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Abstract: Background: Several studies have reported conflicting results on the association between
maternal exposure to folic acid (FA) and/or multivitamin (MV) supplements and the risk of birth
defects (BDs), especially for different subtypes of BDs. The present study aimed to identify the
association between maternal exposure to FA or/and MV and BDs in offspring. Methods: In the
Chinese Birth Cohort Study initiated from 20 November 2017, 120,652 pregnant women completed
follow-up until 20 August 2021. The participants were classified into four groups: without exposure
to FA and MV, exposure to only FA, exposure to only MV, and exposure to FA and MV. Birth defects
were coded by the International Classification of Diseases (ICD)-10. In order to explore the structural
relationship between maternal FA or MV supplements and BDs, directed acyclic graphs were drawn.
Then, an inverse probability treatment weighting was utilized to reduce the systematic differences in
the baseline characteristics among the different groups. Lastly, a two-level mixed-effect log binomial
regression analysis was used to estimate the relative risk (RR) value of the different subtypes of BDs
under different exposures to FA and/or MV. Results: Compared with the maternal group without
exposure to FA and MV, the RR values of nervous system defects, face, ear, and neck defects, limb
defects, and CHDs in the maternal group with only FA supplementation were less than 1.0, but they
were not statistically significant. The RR values of genitourinary defects, abnormal chromosomes,
and oral clefts were more than 1.0, and they were also not statistically significant. However, the risk
of genitourinary defects (RR: 3.22, 95% CI: 1.42–7.29) and chromosomal abnormalities (RR: 2.57, 95%
CI: 1.16–5.73) in the maternal group with only MV supplementation increased more than those in the
maternal group without exposure to FA and MV. In addition, the RR values of all subtypes of BDs
in the maternal group with exposure to FA and MV were closer to 1.0 than those in maternal group
with exposure to only MV, but they were not statistically significant. Conclusions: It was indicated
that the simultaneous supplementation of FA and MV in early pregnancy may have an interaction
for the prevention of BDs and may have inconsistent effects for different subtypes of BDs. At the
same time, excessive FA supplementation in pregnant women may increase the risk of BDs in their
offspring. Although the mechanism is not clear, this evidence reminded us that more trade-offs are
necessary for formulating strategies for the prevention of BDs with FA and/or MV supplementation
in early pregnancy.

Keywords: birth defects; folic acid; multivitamin; two-level mixed-effect log binomial regression
analysis
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1. Introduction

Birth defects (BDs) or congenital abnormalities are defined as a series of structural,
functional, or metabolic disorders that occur during embryonic or fetal development [1].
BDs can lead to premature birth, fetal death, infant death, and child disability and have
become a global public health problem [2]. In 2015, the global disease burden ranked BDs
as the fifth cause of death worldwide in children under the age of five. It was estimated
that the incidence rate of BDs is higher in low-income and developing countries than in
developed countries, and comprised 64.2, 55.7, and 47.2 per 1000 live births, respectively [3].
According to the surveillance of BDs in China, 5.6% of total newborns are born with BDs
annually, which is equivalent to the level of developing countries. At present, one of the
main causes of death in children aged 0–5 in China is BDs; about 45,000 children die of BDs
every year [4]. Obviously, the burden of life loss caused by BDs is severe.

Micronutrient requirements increase significantly throughout pregnancy and are
particularly important in the early stages of pregnancy when the infant’s major organs are
formed. Studies have shown that the maternal nutritional status affects the growth and
development of the fetus [5]. Folic acid (FA) is one of the most common supplements among
women of reproductive age. Since two randomized controlled studies demonstrated that
the maternal intake of FA supplements can prevent the occurrence of neural tube defects
(NTDs) in the early 1990s [6,7], several countries, including the United States and Canada,
have implemented mandatory FA supplementation in cereals as a public measure to prevent
NTDs. In China, there is no mandatory FA fortification, but a nationwide public health
project has been launched since 2009 recommending that women planning for pregnancy
take 0.4 mg FA tablets daily from 3 months before pregnancy until 12 weeks of gestation [8].
However, several studies have demonstrated conflicting results on the associations between
FA supplements and the risks of other types of BDs such as congenital heart defects (CHD),
limb reduction defects, and cleft palates (CP) [9–12].

In addition, multivitamin (MV) supplementation is also an option for pregnant women
during pregnancy in the Chinese consensus on clinically rational FA supplementation [13].
Elevit, the most commonly used MV in China, contains FA (0.8 mg) along with vitamin
A (1.2 mg), vitamin D (12.5 µg), iron (60 mg), and zinc (7.5 mg). Several studies have
shown that the occurrence of obstetric complications and offspring BDs are associated with
vitamin deficiencies during pregnancy [14–16]. However, several studies have shown that
an overdose of vitamins, such as the vitamin A contained in MVs, may increase the risk of
BDs in offspring [17].

To our knowledge, evidence of the impacts of FA and/or MV supplements on the
subtypes of BDs is limited worldwide. Therefore, a comprehensive analysis of the risks of
organ-specific major BDs in the live and stillborn infants of mothers with different exposures
to FA and/or MV supplements was conducted based on the China Birth Cohort Study
(CBCS), which raised evidence for a further tradeoff between FA and MV supplements for
the prevention of BDs.

2. Methods
2.1. Participants

The CBCS was a prospective, longitudinal, national-based birth cohort study [18],
which was initiated in November 2017. The study was approved by the hospital ethics
committee (approval number: 2018-KY-003-02), and all study subjects signed an informed
consent form.

The women who were pregnant with 6 to 13 weeks + 6 days of gestation were recruited
from 28 hospitals for gynecology and obstetrics nationwide. All eligible pregnant women
followed up through an in-person interview based on a questionnaire at 20 to 23 weeks +
6 days, 28 to 33 weeks + 6 days of gestation. Corresponding clinical laboratory measures
were collected at both of these follow-up visits, and the third follow up visit took place
after delivery. If a participant miscarried in the first trimester, or miscarried in mid or late
pregnancy, all clinical information was recorded by trained researchers, doctors, or nurses.
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If a BD was identified at any of these stages, clinical information, including ultrasound scan
information on fetal defects, wase recorded, and biospecimens were collected by specially
trained researchers, doctors, or nurses according to standard operating procedures and
protocols [18].

Until 20 August 2021, 132,230 pregnant women completed follow-up in the CBCS.
After all the organ-specific major BDs in live and stillborn infants were confirmed by senior
obstetricians, data cleaning was conducted. In addition, participants from several hospitals
with a potential risk of selection bias were also excluded from the statistical analysis. Lastly,
120,652 participants were included (Figure 1).
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Figure 1. Flow chart of participants.

When pregnant women in the first trimester of the gestational period were enrolled,
they were asked questions, i.e., whether they had taken FA before pregnancy (yes or no);
whether they had taken FA after pregnancy (yes or no); whether they had taken MV
supplementation after pregnancy (yes or no). If they answered yes, they were asked to
provide the brand name of the supplements. There is only one FA tablet available over
the counter for pregnant women in China, which contained 0.4 mg of FA [19]. The most
commonly used MV on the market in China contains 0.8 mg FA, vitamin A (1.2 mg), vitamin
D (12.5 µg), iron (60 mg), and zinc (7.5 mg). Therefore, the exposure groups were classified
as follows: without exposure to FA and MV, exposure to only FA, exposure to only MV, and
exposure to FA and MV.

2.2. Classification of Birth Defects

All the confirmed BDs were coded according to the International Classification of
Diseases (ICD)-10 [20]. The organ-specific major BDs were defined based on the following
seven categories, including nervous system, ear–face–neck, congenital heart disease, oral
clefts, genitourinary, limb, and chromosomal abnormality.

2.3. Statistical Analysis

Firstly, the baseline characteristics among four exposure groups of FA and/or MV were
tested using a chi-square test or Fisher’s exact test (when conditions for the chi-square test
were not met) for categorical variables, or Analysis of Variance (ANOVA) for continuous
variables with approximate normal distribution.

Secondly, the propensity score (PS) model was established to adjust the potential
measured confounding and improve the balance between different exposure groups of
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FA and/or MV. The propensity score model was used instead of traditional multivariable
statistical models based on two considerations: (1) the number of birth defects in some
exposure groups was limited, rendering them unsuitable for statistical adjustment analysis
due to several confounding factors; (2) the propensity score model has higher test efficiency
in dealing with data with more confounding factors, especially for the lower incidence of
outcome variables [21]. To fully understand the potential causal relationship between expo-
sures, outcomes, and covariates [22], the directed acyclic graphs (DAGs) were configured
to explore the structural relationship between maternal FA or MV supplements and BDs,
referring to our previously published umbrella review, which comprehensively reviews
the risk factors for CHDs [23]. The DAGitty in R software was used to construct the DAG,
in which the variables on the causal path in DAG were included in the PS modeling as
the covariates.

Inverse probability of treatment weighting (IPTW) was used to reduce systematic dif-
ferences of baseline characteristics among participants exposed to FA or/and MV induced
by covariates presented in the DAG figure [24]. Then, we calculated the inverse probability
of the exposure weight of each participant, considering FA and/or MV according to PS.
The PS weights were defined as 1/PS for participants exposed to FA or/and MV and
1/(1-PS) for participants exposed to neither FA nor MV. A standardized difference of less
than 0.1 indicates that covariate imbalance between groups can be ignored [25]. In addition,
extremely large weight values were not detected in IPTW distributions; therefore, we used
all weights generated by the PS model for our analysis (Supplementary Figure S1).

It is well known that there is diversity in the diet, culture, and economic level among
different regions of China. For example, the climate in South China is hot and rainy, plants
grow luxuriantly, and there are many green leafy vegetables in the diet. East China is the
most economically and culturally developed region, with rich water resources and relatively
rich food types. The climate in North China is relatively cold, and the precipitation ensures
that the consumption of green leafy vegetables is low. Southwest China has a bad climate, a
complex geographical environment, and a relative shortage of food varieties. Considering
that the above regional factors may affect the blood folate levels among pregnant women
across different regions [26], a two-level mixed-effect log binomial regression analysis was
used in this study because it had the potential to violate the principle of independence
between participants when the correlation with the regional level was ignored, which could
result in biased parameter estimates and will generally lead to underestimation of the
standard errors and, accordingly, to incorrect conclusions about effect sizes (Supplementary
Table S1) [27,28].

Lastly, crude (cRR) and adjusted risk ratios (aRR) and their 95% confidence intervals
(CIs) were used to estimate the association between maternal exposure FA or/ and MV and
BDs. All statistical tests were two sided, with a threshold for significance of p < 0.05. All
analyses were performed using R software version 4.1.2.

3. Results

Of all participants, which came to a total of 120,652 individuals, 40,204, 5567, 71,538,
and 3343 pregnant women were exposed to only a FA supplement, only a MV supplement,
both FA and MV, or neither FA nor MV, respectively. The baseline characteristics of
participants from different exposure groups were shown in Table 1. The DAG figure
was shown in Figure 2. Covariates on the DAG causal pathway include maternal age,
maternal education, parity, family history of birth defects, pre-pregnancy body mass
index (BMI), alcohol consumption during pregnancy, annual household income, history
of previous adverse pregnancy, history of previous fetal birth defects, number of fetuses
in this pregnancy, mode of conception, and tobacco exposure. The characteristics of the
covariates demonstrated in the DAG figure among four groups were not comparable before
applying IPTW, in which standardized differences among groups were more than 0.1. The
standardized difference among groups was less than 0.1 after IPTW.
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Table 1. Demographics and characteristics of participants.

Characteristics (n, %) Unweighted Cohort Inverse Probability Weighted Cohort

Exposure to only FA
(n = 40,204)

Exposure to only MV
(n = 5567)

Exposure to FA
and MV

(n = 71,538)

Without Exposure to FA
and MV

(n = 3343)
Standardized

Difference
Exposure to

only FA
Exposure to

only MV
Exposure to
FA and MV

Without
Exposure to
FA and MV

Standardized
Difference

Maternal age, n (%) 0.106 0.007
<35 37,026 (92.1) 4864 (87.4) 64,571 (90.3) 2892 (86.5) 90.5 90.2 90.6 90.4
≥35 3178 (7.9) 703 (12.6) 6967 (9.7) 451 (13.5) 9.5 9.8 9.4 9.6
Pre-pregnancy BMI,
kg/m2, n (%)

0.075 0.019

<18.5 26,312 (65.4) 3752 (67.4) 48,004 (67.1) 2119 (63.4) 66.5 66.1 66.4 67
18.5–24 5682 (14.1) 714 (12.8) 9242 (12.9) 431 (12.9) 13.3 13.9 13.3 13.4
24–28 6165 (15.3) 823 (14.8) 10,904 (15.2) 544 (16.3) 15.4 15.2 15.3 14.6
≥28 2045 (5.1) 278 (5.0) 3388 (4.7) 249 (7.4) 4.9 4.8 4.9 5.1
Maternal education, n (%) 0.389 0.018
Primary school or lower 222 (0.6) 7 (0.1) 225 (0.3) 60 (1.8) 0.4 0.5 0.4 0.5
High school or lower 11,400 (28.4) 628 (11.3) 11,617 (16.2) 1249 (37.4) 20.5 20.5 20.6 21.7
Bachelor’s degree or
above 28,582 (71.1) 4932 (88.6) 59,696 (83.4) 2034 (60.8) 79.1 79 79 77.8

Family annually income,
Yuan, n (%)
<200 K 29,262(72.8) 2757 (49.5) 46,103 (64.4) 2569 (76.8) 0.323 66.6 66.7 66.8 69.2 0.062
≥200 K 10,942(27.2) 2810 (50.5) 25,435 (35.6) 774 (23.2) 33.4 33.3 33.2 30.8
Parity, n (%) 0.311 0.012
0 18,202 (45.3) 2633 (47.3) 36,237 (50.7) 910 (27.2) 48.1 47.7 48 47.1
1 20,053 (49.9) 2793 (50.2) 33,317 (46.6) 2014 (60.2) 48.2 48.5 48.2 48.9
≥2 1949 (4.8) 141 (2.5) 1984 (2.8) 419 (12.5) 3.7 3.8 3.7 4
Number of fetuses, n (%) 0.053 0.005
1 39,633 (98.6) 5412 (97.2) 69,933 (97.8) 3283 (98.2) 98 98 98 98.1
≥2 571 (1.4) 155 (2.8) 1605 (2.2) 60 (1.8) 2 2 2 1.9
Maternal alcohol
drinking, n (%) 0.037 0.003
No 38,876 (96.7) 5323 (95.6) 69,361 (97.0) 3227 (96.5) 96.8 96.7 96.8 96.8
Yes 1328 (3.3) 244 (4.4) 2177 (3.0) 116 (3.5) 3.2 3.3 3.2 3.2
Maternal tobacco
exposure, n (%) 0.095 0.006
No 34,956 (86.9) 4966 (89.2) 64,228 (89.8) 2815 (84.2) 88.8 88.5 88.7 88.5
Yes 5248 (13.1) 601 (10.8) 7310 (10.2) 528 (15.8) 11.2 11.5 11.3 11.5
Mode of conception, n
(%) 0.213 0.015

Natural pregnancy 39,342 (97.9) 5093 (91.5) 67,111 (93.8) 3305 (98.9) 94.9 94.8 95.2 94.5
Assisted reproduction 862 (2.1) 474 (8.5) 4427 (6.2) 38 (1.1) 5.1 5.2 4.8 5.5
Family history of birth
defects, n (%) 0.025 0.005

No 38,920 (96.8) 5340 (95.9) 69,247 (96.8) 3238 (96.9) 96.8 96.8 96.8 96.9
Yes 1284 (3.2) 227 (4.1) 2291 (3.2) 105 (3.1) 3.2 3.2 3.2 3.1
History of adverse
pregnancy, n (%) 0.09 0.005

No 26,579 (66.1) 3597 (64.6) 49,036 (68.5) 2020 (60.4) 67.4 67.2 67.3 66.9
Yes 13,625 (33.9) 1970 (35.4) 22,502 (31.5) 1323 (39.6) 32.6 32.8 32.7 33.1
History of previous birth
defect pregnancy, n (%) 0.014 0.008

No 39,443 (98.1) 5446 (97.8) 70,067 (97.9) 3282 (98.2) 98 98 98 98.2
Yes 761 (1.9) 121 (2.2) 1471 (2.1) 61 (1.8) 2 2 2 1.8

Abbreviations: FA—folic acid; MV—multivitamin. Data are presented as n (%).
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The incidence of BDs in four exposure groups were shown in Table 2. The CHDs
were the most common subtype of BDs (70.3/10,000), followed by abnormal chromosome
(42.9/10,000), the genitourinary system (42.2/10,000), nervous system (36.2/10,000), limb
(31.2/10,000), ear, face and neck (30.6/10,000), and oral clefts (14.4/10,000). No matter the
subtype of BDs, the incidence of BDs in the exposure group with FA and MV was higher
than that in other groups. The incidence of BDs in five regions of China was shown in
Table 3, showing regional differences in BDs incidence. The incidence of BDs in north China
was higher than in other regions.
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Table 2. Incidence and its 95% confidence interval of major birth defects in different exposure group.

Birth Defects Total
(120,652)

Exposure to Only FA
(40,204)

Exposure to Only MV
(5567)

Exposure to FA and MV
(71,538)

Without Exposure to FA and MV
(3343)

n Incidence per
10,000 n Incidence per

10,000 n Incidence per
10,000 n Incidence per

10,000 n Incidence per
10,000

Congenital
heart defects 848 70.3

(65.6–75.2) 204 50.7
(44.0–58.2) 57 102.4

(77.6–132.5) 569 79.5
(73.2–86.3) 18 53.8

(31.9–85.0)
Abnormal
chromosome 517 42.9

(39.2–46.7) 146 36.3
(30.7–42.7) 41 73.6

(52.9–99.8) 321 44.9
(40.1–50.0) 9 26.9

(12.3–51.0)
Genitourinary
system 509 42.2

(38.6–46.0) 133 33.1
(27.7–39.2) 51 91.6

(68.3–120.3) 319 44.6
(39.4–49.8) 6 17.9

(6.6–39.0)
Nervous
system 437 36.2

(32.9–39.8) 111 27.6
(22.7–33.2) 27 48.5

(32.0–70.4) 287 40.1
(35.6–45.0) 12 35.9

(18.6–62.6)
Limb 376 31.2

(28.1–34.5) 105 26.1
(21.4–31.6) 38 68.3

(48.3–93.6) 223 31.2
(27.2–35.5) 10 29.9

(14.4–54.9)
Ear, face and
neck 369 30.6

(27.5–33.9) 103 25.6
(20.9–31.1) 32 57.5

(39.3–81.1) 225 31.5
(27.5–35.8) 9 26.9

(12.3–51.0)
Oral clefts 174 14.4

(12.4–16.7) 48 11.9
(8.8–15.8) 9 16.2

(7.4–30.7) 114 15.9
(13.1–19.1) 3 9.0

(1.8–26.2)

Abbreviations: FA, folic acid; MV, multivitamin.

Table 3. Incidence and its 95% confidence interval of major birth defects across different regions in China.

Birth Defects North China
(42,968)

South China
(22,724)

East China
(24,070)

Central China
(13,351)

Southwest China
(17,539)

n Incidence per
10,000 n Incidence per

10,000 n Incidence per
10,000 n Incidence per

10,000 n Incidence per
10,000

Congenital heart defects 395 91.9
(83.1–101.4) 155 68.2

(57.9–79.8) 123 51.1
(42.5–60.9) 100 74.9

(61.0–91.0) 75 42.8
(33.6–53.6)

Abnormal chromosome 268 62.4
(55.1–70.3) 111 48.8

(40.2–58.8) 39 16.2
(11.5–22.1) 51 38.2

(28.5–50.2) 48 27.4
(20.2–36.3)

Genitourinary system 338 78.7
(70.5–87.5) 77 33.9

(26.8–42.3) 40 16.6
(11.9–22.6) 25 18.7

(12.1–27.6) 29 16.5
(11.1–23.7)

Nervous system 216 50.3
(43.8–57.4) 103 45.3

(37.0–54.9) 41 17.0
(12.2–23.1) 33 24.7

(17.0–34.7) 44 25.1
(18.2–33.7)

Limb 156 36.3
(30.8–42.5) 107 47.1

(38.6–56.9) 41 17.0
(12.2–23.1) 33 24.7

(17.0–34.7) 39 22.2
(15.8–30.4)

Ear, face, and neck 281 65.4
(58.0–73.5) 41 18.0

(13.0–24.5) 17 7.1
(4.1–11.3) 7 5.2

(2.1–10.8) 23 13.1
(8.3–19.7)

Oral clefts 74 17.2
(13.5–21.6) 27 11.9

(7.8–17.3) 33 13.7
(9.4–19.2) 16 12.0

(6.9–19.5) 24 13.7
(8.8–20.3)
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The analysis results based on the two-level mixed-effect log binomial regression
analysis were shown in Table 4. Compared to mothers exposed to neither FA nor MV (i.e.,
the reference group), the RR values of nervous system defects; face, ear, and neck defects;
limb defects; and CHDs in the maternal group taking only the FA supplement were less
than 1.0, but not statistically significant. The RR values of genitourinary defects, abnormal
chromosome, and oral clefts were more than 1.0, which was also not statistically significant.
In addition, the RR values in the maternal group taking only the MV supplement were
less than 1.0 but were not statistically significant, including nervous system defects and
face, ear, and neck defects. The RR values of CHDs, limb defects, and oral clefts were
more than 1.0, which was also not statistically significant. The risk of genitourinary
defect and abnormal chromosomal in maternal group with only MV supplement increased
inconsistently compared to those in the maternal group without Exposure to FA and MV.
It is noteworthy that the RR of genitourinary defect and abnormal chromosomal in the
maternal group with exposure to FA and MV decreased compared to that in the maternal
group taking only the MV supplement.

Table 4. The adjusted RR and its 95% confidence interval of major birth defects in different expo-
sure groups.

Diseases Without Exposure to
FA and MV Exposure to Only FA Exposure to

Only MV
Exposure to FA

and MV

Congenital heart disease 1 (Reference) 0.95 (0.60–1.51) 1.42 (0.84–2.39) 1.25 (0.79–1.96)
Chromosome 1 (Reference) 1.85 (0.87–3.90) 2.57 (1.16–5.73) * 1.93 (0.92–4.04)
Genitourinary 1 (Reference) 1.97 (0.90–4.30) 3.22 (1.42–7.29) * 1.98 (0.91–4.30)

Nervous system 1 (Reference) 0.75 (0.42–1.35) 0.86 (0.43–1.73) 0.95 (0.54–1.68)
Limb 1 (Reference) 0.93 (0.49–1.79) 1.97 (0.97–4.00) 0.97 (0.51–1.84)

Face, ear, and neck 1 (Reference) 0.84 (0.46–1.54) 0.97 (0.48–1.94) 0.76 (0.42–1.39)
Oral clefts 1 (Reference) 1.23 (0.38–4.00) 1.48 (0.38–5.67) 1.64 (0.52–5.23)

Abbreviations: FA—folic acid; MV—multivitamin. * the results are statistically significant.

4. Discussion

This study was based on the current largest birth cohort in China. Thirty-three hundred
and ninety infants with BDs were diagnosed from 120,652 participants, covering live births,
stillbirths, and pregnancy terminations after the prenatal diagnosis of any BDs at any
gestational age. The impacts of maternal FA or/and MV supplements on various subtypes
of BDs were shown to be different, including the direction of associations and effect sizes.

It is known that FA could prevent the occurrence of NTDs [29]. With the implementa-
tion of the FA supplementation policy in China, NTDs was no longer the leading cause of
BDs [30]. This has led to interest in the effect of FA supplementation on other subtypes of
BDs. On the other hand, a research hotspot, i.e., whether a higher FA dose could effectively
prevent BDs, has also arisen in recent years. For example, a preconception cohort conducted
in Shanghai, China showed that higher maternal red blood cell (RBC) folate was associated
with reduced offspring risk of CHDs [31].

The present study analyzed the impacts of FA and/or MV supplementations on differ-
ent types of BDs. Consistent with the prospective study conducted based on population-
based Medical Birth Registry of Norway (MBRN) from 1999–2013 [32], the results based on
the Chinese birth cohort also showed that there were associational disparities between FA
supplementation and the subtype of BDs. For example, the risk of CHDs; nervous system
defects; ear, face, and neck defects; and limb defects seemed to decrease following FA
supplementation, but the risk of genitourinary, chromosome, and oral clefts defects seemed
to increase (Table 4). However, it should be noted that the number of genitourinary and
chromosome defects was below ten in the group without exposure to FA and MV, which
may mean that the lower CIs of RR in group with exposure to FA and MV for genitourinary
and chromosomal defects would be greater than 1.0 with the light increase in BDs cases.
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These findings pointed out that we should pay attention to the effect of disparities of FA on
different subtypes of BDs in offspring.

Exceeding our expectations, maternal exposure to only MV, which contains not only
higher doses of FA (0.8 mg), but also vitamin A (1.2 mg), vitamin D (12.5 µg), iron (60 mg),
and zinc (7.5 mg), was associated with an increased risk of offspring genitourinary defects
and abnormal chromosomes with statistical significance. A potential explanation was that
the excessive accumulation of fat-soluble vitamins from MV could increase the risk of
some subtypes of BDs, which had been reported recently [32]. The MV products sold in
China contain vitamin A, which was easy to accumulate in the body and reached a higher
concentration [33]. Exposure to high doses of vitamin A might affect fetal palatogenesis
by interfering with cell proliferation, and was also found in animal studies of neural tube
closure and organ and limb development [17,34]. Although the vitamin A level of maternal
exposure in the present study was not measured, which limited further study on the
causality between MV and BDs, the recommendations of mothers in early pregnancy to
use MV should be treated with caution.

Another possible reason for this may be the potential negative effect of FA on zinc
absorption in MV [35,36]. Zinc was closely associated with the synthesis of a variety of
enzymes, nucleic acids, and proteins, and has an extremely important effect on embryonic
growth and development. Therefore, maternal zinc deficiency may cause fetal NTDs,
low birth weight, and intrauterine growth retardation [37,38]. One study showed that
plasma zinc levels were negatively correlated with levels of FA in pregnant women [39]. To
determine the mechanism by which FA and zinc interact in the intestine, transport studies
in vivo and in vitro were performed [40], which showed that in the intestinal lumen,
transport of zinc decreased significantly when FA was present and vice versa. Bidirectional
inhibition of zinc and folate transport in the intestine occurred under normal physiological
conditions, and under acidic conditions in the stomach, zine and folate could form poorly
soluble complexes, thus affecting the mutual metabolic absorption. In our study, when
FA and MV are supplemented simultaneously in the first trimester of pregnancy, FA may
interact with zinc in MV and demonstrate inconsistent effects for different subtypes of BDs.

Several studies have shown that higher maternal RBC folate was associated with
reduced certain subtypes of BDs, such as CHDs and NTDs, in offspring [31]. However,
they did not take into account the influence regarding the adverse effects of high folate
levels or non-absorption of folate on the mother and fetus.

At present, the American institute of medicine and the European food safety agency
recommend that the upper intake level (UL) of FA is 1000 µg. Excessive intake of FA may
lead to an increase in unmetabolized folic acid (UMFA) in the bloodstream. It was found
that, unlike natural folates, synthetic folate must first be reduced to tetrahydrofolate by
dihydrofolate reductase (DHFR) and then methylated to 5- methylenetetrahydrofolate
(5-MTHF) by methylenetetrahydrofolate reductase (MTHFR). Unlike mammals, DHFR
activity in humans is low and varies widely among individuals [41]. Showing efficacy at
doses over 200–400 µg, folate uptake and bio metabolic capacity then reach saturation [42].
The limitations of this metabolic process result in an inability to metabolize high doses of
folate, leading to the appearance of UMFA in the circulation. Intake of more than 1 mg
of FA per day can significantly increase UMFA in serum, and the increased UMFA can
inhibit DHFR activity in liver, further weakening FA metabolism and clearance, leading to
accumulation in the body [43]. In our study, FA in the daily diet of pregnant women plus
FA and MV supplements were likely to exceed UL, which would lead to the appearance
of UMFA in the body and thus affect the metabolism of FA. Concerning the possible
deleterious effects of excess folic acid supplementation, a group of experts gathered by
the NIH have pointed out that there is an insufficient body of evidence to support human
adverse health outcomes that are a result of high amounts of FA intake, although pregnant
women and their children are at high risk of FA overexposure. [44]. On the other hand,
some studies have shown that maternal exposure to excessive FA may lead to autism
spectrum disorder [45,46], asthma [47], and metabolic abnormalities [48] in offspring. The
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present studies may provide evidence of the deleterious effects of maternal excessive folate
intake on the potentially increased risk of BDs in offspring, especially for some subtypes
of BDs.

Another reason may be that higher maternal RBC folate level in early pregnancy
was significantly associated with Gestational Diabetes Mellitus (GDM) risk [49–51], and
maternal GDM was a risk factor for BDs in offspring [23,52]. A prospective study from
China [50] has shown that daily FA supplementation in early pregnancy increases the risk
of GDM (OR 1.73, 95% CI 1.19–2.53). Compared with RBC folate <400 ng/mL, pregnancies
with RBC folate ≥600 ng/mL were associated with about 1.60-fold higher odds of GDM
(OR 1.58, 95% CI 1.03–2.41). At the same time, our study also showed that the incidence of
GDM in participants was positively correlated with folate dose (Supplementary Table S2).

Our study has several strengths. First, CBCS provides good data support for our
research. CBCS is a prospective design with large sample size, and the research protocol
has been published. Strict data quality control and accurate diagnosis of BDs can ensure
the authenticity and reliability. Secondly, we apply DAG to visualize the complex causal
relationships between maternal supplements exposure and offspring BDs, which can
provide an intuitive method for identifying confounding, and transformation of identifying
confounding into minimally sufficient adjustment sets. We also use IPTW to account
for systematic differences in selected DAG covariates, which allowed measured baseline
covariates between groups to become comparable after weighting. Considering the regional
clustering of participants, we performed multilevel modeling; this helps to explain the
fixed effects of both the individual and region-level factors and the random intercept to
explain the between-regional cluster differences concurrently. This was a third strength of
our study.

However, we noticed some limitations of our study. First, our study was qualitative,
which limited us to quantitative exploration of the dose–response relationship between
maternal FA exposure in early pregnancy and subtypes of BDs in offspring. Second, the re-
ferral hospitals in our study were almost 3A hospitals. Thus, Berkson bias may be apparent
due to different admission rates or different access opportunities [53]. Additionally, most
of the participants were from cities; compared with people living in rural areas, they may
have better living habits and health awareness, and better compliance with supplements
use. Although we used IPTW to balance various measurable confounders of maternal
supplement exposure, there is still some unmeasurable and residual confounding at play.
Third, we did not collect FA doses from participants’ daily diets, which may affect our
result. However, most of the participants were of Han ethnicity, and traditional regional
diet patterns may play a role in the results. However, we took regional factors as a random
effect using a two-level log binomial model; this would not have changed the overall
trends observed in our study. Lastly, the potential adverse effects of trace elements on birth
defects were indicated only based on an epidemiology survey and do not have appropriate
biological assays to support this hypothesis. Subsequently, we will carry out corresponding
experiments to verify this hypothesis in the future based on the biology specimen in CBCS.

In conclusion, simultaneous supplementation of FA and MV during the first trimester
may have interactive effects on the prevention of BDs and inconsistent effects on different
subtypes of BDs. At the same time, attention should be paid to the teratogenic effects of
vitamin A and the adverse effects of excess FA intake. Although the mechanisms remain
unclear, this evidence reminds us that additional trade-offs are needed when developing
prevention strategies for BDs with FA and/or MV supplementation in the first trimester.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nu15020279/s1, Figure S1: Distribution of weight generated by
IPTW; Table S1: Two-level log-binominal model results, among different subtypes of birth defects;
Table S2: Incidence of Gestational Diabetes Mellitus among different exposure groups.

https://www.mdpi.com/article/10.3390/nu15020279/s1
https://www.mdpi.com/article/10.3390/nu15020279/s1
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