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Background: To systematically evaluate the association of MTHFR genetic polymorphisms, maternal folic acid intake, and the time when folic acid intake was started with the risk of congenital heart disease (CHD) and investigated the role of their interaction on infant CHD risk in Chinese populations.

Methods: A case–control study involving 592 CHD cases, 617 health controls, and their mothers was performed. The exposures of interest were single nucleotide polymorphisms (SNPs) of the MTHFR gene, maternal folic acid use, and the time when folic acid use was started. We applied the logistic regression model to explore the strength of association.

Results: Our findings showed that mothers lacking folic acid intake had a significantly higher risk of CHD in offspring (aOR = 2.00; 95%CI: 1.34–2.98). Mothers who started to use folic acid from the first trimester of the fetation (aOR = 1.65; 95% CI: 1.22–2.23) or from the second trimester of the fetation (aOR = 7.77; 95% CI: 2.52–23.96), compared with those starting to use folic acid from 3 months previous to the conception, were at a significantly higher risk of CHD in offspring. Genetic variants at rs2066470 (AA vs. GG: aOR = 5.09, 95%CI: 1.99–13.03), rs1801133 (AA vs. GG: aOR = 2.49, 95%CI: 1.58–3.93), and rs1801131 (TG vs. TT: aOR = 1.84, 95%CI: 1.36–2.50; GG vs. TT: aOR = 3.58, 95%CI: 1.68–7.63) were significantly associated with the risk of CHD based on the multivariate analysis. Additionally, statistically significant interactions between maternal folic acid intake and genetic variants of the MTHFR gene at rs1801133 and rs1801131 were observed.

Conclusion: An association of maternal folic acid intake and the time when intake was started with the risk of CHD in offspring was found. What's more, maternal folic acid fortification may help counteract partial of the risks of CHD in offspring attributable to MTHFR genetic mutations.

Registration number: http://www.chictr.org.cn/edit.aspx?pid=28300&htm=4, identifier: ChiCTR1800016635.
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Introduction

Congenital heart disease (CHD) is caused by abnormal cardiac development during the embryonic period, which refers to a cluster of structural heart and vascular defects at birth. It is a primary common cause of the congenital anomaly that led to disability and death in infancy and is responsible for one-third of all major congenital malformations, afflicting ~1% of live birth and birthing the 1.35 million infants with CHD each year worldwide (1, 2). Considering the complexity of embryonic heart development, the pathogenesis of the majority of CHD remains unclear.

Previous studies have indicated that fortified folic acid was significantly related to the reduced risk of neural tube defects, orofacial defects, and CHD (3–6). However, the underlying mechanisms by which folate supplementation reduces the risk of CHD were not fully elucidated. It is plausible that genetic polymorphisms related to folate utilization may help to bring out the undefined mechanism of cardiac development. The 5,10-methylenetetrahydrofolate reductase (MTHFR) gene is frequently involved in the etiology of CHD. The MTHFR, encoded by the MTHFR gene, takes a part in the folate metabolism and catalyzes the conversion of 5,10-methylenetetrahydrofolate to 5-methyltetrahydrofolate (7), which generates a methyl donor that played a key role in the conversion of homocysteine to methionine (8). Above all, the MTHFR gene involves the folate-homocysteine cycle and its mutations inhibit the elimination of homocysteine, which is an independent risk factor for the occurrence of CHD (9, 10). For instance, the genetic polymorphisms rs1801133 (C667T) and rs1801131 (A1298C) of the MTHFR gene piqued interest. The rs1801133 MTHFR polymorphism affected the optimal activity of the enzyme (11) and increased the level of homocysteine (8) and the other variation (MTHFR A1298C) within the presumed regulatory domine also inhibited the enzyme activity (12). It is worth noting that findings from previous studies involved in the association of the two genetic mutations with the risk of CHD were conflicting (13, 14). Additionally, previous studies focused mainly on the above-mentioned loci and have ignored the other MTHFR gene loci. Meanwhile, these studies did not assess whether other MTHFR gene mutations and maternal folic acid intake were associated with the risk of CHD.

Hence a hospital-based case–control study based on the Han Chinese population was performed to explore the association of multiple genetic variants of the MTHFR gene, maternal folic acid use, the time when folic acid use started, and their interactions with the occurrence of CHD in offspring, which will help to extend prevention, improve the primary prevention strategies involved risk genetic variations, and provide new loci which may help define the underlying mechanisms by which folate impacts on the CHD risk.



Subjects and methods


Study design and recruitment of the study

Exposures of interest were maternal folic acid use during this pregnancy, defined as a minimum of 0.4 mg of folic acid daily for > 5 days per week regularly during 3 months before conception or the first trimester of pregnancy (4), the time when folic acid intake started (i.e., 3 months prior to conception, the first trimester of pregnancy, or second trimester of pregnancy) and MTHFR genetic polymorphisms. The Outcome of interest was non-syndromic CHD.

In this, we conducted a case–control study. From November 2017 to January 2020, the recruitment of the case–control study was performed in the Hunan Provincial Children's Hospital, Changsha, Hunan Province, China. Two different apartments in the same hospital performed the present study, one was the Department of Cardiothoracic Surgery that provided cases and the other was the Department of Child Healthcare that recruited controls during the same study period as the cases. Eligible participants in this hospital were conducted health counseling or a medical examination. Children afflicted with CHD and their mothers were included in the case group. As a control, children diagnosed with no occurrence of any congenital deformities after medical examination and their mothers were recruited into the control group. We required that all cases and controls were recruited when children were younger than 1 year to minimize the recall bias of exposure during the pre-pregnancy to the early stage of this pregnancy. Considering potential confounding factors from genetic and cultural differences related to the ethnic background, all eligible participants were of Han Chinese descent. Additionally, eligible participants were interviewed face-to-face in the same way to collect the personal information and professionally trained investigators performed the interview for the quality of a questionnaire. All participants signed informed consent, belong to singleton pregnancies for this pregnancy, and provided the blood sample. However, we excluded cases with syndromic CHDs and structural malformations involving another organ system or known chromosomal abnormalities. The children whose mothers conceived this time by assisted reproductive technology including in vitro fertilization (IVF) and intracytoplasmic sperm injection (ICSI) were excluded. Mothers who had reported or were diagnosed with depression or a psychiatric illness were excluded.



Information collection

We also collected information by a standardized questionnaire as follows: child's gender, maternal demographic characteristics (i.e., age at the time of this pregnancy, education status, and residence location), family history (i.e., consanguineous marriages), adverse pregnancy history before this pregnancy (i.e., adverse birth outcomes and pregnancy-related complications), personal lifestyle during the periconceptional period (i.e., active smoking, passive smoking, and drinking alcohol), and history of exposure to environmentally hazardous substances in the periconceptional period (i.e., harmful chemicals). In China, each pregnant woman is given a perinatal health care handbook (PHCH) that recorded pregnancy or personal information by a medical professional or the woman, including the basic demographic characteristics, personal habits, family history, folic acid fortification, medical examination results, and medical history during this pregnancy. We confirmed the correspondence of information from the questionnaire with PHCH to control the accuracy of the questionnaire. Face-to-face investigations and PHCH, considered the most trustworthy information source, were the source of relevant information, which could help to collect information accurately and integrally.



Sequencing of MTHFR gene SNPs

A previous study expounded on the selection method of candidate loci of the MTHFR gene (15). SNPBrowser™ program (version 3.0) provided by Applied Biosystems Inc. could help select SNP markers from the public database-HapMap database. Based on the criteria, tagging SNPs with the pairwise r2 ≤ 0.8 and minor allele frequencies (MAF) <10% were excluded. In the end, the loci rs2274976, rs4846052, rs7525338, rs1476413, rs1801133, rs4846051, rs2066470, and rs1801131 of the MTHFR gene, all within the coding region, were included as candidate loci in the present study.

Genotyping was performed by 3 ml of peripheral venous blood from children. EDTA-treated (ethylenediaminetetraacetic acid) anticoagulant tubes reserved blood samples provisionally, which were then centrifuged at 1,300 g for 15 min. After centrifuging blood samples, blood cells were separated and preserved at −80°C before genotyping was conducted. Based on the manufacturer's standard protocol, blood cells extracted genomic DNA, dissolved in sterile TBE (Tris-borate-EDTA) buffer, which was applied to the QIAamp DNA Mini Kit (Qiagen, Valencia, CA, USA). Ultraviolet spectrophotometry detected the concentration and purity of the DNA solution, which could help detect whether the DNA was appropriate as a template for polymerase chain reaction (PCR). A matrix-assisted laser desorption and ionization time-of-flight mass spectrometry MassARRAY system (Agena iPLEX assay, San Diego, CA, USA) tested genetic polymorphisms of the MTHFR gene. We required that the error rate of genotyping ≤ 5% and the sectionalization of the control and case was blinded to the experimenters performing the genotyping.



Statistical analysis

In the study, absolute numbers and percentages described the qualitative data, and its comparisons between two groups applied the Pearson chi-square test or Fisher's exact test. For the ordinal categorical variable, the Wilcoxon rank-sum test was applied to calculate the difference across the two groups. The Hardy–Weinberg equilibrium (HWE) was gauged by genotype frequencies of the MTHFR gene in the control group. Based on the two-phase analytical method from genetic model selection (GMS), we assessed the association of MTHFR genetic polymorphisms with CHD risk, and the previous study described the calculation process (16). According to the ZHWDTT statistic with C = 1.645, the genetic model of SNPs could be identified (the genetic model was decided as the dominant model if ZHWDTT ≤ C, recessive model if ZHWDTT > C, additive model if ZHWDTT ≥ C or ZHWDTT < C). Odds ratios (OR) and their 95% confidence intervals (95% CI) calculated by the logistic regression analysis were applied to evaluate the strength of associations. Considering confounding factors, adjusted ORs (ORadj), obtained from multivariable logistic regression, were used to evaluate the independent risk factors of CHD. Considering the potential confounders on the interaction term, we entered the covariate-by-environment and the covariate-by-gene interaction terms in the same model when assessing the gene-environment (G × E) interactions (17). All tests were conducted at a P-value < 0.05 with a two-sided approach and those results with FDR-P-value < 0.01 was statistically significant. What's more, to minimize the type I error brought from the multiple testing, we used the false discovery rate (FDR-P) to correct it. All statistical analyses were conducted by SAS 9.1 (SAS Institute, Cary, NC, USA).




Results


Participants baseline characteristics

From November 2017 to January 2020, we recruited a total of 592 mothers and their CHD infants into the case group and 617 mothers and their healthy infants into the control group. A total of 132 (10.9%) cases were diagnosed with atrial septal defects, 434 (35.9%) cases were diagnosed with ventricular septal defects, 25 (2.0%) were diagnosed with atrioventricular septal defects, 163 (13.1%) were diagnosed with patent ductus arteriosus, 32 (2.6%) with tetralogy of Fallot, 7 (0.6%) with aortopulmonary windows, and 3 (0.2%) with complete transposition of great arteries. Notably, some cases were diagnosed with multiple CHD subcategories simultaneously, so the total amount of the various subcategories was not equal to 592. Table 1 illustrated comparisons of baseline characteristics across two groups, and Supplementary Table S1 stated comparisons of baseline characteristics based on the use status of folic acid supplement in the control group. Overall, we found a significant difference across the two groups in the following factors: infant gender, maternal education status, resident location, family history (consanguineous marriages), adverse pregnancy history (induced abortion or labor, fetal death or stillbirth, neonatal death, hypertension of pregnancy, and gestational diabetes mellitus), personal lifestyle in the 3 months before this pregnancy (active smoking, positive smoking, and drinking alcohol), and exposure to environmental risk factors in the 3 months before this pregnancy (harmful chemicals). As shown in Supplementary Table S1, all of the covariates were evenly distributed in the groups, which may prove the less interference of confounding factors on the results and the robustness of the association. The significant factors with P < 0.05 were adjusted when performing the multivariable logistic regression.


TABLE 1 Comparison of baseline characteristics in case and control groups.
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Maternal folic acid intake and CHD risk in offspring

As Table 2 showed, the percentage of mothers with CHD infants who did not use folic acid was significantly higher than those of the control group (14.4 vs. 7.0%, P = 0.000). The present study showed mothers not using folic acid were significantly associated with a higher occurrence of CHD in offspring when compared with those using folic acid (aOR = 2.00; 95%CI: 1.34–2.98). Meanwhile, the time when folic acid intake started was related to the CHD risk. Mothers who started to use folic acid from the first trimester of the fetation (aOR = 1.65; 95% CI: 1.22–2.23) or from the second trimester of the fetation (aOR = 7.77; 95% CI: 2.52–23.96), compared with those starting to use folic acid from 3 months previous to the conception, were at a significantly higher risk of CHD in offspring.


TABLE 2 Association of maternal folic acid use with the risk of CHD.
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Genotypes frequencies, HWE tests and GMS of SNPs at the MTHFR gene

Supplementary Table S2 displayed the allele frequencies and the P-value of the HWE test of the MTHFR gene. The frequencies of minor alleles for two loci (rs7525338 and rs4846051) were absent and excluded from further analyses. The HWE test suggested that the genotype frequencies of the MTHFR gene in the control group, shown in Supplementary Table S3, were consistent with HWE, which provided the good group representativeness of our sample.

The Hardy–Weinberg disequilibrium trend test was applied to calculate the ZHWDTT statistic of every locus, whose results were shown in Supplementary Table S3 accordingly. The genetic models, emerging from the comparison of ZHWDTT statistic with C = 1.645, exhibited as follows: The genetic models of SNPs including rs2274976, rs1476413, rs1801133, and rs1801131 were sorted into the additive model. The genetic models of rs4846052 and rs2066470 were sorted into the dominant model. The genetic models of overall SNPs at the MTHFR gene were applied to explore the correlation of SNPs with the CHD risk on the counterpart for the genetic model.



MTHFR genetic polymorphisms and risk of CHD

Genetic polymorphisms of the MTHFR gene related to the CHD risk were displayed in Figure 1. Our study found that the genetic variants at rs2066470 (AA vs. GG: aOR = 5.09, 95%CI: 1.99–13.03), rs1801133 (AA vs. GG: aOR = 2.49, 95%CI: 1.58–3.93; additive model: aOR: 1.50, 95%CI: 1.22–1.84), and rs1801131 (TG vs. TT: aOR = 1.84, 95%CI: 1.36–2.50; GG vs. TT: aOR = 3.58, 95%CI: 1.68–7.63; additive model: aOR: 1.86, 95%CI: 1.44–2.40), were significantly associated with the risk of CHD based on the multivariate analysis.


[image: Figure 1]
FIGURE 1
 Association between MTHFR genetic variants and risk of CHD. CHD, congenital heart disease; CI, confidence interval; OR, odds ratio; MTHFR, Methylenetetrahydrofolate reductase; FDR, false discovery rate. †Adjusted for gender, maternal education status, residence location, adverse pregnancy history (induced abortion or labor, fetal death or stillbirth, neonatal death, hypertension of pregnancy, gestational diabetes mellitus), family history (consanguineous marriages), maternal lifestyle before this pregnancy, harmful chemical exposure history in this pregnancy.




Gene-environment interactions between the MTHFR gene and folic acid use

Gene-environment interactions between the MTHFR gene and folic acid fortification on the risk of CHD were summarized in Table 3. Our findings showed that statistically significant interactions between maternal folic acid intake and genetic mutants of the MTHFR gene at rs1801133 (aOR = 1.28, 95%CI: 1.08–1.62) and rs1801131 (aOR = 1.59, 95%CI: 1.28–1.98). We performed the crossover analysis to further assess the interaction effects of MTHFR SNPs and maternal folic acid on the occurrence of CHD (Table 4). Mothers who had been exposed to folic acid and whose children had the wild-type genotype simultaneously were the reference group. It was suggested that when compared with those in the reference group, mothers did not use folic acid, whose children, meanwhile, had variant genotypes at rs1801133 (aOR = 3.27, 95%CI = 1.85–5.78) and rs1801131 (aOR = 2.85, 95%CI: 1.29–6.29) had significant associations with increased risk of CHD in offspring.


TABLE 3 Multiplicative interaction between SNPs of the MTHFR gene and maternal folic acid use detected by logistic regression.
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TABLE 4 Crossover analysis in assessing the gene-environmental interaction between the MTHFR gene and maternal folic acid supplementation for risk of CHD.

[image: Table 4]

We also performed the stratified analysis of maternal folic acid use to assess the independent effect of MTHFR gene polymorphisms on the CHD risk (Supplementary Figure S1). Our findings suggested that the CHD risk in offspring with variant genotypes, whose mothers did not fortify folic acid was significantly increased when compared with those with variant genotypes whose mothers fortified folic acid. Among mothers not using folic acid, the CHD risk in children with variants genotypes was 4.72 (95%CI: 1.99–11.20) for rs1801131. However, among mothers fortifying folic acid, the risk for CHDs with variants genotypes at rs1801131 was 1.93 (95%CI: 1.45–2.59). Additionally, among mothers using folic acid, genetic mutation at rs2066470 (aOR = 1.72, 95%CI: 1.24–2.39) was significantly associated with CHD risk.




Discussion

Conclusive evidence exists that folic acid, taken periconceptionally, is known to reduce about 40% risks of CHD, especially for the most severe CHD phenotypes (4), which makes it an appealing perspective to explore the relationship between genetic polymorphisms in folate metabolism and the CHD risk. The MTHFR gene, in which inherited mutations can influence an optically active enzyme and, accordingly, elevated homocysteine levels (18), functions in the folate-homocysteine metabolic pathway and has an impact on protein, DNA, and RNA synthesis. The enzyme, therefore, is in charge of maintaining the balance of folic and homocysteine to prevent dysfunction in cells (11). Population-based studies have demonstrated a sound association of MTHFR genetic variants with the risk of CHD (19, 20); however, results of previous studies on this topic have been dissident, with the majority restricted to a minor number of functional non-synonymous polymorphisms (21–23). Thus, the study aimed at probing the effect of other mutations of the MTHFR gene on the CHD risk in Han Chinese populations. Apart from that, what was explored mainly was the association of multiple genetic variants of the MTHFR gene, maternal folic acid use, the time when folic acid use started, and their interaction with CHD risk.

Our results indicated that the offspring of mothers who did not utilize folic acid for the current pregnancy had a significantly different risk of CHD compared with the offspring whose mother used folic acid, which was in line with previous studies on this tissue (3–5). The preventive status of folic acid has been entrenched for a long time. Considering the benefits of folic acid in preventing congenital malformations, the United States health authorities introduced mandatory folic acid fortification (24). To this day, folic acid intake during the period of preconception has emerged as a routine means of preventing neural tube defects (6), which dodges several nongenetic risk factors. The preventive effect of folic acid on CHD is gaining public perception. Some studies focused on the association of periconceptional folic acid with CHD, which emphasized the preventive role of folic acid (25–28). The folic acid supplement can not only affect the stage of embryonic development but can also protectively affect the period of pregnancy (preterm birth, gestational hypertension/preeclampsia, small for gestational age) (29–32). Folic acid is also conducive to adults (Alzheimer's disease, central nervous system) (33, 34) and improves the vascular function (35).

This study also indicated the significant difference between the time when starting to use folic acid and the CHD risk. The finding showed that when compared with mothers who started to use folic acid from 3 months of preconception, mothers starting to use folic acid from the first trimester or from the second trimester of gestation had a significantly increased CHD risk in offspring. Few studies considered the time points of starting to use folic acid when appraising the effect of folic acid on the occurrence of CHD. There is conclusive evidence that a folic acid supplement is recommended for all women capable of becoming pregnant during the periconceptional period to reduce a certain portion of CHD risks. However, the major problem is that there was a high percentage of women of reproductive age who had unanticipated pregnancies and used the folic acid irregularly, of which in the United States, Hungary, and so on were 50%, and they cannot able to take benefit from the primary preventive approach during the periconceptional period (36). It is disappointing that when the unplanned pregnancy is identified, already there is the beginning of the closing of the critical window for heart development, which renders the target of CHD prevention “abortive”. Compellent findings demonstrated that 8–12 weeks were taken to reach the significant level related to the preventive effect (27, 37).

Folate plays a vital role in DNA synthesis and methylation via the metabolism of nucleotides, serving as the catalyst for essential biochemical processes, which embodies its importance in life progression (38). The deficient supply of folic acid is disruptive to human metabolic functions and contributes to some diseases, including cancer, geriatric disease, congenital defects, and inflammatory disorders (37–41). A population-based study observed that mothers with fortified folic acid before pregnancy had a decreased risk of CHD, and when compared with the middle quartiles of folic acid intake, low folic acid intake during pregnancy was related to an increased risk of CHD (3), which was compatible with the above finding. In China, the status of folic acid intake among women of childbearing age was unsatisfactory, and there were areas with a high prevalence of folic acid deficiency-related disease (42). As mentioned before, a time interval was required to reach an effective folic acid concentration, and our results emphasized that folic acid supplements should be applied in reproductive-age women as early as possible to avoid missing the critical period for the prevention of CHD.

In the present study, we analyzed the association between MTHFR genetic polymorphisms and the risk of CHD. After adjusted potential confounders, some genetic variants of the MTHFR gene, including rs2066470, rs1801133, and rs1801131 were explored to be significantly associated with an increased risk of CHD based on the Han Chinese population. The knowledge from the public database and kinds of literature explicitly uncover these SNPs are significant for coding. Notably, associations of genetic polymorphisms rs1801133 and rs1801131 at the MTHFR gene with the risk of CHD have been fully discussed despite the existence of dissenting findings (21, 23, 43–45). This study creatively analyzed eight SNPs of the MTHFR gene and probed the correlation of these SNPs with the development of CHD, which could provide a revealing insight into MTHFR genetic mutations correlated with the CHD risk.

The MTHFR, catalyzing the transformation of the 5,10-methylenetetrahydrofolate into the 5-methyltetrahydrofolate, gives a methyl which plays a key role in the process of homocysteine into methionine. It has been generally acknowledged that the MTHFR takes a significant part in the metabolism of folate and homocysteine (7, 8). What is intelligible is that genetic polymorphisms in the MTHFR gene may have an association with the development of CHD. Most previous studies focused on only 1-2 loci (i.e., rs1801133 and rs1801131); one resulted in the conversion of the amino acid alanine to valine (missense variants, A222V) and the other rendered a Glu-Ala change with decreased enzyme activity (46, 47), which was associated with the abnormal metabolism of homocysteine giving rise to hyperhomocysteinemia. In a word, it could reasonably deduce that aberrant expression or genetic mutations of the MTHFR gene may have a varied effect on the process of folate utilization, which could lead to the accumulation of homocysteine. Some studies provided definite evidence that genetic polymorphisms of the MTHFR gene increased homocysteine levels and were associated with the status of low folate (10, 44), which partly verified our presumption. The ponderable of the potential mechanism between the MTHFR gene and the CHD risk awaits further exploration.

We examined the different degrees of interactions between MTHFR genetic polymorphisms with maternal folic acid intake, which were the attractive findings of the present study. The study provided impressive evidence that the risk of CHD in offspring with variant genotypes whose mothers supplied folic acid, was significantly decreased when compared with children with mutant genotypes whose mothers did not fortify folic acid. In fact, few studies have been conducted to focus on this topic, and a previous study focused on the interplay between maternal MTHFR genetic variations and folic acid use on the occurrence of CHD in offspring (48). Our findings indicated that maternal folic acid supplements may partly modify the risk of CHD due to MTHFR genetic mutations. Considering the availability of the enzyme to folate metabolism, current folate fortification for women of childbearing age could need to have an extension for the prevention of CHD. Due to the poor understanding of the mechanisms underlying the regulation of embryonic cardiac progress, future research needs further exploration on this topic.

The limitations of the study need to be tackled. First, considering the source of samples, decided mainly by the respondents' numbers, the study did not select mothers who were abortive because of CHD, which could influence the representativeness of samples and extrapolation of the study findings. Second, though potential confounding factors were adjusted, it was ineludible that other confounding factors cannot be entirely controlled. Third, information on maternal exposure history was gathered through self-report, and therefore, recall bias was inevitable. Fourth, based on the limitation of the treatment time and the feature of folate, the internal exposure dose and the folate from natural sources and population food were not considered. Considering that the target population was restricted to Han Chinese individuals, more studies within other populations are needed. Fifth, the present study did not assess the risk of specific CHD subtypes limited by the sample size.



Conclusion

The current findings observed that an association between maternal folic acid intake in the periconceptional period, the time when folic acid supplementation was started and the risk of CHD in offspring was found. In addition, polymorphisms of the MTHFR gene at rs2066470, rs1801133, and rs1801131 were significantly associated with the risk of CHD. Furthermore, our findings showed the different degrees of interaction between polymorphisms of the MTHFR gene and maternal folic acid intake. Considering the uncertainty of the mechanism and the limitation of the sample size, more studies therefore in different ethnic populations with a larger sample and prospective designs are warranted to verify our findings.
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