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Background: Fetal growth patterns are influenced by maternal thyroid function and vitamin A level during pregnancy. Vitamin A presents interactions with thyroid tissues and hormonal systems. We examined whether vitamin A status modified the associations of maternal thyroid hormones in early pregnancy and fetal growth outcomes among euthyroid pregnant women in a prospective cohort study (n = 637).

Methods: We performed multiple linear regression and multinomial logistic regression analysis to investigate the effects of thyroid hormones in early pregnancy on fetal growth according to different levels of serum vitamin A based on median value.

Results: A 1 pmol/L increase in maternal free triiodothyronine (FT3) levels was associated with an increased birth weight of 0.080 kg (p = 0.023) in women with lower maternal vitamin A levels in early pregnancy. Increased maternal free thyroxine (FT4) was associated with decreased odds for both small size for gestational age (SGA) [odds ratios (OR) = 0.66, 95% confidence interval (CI): 0.45–0.95] and large size for gestational age (LGA) (OR = 0.66, 95% CI: 0.45–0.98) in women with higher vitamin A level in early pregnancy after adjustment for maternal prepregnancy body mass index, gestational weight gain, maternal employed, parity, gestational week at sampling, and gestational diabetes mellitus.

Conclusions: In Chinese pregnant women without overt thyroid dysfunction, maternal FT4 in early pregnancy was positively associated with optimal fetal growth among women with higher serum vitamin A concentrations.
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Introduction

Thyroid hormones have multiple fundamental physiological functions and are essential for vertebrate embryogenesis and fetal maturation (1). The human fetal thyroid gland synthesizes thyroid hormones after 12 weeks of gestation, and the fetus completely depends on maternal supply in the first trimester (2, 3).

Well-established adverse birth outcomes for overt hypothyroidism and hyperthyroidism during pregnancy included preterm delivery, low birth weight, and fetal growth restriction (4–6). Subclinical thyroid dysfunction is much more frequent than overt thyroid disease (7). However, the effect of maternal subclinical thyroid dysfunction during pregnancy on fetal growth remains controversial. A meta-analysis showed that maternal subclinical hypothyroidism in pregnancy is associated with a higher risk of small size for gestational age (SGA) and lower birth weight, whereas isolated hypothyroxinemia is associated with a lower risk of SGA and higher birth weight (8). A large population-based cohort study reported that maternal subclinical hypothyroidism before conception or in early pregnancy was associated with increased odds for large size for gestational age (LGA) in male newborns (9). Among euthyroid pregnant women, there also remain inconsistencies in the literature about the effects of thyroid hormones on fetal growth. A meta-analysis reported that there was an inverse, dose-response associations of maternal thyroid stimulating hormone (TSH) and free thyroxine (FT4) in the normal range with birth weight, with a higher effect estimate for measurement in the third trimester than in the first or second trimester (8). Persistently low FT4 concentrations throughout pregnancy increased the risk of LGA (10). Medici et al. (11) showed that maternal high-normal FT4 levels in early pregnancy increased the risk of SGA. However, a study in healthy pregnant women reported that lower FT4 and higher TSH levels during the first trimester were not associated with birth weight or SGA (12).

Vitamin A is a lipophilic micronutrient and is critical for cell proliferation and differentiation, immune, reproduction, embryonic development, and metabolism (13, 14). It has been identified that vitamin A interacts with endocrine tissues and hormones. Retinoids interfere with iodine metabolism in the thyroid and vitamin A deficiency aggravates thyroid dysfunction with a reduction of iodine uptake and thyroid hormones synthesis (15). Vitamin A and its metabolites such as retinoic acid (RA) can also regulate the effects of thyroid hormones on target tissues. There was a well-documented crosstalk between RA signaling and thyroid hormone signaling, and RA receptor (RAR) and thyroid hormone receptor (TR) modulate gene transcription through common hormone response elements (16). In terms of internal transport, vitamin A and thyroid hormones are linked by transthyretin (TTR), which is a tetrameric transport protein that transports thyroid hormone thyroxine (T4) and retinol-binding protein (RBP4) bounding to retinol (vitamin A) to form a ternary retinol-RBP4-TTR complex (17). TTR is not only an important hepatically derived protein carrier of thyroid hormones and retinol in blood, but also seems to play an important role in the delivery of maternal thyroid hormone to the fetus because of the synthesis, secretion, and uptake of TTR by the human placenta. High TTR concentrations near the maternal placental interface may bind maternal T4 for transporting to capillaries of the fetus (18).

Given that vitamin A may affect thyroid hormones synthesis and modulate the thyroid hormonal systems, we aimed to investigate whether circulating levels of vitamin A modifies the associations between maternal thyroid hormones in early pregnancy and fetal growth among women without overt thyroid dysfunction.



Methods


Study design and study population

In this prospective cohort study, pregnant women were approached by trained research assistants in the Prenatal Health Care Clinic in Beijing, China. They were eligible if they (i) were <13 gestational weeks; (ii) were > 18 years of age; (iii) planned to give birth and receive health care for their infants at our hospital; and (iv) consented to being followed up for at least 2 years postnatally. Staff involved in this project received specialized training by project investigators for interview, measurement and biospecimen collection and processing. The participants completed the first questionnaire, physical measurements, and blood sample collection at enrollment. They were then followed up in conjunction with their routine perinatal care, and all participants completed a questionnaire and biophysical measurements in the mid (24–28 weeks of gestation) and late (32–36 weeks of gestation) pregnancy. At birth, cord blood was collected, and the newborn's anthropometric indices were measured by trained medical staff. After birth, the mother and baby were followed up at 42 days, 3, 6, 9, and 12 months of age by pediatricians from Children's Hospital of Capital Institute of Pediatrics. Women who underwent in vitro fertilization, had a twin pregnancy or stillbirth, and had a history of thyroid disease or thyroid medication use during pregnancy were excluded. This prospective cohort study was approved by the Ethical Committee of Capital Institute of Pediatrics (SHERLL-2016034), and written informed consent was obtained from each subject before recruitment.



Exposure variables

Thyroid hormones were measured at enrollment in early pregnancy for all participants. Serum triiodothyronine (T3) (reference range, 1.34 to 2.73 nmol/L), T4 (reference range, 78.38 to 157.4 nmol/L), TSH (reference range, 0.34 to 5.60 mIU/L), free triiodothyronine (FT3) (reference range, 3.8 to 6.0 pmol/L) and FT4 (reference range, 7.86 to 14.41 pmol/L) concentrations were measured using an Access Immunoanalyzer (Beckman Coulter Inc., Fullerton, CA) according to the manufacturer's protocol.



Outcomes and covariables

The primary outcomes were birth weight, SGA and LGA. Infants were classified as SGA or LGA if their birth weight was lower than the 10th percentile or higher than the 90th percentile for gestational age according to the Fenton growth chart (19).

Potential confounders or risk factors included maternal variables such as gestational week at sampling, prepregnancy body mass index (BMI), parity, employed, gestational weight gain (GWG), and gestational diabetes mellitus (GDM). Infant variables including sex, gestational age at birth were also identified as risk factors. The prepregnancy BMI was calculated through self-reported prepregnancy weight and height measured at enrollment. Based on WHO-Asian criteria, women were classified as underweight (BMI<18.5 kg/m2), normal weight (18.5 to 23.9 kg/m2), overweight (24.0 to 27.9 kg/m2) and obesity (BMI ≥28.0 kg/m2) (20). GWG was calculated as the difference between body weight at birth and self-reported prepregnancy weight. All women were screened for GDM with a 75-g oral glucose tolerance test (OGTT) between 24 and 28 weeks of gestation as part of routine care. Venous blood samples were collected at 0, 1, and 2 h after a 75-g glucose load. If one or more of the blood glucose levels were met or exceeded the predefined levels (0 h (fasting) ≥ 5.10 mmol/L; 1 h ≥ 10.00 mmol/L; and 2 h ≥ 8.50 mmol/L), then women were diagnosed with GDM according to the recommendations of the International Association of the Diabetes and Pregnancy Study Groups Consensus Panel (21). Gestational age was determined as the best estimate according to the hierarchy of first trimester ultrasound, last menstrual period, and obstetric estimate.



Modifier

Vitamin A (retinol) were measured at enrollment in early pregnancy for all participants. Serum was analyzed for retinol using high performance liquid chromatography (HPLC, Agilent, USA). The standard substance was purchased from the American Sigma Company. The Westgard multi-rule quality control procedure was adopted to analyze whether an analytical run was in-control.



Statistical analysis

Characteristics of the study population were summarized using descriptive statistical methods. Continuous data were summarized as means (standard deviation, SD) or medians (interquartile ranges, IQR), and categorical data were presented as percentages. We examined medians and interquartile ranges for each of the thyroid hormones and vitamin A markers, and assessed crude differences among SGA, average size for gestational age (AGA) and LGA by the non-parametric test. To create continuous maternal thyroid hormones and vitamin A concentrations as exposure variables in the multivariate analysis, we log-transformed raw values if distributions were skewed after removing outliers (±4 SD from the mean) (8). We did not impute the missing data on maternal education for 4 (0.6%) pregnant women. The 4 pregnant women were ruled out automatically when running the regression that included the covariate of maternal education. Multiple linear regression models were conducted to explore the associations of maternal thyroid hormones and vitamin A levels with infant birth weight. We tested for effect modification of the associations of thyroid hormones with neonatal birth weight by vitamin A level as a continuous variable using a product interaction term of vitamin A concentration and each maternal thyroid hormone concentration. We further examined the potentially relevant differences by performing stratified analyses by lower and higher vitamin A levels based on the median parameter (median = 0.46) if there was any indication of effect modification. A p-value for interaction of <0.15 was used as a cutoff to further explore potentially relevant effect modification by stratification (22). The first model (model 1) included gestational age at sampling, fetal sex and gestational age at birth, and the quadratic form of gestational age at birth to account for the nonlinear relationship between pregnancy duration and birth weight. In the second model (model 2), we additionally adjusted for maternal prepregnancy BMI, parity, employed, GWG, and GDM. These factors were associated with birth weight identified using stepwise variable selection procedures.

A similar strategy was used to assess whether maternal thyroid hormones were associated with the risk of SGA or LGA and to test for effect modification by vitamin A concentrations. We carried out multinomial logistic regression analysis to estimate adjusted odds ratios (ORs) across the three categories of birth weight in the study population after accounting for important confounders (gestational age at sampling, maternal prepregnancy BMI, parity, employed, GWG and GDM). Since most of the interaction terms with vitamin A were significantly statistical, further analyses were conducted separately for low and high vitamin A levels to investigate the effect modification of vitamin A.

All statistical analyses were performed using R statistical software version 3.5.1 (R Project for Statistical Computing; http://www.r-project.org). Statistical significance was set at p < 0.05.




Results

The flow diagram of the study population is shown in Figure 1. A total of 986 pregnant women were approached and recruited before 13 weeks of gestation from November 2016 through December 2017. During the follow-up phase, 51 women declined to continue. Among the 935 women, 94 women left Beijing or returned to hometown to give birth, and 31 had spontaneous abortions. 810 women were followed to delivery, of which 16 women (1.98%) with missing thyroid hormone measurements in early pregnancy were excluded. Twelve women (1.48%) were excluded owing to the presence of stillbirth (n = 1), in vitro fertilization (IVF) (n = 7) or delivering twins (n = 4). Forty-seven women (5.80%) were excluded with preexisting thyroid diseases (n = 4), preexisting thyroid diseases and thyroid medication (n = 10) or thyroid medication (n = 33) including clinically overt hyperthyroidism, hypothyroidism, and Hashimoto's thyroiditis. Additionally, 98 women (12.10%) with missing vitamin A measurements were excluded. The remaining 637 women and their infants were included in this analysis, and their characteristics are described in Table 1.
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FIGURE 1
 Flow diagram of study population.



TABLE 1 Distribution of maternal and fetal characteristics in study population (n = 637).
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Table 2 compares medians and interquartile ranges of the five thyroid hormones and vitamin A concentrations across the three categories of birth weight. The levels of FT4 were significantly different among the SGA, AGA, and LGA groups (p < 0.05). FT4 was the highest in AGA infants, with a concentration of 10.94 pmol/L, and the interquartile range was from 10.04 to 11.91. T4 showed a trend of increase in the SGA, AGA, and LGA groups, although the difference was marginally significant (p = 0.080). We assessed correlations among thyroid hormones and vitamin A, and vitamin A was correlated with these thyroid hormones except for T4 (see Supplementary Table 1).


TABLE 2 Distribution of maternal thyroid hormones and vitamin A levels in early pregnancy among SGA, AGA, and LGA newborns.
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The associations of thyroid hormones and vitamin A with infant birth weight are presented separately in Table 3. We found that FT3 was associated with birth weight when modeled jointly with vitamin A. In model 1 (corrected for gestational age at sampling, gestational age at birth, and fetal sex), the birth weight increased by 0.245 kg [95% confidence interval (CI), −0.027 to 0.517] for a 1 pmol/L increase in FT3 levels. After complete adjustment, this relationship became marginally significant [regression coefficient (b), 0.265, 95% CI, −0.001 to 0.531].


TABLE 3 Adjusted linear associations of maternal thyroid hormones and vitamin A level in early pregnancy and infant birth weight, displayed as single effects and as joint effects.
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We conducted further analyses separately for vitamin A levels by median 0.46 mg/L to investigate the effect of vitamin A differences. Table 4 shows that FT3 levels were significantly associated with infant birth weight in the lower vitamin A levels group (p = 0.023). The infant birth weight increased by 0.080 kg (95% CI, 0.012 to 0.147) for a 1 pmol/L increase in FT3 levels when the mother was in low vitamin A status in early pregnancy.


TABLE 4 Associations between maternal FT3 and infant birth weight, stratified by vitamin A level.
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As shown in Table 5, T4, TSH (log transformed), FT3 and FT4 were associated with LGA when modeled jointly (i.e., interaction) with vitamin A. The interaction term of FT3 and vitamin A and the interaction term of FT4 and vitamin A were both associated with SGA (p < 0.15). In the stratified analysis, increased levels of FT4 were associated with a significantly reduced risk of both SGA and LGA in the high vitamin A levels group after full adjustment (OR, 0.66, 95% CI: 0.45 to 0.95 for SGA; OR, 0.66, 95% CI: 0.45 to 0.98 for LGA) in the multinomial logistic regression analyses.


TABLE 5 Associations between maternal thyroid hormones in early pregnancy and odds of SGA or LGA infants in multinomial logistic regression models, stratified by vitamin A level.
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Discussion

To our knowledge, this is the first study to assess the effects of vitamin A on the relationships between thyroid hormones during early pregnancy and fetal growth outcomes in a prospective population. We observed that higher FT4 levels during early pregnancy showed protective effects for both SGA and LGA only among euthyroid women with higher vitamin A levels. These protective effects of FT4 on normal fetal growth have not been previously reported. The results also indicated that maternal FT3 levels were positively associated with birth weight among women with lower maternal vitamin A levels in early pregnancy. The human fetal thyroid gland synthesizes thyroid hormones after 12 weeks of gestation, and the fetus completely depends on maternal supply in the first trimester. Thyroid hormones and vitamin levels in early pregnancy are important for fetal development, so we chose the first trimester to assess the effect of vitamin A on the relationship between maternal thyroid hormones in early pregnancy and fetal growth. Our results will be useful in the application of evidence-based prenatal care quality improvement initiatives aimed at reducing adverse fetal growth outcomes by targeting screening thyroid function and essential nutrients in the first trimester.

Although FT4 was not associated with birth weight when modeled jointly with vitamin A (Table 3), increased levels of FT4 were associated with a significantly reduced risk of both SGA and LGA in the high vitamin A level group after full adjustment in the stratified analysis (Table 5). We also analyzed the association between FT4 and infant birth weight at different vitamin A levels in Supplementary Table 2. The results showed that FT4 levels were not significantly associated with infant birth weight in the different vitamin A level groups.

Our results are comparable to previous reports that use euthyroid pregnant women as in our study. Vrijkotte et al. found that increasing maternal FT4 in early pregnancy was associated with lower odds of LGA in male infants (23). Zhang et al. (10) evaluated 46,186 pregnant women during early and late pregnancy and reported that maternal low FT4 was associated with a higher risk of LGA neonates. A multicenter cohort study reported that the highest FT4 quintile among euthyroid women is not associated with adverse pregnancy outcomes, including SGA and preterm birth (24).

In pregnant women with subclinical thyroid dysfunction, some findings of research on the association of FT4 and fetal growth have also supported our results. A prospective cohort study from China found that isolated hypothyroxinemia (decreased FT4 with normal TSH) was associated with an increased risk for SGA in the first 20 weeks of pregnancy (25). Yuan et al. (26) reported that hyperthyroxinemia (increased FT4 with normal TSH) was associated with a decreased risk of LGA in late pregnancy. However, in the Ma'anshan birth cohort, maternal isolated hypothyroxinemia was not associated with an increased risk for SGA in either the first or the second trimester, and an increased risk of LGA was observed in the second trimester (27).

In our study, the protective effects of higher FT4 on SGA and LGA were simultaneously observed in euthyroid women with higher vitamin A levels in early pregnancy. This result indicated that vitamin A might act synergistically in cooperation with maternal FT4 on fetal growth. It is known that one of the most critical roles of vitamin A in human health is its effect on thyroid function. First, vitamin A interferes with iodine metabolism in the thyroid and regulates thyroid hormone metabolism. Vitamin A deficiency aggravates thyroid dysfunction caused by iodine-deficient diets (13). Second, vitamin A can modulate the effects of thyroid hormones on target tissues mediated by its metabolite RA. RA induces the expression of the thyroid hormone transporter and monocarboxylate transporter, which demonstrates cross-talk between RA signaling and thyroid hormone signaling in early development at the level of the thyroid hormone transporter (28). Although RAR and thyroid receptors do not seem to interact directly physically, they share some cofactors so that some form of competition may occur between the two ligands and their receptors (29). In conclusion, there are many levels at which vitamin A can interact with the physiology of the hypothalamo-pituitary-thyroid axis, which was also reflected by our findings, as significant positive correlations were detected with T3, FT3 and TSH, and negative correlations were detected with FT4. The associations suggest thyrotropic actions of vitamin A occurred not only at the level of the maternal thyroid but also at the level of the maternal pituitary. According to our findings, randomized intervention studies will be warranted to evaluate whether vitamin A-related differences will display significant clinical impact.

Our study found a positive association of FT3 and birth weight in pregnant women with lower vitamin A levels. FT3 is a principal bioactive thyroid hormone that directly exerts a biological effect on fetal growth. High FT3 concentrations act through anabolic effects on fetal metabolism and the stimulation of fetal oxygen consumption for the general accretion of the fetal mass from early gestation (30). Those women with low levels of vitamin A often coexist with lower iodine levels (15). In rat experiment, compared to the healthy group or diets deficient in iodine group, FT4 and T4 were lower in the diets deficient in vitamin A and iodine group, but there were no significant differences in T3 or FT3 concentrations among groups (31). The activity of FT3 was much higher than that of FT4. This regulation would explain the effect of FT3 on birth weight in conditions of lower vitamin A levels. Few studies have investigated the relationship between maternal FT3 in early pregnancy and fetal growth. A previous study from China showed that maternal higher FT3 within the normal range concentrations during early pregnancy was associated with an increased risk for low birth weight (OR = 2.52, 95% CI: 1.00, 6.36 per unit increase in FT3 concentrations) among normal weight women with inadequate gestational weight gain (32). The mechanism by which maternal FT3 positively affects birth weight at low vitamin A levels is unclear. Our observations should be considered hypothesis generating, and prospective investigations with larger sample sizes and mechanistic studies should be conducted in this field.

Vitamin A was not associated with any fetal growth outcomes in this cohort. Vitamin A was associated with fetal growth only when modeled jointly with thyroid hormones. Therefore, it is unlikely that the modifying effects are attributable to mediation through vitamin A.

The strengths of our study included the use of data from a prospective population-based cohort, which provided screening data of thyroid function and an important nutrient in the first trimester and information on potential confounders and mediating factors to help us better understand the association between thyroid function and fetal growth outcomes. A sufficient sample size with measurements of T3, T4, TSH, FT3, FT4 and vitamin A concentrations in early pregnancy allowed us to assess the interaction of maternal thyroid function and vitamin A levels and further evaluate whether the associations of thyroid function and fetal growth were modified by vitamin A. We adjusted for confounding to 6 important variables that were constant throughout all the models: maternal prepregnancy BMI, GWG, maternal employed, parity, gestational week at sampling, and GDM in data analysis to avoid overadjustment.

Limitations of the study included that we did not measure maternal iodine levels in urine, which have been associated with thyroid function and retinol and/or fetal growth (33, 34). Because the primary goal of this cohort study was not to evaluate effect of vitamin A on the relationship between maternal thyroid hormones and fetal growth, we did not collect maternal urine samples. It's impossible to rule out the possibility that some of the effects attributed to vitamin A are due to iodine. But the National Advocacy Programme for the Elimination of Iodine Deficiency Disorder (IDD) through salt iodization by 2000 was launched in China. Today IDD was eliminated at the national level and iodine nutrition of general population was maintained at an adequate level (35). Consequently, iodine insufficiency is likely to have a little impact on vitamin A effect estimations.

The recruitment was restricted to a single hospital in Beijing suburb, but two-thirds of the study population was not born in Beijing but came from all over the country. However, pregnant women in Beijing might have better health status than those in rural areas. Studies with wider populations are needed to clarify the associations.

Prenatal multivitamins intake is an important dietary exposure that is related to the vitamin A measure as well as to fetal growth outcomes. There were 64 women in the sample who had been taking multivitamins, including vitamin A, for 5.5 (2.6–9.6) weeks (median, IQR) before blood sample collection in early pregnancy. We compared the variables, including vitamin A levels, thyroid hormone levels, and birth outcomes, in the vitamin-taking group and the non-vitamin-taking group (Supplementary Table 3). Except for TSH (p = 0.042), the other variables were not significantly different between the two groups.

Our results showed that maternal FT4 in early pregnancy was positively associated with optimal fetal growth among women with higher serum vitamin A concentrations. This suggests that increased vitamin A intake during the first trimester of pregnancy might act synergistically in cooperation with maternal FT4 and have protective effects on fetal growth.



Conclusion

We examined the effect modification of serum vitamin A on thyroid hormones in early pregnancy and fetal growth outcomes among euthyroid pregnant women. We observed the associations between higher FT4 levels and decreased odds of SGA and LGA, which were modified by whether a mother was at a higher vitamin A level. However, FT3 concentrations in relation to increased birth weight only occurred in women with lower vitamin A levels. Our findings suggest that vitamin A might act synergistically in cooperation with maternal thyroid hormones during early pregnancy to ensure normal fetal growth.
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