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Abstract

:

The effects of zinc, copper, and selenium on human congenital heart defects (CHDs) remain unclear. This study aimed to investigate the associations of the maternal total, dietary, and supplemental intakes of zinc, copper, and selenium during pregnancy with CHDs. A hospital-based case-control study was performed, including 474 cases and 948 controls in Northwest China. Eligible participants waiting for delivery were interviewed to report their diets and characteristics in pregnancy. Mixed logistic regression was adopted to examine associations and interactions between maternal intakes and CHDs. Higher total intakes of zinc, selenium, zinc to copper ratio, and selenium to copper ratio during pregnancy were associated with lower risks of total CHDs and the subtypes, and the tests for trend were significant (all p < 0.05). The significantly inverse associations with CHDs were also observed for dietary intakes of zinc, selenium, zinc to copper ratio, selenium to copper ratio, and zinc and selenium supplements use during pregnancy and in the first trimester. Moreover, high zinc and high selenium, even with low or high copper, showed a significantly reduced risk of total CHDs. Efforts to promote zinc and selenium intakes during pregnancy need to be strengthened to reduce the incidence of CHDs in the Chinese population.
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1. Introduction


Congenital heart defects (CHDs) are the most common birth defects in the world, with an estimated birth prevalence of 9.4‰ [1]. CHDs remain the leading cause of morbidity, mortality, and disability in infancy and childhood [2] and can cause lifelong physical and mental comorbidities, imposing huge burdens on the family and society [2]. The estimated CHDs prevalence among live births is 9.0‰ in China, with more than 150,000 incident cases each year [3]. However, the potential mechanisms for most CHDs remain to be unclear. Therefore, it is important to identify modifiable risk factors to provide evidence for the primary prevention of CHDs.



Maternal nutrition during pregnancy, as an important modifiable factor, is critical for fetal development [4]. Animal studies have shown that prenatal zinc deficiency during gestation led to heart malformations in offspring [5]. Copper deficiency induced heart anomalies in rats [6], and copper excess induced high mortality and morphological malformations in the embryos and larvae of Pagrus major [7]. Maternal selenium deficiency was reported to relate to miscarriages, premature births, and intrauterine growth retardation [8,9,10]. However, there is little evidence from human studies about the effects of zinc, copper, and selenium on CHDs [11,12,13,14,15,16], and the results were not consistent [11,12,13,14,15,16]. One study reported an inverse association between zinc level and ventricular septal defects (VSD) [16], while another study found no associations of zinc level with CHDs and the subtypes [13]. There was even one study reporting higher zinc levels in the CHDs cases than in the healthy controls [11]. Two studies showed a positive association between copper level and CHDs [13,15], while the other two studies reported no association [14,16]. One study found an inverse association between selenium level and CHDs [12], while another study showed a positive association [14]. Thus, it is warranted to further conduct studies among humans to elucidate the effects of zinc, copper, and selenium on CHDs.



Diet and dietary supplements are the main sources of body zinc, copper, and selenium among pregnant women. As there are no reliable biological markers for zinc, copper, and selenium status, estimated usual intakes from the diet and supplements may be the optimal indicators of maternal zinc, copper, and selenium status for epidemiologic studies [17]. However, to our knowledge, there has been no available human study specifically exploring the associations between maternal intakes of zinc, copper, and selenium during pregnancy and CHDs. Moreover, complex antagonistic interactions among zinc, copper, and selenium have been reported in previous studies [18,19,20]. However, to our knowledge, there is only one published study involving the interactions of zinc and copper levels on CHDs [13]. Therefore, the current study aimed to investigate the relationships between maternal total, dietary, and supplemental intakes of zinc, copper, and selenium during pregnancy and CHDs among humans in Northwest China. The interactions among maternal intakes of zinc, copper, and selenium during pregnancy on CHDs were also explored in this study.




2. Materials and Methods


2.1. Study Design and Participants


Between August 2014 and August 2016, we performed a case-control study in six tertiary comprehensive hospitals in Xi’an City, Northwest China. The study design was previously published in detail [21,22]. Briefly, participants were enrolled among the pregnant women who were waiting for delivery in the obstetrics departments. These participants were all inhabitants of Northwest China and resided in Shaanxi, China, during pregnancy, where the trace element concentrations are not considerably different [23]. Mothers whose fetuses were diagnosed with isolated CHDs and had no chromosomal abnormalities or gene disorders were included in the cases, and mothers whose fetuses were diagnosed with no congenital malformations were included in the controls. Mothers with gestational diabetes or multiple gestations were excluded from this study because of potentially different etiologies. Because of the low birth incidence of CHDs, any eligible case mothers were included in the study without sampling methods. Specialists from the ultrasound, pediatrics, and obstetrics departments conducted the diagnoses of the cases and controls. The diagnostic criteria were standard and strictly enforced by these qualified specialists in each hospital. A telephone follow-up was also undertaken within one year after birth to confirm the diagnoses. All the CHDs diagnoses were ascertained by echocardiography and/or cardiac catheterization and/or surgery. The controls were randomly selected each month in each hospital, and the ratio of the number of cases to controls included in the same month in the same hospital was 1:2. On the assumptions of the estimated percentages of pregnant women taking foods rich in nutrients more than three times a week in cases and controls being 37.2% and 45.0%, respectively, the correlation of exposure between cases and controls being zero, the type I error rate 0.05, and the power of the test 80%, the sample sizes of cases and controls were 474 and 948, respectively.



This study was approved by the Xi’an Jiaotong University Health Science Center on March 2012 (No.2012008). Participants provided written informed consents.




2.2. Dietary Assessment


Eligible women waiting for delivery in the hospital were interviewed to recall diets in the entire pregnancy through a 111-item semi-quantitative food frequency questionnaire (FFQ). The median time between interview completion and date of delivery was two days for both the cases and controls. Maternal dietary patterns and nutrient intakes tend to be stable across pregnancy [24,25]; thus, maternal dietary intakes during the whole pregnancy are comparable with those during the critical period of cardiac development in the 3rd-8th week of gestation [21,22,26]. The FFQ was established according to a validated FFQ used for pregnant women in Northwest China [27]. Pearson’s correlation coefficients for zinc, copper, and selenium between the FFQ and the average of six 24 h recalls were 0.67, 0.54, and 0.59, respectively, and for other nutrients, they ranged from 0.53 to 0.70 [27]. Women recalled consumption frequency according to eight predefined categories and reported portion sizes with the assistance of food portion images [28]. Participants also reported the type/brand and the number of dietary supplements taken and the number of days taking dietary supplements in each trimester of pregnancy. Daily nutrient intakes were derived by the Chinese Food Composition Tables [29,30]. The total intake of one nutrient was calculated as the sum of dietary and supplemental intakes.




2.3. Covariates


General information of the participants was collected face-to-face by a standard questionnaire. The study covariates included (1) socio-demographic characteristics: maternal age (≥30 years/<30 years), residence (urban/rural), maternal education (senior high school or above/junior high school or below), maternal work (farmers/others), and parity (≥1/0); (2) maternal health-related factors in the first trimester: folate/iron supplements use (no/yes), passive smoking (no/yes), medication use (no/yes), and anemia (no/yes); and (3) dietary diversity score: the sum of ten food groups scores according to the FAO Minimum Dietary Diversity for Women guideline [31], with each group assigned a score of 1 if consumed and 0 if not consumed [26]. The ten food groups consist of starchy staple foods, pulse, nuts and seeds, dairy products, flesh foods, eggs, dark green leafy vegetables, vitamin A-rich fruits and vegetables, other vegetables, and other fruits [31]. Women having no paid employment outside their homes were classified as farmers. Passive smoking was defined as exposure to another person’s tobacco smoke for more than 15 min/d. Anemia during the first trimester was diagnosed by the physicians using the criteria of hemoglobin concentration lower than 110 g/L.




2.4. Statistical Analysis


In univariate comparisons, categorical variables were compared between groups using the χ2 test, and continuous variables were compared between groups using Mann–Whitney U test because of the non-normal distributions observed according to the Shapiro–Wilk test. Considering the clustering in the design through hospitals, we used mixed logistic regression models to estimate ORs (95%CIs) for total CHDs and CHDs subtypes associated with total and dietary intakes of zinc, copper, selenium, zinc to copper ratios, selenium to copper ratios, and zinc to selenium ratios and maternal zinc, copper, and selenium supplements use during pregnancy. Total and dietary intakes were divided into four categories according to the quartiles of the control distribution. Total and dietary zinc, copper, and selenium intakes were also categorized by the recommended nutrient intakes (RNIs) for Chinese pregnant women, which were 9.5 mg/d, 0.9 mg/d, and 65 mg/d, respectively [32]. Maternal zinc, copper, and selenium supplements uses were considered as binary categories (yes/no) because of the low amount of intake. The socio-demographic characteristics (maternal age, residence, education, work, and parity), maternal health-related factors in the first trimester (folate/iron supplements use, passive smoking, medication use, and anemia), and dietary diversity score were chosen as confounders in the models because they were reported to be associated with CHDs [26,33,34] and changed the estimates by more than 10% [35]. Since the intake of each mineral was highly correlated to the others, we did not mutually adjust for the intake of each mineral to avoid multicollinearity in the models [36]. Maternal supplements use and dietary intake of specific minerals were additionally mutually adjusted. P for trend was calculated by including quartile specific median intake in the model. To further explore the shape of the significant associations of total and dietary intakes with total CHDs, we used restricted cubic splines with three knots in the fully adjusted models. Moreover, we evaluated the interactions by introducing cross-product terms into regression models to assess whether the associations were modified by maternal age, residence, education, work, and folate/iron supplements use during the first trimester.



We evaluated the interactions between zinc and copper, selenium and copper, and zinc and selenium by introducing cross-product terms into regression models. We also re-categorized total zinc, copper, and selenium intakes as “low” and “high” according to the medians in the controls and evaluated the risk of total CHDs associated with high or low intakes of total zinc, copper, and selenium by mixed logistic regression using the combination of low intake as the reference.



The statistical analyses were performed using the Stata software (version 15.0; StataCorp, College Station, TX, USA). All tests were two-tailed with p < 0.05 considered statistically significant.





3. Results


3.1. Basic Characteristics of the Study Sample


Case mothers were less likely to reside in urban areas, have higher educational levels, work outside, and be nulliparity compared to the controls (Table 1). Folate/iron supplements use in the first trimester was more common in the controls than in the cases, while passive smoking, medication use, and anemia in the first trimester were more common in the cases than in the controls. Case mothers had lower dietary diversity scores and total energy intake in pregnancy than the controls. Moreover, case mothers had significantly lower total and dietary intakes of zinc, copper, selenium, zinc to copper ratios, and selenium to copper ratios during pregnancy than the controls. There were no differences in maternal age, neonatal gender, and total and dietary zinc to selenium ratios between the two groups. The percentages of case mothers having total zinc, copper, and selenium intakes below the RNIs for Chinese pregnant women were 85.7%, 15.2%, and 97.1%, respectively, which were all higher than those in control mothers (67.4%, 8.4%, and 88.3%, respectively).




3.2. Maternal Total and Dietary Zinc, Copper, and Selenium Intakes during Pregnancy and CHDs


When comparing the quartile 4 (highest), quartile 3, and quartile 2 to the quartile 1 (lowest) of total zinc intake, the fully adjusted ORs (95%CIs) for total CHDs were 0.22 (0.12–0.42), 0.57 (0.36–0.91), and 0.65 (0.45–0.94), respectively, and the test for trend was significant (p < 0.001) (Table 2). When comparing the quartile 4, quartile 3, and quartile 2 to the quartile 1 of total selenium intake, the fully adjusted ORs (95%CIs) for total CHDs were 0.29 (0.15–0.54), 0.52 (0.33–0.81), and 0.70 (0.50–0.99), respectively, and the test for trend was significant (p = 0.009). Moreover, quartile 4 and quartile 3 of total zinc and selenium intakes showed significantly lower risks of VSD and atrial septal defects (ASD) compared to the lowest quartile, and the tests for trend were significant (all p < 0.004). Total zinc to copper ratio and total selenium to copper ratio were inversely associated with the risks of total CHDs, VSD, and ASD (all P for trend <0.02). However, we observed no significant associations of total copper intake and total zinc to selenium ratio with total CHDs, VSD, and ASD. Similarly, dietary intakes of zinc, selenium, zinc to copper ratio, and selenium to copper ratio during pregnancy were inversely associated with the risks of total CHDs, VSD, and ASD, while no significant associations of dietary copper intake and dietary zinc to selenium ratio with the risks of total CHDs, VSD, and ASD were found (Table S1).



Mothers whose total zinc and selenium intakes met the RNIs had significantly lower risks of total CHDs (total zinc: OR = 0.56, 95%CI = 0.37–0.84; total selenium: OR = 0.23, 95%CI = 0.11–0.49), VSD, and ASD (Table 3). However, the fully adjusted ORs were not significant for total CHDs, VSD, and ASD associated with total copper intake meeting the RNI. Similarly, mothers whose dietary zinc and selenium intakes met the RNIs had lower risks of total CHDs, while no significant associations of dietary copper intake meeting the RNI with total CHDs, VSD, and ASD were observed (Table S2).



Figure 1 depicts the restricted cubic spline curves for the associations between total intakes of zinc, selenium, zinc to copper ratio, and selenium to copper ratio in pregnancy and total CHDs. The risk for total CHDs decreased with increasing intakes of total zinc and selenium in pregnancy and reached a plateau of total zinc and selenium above 15.1 mg/d and 61.7 mg/d, respectively. The risk for total CHDs decreased with increasing total zinc to copper ratio when the ratio was below 6.0 and then slightly increased when the ratio above 6.0. The risk for total CHDs decreased with increasing the total selenium to copper ratio when the ratio was below 28.4 and then slightly increased when the ratio was above 28.4. The restricted cubic spline curves for the relationships between dietary intakes of zinc, selenium, zinc to copper ratio, and selenium to copper ratio during pregnancy and total CHDs showed similar shapes as to the corresponding total intakes (Figure S1).



When introducing interaction terms into the regression models, the associations of maternal total and dietary intakes of zinc, copper, selenium, zinc to copper ratios, selenium to copper ratios, and zinc to selenium ratios with CHDs did not meaningfully vary by maternal age, residence, education, work, and folate/iron supplements use in the first trimester, and the tests for interactions were not significant (all p > 0.05).



Although there were no significant multiplicative interactions among total zinc and copper, selenium and copper, or zinc and selenium in the regression models (all p > 0.05), some significant results were derived from the categorical variables as shown in Figure 2. High zinc, even with low or high copper intake, showed a lower risk for total CHDs than that of low zinc and low copper. Similarly, high selenium, even with low or high copper intake, showed a lower risk for total CHDs than that of low selenium and low copper. Compared with low zinc and low selenium, high zinc and high selenium intakes reduced the risk of total CHDs (OR = 0.51, 95%CI = 0.33–0.79). Moreover, using low zinc, low copper, and low selenium intakes as the reference, high zinc, low copper, and high selenium intakes (OR = 0.55, 95%CI = 0.33–0.97) and high zinc, high copper, and high selenium intakes (OR = 0.53, 95%CI = 0.32–0.96) showed a significantly lower risk of total CHDs.




3.3. Maternal Zinc, Copper, and Selenium Supplements Uses during Pregnancy and CHDs


Maternal zinc and selenium supplements uses during pregnancy were associated with reduced risks of total CHDs (zinc supplements use: OR = 0.53, 95%CI = 0.37–0.76; selenium supplements use: OR = 0.45, 95%CI = 0.30–0.68), VSD, and ASD (Table S3). Maternal zinc supplements use during the first trimester was associated with reduced risks of total CHDs (OR = 0.58, 95%CI = 0.38–0.91) and ASD, and maternal selenium supplements use during the first trimester was associated with a lower risk of total CHDs (OR = 0.52, 95%CI = 0.31–0.85). However, we observed no significant associations of maternal copper supplements use in pregnancy and in the first trimester with CHDs.





4. Discussion


In the present case-control study, we observed that higher total intakes of zinc, selenium, zinc to copper ratio, and selenium to copper ratio during pregnancy were associated with reduced risks of total CHDs and the subtypes. The significantly inverse associations with CHDs were also observed for dietary intakes of zinc, selenium, zinc to copper ratio, and selenium to copper ratio during pregnancy, and maternal zinc and selenium supplements use during pregnancy and in the first trimester. Moreover, high zinc and high selenium, even with low or high copper, showed a significantly lower risk of total CHDs. To our knowledge, this is the first human study to specifically explore the relationships between maternal total, dietary, and supplemental intakes of zinc, copper, and selenium during pregnancy and CHDs.



4.1. Comparisons with Other Studies


To date, few human studies have explored the effects of zinc, copper, and selenium on CHDs [11,12,13,14,15,16]. The related human studies involved zinc, copper, and selenium status in blood, hair, and teeth samples among mothers, neonates, and children [11,12,13,14,15,16]. However, the results remained controversial [11,12,13,14,15,16]. One study reported an inverse association between zinc level in children’s blood and VSD [16], while another study found no associations of zinc level in maternal hair with CHDs and the subtypes [13]. There was even one study reporting higher zinc levels in maternal and neonatal blood in the CHDs cases than in the healthy controls [11]. Two studies showed positive associations of copper levels in maternal hair and children’s teeth with CHDs [13,15], while the other two studies reported no associations of copper levels in maternal and children’s blood with CHDs and VSD [14,16]. One study observed an inverse association between selenium level in maternal hair and CHDs [12], while another study showed a positive association in maternal blood [14]. The present study focused on maternal intakes of zinc, copper, and selenium during pregnancy and found significant inverse associations of zinc and selenium intakes with CHDs but no significant association for copper intake. These inconsistent results may be partially due to the differences in exposure measurement methods, sample size, study population, and genetic backgrounds. Moreover, the selenium status of an individual was largely determined by not only food sources but also the soil selenium concentration [37]. The selenium concentration in soil is generally influenced by geographical location, seasonal changes, protein content, and food processing [38]. People from different regions may have different baseline selenium statuses due to the soil selenium status, further leading to different health outcomes. Previous studies have reported that some dietary factors, such as cereal-based diets and fiber-rich foods, may inhibit zinc absorption [39] and further influence the association between zinc intake and health outcomes. Future studies integrating maternal minerals intakes and biological markers with genetic and soil factors are warranted to explore these relationships.



To our knowledge, there is only one published study involving the interactions of zinc and copper on CHDs [13]. This previous study did not observe a significant interaction between copper and zinc levels on CHDs [13], which was consistent with the finding in the present study. To our knowledge, there have been no previous studies of selenium–copper and zinc–selenium interactions on CHDs. Although no multiplicative interactions among zinc, copper, and selenium intakes during pregnancy on CHDs were observed in our study, the results of categorical variables suggested that high zinc and high selenium intakes, even with low or high copper, reduced the risk of CHDs. It seems that the simultaneous high intakes of zinc and selenium during pregnancy might have an additive effect on the association with CHDs. Given the rarity of research on the joint effects of zinc, copper, and selenium for fetal cardiovascular development, further studies are warranted to confirm and interpret these findings.




4.2. Possible Mechanisms


Zinc is involved in the synthesis of many lipids, nucleic acids, and proteins. Zinc deficiency could induce alterations in the distribution of connexin-43 and HNK-1 in fetal hearts and result in the occurrence of heart anomalies [5]. Zinc deficiency could also activate apoptotic and inflammatory processes and decrease TGF-β1 expression and nitric oxide synthase activity in cardiac tissue [40]. Zinc supplementation was reported to significantly downregulate protein and mRNA expression of metallothionein in the developing heart of embryos and decreased apoptosis and reduced levels of reactive oxygen species, regarded as a potential therapy for diabetic cardiac embryopathy [41].



Copper ions serve as an important catalytic cofactor in the redox chemistry of proteins exerting fundamental biological functions, such as cytochrome C oxidase, Cu/Zn superoxide dismutase, and ceruloplasmin. With a relatively high DNA binding affinity, copper may displace zinc ions in zinc-finger transcription factors and interfere with their functions in fetuses [42]. Inhibition of zinc-finger transcription factors, such as GATA4 and Zac1, could lead to embryonic lethality, thin ventricular walls, or abnormal looping morphogenesis of the primary heart tube [43,44]. However, no significant results were found on the associations of dietary and supplemental copper intakes with CHDs in the present study. The reason may come from the fact that few pregnant women have copper deficiency and excess in our study population. In fact, the percentages of participants with total copper intake below the RNI (0.9 mg/d) were 15.2% in the cases and 8.4% in the controls, and no participants had a total copper intake above the tolerable upper intake level (8 mg/d) in the two groups.



Selenium is essential for antioxidant enzyme activities and normal fetal development [45]. Selenium deficiency in pregnancy might contribute to congenital anomalies, including neural tube defects and orofacial clefts [46,47,48]. Selenium exposure was reported to be associated with the changes in epigenetic patterning in both human and animal studies [49,50], which may exert effects on fetal cardiovascular development. It is noteworthy to mention that the study area in Northwest China is a relatively selenium deficient area, in which pregnant women tend to have low selenium status at baseline and can benefit more from the increased intake of selenium from diet and supplements.



Antagonisms between zinc, copper, and selenium have been shown in previous studies [18,19,20]. High zinc levels reduced the transport of copper into the blood, whereas high copper reduced zinc transport into the blood [19]. Copper was reported to negatively affect selenoprotein expression and activity via limiting UGA recoding [20]. Selenium had an antagonistic effect on zinc absorption by zinc-depleted rats, and zinc had an antagonistic effect on selenium absorption by zinc-adequate rats [18]. Given the rarity of research on the interactions of zinc, copper, and selenium on CHDs, the potential mechanisms involved need to be further explored.




4.3. Strengths and Limitations


The present study provides valuable evidence on the relationships between maternal total, dietary, and supplemental intakes of zinc, copper, and selenium during pregnancy and CHDs among humans. However, some limitations should be acknowledged. First, selection bias cannot be excluded because of the fact that pregnant women with CHDs fetuses tend to choose comprehensive hospitals for delivery, including the six selected hospitals in our study. Selection bias may also come from the fact that CHDs fetuses that did not survive were not included in the current study. If low maternal intakes of zinc and selenium in pregnancy increased CHDs risk and caused spontaneous and elective abortions, the relationships would be underestimated. Second, recall bias cannot be excluded because maternal information in pregnancy was recalled by participants waiting for delivery in the obstetrics departments. However, previous studies have suggested that nutrient intakes and events during pregnancy could be recalled well even after years [51,52]. To minimize bias, we made efforts to help participants recall accurately in the survey. For one thing, standard questionnaires and supporting materials such as food portion images and calendars were applied to collect information. For another, the survey was tested in a pilot study, and interviewers were rigorously trained according to the standard guides before the formal survey. Third, exposure misclassification may cause because we collected dietary information during the whole pregnancy rather than in the 3rd–8th week of gestation, the critical period of cardiac development. However, previous studies have reported that maternal dietary patterns and nutrient intakes were stable across pregnancy [24,25]. Fourth, we cannot separately assess the associations between maternal zinc, copper, and selenium intakes and other CHDs subtypes because of the limited sample size. Finally, we cannot fully exclude all other unobserved and unknown confounders and cannot reveal a real causal association.





5. Conclusions


The current study suggests that higher intakes of zinc and selenium from diet and supplements during pregnancy may reduce CHDs risk. This study also suggests that high intakes of zinc and selenium during pregnancy seem to have an additive effect on the association with CHDs. These findings imply the importance of promoting zinc and selenium intakes in pregnancy to reduce the incidence of CHDs in Northwest China. Future human studies with data on maternal minerals intakes, biological markers, and genetic and soil factors are warranted to confirm these findings and to elucidate underlying mechanisms.








Supplementary Materials


The following supporting information can be downloaded at https://www.mdpi.com/article/10.3390/nu14051055/s1, Figure S1: Restricted cubic spline models of total congenital heart defects (CHDs) risk associated with (A) dietary zinc intake, (B) dietary selenium intake, (C) dietary zinc to copper ratio, and (D) dietary selenium to copper ratio during pregnancy. Models are adjusted for total energy intake in pregnancy, socio-demographic characteristics (maternal age, residence, education, work, and parity), maternal health-related factors in the first trimester (folate/iron supplements use, passive smoking, medication use, and anemia), and dietary diversity score. Models are additionally adjusted for maternal supplements uses of zinc, copper, and selenium in the associations between dietary intakes of corresponding minerals and CHDs; Table S1: Quartiles of maternal dietary zinc, copper, and selenium intakes during pregnancy and congenital heart defects; Table S2: Maternal dietary zinc, copper, and selenium intakes categorized by the recommended nutrient intakes (RNIs) during pregnancy and congenital heart defects; Table S3: Maternal zinc, copper, and selenium supplements use during pregnancy and congenital heart defects.





Author Contributions


Conceptualization, J.Y., S.D. and H.Y.; methodology, J.Y., S.D. and L.Z.; formal analysis, J.Y., Y.K., Q.C., B.Z. and X.L.; investigation, J.Y., Y.K., Q.C., B.Z. and X.L.; data curation, L.Z., S.D. and H.Y.; writing—original draft preparation, J.Y.; writing—review and editing, S.D. and H.Y.; supervision, S.D. and H.Y.; project administration, S.D. and L.Z.; funding acquisition, J.Y., S.D. and H.Y. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Natural Science Foundation of China (82103852), China Postdoctoral Science Foundation (2019M663751), National Natural Science Foundation of China (81230016), Shaanxi Health and Family Planning Commission (Sxwsjswzfcght2016-013), and National Key R&D Program of China (2017YFC0907200, 2017YFC0907201).




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki and approved by the Xi’an Jiaotong University Health Science Center on March 2012 (No.2012008).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


The data present in this study are available on request from the corresponding authors.




Acknowledgments


The authors thank all medical staff involved in the study for recruiting the participants. The authors also thank all mothers and infants who participated in the study and all investigators who contributed to data collection.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Liu, Y.; Chen, S.; Zuhlke, L.; Black, G.C.; Choy, M.K.; Li, N.; Keavney, B.D. Global birth prevalence of congenital heart defects 1970–2017, updated systematic review and meta-analysis of 260 studies. Int. J. Epidemiol. 2019, 48, 455–463. [Google Scholar] [CrossRef] [PubMed]

	



Donofrio, M.T.; Moon-Grady, A.J.; Hornberger, L.K.; Copel, J.A.; Sklansky, M.S.; Abuhamad, A.; Cuneo, B.F.; Huhta, J.C.; Jonas, R.A.; Krishnan, A.; et al. Diagnosis and treatment of fetal cardiac disease: A scientific statement from the American Heart Association. Circulation 2014, 129, 2183–2242. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, Q.M.; Liu, F.; Wu, L.; Ma, X.J.; Niu, C.; Huang, G.Y. Prevalence of congenital heart disease at live birth in China. J. Pediatr. 2019, 204, 53–58. [Google Scholar] [CrossRef]

	



Mousa, A.; Naqash, A.; Lim, S. Macronutrient and micronutrient intake during pregnancy: An overview of recent evidence. Nutrients 2019, 11, 443. [Google Scholar] [CrossRef] [PubMed]

	



Lopez, V.; Keen, C.L.; Lanoue, L. Prenatal zinc deficiency: Influence on heart morphology and distribution of key heart proteins in a rat model. Biol. Trace Elem. Res. 2008, 122, 238–255. [Google Scholar] [CrossRef] [PubMed]

	



Beckers-Trapp, M.E.; Lanoue, L.; Keen, C.L.; Rucker, R.B.; Uriu-Adams, J.Y. Abnormal development and increased 3-nitrotyrosine in copper-deficient mouse embryos. Free Radic. Biol. Med. 2006, 40, 35–44. [Google Scholar] [CrossRef] [PubMed]

	



Cao, L.; Huang, W.; Liu, J.; Ye, Z.; Dou, S. Toxicity of short-term copper exposure to early life stages of red sea bream. Pagrus major. Environ. Toxicol. Chem. 2010, 29, 2044–2052. [Google Scholar] [CrossRef] [PubMed]

	



Ojeda, M.L.; Nogales, F.; Romero-Herrera, I.; Carreras, O. Fetal programming is deeply related to maternal selenium status and oxidative balance; Experimental offspring health repercussions. Nutrients 2021, 13, 2085. [Google Scholar] [CrossRef] [PubMed]

	



Rayman, M.P.; Wijnen, H.; Vader, H.; Kooistra, L.; Pop, V. Maternal selenium status during early gestation and risk for preterm birth. Cmaj 2011, 183, 549–555. [Google Scholar] [CrossRef]

	



Zachara, B.A. Selenium in complicated pregnancy. A review. Adv. Clin. Chem. 2018, 86, 157–178. [Google Scholar] [PubMed]

	



Dilli, D.; Doğan, N.N.; Örün, U.A.; Koç, M.; Zenciroğlu, A.; Karademir, S.; Akduman, H. Maternal and neonatal micronutrient levels in newborns with CHD. Cardiol. Young. 2018, 28, 523–529. [Google Scholar] [CrossRef] [PubMed]

	



Guo, Y.; Yu, P.; Zhu, J.; Yang, S.; Yu, J.; Deng, Y.; Li, N.; Liu, Z. High maternal selenium levels are associated with increased risk of congenital heart defects in the offspring. Prenat. Diagn. 2019, 39, 1107–1114. [Google Scholar] [CrossRef] [PubMed]

	



Hu, H.; Liu, Z.; Li, J.; Li, S.; Tian, X.; Lin, Y.; Chen, X.; Yang, J.; Deng, Y.; Li, N.; et al. Correlation between congenital heart defects and maternal copper and zinc concentrations. Birth Defects Res. A Clin. Mol. Teratol. 2014, 100, 965–972. [Google Scholar] [CrossRef] [PubMed]

	



Ou, Y.; Bloom, M.S.; Nie, Z.; Han, F.; Mai, J.; Chen, J.; Lin, S.; Liu, X.; Zhuang, J. Associations between toxic and essential trace elements in maternal blood and fetal congenital heart defects. Env. Int. 2017, 106, 127–134. [Google Scholar] [CrossRef] [PubMed]

	



Yalçin, S.S.; Dönmez, Y.; Aypar, E.; Yalçin, S. Element profiles in blood and teeth samples of children with congenital heart diseases in comparison with healthy ones. J. Trace Elem. Med. Biol. 2021, 63, 126662. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, Y.; Xu, C.; Zhang, Y.; Xie, Z.; Shu, Y.; Lu, C.; Mo, X. Associations of trace elements in blood with the risk of isolated ventricular septum defects and abnormal cardiac structure in children. Env. Sci. Pollut. Res. Int. 2019, 26, 10037–10043. [Google Scholar] [CrossRef] [PubMed]

	



Mares-Perlman, J.A.; Subar, A.F.; Block, G.; Greger, J.L.; Luby, M.H. Zinc intake and sources in the US adult population: 1976–1980. J. Am. Coll. Nutr. 1995, 14, 349–357. [Google Scholar] [CrossRef]

	



House, W.A.; Welch, R.M. Bioavailability of and interactions between zinc and selenium in rats fed wheat grain intrinsically labeled with 65Zn and 75Se. J. Nutr. 1989, 119, 916–921. [Google Scholar] [CrossRef] [PubMed]

	



Ojo, A.A.; Nadella, S.R.; Wood, C.M. In vitro examination of interactions between copper and zinc uptake via the gastrointestinal tract of the rainbow trout (Oncorhynchus mykiss). Arch. Env. Contam. Toxicol. 2009, 56, 244–252. [Google Scholar] [CrossRef]

	



Schwarz, M.; Lossow, K.; Schirl, K.; Hackler, J.; Renko, K.; Kopp, J.F.; Schwerdtle, T.; Schomburg, L.; Kipp, A.P. Copper interferes with selenoprotein synthesis and activity. Redox. Biol. 2020, 37, 101746. [Google Scholar] [CrossRef]

	



Yang, J.; Kang, Y.; Cheng, Y.; Zeng, L.; Shen, Y.; Shi, G.; Liu, Y.; Qu, P.; Zhang, R.; Yan, H.; et al. Iron intake and iron status during pregnancy and risk of congenital heart defects: A case-control study. Int. J. Cardiol. 2020, 301, 74–79. [Google Scholar] [CrossRef] [PubMed]

	



Yang, J.; Kang, Y.; Cheng, Y.; Zeng, L.; Yan, H.; Dang, S. Maternal dietary patterns during pregnancy and congenital heart defects: A case-control study. Int. J. Env. Res. Public Health 2019, 16, 2957. [Google Scholar] [CrossRef] [PubMed]

	



Zheng, L. Soil Trace Elements in China; Phoenix Science Press: Nanjing, China, 1996. [Google Scholar]

	



Crozier, S.R.; Robinson, S.M.; Godfrey, K.M.; Cooper, C.; Inskip, H.M. Women’s dietary patterns change little from before to during pregnancy. J. Nutr. 2009, 139, 1956–1963. [Google Scholar] [CrossRef] [PubMed]

	



Rifas-Shiman, S.L.; Rich-Edwards, J.W.; Willett, W.C.; Kleinman, K.P.; Oken, E.; Gillman, M.W. Changes in dietary intake from the first to the second trimester of pregnancy. Paediatr. Perinat. Epidemiol. 2006, 20, 35–42. [Google Scholar] [CrossRef] [PubMed]

	



Yang, J.; Cheng, Y.; Zeng, L.; Dang, S.; Yan, H. Maternal dietary diversity during pregnancy and congenital heart defects: A case-control study. Eur. J. Clin. Nutr. 2021, 75, 355–363. [Google Scholar] [CrossRef] [PubMed]

	



Cheng, Y.; Yan, H.; Dibley, M.J.; Shen, Y.; Li, Q.; Zeng, L. Validity and reproducibility of a semi-quantitative food frequency questionnaire for use among pregnant women in rural China. Asia Pac. J. Clin. Nutr. 2008, 17, 166–177. [Google Scholar] [PubMed]

	



Yang, J.; Dang, S.; Cheng, Y.; Qiu, H.; Mi, B.; Jiang, Y.; Qu, P.; Zeng, L.; Wang, Q.; Li, Q.; et al. Dietary intakes and dietary patterns among pregnant women in Northwest China. Public Health Nutr. 2017, 20, 282–293. [Google Scholar] [CrossRef] [PubMed]

	



Institute of Nutrition and Food Safety, China Center for Disease Control. China Food Composition Book 2; Peking University Medical Press: Beijing, China, 2005. [Google Scholar]

	



Institute of Nutrition and Food Safety, China Center for Disease Control. China Food Composition Book 1, 2nd ed.; Peking University Medical Press: Beijing, China, 2009. [Google Scholar]

	



FAO; FHI 360. Minimum Dietary Dieversity for Women: A Guide for Measurement; FAO: Rome, Italy, 2016. [Google Scholar]

	



Chinese Nutrition Society. Chinese Dietary Guideline; People’s Medical Publishing House: Beijing, China, 2016. [Google Scholar]

	



Feng, Y.; Cai, J.; Tong, X.; Chen, R.; Zhu, Y.; Xu, B.; Mo, X. Non-inheritable risk factors during pregnancy for congenital heart defects in offspring: A matched case-control study. Int. J. Cardiol. 2018, 264, 45–52. [Google Scholar] [CrossRef] [PubMed]

	



Pei, L.; Kang, Y.; Zhao, Y.; Yan, H. Prevalence and risk factors of congenital heart defects among live births: A population-based cross-sectional survey in Shaanxi province, Northwestern China. BMC Pediatr. 2017, 17, 18. [Google Scholar] [CrossRef] [PubMed]

	



Mickey, R.M.; Greenland, S. The impact of confounder selection criteria on effect estimation. Am. J. Epidemiol. 1989, 129, 125–137. [Google Scholar] [CrossRef]

	



Nakamura, M.; Miura, A.; Nagahata, T.; Shibata, Y.; Okada, E.; Ojima, T. Low Zinc, Copper, and manganese intake is associated with depression and anxiety symptoms in the Japanese working population: Findings from the eating habit and well-being study. Nutrients 2019, 11, 847. [Google Scholar] [CrossRef]

	



Iqbal, S.; Ali, I.; Rust, P.; Kundi, M.; Ekmekcioglu, C. Selenium, zinc, and manganese status in pregnant women and its relation to maternal and child complications. Nutrients 2020, 12, 725. [Google Scholar] [CrossRef] [PubMed]

	



Mehdi, Y.; Hornick, J.L.; Istasse, L.; Dufrasne, I. Selenium in the environment, metabolism and involvement in body functions. Molecules 2013, 18, 3292–3311. [Google Scholar] [CrossRef] [PubMed]

	



Shah, D.; Sachdev, H.P. Zinc deficiency in pregnancy and fetal outcome. Nutr. Rev. 2006, 64, 15–30. [Google Scholar] [CrossRef]

	



Juriol, L.V.; Gobetto, M.N.; Mendes Garrido Abregú, F.; Dasso, M.E.; Pineda, G.; Güttlein, L.; Carranza, A.; Podhajcer, O.; Toblli, J.E.; Elesgaray, R.; et al. Cardiac changes in apoptosis, inflammation, oxidative stress, and nitric oxide system induced by prenatal and postnatal zinc deficiency in male and female rats. Eur. J. Nutr. 2018, 57, 569–583. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, S.D.; Vijaya, M.; Samy, R.P.; Dheen, S.T.; Ren, M.; Watt, F.; Kang, Y.J.; Bay, B.H.; Tay, S.S. Zinc supplementation prevents cardiomyocyte apoptosis and congenital heart defects in embryos of diabetic mice. Free Radic. Biol. Med. 2012, 53, 1595–1606. [Google Scholar] [CrossRef] [PubMed]

	



Peña, M.M.; Lee, J.; Thiele, D.J. A delicate balance: Homeostatic control of copper uptake and distribution. J. Nutr. 1999, 129, 1251–1260. [Google Scholar] [CrossRef] [PubMed]

	



Duffy, J.Y.; Overmann, G.J.; Keen, C.L.; Clegg, M.S.; Daston, G.P. Cardiac abnormalities induced by zinc deficiency are associated with alterations in the expression of genes regulated by the zinc-finger transcription factor GATA-4. Birth Defects Res. B Dev. Reprod. Toxicol. 2004, 71, 102–109. [Google Scholar] [CrossRef]

	



Yuasa, S.; Onizuka, T.; Shimoji, K.; Ohno, Y.; Kageyama, T.; Yoon, S.H.; Egashira, T.; Seki, T.; Hashimoto, H.; Nishiyama, T.; et al. Zac1 is an essential transcription factor for cardiac morphogenesis. Circ. Res. 2010, 106, 1083–1091. [Google Scholar] [CrossRef] [PubMed]

	



Martín, I.; Gibert, M.J.; Pintos, C.; Noguera, A.; Besalduch, A.; Obrador, A. Oxidative stress in mothers who have conceived fetus with neural tube defects: The role of aminothiols and selenium. Clin. Nutr. 2004, 23, 507–514. [Google Scholar] [CrossRef]

	



Cengiz, B.; Söylemez, F.; Oztürk, E.; Cavdar, A.O. Serum zinc, selenium, copper, and lead levels in women with second-trimester induced abortion resulting from neural tube defects: A preliminary study. Biol. Trace. Elem. Res. 2004, 97, 225–235. [Google Scholar] [CrossRef]

	



Hammouda, S.A.; Abd Al-Halim, O.A.; Mohamadin, A.M. Serum levels of some micronutrients and congenital malformations: A prospective cohort study in healthy saudi-arabian first-trimester pregnant women. Int. J. Vitam. Nutr. Res. 2013, 83, 346–354. [Google Scholar] [CrossRef] [PubMed]

	



Pi, X.; Wei, Y.; Li, Z.; Jin, L.; Liu, J.; Zhang, Y.; Wang, L.; Ren, A. Higher concentration of selenium in placental tissues is associated with reduced risk for orofacial clefts. Clin. Nutr. 2019, 38, 2442–2448. [Google Scholar] [CrossRef] [PubMed]

	



Davis, C.D.; Uthus, E.O.; Finley, J.W. Dietary selenium and arsenic affect DNA methylation in vitro in Caco-2 cells and in vivo in rat liver and colon. J. Nutr. 2000, 130, 2903–2909. [Google Scholar] [CrossRef] [PubMed]

	



Pilsner, J.R.; Hall, M.N.; Liu, X.; Ahsan, H.; Ilievski, V.; Slavkovich, V.; Levy, D.; Factor-Litvak, P.; Graziano, J.H.; Gamble, M.V. Associations of plasma selenium with arsenic and genomic methylation of leukocyte DNA in Bangladesh. Environ. Health Perspect. 2011, 119, 113–118. [Google Scholar] [CrossRef] [PubMed]

	



Bosco, J.L.; Tseng, M.; Spector, L.G.; Olshan, A.F.; Bunin, G.R. Reproducibility of reported nutrient intake and supplement use during a past pregnancy: A report from the Children’s Oncology Group. Paediatr. Perinat. Epidemiol. 2010, 24, 93–101. [Google Scholar] [CrossRef] [PubMed]

	



Bunin, G.R.; Gyllstrom, M.E.; Brown, J.E.; Kahn, E.B.; Kushi, L.H. Recall of diet during a past pregnancy. Am. J. Epidemiol. 2001, 154, 1136–1142. [Google Scholar] [CrossRef] [PubMed]








[image: Nutrients 14 01055 g001 550] 





Figure 1. Restricted cubic spline models of total congenital heart defects (CHDs) risk associated with (A) total zinc intake, (B) total selenium intake, (C) total zinc to copper ratio, and (D) total selenium to copper ratio during pregnancy. Adjusted for total energy intake in pregnancy, socio-demographic characteristics (maternal age, residence, education, work, and parity), maternal health-related factors in the first trimester (folate/iron supplements use, passive smoking, medication use, and anemia), and dietary diversity score. 
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Figure 2. Interaction effects among total zinc, copper, and selenium intakes in pregnancy on total congenital heart defects. Adjusted for total energy intake in pregnancy, socio-demographic characteristics (maternal age, residence, education, work, and parity), maternal health-related factors in the first trimester (folate/iron supplements use, passive smoking, medication use, and anemia), and dietary diversity score. Low zinc, low copper, and low selenium indicate the intakes below medians of the control distribution, and high zinc, high copper, and high selenium indicate the intakes equal or above medians of the control distribution. The black boxes represent odds ratios, and the horizontal lines represent 95%CIs. 
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Table 1. Basic characteristics of the study participants.
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Cases (N = 474)

	
Controls (N = 948)

	
p






	
Socio-demographic characteristics, %

	

	




	
Maternal age ≥ 30 years

	
33.5

	
34.2

	
0.812




	
Urban residence

	
66.0

	
71.6

	
0.030




	
Maternal education, senior high school or above

	
58.9

	
80.7

	
<0.001




	
Maternal work, farmers

	
49.5

	
21.0

	
<0.001




	
Nulliparity

	
57.8

	
80.3

	
<0.001




	
Maternal health-related factors in the first trimester, %

	




	
Folate/iron supplements use

	
76.6

	
89.2

	
<0.001




	
Passive smoking

	
33.5

	
9.3

	
<0.001




	
Medication use

	
41.6

	
30.4

	
<0.001




	
Anemia

	
16.9

	
10.9

	
<0.001




	
Neonatal gender, male, %

	
52.3

	
49.7

	
0.348




	
Dietary diversity score, median (25th percentile, 75th percentile)

	
5.0 (3.0, 6.0)

	
6.0 (4.0, 8.0)

	
<0.001




	
Daily components intake during pregnancy, median (25th percentile, 75th percentile)

	




	
Total energy, kcal

	
1753.2 (1452.4, 2086.1)

	
1907.1 (1563.3, 2415.9)

	
0.001




	
Total zinc, mg

	
5.1 (3.2, 7.3)

	
7.2 (5.1, 10.9)

	
<0.001




	
Dietary zinc, mg

	
4.7 (3.1, 6.8)

	
6.4 (4.6, 9.1)

	
<0.001




	
Total copper, mg

	
1.6 (1.1, 2.1)

	
2.0 (1.4, 2.7)

	
<0.001




	
Dietary copper, mg

	
1.6 (1.1, 2.1)

	
1.9 (1.2, 2.5)

	
<0.001




	
Total selenium, mg

	
23.2 (15.4, 32.8)

	
32.5 (22.7, 46.6)

	
<0.001




	
Dietary selenium, mg

	
22.7 (15.1, 32.6)

	
30.9 (21.9, 43.7)

	
<0.001




	
Total zinc to copper ratio

	
3.2 (2.4, 4.4)

	
3.8 (3.1, 4.8)

	
<0.001




	
Dietary zinc to copper ratio

	
3.1 (2.4, 4.2)

	
3.6 (3.0, 4.5)

	
<0.001




	
Total selenium to copper ratio

	
14.7 (10.8, 20.7)

	
16.7 (13.5, 21.6)

	
<0.001




	
Dietary selenium to copper ratio

	
14.7 (10.8, 20.9)

	
17.2 (13.7, 22.7)

	
<0.001




	
Total zinc to selenium ratio

	
0.21 (0.18, 0.25)

	
0.22 (0.19, 0.27)

	
0.280




	
Dietary zinc to selenium ratio

	
0.21 (0.18, 0.25)

	
0.21 (0.18, 0.23)

	
0.270








Categorical variables are compared between groups by χ2 test, and continuous variables are compared between groups by Mann–Whitney U test.
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Table 2. Quartiles of maternal total zinc, copper, and selenium intakes during pregnancy and congenital heart defects.
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Cutoffs

	
Total CHDs (Ncases = 474)

	
VSD (Ncases = 223)

	
ASD (Ncases = 218)




	

	
Cases/Controls

	
Unadjusted

OR (95%CI)

	
Adjusted

OR (95%CI) 1

	
Adjusted

OR (95%CI) 1

	
Adjusted

OR (95%CI) 1






	
Total zinc intake (mg/d)

	

	

	

	




	
Quartile 1

	
<5.09

	
241/236

	
1

	
1

	
1

	
1




	
Quartile 2

	
5.09–7.21

	
110/238

	
0.45 (0.34, 0.60)

	
0.65 (0.45, 0.94)

	
0.71 (0.39, 1.27)

	
0.61 (0.36, 1.03)




	
Quartile 3

	
7.21–10.86

	
82/237

	
0.34 (0.25, 0.46)

	
0.57 (0.36, 0.91)

	
0.53 (0.32, 0.86)

	
0.55 (0.32, 0.96)




	
Quartile 4

	
≥10.86

	
41/237

	
0.17 (0.12, 0.25)

	
0.22 (0.12, 0.42)

	
0.14 (0.05, 0.35)

	
0.21 (0.09, 0.48)




	
p for trend 2

	

	

	
<0.001

	
<0.001

	
0.002

	
0.001




	
Total copper intake (mg/d)

	

	

	

	




	
Quartile 1

	
<1.37

	
153/237

	
1

	
1

	
1

	
1




	
Quartile 2

	
1.37–1.95

	
167/237

	
1.10 (0.82, 1.46)

	
1.26 (0.90, 1.77)

	
1.30 (0.84, 2.03)

	
1.19 (0.77, 1.85)




	
Quartile 3

	
1.95–2.70

	
103/237

	
0.66 (0.48, 0.90)

	
1.24 (0.82, 1.85)

	
1.37 (0.81, 2.31)

	
1.13 (0.68, 1.88)




	
Quartile 4

	
≥2.70

	
51/237

	
0.33 (0.23, 0.47)

	
0.66 (0.38, 1.16)

	
0.77 (0.37, 1.64)

	
0.54 (0.26, 1.14)




	
p for trend 2

	

	

	
<0.001

	
0.534

	
0.943

	
0.344




	
Total selenium intake (mg/d)

	

	

	

	




	
Quartile 1

	
<22.68

	
227/237

	
1

	
1

	
1

	
1




	
Quartile 2

	
22.68–32.45

	
124/237

	
0.55 (0.41, 0.73)

	
0.70 (0.50, 0.99)

	
0.64 (0.40, 1.01)

	
0.71 (0.45, 1.13)




	
Quartile 3

	
32.45–46.61

	
76/237

	
0.33 (0.24, 0.46)

	
0.52 (0.33, 0.81)

	
0.47 (0.26, 0.85)

	
0.55 (0.31, 0.98)




	
Quartile 4

	
≥46.51

	
47/237

	
0.21 (0.14, 0.30)

	
0.29 (0.15, 0.54)

	
0.13 (0.05, 0.34)

	
0.25 (0.11, 0.59)




	
P for trend 2

	

	

	
<0.001

	
0.009

	
<0.001

	
0.003




	
Total zinc to copper ratio

	

	

	

	




	
Quartile 1

	
<3.10

	
225/237

	
1

	
1

	
1

	
1




	
Quartile 2

	
3.10–3.84

	
92/237

	
0.41 (0.30, 0.55)

	
0.59 (0.41, 0.84)

	
0.64 (0.41, 1.00)

	
0.67 (0.43, 1.05)




	
Quartile 3

	
3.84–4.81

	
69/237

	
0.31 (0.22, 0.42)

	
0.43 (0.29, 0.63)

	
0.42 (0.26, 0.70)

	
0.40 (0.24, 0.67)




	
Quartile 4

	
≥4.81

	
88/237

	
0.39 (0.29, 0.53)

	
0.58 (0.41, 0.82)

	
0.49 (0.30, 0.78)

	
0.66 (0.44, 0.98)




	
p for trend 2

	

	

	
<0.001

	
<0.001

	
<0.001

	
0.017




	
Total selenium to copper ratio

	

	

	

	




	
Quartile 1

	
<13.48

	
197/237

	
1

	
1

	
1

	
1




	
Quartile 2

	
13.48–16.68

	
101/237

	
0.51 (0.38, 0.69)

	
0.65 (0.46, 0.92)

	
0.58 (0.37, 0.91)

	
0.96 (0.62, 1.48)




	
Quartile 3

	
16.68–21.61

	
75/237

	
0.38 (0.28, 0.52)

	
0.45 (0.31, 0.65)

	
0.36 (0.22, 0.59)

	
0.48 (0.29, 0.78)




	
Quartile 4

	
≥21.61

	
101/237

	
0.51 (0.38, 0.69)

	
0.65 (0.46, 0.93)

	
0.48 (0.30, 0.77)

	
0.70 (0.44, 1.10)




	
p for trend 2

	

	

	
<0.001

	
0.002

	
<0.001

	
0.019




	
Total zinc to selenium ratio

	

	

	

	




	
Quartile 1

	
<0.19

	
139/237

	
1

	
1

	
1

	
1




	
Quartile 2

	
0.19–0.22

	
127/237

	
0.91 (0.68, 1.23)

	
0.86 (0.60, 1.22)

	
0.94 (0.59, 1.50)

	
0.88 (0.56, 1.38)




	
Quartile 3

	
0.22–0.27

	
119/237

	
0.86 (0.63, 1.16)

	
1.02 (0.71, 1.45)

	
1.34 (0.84, 2.14)

	
0.99 (0.63, 1.56)




	
Quartile 4

	
≥0.27

	
89/237

	
0.64 (0.46, 0.88)

	
0.84 (0.58, 1.23)

	
1.07 (0.65, 1.76)

	
0.94 (0.59, 1.50)




	
p for trend 2

	

	

	
0.008

	
0.588

	
0.451

	
0.925








ASD—atrial septal defects; CHDs—congenital heart defects; VSD—ventricular septal defects. 1 Adjusted for total energy intake in pregnancy, socio-demographic characteristics (maternal age, residence, education, work, and parity), maternal health-related factors in the first trimester (folate/iron supplements use, passive smoking, medication use, and anemia), and dietary diversity score. 2 p for trend across quartiles is calculated using the median for each quartile as a continuous variable.
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Table 3. Maternal total zinc, copper, and selenium intakes categorized by the recommended nutrient intakes (RNIs) during pregnancy and congenital heart defects.
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Total CHDs (Ncases = 474)

	
VSD (Ncases = 223)

	
ASD (Ncases = 218)




	

	
Cases/Controls

	
Unadjusted

OR (95%CI)

	
Adjusted

OR (95%CI) 1

	
Adjusted

OR (95%CI) 1

	
Adjusted

OR (95%CI) 1






	
Total zinc intake

	

	

	

	

	




	
Below the RNI

	
406/639

	
1

	
1

	
1

	
1




	
Met the RNI

	
68/309

	
0.35 (0.26, 0.46)

	
0.56 (0.37, 0.84)

	
0.46 (0.26, 0.82)

	
0.53 (0.31, 0.91)




	
p

	

	
<0.001

	
0.006

	
0.009

	
0.021




	
Total copper intake

	

	

	

	

	




	
Below the RNI

	
72/80

	
1

	
1

	
1

	
1




	
Met the RNI

	
402/868

	
0.51 (0.37, 0.72)

	
0.96 (0.63, 1.47)

	
0.91 (0.53, 1.55)

	
0.85 (0.50, 1.44)




	
p

	

	
<0.001

	
0.860

	
0.728

	
0.540




	
Total selenium intake

	

	

	

	

	




	
Below the RNI

	
460/837

	
1

	
1

	
1

	
1




	
Met the RNI

	
14/111

	
0.23 (0.13, 0.40)

	
0.23 (0.11, 0.49)

	
0.17 (0.05, 0.51)

	
0.18 (0.07, 0.47)




	
p

	

	
<0.001

	
<0.001

	
0.002

	
<0.001








ASD—atrial septal defects; CHDs—congenital heart defects; VSD—ventricular septal defects; RNI—recommended nutrients intake. 1 Adjusted for total energy intake in pregnancy, socio-demographic characteristics (maternal age, residence, education, work, and parity), maternal health-related factors in the first trimester (folate/iron supplements use, passive smoking, medication use, and anemia), and dietary diversity score.
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