormones and other pregnancy-related factors, such as those relating to 1C metabolism, may hold a key to understanding insulin resistance in pregnancy. Emerging evidence increasingly associates high FA intake and high maternal folate status with insulin resistance and/or GDM (reviewed in Williamson et al., 2022 [34]). Many studies have identified a maternal B vitamin imbalance (high Folate:B12 ratio) as a risk factor for GDM [36,37,103]. High B12 is reported to be protective against GDM, [37,104] whereas low B12 causes accumulation of lipids in adipocytes and is associated with obesity, insulin resistance and GDM [104,105].



The novelty of our study lies with pregnancy hormones. However, with the aim to establish what has changed in healthy pregnancy after FA food fortification that may place women at increased risk of GDM, we also evaluated changes in known risk factors such as maternal age, BMI and ethnicity. Our findings suggest that these are unlikely to be adding to the increased risk of GDM in STOP. Women 35y and older are at higher risk of developing pregnancy complications, including GDM. Although the median maternal age was slightly higher in STOP, both cohorts comprised predominantly young women in their 20s with only a fraction of women (around 2%) in the greater than 35y category, and this fraction was not different between the two cohorts. BMI was also not different between SCOPE and STOP women who had an uncomplicated pregnancy. A modest change in ethnicity was observed in STOP to include a higher percentage of women of Asian and Middle Eastern decent, who are known to be at higher risk of pregnancy complications. Despite these modest changes, it is important to note that other pregnancy complications associated with increased maternal age, obesity and ethnicity are not higher in STOP nor on the same trajectory as GDM nationally. Perturbed hormone profiles interacting with FA fortification and supplementation in women with healthy pregnancies point to the strong need to examine these parameters in women who later developed GDM.



In summary, FA food fortification has resulted in significantly higher maternal serum and red cell folate concentrations, with the latter exceeding the RCPA reference range for normal folate status. FA supplementation in pregnancy does not appear to contribute to folate status in women post-FA food fortification mandate, warranting the re-evaluation of clinical guidelines. Pregnant women post-FA fortification have increased Folate:B12 ratios and homocysteine levels as well as altered levels of the hormones responsible for the regulation of glucose homeostasis. This may place them at increased risk of aberrant glucose tolerance in pregnancy. Of mention are women with increased maternal age and/or BMI, who may be at an even higher risk of inadequate adaptation to the metabolic demands of pregnancy due to lower PRL post-FA fortification mandate. Whatever the biological implications of measured hormones in this study (i.e., whether they act systemically to induce insulin resistance or via the pancreas to promote beta cell expansion and insulin secretion), the fact remains that the concentrations of these hormones were altered post-FA fortification, warranting further studies to determine biological significance.



Study strengths and limitation: Our study presents findings from extensive databases and biobanks relating to two large pregnancy cohorts with similar demographics on either side of the FA food fortification mandate. These rich datasets enabled thorough evaluation of changes in pregnancy health before and after the FA food fortification mandate in women with uncomplicated pregnancies. The cohorts were highly relevant for our study, as the incidence of GDM in these cohorts increased from 5% (SCOPE) to 15% (STOP), which is in line with the national GDM rise (GDM diagnosis in SCOPE and STOP was achieved using the same current diagnostic criteria). Our study has an important limitation. Data presented are up to 16 weeks of gestation, which is early in the trajectory of increasing hormone secretion associated with insulin resistance and glucose tolerance in pregnancy. It would be invaluable to expand our findings beyond this point and to determine FA’s effect on hormones across gestation as well as to expand studies to the effects of FA on all aspects of metabolic regulation in pregnancy.




5. Conclusions


We have clearly shown that mandatory food fortification has significantly increased maternal folate status in early human pregnancy to beyond the normal reference range. For the first time, we provide in vivo evidence of perturbed maternal and placental endocrine status with high levels of FA consumption by the mother. These perturbations may be exacerbated in older women and those with obesity. Considering widespread global mandatory FA food fortification, as well as high FA supplementation compliance during pregnancy, particularly in Australia, and the increasing trends of delayed childbearing and maternal obesity, our findings are concerning. Further research to evaluate the effects of high FA on overall maternal endocrinology, placental function and pregnancy health, including with respect to GDM and other pregnancy complications, is urgently required.
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Figure 1. One-carbon metabolism: Overview of one-carbon metabolism. Folic acid (FA) is reduced via dihydrofolate reductase (DHFR) to dihydrofolate (DHF) and tetrahydrofolate (THF). Methylenetetrahydrofolate dehydrogenase (MTHFD1) converts THF to intermediate metabolites 10-formyltetrahydrofolate (10-formylTHF), 5,10-methenyltetrahydrofolate (5,10-methenylTHF) and 5,10-methylenetetrahydrofolate (5,10-methyleneTHF). 5,10-methyleneTHF can be used in the conversion of deoxyuridine monophosphate (dUMP) to deoxythymidine monophosphate (dTMP) via thymidylate synthase (TS) or to 5-methylTHF via methylenetetrahydrofolate reductase (MTHFR). 5-methylTHF is used for homocysteine remethylation to methionine, which is reliant on vitamin B12 (B12)-dependent methionine synthase (MTR). Methionine is converted to S-adenosylmethionine (SAM), a methyl donor in methylation reactions, and sequentially to S-adenosylhomocysteine (SAH), a substrate of homocysteine remethylation. Adapted from Williamson et al., 2022 [34]. 






Figure 1. One-carbon metabolism: Overview of one-carbon metabolism. Folic acid (FA) is reduced via dihydrofolate reductase (DHFR) to dihydrofolate (DHF) and tetrahydrofolate (THF). Methylenetetrahydrofolate dehydrogenase (MTHFD1) converts THF to intermediate metabolites 10-formyltetrahydrofolate (10-formylTHF), 5,10-methenyltetrahydrofolate (5,10-methenylTHF) and 5,10-methylenetetrahydrofolate (5,10-methyleneTHF). 5,10-methyleneTHF can be used in the conversion of deoxyuridine monophosphate (dUMP) to deoxythymidine monophosphate (dTMP) via thymidylate synthase (TS) or to 5-methylTHF via methylenetetrahydrofolate reductase (MTHFR). 5-methylTHF is used for homocysteine remethylation to methionine, which is reliant on vitamin B12 (B12)-dependent methionine synthase (MTR). Methionine is converted to S-adenosylmethionine (SAM), a methyl donor in methylation reactions, and sequentially to S-adenosylhomocysteine (SAH), a substrate of homocysteine remethylation. Adapted from Williamson et al., 2022 [34].



[image: Nutrients 15 01553 g001]







[image: Nutrients 15 01553 g002 550] 





Figure 2. Study flow chart: Study exclusion criteria are shown for both SCOPE and STOP, with final totals of N = 604 and N = 711 participants, respectively, who had uncomplicated pregnancies. 
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Figure 3. Red cell folate concentration in pregnant women prior to and post-FA food fortification: Data in the pre- and post-FA fortification categories are presented as medians (IQ range) and divided into two groups: women who did not take FA supplements (None, in red) and women who took FA supplements in the first trimester of pregnancy (Folic Acid, in green). The RCPA RCF reference range (360–1400 nmol/L) is represented by red dotted lines. The assay’s upper limit of detection is 1790 nmol/L. Measures of red cell folate were compared between STOP (N = 711) and a separate pre-FA fortification cohort (not SCOPE, N = 410) using the Mann–Whitney U test. 






Figure 3. Red cell folate concentration in pregnant women prior to and post-FA food fortification: Data in the pre- and post-FA fortification categories are presented as medians (IQ range) and divided into two groups: women who did not take FA supplements (None, in red) and women who took FA supplements in the first trimester of pregnancy (Folic Acid, in green). The RCPA RCF reference range (360–1400 nmol/L) is represented by red dotted lines. The assay’s upper limit of detection is 1790 nmol/L. Measures of red cell folate were compared between STOP (N = 711) and a separate pre-FA fortification cohort (not SCOPE, N = 410) using the Mann–Whitney U test.



[image: Nutrients 15 01553 g003]







[image: Nutrients 15 01553 g004 550] 





Figure 4. Serum hormone concentrations: PRL, hPL and GH2 concentrations across gestation are shown for SCOPE (N = 465) and STOP (N = 684) women with uncomplicated pregnancies. Estimated marginal means (±SEM) for SCOPE and STOP women at 10 weeks and 16 weeks of gestation are presented. Serum hormone (PRL, hPL and GH2) concentrations were analysed using a linear mixed effects model, adjusting for gestational age at sampling. Significance is indicated with asterisks (**** p < 0.0001 and *** p < 0.001). 
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Figure 5. Serum hormone concentrations stratified by FA supplementation: Estimated marginal means for (A) prolactin (PRL), (B) human placental lactogen (hPL) and (C) placental growth hormone (GH2) in SCOPE (14–16 weeks of gestation) and STOP (6–16 weeks) women are stratified by four different FA supplementation categories (SCOPE N = 465; STOP N = 624). 
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Figure 6. Prolactin concentrations stratified by maternal age and BMI: PRL in early gestation SCOPE (N = 465) and STOP (N = 684) women was stratified by maternal age and BMI status. Women were stratified as younger than 35y or 35y and older, and non-obese (healthy BMI) and obese. 
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Figure 7. Human placental lactogen (hPL) concentrations stratified by maternal age and BMI: hPL in early gestation SCOPE (N = 465) and STOP (N = 684) women was stratified by maternal age and BMI status. Women were stratified as younger than 35y or 35y and older, and non-obese (healthy BMI) and obese. 






Figure 7. Human placental lactogen (hPL) concentrations stratified by maternal age and BMI: hPL in early gestation SCOPE (N = 465) and STOP (N = 684) women was stratified by maternal age and BMI status. Women were stratified as younger than 35y or 35y and older, and non-obese (healthy BMI) and obese.
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Figure 8. Placental growth hormone (GH2) concentrations stratified by maternal age and BMI: GH2 in early gestation SCOPE (N = 465) and STOP (N = 684) women was stratified by maternal age and BMI status. Women were stratified as younger than 35y or 35y and older and as non-obese (healthy BMI) or obese. 
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Table 1. Maternal characteristics measured in early gestation for SCOPE (14–16 weeks of gestation) and STOP (6–16 weeks) women and term pregnancy and birth outcome data for those with uncomplicated pregnancies.






Table 1. Maternal characteristics measured in early gestation for SCOPE (14–16 weeks of gestation) and STOP (6–16 weeks) women and term pregnancy and birth outcome data for those with uncomplicated pregnancies.











	
	SCOPE (N = 604)
	STOP (N = 711)
	p-Value





	Maternal age (y): Median (IQ range)
	23.0 (20.0–26.0)
	25.0 (22.0–29.0)
	<0.0001



	Maternal BMI: Median (IQ range)
	25.1 (22.0–29.1)
	25.3 (22.4–29.5)
	0.27



	* SEI: Median (IQ range)
	24.0 (20.0–30.0)
	29.0 (22.0–45.0)
	<0.0001



	Ethnicity: White N (%)
	
	
	0.0005



	Yes
	555 (91.9)
	595 (83.7)
	



	No
	49 (8.1)
	116 (16.3)
	



	Smoking: N (%)
	
	
	0.002



	Missing
	0 (0.0)
	6 (0.8)
	



	No
	476 (78.8)
	602 (84.7)
	



	Yes
	128 (21.2)
	103 (14.5)
	



	Folic acid supplementation (μg/day): N (%)
	
	
	<0.0001



	Missing
	0 (0.0)
	87 (12.2)
	



	None
	122 (20.2)
	49 (6.9)
	



	≤400
	66 (10.9)
	7 (1.0)
	



	>400 to <800
	269 (44.5)
	127 (17.9)
	



	≥800
	147 (24.3)
	441 (62.0)
	



	B12 supplementation (μg/day): N (%)
	
	
	<0.0001



	None
	284 (47)
	202 (28.4)
	



	Yes
	320 (53)
	509 (71.6)
	



	Blood biochemistry (** 1C metabolism)
	
	
	



	Serum folate (nmol/L): Median (IQ range)
	36.4 (28.5–43.0)
	40.5 (36.4–45.2)
	<0.0001



	B12 (pmol/L): Median (IQ range)
	248.0 (195.5–316.0)
	277.5 (219.0–355.0)
	<0.0001



	Homocysteine (μmol/L): Mean (SD)
	4.6 (1.1)
	5.0 (1.1)
	<0.0001



	Induction of labour: N (%)
	
	
	<0.0001



	No
	470 (77.8)
	415 (58.4)
	



	Yes
	132 (22.2)
	296 (41.6)
	



	Birth Outcomes
	
	
	



	Baby Sex: N (%)
	
	
	0.55



	Missing
	0 (0.0)
	1 (0.1)
	



	Female
	313 (51.8)
	355 (49.9)
	



	Male
	291 (48.2)
	355 (49.9)
	



	Gestational age at birth (weeks): Median (IQ range)
	40.3 (39.4–41.0)
	40.0 (39.1–40.9)
	0.01



	Birthweight (g): Median (IQ range)
	3543 (3290–3825)
	3506 (3250–3786)
	0.03



	Birthweight customised centile: Mean (SD)
	54.2 (25.1)
	53.3 (26.1)
	0.52







* SEI = New Zealand Socio-Economic Index, a scale of 10–90 with a lower score indicating greater disadvantage [61]; ** 1C metabolism = one-carbon metabolism.
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Table 2. Blood biochemistry measures of one-carbon metabolism variables in SCOPE (14–16 weeks of gestation) and STOP (6–16 weeks) women with uncomplicated pregnancies according to daily FA supplementation categories.
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Folate (nmol/L)

Median (IQ Range)

	
B12 (pmol/L)

Median (IQ Range)

	
Folate:B12 Ratio

Median (IQ Range)

	
Homocysteine (μmol/L)

Mean (SD)






	
SCOPE

	
None (N = 122)

	
27.1 (18.5–34.3)

	
217.5 (189.0–280.5)

	
117.7 (80.2–162.5)

	
5.1 (1.4)




	
≤400 (N = 66)

	
35.6 (28.9–41.6)

	
251 (192.5–338.0)

	
131.6 (107.4–184.5)

	
4.5 (1.1)




	
>400 to <800 (N = 269)

	
38.4 (30.4–44.2)

	
252 (198.0–318.0)

	
146.9 (107.8–228.4)

	
4.5 (1.1)




	
≥800 (N = 147)

	
39.3 (34.8–44.2)

	
260 (208.0–315.5)

	
156.5 (115.7–238.9)

	
4.3 (0.9)




	
STOP

	
None (N = 49)

	
38.9 (34.3–43.2)

	
277.5 (219.2–316.5)

	
137.7 (109.8–211.8)

	
5.2 (1.4)




	
≤400 (N = 7)

	
42.1 (36.6–56.3)

	
261 (203.5–315.5)

	
180.2 (165.0–201.9)

	
5.1 (1.1)




	
>400 to <800 (N = 127)

	
39.8 (35.4–44.5)

	
260 (205.0–346.5)

	
168 (116.3–248.2)

	
5.3 (1.3)




	
≥800 (N = 441)

	
41.3 (37.3–55.2)

	
281 (231.0–370.0)

	
158.1 (118.6–222.1)

	
4.8 (1.0)
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Table 3. Serum hormone concentrations in SCOPE (14–16 weeks of gestation) and STOP (6–16 weeks) women with uncomplicated pregnancies stratified by FA supplementation categories.
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Study

	
FA Supplementation

	
PRL

Estimated Marginal Mean (ng/mL): (SE)

	
hPL

Estimated Marginal Mean (μg/mL): (SE)

	
GH2

Estimated Marginal Mean (ng/mL): (SE)






	
SCOPE

	
None (N = 122)

	
71.12 (6.89)

	
90.59 (3.87)

	
2.36 (0.12)




	
≤400 (N = 66)

	
88.11 (9.58)

	
94.1 (4.89)

	
2.57 (0.15)




	
>400 to <800 (N = 269)

	
96.52 (8.81)

	
92.3 (3.4)

	
2.43 (0.10)




	
≥800 (N = 147)

	
109.84 (10.75)

	
92.4 (3.84)

	
2.53 (0.13)




	
STOP

	
None (N = 49)

	
124.42 (15.42)

	
110.09 (6.22)

	
2.59 (0.19)




	
≤400 (N = 7)

	
175.23 (45.83)

	
127.63 (16.72)

	
1.90 (0.34)




	
>400 to <800 (N = 127)

	
151.39 (14.13)

	
107.24 (4.19)

	
2.29 (0.10)




	
≥800 (N = 441)

	
90.05 (7.63)

	
104.86 (3.33)

	
2.21 (0.08)
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Table 4. Effects of B12, Folate:B12 and Hcy on serum hormones concentrations in SCOPE (14–16 weeks of gestation) and STOP (6–16 weeks) women combined. Effect for every 100 unit increase in B12 and Folate:B12, and for every 1 unit increase in Hcy.
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	B12

Ratio of Geometric Means (95% CI)
	p-Value
	Folate:B12

Ratio of Geometric Means (95% CI)
	p-Value
	Hcy

Ratio of Geometric Means (95% CI)
	p-Value





	Prolactin
	1.05 (1.02, 1.09)
	0.0005
	1.01 (0.99, 1.03)
	0.4
	0.93 (0.90, 0.96)
	<0.0001



	hPL
	1.02 (1.00, 1.04)
	0.03
	0.99 (0.98, 1.01)
	0.3
	0.98 (0.97, 1.00)
	0.06



	GH2
	1.03 (1.01, 1.05)
	0.008
	0.98 (0.96, 0.99)
	0.004
	0.98 (0.96, 1.00)
	0.1
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Table 5. Ratio of geometric means (95% CI) for different serum hormone concentrations in SCOPE and STOP stratified by maternal age.
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	Study
	Contrast
	PRL
	p-Value
	hPL
	p-Value
	GH2
	p-Value





	SCOPE
	≥35y/<35y
	1.11 (0.83, 1.50)
	0.5
	0.92 (0.77, 1.10)
	0.4
	0.93 (0.75, 1.14)
	0.5



	STOP
	≥35y/<35y
	0.69 (0.55, 0.87)
	0.002
	0.92 (0.80, 1.05)
	0.2
	0.93 (0.79, 1.09)
	0.4
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Table 6. Ratio of geometric means (95% CI) for different serum hormone concentrations in SCOPE and STOP stratified by maternal obesity status.






Table 6. Ratio of geometric means (95% CI) for different serum hormone concentrations in SCOPE and STOP stratified by maternal obesity status.





	Study
	Contrast
	PRL
	p-Value
	hPL
	p-Value
	GH2
	p-Value





	SCOPE
	Obese/Non-obese
	0.81 (0.67, 0.98)
	0.02
	0.79 (0.72, 0.88)
	<0.0001
	0.73 (0.64, 0.83)
	<0.0001



	STOP
	Obese/Non-obese
	0.70 (0.59, 0.82)
	<0.0001
	0.77 (0.71, 0.84)
	<0.0001
	0.92 (0.82, 1.03)
	0.2
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Table 7. Post hoc comparisons for Prolactin (PRL) in different maternal age and BMI categories within SCOPE and STOP and between different maternal age and BMI categories between SCOPE and STOP.
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Subgroup

	
Contrast

	
Ratio of Geometric Means (95% CI)

	
p-Value






	
SCOPE

	
<35y obese/<35y non-obese

	
0.74 (0.62, 0.89)

	
<0.0001




	
≥35y non-obese/<35y non-obese

	
0.78 (0.45, 1.37)

	
0.7




	
≥35y obese/<35y non-obese

	
1.17 (0.68, 2.01)

	
0.9




	
≥35y non-obese/<35y obese

	
1.05 (0.59, 1.88)

	
1




	
≥35y obese/<35y obese

	
1.58 (0.92, 2.72)

	
0.1




	
≥35y obese/≥35y non-obese

	
1.50 (0.69, 3.25)

	
0.5




	
STOP

	
<35y obese/<35y non-obese

	
0.76 (0.65, 0.89)

	
<0.0001




	
≥35y non-obese/<35y non-obese

	
0.67 (0.47, 0.95)

	
0.02




	
≥35y obese/<35y non-obese

	
0.52 (0.29, 0.94)

	
0.02




	
≥35y non-obese/<35y obese

	
0.88 (0.61, 1.27)

	
0.8




	
≥35y obese/<35y obese

	
0.68 (0.37, 1.24)

	
0.4




	
≥35y obese/≥35y non-obese

	
0.77 (0.39, 1.53)

	
0.8




	
STOP/SCOPE

	
<35y and non-obese

	
1.17 (1.03, 1.33)

	
0.01




	
<35y and obese

	
1.20 (0.99, 1.46)

	
0.06




	
≥35y and non-obese

	
1.00 (0.60, 1.67)

	
1




	
≥35y and obese

	
0.52 (0.28, 0.96)

	
0.04
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Table 8. Post hoc comparisons for human placental lactogen (hPL) in different maternal age and BMI categories within SCOPE and STOP and between different maternal age and BMI categories between SCOPE and STOP.
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Subgroup

	
Contrast

	
Ratio of Geometric Means (95% CI)

	
p-Value






	
SCOPE

	
<35y obese/<35y non-obese

	
0.82 (0.75, 0.90)

	
<0.0001




	
≥35y non-obese/<35y non-obese

	
1.04 (0.76, 1.42)

	
1




	
≥35y obese/<35y non-obese

	
0.69 (0.50, 0.96)

	
0.02




	
≥35y non-obese/<35y obese

	
1.26 (0.92, 1.74)

	
0.2




	
≥35y obese/<35y obese

	
0.84 (0.61, 1.17)

	
0.5




	
≥35y obese/≥35y non-obese

	
0.67 (0.43, 1.04)

	
0.09




	
STOP

	
<35y obese/<35y non-obese

	
0.79 (0.73, 0.86)

	
<0.0001




	
≥35y non-obese/<35y non-obese

	
0.92 (0.76, 1.13)

	
0.7




	
≥35y obese/<35y non-obese

	
0.70 (0.52, 0.96)

	
0.02




	
≥35y non-obese/<35y obese

	
1.17 (0.95, 1.44)

	
0.2




	
≥35y obese/<35y obese

	
0.89 (0.65, 1.22)

	
0.8




	
≥35y obese/≥35y non-obese

	
0.76 (0.53, 1.10)

	
0.2




	
STOP/SCOPE

	
<35y and non-obese

	
1.12 (1.04, 1.20)

	
0.002




	
<35y and obese

	
1.08 (0.97, 1.19)

	
0.1




	
≥35y and non-obese

	
1.00 (0.75, 1.33)

	
1




	
≥35y and obese

	
1.14 (0.81, 1.60)

	
0.5
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Table 9. Post hoc comparisons for placental growth hormone (GH2) in different maternal age and BMI categories within and between SCOPE and STOP.
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Subgroup

	
Contrast

	
Ratio of Geometric Means (95% CI)

	
p-Value






	
SCOPE

	
<35y obese/<35y non-obese

	
0.77 (0.68, 0.87)

	
<0.0001




	
≥35y non-obese/<35y non-obese

	
1.03 (0.70, 1.51)

	
1




	
≥35y obese/<35y non-obese

	
0.69 (0.47, 1.01)

	
0.06




	
≥35y non-obese/<35y obese

	
1.34 (0.90, 2.00)

	
0.2




	
≥35y obese/<35y obese

	
0.90 (0.61, 1.33)

	
0.9




	
≥35y obese/≥35y non-obese

	
0.68 (0.39, 1.16)

	
0.2




	
STOP

	
<35y obese/<35y non-obese

	
0.88 (0.79, 0.98)

	
0.02




	
≥35y non-obese/<35y non-obese

	
0.87 (0.68, 1.10)

	
0.4




	
≥35y obese/<35y non-obese

	
0.91 (0.59, 1.41)

	
0.9




	
≥35y non-obese/<35y obese

	
0.99 (0.76, 1.28)

	
1




	
≥35y obese/<35y obese

	
1.03 (0.66, 1.61)

	
1




	
≥35y obese/≥35y non-obese

	
1.05 (0.64, 1.71)

	
1




	
STOP/SCOPE

	
<35y and non-obese

	
0.90 (0.82, 0.98)

	
0.01




	
<35y and obese

	
1.03 (0.90, 1.17)

	
0.7




	
≥35y and non-obese

	
0.76 (0.53, 1.08)

	
0.1




	
≥35y and obese

	
1.17 (0.76, 1.83)

	
0.5
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