One-carbon metabolism, insulin resistance, and fecundability in a Singapore prospective preconception cohort study
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Abstract
Background: One-carbon metabolism, which consists of the folate cycle, methionine cycle, and transsulphuration pathway, is associated with nucleotide synthesis. However, the association between one-carbon metabolites, metabolic status, and reproductive health remains poorly understood. 
Objective: We examined the association between the one-carbon cycle plasma metabolites and fecundability, and determined whether it is modified by metabolic health status, as assessed by insulin resistance (IR).
Methods: This prospective cohort study utilized data from the Singapore PREconception Study of Long-Term Maternal and Child Outcomes. Fasting blood samples were collected and one-carbon cycle metabolites were measured. Fecundability was measured by time to pregnancy in menstrual cycles within a year of enrollment. We identified patterns in plasma one-carbon cycle metabolites using principal component analysis. We estimated fecundability ratios (FRs) and confidence intervals (CIs), with confounder adjustment using discrete-time proportional hazards models. IR was determined using the Homeostatic Model Assessment 2 Insulin Resistance score, classified into lower IR (<0.65) and higher IR (≥0.65). The role of IR was examined through interaction tests and stratification.
Results: We identified three one-carbon cycle principal components (PCs). PC1, characterized by higher folate and lower homocysteine levels; PC2, characterized by higher levels of dimethylglycine, choline, methionine and betaine; PC3, characterized by higher levels of vitamins B2, B12 and B6. Each z-score increase in PC1 was associated with a 17% increase in fecundability (FR 1.17; 95% CI 1.03, 1.33). The association between PC1 and fecundability was more evident in women with lower IR (1.30; 1.08, 1.57), but was attenuated in those with higher IR (1.09; 0.92, 1.30), with a p-for-interaction of 0.127. PC2 and PC3 were not associated with fecundability. 
Conclusions: Our findings suggest that higher folate and lower homocysteine levels, which reflected the interlinked folate and methionine cycles, was associated with higher fecundability in preconception women with lower IR, but less so in those with higher IR.
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Introduction
Subfertility affects one-in-six individuals worldwide, with fertility rates dropping from 5 children per woman in 1950 to 2.3 in 2023, and reaching 0.97 in Singapore [1, 2]. One-carbon metabolism encompasses the interlinked folate cycle, methionine cycle and transsulphuration pathway [3]. One of the primary goals of the folate cycle is to convert homocysteine to methionine by carrying a one-carbon moiety from the folate cycle to the methionine cycle [4], where methionine can then be converted into S-adenosylmethionine which is crucial in systemic gene expression and cellular methylation [5, 6]. One-carbon metabolites, such as choline and betaine, act as methyl donors, while vitamins B2, B6 and B12 act as cofactors in the cycles. Another important characteristic of the cycles is the production of essential substrates for nucleotide synthesis to maintain genomic stability and repair DNA damage [7]. One carbon metabolism has been reported to be closely related to female reproductive function [8]. Metabolites such as folate and homocysteine within this pathway are associated with sex hormone levels, oocyte quality, and ovulation frequency [8, 9]. Fecundability is defined by the probability of achieving spontaneous conception within a menstrual cycle. It was positively associated with preconception supplementation with one-carbon metabolism, such as folic acid (FA), B6, and B12 as demonstrated in the Singapore PREconception Study of long Term maternal and child Outcomes (S-PRESTO) cohort [9] and other studies [10-13]. This association underscores the potential of one-carbon cycle metabolites as potential intervention targets to enhance fecundability [9, 14]. Metabolic health, as defined by insulin resistance (IR), is associated with hormonal imbalances and ovulatory dysfunction, which reduces fecundability [15, 16]. Metabolically unhealthy women with IR in the S-PRESTO cohort have reduced fecundability as compared to their metabolically healthy counterparts [17]. Women with increased IR have higher homocysteine levels, indicating disrupted one-carbon metabolism [3, 18]. Most studies focus on the association of either preconception supplementation or metabolic health status and fecundability. However, the association between one-carbon metabolism, metabolic status and fecundability remains poorly understood. We utilized data from the S-PRESTO study, originally designed to investigate the associations of maternal exposures during preconception and early pregnancy with subsequent metabolic and mental health outcomes in women and their offspring [19]. The present study was specifically designed to examine the association between one-carbon metabolism and fecundability (primary aim), and to determine the extent to which this association is influenced by IR (secondary aim). We hypothesized that women with higher folate and lower homocysteine levels would exhibit a higher fecundability (primary outcome), and that this association would be influenced by the IR levels in women.

Materials and Methods
Participants
S-PRESTO (ClinicalTrials.gov, NCT03531658) is a prospective preconception cohort study designed to examine the long-term influences of events occurring before and during early pregnancy on mother-offspring metabolic and mental health [19]. Briefly, the participants recruited were Asian women, aged 18-45 years, attempting to conceive within the next 12 months. The study excluded women with known Type 1 diabetes or Type 2 diabetes, on anticonvulsant medication or oral corticosteroids, or undergoing assisted fertility treatment within the past month. Recruitment occurred between February 2015 and October 2017, with a one-year follow-up visit conducted between February 2016 and February 2019 at KK Women’s and Children’s Hospital (KKH) in Singapore. There were a total of 1032 eligible women, of whom 154 had missing values, with a final sample of 878 women included in this study (Figure 1). This study was conducted according to the guidelines of the Declaration of Helsinki, approved by the Centralized Institutional Review Board of SingHealth (reference 2014/692/D). All participants provided written informed consent.
Study Procedures
At baseline visit, participants’ sociodemographic factors, reproductive history and lifestyle factors were ascertained. Participants’ height and weight were measured, and fasting blood samples were collected. Each participant received a urine pregnancy test (Biotron Diagnostics) with instructions to use it if they experienced a delay in their menstrual period of 3-4 days, or two weeks following unprotected intercourse. Participants were followed up at 6, 9 and 12 months post-recruitment to track their pregnancy status if no updates were received.
Plasma biomarker analysis
Fasting blood samples were analyzed to measure plasma biomarkers of one-carbon metabolism, including vitamin B2, vitamin B6, betaine, choline, methionine, homocysteine, and dimethylglycine, using a targeted liquid chromatography-tandem mass spectrometry platform (BEVITAL AS Ltd., Bergen, Norway); detailed quality control data has documented coefficients of variation <10% [20]. Serum folate and vitamin B12 were measured using automated chemiluminescent immunoassays (Beckman DxI 800). Plasma glucose and serum insulin concentrations were assessed using the hexokinase method (Abbott Architect c8000) and a sandwich immunoassay (Beckman DxI 800), respectively. 
Assessment of conception and time to pregnancy (TTP)	
Conception was determined by a positive urine pregnancy test and confirmed by the presence of an intrauterine gestational sac by ultrasound after six weeks of amenorrhea. TTP was calculated based on the number of menstrual cycles needed for successful conception over the one-year follow-up period. TTP was estimated by obtaining the interval between the dates of the last menstrual period (LMP) at first visit and the LMP before conception (for pregnant women) or last follow-up call (for censored participants), before dividing it by the mean cycle length which was obtained from the reported minimum and maximum lengths of usual cycles at first visit. TTP was calculated as discrete cycles-at risk, following the formula: 
 .
For women who conceived, an additional cycle was added to their TTP [21, 22].
Assessment of Confounders
We identified confounders via a directed acyclic graph, clinical judgement and a priori from the literature [9, 23-28]. Age at recruitment was included in the analysis as a continuous variable. Ethnicity was self-reported, where participants were asked to select from Chinese, Malay or Indian, or mixed ethnicity for those identifying with more than one group. Educational level was classified as below or at/above tertiary education. Parity was classified into nulliparous or parous. Smoking status was defined as any current active or passive cigarette smoking (yes/no). Alcohol consumption was determined by intake of any alcoholic beverages within the last three months (yes/no). Supplement intake was identified as any supplement B complex consumption within the last three months (yes/no). Body mass index (BMI) was calculated as weight (kg)/ height (m)2 and treated as a continuous variable. IR level was calculated based on the homeostasis model assessment 2 insulin resistance (HOMA2-IR) [29] score using the HOMA2 Calculator v2.2.3 (website: https://www.dtu.ox.ac.uk/homacalculator/) and was treated as a continuous variable when included as a potential confounder.
Statistical analysis
We performed the analysis on complete dataset, excluding participants with missing data for exposures, outcomes and potential confounders. We did not impute the missing data for confounding variable (i.e. BMI), which accounted for a small proportion of the sample (0.5%). We treated all one-carbon metabolites as continuous variables and applied log transformation and standardization to normalize their distribution [30]. We conducted a principal component (PC) analysis with varimax rotation on one-carbon metabolites to identify PCs based on eigenvalues greater than one and a scree plot evaluation using the elbow method.
We presented continuous variables as mean and standard deviation (SD) and assessed their normality using skewness, kurtosis and quantile-quantile plots. Since BMI and HOMA2-IR were skewed, we used Kruskal-Wallis or Mann-Whitney U tests for group comparisons. We performed one-way ANOVA or Student’s t-tests for age at recruitment. For categorical variables, we presented data as frequency and percentage and used Pearson’s chi-square tests to assess group differences. We estimated the association between patterns of one-carbon metabolites (quartiles and continuous in z-score) and fecundability based on fecundability ratio (FR) and 95% confidence interval (CI). To calculate FR, we used discrete-time proportional hazards models. We applied left truncation to account for observed cycles at risk only during the study period, taking account of participants who had been attempting to conceive before study enrollment (n=415, 47.3%) [17, 31]. Participants were right censored if they had not conceived within one year of recruitment (n=455, 51.8%), were lost to follow-up (n=5, 0.6%), or withdrew from the study (n=36, 4.1%). FR represents the per-cycle probability of conception for each PC quartile, using the lowest quartile Q1 as a reference (PC1: Q1: ≤ -0.722, Q2: -0.721 to 0.111, Q3: 0.112 to 0.738, Q4: ≥ 0.739 standard deviation score (SDS); PC2: Q1: ≤ -0.650, Q2: -0.649 to -0.004, Q3: -0.005 to 0.624, Q4: ≥ 0.629 SDS; PC3: Q1: ≤ -0.693, Q2: -0.692 to -0.048, Q3: -0.047 to 0.545, Q4: ≥ 0.546 SDS). An FR higher than 1 indicates higher fecundability with a shorter TTP, while an FR less than 1 indicates lower fecundability with a longer TTP, compared to the reference quartile (Q1). We performed additional models with confounder adjustment and tested IR for effect modification. Guided by the p-for-interaction < 0.25 between patterns of one-carbon metabolites and IR on fecundability, we stratified the analysis based on lower and higher IR levels using a HOMA2-IR threshold of 0.65 which was determined by calculating the median of HOMA2-IR among participants with normoglycemic value (n=784, 89.3%) in our study based on 1999 World Health Organization criteria. 
We conducted sensitivity analysis to examine the robustness of the results by excluding women who did not achieve pregnancy after 3 months (n=351), 6 months (n=230) and 12 months (n=117) of conception attempts before study entry, and women with a self-reported diagnosis of polycystic ovarian syndrome (PCOS) (n=10). In addition, we performed sensitivity analysis based on live birth as the outcome. All statistical analyses were performed using Stata 13 (Stata Corporation) and IBM Statistical Package for the Social Sciences, version 20.

Results
Principal component analysis
We identified three PCs from the measured one-carbon cycle metabolites, explaining a cumulative 56.7% of variance among the metabolites (Table 1). The first principal component (PC1) was characterized by higher folate and lower homocysteine levels, explaining 21.0% of the variance. PC2 was characterized by higher levels of dimethylglycine, choline, methionine and betaine, contributing to 19.7% of the variance. PC3 was characterized by higher levels of Vitamins B2, B12 and B6, explaining 16.0% of the variance. Supplemental Table 1 shows the concentrations of one-carbon cycle metabolites by quartiles of principal components.
Participant characteristics by metabolite patterns
There were a total of 1032 eligible women, of whom 154 had missing values, with a final sample of 878 women included in this study (Figure 1). Table 2 presents the participant characteristics by quartiles of principal components. Women in the highest quartile of PC1 were older (mean age 31.4 years [SD 3.5] vs. 30.2 years [SD 3.7]), had a lower BMI (22.3 kg/m2 [SD 3.7] vs. 25.7 kg/m2 [SD 6.1]), were more likely to be Chinese (88.6% vs. 54.8%), had tertiary education or above (77.2% vs. 48.4%), were more likely to take a B complex supplement (85.8% vs. 15.1%), consumed alcohol (73.5% vs. 61.2%), were less likely to be smokers (11.9% vs. 35.2%), and had a lower HOMA2-IR (0.7 [SD 0.5] vs. 1.3 [SD 1.0]), as compared to those in the lowest quartile (all p<0.05). Women in the highest quartile of PC2 were more likely to have a higher BMI (25.0 kg/m2 [SD 5.7] vs. 22.8 kg/m2 [SD 4.0]), be nulliparous (73.5% vs. 60.3%), less likely to be Chinese (65.8% vs. 75.8%), and had a higher HOMA2-IR (1.2 [SD 1.0] vs. 0.8 [SD 0.6]) as compared to women in the lowest quartile (all p<0.05). Women in the second quartile of PC2 were more likely to consume alcohol as compared to the other quartiles (1st quartile: 66.7% vs. 2nd quartile: 77.3% vs. 3rd quartile: 64.1% vs 4th quartile: 66.2%).  Women in the highest quartile of PC3 were younger (mean age 30.6 years [SD 3.6] vs. 31.4 years [SD 3.8]), had a lower BMI (23.1 kg/m2 [SD 4.2] vs. 24.6 kg/m2 [SD 5.9], were more likely to be Chinese (76.7% vs. 63.9%), were more likely to take a B complex supplement (63.0% vs. 41.6%) and had a lower HOMA2-IR (0.9 [SD 0.8] vs. 1.0 [SD 0.7]) as compared to those in the lowest quartile (all p<0.05). 
Supplemental Table 2 shows the comparison of characteristics between participants with complete (n=878) and incomplete data (n=154). Despite similar distributions of age, BMI, ethnicity, parity, smoking status, supplement intake, and HOMA2-IR, women with complete data were more likely to have tertiary education or above (64.1% vs. 51.1%) and to consume alcohol (68.6% vs. 60.4%) compared to those with incomplete data (all p<0.05). Supplemental Table 3 shows the comparison of characteristics across all quartiles.
Association between one-carbon metabolite patterns and fecundability 
Table 3 presents the association between patterns of one-carbon cycle metabolites and fecundability. Women in the highest quartile of PC1 had an 84% higher fecundability compared to those in the lowest quartile (FR 1.84; 95% CI 1.37, 2.47) (Model 1). One SD increase in PC1 was associated with a 21% increase in fecundability (1.21; 1.09, 1.34). These associations remained significant after adjusting for socio-demographics factors (age, ethnicity, educational level and parity; Model 2), and further adjusting for smoking status, alcohol intake, supplement intake, BMI and HOMA2-IR (Model 3). PC2 and PC3 were not associated with fecundability across all models. Similar findings were observed in sensitivity analyses that excluded women who had been attempting conception for more than 3, 6 and 12 months before study entry (Supplemental Table 4) and women with a self-reported diagnosis of PCOS (Supplemental Table 5). Results were similar for women who achieved a livebirth, instead of a confirmed pregnancy as in the primary analysis, where one SD increase in PC1 was associated with a 21% increase in fecundability (1.21; 1.05, 1.38) (Supplemental Table 5).
Association between IR, one-carbon metabolite patterns and fecundability
Guided by the p-for-interaction of 0.127 for PC1 and IR on fecundability, we stratified the analysis based on lower (HOMA2-IR < 0.65) and higher IR (HOMA2-IR ≥ 0.65) with adjustment for age, ethnicity, education level, parity, smoking status, alcohol intake, supplement intake and BMI. Participants with lower IR had a lower BMI (21.0 kg/m2 [SD 2.5] vs. 26.1 kg/m2 [SD 5.6]), were more likely to be Chinese (80.8% vs 64.9%), non-smoker (81.8% vs 72.7%), alcohol consumers (73.6% vs 64.0%), B complex supplement users (56.6% vs. 46.9%), and had attained tertiary education or above (75.8% vs 53.6%), as compared to those with higher IR (all p<0.05) (Supplemental Table 6). Among participants with lower IR, those in the highest quartile of PC1 had a higher fecundability than their counterparts in the lowest quartile (FR 2.96; 95% CI 1.66, 5.29) (Figure 2A); in contrast, among participants with higher IR, there was a weaker, non-significant association between PC1 and fecundability (1.34; 0.81, 2.22) (Figure 2B). These observations were consistent in sensitivity analyses which excluded women who did not achieve conception after 3, 6 and 12 months of attempts before study entry (Supplemental Table 7) and women with a self-reported diagnosis of PCOS (Supplemental Table 8). We observed similar results when the outcome of interest was livebirth (Supplemental Table 8).

Discussion
Principal findings
We identified three patterns of plasma one-carbon cycle metabolites. PC1, characterized by higher folate and lower homocysteine levels, reflects the interlinked folate and methionine cycles [4, 32, 33]. PC2 and PC3 captured different aspects of one-carbon metabolism, with PC2 associated with the betaine re-methylation pathway and PC3 linked to essential cofactors such as Vitamins B2, B12, and B6. Notably, women in the highest quartile of PC1 exhibited higher fecundability than those in the lowest quartile, suggesting a shorter TTP in women with higher folate and lower homocysteine levels. These results were similar in models adjusted for confounders. However, the association of PC1 and fecundability was attenuated among women with higher IR. In contrast, we found no associations between fecundability and either PC2 or PC3.
Results in the context of what is known
Homocysteine, an intermediary metabolite in the one-carbon cycle, has been implicated in subfertility. Studies have shown that serum homocysteine levels were lower in patients with high-quality embryos compared to those with poor-quality embryos [34]. Additionally, women with unexplained subfertility had higher serum homocysteine levels than those with normal fertility. Studies have shown that folate plays a crucial role by donating methyl groups for homocysteine recycling into methionine via the one-carbon cycle [35]. These pathways are essential for DNA synthesis, repair, cell division, and homocysteine recycling [36]. Folate deficiency reduces homocysteine recycling, leading to hyperhomocysteinemia, which can induce inflammation and disrupt nitric oxide metabolism, potentially impairing embryo development and implantation [37-39]. This inflammatory response may compromise oocyte quality and maturation, leading to spontaneous anovulation and subfertility [38, 40-44]. Consistently, our study revealed that women with higher folate and lower homocysteine levels had a higher fecundability. These findings underscore the importance of folate and homocysteine in reproductive health.
Poor metabolic health with IR is associated with subfertility [17]. A meta-analysis by Meng et al [45]. showed that women with PCOS without IR had a lower homocysteine level than those with PCOS patients and IR. IR promotes an inflammatory state similar to hyperhomocysteinemia, potentially reducing fecundability [46, 47]. Other proinflammatory conditions like rheumatoid arthritis are associated with lower serum folate and higher homocysteine levels, suggesting a link between the proinflammatory state of IR and low serum folate levels [48-50]. Our findings suggest that metabolic health may modify the relationship between one-carbon metabolism and fecundability. Women with lower IR, higher folate, and lower homocysteine levels had higher fecundability, but among women with higher IR, there were only weak associations with fecundability. This suggests that higher IR may attenuate the beneficial effects of optimal one-carbon metabolite levels on conception probability, underscoring the role of metabolic health in reproductive outcomes. 
Clinical implications 
Previous studies showed that multivitamins containing FA are associated with improved fecundability by reducing the risk of anovulatory subfertility and increasing the likelihood of pregnancy [10, 13]. A prospective cohort study involving Danish and North American women found that higher dietary FA intake (>400 µg/day) was associated with higher fecundability compared to lower dietary intake (<250 µg/day) [51]. We have previously reported that a healthful plant-based diet rich in green vegetables and FA supplementation, were associated with higher fecundability [9, 31]. Also, supplementation with vitamin B12, B6, and FA led to a significant reduction in homocysteine levels within six weeks in women with hyperhomocysteinemia [52]. Other studies also show multivitamins and FA supplementation were associated with higher rate of conceptions and fecundability respectively [11, 12]. 
Our study emphasizes the importance of higher folate and lower homocysteine levels in enhancing fecundability, suggesting that combining a folate-rich diet with FA supplementation could be a beneficial strategy but it may not suffice. Findings from the S-PRESTO cohort showed that women with metabolic health issues had reduced fecundability [17]. Perhaps, it is crucial to address metabolic health during the preconception period. Lifestyle modifications such as adopting a diet rich in dietary fiber and polyunsaturated fats, weight management and regular physical activity, can reduce IR and potentially lower serum homocysteine levels [53, 54].  These measures may enhance the effectiveness of FA, either through diet, supplementation, or both, in improving fecundability. Thus, we recommend a comprehensive approach that focuses on enhancing preconception metabolic health alongside FA supplementation to optimize fecundability.
Research Implications
This study underscores the need for randomized controlled trials to determine whether a FA-rich diet and FA supplementation, combined with homocysteine-lowering agents, translate to enhanced fecundability outcomes, particularly across varying levels of IR [55, 56]. Such research endeavors promise to unravel the specific pathways through which FA and related one-carbon metabolites affect fecundability, especially within the milieu of metabolic health variations. By identifying whether the efficacy of an FA-rich diet and FA supplementation varies by IR status, future work can pave the way for bespoke preconception nutritional strategies. This refined approach which aims to improve fecundability, enriches the field of reproductive health by reinforcing the critical role of metabolic well-being in optimizing fecundability. 
Strengths and limitations
Our study's strengths lie in its longitudinal cohort design, following a group of women over a year before conception, with a sample size exceeding 800, broadly representative of high-income Asian populations. Notably, our study objectively measured one-carbon metabolite levels through direct plasma measurements, eliminating recall bias from subjective dietary assessments or supplementation reports. 
The study has some limitations. Firstly, the frequency of intercourse during the preconception period, which could impact fertility outcomes, was not evaluated. Secondly, the study did not assess the fertility status of male partners. Thirdly, the study relied on cross-sectional biomarker measurements, without accounting for longitudinal variations in the levels of one-carbon metabolites which may be affected by dietary changes [3-7] . However, the dietary patterns of women in a similar multi-ethnic Asian cohort from Singapore showed stable trajectories from preconception to late pregnancy [57]. Another study also suggested minimal intra-individual fluctuation in plasma homocysteine levels [58]. Fourthly, our study cohort was Asian and majority were of a higher socioeconomic status, limiting generalizability of the findings, such that validation is required in cohorts with different demographics. Lastly, comparisons with participants who had incomplete data revealed differences in baseline characteristics such as education level and alcohol consumption. We attempted to mitigate this bias by adjusting for them in our analysis.

Conclusion
Our study demonstrated that higher folate and lower homocysteine levels were associated with higher fecundability in women attempting to conceive. However, the variations in this association with fecundability across different IR levels highlights the need for a combined approach of optimizing metabolic health and FA intake through diet and supplementation to enhance fecundability. This is particularly important for women with higher IR, where prioritizing lifestyle adjustments for metabolic improvements is necessary to maximize the benefits of folate in enhancing fecundability. Therefore, developing tailored health strategies to assist women confronting metabolic and reproductive health issues is essential.
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Table 1. Structures of three orthogonally rotated factors identified by principal component analysis in 878 preconception women
	One-carbon cycle metabolites1
	PC1
	PC2
	PC3

	Folate
	.802
	
	

	Betaine 
	.597
	.568
	

	Vitamin B6
	.378
	
	.612

	Vitamin B12
	.328
	
	.619

	Choline
	
	.723
	

	Vitamin B2
	
	
	.743

	Dimethylglycine
	
	.736
	

	Methionine
	
	.572
	

	Homocysteine
	-.746
	
	

	
	
	
	

	% variance explained by each PC
	21.0
	19.7
	16.0

	Cumulative % of variance explained
	21.0
	40.7
	56.7


1Log-transformed and standardized variables.
Values are loading coefficients derived from the principal component analysis. Absolute values between −0.30 and 0.30 are not listed for simplicity. PC: principal component.


























Table 2. Characteristics of participants by quartile of the principal components
	Characteristic1
	PC1
	
	PC2
	
	PC3

	
	Q1
	
	Q4
	
	P value
	
	Q1
	
	Q4
	
	P value
	
	Q1
	
	Q4
	
	P value

	Number in each quartile, n
	219
	
	219
	
	
	
	219
	
	219
	
	
	
	219
	
	219
	
	

	Age at recruitment, years
	30.2 (3.7)
	
	31.4 (3.5)
	
	0.004
	
	31.2 (3.9)
	
	30.4 (3.7)
	
	0.233
	
	31.4 (3.8)
	
	30.6 (3.6)
	
	0.039

	BMI, kg/m2
	25.7 (6.1)
	
	22.3 (3.7)
	
	<0.001
	
	22.8 (4.0)
	
	25.0 (5.7)
	
	<0.001
	
	24.6 (5.9)
	
	23.1 (4.2)
	
	0.009

	Ethnicity
	
	
	
	
	<0.001
	
	
	
	
	
	0.006
	
	
	
	
	
	0.003

	  Chinese
	120 (54.8)
	
	194 (88.6)
	
	
	
	166 (75.8)
	
	144 (65.8)
	
	
	
	140 (63.9)
	
	168 (76.7)
	
	

	  Malay
	55 (25.1)
	
	12 (5.5)
	
	
	
	39 (17.8)
	
	38 (17.4)
	
	
	
	37 (16.9)
	
	33 (15.1)
	
	

	  Indian
	34 (15.5)
	
	10 (4.6)
	
	
	
	10 (4.6)
	
	28 (12.8)
	
	
	
	35 (16.0)
	
	10 (4.6)
	
	

	  Mixed
	10 (4.6)
	
	3 (1.4)
	
	
	
	4 (1.8)
	
	9 (4.1)
	
	
	
	7 (3.2)
	
	8 (3.7)
	
	

	Highest education level
	
	
	
	
	<0.001
	
	
	
	
	
	0.334
	
	
	
	
	
	0.234

	  Diploma and below
	113 (51.6)
	
	50 (22.8)
	
	
	
	80 (36.5)
	
	87 (39.7)
	
	
	
	90 (41.1)
	
	74 (33.8)
	
	

	  University and above
	106 (48.4)
	
	169 (77.2)
	
	
	
	139 (63.5)
	
	132 (60.3)
	
	
	
	129 (58.9)
	
	145 (66.2)
	
	

	Parity
	
	
	
	
	0.074
	
	
	
	
	
	0.026
	
	
	
	
	
	0.251

	  Nulliparous
	130 (59.4)
	
	141 (64.4)
	
	
	
	132 (60.3)
	
	161 (73.5)
	
	
	
	136 (62.1)
	
	147 (67.1)
	
	

	  Parous
	89 (40.6)
	
	78 (35.6)
	
	
	
	87 (39.7)
	
	58 (26.5)
	
	
	
	83 (37.9)
	
	72 (32.9)
	
	

	Active/passive smoker
	
	
	
	
	<0.001
	
	
	
	
	
	0.904
	
	
	
	
	
	0.856

	  Yes
	77 (35.2)
	
	26 (11.9)
	
	
	
	50 (22.8)
	
	53 (24.2)
	
	
	
	54 (24.7)
	
	49 (22.4)
	
	

	  No
	142 (64.8)
	
	193 (88.1)
	
	
	
	169 (77.2)
	
	166 (75.8)
	
	
	
	165 (75.3)
	
	170 (77.6)
	
	

	Alcohol consumption
	
	
	
	
	0.010
	
	
	
	
	
	0.013
	
	
	
	
	
	0.537

	  Yes
	134 (61.2)
	
	161 (73.5)
	
	
	
	146 (66.7)
	
	145 (66.2)
	
	
	
	146 (66.7)
	
	156 (71.2)
	
	

	  No
	85 (38.8)
	
	58 (26.5)
	
	
	
	73 (33.3)
	
	74 (33.8)
	
	
	
	73 (33.3)
	
	63 (28.8)
	
	

	Supplement B complex
	
	
	
	
	<0.001
	
	
	
	
	
	0.331
	
	
	
	
	
	<0.001

	  Yes
	33 (15.1)
	
	188 (85.8)
	
	
	
	121 (55.3)
	
	102 (46.6)
	
	
	
	91 (41.6)
	
	138 (63.0)
	
	

	  No
	186 (84.9)
	
	31 (14.2)
	
	
	
	98 (44.7)
	
	117 (53.4)
	
	
	
	128 (58.4)
	
	81 (37.0)
	
	

	HOMA2-IR
	1.3 (1.0)
	
	0.7 (0.5)
	
	<0.001
	
	0.8 (0.6)
	
	1.2 (1.0)
	
	<0.001
	
	1.0 (0.7)
	
	0.9 (0.8)
	
	0.031


1Categorical variables were presented as frequency and percentage. Continuous variables were presented as mean and standard deviation. 
BMI: body mass index; HOMA2-IR: homeostatic model assessment 2 insulin resistance; PC: principal component; Q: quartile. P value was calculated for comparison between quartiles of each principal component and characteristic using Pearson’s chi-squared test (categorical variables), one-way ANOVA (age at recruitment) and Kruskal-Wallis test (BMI and HOMA2-IR).

Table 3. Associations between patterns of one-carbon cycle metabolites and fecundability
	One-carbon metabolism biomarker
	Number of pregnancies/ Number of women
	Total number of follow-up cycles
	Fecundability ratio (95% confidence interval)

	
	
	
	Model 11
	Model 22 
	Model 33

	PC1
	
	
	
	
	

	   Q1
	74/219
	2451
	1.00
	1.00
	1.00

	   Q2
	93/220
	2181
	1.35 (0.99,1.83)
	1.34 (0.99,1.83)
	1.29 (0.93,1.77)

	   Q3
	101/220
	2180
	1.53 (1.13,2.07)
	1.58 (1.16,2.15)
	1.57 (1.13,2.19)

	   Q4
	113/219
	1977
	1.84 (1.37,2.47)
	1.86 (1.37,2.52)
	1.81 (1.26,2.59)

	Per SD increase
	381/878
	8789
	1.21 (1.09,1.34)
	1.20 (1.08,1.34)
	1.17 (1.03,1.33)

	PC2
	
	
	
	
	

	   Q1
	104/219
	2138
	1.00
	1.00
	1.00

	   Q2
	102/220
	2158
	0.97 (0.73,1.27)
	0.95 (0.72,1.26)
	0.95 (0.72,1.25)

	   Q3
	85/220
	2241
	0.79 (0.59,1.06)
	0.74 (0.55,0.99)
	0.71 (0.53,0.95)

	   Q4
	90/219
	2252
	0.85 (0.64,1.13)
	0.86 (0.65,1.15)
	0.87 (0.65,1.17)

	Per SD increase
	381/878
	8789
	0.95 (0.85,1.05)
	0.95 (0.85,1.05)
	0.95 (0.86,1.07)

	PC3
	
	
	
	
	

	   Q1
	90/219
	2239
	1.00
	1.00
	1.00

	   Q2
	89/220
	2264
	0.98 (0.73,1.32)
	0.91 (0.68,1.22)
	0.93 (0.69,1.25)

	   Q3
	103/220
	2147
	1.13 (0.85,1.50)
	1.07 (0.80,1.42)
	1.08 (0.81,1.45)

	   Q4
	99/219
	2139
	1.07 (0.80,1.42)
	1.04 (0.78,1.39)
	1.06 (0.79,1.43)

	Per SD increase
	381/878
	8789
	1.01 (0.91,1.12)
	1.00 (0.90,1.11)
	0.99 (0.89,1.10)


1Model 1: crude analysis of one-carbon metabolism biomarker patterns and fecundability.
2Model 2: adjusting for age, ethnicity, educational level and parity.
3Model 3: Model 2 + adjusting for smoking status, alcohol intake, supplement intake, body mass index and HOMA2-IR.
HOMA2-IR: homeostatic model assessment 2 insulin resistance; PC: principal component; Q: quartile; SD: standard deviation.






Figure Legends
Figure 1. Flowchart of participants. BMI: body mass index; HOMA2-IR: homeostatic model assessment 2 insulin resistance.

[bookmark: _1egqt2p]Figure 2. Associations between PC1 and fecundability, stratified by insulin resistance level. Forest plots showing association between PC1 and fecundability stratified by insulin resistance level. (A) Lower insulin resistance (B) Higher insulin resistance. 1Fecundability ratios (95% confidence intervals) were determined by discrete-time proportional hazard models. Models were adjusted for age, ethnicity, educational level, parity, smoking status, alcohol intake, supplement intake and body mass index. HOMA2-IR: homeostatic model assessment 2 insulin resistance; PC: principal component, SD: standard deviation.
