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Abstract
[bookmark: _Hlk46693609][bookmark: _Hlk28965740][bookmark: _Hlk46739284]Recent studies implicate maternal gestational diabetes mellitus (GDM) in differential methylation of infant DNA. Folate and vitamin B12 play a role in DNA methylation and these vitamins may also influence GDM risk. The aims of this study were to determine folate and vitamin B12 status in obese pregnant women and investigate associations between folate and vitamin B12 status, maternal dysglycaemia, and neonatal DNA methylation at cytosine-phosphate-guanine sites previously observed to be associated with dysglycaemia. Obese pregnant women who participated in the UK Pregnancies Better Eating and Activity Trial (UPBEAT) were included. Serum folate and vitamin B12 were measured at the oral glucose tolerance test (OGTT) visit. Cord blood DNA methylation was assessed using the Infinium MethylationEPIC BeadChip. Regression models with adjustment for confounders were used to examine associations. Of the 951 women included, 356 (37.4%) were vitamin B12 deficient, and 44 (4.6%) were folate deficient. 271 women (28%) developed GDM. Folate and vitamin B12 concentrations were not associated with neonatal DNA methylation. Higher folate was positively associated with 1-hour plasma glucose after OGTT (= 0.031, 95% CI 0.001-0.061, p=0.045). There was no relationship between vitamin B12 and glucose concentrations post OGTT or between folate or vitamin B12 and GDM. In summary, we found no evidence to link folate and vitamin B12 status with the differential methylation of neonatal DNA previously observed in association with dysglycaemia. We add to the evidence that folate status may be related to maternal glucose homeostasis although replication in other maternal cohorts is required for validation. 
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[bookmark: _Hlk27922749]Introduction
[bookmark: _Hlk40273828]Sufficiency in vitamin B9 (folate) and vitamin B12 (cobalamin) status in pregnancy is important for normal fetal development1. Deficiencies of folate and vitamin B12 are associated with adverse outcomes including maternal anaemia and infant neural tube and birth defects2. These vitamins play a role in one-carbon metabolism and the remethylation of homocysteine to methionine and associated pathways which generate substrates for DNA synthesis and methyl groups for numerous methylation reactions including those with DNA3,4. 
 	Nutrient deficits or excesses which occur at ‘critical’ periods of development influence gene expression and thus determine future disease risk4. Maternal folate status is reported to play a key role in infant DNA methylation in genes associated with developmental pathways, metabolism and regulation of DNA methylation, among others5–7, although the responsible mechanisms are not fully established. 
[bookmark: _Hlk40263609] 	Excess or deficiency of these B vitamins during pregnancy has been linked to a higher risk of developing gestational diabetes mellitus (GDM) in some reports8–12 but not others13–17. Two found that a combination of folate sufficiency and vitamin B12 deficiency were associated with a higher risk of GDM9,10, and others showed an association between lower vitamin B12 status and GDM8,11,12. In addition, an inverse correlation was observed, in one small prospective study, between vitamin B12 status and fasting glucose18. To our knowledge there has been no investigation of relationships between maternal folate and vitamin B12 status and GDM in pregnant women with obesity, who have a higher risk of developing GDM than those of recommended weight19.
 	While there are several reports of relationships between folate and/or vitamin B12 status and GDM/insulin resistance, the mechanism remains unclear. In obese subjects, folate or vitamin B12 deficiency has been linked to reduced mitochondrial DNA methylation in association with insulin resistance20. A causative relationship could explain why glucose homeostasis is impaired in a folate and B12 deficient state. 
[bookmark: _Hlk58248840][bookmark: _Hlk27123053][bookmark: _Hlk58231821] 	 Large cohort studies have observed relationships between lower folate and vitamin B12 concentrations and a higher body mass index (BMI) in pregnant women21–23 which may reflect the suboptimal micronutrient status among obese individuals in general, often attributed to multiple factors including poor quality diet, socioeconomic status and altered metabolism24. 
 	A study from the UK Pregnancies Better Eating and Activity Trial (UPBEAT), an antenatal randomised controlled trial of a behavioural intervention in pregnant women with obesity (BMI ≥30 kg/m2), recently reported that a diagnosis of GDM, fasting, and 1-hour and 2-hour plasma glucose concentrations following an oral glucose tolerance test (OGTT) were associated with in total 732 differentially methylated cytosine-phosphate-guanine (CpG) sites in neonatal cord blood DNA. These differentially methylated sites occurred amongst genes involved in transcriptional regulation and cell signalling25. This study has addressed the hypothesis that the proposed relationship in obese women between methylation status and glucose homeostasis is a result of altered maternal folate and/or vitamin B12 status. Specific aims were 1) to determine folate and vitamin B12 status in a large cohort (n=951) of pregnant women with obesity, 2) to investigate the relationship between maternal folate or vitamin B12 status and cord blood DNA methylation at CpG sites previously observed in association with dysglycaemia25 and 3) to determine associations between folate, vitamin B12 and glucose homeostasis.
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Method
[bookmark: _Hlk26718713]Subjects and study design
This is a secondary analysis of data and samples from pregnant women who participated in the UPBEAT study. UPBEAT was a multicentre, randomised controlled trial in the UK examining the effects of a behavioural intervention of diet and physical activity versus standard antenatal care in pregnant women with obesity. The primary outcomes were GDM and delivery of a large for gestational age infant. The study protocol has been published elsewhere26. Briefly, women were recruited in eight UK centres between March 2009 and June 2014. Women were eligible for inclusion if they were >16 years of age, had a BMI ≥30 kg/m2 and a singleton pregnancy, and were between 15+0 and 18+6 weeks’ of gestation. Women were excluded if they were unwilling or unable to give informed consent, if they had underlying health disorders or were prescribed metformin. The study was approved by the NHS Research Ethics Committee (UK integrated research application system, reference 09/H0802/5). Participants allocated to the intervention group attended eight weekly sessions with a health trainer prior to the OGTT. The control group received standard antenatal care according to local healthcare provision. 
 	There was no reduction in the incidence of GDM or large-for-gestational-age infants in the intervention group compared to the control group, however, there were improvements in maternal dietary intake, physical activity and adiposity, metabolic parameters and a reduction in gestational weight gain27,28.
Data and sample collection
Participants attended three study visits. Women who provided blood samples at the OGTT visit (23-30 weeks’ gestation) were included in this study. Social and demographic data were collected at the baseline visit at 15+0-18+6 weeks’ gestation, including maternal age (years), BMI (kg/m2), medical history (e.g. previous history of GDM), family history (e.g. type 2 diabetes), ethnicity (Black, White, Asian, other), parity (nulliparous, multiparous), smoking (smoking during pregnancy, ex-smoker, non-smoker), educational attainment (none, general certificate of secondary education (GCSE), vocational qualification, A-level, first- or higher degree) and index of multiple deprivation29 (score from 1, least deprived, to 5, most deprived). 
[bookmark: _Hlk26196901]Assessment of folate and vitamin B12
Blood samples were processed and serum stored at -80 °C until analysis. Samples for plasma glucose analyses were transferred to the clinical laboratory for analysis. Chemiluminescent microparticle immunoassay technology (Architect 2000 Series analyser, Abbott Diagnostics) was used to assess the serum concentrations of folate and vitamin B12. The linearity of the assays were 1.5-20.0 µg/L and 125-2000 ng/L and inter assay coefficients of variation were <7.1% and <8.0% for folate and vitamin B12 respectively. Haemolysed or insufficient samples were excluded from the analysis (n=4). A priori decision was made to access folate status regardless of folic acid supplementation.
[bookmark: _Hlk26197031] 	Vitamin B12 deficiency was defined as serum concentration <200 ng/L (148 pmol/L) and folate deficiency was defined as serum concentration <3 µg/L (6.8 nmol/L)30.
Assessment of GDM
[bookmark: _Hlk61603335]All participants attended an OGTT between 23 and 30 weeks’ gestation (75g, mean 27 weeks’ gestation) following fasting for at least 10 hours. Diagnosis of GDM was according to the criteria from the International Association of Diabetes and Pregnancy Study Groups (IADPSG): fasting venous glucose of ≥5.1 mmol/L, 1-hour venous glucose ≥10.0 mmol/L or 2-hour venous glucose of ≥8.5 mmol/L31. Women diagnosed with GDM were referred to the local antenatal diabetes service and managed according to local practice, with dietary management, metformin and/or insulin treatment as appropriate.
Cord blood DNA methylation
[bookmark: _Hlk27385924]Umbilical cord blood was collected shortly after delivery, processed and the buffy coat stored at -80°C until further analysis. The evaluation of the neonatal epigenome was carried out as detailed previously25. DNA was extracted from the buffy coat using the QIAamp Blood DNA mini kit (Qiagen). Agarose gel electrophoresis was used to check the DNA quality and the NanoDrop ND-1000 (NanoDrop Technologies) was used to determine the DNA quantity. DNA was converted with sodium bisulfite (Zymo EZ DNA Methylation-Gold kit, ZymoResearch, Irvine, California, USA, D5007) and analysed by the Centre for Molecular Medicine and Therapeutics for DNA methylation using the Infinium Methylation EPIC BeadChip kit (Infinium, California, USA). Infinium 850K data processing was carried out by Antoun et al.25. Antoun et al. calculated the beta values for DNA methylation which were used in the current study to examine the association between maternal serum folate or vitamin B12 and the epigenome. Only the 732 significant differentially methylated CpGs (false discovery rate corrected (FDR) p<0.05) found to be associated with GDM, fasting, and 1-hour and 2-hour plasma glucose concentrations post OGTT were analysed for the purpose of this study25.
Confounders
Confounders were identified from previous relevant literature9–12,15,16,21,23,25,32 in the assessment of the relationship between maternal folate or vitamin B12 status and maternal GDM/glucose concentrations and included: maternal age, ethnicity, parity, cigarette smoking, maternal BMI, education, level of deprivation and intervention allocation. Only significant associations (p<0.05) were adjusted for confounders.
 	Confounders were entered into three models: Model 1: adjusted for maternal age, ethnicity, parity, cigarette smoking, maternal BMI, education, level of deprivation and treatment allocation; Model 2 included all confounders in model 1 plus previous history of GDM and family history of type 2 diabetes mellitus; Model 3 included all confounders in model 2 plus mutual adjustment for maternal folate and vitamin B12. 
 	To assess the association between maternal folate or vitamin B12 and cord blood DNA methylation, the following confounders were included25: maternal age, ethnicity, parity, cigarette smoking, maternal BMI, GDM, neonate sex, macrosomia (defined as a birth weight >4kg) and, to adjust for the contribution of different cells subtypes to the neonatal DNA epigenome, the predicted values for B-cells, CD4 T-cells, CD8 T-cells, granulocytes, monocytes, natural killer cells and nucleated red blood cell composition33.
Statistical analysis
All statistical analyses were performed in Stata (version 15.0; StataCorp LP, College Station, Texas). The normality of variables was assessed visually using histograms and Q-Q plots. Descriptive statistics summarised the characteristics of the study population, stratified by GDM diagnosis. Characteristics of both groups, women with GDM and women without GDM were compared using logistic regressions. Unpaired t-test for continuous data and Chi-square test for categorial data was used for the sensitivity analyses to compare all women in the current study with women who participated in UPBEAT who did not provide blood samples. 
 	Vitamin B12 was not normally distributed and was log transformed. Associations between maternal folate or vitamin B12 concentrations and maternal characteristics were examined using linear regression. Folate and vitamin B12 were included as continuous variables. All significant associations were adjusted for confounders. Linear- or logistic regression with appropriate adjustment for confounders was used to examine the association between maternal folate or vitamin B12 concentrations and fasting, 1-hour glucose and 2-hour glucose post OGTT (as continuous variables) or GDM diagnosis (IADPSG criteria), respectively. Unadjusted and adjusted (Model 1, 2 and 3) regression coefficients or odds ratio (OR) and 95% confidence intervals (95% CI) are presented. A receiver operating characteristic (ROC) curve was created to assess if folate:B12 ratio was a predictor for GDM. Statistical significance was taken at p<0.05. 
 	To determine the association between maternal folate or vitamin B12 and cord blood DNA methylation, regression models were used. The Benjamini-Hochberg adjustment for FDR was used for this analysis. As not all women provided both blood samples at the OGTT visit and cord blood samples of their neonate, a subgroup of the current cohort was used to determine the association between maternal folate or vitamin B12 and cord blood DNA methylation. A comparison of this subgroup with the complete cohort was undertaken using unpaired t-test for continuous data and Chi-square test for categorial data. 


[bookmark: _Hlk27390511]Results
Characteristics of the study population
Of the 1555 pregnant women who took part in the UPBEAT study, 959 provided blood samples at the OGTT visit which were assessed for folate and vitamin B12 status (Fig. 1). Eight blood samples were excluded. Data was available for the epigenome of 504 cord blood samples, in which previous analysis had determined 732 CpGs to be associated with maternal dysglycaemia. 
[bookmark: _Hlk26363917][bookmark: _Hlk40614229][bookmark: _Hlk46169830] 	The characteristics of the participants are included in Table 1. The mean (± standard deviation (SD)) age of the women was 30.7 ± 5.5 years, the median (interquartile range (IQR)) BMI was 35.2 (32.8-38.8) kg/m2. 44.8% of women were nulliparous and 6.8% smoked during pregnancy. The majority of women were White (66.7%), followed by Black (21.4%), Asian (6.9%) and other (5.1%) ethnic groups. 42.1% women had no education or obtained a GCSE or vocational qualification; whereas 57.9% had an A-level, first- or higher degree. 271 women (28%) developed GDM. Women with GDM were older and had a higher BMI than women without GDM. 
 	In comparison to women from the UBPEAT study who did not provide a blood sample at the OGTT visit (n=603), women included in this study lived in less deprived areas, had a higher educational attainment and were more likely to be White (Supplementary Table S1). 
[bookmark: _Hlk26199234][bookmark: _Hlk26363625]Maternal folate and vitamin B12 status
The mean (SD) folate and median (IQR) vitamin B12 concentrations of the total group were 9.6 ± 4.9 µg/L and 230 (178-304) ng/L respectively (Table 2). 356 women (37.4%) were classed as vitamin B12 deficient based on a cut-off of <200 ng/L, while 44 women (4.6%) were folate deficient based on a cut-off of <3 µg/L. 3.7% of women with GDM were folate deficient and 34.3% were vitamin B12 deficient whereas 4.9% of the women without GDM were folate deficient and 38.7% were vitamin B12 deficient.
[bookmark: _Hlk58244734][bookmark: _Hlk27915751]Association between maternal folate or vitamin B12 status and maternal characteristics
The relationship between maternal folate or vitamin B12 status and maternal characteristics is presented in Supplementary Table S2. Older women had higher folate and vitamin B12 concentrations compared to younger women. Nulliparous women had better folate status compared to multiparous women. Black women had higher vitamin B12 concentration in comparison to White women. In contrast, vitamin B12 and folate concentrations were lower in women with lower educational attainment and in those who smoked. Folate and vitamin B12 concentrations were also lower in women with a higher BMI (35.0-39.9 kg/m2) in comparison to women with a BMI between 30.0-34.9 kg/m2. These associations were robust for adjustment for confounders. 
[bookmark: _Hlk58244770]Association between maternal folate or vitamin B12 status and plasma glucose concentrations and GDM
There was a positive association between maternal folate and 1-hour glucose post OGTT in the unadjusted model (= 0.046, 95% CI 0.018-0.074, p=0.001); a 1 µg/L increase in maternal folate being associated with a significant increase of 0.046 mmol/L of plasma glucose. This remained significant following adjustment for confounders in Model 1 and 3 (p<0.05) and a trend towards significance was observed following adjustment for Model 2 (p=0.055) (Table 3).
 	There was no association between maternal folate and fasting or 2-hour plasma glucose post OGTT or with GDM diagnosis. Additionally, there was no association between maternal vitamin B12 and fasting glucose and 1-hour and 2-hour plasma glucose post OGTT or with GDM diagnosis.
 	A ROC curve was drawn to examine the combined effect of maternal folate and vitamin B12 status on GDM occurrence. The folate:vitamin B12 ratio was not a predictor for GDM (ROC area 0.51, standard error 0.02, CI 0.47, 0.55).
[bookmark: _Hlk58244783]Association between maternal folate or vitamin B12 status and cord blood DNA methylation
[bookmark: _Hlk40526624]Figure 2 presents volcano plots showing the association between cord blood DNA methylation at CpG sites previously observed in association with dysglycaemia (732 CpGs in total) in 504 neonates and maternal (A) folate or (B) vitamin B12. No significant associations (Benjamini-Hochberg FDR-corrected p<0.05) were found between maternal folate or vitamin B12 concentrations and DNA methylation of the 732 CpGs associated with glycaemic status examined. 
 	The complete list of adjusted regression coefficients for every CpG can be found in Supplementary Table S3.


[bookmark: _Hlk27396278]Discussion
[bookmark: _Hlk26717120]In this large cohort of pregnant women with obesity, over a third were vitamin B12 deficient while only a small proportion were folate deficient. No association was found between maternal folate or vitamin B12 status and cord blood DNA methylation of CpG sites implicated in dysglycaemia25. There was a modest but significant association between maternal folate status and maternal 1-hour glucose post OGTT, but no association between maternal folate status and GDM occurrence, nor any association between maternal vitamin B12 status and maternal glucose or GDM. 
[bookmark: _Hlk27775103][bookmark: _Hlk27925266] 		Two previous reports have suggested an association between maternal folate and vitamin B12 concentrations and infant DNA methylation34,35 which contrast to the present results. Those studies differ from the present study since they also included women of recommended weight and did not investigate CpG´s previously observed in association with dysglycaemia. Joubert et al5 found 443 differential methylated CpGs in cord blood to be FDR-significantly associated with maternal folate concentrations in pregnancy. Using the Illumina Human Methylation450K BeadChip, the study included 1988 neonates from the Norwegian Mother and Child Cohort Study (MoBa) and the Dutch Generation R Study. Folate and vitamin B12 status was assessed at 18 weeks’ gestation (MoBa study) and 13 weeks’ gestation (Generation R Study). Although the majority of genes identified were not related to any known function of folate, some had an association with neural tube defects and other neurological functions. Folate status was evaluated at an earlier gestation than in the present study, which could provide a rationale for the difference in studies as fetal DNA methylation has been reported to occur predominantly early in pregnancy4. 
 	A study from Australia which examined the association between maternal folate status >28 weeks’ gestation and infant DNA methylation also used the Illumina Human Methylation450K BeadChip to measure genome-wide DNA methylation in cord blood of 23 neonates6. They found differentially methylated CpGs at seven regions across the genome and reported a hypomethylated region upstream of the ZFP57 transcriptor, known to be involved in the regulation of DNA methylation in early gestation. A possible explanation for the absence of any association between maternal folate status and differentially methylated CpGs in the present study is that, to address the hypothesis raised, we had focussed a priori on differentially methylated CpGs previously associated with maternal glucose concentration and GDM25. Our study therefore suggests that the relationship between GDM and differential CpG methylation in the neonate is not mediated by altered maternal folate or vitamin B12 status. This does not preclude a relationship between folate or vitamin B12 status per se and epigenome wide methylation status, the approach taken by others to date.
 	We found that a higher maternal folate concentration was associated with a modest increase in 1-hour plasma glucose post OGTT, concurring with Li et al.10 who also found an association between higher maternal folate and 1-hour plasma glucose post OGTT in 406 Chinese women of heterogenous BMI. To our knowledge, this relationship has not been reported previously in women with obesity. Our finding showing an association between folate concentration and the 1-hour plasma glucose measurement could however be due to change. We did not find an association between maternal folate and fasting glucose, 2-hour glucose or GDM as observed by others11–16.
 	The mechanism whereby folate status may influence glucose tolerance in pregnancy has yet to be elucidated. Further research is necessary to understand the mechanism between maternal folate status and glucose homeostasis.
 	Over a third of the pregnant women with obesity were vitamin B12 deficient, consistent with a systematic review and meta-analysis of 42 studies which included women from all BMI categories which reported that 29% of women in the third trimester were vitamin B12 deficient36. In a study including 97 obese pregnant women from Ireland, O’Malley et al.22 reported that a quarter of women were vitamin B12 deficient using the same criteria as the present study. Furthermore, in a prospective cohort, the Dutch Amsterdam Born Children and their Development (ABCD) study reported that 22.8% of obese pregnant women were vitamin B12 deficient in early pregnancy (12-15 weeks’ gestation)23. Together with the findings of the current study, there is increasing evidence that vitamin B12 deficiency is common during pregnancy, including among pregnant women with obesity, and that a higher maternal BMI is associated with lower vitamin B12 status11,12,18,21,22,37. There may be associated health consequences as vitamin B12 deficiency is associated with adverse maternal and fetal outcomes including fatigue, anaemia and neurological defects2. More data is needed to understand micronutrient deficiency thresholds in pregnancy to determine if there is need for dietary counselling, including advice on vitamin B12 rich food sources, to improve micronutrient intake in this high-risk group.
 	The observation that a small proportion of women in this study were classed as folate deficient is in contrast to that reported by Scholing et al.23 in the ABCD study where 21.8% of women with obesity were folate deficient. However, in that cohort, folate status was assessed in early pregnancy at 13 weeks’ gestation and a higher threshold (folate <4.4 µg/L) was used to define deficiency. Previous reports that pregnant women with a higher BMI have lower folate concentrations10,21–23, is in line with the our observation that maternal folate concentration was lower in women with a BMI of 35-39.9 kg/m2 in comparison to women with a BMI between 30-34.9 kg/m2. 
 	The mechanism underlying the link between higher maternal BMI and lower vitamin B12 status is still unclear. In non-pregnant populations, some studies suggest that vitamin B12 deficiency is a consequence of obesity, while others indicate deficiency as an exacerbating factor in obesity24. Women with obesity have been shown to have suboptimal dietary intake38, including in pregnancy39 which may contribute to vitamin B12 deficiency. Obesity may additionally influence the pharmacokinetics (e.g. absorption, metabolism) of micronutrients40. Conversely, deficiency in vitamin B12 has been implicated in weight gain through epigenetic modification of genes that contribute to pathways involving lipid metabolism and inflammation41,42. Additional studies are required to understand the relationship between vitamin B12 status and obesity in pregnancy. 
 	In accord with most previous studies, including women of heterogenous BMI, maternal folate and vitamin B12 concentrations were lower in younger, less educated, multiparous and smoking women who had a higher pre-pregnancy BMI9,10.
This study did not find evidence of an association between maternal vitamin B12 status and glucose homeostasis in obese women, which concurs with some reports in BMI heterogenous groups of women13–15,17 but not all8–12. Reasons can only be speculative; the majority of the larger studies showing an association between vitamin B12 and glucose status have been undertaken in women from Asia, so ethnic differences may contribute, although, one UK study12 reported a relationship between vitamin B12 and GDM, albeit with different diagnostic criteria.
 	This study has several strengths. To our knowledge, there has been no previous investigation of the relationship between maternal folate or vitamin B12 status and glucose, GDM and cord blood epigenome in a large cohort of obese women. Due to the depth of information in the UPBEAT database, we were able to examine the relationship between maternal folate or vitamin B12 status and social and demographic characteristics whilst ensuring appropriate statistical adjustment. Also, we were able to investigate associations between maternal folate or vitamin B12 status and the fasting, 1-hour glucose and 2-hour glucose concentrations post OGTT as well as GDM diagnosis whereas all other studies but one10 did not include these measurements. Finally, this study adds to the literature investigating the relationship between maternal B vitamin status and the infant epigenome.
[bookmark: _Hlk43559071] 	A limitation of this study was that maternal folate and vitamin B12 status were only assessed at the OGTT visit and not longitudinally throughout gestation. Early pregnancy assessment would be of interest as this is a critical period for embryonic and fetal development43. The vitamin B12 and folate status might have been influenced, most likely positively, by the dietary advice given to women in the intervention arm. However, we found no difference in serum folate and vitamin B12 between the two arms in the UPBEAT study (data not shown). It is reported that holo-transcobalamin (holo-TC), the biologically active fraction of vitamin B12, is a better marker than serum vitamin B12 for measuring vitamin B12 status in pregnancy since holo-TC is believed to be less influenced by pregnancy related physiological changes in plasma volume30. It would have been preferable to measure red cell folate as this is less affected by recent dietary changes30. However, as recommended, serum folate was evaluated after an overnight fast. Cord blood was used for investigating the epigenome of the neonate and it is not known how representative this is in tissues of interest eg insulin sensitive cell types. Lastly, women in this study participated in a randomised controlled trial addressing a behavioural intervention, which may have introduced selection bias, although the results were adjusted for randomised group allocation. Generalisability to non-trial obese pregnant women may therefore be limited.
 	Future studies could consider analysing the whole epigenome of the neonate to investigate the association between B vitamins and cord blood DNA methylation more extensively. Also holo-TC may be a useful biomarker to measure in addition to serum vitamin B12. 
[bookmark: _Hlk27921877]Conclusion
In a cohort of pregnant women with obesity, maternal folate was associated with 1-hour glucose post OGTT, but we found no evidence to support the hypothesis that the relationship between GDM and glycaemic status and differential methylation of neonatal cord blood DNA was mediated by maternal folate or vitamin B12 status. The relationship between maternal folate and glycaemia adds to the evidence that folate status could be involved in maternal glucose homeostasis; this needs validation in future studies of pregnant women with obesity. Over a third of the women were classed as vitamin B12 deficient. Together with the finding that lower maternal vitamin B12 concentrations were associated with a higher BMI, this study adds to the evidence of sub-optimal micronutrient status in obese pregnant women.
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Figures and tables
1555 women enrolled 
in UPBEAT
951 women with serum folate and vitamin B12 data
504 with neonatal cord blood samples
946, 905 and 944 women with fasting glucose and 1- and 2-hour plasma glucose post OGTT respectively

8 excluded samples:
 	1 insufficient sample
 	1 not tested
	1 duplicated 
 	2 error on analyser
 	3 haemolysed samples
 	
959 women with a blood sample at the OGTT visit
946 women with OGTT data allowing diagnosis of gestational diabetes

Fig. 1. Flow chart. UPBEAT, UK Pregnancies Better Eating and Activity Trial; OGTT, oral glucose tolerance test.
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Fig. 2. Volcano plots of the association between cord blood DNA methylation and (A) serum folate or (B) serum vitamin B12. The blue spots represent non-significant associations for individual CpG sites after false discovery rate (FDR) correction. Adjusted for the following confounders: maternal age, ethnicity, parity, cigarette smoking, maternal body mass index, gestational diabetes, neonate sex, macrosomia and the predicted values for B-cells, CD4 T-cells, CD8 T-cells, granulocytes, monocytes, natural killer cells, nucleated red blood cell composition.

[bookmark: _Hlk26198156]Table 1. Characteristics of the study participants, stratified by GDM diagnosis
	
	All women 
(n=951)
	No GDM 
(n=675)
	GDM 
(n=271)
	OR (95% CI)†

	Age (years)
	30.7 ± 5.5 
	30.3 ± 5.6 
	31.8 ± 4.8 
	1.05 (1.03, 1.08)

	BMI at first study visit (kg/m2)
	
	
	

	30-34.9
	461 (48.5%)
	357 (52.9%)
	102 (37.6%)
	Reference

	35-39.9
	309 (32.5%)
	207 (30.7%)
	101 (37.3%)
	1.71 (1.24, 2.36)

	≥40
	181 (19%)
	111 (16.4%)
	68 (25.1%)
	2.14 (1.48, 3.12)

	Parity
	
	
	
	

	Nulliparous
	426 (44.8%)
	309 (45.8%)
	114 (42.1%)
	0.86 (0.65, 1.14)

	Multiparous
	525 (55.2%)
	366 (54.2%)
	157 (57.9%)
	Reference

	Ethnicity
	
	
	
	

	White
	634 (66.7%)
	466 (69.0%)
	166 (61.3%)
	Reference

	Black
	203 (21.4%)
	135 (20.0%)
	65 (24.0%)
	1.35 (0.96, 1.91)

	Asian
	66 (6.9%)
	44 (6.5%)
	22 (8.1%)
	1.40 (0.82, 2.41)

	Other
	48 (5.1%)
	30 (4.4%)
	18 (6.6%)
	1.68 (0.91, 3.10)

	[bookmark: _Hlk26197070]Educational attainment
	
	
	

	None, GCSE or vocational qualification
	400 (42.1%)
	275 (40.7%)
	121 (44.7%)
	1.17 (0.88, 1.56)

	A-level, first- or higher degree
	551 (57.9%)
	400 (59.3%)
	150 (55.4%)
	Reference

	Index of multiple deprivation‡
	
	
	

	1 (least deprived)
	50 (5.3%)
	41 (6.1%)
	9 (3.3%)
	0.47 (0.22, 1.00)

	2
	70 (7.4%)
	55 (8.2%)
	15 (5.5%)
	0.59 (0.32, 1.08)

	3
	109 (11.5%)
	76 (11.3%)
	33 (12.2%)
	0.93 (0.59, 1.48)

	4
	325 (34.3%)
	233 (34.7%)
	90 (33.2%)
	0.83 (0.60, 1.15)

	5 (most deprived)
	394 (41.6%)
	267 (39.7%)
	124 (45.8%)
	Reference

	Smoking
	
	
	
	

	Current
	65 (6.8%)
	44 (6.5%)
	21 (7.8%)
	1.22 (0.71, 2.11)

	Ex-smoker
	233 (25.5%)
	165 (24.4%)
	68 (25.1%)
	1.06 (0.76, 1.47)

	Never
	653 (68.7%)
	466 (69.0%)
	182 (67.2%)
	Reference

	Fasting plasma glucose (mmol/L)
	4.7 ± 0.6§
	4.5 ± 0.3
	5.3 ± 0.6
	-

	OGTT 1-hour plasma glucose (mmol/L)
	8.0 ± 2.1¶
	7.2 ± 1.4#
	10.0 ± 2.2††
	-

	OGTT 2-hour plasma glucose (mmol/L)
	6.0 ± 1.5‡‡
	5.5 ± 1.1§§
	7.1 ± 1.8¶¶
	-

	Treatment allocation
	 
	 
	 
	 

	Standard care
	490 (51.5%)
	344 (51.0%)
	142 (52.4%)
	Reference

	Intervention
	461 (48.5%)
	331 (49.0%)
	129 (47.6%)
	0.94 (0.71, 1.25)


[bookmark: _Hlk35858839]Data presented as mean ± standard deviation (SD) for continuous variables or number (%) for categorial variables. GDM, gestational diabetes mellitus; OR, odds ratio; CI, confidence interval; BMI, body mass index; GCSE, general certificate of secondary education; OGTT, oral glucose tolerance test. † logistic regression was used for the comparison of GDM to no GDM; ‡ n=948 for all women and n=672 for no GDM group; § n=946; ¶ n=905; # n=639; †† n=266; ‡‡ n=944; §§ n=674; ¶¶ n=270.
Table 2. Serum folate and vitamin B12 concentrations at the OGTT visit, stratified by GDM diagnosis
	
	
	All women 
(n=951)
	No GDM 
(n=675)
	GDM
(n=271)

	[bookmark: _Hlk27054199]Folate (µg/L)
	Mean ± SD
	9.6 ± 4.9
	9.5 ± 5.0
	9.8 ± 4.8

	
	Deficiency, N (%)
	44 (4.6%)
	33 (4.9%)
	10 (3.7%)

	Vitamin B12 (ng/L) 
	Median (IQR)
	230 (178-304)
	228 (178-300)
	233 (177-328)

	
	Deficiency, N (%)
	356 (37.4%)
	261 (38.7%)
	93 (34.3%)


OGTT, oral glucose tolerance test; GDM, gestational diabetes mellitus; SD, standard deviation; IQR, interquartile range.


[bookmark: _Hlk26194690][bookmark: _Hlk26193859][bookmark: _Hlk25931064]Table 3. Association between serum folate or vitamin B12 and plasma glucose concentrations post OGTT and gestational diabetes
	
	
	GDM
	Fasting plasma glucose
	
	1-hour plasma glucose
	
	2-hour plasma glucose

	Serum folate: Per 1 µg/L increase

	
	n†
	OR (95% CI)
	p
	 Coefficient (95% CI)
	p
	n
	 Coefficient (95% CI)
	p
	n
	 Coefficient (95% CI)
	p

	Unadjusted
	946
	1.01 
(0.98, 1.04)
	0.49
	0.002 (-0.005, 0.009)
	0.58
	905
	0.046 (0.018, 0.074)
	0.001
	944
	0.017 (-0.003, 0.037)
	0.09

	Model 1
	943
	1.01 
(0.98, 1.04)
	0.64
	0.0005 (-0.007, 0.008)
	0.90
	902
	0.033 (0.003, 0.063)
	0.032
	941
	0.011 (-0.010, 0.033)
	0.29

	Model 2
	941
	1.00 
(0.97, 1.04)
	0.83
	-0.0003 (-0.008, 0.007)
	0.93
	900
	0.029 (-0.001, 0.059)
	0.055
	939
	0.009 (-0.012, 0.030)
	0.39

	Model 3
	941
	1.00 
(0.97, 1.04)
	0.92
	0.0007 (-0.007, 0.008)
	0.85
	900
	0.031 (0.001, 0.061)
	0.045
	939
	0.011 (-0.010, 0.033)
	0.30

	Serum vitamin B12: Effect associated with doubling the concentration‡

	
	n†
	OR (95% CI)
	p
	 Coefficient (95% CI)
	p
	n
	 Coefficient (95% CI)
	p
	n
	 Coefficient (95% CI)
	p

	Unadjusted
	946
	1.13 
(0.92, 1.40)
	0.25
	-0.037 (-0.090, 0.017)
	0.18
	905
	-0.095 (-0.301, 0.112)
	0.37
	944
	0.006 (-0.141, 0.152)
	0.94

	Model 1
	943
	1.12 
(0.88, 1.43)
	0.36
	-0.043 (-0.102, 0.016)
	0.15
	902
	-0.031 (-0.256, 0.194)
	0.79
	941
	-0.076 (-0.238, 0.085)
	0.35

	Model 2
	941
	1.11 
(0.86, 1.42)
	0.43 
	-0.048 (-0.106, 0.010)
	0.11
	900
	-0.032 (-0.256, 0.192)
	0.78
	939
	-0.085 (-0.245, 0.075)
	0.30

	Model 3
	941
	1.10 
(0.86, 1.42)
	0.44
	-0.049 (-0.107, 0.010)
	0.10
	900
	-0.073 (-0.300, 0.154)
	0.53
	939
	-0.100 (-0.262, 0.062)
	0.23


Abbreviations: gestational diabetes mellitus (GDM), odds ratio (OR), confidence interval (CI); Model 1: adjusted for maternal age, ethnicity, parity, cigarette smoking, maternal body mass index, education, level of deprivation and treatment allocation, Model 2: adjusted for all confounders in model 1, plus previous history of gestational diabetes and family history of type 2 diabetes mellitus, Model 3: adjusted for all confounders in model 2, plus mutual adjustment for serum folate and vitamin B12. † Applies for gestational diabetes and fasting plasma glucose; ‡ logged
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