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Preface to “Micronutrients in Maternal and Infant

Health: Where We Are and Where We Should Go”

Maternal and infant nutrition is directly related to perinatal health, and the first 1000 days of

life are an important window for disease development throughout the life cycle. Micronutrients

are key factors in maintaining pregnancy and fetal growth. As a few of the researchers in the field

of maternal and infant health, we are pleased that so many other researchers have joined us. We

are delighted to serve as the editors of this book, and we are grateful to all the researchers who

have submitted their scientific works for inclusion in this compendium. We also are grateful to the

executive editors who helped to us to produce this important work. This book focuses on a variety

of micronutrients (including vitamin A, vitamin B, vitamin D and vitamin E, selenium, manganese,

copper, zinc and hemoglobin) and explores the associations of micronutrients with various pregnancy

complications (including gestational diabetes, gestational hypertension, thyroid function, anemia,

abortion, birth outcomes and so on). Another feature of this book is the use of repeated measurements

of dynamic micronutrient levels during pregnancy, and micronutrient statuses of mothers and infants

are evaluated comprehensively. The works in this book can provide reference for the prevention of

related perinatal complications, which has important public health significance. We sincerely hope

that you may gain knowledge from these studies or that they may inspire you to undergo further

research in related fields, so as to make contributions to maternal and infant health.

Yunxian Yu

Editor
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Association between Plasma Trace Element Concentrations
in Early Pregnancy and Gestational Diabetes Mellitus
in Shanghai, China

Yunxian Yu

Department of Epidemiology & Health Statistics, School of Public Health and Medicine, Zhejiang University,
Hangzhou 310058, China; yunxianyu@zju.edu.cn

The first 1000 days of life are defined by the World Health Organization as a “window
of opportunity” for a person’s growth and development, and nutrition is particularly
important during this time window [1]. This Special Issue of Nutrients, “Micronutrients
in Maternal and Infant Health: Where We Are and Where We Should Go”, focused on
recent research about micronutrients in maternal and infant health. Micronutrients, which
play a major role in the metabolism of cellular metabolism and the organ development of
the fetus, are important for maintaining pregnancy, fetal growth, and infant health. This
issue mainly includes four topics, which are vitamins, race elements, hemoglobin, single
nucleotide polymorphisms (SNPs) of genes of the VitD metabolic pathway in maternal and
infant health, and the association between micronutrients in maternal or cord blood.

In terms of vitamins, we mainly focused on vitamin D (VitD). VitD deficiency is com-
mon during pregnancy. Data from the Chinese Nutrition and Health Survey showed that
the prevalence of VitD insufficiency or deficiency in pregnant women in China was about
96.0% [2]. Vitamin D deficiency has been linked to various complications during pregnancy
and in infants. Hypertensive disorders of pregnancy (HDP), including gestational hyper-
tension, preeclampsia, eclampsia, pregnancy complicated with chronic hypertension, and
chronic hypertension complicated with preeclampsia [3], affect maternal and infant health
in the near and long term [4]. Plasma 25(OH)D levels during pregnancy and SNPs in the
genes of the VitD metabolic pathway are both important for HDP, as shown by Si et al. [5]
In addition, Hu et al. [6] conducted a systematic review and meta-analysis, which indicated
that VitD insufficiency or deficiency was associated with an increased risk of preeclampsia.
Moreover, maintaining an adequate level of VitD is also beneficial to gestational diabetes
(GDM) and thyroid function [7,8]. In addition, Lin et al. [9] suggested that the target group
with both VitD deficiency and passive smoking should be paid more attention. Besides
VitD, other vitamins are also receiving attention. Vitamin E is a lipid-soluble antioxidant
that corrects the oxidative imbalance and protects tissue from damage. Vitamin B is a
kind of water-soluble micronutrient, which plays a coenzyme role in many catabolic and
anabolic enzyme reactions. Zhou et al. [10] and Li et al. [11] suggested that avoiding
excessive vitamin E during pregnancy might be an effective measure to reduce GDM and
instances of being large for the gestational age, and adherence to a diet pattern with high
vitamin B during pregnancy was associated with higher birth weight and a lower risk of
small-for-gestational-age (SGA).

In terms of trace elements, previous studies found that some trace elements partici-
pated in regulating and controlling enzyme activity and were involved in the synthesis of
many lipids, nucleic acids, and proteins. Recent studies have reported that increased or
decreased concentrations of some trace elements were associated with the risk of GDM.
Wu et al. [12] also examined the association between maternal exposure to vanadium,
chromium, manganese, cobalt, nickel, and selenium in early pregnancy and the risk of
GDM, and found that vanadium was positively associated with the risk of GDM, while

Nutrients 2023, 15, 2192. https://doi.org/10.3390/nu15092192 https://www.mdpi.com/journal/nutrients1
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nickel was negatively associated. Dai et al. [13] reported that prenatal manganese expo-
sure was negatively correlated with childhood physical development, which appeared
to be most significant in the early stages. These studies emphasized the importance of
detecting the concentrations of trace elements during pregnancy. In addition, dietary
and dietary supplements are the main sources of zinc, copper, and selenium in pregnant
women. Yang et al. [14] indicated that efforts to promote zinc and selenium intakes
during pregnancy needed to be strengthened to reduce the incidence of congenital heart
defects in the Chinese population.

Hemoglobin level is also associated with nutritional status and is regarded as a
common and economical monitoring indicator for nutritional status assessment during
pregnancy. However, the association between hemoglobin levels during pregnancy
and the risk of adverse birth outcomes remains controversial. In addition, elevated
maternal hemoglobin levels, compared with anemia, are often considered an indicator
of good nutritional status and is not always given sufficient clinical attention. However,
Liu et al. [15] and Peng et al. [16] evaluated the association between maternal hemoglobin
levels and birth weight outcomes and indicated that both severe anemia and high
hemoglobin (>130 g/L) should be paid attention to in the practice of maternal and
infant health.

Finally, the concentration of micronutrients in human milk and the association between
different micronutrients were also explored. Zhang et al. [17] conducted a meta-analysis
and found that the level of vitamin A (VitA) in breast milk decreased with the course of
breastfeeding, with little difference between China and other countries. These findings
provided evidence for the improvement of VitA intake recommendations for exclusively
breastfed infants under 6 months of age. In addition, Gang et al. [18] and Si et al. [19]
evaluated the association between different micronutrients. Additionally, 25(OH)D levels
in cord blood have been linked to diseases in children. Serum selenium and 25(OH)D have
been reported in non-pregnant people, and Gang et al. [18] found a positive correlation
between maternal urinary selenium levels and cord blood 25(OH)D levels. Si et al. [19]
reported that VitD during pregnancy was positive for hemoglobin.

To summarize, micronutrient levels during pregnancy or in infants are essential for
programming and the development of complications, which has important public health
significance. The studies included in this Special Issue and other related research play
important role in future evidence for developing guidelines and management of maternal
and infant health through monitoring and supplementing micronutrients, especially for
Chinese people. However, the combined effects of various micronutrients on maternal
and infant health need to be further studied, and the relevant mechanisms also need to be
further explored.
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National Key Research and Development Program of China (grant number 2022YFC2703505 and
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Abstract: (1) Background: Trace elements play important roles in gestational diabetes mellitus (GDM),
but the results from reported studies are inconsistent. This study aimed to examine the association
between maternal exposure to V, Cr, Mn, Co, Ni, and Se in early pregnancy and GDM. (2) Methods:
A nested case-control study with 403 GDM patients and 763 controls was conducted. Trace elements
were measured using inductively coupled plasma-mass spectrometry in plasma collected from
pregnant women in the first trimester of gestation. We used several statistical methods to explore the
association between element exposure and GDM risk. (3) Results: Plasma V and Ni were associated
with increased and decreased risk of GDM, respectively, in the single-element model. V and Mn
were found to be positively, and Ni was found to be negatively associated with GDM risk in the
multi-element model. Mn may be the main contributor to GDM risk and Ni the main protective
factor against GDM risk in the quantile g computation (QGC). 6.89 μg/L~30.88 μg/L plasma Ni was
identified as a safe window for decreased risk of GDM. (4) Conclusions: V was positively associated
with GDM risk, while Ni was negatively associated. Ni has dual effects on GDM risk.

Keywords: gestational diabetes mellitus; nickle; trace elements; restricted cubic spline; LASSO
regression; quantile g-computation; BKMR models

1. Introduction

Gestational diabetes mellitus (GDM), which refers to diabetes diagnosed for the first-
time during pregnancy, is one of the most common medical complications of pregnancy [1].
It is associated with substantial short- and long-term adverse complications for both mother
and child. The documented prevalence of GDM varies substantially worldwide, ranging
from 1% to >30% [2]. The incidence rate of GDM has been increasing worldwide and is
approximately 14.8% (95% CI 12.8, 16.7%) in China according to the latest meta-analysis
involving 79,064 Chinese participants [3]. In addition to traditional risk factors, such as
advanced maternal age, ethnicity, a previous history of gestational diabetes, and a family
history of type 2 diabetes mellitus (T2DM), trace elements may play important roles in the
development of diabetes [4].

Certain trace elements, such as chromium (Cr), have been suggested to participate
in increasing insulin binding and insulin receptor number [5]. Vanadium (V) was found
to participate in inhibiting glucose release, improving gluconeogenesis-related enzyme

Nutrients 2023, 15, 115. https://doi.org/10.3390/nu15010115 https://www.mdpi.com/journal/nutrients5
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activity, and exerting an insulin-sensitizing effect [6]. Meanwhile, some essential elements,
such as manganese (Mn) were found to be associated with a higher risk of hyperglycemia
by inhibiting glucose-stimulated insulin secretion and inducing inflammation and oxidative
stress [7]. However, not all human studies support the results from laboratory studies.
An adult cohort study from Southern Spain suggested that concentrations of certain trace
elements (such as Cr) in adipose tissue are associated with the risk of incident T2DM, while
V might have a protective effect [8]. A case-control study in China indicated that higher
levels of serum selenium (Se) were associated with increased T2DM risk [9].

Some trace elements have recently been suggested to be associated with the risk
of GDM in epidemiologic studies. A prospective study demonstrated that increased
concentrations of urinary nickel (Ni), Cobalt (Co), and V in early pregnancy are associated
with an elevated risk of GDM [10]. In contrast to the results of the above research, two
case-control studies indicated an inverse association of V exposure with GDM [11,12],
which was reflected by plasma V concentrations and meconium V concentrations. No
significant association was found between blood Ni and GDM in the single-metal model in
a Chinese birth cohort study [13]. Moreover, a nested case-control study in Xiamen, China,
measured Cr concentrations in meconium from newborns delivered by mothers with GDM
(137 cases) and without GDM and found a positive association between Cr concentration
and GDM prevalence in a dose-dependent manner [14]. One recent meta-analysis showed
that the serum Se level of patients with GDM was lower than that in healthy pregnant
women. However, no association was found between plasma Se, Cr, and GDM in another
nested case-control study [15]. A higher concentration of Mn within a certain range before
24 weeks gestation was demonstrated to impair fasting plasma glucose during pregnancy
in a retrospective study [16]. Additionally, a French mother-child cohort study did not find
a significant association between blood Mn and the prevalence of GDM [17].

Thus far, the results and conclusions on the relationship between the six trace elements—
V, Cr, Mn, Co, Ni, and Se—and GDM are limited and contradictory. In addition, it is
essential to study the joint effects of trace elements on GDM risk because elements in the
environment exist in the form of co-exposure, and the specific elements included in the
analysis individually could be potentially confounded by other elements to which pregnant
women are also exposed from the same source. However, when exploring the effects of
a multielement mixture in a traditional way, highly unstable results may be obtained if
incorporating two or more highly correlated (collinear) elements in a regression model [18].
In recent years, various interdisciplinary methods [19] have been developed to address
such issues.

In the present study, we aimed to explore the relationship between these six plasma
trace element concentrations before 14 gestational weeks and the risk of GDM. We used
least absolute shrinkage and selection operator (LASSO) regression, quantile g computation
(QGC), and Bayesian Kernel Machine Regression (BKMR) to screen out independent
variables, assess the joint effect of elements on GDM risk and determine the contribution
of each element on GDM risk, restricted cubic spline (RCS) was employed to explore the
dose-response relationship between elements exposure and GDM risk, with the hope to
provide new insights for the prevention of GDM.

2. Materials and Methods

2.1. Study Population

This case-control study was nested in a prospective study initiated in Shanghai, China.
From November 2020 to February 2021, pregnant women who visited the International
Peace Maternal and Child Hospital (IPMCH) for the first prenatal examination between
8 and 14 gestational weeks and provided enough blood samples were included in the study
(n = 2069).

The excluded participants were those: (1) who had multiple births (n = 52); (2) who
were diagnosed with T2DM and other metabolic diseases before pregnancy (n= 31); (3) who
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had serious medical diseases such as cancer (n = 12); and (4) who had missing information
on birth outcomes (n = 292) and missing blood samples (n = 92).

Among 1724 finally included pregnant women, 403 pregnant women were diagnosed
with GDM and included in the GDM group, and a total of 763 controls were randomly
selected from the remaining participants by maternal pre-pregnancy BMI and maternal age
(case/control = 1:2 for 360 cases and case/control = 1:1 for 43 cases).

All of the participants in the study signed informed consent forms. This study was
approved by the ethics committee of the IPMCH.

2.2. Data Collection

Baseline information was obtained from electronic medical records, including maternal
age, ethnic group, pre-pregnancy body mass index (BMI), reproductive history, family
and personal disease history, smoking exposure, alcohol consumption, education levels,
household income, delivery method, and fetal sex. Maternal BMI was calculated using
the formula BMI = weight (kg)/height (m2). Gestational age was calculated based on the
gestational week of delivery and the first day of the last menstrual period. In the present
study, smoking exposure was defined as positive if the mother had a smoking history, and
alcohol consumption was considered positive if the mother had a drinking history.

2.3. Laboratory Measurements

Plasma concentrations of total cholesterol (CHOL), triglycerides (TG), high-density
lipoprotein cholesterol (HDL), low-density lipoprotein cholesterol (LDL), apolipoprotein-A
(APO-A), apolipoprotein-B (APO-B) and fasting plasma insulin (FPI) were measured by an
automatic chemistry analyzer (BeckmanDXI800, Beckman, Bria, CA, USA). The homeostasis
model of assessment-insulin resistance (HOMA-IR) score was obtained according to the
following formula: HOMA-IR = FPG (mmol/L) × FPI (μU/mL)/22.5.

Inductively coupled plasma-mass spectrometry (ICP-MS) was used for the determi-
nation of the six trace elements. ICP-MS is a quadrupole mass spectrometer, consists of
basic components, including the peristaltic pump, nebulizer, spray chamber, ICP torch,
interface cones, ion optics, quadrupole, and detector. It has been considered the gold
standard analytical method for element measurements in biological samples which meet
the interference elimination of the determination of different elements in the sample. We
used the NexION 300X device (PerkinElmer, Waltham, MA, USA) and the stander mode
for the measurements [20]. Blood was collected between 8 and 14 gestational weeks, and
plasma was collected in EDTA tubes after centrifugation at 2000 rpm for 20 min. All plasma
samples were frozen at −80 ◦C for storage and transferred to a 4 ◦C refrigerator the night
before detection. Several standard curves were prepared by diluting the element standard
solution (PerkinElmer, Waltham, MA, USA), and the value of the limit of detection (LOD)
of each element was calculated. Plasma (100 μL) was diluted 20 times with sample diluent
(1% TMAH1 + % nitric acid) and fully vibrated before detection. See Table S1 for the
LOD and detection rate of each element. When the plasma element concentration was
below the LOD, LOD/

√
2 was used instead. Standard samples were detected in each batch

(30 samples) for quality control purposes.

2.4. Diagnosis of GDM

At 24–28 weeks of gestation, an oral glucose tolerance test (OGTT) was implemented
by a 75 g glucose challenge. A diagnosis of GDM was made if fasting plasma glucose was
≥5.1 mmol/L (≥92 mg/dL), 1-h plasma glucose was ≥10.0 mmol/L (≥180 mg/dL), or
2-h plasma was ≥8.5 mmol/L (≥153 mg/dL), according to the recommendations from the
Diabetes and Pregnancy Study Group (IADPSG) [21].

2.5. Statistical Analysis

The control group was matched for the GDM group by maternal age and pre-pregnancy
BMI using the propensity score matching method (PSM) [22]. Basic demographic character-
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istics, plasma microelement concentrations, and clinical indicators of the study population
were represented using N (%) for categorical variables and median and interquartile range
(IQR) for continuous variables. Comparison between case and control groups was deter-
mined by the Wilcoxon rank sum test (for continuous variables) or Chi-square (χ2) test (for
categorical variables). The concentrations of trace elements were natural log-transformed
[Ln(X)] to normalize their distribution. The pairwise correlations among multiple elements
were calculated by Spearman’s rank correlation analysis and a correlation-matrix heatmap
was plotted. Conditional logistic regression was adopted to evaluate the association be-
tween the concentration of trace elements and the risk of GDM by odds ratios (ORs) and
95% confidence intervals (CIs). We chose covariates based on the literature review, stepwise
regression, best subset selection, and biological reliability. Potential confounding factors and
factors with significant differences between the case and control groups in univariate analysis
were included in Model 4, including age (continuous variable), pre-pregnancy BMI (<18.5,
18.5–24, >24), family history of diabetes (yes or no), education level (<10, 10–12, ≥13 years),
ethnic groups (Ethnic Han or others), household income level (<0.1 million, 0.2–0.3 million,
>0.3 million), TG (continuous variable), CHOL (continuous variable), LDL-cholesterol (con-
tinuous variable), HDL-cholesterol (continuous variable) and APOB (continuous variable).
Covariates screened by stepwise regression were included in Model 2, including educa-
tion level, ethnic groups, TG, LDL-cholesterol, HDL-cholesterol, and APOB. Covariates
including family history of diabetes, education level, ethnic groups, TG, LDL-cholesterol,
and APOB, which were screened by best subset selection, were included in Model 3. The
potential nonlinearity of the association of plasma trace elements with odds of GDM, OGTT
value, and FPI was further examined using RCS with three knots at the 25th, 50th, and 75th
percentiles of Ln (plasma element concentrations) assessed via R version 4.2.0 software
(“rms” package).

LASSO regression, QGC, and BKMR models were used to screen out independent
variables, assess the joint effect of elements on GDM risk, and determine the contribution
of each element to GDM risk. In these analyses, we adjusted for the same variables
as in Model 3 of the conditional logistic regression analysis. The 11 covariates and six
elements were included in the LASSO regression, and the independent variables with
greater influence on the dependent variable were screened when the regression coefficient
was compressed to zero. These selected elements were included simultaneously in the
multiple-element model adjusted or not adjusted for covariates selected by LASSO (family
history of diabetes, education level, ethnic groups, household income level, TG, LDL-
cholesterol, HDL-cholesterol, APOB). Quantile g computation, an adaptive adaptation
modeling method with weighted quantile sum regression, was used to evaluate the different
directions of mixed effects for individual elements and rank important constituents [23].
QGC was conducted using R version 4.2.0 with the “qgcomp” package. BKMR [24] was
also used to assess the joint effect of all elements on the risk of GDM and the effect of an
individual element as part of the element mixture via the R version 4.2.0 software (“bkmr”
package). A PIP (prosterior inclusion probabilities) threshold of 0.5 was considered to be
relatively important for individual element exposure to GDM risk.

All statistical analyses were performed using the SPSS 26.0 and R version 4.2.0 software.
A p-value (two-tailed) < 0.05 was considered significant.

3. Results

3.1. Characteristics of the Study Population

The characteristics of the study population are presented in Table 1. The median age
of the included pregnant women was 32 years. The study population was well-educated,
with around 71.78% of educational level reaching university and higher, and the women
who developed GDM were less educated than the women in the control group.
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Table 1. Characteristics of the study population.

Characteristic Total (n = 1166) Non-GDM (n = 763) GDM (n = 403) p

Maternal age (years) 32.00 (30.00–34.00) 32.00 (30.00–34.00) 32.00 (30.00–34.00) 0.820
Pre-pregnancy BMI (kg/m2)

Underweight (<18.5) 106 (9.10%) 67 (8.80%) 39 (9.70%) 0.056
Normal weight (18.5–23.9) 838 (71.90%) 565 (74.00%) 273 (67.70%)

Overweight (≥24.0) 222 (19.00%) 131 (17.20%) 91 (22.60%)
Education level (years)
High school and lower 89 (7.63%) 55 (7.21%) 34 (8.40%) 0.037 *

Junior or college 240 (20.58%) 141 (18.48%) 99 (24.60%)
University and higher 837 (71.78%) 567 (74.31%) 270 (67.00%)

Household income (million Yuan)
<0.1 88 (7.50%) 64 (8.40%) 24 (5.96%) 0.438

0.2–0.3 739 (63.38%) 483 (63.30%) 256 (63.52%)
>0.3 339 (29.10%) 216 (28.30%) 123 (30.52%)

Ethnic groups
Ethnic Han 1150 (98.60%) 756 (99.10%) 394 (97.80%) 0.060

Others 16 (1.40%) 7 (0.90%) 9 (2.20%)
Family history of diabetes (Yes) 146 (12.50%) 85 (11.10%) 61 (15.10%) 0.133

Smoking (Yes) 3 (0.30%) 3 (0.40%) 0 (0.00%) 0.277
Drinking (Yes) 6 (0.50%) 4 (0.50%) 2 (0.50%) 0.987

Parity
Nulliparous 834 (71.53%) 550 (72.08%) 284 (70.47%) 0.728
Multiparous 332 (28.47%) 213 (27.92%) 119 (29.53%)

Cesarean section (Yes) 554 (51.30%) 358 (50.90%) 196 (52.10%) 0.690
Infant sex

Male 574 (49.20%) 377 (49.41%) 197 (48.88%) 0.716
Female 506 (43.40%) 327 (42.86%) 179 (44.42%)
Missing 86 (7.40%) 59 (7.73%) 27 (6.70%)

GDM, gestational diabetes mellitus; BMI, body mass index; * p < 0.05.

3.2. Levels of Plasma Trace Elements and Glucose and Lipid Metabolism Indices

The exposure levels of the six trace elements in the case and control groups are
summarized in Table 2. There were significantly increased levels of plasma V in the GDM
group but significantly lower plasma concentrations of Cr and Se. Correlations between
trace elements ranged from 0.07–0.82 in Spearman’s rank correlation analysis (Figure S1).
As shown in Table S2, despite Apo-A, other glucose and lipid metabolism indices were
significantly different between the case and control groups, with FPG, OGTT-1h, OGTT-
2h, FPI, HOMA-IR, CHOL, TG, LDL-cholesterol, and Apo-B increased significantly and
HDL-cholesterol decreased significantly in the GDM group.

Table 2. Profiling of trace elements in maternal plasma of the case-control group.

Element Total (n = 1166) Non-GDM (n = 763) GDM (n = 403) p

V (μg/L) 6.25 (3.71–9.06) 6.02 (3.32–8.91) 6.60 (4.23–9.18) 0.007 **
Cr (μg/L) 372.40 (250.75–531.44) 391.38 (253.32–535.58) 342.77 (239.58–517.50) 0.021 *
Mn (μg/L) 5.79 (3.51–8.90) 5.61 (3.28–8.88) 5.91 (3.81–9.04) 0.076
Co (μg/L) 56.82 (40.24–81.94) 56.76 (39.66–81.81) 57.02 (41.23–82.13) 0.289
Ni (μg/L) 30.67 (17.34–48.57) 30.84 (18.69–48.89) 30.23 (15.10–48.40) 0.110
Se (μg/L) 87.80 (60.33–120.72) 89.76 (62.16–122.95) 84.30 (58.89–112.91) 0.044 *

GDM, gestational diabetes mellitus; V, Vanadium; Cr, Chromium; Mn, Manganese; Co, Cobalt; Ni, Nickel; Se,
Selenium; * p < 0.05, ** p < 0.01.

3.3. Association between Plasma Trace Elements and Risk of GDM

The results of the conditional logistic regression are shown in Table 3. The plasma
level of V was positively associated with the risk of GDM, and every unit increase in the
natural log of V exposure was associated with 39% (OR = 1.39 (95% CI 1.14, 1.69)) a higher
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risk of GDM. In contrast, the concentration of plasma Ni was negatively associated with the
risk of GDM, and every unit increase in the natural log of Ni exposure was associated with
14% (OR = 0.86 (95% CI 0.77, 0.97)) a lower risk of GDM. Elevated plasma concentrations of
Cr, Mn, Co, and Se were not associated with the risk of GDM.

Table 3. Associations between plasma trace element exposure and GDM risk.

Ln-Elements
Single-Element Model OR (95% CI) Multi-Element Model OR (95% CI)

Modle 1 Modle 2 Modle 3 Modle 4 Crude Model Adjusted Model

V (μg/L) 1.39 (1.14, 1.69) *** 1.47 (1.20, 1.82) *** 1.48 (1.20, 1.82) *** 1.47(1.20, 1.80) *** 1.27 (1.01, 1.60) * 1.37 (1.07, 1.76) *
Cr (μg/L) 0.81 (0.63, 1.03) 0.79 (0.6, 1.02) 0.77 (0.59, 1.00) 0.78 (0.60, 1.02) 0.82 (0.53, 1.27) 0.75 (0.47, 1.20)
Mn (μg/L) 1.22 (0.99, 1.51) 1.20 (0.96, 1.49) 1.21 (0.97, 1.51) 1.20 (0.96, 1.49) 1.70 (1.22, 2.36) ** 1.83 (1.30, 2.59) ***
Co (μg/L) 1.14 (0.91, 1.43) 1.13 (0.89, 1.44) 1.14 (0.89, 1.46) 1.13 (0.89, 1.45) 1.32 (0.95, 1.85) 1.35 (0.94, 1.93)
Ni (μg/L) 0.86 (0.77, 0.97) * 0.82 (0.73, 0.93) ** 0.82 (0.72, 0.93) ** 0.82 (0.72, 0.93) ** 0.72 (0.60, 0.86) *** 0.66 (0.54, 0.80) ***
Se (μg/L) 0.85 (0.67, 1.07) 0.86 (0.67, 1.10) 0.84 (0.66, 1.07) 0.86 (0.67, 1.10) 0.82 (0.57, 1.20) 0.87 (0.59, 1.27)

GDM, gestational diabetes mellitus; OR, odds ratio; CI, confidence interval; * p < 0.05, ** p < 0.01, *** p < 0.001.
Model 1 adjusted by education level, ethnic groups, TG, LDL cholesterol, HDL cholesterol, and APOB. Model 2
adjusted by family history of diabetes, education level, ethnic group, TG, LDL cholesterol, and APOB. Model
3 adjusted by age, pre-pregnancy BMI, family history of diabetes, education level, ethnic group, household
income level, TG, CHOL, LD, HDL cholesterol, and APOB. Adjusted model adjusted by family history of diabetes,
education level, ethnic groups, household income level, TG, LDL cholesterol, HDL cholesterol, and APOB.

3.4. Dose-Response Association of Plasma Trace Element Exposure with GDM Risk, Glucose, and
Insulin Level

The potential nonlinearity of the relation between Ln- Ni (p overall < 0.001, p nonlinear-
ity = 0.003) and the risk of GDM was observed in the restricted cubic spline model (Figure 1).
In the relatively low levels (<6.89 μg/L) and higher levels (>30.88 μg/L) of plasma Ni, a
positive correlation was found between plasma Ni and GDM risk. U-shaped exposure
relationships were observed between Ni and FPI (p = 0.038), FPG (p = 0.006), OGTT-1h
(p < 0.001), and OGTT-2h (p = 0.036) (Figure S2). Additionally, positive dose-response rela-
tionships were also observed between V and FPI (p = 0.005) and FPG (p = 0.004) (Figure S3),
Mn and FPI (p = 0.018) (Figure S4), and Co and FPI (p = 0.039), OGTT-1h (p = 0.024) and
OGTT-2h (p = 0.044) (Figure S5). Nonlinear relationships were not observed between Cr
and Se and glucose or insulin levels (Figures S6 and S7).

Figure 1. The dose-response relationship of plasma Ni level with GDM risk. RCS regression was
used to analyze the dose-response relationship of Ln-Ni with GDM risk after adjusting for family
history of diabetes, education level, ethnic groups, TG, LDL-cholesterol, and APO-B. The knots were
located at the 25th, 50th, and 75th percentiles. The red line and black dotted line represent the OR
value and 95% CI, respectively. The black points represent OR = 1, and the corresponding value of
plasma Ni concentration is presented.
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3.5. Associations of Metallic Elements Screened by LASSO Regression and Their Coexposure with
GDM Risk

The results of LASSO regression showed that all six trace elements had a strong effect
on GDM risk (Figure S8). Next, we fitted a logistic regression model and brought all
six elements into the model, and additionally adjusted covariates selected by the LASSO
regression (Table 3). In this part, increasing Ln-V (OR = 1.27 (95% CI 1.01, 1.60)) and Ln-Ni
(OR = 0.72 (95% CI 0.60, 0.86)) were positively and negatively related to the increased risk
of GDM, respectively. In addition, increasing Ln-Mn was also observed to be positively
associated with an increased risk of GDM (OR = 1.70 (95% CI 1.22, 2.36)).

3.6. Quantile G-Computation Analyses

QGC analysis showed that increasing the Ln-element mixture by one unit was not
associated with an increased risk of GDM (OR = 0.97, 95% CI: 0.84, 1.13). The individual
weights for each trace element mixture component are shown in Figure 2: Mn (59.1%), Co
(31.6%), and V (9.3%) had a positive contribution, and Ni (61.5%), Cr (20.8%) and Se (17.7%)
had a negative contribution.

Figure 2. Association between trace element levels and GDM based on quantile g-computation
analyses. The estimated weights of each element in the mixture were presented by bootstrapping in
either direction.

3.7. Bayesian Kernel Machine Regression Analyses

The PIP of elements varied between 0.7 and 1 (V: 0.8666, Cr: 0.7746, Mn: 1.0000,
Co: 0.7742, Se: 1.0000, Ni: 0.8062), and thus, all the elements could be considered important.
The univariate relationship between each element and GDM risk is shown in Figure S8.
Positive trends were observed between V, Co, and GDM risk (Figure S9a,d), and Cr showed
a negative relationship with GDM risk (Figure S9b). A J-shaped relationship between
Ni and GDM risk (Figure S9e) and an inverted J-shaped relationship between Mn, Se,
and GDM risk (Figure S9c,f) were observed. Considering the comparable positive weight
and negative weight of elements on GDM risk, the cumulative effect was not statistically
significant, as shown in Figure 3a. Figure 3b illustrates the estimated contribution of
individual exposures to the cumulative effect by comparing the GDM risk when a single
element was at the 75th percentile compared to when it was at its 25th percentile, where all
of the remaining elements were fixed to a particular quantile, such as P25, P50, and P75.
When the other element percentiles increased, the higher percentiles of Ni and Mn (P75)
presented a more significant negative effect and positive effect on GDM risk compared to
their lower concentrations (P25), respectively. The trends of each element in the bivariate
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exposure-response analysis (Figure S10) were consistent with the univariate relationship
analysis, except for the effect of Se on the GDM risk, which was inversely changed when
Mn was at a high concentration (P75).

 
(a) (b) 

Figure 3. The joint effect of the trace element mixture on GDM by the BKMR model (a) The overall
effects of element mixtures (estimates and 95% CI) in elements fixed to different percentiles compared
to when they were at their medians (P50). (b) The effects of single exposure when an individual
element was at its 75th percentile compared to when that exposure was at its 25th percentile, where
all other exposures were fixed to a particular quantile (P25, P50, and P75). The results were adjusted
by family history of diabetes, education level, ethnic groups, TG, and LDL-cholesterol.

4. Discussion

In this study, we found that a higher level of plasma V and a lower level of plasma
Ni before 14 weeks of pregnancy may be prospectively related to a higher risk of GDM
in both single- and multiple-element models. Plasma Mn was found to be positively
associated with an increased risk of GDM only in the multiple-element model, and there
was no significant relationship between Cr, Co, and Se in the conditional logistic regression.
A J-shaped relationship between plasma Ni concentrations and GDM and a U-shaped
exposure-response relationship between plasma Ni and OGTT values and FPI were found
in RCS analysis. The joint effect of element mixtures on the risk of GDM was not observed
in the QGC analysis or the BKMR model. The results from QGC analysis indicate that Mn
(59.1%), Co (31.6%), and V (9.3%) had a positive contribution, and Ni (61.5%), Cr (20.8%),
and Se (17.7%) had a negative contribution to the risk of GDM. The association of incident
GDM with V, Ni, and Mn was consistent in the outcomes of conditional logistic regression,
QGC analysis, and BKMR analyses.

V was found to participate in inhibiting glucose release, improving gluconeogenesis-
related enzyme activity, and exerting an insulin-sensitizing effect [6]. Two case-control
studies showed a positive association between V in plasma [25] and serum [9] with diabetes
risk. Two case-control studies based on pregnant women also reported that V exposure,
reflected by meconium [12] and plasma V [11] concentrations, respectively, was inversely
associated with the odds of GDM. Therefore, we expected that V would reduce the risk for
GDM in our study, but the results indicated the opposite. The results from a prospective
cohort study conducted in Wuhan, China, were close to those of our study, where there
was a significant and positive association between urinary V and GDM based on single-
metal models (OR = 1.28, 95% CI: 1.05–1.55) [10]. However, the biological sample of the
abovementioned study was inconsistent with our study.
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Notably, the median value of plasma V in the present study (6.25 μg/L) was much
higher than that in previous studies (plasma V: 0.191 μg/L [25], 0.73 μg/L in GDM cases
and 0.80 μg/L in controls [11]), which may account for the inconsistent result. Although V
has been found to exert a beneficial effect on the metabolism of carbohydrates, the effective
therapeutic dose is difficult to establish, and excess concentrations may lead to several
toxic effects [5]. In addition, the health hazards of V, especially when it is at the highest
oxidation state (+5), cannot be ignored. V can act as a strong pro-oxidant and pro-apoptotic
factor, damage the antioxidant barrier, exacerbate lipid peroxidation (LPO), and lead to
programmed cell death (apoptosis) [26]. Therefore, more research is warranted to further
explore the effect of V on the risk of GDM and determine the safe exposure range of V.

The epidemiological evidence of Ni in glucose metabolism is limited and inconsistent,
although Ni was suggested to adversely affect glucose metabolism by inducing hyper-
glycemia and glycogenolysis in laboratory studies [27]. Two studies based on Chinese
adults and U.S. adults showed that increased urinary Ni concentration is associated with an
elevated prevalence of diabetes [28,29]. However, a multisite and multiethnic cohort study
of midlife women did not find an association between urinary Ni and an elevated risk of
diabetes in midlife women [30]. Another nested case-control study obtained a similar result,
and no significant associations were found between plasma Ni and incident diabetes [31].
The evidence of an association between Ni exposure and diabetes in pregnant women was
insufficient, and no significant association was found between blood Ni and GDM in the
single-metal model in a Chinese birth cohort study [13]. Nevertheless, another Chinese
cohort study demonstrated that increased concentrations of urinary Ni in early pregnancy
are associated with an elevated risk of GDM [10]. In the present study, a relationship
between elevated maternal plasma concentrations of Ni and decreased risk of GDM was
observed when evaluated individually or as an element mixture. Additionally, a J-shaped
exposure relationship of Ln-Ni with the OR of GDM and U-shaped exposure relationships
between Ln-Ni and the three OGTT values and FPI were all observed in the RCS analysis.

When interpreting our study results, the different study biological materials and the
much higher concentration of Ni measured in our study should be considered (median
(IQR) 30.67 (17.34–48.58) μg/L) when compared to previously published studies (median
ranged from 2.48 to 6.484 μg/L [13,31,32]). Urine was a more commonly used biological
material in previous studies because of the short half-life period of Ni. Considering that the
main exposure source of Ni (from drinking water and food) may be stable in the pregnancy
period, our findings may provide new insight into the effect of Ni on glucose metabolism.
To the best of our knowledge, this is the first study to demonstrate the dual effect of
plasma Ni exposure on the risk of GDM and provide a safety window value of Ni exposure
(6.89 μg/L~30.88 μg/L) with potential clinical significance. Interestingly, the cutoff value of
30.88 μg/L was close to the median value of the study population (30.67 μg/L). Thus, we
still recommend low levels of Ni exposure in daily life because Ni is potentially essential to
the human body, but at high doses is toxic. More research is warranted to further verify
our findings and explore the underlying mechanism.

Mn is both an essential nutrient and a potential toxicant, depending on the level of
exposure. Mn supplementation may protect mitochondria and islets from ROS by enhanc-
ing MnSOD activity and protecting against diabetes [33], but it was also suggested that
Mn can inhibit glucose-stimulated insulin secretion in β-cells by impairing mitochondrial
function [7]. A cross-sectional study based on coke oven workers indicated that urinary Mn
levels were positively associated with hyperglycemia but not with diabetes risk [34]. A U-
shaped association between plasma manganese and T2DM was reported by a case-control
study [35]. Nevertheless, no significant association was observed between second-trimester
blood Mn and GDM in a French mother-child cohort study [17]. A retrospective cohort
study from South China demonstrated that serum Mn may prospectively increase the late
second trimester OGTT0 but not GDM risk [16].

We measured a relatively low concentration of Mn [median (IQR) 5.79 (3.51–8.90) μg/L]
compared with other studies (median ranged from 6.52–21.85 μg/L) [15,17,35]. We found
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no significant association between Mn and GDM in the single-element model, but inter-
estingly, when we included all the elements in the conditional logistic model, Mn showed
a significant positive association with GDM. Additionally, Mn was positively associated
with FPI level and was found to be the greatest contributor (59.1%) to GDM in the QGC
analysis, which was similar to the results of QGC analysis from a large Japanese study
(Mn: 47.4%) [36]. A similar result can also be observed in the BMKR model; when other
element percentiles increased, Mn showed a more obvious positive association with GDM.
We can speculate that Mn can promote the development of GDM through interactions with
other elements such as Se as indicated in the bivariate exposure-response analysis of BKMR
models but more evidence is needed to validate the speculation.

Cr, Co, and Se are essential trace elements in the human body. Cr was found to play a
significant role in glucose metabolism and have beneficial effects on insulin sensitivity and
lipid parameters [37]. Co is an important component of vitamin B12, and Se plays a critical
role mainly as a selenoprotein.

Nevertheless, the role of Cr and Co in the development of diabetes mellitus in hu-
man studies remains controversial. A positive association was reported between Cr in
adipose tissue with T2DM in a 16-year follow-up period prospective adult cohort study [8]
and between Co in urine with T2DM in a study based on the National Health and Nutri-
tion Examination Survey (NHANES, 1999–2010) [38]. In a case-control study involving
1471 patients with newly diagnosed T2DM, 682 individuals with newly diagnosed pre-
DM indicated that plasma Cr concentrations were inversely associated with T2DM and
pre-DM [39]. A negative linear relationship between urinary Co and FPG was found in an
ongoing occupational cohort study in China [40]. A large case-control study elucidated a
U-shaped relationship between plasma Co concentrations and newly diagnosed T2DM [41].

For pregnant women, Cr in meconium was found to be positively associated with
GDM prevalence in a dose-dependent manner in a nested case-control study [14], while data
from another two nested case-control studies showed no significant association between Cr
levels and the risk of GDM in pregnant women [15,42]. Studies exploring the relationship
between Co exposure and GDM are limited; in a prospective cohort study, Co was shown to
be significantly and positively associated with GDM [10]. The relationship between Se and
GDM has been well established, and most studies support the negative association between
Se and the risk of GDM [43]. A recent meta-analysis involving 27 studies showed that the
serum Se level of patients with GDM was lower than that in healthy pregnant women [43].

In our present study, although no significant association was observed between Cr, Co,
and Se concentrations and GDM in either a single-element or element coexposure logistic
regression model. The plasma Cr and Se levels of patients with GDM were lower than those
in the control group in our present study. In addition, the positive association between
Co and GDM and the negative association between Se and GDM were consistent in the
BKMR model and QGC analysis, and Co showed a positive non-linear relationship with
FPI, OGTT-1h, and OGTT-2h in RCS analysis.

Our present results showed a much higher concentration of plasma Cr and Co and a
comparable concentration of Se than those of previously published studies. Several previous
studies showed that the median values varied from 0.2 to 3.97 μg/L for Cr [15,39,44],
1.68–1.9 mg/dL for Co [41,45], and 29.43–94.73 μg/L for Se [15,41,46]. The discrepancies
between study populations remain to be elucidated because, aside from Cd, Cr and Co
were reported to be the greatest heavy metal pollutant (Cr > Cd > Co > Zn > Ti > Cu)
in the surface sediments of the Yangtze River Estuary [47], and there may indeed be a
much higher level of metal/element exposure in the Shanghai population. In addition,
Cr (III) and Se have been considered to have nutritional or pharmacological effects on the
human body [48,49], ranging from antioxidant and anti-inflammatory effects to improving
symptoms of insulin resistance, and Se is part of, for instance, Novalac Prenatal pills. The
higher plasma level of Se and Cr in pregnant women in the non-GDM group may be the
result of their using supplements containing Cr and Se before or during pregnancy. Further

14



Nutrients 2023, 15, 115

well-designed studies should be carried out to explore the role of Cr, Co, and Se in the
occurrence, development, and treatment of GDM.

We adopted the BKMR method in our study to determine the joint effects of elements,
but the results showed that the increasing percentile of element mixtures was not related to
an increased risk of GDM. We speculate that the main explanation is that the contributing
effect and protective effect of these six metallic elements on GDM offset each other, as
shown in the QGC analysis. Notably, the association between Ni with GDM and Mn with
GDM becomes statistically significant along with the increasing percentile of other elements
in the BKMR model. There may exist a relatively strong interaction between Ni, Mn, and
other elements.

Our study has several strengths. First, we collected blood samples during the first
period of pregnancy, which may reflect the causal relationship between element exposure
and the risk of GDM. Second, the exposure levels of metallic elements were reflected by a
continuous variable (Ln-concentration), which avoids the data loss caused by classification
variable conversion. Third, we used several statistical methods to assess the joint effect of
all six elements and the independent contribution of each element on the risk of GDM, and
the results were stable among these models.

Limitations should also be considered. First, detailed information regarding other
potential confounding factors of GDM, such as physical activity and the occupational status
during pregnancy, was not well collected. Second, plasma is not the best biological material
to reflect body exposure to some elements, such as Ni. Third, we did not take exposure
sources such as dietary patterns and residential environment into consideration.

5. Conclusions

In conclusion, our results suggest a positive association between V exposure and a
negative association between Ni exposure in early pregnancy with subsequent risk of GDM,
regardless of whether they are evaluated individually or as elements mixtures. Plasma Mn
was found to be positively associated with an increased risk of GDM in the multiple-element
model. In addition, we demonstrate a J-shaped exposure-response relationship between
plasma Ni concentrations and GDM and a U-shaped exposure-response relationships
between plasma Ni concentrations and FPI, FPG, OGTT-1h, and OGTT-2h. Further studies
are warranted to confirm these associations and explore the potential mechanism.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nu15010115/s1, Figure S1: Correlations of the plasma concentration
of the six trace elements. Spearman’s rank correlation was used to analyze the correlations between
the Ln-transformed trace elements. Correlation coefficients are presented in the lower left part, and
the upper right part is the heatmap of the correlation coefficients between Ln-transformedtrace
elements. Blue represents a positive correlation, and the darker the color is, the greater the correlation
coefficient. * p < 0.05, ** p < 0.01, *** p < 0.001. Figure S2: The dose-response relationships of plasma
Ni with FPI and OGTT values. The blue line and gray shadow represent the OR value and 95% CI,
respectively. (a) The dose-response relationship of Ln-Ni with FPI. (b) The dose-response relationship
of Ln-Ni with FPG. (c) The dose-response relationship of Ln-Ni with OGTT-1h. (d) The dose-response
relationship of Ln-Ni with OGTT-2h. Figure S3: The dose-response relationships of plasma V with FPI
and OGTT values. The blue line and gray shadow represent the OR value and 95% CI, respectively.
(a) The dose-response relationship of Ln-V with FPI. (b) The dose-response relationship of Ln-V with
FPG. (c) The dose-response relationship of Ln-V with OGTT-1h. (d) The dose-response relationship of
Ln-V with OGTT-2h. Figure S4: The dose-response relationships of plasma Mn with FPI and OGTT
values. The blue line and gray shadow represent the OR value and 95% CI, respectively. (a) The
dose-response relationship of Ln-Mn with FPI. (b) The dose-response relationship of Ln-Mn with FPG.
(c) The dose-response relationship of Ln-Mn with OGTT-1h. (d) The dose-response relationship of
Ln-Mn with OGTT-2h. Figure S5: The dose-response relationships of plasma Co with FPI and OGTT
values. The blue line and gray shadow represent the OR value and 95% CI, respectively. (a) The
dose-response relationship of Ln-Co with FPI. (b) The dose-response relationship of Ln-Co with FPG.
(c) The dose-response relationship of Ln-Co with OGTT-1h. (d) The dose-response relationship of
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Ln-Co with OGTT-2h. Figure S6: The dose-response relationships of plasma Cr with FPI and OGTT
values. The blue line and gray shadow represent the OR value and 95% CI, respectively. (a) The
dose-response relationship of Ln-Cr with FPI. (b) The dose-response relationship of Ln-Cr with FPG.
(c) The dose-response relationship of Ln-Cr with OGTT-1h. (d) The dose-response relationship of
Ln-Cr with OGTT-2h. Figure S7: The dose-response relationships of plasma Se with FPI and OGTT
values. The blue line and gray shadow represent the OR value and 95% CI, respectively. (a) The dose-
response relationship of Ln-Se with FPI. (b) The dose-response relationship of Ln-Se with FPG. (c) The
dose-response relationship of Ln-Se with OGTT-1h. (d) The dose-response relationship of Ln-Se with
OGTT-2h. Figure S8: LASSO regression analysis diagram. Maternal age, pre-BMI, ethnic group,
educational level, household income level, family history of diabetes, TG, CHOL, LDL, HDL, APO-B,
and 6 trace elements were included in the LASSO regression model for analysis. (a) The changing
trajectory of misclassification error with the penalty parameter (logλ) (estimates and 95% CI). The
dotted line represents the optimal λ value selected after cross-validation. (b) Cross-validation plot
for the penalty term. Supplementary Figure S9: Effect of single trace element exposure on GDM by
BKMR model Univariate exposure-response functions of each element (95% CI) with others fixed at
their medians (P50). The results were adjusted by family history of diabetes, education level, ethnic
groups, TG, LDL-cholesterol, and APO-B. Figure S10: Bivariate cross-section effects of trace element
exposure on GDM by BKMR model Bivariate cross-section effects of the exposure-response function
of a single element where the second element was fixed at P25, P50, and P75. Table S1: Profiling of
trace elements in maternal plasma (n = 1166) Table S2: Level of glucose and lipid metabolism indices.
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Abstract: Humans require vitamin A (VA). However, pooled VA data in human milk is uncommon
internationally and offers little support for dietary reference intake (DRIs) revision of infants under
6 months. As a result, we conducted a literature review and a meta-analysis to study VA concentra-
tion in breast milk throughout lactation across seven databases by August 2021. Observational or
intervention studies involving nursing mothers between the ages of 18 and 45, with no recognized
health concerns and who had full-term infants under 48 months were included. Studies in which
retinol concentration was expressed as a mass concentration on a volume basis and determined using
high-, ultra-, or ultra-fast performance liquid chromatography (HPLC, UPLC, or UFLC) were chosen.
Finally, 76 papers involving 9171 samples published between 1985 and 2021 qualified for quantitative
synthesis. Results from the random-effects model showed that the VA concentration of healthy term
human milk decreased significantly as lactation progressed. VA (μg/L) with 95% CI at the colostrum,
transitional, early mature and late mature stages being 920.7 (744.5, 1095.8), 523.7 (313.7, 733.6), 402.4
(342.5, 462.3) and 254.7 (223.7, 285.7), respectively (X2 = 71.36, p < 0.01). Subgroup analysis revealed
no significant differences identified in VA concentration (μg/L) between Chinese and non-Chinese
samples at each stage, being 1039.1 vs. 895.8 (p = 0.64), 505.7 vs. 542.2(p = 0.88), 408.4 vs. 401.2
(p = 0.92), 240.0 vs. 259.3 (p = 0.41). The findings have significant implications for the revision of DRIs
for infants under six months.

Keywords: vitamin A; retinol; human milk; full-term infant; lactation stage

1. Introduction

VA involves various physiological processes including retinal vision, gene expression,
immune strength, reproduction, embryonic development, and growth [1,2]. Latest research
shows that VA may have protective effects on outcomes of some viral infections such as
HPV and measles [3]. Breastfed infants, particularly exclusively breastfed infants, acquire
VA through human milk to achieve such needs. Breast-milk VA is a good indication of
infants and lactating mothers’ VA status, according to the World Health Organization
(WHO) [4,5]. The WHO, European Food Safety Authority (EFSA), and other competent
scientific organizations have established dietary reference VA values for infants and lac-
tating women [2,6,7]. However, such recommendations by the WHO or EFSA were based
on hypotheses, carried out with limited research and few subjects [8]. There have been
quite a few publications about human milk VA concentrations worldwide; however, there
is a wide range as shown in publications [9–11]. Meta-analysis methodology has been
viewed as a beneficial method for statistically combining and summarizing the results from
various studies, so as to obtain pooled data or estimates that may better represent what is
true in the population [12]. However, relatively few systematic reviews and meta-analyses
have been undertaken to synthesize VA concentration in human milk using international
data [13,14], resulting in scarcity of updated and solid breast milk VA levels. Such data is

Nutrients 2022, 14, 4844. https://doi.org/10.3390/nu14224844 https://www.mdpi.com/journal/nutrients19
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critical for establishing dietary reference intakes (DRIs) for groups, particularly newborns
and breastfeeding mothers [8].

To inform DRI revision for the group of healthy full-term infants aged 0 to 6 months,
we conducted a meta-analysis study to analyze human milk’s VA concentration on volume
base, determined by advanced methods (HPLC, UPLC, or UFLC), and to explore the
influence of potential confounders using meta-regression.

2. Materials and Methods

2.1. Literature Search

Articles in English were searched through PubMed, Web of Science, Embase and
Cochrane Central Register of Controlled Trials employing matching keywords “vitamin
A” or “retinol” with “human * milk”, “woman * milk”, “mother * milk”, “breast * milk”,
“lactation” or “lactating”. Articles in Chinese were searched through the China National
Knowledge Internet (CNKI), Wan Fang Database, or China Science and Technology Journal
Database (CSTJ) utilizing matching Chinese keywords covering “human milk” and “vita-
min A”, the former keyword including “human milk”, “breast milk”, or ”lactating mother”
and the latter including “vitamins”, “vitamin A”, “retinol”, “nutrients” or “nutritional
composition”. Articles published by 21 August 2021 were taken into account.

2.2. Study Selection and Screening

Studies were considered if they matched the following criteria: (1) intervention or
observational studies that reported the level of VA in human milk; (2) mothers were aged
between 18 to 45 years; (3) healthy lactating mothers free of degenerative or metabolic
illnesses; (4) full-term infants aged 0 to 48 months; and (5) high-, ultra-, or ultra-fast perfor-
mance liquid chromatography (HPLC, UPLC or UFLC) determination method. Criteria
for exclusion: (1) VA supplementation or particular diet intervention was used; (2) stud-
ies were presented as a review, case report, conference abstract, or proceedings without
full-text articles, communication letters, texts described in language other than English or
Chinese, duplicate publications, or full-text inaccessible; (3) preterm milk studies or data
derived from a blend of preterm and term breast milk; (4) research with identical samples,
or concentration data not in volume unit, inconsistent data, or unusual data; (5) no clear
identification of lactation stage. EndNote version 20.3 (Clarivate Analytics (UK) Limited,
London, UK) was used to screen and choose studies.

Data of Orhon et al. [15] at the colostrum stage, Vaisman et al. [16] at the transitional
phase and Redeuil et al. [9] at the transitional and late mature stages were removed due to
unusual data distribution. That of Eagle-Stone et al. [17] was omitted because participants
in some regions likely took high-dose VA supplements three months before the survey. The
supplementing effect on raised VA levels of human milk was considered durable within
6 months [4].

2.3. Data Extraction

Papers were chosen in the order of title, abstract and entire contents based on the
inclusion and exclusion criteria stated above. Four detectives extracted and double-checked
the data. A fifth investigator was consulted for assistance if there was any doubt throughout
the selection process. First author, publication year, study design, study location, analysis
methods, participant characteristics (sample size, mother age, lactation stage) and VA
concentration of human milk sample were all extracted.

Data from various lactating stages were retrieved and included in cohort studies. A
median point was chosen if more than one human milk sample subgroup was tested within
the same lactation stage. In intervention studies, baseline data from the intervention and
control groups were retrieved, and follow-up data from the control group were treated
similarly to cohort research. When both full breast-milk samples and random samples were
used in the same study, data of the former was extracted. All extracted data was recorded
using Excel.
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2.4. Data Analysis

The VA concentration data were given as mean± standard deviation of retinol. If
retinyl palmitate levels were also given, they were converted in proportion. If provided as
geometric mean and 95% CI, geometric mean was deemed identical to arithmetic mean
values, and 95% CI was regarded arithmetic mean values. Zhang et al. [18] were consulted
on the data transformation. The transformation of VA concentration in human milk from
mass base to volume was multiplied by a factor of 1.032. Individual sample size formation
was used in the computation when many samples were used in a single study, and weighted
mean and standard deviation were required. The following are the relevant functions:

Mean = (n1 × M1 + n2 × M2 + n3 × M3 + . . . + ni × Mi)/(n1 + n2 + n3+ . . . + ni) (1)

Ai = Si
2 (ni − 1) + Mi

2 × ni (2)

SD =

√
∑ Ai − [∑ (Mini)]

2

N
N − 1

(3)

The individual mean value, sample size and standard deviation of personal research
are represented by Mi, ni and Si, respectively.

A weighted mean and standard deviation were determined for a common lactation
stage. If the VA result of an individual study exceeded the range of Mean ± 2SD, the data
was considered an outlier and was excluded. The other studies were then incorporated and
integrated using meta-analysis with a random-effects model because there are differences
between studies in both population and performance. Subgroup analysis at each lactation
stage was conducted by countries: Chinese and non-Chinese studies.

The I2 test with a significance level of α = 0.05 was used to visually analyze hetero-
geneity among studies regarding the human milk VA level and to quantify the magnitude
of heterogeneity. Individual trials were examined using sensitivity analysis at each stage
of breastfeeding. Sources of heterogeneity were assessed using meta-regression analysis,
which included research design, publication year, mother’s age, country, sampling time,
sampling volume, and whether the breast was empty after sampled. R packages version
4.1.3 (10 March 2022) were used for meta-analysis and meta-regression.

3. Results

3.1. Study Identification

Database searching yielded 12,887 entries, including 11,089 abstracts in English and
1798 in Chinese (Figure 1). After all duplicates were removed, 9558 records were tested
against the title and abstract. In addition, three articles were included during the paper-
chasing procedure [18–20]. To establish eligibility for inclusion in the review, we eval-
uated 118 full-text studies. Finally, 76 studies from 33 countries met the inclusion and
exclusion criteria. They were assessed for data review, with seventy-one full-texts in En-
glish [9–11,16,20–87], four in Chinese [88–91], and one in Spanish but with abstract in
English [74].

3.2. Study Characteristics

There was one human milk bank study, forty cross-sectional studies, sixteen randomized-
control studies, four cohort studies, eleven intervention studies, one cross-sectional study in
parallel to one intervention study, and three longitudinal studies (Table 1), with six studies
involving Chinese participants, sixty-nine studies involving non-Chinese participants and
one study involving multinational participants. A total of 9171 human milk samples
were included, with VA concentrations in colostrum, transitional and mature human milk
determined in 2170, 719 and 6282 models, respectively. There were 4082 and 950 samples
included as early mature and late mature human milk, respectively, yet 999 specimens with
no clear indication whether they were early or late mature. There were 2053 Chinese and
5602 non-Chinese participants. These studies were published between Year 1985–2021.
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Figure 1. Flow diagram of literature review.

3.3. VA Concentration in Human Milk

The VA concentration (μg/L) with 95% CI of human milk at colostrum, transitional,
early and late mature stages was 920.7 (744.5, 1096.8), 523.7 (313.7, 733.6), 402.4 (342.5, 462.3)
and 254.7 (223.7, 285.7) for all samples, respectively (Table 2). The VA concentration with
95% CI of mature human milk was 385.3 (339.4, 431.3) μg/L. Subgroup analysis by lactation
stage showed there were significant difference between the colostrum, transitional and
mature stages (X2 = 170.02, p < 0.01) (Figure S1) and between the colostrum, transitional,
early and late mature stages (X2 = 71.36, p < 0.01) (Figure S2).

At the colostrum stage, which is within 7 days following delivery, there were five
studies performed on 429 Chinese participants and twenty-two studies completed on
1741 non-Chinese subjects (Figure 2). The VA content with 95% CI was 1039.1 (470.3,
1607.8) μg/L in Chinese specimens and 895.75 (714.1, 1077.4) in non-Chinese. There was no
statistically significant variance between the two population groups (X2 = 0.22, p = 0.64).
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Table 2. Summary of findings for the comparison between Chinese and non-Chinese human milk samples.

Lactation
Stage

Studies Enrolling
Chinese Participants

Studies Enrolling
Non-Chinese Participants

X2 p
Total Studies

No.
Sample

Size
Mean

95%
CI

No.
Sample
Size

Mean
95%
CI

No.
Sample

Size
Mean

95%
CI

Colostrum 5 429 1039.1 470.3,
1607.8 22 1741 895.8 714.1,

1077.4 0.22 0.64 27 2170 920.7 744.5,
1096.8

Transitional 3 356 505.7 118.0,
893.4 3 363 542.2 278.9,

805.6 0.02 0.88 6 719 523.7 313.7,
733.6

Mature 7 1268 386.4 270.6,
502.3 53 5014 385.2 335.1,

435.3 0.00 0.98 59 6282 385.4 339.4,
431.3

Early 7 1112 408.4 282.6,
534.1 38 3221 401.2 333.6,

468.6 0.01 0.92 44 4333 402.4 342.5,
462.3

Late 1 156 240.0 214.9,
265.1 5 794 259.3 220.8,

297.8 0.68 0.41 6 950 254.7 223.7,
285.7

Figure 2. Forest plot of colostrum VA concentration and subgroup analysis between Chinese and
non-Chinese samples.

At the transitional stage, which is postpartum 8–14 days, there were three studies
carried out among 356 Chinese subjects and three studies among 363 non-Chinese subjects
(Figure 3). The VA concentration with 95% CI was 505.7 (118.0, 893.4) μg/L for Chinese
and 542.2 (278.9, 805.6) for non-Chinese samples, respectively. There was no significant
difference between the two populations (X2 = 0.02, p = 0.88).

There were seven studies conducted among 1268 Chinese subjects and fifty-three stud-
ies among 5014 non-Chinese participants at the mature human milk stage (Figure S3), cover-
ing seven studies with 1112 Chinese and thirty-eight studies with 3221 non-Chinese at early
mature stage (Figure 4), one study with 156 Chinese and five studies with 794 non-Chinese
subjects at late mature stage (Figure 5). The VA concentration with 95% CI between Chinese
and non-Chinese participants was 386.4 (270.6, 502.3) μg/L vs. 385.2 (335.1, 435.3) μg/L at
the mature stage (X2 = 0.00, p = 0.98), 408.4 (282.6, 534.1) μg/L vs. 401.2 (333.6, 468.8) μg/L
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at the early mature stage (X2 = 0.01, p = 0.92) and 240.0 (214.9, 265.1) μg/L vs. 259.3 (220.8,
297.8) μg/L at the late mature stage (X2 = 0.68, p = 0.41). There was no significant differ-
ence when comparing population subgroups at the mature, early mature or late mature
lactation stage.

Figure 3. Forest plot of transitional human milk VA concentration and subgroup analysis between
Chinese and non-Chinese samples.

3.4. Heterogeneity and Sensitity Analysis

All analyses revealed substantial heterogeneity (I2 in 85~100%). Following sensitivity
testing, no significant change in the combined effect of VA levels was seen at each lactation
stage, indicating that all respective synthesized results was stable.

3.5. Meta-Regression

The results of the univariate meta-regression analysis revealed that none of the follow-
ing, i.e., publication year, sampling time, whether emptying breast or not after sampling,
whether Chinese or not, or study design type at each lactation stage, were significantly
associated with heterogeneity between studies (all p > 0.05) except maternal age (≥30 years
vs. <30 years) and nationality (Table A1). The explained heterogeneity of country changed
very little following correction for maternal age, i.e., 54.58% to 54.20% at early mature
human milk stage (both p < 0.0001), but the effect of maternal age changed from significant
to insignificant, i.e., its p value being increased from 0.025 to 0.051. Equally, at the colostrum
stage, the explained heterogeneity of country after correction resulted in a minute change,
i.e., 21.56% to 25.94% but with the p value decreasing from 0.34 to 0.044, whereas the impact
of maternal age changed from significant to insignificant again, with the p value increasing
from 0.041 to 0.48. The results of the multivariate meta-regression study results suggested
that country was a source of heterogeneity, while maternal age was not.
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Figure 4. Forest plot of early mature human milk VA concentration and subgroup analysis between
Chinese and non-Chinese samples.
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Figure 5. Forest plot of late mature human milk VA concentration and subgroup analysis between
Chinese and non-Chinese samples.

4. Discussion

In this study, we compiled previously published data on retinol concentrations in term
human milk at each step of the four lactation stages and compared them between Chinese
and non-Chinese studies. Our research comprised 76 articles, including 9171 participants
from 33 countries from 1985 to 2021, for calculating human milk VA levels determined by
HPLC, UPLC, or UFLC. At the colostrum, transitional, early mature and late mature stages
of human milk, the VA levels were 920.7 μg/L (3.21 μmol/L), 523.7 μg/L (1.83 μmol/L),
402.4 μg/L (1.40 μmol/L), and 254.7 μg/L (0.89 μmol/L), respectively. There was no
significant difference in the VA levels between Chinese and non-Chinese human milk at
each lactation stage. This research has crucial implications for DRIs VA modification.

4.1. Data Interpretation

Our findings were compatible with previous meta-analysis findings on VA levels in
human milk and the declining tendency with the lactation stage. Dror et al. [14] examined
retinol levels in colostrum in four included studies and the mature stage in twenty-four
studies (21~365-day lactation). The systematic approach chose the retinol-to-fat ratio
(μmol/g fat) as the primary outcome measure which led to nearly two-thirds of the relevant
literature being excluded for the meta-analysis. Despite this, the outcomes of our research
at the two segmental stages were similar to those of Dror et al., namely 920.7 μg/L vs.
999.7 μg/L, 385.4 μg/L vs. 383.8 μg/L. de Vries et al. [13] conducted a systematic review of
11 studies on the relationship between colostrum VA and maternal serum (plasma) vitamin
concentration but did not carry out a meta-analysis. As a result, our findings have greater
precision and comprehensiveness.

The respective wide data distribution could explain the similar VA level of human
milk at between Chinese and non-Chinese individuals at each lactation stage. Typically, the
samples by Zhang et al. [91] were from 20 counties in 11 provinces across China, including
urban and rural locations. In contrast, the non-Chinese samples came from 32 nations,
comprising both developed, developing, and under-developed ones. Our multivariate
meta-regression results, on the other hand, showed that the country factor explained more
than 50% of the heterogeneity, implying that the remaining variation between studies could
be due to factors such as VA intake, maternal status or sampling protocol rather than the
insignificant factors such as study design, publication year, and so on that we analyzed
here. Previous research has shown that inadequate dietary VA consumption, maternal VA
status during pregnancy and lactation all contribute to clinical heterogeneity, while breast
milk sampling protocol accounts for methodological heterogeneity [53,63,66,70,92].
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4.2. Implications of Our Results for DRIs Revision

Two studies reported mean liver VA concentration of perinatal normal-weight new-
borns [93,94], one being 17.3 ± 17.4 μg/g liver in Thai fetuses in gestational age of
37–40 week (n = 10), the other being 22 ± 26 μg/g liver in USA infants aged 0–6 days
(n = 22). Assuming that the liver represents 4.3% of body weight and the liver VA con-
centration is 20 μg/g, a 3.2-kg full-term newborn has stores of 2.8 mg VA. In contrast,
an exclusively breast-fed infant consumes approximately 54.3 mg of VA from mother’s
milk (402.4 μg/L × 0.75 L/day × 180 days). About 19.4 times more VA is transferred
from a mother to a baby during the 6 months of lactation than is accumulated by the fetus
during 9 months of gestation. Obviously, the VA in breast milk is of paramount impor-
tance for maintaining adequate VA status in early postnatal life of infants as compared to
accumulation of VA in the liver prenatally.

A proper estimation of human milk VA level is critical for reference setting in terms
of dietary adequate intake requirement for the population of exclusively breastfed infants
under six months of age to guarantee optimal growth and development of the newborns.
Accurate VA adequacy information for newborns and nursing mothers is desperately
needed [8]. As a result, we proposed that the VA content in early mature human milk
expressed as a mean with a 95% CI of 402.4 (342.5, 462.3) μg/L or 1.40 (1.20, 1.61) μmol/L,
could be used as data support for the purpose. First, a VA level in human milk greater than
>1.05 μmol/L may prevent clinical VA deficiency during the first six months of infancy [5].
Second, in this investigation, the synthesis result of VA level at the early mature stage
showed less variance than colostrum and transitional phase and had a greater level than
at later mature stage, indicating a better representative of human milk VA level. Third,
an equilibrium of VA secretion appeared to be obtained in early mature human milk for
human beings, as evidenced by the relatively comparable levels of VA in both Chinese
and non-Chinese participants at this stage. It is worth noting that 923 mother-infant dyad
participants in the Zhang 2021 [91] study had generally adequate nutrition and health status.
The comparable VA concentration in early mature human milk is 0.25 mg/L (0.87 μmol/L).
This threshold is far lower than the level proposed here. Fourth, past values presented by
authoritative groups might have been overstated. The current acceptable intake level of
VA for infants aged 0 to 6 months established by EFSA or IOM was based on the average
amount of VA consumed in humans [1,2]. However, if the figures are derived from a small
number of articles, there is a risk of overestimating the average demand for this group. The
EFSA limit of 530 μg/L, chosen as the midpoint of a range of averages (229–831) μg/L, was
based on five studies conducted in western countries that did not differentiate between
early mature and later-stage human milk. Based on four investigations [19–21,32], the
IOM established 485 μg/L (1.70 μmol/L) as the VA level in human milk in 2001 and
adopted the level from one of the studies, which was undertaken among three healthy, well-
nourished mothers within 75~277 days postpartum [21]. Our data analysis included these
four research studies, whereas one study [19] was omitted due to outdated methodology.
According to EFSA [7], the average levels of total VA concentration in western countries
have generally been estimated to be between 450 and 600 μg/L. Nevertheless, we proposed
a reference concentration range of VA in human milk of 402.4 (95% CI: 342.5, 462.3) μg/L
for DRIs VA modification for infants ≤ 6 months of age. The range could also be helpful to
nursing women and to optimizing the VA level of infant formula.

4.3. Study Limitations

Since the availability of the individual studies limited our meta-analysis of studies at
the transitional and later mature lactation stages, the influence of country variability on
human milk VA level at transitional stage may be weak, and it was not possible to assess
it at the later mature stage. As a result, the meta-regression results for these two stages
should be interpreted with caution.
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5. Conclusions

The current study found that synthesized human milk VA levels decreased as breast-
feeding progressed and that there was no significant difference in human milk VA levels
between China and other countries, even though country played a vital role in the varia-
tion. Our findings have important implications for DRIs VA revision for the population of
exclusively breastfed infants under six months.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nu14224844/s1, Figure S1: Forest plot of VA in human milk by
3 lactation stages; Figure S2: Forest plot of VA in human milk by 4 lactation stages; Figure S3: Forest
plot of VA in mature human milk by population.
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Appendix A

Table A1. Univariate Meta-regression of enrolled studies for heterogeneity source.

Stage 1 Stage 2 Stage 3 Stage 4

p R2 p R2 p R2 p R2

Country 0.066 21.56% 0.49 0.00% <0.0001 54.58% - & -

Population (Chinese vs. Non-Chinese) 0.59 0.00% 0.81 0.00% 0.97 0.00% 0.68 0.00%

Publication year 0.94 0.00% 0.91 0.00% 0.88 0.00% 0.82 0.00%

Sampling time 0.24 3.39% 0.06 33.90% 0.29 1.88% 0.11 45.00%

Study design 0.15 6.59% 0.052 49.13% 0.53 0.00% 0.295 1.62%

Whether emptying breast or not 0.23 2.18% 0.49 0.00% 0.37 0.00% 0.12 36.45%

Maternal age (<30 years vs. ≥30 years) 0.019 17.65% - $ - 0.025 9.50% 0.015 66.48%

Note: Lactating stage: 1 colostrum; 2 transitional human milk; 3 early mature human milk; 4 late mature human
milk. R2: Accounted for amount of heterogeneity. & Unable to make analysis due to limited number of studies.
$ Unable to make analysis due to same age stratification.
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Abstract: Optimal Vitamin D (VitD) status and thyroid function are essential for pregnant women.
This study aimed to explore associations between dynamic VitD status and thyroid function pa-
rameters in each trimester and throughout the pregnancy period. Information on all 8828 eligible
participants was extracted from the Peking University Retrospective Birth Cohort in Tongzhou. Dy-
namic VitD status was represented as a combination of deficiency/sufficiency in the first and second
trimesters. Thyroid function was assessed in three trimesters. The associations between VitD and
thyroid function were assessed by multiple linear regression and generalized estimating equation
models in each trimester and throughout the pregnancy period, respectively. The results indicated
that both free thyroxine (fT4; β = 0.004; 95%CI: 0.003, 0.006; p < 0.001) and free triiodothyronine
(fT3; β = 0.009; 95%CI: 0.004, 0.015; p = 0.001) had positive associations with VitD status in the first
trimester. A VitD status that was sufficient in the first trimester and deficient in the second trimester
had a lower TSH (β = −0.370; 95%CI: −0.710, −0.031; p = 0.033) compared with the group with
sufficient VitD for both first and second trimesters. In conclusion, the associations between VitD and
thyroid parameters existed throughout the pregnancy. Maintaining an adequate concentration of
VitD is critical to support optimal thyroid function during pregnancy.

Keywords: Vitamin D; deficiency; thyroid-stimulating hormone; free thyroxine; free triiodothyronine

1. Introduction

Thyroid hormones are crucial for the maintenance of many fundamental functions
in both adults and children [1]. During pregnancy, adequate thyroid hormone levels are
essential for normal pregnancy and optimal fetal growth and development [2]. Maternal
thyroid hormone is needed to support the development of placental and fetal hormones
over the first half of pregnancy [3]. Since the fetal thyroid gland matures only after
18–20 weeks of gestation, before that, all thyroid hormones depend on maternal thyroxin
(T4) transferred through the placenta [2]. Additionally, serum levels of thyroid-binding
globulin (TBG) increase during pregnancy; this is consequently combined with free T4 (fT4)
and free triiodothyronine (fT3) and then results in a slight decrease (10–15%) of these two
hormones when pregnant women live in an area with sufficient iodine [4]. Meanwhile,
increased urinary iodide clearance, thyroid hormone degradation, and human chorionic
gonadotropin (hCG), which is a weak agonist of the thyroid-stimulating hormone receptor
(TSH), all trigger higher thyroid hormone demand [5]. The total concentration of thyroxine
should increase by around 20–50% to reach a euthyroid level during pregnancy [6]. Overall,
pregnancy has a critical impact on the thyroid gland and its function.

Vitamin D (VitD) plays a pleiotropic role in the physiological and biological processes
of the human body, such as cell growth, differentiation, maturation, anticarcinogenic effects,
and anti-autoimmune activities, due to the wide expression of the VitD receptor (VDR) [7,8].
Recent studies have indicated that VitD deficiency is associated with thyroid disease since
VDR is expressed in thyrocytes [9]. Vitamin deficiency has been associated with autoim-
mune thyroid disease (AITD), such as Grave’s disease (GD) and Hashimoto’s thyroiditis
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(HT) [10,11]. Studies have indicated that VitD deficiency is prevalent in China [12,13] and
the prevalence of VitD deficiency in pregnant women is around 70% [14]. Furthermore,
VitD deficiency or thyroid disorder during pregnancy has a similarly adverse impact on
the pregnant woman and fetus, for example, preeclampsia, gestational diabetes, premature
birth, and abnormal fetal mental development.

All the aforementioned phenomena indicate a potential association between VitD
and thyroid function. Some studies have investigated the associations between VitD
status and thyroid function during pregnancy; their general weakness was that they
investigated the associations in the first or second trimester or in three trimesters with
different participants [15–17]. Only one study explored the dynamic association between
VitD status and thyroid function parameters across three trimesters among 50 pregnant
women, which had relatively low statistical power [18]. Three out of four studies did not
find associations between VitD and thyroid function, and only one study detected a positive
association between VitD concentration and TSH in the second trimester. Therefore, the
present study aimed to fill this research gap by using a relatively larger sample size to
capture the dynamic associations between VitD status and thyroid function in the Peking
University Retrospective Birth Cohort in Tongzhou.

2. Participants and Methods

2.1. Study Population

The present study is a retrospective cohort study. Information on all eligible partici-
pants was extracted from the Peking University Retrospective Birth Cohort in Tongzhou
(39◦ N latitude) based on the hospital information system of Beijing [19]. The inclusion
criteria were (1) singleton pregnancy; (2) maternal age between 18 and 49 years old; (3) the
initial thyroid function test was performed in the first trimester; (4) without assisted repro-
duction; (5) without heart disease, hypertension, diabetes mellitus, kidney disease, and
autoimmunity disease before pregnancy; (6) without family or personal history of thyroid
disease; (7) information on the first pregnancy was retained if more than one pregnancy
was detected for the same woman; and (8) verified last menstrual period between 28 Octo-
ber 2015 and 29 May 2019. Exclusion criteria were (1) levothyroxine (LT4) intake during
pregnancy (n = 901); (2) no Vitamin D test for the first and second trimesters (n = 9290); and
(3) absence of important covariables (n = 56). Finally, information on 8828 pregnant women
who visited and delivered in the Tongzhou Maternal and Children Health Hospital and
had vitamin tests twice was collected. Among them, 1552 pregnant women were tested for
thyroid function in the first and second trimesters; 562 for thyroid function in the first and
third trimesters; and 212 for the first, second, and third trimesters (Figure S1).

2.2. Data Collection
2.2.1. Assessment of VitD Deficiency and Thyroid Function

Serum 25-hydroxyVitamin D [25(OH)D] was measured in the first (median 9.5 weeks
of gestation) and second trimester (median 26.8 week of gestation) as the combination
of 25(OH)D2 and 25(OH)D3 using the high-performance liquid chromatography mass
spectrometry method. Thus, the combined value of 25(OH)D2 and 25(OH)D3 was used
to represent the level of 25(OH)D. When 25(OH)D ≤ 20.0 ng/mL, then the corresponding
participant was defined as having maternal VitD deficiency. We classified VitD status into
four groups: deficient in the first trimester and sufficient in the second trimester (D1S2),
deficient in the second trimester and sufficient in the first trimester (S1D2), sufficient in
both trimesters (S1S2), and deficient in both trimesters (D1D2). This classification method
could better reflect the dynamic VitD status in the first two trimesters. Furthermore, we
categorized the first trimester VitD status into quartiles (quartile 1: median 10.3 nmol/L
(full range 2.4–13.1); quartile 2: median 15.8 nmol/L (full range 3.1–18.3); quartile 3: median
21.3 nmol/L (full range 18.3–24.3); quartile 4: median 28.3 nmol/L (full range 24.3–92.9).

The thyroid function was assessed primarily during the first trimester of pregnancy. A
small fraction of the pregnant women had three thyroid function tests during the pregnancy
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period. Fasting blood samples were taken from all participants between 8:00 a.m. and 10:00
a.m. Then, serum was used for testing TSH, free T4 (fT4), free T3 (fT3), and TPOAb via
electrochemiluminescence immunoassays (ARCHITECT i2000, Abbott Core Laboratory,
Abbott Park, IL, USA). According to the reference range provided by the manufacturer,
TPOAb > 5.6 IU/mL was considered positive. All the reagents were matched with ARCHI-
TECT i2000 and supplied by the same company. The intra and inter-assay coefficients of
variation for the above-mentioned three indicators were all smaller than 10%.

2.2.2. Assessment of Covariates

The following relevant sociodemographic and clinical variables were considered
as covariates: maternal age, maternal educational level (high school or below, college,
and university or above), employment status (yes, no), race (Han, other), parity history
(primipara, multipara), folate supplementation status (yes, no), and VitD supplementation
status (yes, no). Based on the data of the present study, 91% of pregnant women took
VitD as a supplement. All demographic and medical information was collected by trained
health professionals when the pregnant women initialized the perinatal files in the first
trimester, including birth date, race, educational attainment, occupation, pregnancy history,
disease history, and LMP. Body mass index (BMI) was calculated by using weight (kg)
divided by the square of height (m2) with the first antenatal visit data and participants were
classified as underweight (BMI < 18.5 kg/m2), normal weight (18.5 ≤ BMI < 24.0 kg/m2),
obese (24.0 ≤ BMI < 28.0 kg/m2), or overweight (BMI > 28.0 kg/m2) according to the
criteria issued by the Working Group on Obesity in China (WGOC) [20]. Since VitD
is influenced by sunlight, we categorized the conception period (last menstrual period)
into spring (February–May), summer (June–July), autumn (August–October) and winter
(November–January) to generally represent the fluctuation of VitD concentrations.

2.3. Approval of Ethics

The study was approved by the Ethics Committee of the Peking University Health
Science Center (IRB00001052-21023).

2.4. Statistical Analyses

Continuous variables were checked for normal distribution using the Kolmogorov–
Smirnov test and were presented as mean (standard deviation, SD) for normally distributed
data and as median (IQR) for skewed data. Continuous variables were compared by
using one-way ANOVA test or Kruskal–Wallis rank sum test among the four subgroups.
Categorical variables were presented as frequency (percentage), and compared using the
Chi-square test or Fisher’s exact test among the four subgroups. Multiple linear regression
was applied to assess associations of VitD status with thyroid function parameters at
each trimester. Generalized estimation equation (GEE) analysis was applied to assess the
associations of VitD status with thyroid function parameters throughout the pregnancy
using identity link function and exchangeable correlation structure. The crude model was
built without adjusting for any covariates, whereas the adjusted model was adjusted for
all the covariates (maternal age, maternal educational levels, maternal employment status,
parity, pre-pregnancy BMI class, Vitamin D supplement during pregnancy, gestational
diabetes, and gestational hypertension disorder). The data analyses were performed
using R software (version 4.1.1). A two-tailed p-value < 0.05 was considered statistically
significant.

3. Results

3.1. Characteristics of the Study Population

The median value of maternal VitD (25(OH)D) was 18.3 ng/mL in the first trimester
and 30.5 ng/mL in the second trimester (Table 1). The proportion of VitD deficiency
reduced from 57.1% in the first trimester to 19.8% in the second trimester among total
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participants. In the present study, the prevalence of gestational diabetes mellitus was 28.6%
and the gestational hypertensive disorder was 2.1%.

Table 1. Characteristics of participants in three different trimesters.

Characteristic First Trimester, n = 8828 Second Trimester 1, n = 1396 Third Trimester 2, n = 562 p 4

Maternal age 29.40 (5.10) 3 29.20 (4.82) 29.75 (5.38) 0.033
Maternal education 0.894

Low (high school or below) 1308 (14.8) 197 (14.1) 77 (13.7)
Middle (college) 3828 (43.4) 607 (43.5) 251 (44.7)
High (university or above) 3692 (41.8) 592 (42.4) 234 (41.6)

Maternal employment 0.194
Unemployed 980 (11.1) 140 (10.0) 72 (12.8)
Employed 7848 (88.9) 1256 (90.0) 490 (87.2)

Race/ethnicity 0.960
Han 8305 (94.1) 1316 (94.3) 529 (94.1)
Other 523 (5.9) 80 (5.7) 33 (5.9)

Parity 0.143
Primiparous 5049 (57.2) 785 (56.2) 343 (61.0)
Multiparous 3779 (42.8) 611 (43.8) 219 (39.0)

Maternal BMI class 0.130
Underweight 840 (9.5) 151 (10.8) 43 (7.7)
Normal 5823 (66.0) 940 (67.3) 380 (67.6)
Overweight 1716 (19.4) 247 (17.7) 106 (18.9)
Obese 449 (5.1) 58 (4.2) 33 (5.9)

Folate supplement 0.462
No 760 (8.6) 107 (7.7) 45 (8.0)
Yes 8068 (91.4) 1289 (92.3) 517 (92.0)

Multivitamin supplement 0.765
No 4290 (48.6) 671 (48.1) 265 (47.2)
Yes 4538 (51.4) 725 (51.9) 297 (52.8)

Season of conception 0.011
Spring 1974 (22.4) 301 (21.6) 134 (23.8)
Summer 1631 (18.5) 257 (18.4) 133 (23.7)
Autumn 2614 (29.6) 436 (31.2) 163 (29.0)
Winter 2609 (29.6) 402 (28.8) 132 (23.5)
Vitamin D (0–13 weeks), ng/mL 18.30 (11.20) 18.20 (11.70) 19.20 (10.67) 0.312

Vitamin D deficiency (0–13 weeks) 0.410
No 3783 (42.9) 600 (43.0) 257 (45.7)
Yes 5045 (57.1) 796 (57.0) 305 (54.3)
Vitamin D (14–28 weeks), ng/mL 30.50 (16.20) 30.55 (16.32) 30.50 (14.85) 0.905

Vitamin D deficiency (14–28 weeks) 0.124
No 7081 (80.2) 1106 (79.2) 468 (83.3)
Yes 1747 (19.8) 290 (20.8) 94 (16.7)

Vitamin D supplement 0.264
No 810 (9.2) 113 (8.1) 44 (7.8)
Yes 8018 (90.8) 1283 (91.9) 518 (92.2)

TPOAb positive (0–13 weeks) 993 (11.2) 234 (16.8) 105 (18.7) <0.001
Gestational hypertensive disorder 185 (2.1) 26 (1.9) 27 (4.8) <0.001
Gestational diabetes mellitus 2492 (28.2) 382 (27.4) 227 (40.4) <0.001

1 Second-trimester participants should have both first- and second-trimester thyroid function tests irrespective of
the third trimester thyroid function test. 2 Third-trimester participants should have both first- and third-trimester
thyroid function tests irrespective of the second trimester thyroid function test. 3 Values are n (%) for categorical
variables and median (IQR) for a continuous variable with a skewed distribution. Vitamin D concentration was
measured with 25-hydroxyVitamin D in the serum. 4 Continuous variables were compared by using one-way
ANOVA test for normal distribution data or Kruskal–Wallis rank sum test for skew distribution data among the
four subgroups.

3.2. Characteristics of Thyroid Function with Different VitD Status

From the quartile analysis based on the first trimester, only fT3 increased steadily with
higher VitD concentration in the first trimester (p < 0.001, Table S1). Within the group of
participants with two VitD measurements, the number of participants was the lowest in the
S1D2 group (Table 2). In the first trimester, levels of fT3 and fT4 were different among those
four groups (both p < 0.05). The highest median levels of fT3 and fT4 were detected in the
S1D2 group. In the third trimester, the TSH levels were different among the four groups
(p < 0.001), and the S1D2 group had the highest TSH level among these four groups.
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Table 2. Parameters of thyroid function with different VitD status in three trimesters.

Characteristic S1S2 1 D1S2 S1D2 D1D2 p 3

First trimester (n = 8828) n = 3324 n = 3757 n = 459 n = 1288
TPOAb (IU/mL) 0.37 (0.66) 2 0.33 (0.59) 0.37 (0.67) 0.33 (0.53) 0.983
TSH (μIU/mL) 0.92 (0.91) 0.90 (0.97) 0.93 (1.01) 0.88 (0.97) 0.513
fT3 (pmol/L) 4.26 (0.62) 4.19 (0.61) 4.27 (0.64) 4.16 (0.64) 0.002
fT4 (pmol/L) 13.35 (2.05) 13.20 (2.08) 13.51 (2.03) 13.25 (2.04) 0.024
Second trimester (n = 1396) n = 515 n = 591 n = 85 n = 205
TSH (μIU/mL) 0.85 (0.82) 0.90 (0.81) 0.74 (0.90) 0.86 (0.87) 0.379
fT3 (pmol/L) 4.06 (0.60) 4.10 (0.60) 3.97 (0.49) 4.05 (0.59) 0.052
fT4 (pmol/L) 11.21 (1.70) 11.25 (1.76) 11.43 (1.91) 11.05 (1.86) 0.928
Third trimester (n = 562) n = 225 n = 243 n = 32 n = 62
TSH (μIU/mL) 1.27 (1.03) 1.31 (1.08) 1.69 (1.53) 1.25 (1.20) <0.001
fT3 (pmol/L) 3.80 (0.66) 3.84 (0.66) 3.78 (0.52) 3.89 (0.60) 0.597
fT4 (pmol/L) 9.91 (1.78) 9.96 (1.74) 9.66 (1.46) 9.91 (1.85) 0.619

1 S1S2 means that VitD was sufficient in both the first and second trimester; D1S2 means that VitD was deficient in
the first trimester and sufficient in the second trimester; S1D2 means that VitD was sufficient in the first trimester
and deficient in the second trimester; D1D2 means that VitD was deficient in both the first and second trimesters.
2 Values are median (IQR) for a continuous variable with a skewed distribution. Vitamin D concentration was
measured with 25-hydroxyVitamin D in the serum. 3 Continuous variables were compared by using one-way
ANOVA test for normal distribution data or Kruskal–Wallis rank sum test for skew distribution data among the
four subgroups.

3.3. Associations between VitD Status and Thyroid Function in Each Trimester Separately

In the first trimester, the contemporaneous VitD status was positively associated
with fT3 and fT4 levels both in the continuous analysis (β = 0.004; 95%CI: 0.003, 0.006;
p < 0.001 and β = 0.009; 95%CI: 0.004, 0.015; P = 0.001) and categorical analysis (β = −0.056;
95%CI: −0.097, −0.016; p = 0.007 and β = −0.196; 95%CI: −0.331, −0.060; p = 0.001),
respectively (Table 3). In the second trimester, the contemporaneous VitD status was
positively associated with fT3 (β = 0.003; 95%CI: 0.001, 0.006; p = 0.014). In the third
trimester, the VitD status of the second trimester had a positive association with the fT4
level in the third trimester (β = 0.011; 95%CI: 0.001, 0.022; p = 0.030). However, the
association between VitD status and TSH was more complex. The VitD level in the second
trimester seems to have had a negative association with TSH level in the third trimester in
the continuous analysis (β = −0.009; 95%CI: −0.016, −0.001; p = 0.024).

3.4. Associations between VitD Status and Thyroid Function across Three Trimesters

To further portray the associations between VitD and thyroid function throughout
three trimesters, GEE analyses were conducted in 212 pregnant women who had thyroid
parameters measured at each trimester (Table 4). S1D2 of VitD status had positive asso-
ciation with TSH (β = −0.370; 95%CI: −0.710, −0.031; p = 0.033), that is, compared with
VitD that was sufficient in both the first and second trimester, the status of deficiency could
reduce TSH. Since the sample size shrank substantially, therefore, further characteristics
comparisons were performed between 212 pregnant women and the rest of the total popu-
lation (Table S2). It indicated that there is higher prevalence of TPOAb positivity (10.7% vs.
31.6%), GHD (2.0% vs. 4.2%), and GDM (28.0% vs. 37.7%) in the population who had three
thyroid function tests (Table S2).
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Table 4. Associations between VitD status and thyroid function parameter across three trimesters 1

(n = 212).

Unadjusted Analysis Adjusted Analysis 2

Indicator VitD Status Beta 95%CI p Beta 95%CI p

TSH VitD level in 1st trimester 0.001 −0.012, 0.014 0.855 0.004 −0.009, 0.018 0.519
VitD level in 2nd trimester 0.002 −0.008, 0.012 0.696 0.001 −0.008, 0.011 0.786
VitD deficiency classification
D1S2 −0.155 −0.367, 0.057 0.152 −0.133 −0.358, 0.091 0.245
S1D2 −0.283 −0.586, 0.020 0.067 −0.370 −0.710, −0.031 0.033
D1D2 −0.050 −0.422, 0.323 0.794 −0.215 −0.632, 0.202 0.312

FT3 VitD level in 1st trimester −0.012 −0.025, 0.002 0.089 −0.015 −0.030, 0.000 0.053
VitD level in 2nd trimester −0.002 −0.011, 0.008 0.716 −0.002 −0.014, 0.009 0.695
VitD deficiency classification
D1S2 0.010 −0.232, 0.252 0.935 0.072 −0.201, 0.344 0.605
S1D2 −0.010 −0.238, 0.218 0.933 −0.054 −0.309, 0.201 0.678
D1D2 0.193 −0.020, 0.407 0.076 0.181 −0.084, 0.445 0.181

FT4 VitD level in 1st trimester −0.021 −0.054, 0.013 0.222 −0.030 −0.067, 0.008 0.121
VitD level in 2nd trimester 0.000 −0.0278, 0.0287 0.975 −0.004 −0.034, 0.027 0.819
VitD deficiency classification
D1S2 0.546 −0.413, 1.504 0.265 0.755 −0.167, 1.678 0.109
S1D2 0.781 −0.066, 1.627 0.071 0.853 −0.009, 1.715 0.052
D1D2 0.760 0.043, 1.477 0.038 0.799 −0.023, 1.622 0.057

1 Generalized estimation equation (GEE) analysis was applied to assess associations of the Vitamin D status with
thyroid function parameters throughout pregnancy using identity link function and exchangeable correlation
structure. 2 Adjusted for maternal age, maternal educational levels, maternal employment status, parity, pre-
pregnancy BMI class, Vitamin D supplement, folate and multivitamin supplementation, positivity for GHD, GDM,
TPOAb during pregnancy, and seasons of conception.

4. Discussion

In the current study, we delineated the complex associations between VitD and thyroid
function parameters in each trimester with the birth cohort data. The results indicated
that fT4 and fT3 both had positive associations with VitD status in the first trimester. A
VitD status that was sufficient in the first trimester and deficient in the second trimester
had a lower TSH, compared with the group with sufficient VitD for both first and second
trimesters. Previous research indicated that VitD status was negatively associated with
GHD, GDM, and TPOAb positivity [21–23], and these diseases or syndromes were also
associated with thyroid functions [24]. Therefore, we adjusted these factors rather than
directly censoring them from the data.

The VitD levels during pregnancy showed large variation across nations and regions.
Additionally, due to the different VitD supplementation recommendations within and
between jurisdictions during pregnancy, the supplementation also varies among pregnant
women. VitD deficiency is common in pregnant women, and the worldwide prevalence of
VitD deficiency was 54% in pregnant women [25]. A study based on China Nutrition and
Health Surveillance (CNHS) indicated that the prevalence of VitD deficiency (<20 ng/mL)
was higher in 2015–2017 (87.43%) compared with 2010–2012 (73.4%) among pregnant
women, regardless of VitD supplementation [26]. The prevalence of VitD deficiency was
30.57% in the Shanghai birth cohort in the first trimester, which was less than our current
study (57.1%) [27]. A plausible reason might be that the altitude is higher in Beijing in
comparison with Shanghai.

The natural process of pregnancy might also influence the levels of VitD. One study
focusing on pregnant women who did not have VitD supplementation showed that the
deficiency rate could reach 96% in the first trimester. Interestingly, the prevalence decreased
to 78% and 76% in the second and third trimesters individually [18]. Therefore, it might
indicate that there is a physiological increase in VitD during pregnancy, the lowest con-
centration of VitD was in the first trimester. In addition, this result was confirmed with
a larger sample size in the Shanghai birth cohort in both the VitD-supplemented group
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and the non-supplemented group [27], and Indian pregnant women [28]. Although VitD
concentration was substantially influenced by seasons, concentration trends were similar
in different trimesters [28].

In the aspects of thyroid function parameters, the physiological changes of TSH,
fT4, and fT3 are non-linear and intricate [2]. During the first 8–10 weeks of gestation,
hCG concentration reaches the highest level and the α subunit of hCG is structurally
similar to TSH, which increases the serum concentration of thyroxine, particularly in
T4, and this in turn reduces the level of TSH per se through negative feedback via the
hypothalamic–pituitary–thyroid axis [29]. Generally, for every 10,000 IU/L increasing
in hCG, TSH decreases by 0.1 mU/L; TSH value drops to the valley at the gestation
age of 10–12 weeks [30]. Therefore, during pregnancy, women normally have lower
serum TSH concentrations than before pregnancy. After a first trimester, with the reduced
concentration of hCG, the TSH concentration slowly increases and maintains at the plateau
around 25 weeks of gestation. However, there are 10% and 5% fractions of women with a
suppressed TSH in the second and the third trimester, respectively [29]. In contrast, the
level of fT4 peaks around gestation age of 10–12 weeks and shifts downwards after this
until birth [2]. To date, there have been only a few studies measuring fT3 through three
trimesters with the gold standard measurement LC-MS/MS. According to the published
data, the levels of fT3 synchronize with fT4 in late pregnancy [31,32]. Overall, the TSH, fT3,
and fT4 levels should be dissected based on the different trimesters. Therefore, we drew
a theoretical schematic diagram for VitD and thyroid parameter (Figure S2) for a better
understanding.

In the present study, positive associations were detected between VitD concentration
and fT3 and fT4 levels in the first trimester, individually. These results were logical and
corresponded to physiological changes among pregnant women based on the aforemen-
tioned findings (Figure S2). In contrast, no association between VitD and thyroid functional
parameters was detected in Zhao’s study with 50 Chinese women [18]. The plausible
differences could be attributed two major aspects. First, the number of participants was
only 50 in Zhao’s study, which generated relatively low R2 values in the multiple linear re-
gression. Second, all participants did not supplement with VitD before or during pregnancy,
which resulted in a generally low serum VitD level. Musa’s study was conducted with
132 Sudanese women in the first trimester and also did not find relationship between VitD
level and thyroid parameters [16]. Both Zhao’s and Musa’s studies included participants
who did not use VitD supplementation, although the non-supplementation period was
different. The period of no supplementation of VitD in Musa’s study only accounted for
the last six months before recruitment [16], while Zhao’s study recruited participants who
did not use VitD or calcium supplementation before or during pregnancy. Nonetheless,
the prevalence of VitD deficiency was significantly high in both Zhao’s (98%) and Musa’s
(99.2%) cohorts.

Ahi et al. conducted correlation analyses between maternal VitD and thyroid function
analysis with 66 Iranian pregnant women without VitD supplementation. The participants
were approximately divided into three trimesters, and each trimester included 22 pregnant
women. However, no statistical association was detected and the prevalence of VitD
deficiency was 45.46% [15]. All of these results indicated that associations can only be
detected with a certain amount of VitD. Intriguingly, Nizar carried out a study with
sufficient levels of VitD (>30 ng/mL) in Ammaman-Jordan women and detected a negative
association between VitD and TSH (r = −0.51, p < 0.005) [33]. However, Nizar did not
indicate which trimester those participants were in when they conducted the study. We
hypothesize that this scenario fits into the theoretical relationship between VitD and TSH in
the first trimester (Figure S2). In the present study, we detect a positive association between
VitD and TSH in the third-trimester model and the GEE model. These results indicated
that the TSH level started to increase in the second trimester and mainly bounced up in
the third trimester. Then, the overall average effect of VitD on TSH was positive during
the entire pregnancy period. In addition, Pan et al. performed an association analysis with
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277 pregnant women (without any thyroid-antibody positivity) in the second trimester; they
revealed a positive association between TSH and VitD and negative associations between
fT3/fT4 and VitD, respectively. In our present study, we revealed a positive association
between fT3/fT4 and VitD in the first trimester. Overall, all those results fitted into the
theoretical model in the first trimester (our present study) and second trimester (Pan’s
study) individually (Figure S2).

Until now, the regulations between VitD and thyroid parameters have not been fully
illustrated. The majority of studies have examined VitD deficiency and autoimmune
thyroid disease (AITD) [9]. Since 1,25(OH)2D can suppress the adaptive immune system, it
improves immune tolerance and represents a beneficial effect on a number of autoimmune
diseases [34]. Additionally, animal studies have indicated that 1,25(OH)2D combined with
cyclosporine could result in a synergistic effect to prevent the induction of experimental
autoimmune thyroiditis (EAT) in CBA mice [35,36]. Furthermore, BALB/C mice could
develop persistent hyperthyroidism after immunization with the TSH receptor only in
VitD-deficient mice [37]. In rat experiments, researchers found that 1,25(OH)D3 could
bind to the thyroid hormone receptors at the pituitary levels and modulated the secretion
of TSH [38]. Kano et al. demonstrated that VitD concentration could be elevated after
increasing T3, T4, and TSH in rats [39]. More related experiments should be conducted to
further elucidate the mechanism of VitD and thyroid hormone interactions. Nonetheless,
both adequate VitD level and euthyroidism are vital for fetal development. Therefore, VitD
supplementation seems more important in the first trimester.

Several merits of the current study should be mentioned. It was the first study to
reveal the associations between VitD and thyroid parameters across three trimesters with
a relatively moderate population size, with the birth cohort data. Furthermore, we also
dynamically considered Vitamin D concentration during the first two trimesters in terms
of the high supplementation rate, which strengthened our findings. However, the present
study also encountered limitations. Most pregnant women were only measured for their
thyroid function in the first trimester routinely. Those participants who had more than one
measurement of their thyroid functions had a high prevalence of gestational complications,
such as GDM and GHD, which may mean the associations between VitD and thyroid
function parameters were underestimated. Second, most participants did not have a VitD
measurement in the third trimester, which made it difficult to portray the full view of VitD
and thyroid function in our own dataset. Finally, it was an observational study in which
causal inference ability was also limited.

In conclusion, the associations between VitD and thyroid parameters are dynamic.
fT3 and fT4 were positively associated with VitD in the first trimester. TSH was positively
associated with VitD, particularly in the third trimester. It is important to maintain an
adequate level of VitD to support normal thyroid function from a nutritional point of view.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nu14183780/s1, Figure S1: Flowchart of selection of participants;
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Table S2: Comparison of characteristics between the population of the total population and the GEE
population.
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Abstract: Background: Maternal passive smoking and vitamin D deficiency might elevate risk of
spontaneous abortion. The study aimed to investigate the association of co-exposure to passive
smoking and vitamin D deficiency with the risk of spontaneous abortion. Methods: A population-
based case-control study was performed among non-smoking women in Henan Province, China,
with 293 spontaneous abortion cases and 496 liveborn controls with term, normal birthweight.
Results: Compared to women without exposure to passive smoking nor vitamin D deficiency,
women with deficient vitamin D alone and women with exposure to passive smoking alone had
increased risk of spontaneous abortion (OR = 1.76, 95%CI: 1.08~2.89; OR = 1.73, 95%CI: 1.11~2.69,
respectively). The risk of spontaneous abortion was even higher for those with co-exposure to passive
smoking and vitamin D deficiency (OR = 2.50, 95%CI: 1.63~3.84). A dose-response relationship was
found of an incremental risk of spontaneous abortion with rising numbers of exposures to passive
smoking and vitamin D deficiency (p < 0.001). Conclusion: Co-exposure to passive smoking and
vitamin D deficiency was associated with an elevated risk of spontaneous abortion, and the risk
of spontaneous abortion rose with rising numbers of exposures. Intervention programs need to
specifically target the vulnerable groups of pregnant women with both malnutrition and unfavorable
environmental exposure.

Keywords: passive smoking; vitamin D deficiency; spontaneous abortion; co-exposure

1. Introduction

Spontaneous abortion is often accompanied by early and late maternal complications
including blood loss, infection and symptomatic complaints, such as pain and bleeding,
together with objective difficulties in conceiving [1]. It is also often a sentinel predictor
of several adverse outcomes in subsequent pregnancies such as neural defects, recurrent
spontaneous abortion or perinatal mortality [2,3]. In China, it is reported that the incidence
of spontaneous abortion is around 10~14% [4,5]. Besides genetic and demographic factors,
spontaneous abortion can also be attributed to acquired and environmental factors, many
of which are modifiable [2].

Cigarettes contain hundreds of toxic substances such as nicotine, cotinine, carbon
monoxide, volatile organic compounds or polycyclic aromatic hydrocarbons (PAH), lead
and cadmium. With high lipid solubility, a number of these substances could rapidly cross
the placenta, accumulate and metabolize in the fetus, causing up to twice the concentration
of cotinine on the fetal than on the maternal side [6] and threatening the developing
fetus [7]. Currently, evidence from human observational studies of the association between
spontaneous abortion and active smoking is more conclusive, yet studies concerning
passive smoking are fewer, results are inconsistent, and most were performed in Western
countries [8]. In China, the prevalence of passive smoking for non-smoking women was
considerable, reaching around 40% in the workplace, 51% in the home and even 76%

Nutrients 2022, 14, 3674. https://doi.org/10.3390/nu14183674 https://www.mdpi.com/journal/nutrients49



Nutrients 2022, 14, 3674

in restaurants [9,10]. Women in rural areas or those who are less educated tend to be
more easily exposed to passive smoking [11–13]. A large population-based retrospective
cohort study in China indicated that women exposed to their husbands’ smoking during
preconception had an 11% (95% CI: 1.08~1.14) increased risk of spontaneous abortion
compared with those without such exposure [14]. Another case-control study also found a
rising risk of unexplained recurrent spontaneous abortion among women self-reported to
be exposed to passive smoking compared to the non-exposed group [15]. However, more
evidence is needed concerning the potential effects and mechanisms of passive smoking on
the risk of spontaneous abortion in the Chinese population.

Among pregnant women in China, vitamin D deficiency is prevalent, with an insuf-
ficiency prevalence rate of 45% and a deficiency rate of 42% [16]. Circulating vitamin D
appears even lower in smokers [17], probably because of tobacco’s role in disrupting the
vitamin D endocrine system [18] and causing low intake of vitamin D through changing
dietary taste. Moreover, maternal vitamin D deficiency might endanger the maintenance
of pregnancy and, thus, lead to spontaneous abortion, a conjecture that has been sup-
ported by some epidemiological studies [19,20]. Hence, it is likely that co-exposure to
passive smoking and vitamin D deficiency corresponds to a higher risk of spontaneous
abortion than a single exposure. However, past literature has scarcely probed into this
topic. Therefore, based on data from rural Henan Province, China, the present study
aimed to explore the relationship among passive smoking, vitamin D deficiency and risk of
spontaneous abortion.

2. Materials and Methods

2.1. Study Design and Data Collection

A population-based case-control study was derived from the Birth Defects Monitoring
and Comprehensive Intervention Project in Henan Province, China from December 2009
to January 2010. As the fifth most populous province [21], Henan is in central China with
latitude/longitude of 31◦23′ N–36◦22′ N/110◦21′ E–116◦39′ E. Detailed study design has
already been described elsewhere [20,22]. In brief, in order to obtain a representative
sample of women of child-bearing age, we conducted a multi-stage cluster sampling of
women between 18 and 40 years old with permanent local registered residency. A total of
1151 participants had their serum blood collected, among whom 293 had a spontaneous
abortion within one year and 498 had term (≥37 gestational weeks) normal birthweight
(≥2500 g and <4000 g) liveborn babies without birth defects during the same period [20].
As our study focused on the effects of passive smoking, we excluded women with ac-
tive smoking (n = 2). Finally, there were 789 participants included in our study, with
293 spontaneous abortion cases and 496 controls.

After recruitment, participants were interviewed face-to-face by trained healthcare
workers about their basic socio-demographic information, as well as their behavioral and
dietary habits during pregnancy. During the interview, 8 mL of women’s fasting venous
blood was also collected, prepared by centrifugation and then stored at −80 ◦C at Peking
University until analysis.

The study protocol was reviewed and approved by the Institutional Review Board
of Peking University Health Science Center. All subjects gave written informed consent
before completing the questionnaire and collection of blood samples.

2.2. Spontaneous Abortion Cases and Controls

Spontaneous abortion cases in our study were defined as clinically recognized preg-
nancy loss before 28 gestational weeks. Controls were women delivering liveborn babies
with neither birth defects nor preterm birth (<37 gestational weeks), low birthweight
(<2500 g) or high birthweight (≥4000 g).
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2.3. Maternal Passive Smoking and Vitamin D Deficiency

Maternal passive smoking was defined according to the survey question, “Did you
passively inhale cigarette smoke by smokers around you for an average of more than 15 min
per day during pregnancy?”. Vitamin D was measured quantitatively based on the level
of serum 25-hydroxyvitamin D (25(OH)D) concentration in serum samples, which were
analyzed using the high-performance liquid chromatography-tandem mass spectrometry
(HPLC-MS/MS, Ultimate3000–API 3200 Q TRAP) method. Here we defined vitamin D
deficiency as 25(OH)D < 20 ng/mL and sufficiency as ≥20 ng/mL as suggested by previous
literature [23].

2.4. Covariates

Women’s basic characteristics, including age, history of chronic diseases, education,
occupation, and diet and behavioral factors, were considered as potential covariates in the
analysis. An extreme BMI could have a negative role in reproductive outcomes as well as
vitamin D status [2,24] and, thus, was also evaluated as a potential covariate. BMI was
calculated as weight divided by the square of height. We used 24 kg/m2 and 28 kg/m2 as
cut-off points for the “normal weight or underweight”, “overweight” and “obesity” groups
given the specific body characteristics of Chinese population [25]. Diet referred to vitamin
D supplementation (supplementation of vitamin D, cod-liver oil or any multivitamins
containing vitamin D), nutritional supplementation (any supplementation of vitamin A,
multivitamin B, vitamin B1, vitamin B2, vitamin B6, vitamin B12, vitamin C, vitamin E, cod-
liver oil or vitamin D, iron preparations, calcium tablets or zinc), and average frequencies
of intake of food that contained relatively high vitamin D, namely, meat, aquatic products,
eggs, and milk or dairy products. Behavioral habits were alcohol consumption (drinking
alcoholic beverages more than once a month) and physical exercises (referring to any indoor
or outdoor health-promoting physical exercises more than once a week for more than
30 min per time). As serum 25(OH)D levels might be influenced by sunlight exposure, the
sampling time was also considered.

2.5. Statistical Analysis

Univariate analysis with χ2 test (or Fisher’s exact test when appropriate) was per-
formed to test the differences of socio-demographic characteristics, dietary and behavioral
factors as well as sampling time between spontaneous abortion cases and controls and
between those with vitamin D deficiency and sufficiency. Significant variables (p < 0.05)
were then included in later multivariate models.

We conducted a multivariate logistic regression model to investigate the association of
passive smoking and vitamin D deficiency with risk of spontaneous abortion. To explore
the single and combined effects of maternal passive smoking and vitamin D deficiency,
we first divided participants into four groups: (1) women without passive smoking nor
vitamin D deficiency; (2) those without passive smoking but with vitamin D deficiency;
(3) those without vitamin D deficiency but with passive smoking and (4) those with passive
smoking and vitamin D deficiency. The four groups represented a rising degree of the two
exposures. Multivariate models were then performed by comparing the latter three groups
with the first group to evaluate risk of spontaneous abortion across different combinations
of the two risk factors. A trend test was then conducted to determine whether the risk
increased with rising degree of exposure combinations. We also conducted an interaction
test [26] to determine whether there was an interaction effect between the two factors.

3. Results

The basic characteristics, behavioral and dietary habits and vitamin D status of spon-
taneous abortion cases and controls were displayed in Table 1. Our study mainly included
women ≥ 28 years old (62%), achieving junior high school or lower educational attainment
(76%) and being a housewife or farmer (81%). Alcoholic consumption was rare among
participants, with only 13 (1.7%) reporting drinking over once per month. While passive
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smoking was prevalent, with over 60% participants demonstrating that they were exposed
to smoking air for an average of over 15 min per day. The serum samples were collected
after pregnancy outcomes and all in winter (Jan and Dec). Vitamin D deficiency was com-
mon, accounting for 49% of all participants. Significant differences were observed between
spontaneous abortion cases and controls with regard to BMI, history of chronic diseases,
meat intake, milk intake, passive smoking and vitamin D deficiency (p < 0.05).

Table 1. Differences in basic characteristics between spontaneous abortion cases and controls.

Variables
Cases (n = 293) Controls (n = 496)

p
n (%) n (%)

Basic characteristics
Age (years) 0.75

<28 110 (37.5) 192 (38.7)
≥28 183 (62.5) 304 (61.3)

Education 0.15
High school or above 61 (20.8) 125 (25.3)
Junior high or below 232 (79.2) 369 (74.7)

Occupation 0.74
Unemployed or famers 55 (18.8) 98 (19.8)
Others 238 (81.2) 398 (80.2)

Household annual income
(RMB 1) 0.34

≥10,000 172 (58.7) 307 (62.2)
<10,000 121 (41.3) 187 (37.8)

BMI (kg/m2)
<24 170 (58.0) 324 (65.3) 0.03
24–28 79 (27.0) 126 (25.4)
>28 44 (15.0) 46 (9.3)

History of chronic diseases
No 243 (82.9) 449 (90.5) 0.002
Yes 50 (17.1) 47 (9.5)

Dietary habits
Nutritional supplement 0.36

No 216 (73.7) 380 (76.6)
Yes 77 (26.3) 116 (23.4)

Vitamin D supplement 2 0.25
No 261 (89.1) 454 (91.5)
Yes 32 (10.9) 42 (8.5)

Meat intake 0.02
≥once per week 144 (49.1) 285 (57.6)
<once per week 149 (50.9) 210 (42.4)

Aquatic product intake 0.09
≥once per month 51 (17.4) 111 (22.4)
<once per month 242 (82.6) 384 (77.6)

Eggs intake 0.15
Everyday 92 (31.4) 157 (31.7)
4–6 times per week 60 (20.5) 129 (26.1)
≤3 times per week 141 (48.1) 209 (42.2)

Milk or dairy products intake 0.006
≥4 times per week 49 (16.7) 100 (20.2)
<4 times per week but at

least once per month 70 (23.9) 159 (32.1)

Almost never 174 (59.4) 236 (47.7)
Behavioral factors
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Table 1. Cont.

Variables
Cases (n = 293) Controls (n = 496)

p
n (%) n (%)

Alcohol consumption 0.92
No 288 (98.3) 488 (98.4)
Yes 5 (1.7) 8 (1.6)

Physical exercise 0.93
No 251 (85.7) 422 (85.4)
Yes 42 (14.3) 72 (14.6)

Passive smoking 0.004
No 97 (33.1) 215 (43.4)
Yes 196 (66.9) 281 (56.6)

Vitamin D status 0.003
Sufficient 129 (44.0) 273 (55.0)
Deficient 163 (56.0) 223 (45.0)

Sampling time 0.34
January 2010 42 (14.3) 84 (16.9)
December 2009 251 (85.7) 412 (83.1)

1 RMB: the Chinese official currency; 2 sufficient: 25(OH)D ≥ 20 ng/mL, deficient: 25(OH)D < 20 ng/mL.

Supplemental Table S1 displays the differences in basic characteristics between dif-
ferent vitamin D statuses. Table 2 describes the results of multivariate analysis for the
association of passive smoking and vitamin D deficiency with risk of spontaneous abortion.
The multivariate logistic regression analysis showed that women exposed to passive smok-
ing were associated with a 57% (95%CI: 1.15~2.14) higher risk of spontaneous abortion
compared to unexposed women; women with vitamin D deficiency were also associated
with a higher risk of spontaneous abortion (OR = 1.56, 95%CI: 1.15~2.10).

Table 2. Analysis of association of passive smoking and vitamin D deficiency with risk of
spontaneous abortion.

Exposure cOR(95%CI) aOR(95%CI) 1

Passive smoking 1.55(1.14~2.09) 1.57(1.15~2.14)
Vitamin D deficiency 2 1.56(1.16~2.08) 1.56(1.15~2.10)

1 Adjusted for BMI, milk or diary product intake, meat intake and history of chronic diseases; 2 vitamin D
deficiency: 25(OH)D < 20 ng/mL.

Table 3 showed the different risk of spontaneous abortion across different exposure
combinations of passive smoking and vitamin D status. Compared to women without
passive smoking nor vitamin D deficiency, a 1.73 (95%CI: 1.11~2.69) times higher risk
of spontaneous abortion was observed among those without vitamin D deficiency but
with passive smoking, and 1.76 (95%CI: 1.08~2.89) times higher risk for those without
passive smoking but with vitamin D deficiency, after adjusting for BMI, history of chronic
diseases, meat intake and milk intake. The risk of spontaneous abortion was even higher,
accounting for 2.50 (95%CI: 1.63~3.84) times for those with both passive smoking and
vitamin D deficiency. There was no statistical interactive effect observed (p = 0. 82). A
significant χ2

trend (p < 0.001) indicated a dose-response relationship of an increased risk of
spontaneous abortion with rising degree of combined exposure to passive smoking and
vitamin D deficiency.
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Table 3. Risk of spontaneous abortion across different combination groups of passive smoking and
vitamin D status.

Passive
smoking

Vitamin D
Deficiency 1

Cases
(n = 293)

Controls
(n = 497)

aOR
(95%CI) 2 p

No No 130 46 1.00
Yes No 143 83 1.73(1.11~2.69) <0.05
No Yes 85 51 1.76(1.08~2.89) <0.05
Yes Yes 140 113 2.50(1.63~3.84) <0.001

χ2
trend <0.001

Interaction 0.82
1 Vitamin D deficiency: 25(OH)D < 20 ng/mL; 2 adjusted for BMI, milk or diary product intake, meat intake and
history of chronic diseases.

4. Discussion

4.1. Main Findings

With a population-based case-control study performed in rural Henan Province, China,
we explored the association between maternal passive smoking, vitamin D status and risk of
spontaneous abortion. The findings indicated a dose-response relationship of incremental
risk of spontaneous abortion with rising degree of combined exposure to passive smoking
and vitamin D deficiency. Our study provided clues of the combined effects of passive
smoking and nutritional deficiency on the risk of adverse pregnancy outcomes in a Chinese
population of reproductive age.

Our study found that there was an association between maternal exposure to passive
smoking and an elevated risk of spontaneous abortion. This result was consistent with
another case-control study in China that showed a rising risk of unexplained recurrent
spontaneous abortion for passive smokers [15]. A case-control study in Sweden also
indicated a higher probability of having a history of spontaneous abortion in women
with exposure to passive smoking (defined as plasma cotinine concentrations from 0.1
to 15.0 ng/mL) [27]. Potential mechanisms could be the hazardous substance in tobacco
smoke accumulating in women’s bodies and crossing the placenta to induce maternal
complications and placental pathology [28] affecting the fetal development [7] and, thus,
predicting spontaneous abortion [29]. Previous research on the relationship between
smoking and spontaneous abortion focuses mainly on active smokers [8]. However, albeit
active smoking is relatively rare in pregnant women, passive smoking is still severe in
China [9]. Provided that non-smokers with passive smoking generally inhale much smaller
amounts of tobacco smoke particles and nicotine than an active smoker [30], our results that
passive smoking was associated with a 57% increased risk of spontaneous abortion echoes
the warning from the WHO that there is no safe level of tobacco smoke exposure [31]. What
is more, nonsmokers with passive smoking are influenced by not only mainstream but also
sidestream smoke, which contains different quantities of toxic substances from the former.
In other words, passive and active smoking might act differently on maternal and fetal
health. As it is well-recognized that the origins of spontaneous abortion are multifactorial
and it is hard to observe the whole process and find mechanisms, epidemiological studies
are important to provide clues, especially for environmental risk factors. Our study, thus,
adds evidence from the Chinese population for avoiding maternal exposure to passive
smoking during pregnancy to reduce risk of adverse pregnancy outcomes, including
spontaneous abortion.

Furthermore, our findings indicated that the risk of spontaneous abortion increased by
137% for those with co-exposure to passive smoking and vitamin D deficiency
(OR = 2.37, 95%CI: 1.54~3.67) compared to those with neither exposure. Furthermore,
there was a dose-response relationship of increased risk of spontaneous abortion with
the incremental numbers of exposures to passive smoking and vitamin D. Our previous
research has already found that women with vitamin D deficiency were more likely to
have experienced spontaneous abortion [20]. As stated above, passive smoking might
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also be associated with a higher risk of spontaneous abortion. What is worse, smoking
might further lead to vitamin D deficiency [17], probably because smoking brings about
disorders of food intake, synthesis, hydroxylation and catabolism of vitamin D [18]. That
could explain our finding that a combined exposure of passive smoking and vitamin D
deficiency might be related to an even higher risk of spontaneous abortion than single
exposure. This co-exposure to malnutrition and unfavorable environment is constantly
observed in some socio-economically disadvantaged groups. Explanations have been
offered by past researchers that women with low socio-economic status, low educational
level or unprofessional jobs are inclined to be exposed to passive smoking and vitamin D
deficiency [11–13,22,32]. Our previous study showed that lower maternal socio-economic
status (SES) was associated with higher risk of vitamin D deficiency in women of child-
bearing age in rural northern China [22], and low maternal SES may strengthen the effect
of vitamin D deficiency exposure on spontaneous abortion risk [20]. The two studies,
along with the present one, thus, call for policy makers and the whole society to offer
special attention to periconceptional women in disadvantaged socio-economic groups with
overlying exposure to undernutrition and harmful environments.

4.2. Strengths and Limitations

One of the strengths of the present study was that it is a population-based case-
control study adopting a representative and relatively large sample, thus increasing the test
power. The selection bias was minimized with a multi-stage cluster sampling method. By
restricting our subjects to non-smokers, we excluded the potential confounding effects of
active smoking. Furthermore, compared to methods using spousal smoking as a surrogate
of exposure to passive smoking, our method, which asked women whether they were
surrounded by a smoking environment, was more direct because, with the spread of health
knowledge today, many smokers would avoid smoking at home, especially with their
pregnant wives or children.

The limitations of our study should also be acknowledged. First, we regarded the
measurement of vitamin D level after the pregnancy outcomes as an estimate of vitamin
D exposure during pregnancy by assuming a stable serum 25(OH)D level. Admittedly,
this was a very strong assumption and serum 25(OH)D does change over time when
sunlight, temperature, weight status, nutritional supplementation and other factors change.
A longitudinal study that tracked serum 25(OH)D levels found a low degree of agreement
in two waves with a 14-year interval [33]. However, we measured the serum 25(OH)D
about one year after the pregnancy outcomes, a relatively short period during which
serum 25(OH)D level usually had a high consistency according to past research [34,35].
Additionally, vitamin D supplementation was not a prevalent practice among young
women in China, as can be indicated in our study and others that only a very small
proportion of women took vitamin D supplementation (9% in our study and 9% in another
one conducted in 2010–2012 [16]). What is more, the effects of vitamin D deficiency are
presumably cumulative instead of temporal. Therefore, our way of estimating cumulative
vitamin D exposure during pregnancy was reasonable. Second, the passive smoking
was self-reported instead of by some biomarkers that proved to be a more precise way
of exposure measurement [36]. However, many past researchers have implied that self-
reported questions concerning passive smoking status had a high consistency to nicotine
in biomarkers and, thus, could be a reliable way to assess passive smoking in adults [37].
Even if the misclassification was brought about by women’s self-report, it is most probably
a nondifferential one [38]. Third, our study did not collect more detailed information about
the sources and duration of passive smoking exposure, while the degree of exposure might
be different with regard to various conditions. Future studies can consider collecting more
information on exposure such as whether the exposure comes from home or the workplace
and on average how many cigarettes are smoked around the women.

55



Nutrients 2022, 14, 3674

5. Conclusions

In summary, through a population-based case-control study in Henan Province, China,
our study investigated the individual and combined effects of maternal passive smoking
and vitamin D deficiency during pregnancy on risk of spontaneous abortion. It was found
that there was an association of maternal exposure to passive smoking and vitamin D
deficiency with an elevated risk of spontaneous abortion. Moreover, compared to women
without exposure to passive smoking nor vitamin D deficiency, the risk of spontaneous
abortion rose when the exposures increased. Our study speaks to the importance of effective
education and public health intervention programs specifically targeting vulnerable groups
of pregnant women with both malnutrition and unfavorable environmental exposure.
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between different vitamin D status.
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Abstract: Maternal hemoglobin (Hb) is related to nutritional status, which affects neonatal birth
weight. However, it is very common for maternal Hb to fluctuate during pregnancy. To evaluate the
associations of maternal Hb in different time points and its changes during pregnancy with neonatal
birth weight, small for gestational age (SGA)/low birth weight (LBW) and large for gestational age
(LGA)/macrosomia, we conducted this study by using data from the Electronic Medical Record
System (EMRS) database of Zhoushan Maternal and Child Care Hospital in Zhejiang province, China.
The pregnancy was divided into five periods: first, early-second, mediate-second, late-second, early-
third and late-third trimesters; we further calculated the maternal Hb changes during pregnancy.
Overall, the socio-demographic characteristics, health-related information and childbirth-related
information of 24,183 mother–infant pairs were obtained. The average Hb concentration during the
different periods were 123.95 ± 10.14, 117.95 ± 9.84, 114.31 ± 9.03, 113.26 ± 8.82, 113.29 ± 8.68 and
115.01 ± 8.85 g/L, respectively. Significant dose–response relationships between maternal Hb and
birth weight were observed in the first, late-second and later trimesters (p non-linear < 0.05). Maternal
Hb < 100 g/L was related to a high risk of LGA/macrosomia in the late-second (OR: 1.47, 95% CI: 1.18,
1.83) and later trimesters; additionally, high maternal Hb (>140 g/L) increased the risk of SGA/LBW
in the first (OR: 1.26, 95% CI: 1.01, 1.57) and late-third trimesters (OR: 1.96, 95% CI: 1.20, 3.18). In
addition, the increase in maternal Hb from the late-second to late-third trimesters had a positive
correlation with SGA/LBW. In conclusion, maternal Hb markedly fluctuated during pregnancy;
the negative dose–response association of maternal Hb in the late-second and third trimesters, and
Hb change during pregnancy with neonatal birth weight outcomes were observed, respectively.
Furthermore, the phenomenon of high Hb in the first trimester and after the late-second trimester and
the increase of maternal Hb from the late-second to late-third trimesters more significantly increasing
the risk of SGA/LBW should especially be given more attention. Its biological mechanism needs to
be further explored.

Keywords: maternal hemoglobin; neonatal; birth weight; SGA/LBW; LGA/macrosomia; pregnancy

1. Introduction

Neonatal birth weight has been obtaining wide attention as it is a strong predictor
of neonatal and perinatal mortality and disability, as well as birth weight percentiles, are
used to predict the risk of growth disorders in newborns [1]. The global prevalence of
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low birth weight (LBW) was 14.6% in 2015 [2], and it was estimated that approximately
32.4 million infants that were small for gestational age (SGA) were born in low-income
and middle-income countries in 2010 [3]. Both LBW and SGA were associated with short-
term and long-term adverse outcomes, such as infection, respiratory depression, jaundice,
obesity, insulin resistance and type 2 diabetes [1,4,5]. In addition, the prevalence of large
for gestational age (LGA) and macrosomia is also increasing, especially in developing
countries [6,7]. LGA and macrosomia are also considered factors that can increase the risk
of early obesity, metabolic diseases [8], diabetes and early cardiovascular disease [9,10].
Growth restriction and excessive growth were two extremes of fetal development, both of
which were associated with neonatal mortality and other adverse outcomes. Therefore, it is
essential to identify the early factors that might influence neonatal birth weight and alert
the need for an intervention.

Maternal nutritional status during pregnancy is one of the critical influencing factors
of neonatal birth weight [11]. Both restricted growth and excessive growth of neonates were
derived from altered metabolism in the uterus [12], which was closely related to maternal
nutritional status. Hemoglobin (Hb) concentration plays an important role in maternal
nutrition, especially the iron condition [13], and it can help to identify the neonatal adverse
outcomes and alert the need for intervention measures as early as possible. Generally,
hemoglobin testing is contained in routine blood examinations during pregnancy, and it is
applied to screen for anemia in clinical practice [14]. However, the relationships of maternal
Hb in different time points during pregnancy with fetal growth were controversial.

A retrospective analysis of Chinese pregnant women of Zhuang nationality reported
a positive correlation between maternal Hb in the first trimester and birth weight and
a negative correlation between Hb in the third trimester and birth weight [15]. Another
study measured maternal Hb concentration at least once during pregnancy and found that
the lowest maternal Hb during pregnancy might have an inverted U-shaped relationship
with neonatal birth weight [16]. Furthermore, the results of meta-analyses suggested that
in low-income countries, 25% of low birth weight (LBW) can be attributed to anemia
(Hb < 110 g/L) [17]. Some other studies found that maternal Hb < 110 g/L in the first
trimester was associated with neonatal adverse outcomes, including LBW, SGA and neona-
tal mortality [18,19], though no significant associations were observed in the second and
third trimesters [19,20]. Nevertheless, another retrospective cohort analysis of 173,031 preg-
nant women found that anemia in the first and second trimesters was not associated with
SGA [21]. In addition, a study found a faint U-shaped relationship between maternal
Hb concentration at ≤20 weeks of gestational age and risk of neonatal adverse outcomes
(including preterm deliveries, SGA) [22]. However, another study from Northwest China
showed a U-shaped relationship between Hb concentration in the third trimester and
the risk of SGA/LBW, as well as an inverted U-shaped relationship between maternal
Hb and neonatal birth weight [23]. Meanwhile, several studies reported the association
between Hb reduction and birth outcomes [24,25]. However, the definition of gestational
age for maternal Hb measurements was not precise in all studies, which was considered a
confounding factor affecting the association between maternal Hb and birth outcomes [26].
The maternal plasma volume generally expands from 10 weeks of gestational age and then
reaches the peak at about 34–36 gestational weeks; after that, it keeps the peak or slowly
returns to the level found at 10 weeks of gestational age [27]. Although the volume of red
blood cells also increases during pregnancy, the increased plasma volume is larger, and
then results in a decline in Hb concentration during pregnancy [25]. In addition, the ability
of the placenta to adapt the uterine nutrition, which was thought to maximize fetal growth
and viability at birth, also depended on the gestational timing [28,29].

However, whether there was a different effect of Hb measured at the different periods
on the birth weight and the association of maternal Hb concentration changes during
pregnancy with birth weight outcomes were unclear due to the fluctuation of maternal Hb
concentration and change in placental adaptability during pregnancy. The present study de-
fined five time points for maternal Hb measurement and aimed to explore the associations
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between maternal Hb concentrations in different time points during pregnancy and neona-
tal birth weight outcomes (including birth weight, SGA/LBW and LGA/macrosomia).
Moreover, the effects of maternal Hb concentration changes during pregnancy on birth
weight outcomes were also assessed.

2. Materials and Methods

2.1. Data Sources

The data were obtained from a comprehensive Electronic Medical Record System
(EMRS) in Zhoushan Maternal and Child Care Hospital, which is a non-private-sector
hospital. The EMRS was a municipal system and was established in Zhoushan in 2001
and included a prenatal health dataset and birth registration information dataset. In total,
78,297 pregnant women from January 2001 to May 2018 were recorded in the EMRS. From
2001 to 2009, the EMRS only included the data of the Zhoushan Maternal and Child Care
Hospital, and after 2010, it contained the data of all the maternal and children’s health care
in Zhoushan city. However, the routine blood data, which included maternal Hb levels,
was only available in the data from Zhoushan Maternal and Child Care Hospital.

Maternal information about socio-demographic characteristics (e.g., maternal age,
educational level, parity, last menstrual period, follow-up date) and health-related charac-
teristics (e.g., maternal weight and height; laboratory parameters, such as Hb and glucose
levels; systolic and diastolic blood pressure during pregnancy; liver and kidney disease)
were extracted from the prenatal health dataset and birth information (e.g., neonatal gender,
birth weight, gestational age at delivery, mode of delivery) of newborns was extracted
from the birth registration information dataset. A unique personal identification number
was provided to link both datasets. The study protocol was approved by the institutional
review board of Zhejiang University School of Medicine.

2.2. Study Population

The pregnant women received their first prenatal check-up before 14 weeks of ges-
tational age. Then, they attended check-ups every four weeks in the first and second
trimesters, and then every two weeks before 37 weeks of gestational age according to the
guidelines. Pregnant women who met the following criteria were included in the study:
(1) maternal age > 18 years old, (2) singleton pregnancy, (3) pregnant women with at least
one record of hemoglobin concentration during pregnancy and (4) pregnant women who
delivered their baby after 32 weeks of gestational age. The exclusion criteria included
(1) women with hypertensive disorders or gestational diabetes mellitus (GDM), (2) mater-
nal BMI in the first trimester of >40 kg/m2 or <15 kg/m2 and (3) missing data for maternal
Hb during pregnancy or neonatal birth weight.

2.3. Definition of Exposure

The maternal Hb concentration was measured through routine blood tests during
pregnancy. Due to fluctuations in the maternal Hb concentration during pregnancy, the ges-
tational period was divided into six time periods to explore the effects of Hb concentration
in different time points during pregnancy on the birth outcomes: first (5–13 weeks of gesta-
tional age), early-second (14–17 weeks of gestational age), mediate-second (18–22 weeks
of gestational age), late-second (23–27 weeks of gestational age), early-third (28–31 weeks
of gestational age) and late-third trimesters (from 32 weeks of gestational age to the time
of delivery). Meanwhile, the mean Hb concentrations around 100 and 140 g/L were clas-
sified into 6 categories using intervals of 10 g/L: <100 g/L, 100~109 g/L, 110~119 g/L,
120~129 g/L, 130~139 g/L and ≥140 g/L. A similar classification was also reported in
some other studies [30,31].

The maternal Hb concentration reaches a minimum in the late-second to early-third
trimesters and then rises in the late-third trimester [32,33]. When we evaluated the changes
in Hb concentration during pregnancy, the Hb concentrations in the late-second trimester
and late-third trimester were chosen, which might appropriately reflect the changes in
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maternal Hb during pregnancy. Therefore, the changes in Hb concentration from the first
to late-second trimesters, from the first to late-third trimesters and from the late-second to
late-third trimesters were evaluated using Hbfs (Hb in the late-second minus Hb in first),
Hbft (Hb in the late-third minus Hb in first) and Hbst (Hb in the late-third minus Hb in
late-second). Furthermore, Hbfs, Hbft and Hbst were divided into four categories based on
their quartiles.

2.4. Definition of Outcome

The data on birth outcomes were obtained from the birth registration information
datasets. SGA and LGA were defined as the top and bottom ten percent of gestational age-
and gender-specific birth weights, respectively. LBW and macrosomia were defined as
infant birth weight <2500 g and ≥4000 g, respectively [7]. The compound outcomes were
defined as the following: the infants with SGA or LBW were grouped as “Lightweight” and
those with LGA or macrosomia were grouped as “Heavyweight”; otherwise, they were
grouped as “Normalweight”. Furthermore, infants with “Lightweight” and “Heavyweight”
were grouped as “TotalAdverse”.

2.5. Statistical Analysis

Continuous variables are presented as mean ± standard deviation (SD), while categori-
cal parameters are described as number (N) and percentage (%). The characteristics of study
participants in the Lightweight, Heavyweight and Normalweight groups were compared
using the analysis of variance (ANOVA) for continuous variables and the chi-square test
for categorical variables. A restricted cubic spline (RCS) function with 5 knots was applied
to analyze the association of maternal Hb concentration in different time points and its
changes during pregnancy with neonatal birth weight outcomes [34]. Multinomial logistic
regression models were used to analyze the associations of Hb concentration in different
time points and Hb changes during pregnancy with neonatal compound outcomes. The
maternal Hb concentration at 110~119 g/L was set as the reference group in each time point
and the first quartile (Q1) in Hb change was set as the reference group. The odds ratios
(Ors) and 95% confidence intervals (Cis) for “Lightweight” and “Heavyweight” were used
to evaluate the relative risk. The covariants included maternal age, maternal education,
parity, gestational age of Hb measurement, neonatal gender, gestational age at delivery and
mode of delivery; they were adjusted in the above analysis model 1. Besides the covariants
in model 1, model 2 was additionally adjusted for maternal early pregnancy BMI and
weight gain during pregnancy. Sensitivity analysis was conducted among pregnant women
with an early pregnancy BMI < 24 kg/m2 and pregnant women who delivered their babies
after 37 weeks of gestational age. All the statistical analyses were performed in R software
(version 4.0.3) and p < 0.05 was considered statistically significant.

3. Results

3.1. Population Characteristics

A total of 24,183 mother–infant pairs were included in the final analysis (Figure S1) and
the comparison of general information between participants and non-participants is shown
in Table S1. The maternal socio-demographic, health-related characteristics and neonatal
birth characteristics stratified by the compound outcomes are shown in Table 1. The
Lightweight and Heavyweight groups accounted for 8.5% and 11.2%, respectively. There
were significant differences in maternal age; maternal education level; primipara; BMI at
the first trimester; weight gain; and all neonatal characteristics between the Normalweight,
Lightweight and Heavyweight groups.
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Table 1. Comparison of maternal and neonatal basic characteristics between groups.

Variables
Normalweight Lightweight Heavyweight p

N = 19,413 N = 2055 N = 2715

Maternal Characteristics

Maternal age, years, mean ± SD 26.62 ± 3.70 26.49 ± 3.59 26.91 ± 3.94 <0.001
Education, N (%)

Primary school or below 335 (1.7) 51 (2.5) 55 (2.1) 0.006
Junior high school 6603 (34.3) 682 (33.4) 985 (36.7)
Senior high school 4915 (25.6) 488 (23.9) 671 (25.0)
College or above 7383 (38.4) 820 (40.2) 971 (36.2)

Primipara, N (%)
Yes 11,622 (59.9) 1221 (59.4) 1638 (60.3) <0.001
No 1855 (9.6) 138 (6.7) 367 (13.5)
Unknown 5936 (30.6) 696 (33.9) 710 (26.2)

BMI at 1st trimester, kg/m2, mean ± SD 20.58 ± 2.53 19.95 ± 2.48 21.83 ± 2.85 <0.001
BMI categories, N (%)

Underweight (<18.5) 13,820 (71.2) 1295 (63.0) 1928 (71.0) <0.001
Normalweight (18.5–23.9) 3878 (20.0) 616 (30.0) 242 (8.9)
Overweight (24.0–27.9) 1458 (7.5) 128 (6.2) 462 (17.0)
Obesity (≥28.0) 257 (1.3) 16 (0.8) 83 (3.1)

WG * during pregnancy, kg, mean ± SD 13.88 ± 3.79 12.61 ± 3.95 15.41 ± 4.06 <0.001
Neonatal Characteristics

Gender of newborn, N (%)
Male 10,208 (52.6) 878 (42.7) 1769 (65.2) <0.001
Female 9205 (47.4) 1177 (57.3) 946 (34.8)

Mode of delivery, N (%)
Vaginal 7838 (40.4) 956 (46.5) 599 (22.1) <0.001
Cesarean 10,515 (54.2) 995 (48.4) 1953 (71.9)
Forceps 205 (1.1) 30 (1.5) 25 (0.9)
Others 855 (4.4) 74 (3.6) 138 (5.1)

GA * at delivery, weeks, mean ± SD 39.15 ± 1.17 38.59 ± 2.07 39.34 ± 1.35 <0.001
Birth weight, g, mean ± SD 3.38 ± 0.29 2.64 ± 0.31 4.14 ± 0.31 <0.001
Preterm, N (%)

No 19,048 (98.1) 1760 (85.6) 2637 (97.1) <0.001
Yes 365 (1.9) 295 (14.4) 78 (2.9)

Lightweight, small for gestational age (SGA) or low birth weight (LBW); Heavyweight, large for gestational age
(LGA) or macrosomia; * WG, weight gain; GA, gestational age.

3.2. Maternal Hb Status in Different Time Points and Hb Changes during Pregnancy

In the first, early-second, mediate-second, late-second, early-third and late-third
trimesters, the averages of the maternal Hb concentrations were 123.95 ± 10.14, 117.95 ± 9.84,
114.31 ± 9.03, 113.26 ± 8.82, 113.29 ± 8.68 and 115.01 ± 8.85 g/L, respectively; the propor-
tions of maternal Hb concentrations <110 g/L were 6.8%, 17.5%, 28.8%, 32.7%, 33.4% and
27.3%, respectively. Before the late-second trimester, there was no significant difference
in Hb level between the Normalweight, Lightweight and Heavyweight groups, except in
the first trimester. However, in the late-second and third trimesters, there were significant
differences in the Hb levels between the Normalweight, Lightweight and Heavyweight
groups (Figure 1). In addition, the mean values of Hbfs, Hbft and Hbst were significantly
different between the Normalweight, Lightweight and Heavyweight groups. The details
are presented in Table S2.

3.3. Association of Maternal Hb Level and Its Changes during Pregnancy with Neonatal Birth
Weight Outcomes

Multivariate RCS models were used to assess the non-linear relationships of maternal
Hb in different time points of pregnancy and its changes during pregnancy with birth
outcomes. The non-linear associations of maternal Hb in the early-second and mediate-
second trimester with neonatal birth weight were not observed (Figure S2). Meanwhile,
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the overall association and non-linear relationships between maternal Hb and birth weight
were found in the first, late-second, early-third and late-third trimesters (Pnon-linear were
0.011, 0.009, <0.001 and <0.001, respectively). An inverted U-shaped association between
maternal Hb and birth weight was observed in the first trimester. In addition, the decrease
in neonatal weight was steeper in the 105–120 g/L range of maternal Hb and a roughly
negative correlation of maternal with neonatal birth weight was observed in the late-second
and later trimesters (Figure 2).

Figure 1. Maternal hemoglobin concentration (a) and percentage of maternal hemoglobin status
(b) stratified by birth weight outcomes at different pregnancy time points. f, first trimester; s1, early-
second trimester; s2, mediate-second trimester; s3, late-second trimester; t1, early-third trimester;
t2, late-third trimester; * significant difference between the groups.
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Figure 2. Dose–response associations of maternal hemoglobin in the first trimester (a), in the late-
second trimester (b), in the early-third trimester (c) and in the late-third trimester (d) with neonatal
birth weight. The p-values for overall associations were <0.001. The p-values for non-linear as-
sociations were 0.011 (a), 0.009 (b), <0.001 (c) and <0.001 (d), respectively. Models were adjusted
for maternal age, education, parity, gestational age of hemoglobin measurement, neonatal gender,
gestational age at delivery, mode of delivery, maternal BMI in the first trimester and weight gain
during pregnancy.

For the compound outcomes, non-linear relationships of maternal Hb in the first,
early-second, mediate-second and late-second trimesters with Lightweight, Heavyweight
and TotalAdverse were not observed. (Figure S3). In the early-third trimester, significant
dose–response associations of maternal Hb with Lightweight and Heavyweight were
observed but were not observed in the association of maternal Hb with TotalAdverse. In the
late-third trimester, maternal Hb had a significant U-shaped association with Lightweight,
and the corresponding maternal Hb where the risk of Lightweight was lowest was about
110 g/L; moreover, when maternal Hb > 120 g/L, the risk of TotalAdverse significantly
increased (Figure 3).

In addition, Table 2 displays the associations between maternal Hb concentration
in different time points and neonatal compound outcomes. In model 2, compared with
women with Hb = 110~119 g/L, those with Hb < 100 g/L had a significantly decreased
risk of Lightweight only in the early-third trimester (OR: 0.66, 95% CI: 0.49, 0.88) and
those with Hb > 140 g/L had a significantly increased risk of Lightweight only in the first
trimester (OR: 1.26, 95% CI: 1.01, 1.57) and late-third trimester (OR: 1.96, 95% CI: 1.20, 3.18);
moreover, women with Hb > 120 g/L had a trend of increased risk of Lightweight in the
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late-third trimester (Ptrend < 0.001). In the mediate-second trimester, compared with women
with Hb = 110~119 g/L, pregnant women with Hb = 100~109 g/L had a significantly
increased risk of Heavyweight (OR: 1.12, 95% CI: 1.01, 1.25). Compared with women
with Hb = 110~119 g/L, women with Hb < 100 had an increased risk of Heavyweight at
the late-second and later trimester (late-second trimester: OR: 1.47, 95% CI: 1.18, 1.83;
early-third trimester: OR: 1.30, 95% CI: 1.04, 1.63; late-third trimester: OR: 1.38, 95% CI:
1.09, 1.76).

Figure 3. Dose–response associations of maternal hemoglobin in the early-third trimester (a) and in
the late-third trimester (b) with neonatal complex outcomes (including SGA/LBW, LGA/macrosomia
and total birth weight adverse outcomes). The p-values for overall associations were <0.001. The
p-values for non-linear associations between Hb and total adverse outcomes were 0.064 (a1) and
0.002 (b1). The p-values for non-linear associations between Hb and SGA/LBW were 0.003 (a2) and
0.028 (b2), while the p-values for non-linear associations between Hb and LGA/macrosomia were
<0.001 (a2) and <0.001 (b2). The models were adjusted for maternal age, education, parity, gestational
age of hemoglobin measurement, neonatal gender, gestational age at delivery, mode of delivery,
maternal BMI in the first trimester and weight gain during pregnancy. Hemoglobin at 120 g/L was
set as the reference level.

On the other hand, there was a positive correlation between maternal Hb reduction
during pregnancy and neonatal birth weight, where a non-linear dose–response relationship
was found between Hbst and neonatal birth weight (Pnon-linear was <0.001) (Figure 4), but
not found between Hbfs, Hbft and Hbst and the compound outcomes (Figure S4). A
negative association of the decline in maternal Hb with the risk of Lightweight was found
in the first to late-second trimesters, first to late-third trimesters and late-second to late-third
trimesters; however, a significant association between the decline in Hb and Heavyweight
was not observed in the late-second to late-third trimesters. Compared with pregnant
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women with Hbfs in Q1, those with Hbfs in Q2 had a significantly decreased risk of
Heavyweight (OR: 0.83, 95% CI: 0.73, 0.94). In addition, as the maternal Hb decreased more
during pregnancy, the risk of Lightweight was lower (all Ptrend < 0.001) (Table 3). Similar
results were observed in pregnant women with early-pregnancy BMI < 24 kg/m2, pregnant
women who delivered their baby after 37 weeks of gestational age and pregnant women
who had at least one record of Hb concentration during each defined period (Tables S3–S8).

Table 2. Associations between maternal hemoglobin concentration at different periods and adverse
birth outcomes.

Hemoglobin

Normalweight Lightweight Heavyweight

N (%) N (%)
Model 1 † Model 2 ‡

N (%)
Model 1 † Model 2 ‡

OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI)

First trimester
<100 189 (1.0) 30 (1.5) 1.51 (1.01, 2.25) 1.45 (0.96, 2.18) 17 (0.6) 0.72 (0.44, 1.20) 0.73 (0.43, 1.23)
100~109 1136 (5.9) 136 (6.6) 1.15 (0.93, 1.40) 1.11 (0.91, 1.37) 139 (5.1) 0.97 (0.79, 1.18) 1.03 (0.84, 1.26)
110~119 4830 (24.9) 501 (24.4) Ref. Ref. 613 (22.6) Ref. Ref.
120~129 7911 (40.8) 821 (40.0) 1.00 (0.89, 1.12) 1.03 (0.91, 1.16) 1115 (41.1) 1.10 (0.99, 1.23) 1.02 (0.92, 1.14)
130~139 4356 (22.4) 447 (21.8) 1.00 (0.87, 1.14) 1.06 (0.92, 1.22) 665 (24.5) 1.17 (1.04, 1.32) 1.05 (0.93, 1.19)
≥140 991 (5.1) 120 (5.8) 1.17 (0.95, 1.46) 1.26 (1.01, 1.57) 166 (6.1) 1.27 (1.05, 1.54) 1.04 (0.86, 1.27)

Early-second trimester
<100 381 (2.4) 43 (2.6) 1.00 (0.72, 1.40) 0.93 (0.67, 1.31) 60 (2.7) 1.20 (0.90, 1.60) 1.34 (0.99, 1.80)
100~109 2445 (15.3) 230 (13.9) 0.90 (0.76, 1.05) 0.86 (0.73, 1.01) 328 (14.7) 1.01 (0.88, 1.15) 1.12 (0.97, 1.29)
110~119 6407 (40.2) 672 (40.5) Ref. Ref. 869 (39.0) Ref. Ref.
120~129 5119 (32.1) 533 (32.1) 0.99 (0.88, 1.12) 1.05 (0.93, 1.19) 752 (33.7) 1.06 (0.95, 1.18) 0.96 (0.86, 1.07)
130~139 1323 (8.3) 147 (8.9) 1.08 (0.89, 1.31) 1.20 (0.99, 1.46) 182 (8.2) 0.97 (0.82, 1.16) 0.80 (0.67, 0.96)
≥140 266 (1.7) 33 (2.0) 1.13 (0.77, 1.65) 1.25 (0.85, 1.83) 38 (1.7) 1.07 (0.75, 1.53) 0.87 (0.60, 1.26)

Mediate-second trimester
<100 694 (4.0) 73 (4.0) 0.98 (0.76, 1.27) 0.87 (0.67, 1.13) 83 (3.4) 0.86 (0.68, 1.10) 1.04 (0.81, 1.33)
100~109 4268 (24.8) 450 (24.5) 1.02 (0.90, 1.15) 0.96 (0.85, 1.09) 608 (25.1) 1.00 (0.90, 1.12) 1.12 (1.00, 1.25)
110~119 7865 (45.6) 815 (44.3) Ref. Ref. 1130 (46.7) Ref. Ref.
120~129 3720 (21.6) 428 (23.3) 1.10 (0.97, 1.25) 1.17 (1.03, 1.33) 500 (20.7) 0.93 (0.83, 1.04) 0.82 (0.73, 0.93)
130~139 588 (3.4) 61 (3.3) 1.04 (0.79, 1.38) 1.11 (0.83, 1.46) 81 (3.3) 0.92 (0.72, 1.18) 0.79 (0.61, 1.02)
≥140 104 (0.6) 11 (0.6) 0.95 (0.50, 1.80) 1.04 (0.54, 2.00) 16 (0.7) 1.10 (0.64, 1.89) 0.95 (0.55, 1.66)

Late-second trimester
<100 714 (4.1) 83 (4.6) 1.11 (0.87, 1.42) 0.99 (0.78, 1.27) 111 (4.6) 1.23 (0.99, 1.52) 1.47 (1.18, 1.83)
100~109 4885 (28.4) 497 (27.3) 0.99 (0.88, 1.12) 0.93 (0.82, 1.05) 733 (30.5) 1.15 (1.03, 1.27) 1.29 (1.16, 1.43)
110~119 8036 (46.7) 820 (45.0) Ref. Ref. 1068 (44.5) Ref. Ref.
120~129 3097 (18.0) 351 (19.3) 1.12 (0.98, 1.28) 1.21 (1.06, 1.39) 412 (17.2) 0.98 (0.86, 1.11) 0.87 (0.76, 0.99)
130~139 395 (2.3) 60 (3.3) 1.49 (1.11, 1.98) 1.59 (1.19, 2.14) 67 (2.8) 1.30 (0.99, 1.71) 1.08 (0.81, 1.43)
≥140 83 (0.5) 10 (0.5) 1.05 (0.53, 2.07) 1.19 (0.59, 2.37) 10 (0.4) 1.01 (0.52, 1.98) 0.89 (0.45, 1.76)

Early-third trimester
<100 716 (4.2) 58 (3.2) 0.73 (0.55, 0.97) 0.66 (0.49, 0.88) 104 (4.4) 1.12 (0.90, 1.40) 1.30 (1.04, 1.63)
100~109 4929 (29.2) 442 (24.5) 0.84 (0.74, 0.95) 0.80 (0.70, 0.90) 794 (33.3) 1.24 (1.12, 1.37) 1.34 (1.21, 1.49)
110~119 7698 (45.5) 806 (44.6) Ref. Ref. 1012 (42.4) Ref. Ref.
120~129 3007 (17.8) 429 (23.8) 1.33 (1.17, 1.51) 1.40 (1.23, 1.59) 396 (16.6) 0.99 (0.87, 1.12) 0.87 (0.76, 0.99)
130~139 458 (2.7) 60 (3.3) 1.19 (0.89, 1.58) 1.28 (0.96, 1.70) 61 (2.6) 0.98 (0.74, 1.30) 0.88 (0.66, 1.17)
≥140 94 (0.6) 11 (0.6) 1.02 (0.53, 1.94) 1.04 (0.54, 1.99) 18 (0.8) 1.53 (0.91, 2.56) 1.33 (0.77, 2.30)

Late-third trimester
<100 529 (2.8) 49 (2.6) 0.98 (0.72, 1.33) 0.92 (0.67, 1.25) 91 (3.5) 1.25 (0.98, 1.58) 1.38 (1.09, 1.76)
100~109 4541 (24.3) 375 (19.8) 0.86 (0.76, 0.98) 0.83 (0.73, 0.94) 741 (28.5) 1.23 (1.11, 1.36) 1.29 (1.16, 1.44)
110~119 8534 (45.8) 819 (43.3) Ref. Ref. 1121 (43.2) Ref. Ref.
120~129 4080 (21.9) 496 (26.2) 1.26 (1.12, 1.42) 1.31 (1.16, 1.48) 503 (19.4) 0.94 (0.83, 1.05) 0.85 (0.76, 0.96)
130~139 849 (4.6) 131 (6.9) 1.58 (1.30, 1.94) 1.78 (1.45, 2.19) 119 (4.6) 1.06 (0.86, 1.30) 0.90 (0.73, 1.11)
≥140 119 (0.6) 22 (1.2) 1.84 (1.14, 2.96) 1.96 (1.20, 3.18) 21 (0.8) 1.35 (0.84, 2.17) 1.16 (0.71, 1.91)

Lightweight, small for gestational age (SGA) or low birth weight (LBW); Heavyweight, large for gestational
age (LGA) or macrosomia. † The model was adjusted for maternal age, education, parity, gestational age of
hemoglobin measurement, neonatal gender, gestational age at delivery and mode of delivery. ‡ The model was
additionally adjusted for maternal BMI in the first trimester and weight gain during pregnancy.

Table 3. Associations between change of maternal hemoglobin concentrations and adverse birth outcomes.

ΔHb

Normalweight Lightweight Heavyweight

N (%) N (%)
Model 1 † Model 2 ‡

N (%)
Model 1 † Model 2 ‡

OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI)

Hbfs
Q1

(−50~−17) 4332 (25.2) 444 (24.4) Ref. Ref. 724 (30.2) Ref. Ref.

Q2
(−17~−11) 4402 (25.6) 429 (23.6) 0.94 (0.82, 1.09) 0.98 (0.85, 1.14) 642 (26.8) 0.90 (0.80, 1.02) 0.83 (0.73, 0.94)

Q3
(−11~−5) 4407 (25.7) 476 (26.2) 1.07 (0.93, 1.25) 1.17 (1.00, 1.36) 537 (22.4) 0.75 (0.66, 0.86) 0.65 (0.57, 0.75)

Q4 (−5~50) 4034 (23.5) 467 (25.7) 1.16 (0.98, 1.38) 1.32 (1.11, 1.57) 495 (20.6) 0.75 (0.65, 0.88) 0.62 (0.53, 0.72)
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Table 3. Cont.

ΔHb

Normalweight Lightweight Heavyweight

N (%) N (%)
Model 1 † Model 2 ‡

N (%)
Model 1 † Model 2 ‡

OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI)

Hbft
Q1

(−50~−16) 4906 (26.3) 391 (20.7) Ref. Ref. 831 (32.1) Ref. Ref.

Q2
(−16~−9) 4572 (24.6) 438 (23.2) 1.29 (1.11, 1.50) 1.32 (1.14, 1.54) 626 (24.2) 0.82 (0.73, 0.93) 0.78 (0.69, 0.89)

Q3 (−9~−2) 4527 (24.3) 477 (25.2) 1.45 (1.24, 1.69) 1.54 (1.32, 1.80) 579 (22.3) 0.78 (0.69, 0.89) 0.71 (0.63, 0.82)
Q4 (−2~50) 4617 (24.8) 584 (30.9) 1.81 (1.53, 2.14) 1.97 (1.66, 2.33) 555 (21.4) 0.75 (0.65, 0.87) 0.65 (0.56, 0.76)

Hbst *
Q1

(−50~−3.5) 4362 (26.3) 347 (20.7) Ref. Ref. 678 (29.5) Ref. Ref.

Q2 (−3.5~2) 4477 (27.0) 431 (25.7) 1.18 (1.01, 1.36) 1.17 (1.01, 1.36) 610 (26.6) 0.91 (0.81, 1.03) 0.93 (0.82, 1.05)
Q3 (2~7) 3727 (22.5) 405 (24.1) 1.34 (1.15, 1.56) 1.33 (1.14, 1.55) 454 (19.8) 0.82 (0.72, 0.93) 0.82 (0.72, 1.01)
Q4 (7~50) 4000 (24.1) 497 (29.6) 1.49 (1.29, 1.73) 1.45 (1.25, 1.68) 555 (24.2) 0.96 (0.85, 1.09) 1.00 (0.88, 1.14)

Lightweight, small for gestational age (SGA) or low birth weight (LBW); Heavyweight, large for gestational age
(LGA) or macrosomia; Hbfs, Hb in late-second minus Hb in first; Hbft, Hb in late-third minus Hb in late-third;
Hbst, Hb in late-second minus Hb in late-third; Q, quartile. † The model was adjusted for maternal age, education,
parity, weeks of gestation at hemoglobin measurement, neonatal gender, gestational age at delivery, mode of
delivery and Hb concentration in the first trimester. ‡ The model was additionally adjusted for maternal BMI in
the first trimester and weight gain during pregnancy. * Model 1 was adjusted for maternal age, education, parity,
weeks of gestation at hemoglobin measurement, neonatal gender, gestational age at delivery, mode of delivery
and Hb concentration in the late-second trimester.

 

Figure 4. Dose–response associations of maternal hemoglobin change from first to late-second
trimesters (a), from first to late-third trimesters (b) and from late-second to late-third trimesters
(c) with neonatal birth weight. The p-values for overall associations were <0.001. The p-values for
non-linear associations were 0.114 (a), 0.390 (b) and <0.001 (c). Models were adjusted for maternal
age, education, parity, neonatal gender, gestational age at delivery, mode of delivery, maternal BMI in
the first trimester, weight gain during pregnancy, and Hb concentration in the first trimester or in the
late-second trimester. Hbfs, Hb in late-second minus Hb in first; Hbft, Hb in late-third minus Hb in
first; Hbst, Hb in late-third minus Hb in late-second.
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4. Discussion

This study found a faint inverted U-shaped association between maternal Hb in the
first trimester and birth weight, and significant negative associations between maternal
Hb and birth weight outcomes (including birth weight, Lightweight and Heavyweight)
were mainly observed in the late-second and later trimester. Furthermore, the maternal
Hb decline during pregnancy was positively associated with neonatal birth weight and
negatively associated with the risk of Lightweight.

In this study, an inverted U-shaped association between maternal Hb in the first
trimester and neonatal birth weight was observed. Both extremely low and extremely
high maternal Hb in the first trimester might be associated with LBW/SGA. However,
many studies found a significant positive correlation between maternal Hb in the first
trimester and fetal birth weight, as well as a significant association between low maternal
Hb and SGA/LBW [26,35,36]. Other studies did not find a significant association between
maternal Hb in the first trimester and birth weight outcomes. A cross-sectional study
reported that maternal Hb in the first trimester was interpreted as having little effect on
birth weight [37]. Another meta-analysis found that anemia (Hb < 110 g/L) diagnosed
before 20 weeks of gestational age did not increase the risk of LBW and SGA [38]; similar
results were also shown in a study in Suzhou, China [33]. The associations of maternal Hb
in the first trimester with neonatal birth weight outcomes were inconsistent, possibly due
to the heterogeneity of a different study population. Another reason for the inconsistency
might be unclear iron status and iron supplementation during pregnancy, which is also
associated with birth weight outcomes [39].

In addition, the associations of maternal Hb < 100 g/L in the early- and mediate-second
trimester with neonatal birth weight and Lightweight were not observed. Similar to our
results, some other studies also reported that the associations of maternal Hb in the second
trimester with fetal birth weight and LBW were insignificant [26,36]. Some studies reported
that severe anemia may cause poor fetal growth in utero because of insufficient oxygen
flow to the placental tissue [26], and ultimately, affect fetal birth weight and cause LBW [40].
However, because of the deficient data with few pregnant women Hb < 70 g/L in this study,
we were unable to assess the association between severe anemia (Hb < 70 g/L) and birth
outcomes. Moreover, in the late-second and later trimester, maternal Hb < 110 g/L was
related to the increased birth weight and increased risk of Heavyweight; a review also
indicated that low maternal Hb in the late-second trimester was associated with a high risk
of LGA [41], which might be due to placental hypertrophy [42]. Additionally, Scanlon et.al
reported that a high Hb (>144 g/L) level in the second trimester was associated with
SGA [21], which was different from our result showing that maternal Hb > 140 g/L in the
second trimester was not related to Lightweight or Heavyweight. This may have been
due to the small sample of pregnant women with Hb > 140 g/L in the second trimester in
this study.

Maternal Hb concentration in the late-third trimester had a roughly negative associa-
tion with neonatal birth weight and a faint U-shaped association with Lightweight. When
maternal Hb was 100–110 g/L, the risk of Lightweight was the lowest and the risk of
Heavyweight was relatively high. Similar to our results, Chen et al. showed that maternal
Hb in the third trimester was inversely correlated with neonatal birth weight [15]. Rela-
tively low maternal Hb in the third trimester usually reflects changes in plasma volume
rather than poor maternal nutrition or adaptation [43]. However, a recent prospective study
from Northwest China showed an inverted U-shaped association between maternal Hb
in the third trimester and neonatal birth weight [23], and a significant positive correlation
between maternal Hb in the third trimester and birth weight was reported in another
study [44]. This may be because, even in the third trimester, maternal Hb in different
periods reflects different conditions of the intrauterine environment. As presented in a
study, maternal Hb < 110 g/L was related to an increased placental ratio but whether it
reflected the placental hypertrophy or restriction of fetal growth was unclear [45]. More
studies are needed to explore this mechanism. Maternal high Hb was mainly related to
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the risk of Lightweight in the late-third trimester. A study from Norway also reported
that increased Hb levels were associated with lower placental weight and impaired fetal
growth [46]. Abnormally high Hb concentrations during pregnancy usually indicate poor
plasma volume expansion, which also leads to an increased risk of LBW [20,21,41,47]. In
addition, high Hb might increase blood flow resistance, which reduces maternal blood
perfusion and leads to placental dysplasia [48].

On the other hand, we found that the decrease in maternal Hb from first to late-second
trimester and from first to late-third trimester was positively correlated with birth weight
and negatively correlated with the risk of Lightweight. Similar to our results, preceding
studies showed that changes in Hb concentration during pregnancy were associated with
adverse birth outcomes. Rasmussen et al. found that a decrease in maternal Hb from the
first to second trimester had a strong positive correlation with neonatal birth weight [37].
The same relationship was also observed in the first to third trimesters in other stud-
ies [15,24]. Pregnant women with the lowest Hb reduction from early to late pregnancy had
an increased risk of LBW and SGA compared with women with an intermediate Hb reduc-
tion [15,24]. Changes in Hb during pregnancy were significantly correlated with changes
in plasma volume [43,49]. A smaller decrease in maternal Hb from the first trimester
may indicate a reduction in plasma volume expansion, which may impair fetoplacental
circulation and increase the risk of LBW and SGA [41]. Another possible mechanism was
that expansion of the plasma volume may reduce blood viscosity and favor blood flow in
the maternal intervillous space [50]. Nevertheless, the positive associations of maternal Hb
decline from the first- to late-second trimesters and from the first- to late-third trimesters
with Heavyweight were found; we speculated that a larger reduction in Hb levels may
indicate more erythropoietin secretion, which was associated with angiogenesis [51]. More
studies are necessary to explore this mechanism. The decrease in maternal Hb levels from
the late-second to late-third trimesters was related to decreased risk of Lightweight, but
not related to Heavyweight. Fetal growth reached a peak in the late-third trimester and
the nutrients required by the fetus increased dramatically [52]. Therefore, the reduction in
Hb, which implied an increased expansion of plasma volume, may accelerate the transport
of nutrients in the body of pregnant women. As far as we know, no study has reported
similar results. The above results were shown in pregnant women with early-pregnancy
BMI < 24 kg/m2 or pregnant women who delivered their baby after 37 weeks of gestational
age in a sensitivity analysis.

The results of this study showed that the associations of maternal Hb with neonatal
birth weight outcomes were different due to the timing of maternal Hb measurements. In
addition, maternal Hb change during pregnancy was also strongly associated with birth
weight outcomes. Maternal Hb > 120 g/L in the late-third trimester and an increase in
maternal Hb from the late-second to late-third trimesters should especially be given more
attention. The maternal Hb fluctuated during pregnancy; therefore, the findings in this
study were important for clinically identifying the associations of maternal Hb at different
time points and its changes during pregnancy with neonatal birth weight outcomes, which
could provide recommendations for optimal interventions. Moreover, the research findings
might contribute to clinical evidence-based studies to determine the pathological value
of maternal Hb in different periods during pregnancy. The association of maternal Hb
in different time points with neonatal birth weight outcomes might be partly explained
by placental adaptation. Further study should be conducted to explore more biological
mechanisms.

5. Strengths and Limitations

There were several strengths to this study. Relatively drastic physiological changes
in maternal Hb occurred with the progress of pregnancy; accordingly, even in the second
or third trimester, different time points for Hb measurements may lead to heterogeneity
in results. We further divided the second and third trimesters into five time periods and
explored the relationships between Hb concentrations in different periods and birth weight
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outcomes. Moreover, we selected the value of Hb concentration in a specific period to
calculate the maternal Hb changes during pregnancy, which were more representative. We
also collected data on maternal early-pregnancy BMI and weight gain during pregnancy,
which were recognized as important factors that had a greater impact on birth weight.

Some limitations to this study should also be taken into consideration. First, the
proportion of pregnant women with severe anemia (Hb < 70 g/L) in our data was very low;
therefore, we were unable to verify that maternal Hb < 70 g/L was associated with adverse
birth weight outcomes [53,54], and the generalizability of the research findings might
be limited due to the significant differences between participants and non-participants;
therefore, several subgroup analysis and sensitivity analysis were conducted to examine
the stability of the results. Second, the information on iron supplementation for pregnant
women was mostly missing. The association between iron supplementation and maternal
Hb may have had an influence on this study. The relationship between changes in Hb
levels and birth weight outcomes was evaluated to diminish the impact. Third, whether
maternal low Hb was caused by iron deficiency was unclear. However, iron deficiency is the
most common cause of anemia, especially in developing countries [35]; therefore, we can
reasonably assume that the majority of pregnant women with low Hb were suffering from
iron deficiency. In addition, information on complications such as placental insufficiency
was not available, which might affect the association between maternal Hb and neonatal
birth weight; further study is needed to eliminate the effect of complications.

6. Conclusions

Maternal Hb markedly fluctuated during pregnancy; a negative dose–response as-
sociation of maternal Hb in the late-second and third trimesters and a Hb change during
pregnancy with neonatal birth weight outcomes were observed. Furthermore, the phenom-
ena of high Hb in the first trimester and after the late-second trimester and the increase
in maternal Hb from the late-second to late-third trimesters more significantly increasing
the risk of SGA/LBW should especially be given more attention. Its biological mechanism
needs to be further explored.
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birth weight outcomes in women with early-pregnancy BMI < 24 kg/m2. Supplementary Table S4.
Associations between the change in maternal hemoglobin concentration and adverse birth weight
outcomes in women with early-pregnancy BMI < 24 kg/m2. Supplementary Table S5. Associations
between maternal hemoglobin concentration in different periods and adverse birth weight outcomes
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Table S6. Associations between the change in maternal hemoglobin concentration and adverse birth
weight outcomes in pregnant women who delivered their baby after 37 weeks of gestational age.
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periods and adverse birth weight outcomes in pregnant women who had at least one record of Hb
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trimester (a), early-second trimester (b), mediate-second trimester (c) and late-second trimester (d)
with neonatal complex outcomes (including SGA/LBW, LGA/macrosomia and total birth weight
adverse outcomes). Supplementary Figure S4. Dose–response association of maternal hemoglobin
change from the first to late-second trimesters (a), first to late-third trimesters (b) and late-second to
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Abstract: The association between vitamin D and hemoglobin has been suggested. Vitamin D can
affect erythropoiesis by the induction of erythroid progenitor cell proliferation and enhance iron
absorption by regulating the iron-hepcidin-ferroportin axis in monocytes. However, this relationship
in pregnant women is scarce. The purpose of this study was to investigate the association between
plasma vitamin D levels with hemoglobin concentration in pregnant women considering each
trimester and iron supplementation. The data were obtained from Zhoushan Pregnant Women
Cohort, collected from 2011 to 2018. Plasma 25(OH)D was measured in each trimester using liquid
chromatography–tandem mass spectrometry. Generalized estimating equations and multiple linear
regressions were performed. Finally, 2962 pregnant women and 4419 observations in the first trimester
were included in this study. Plasma 25(OH)D in first trimester (T1) (β = 0.06, p = 0.0177), second
trimester (T2) (β = 0.15, p < 0.0001), and third trimester (T3) (β = 0.12, p = 0.0006) were positively
associated with Hb. Association between plasma 25(OH)D levels in T1 and Hb concentration was
positively associated with gestational age (β = 0.005, p = 0.0421). Pregnant women with VD deficiency
in T1 (OR = 1.42, 95% CI: 1.07–1.88) or T2 (OR = 1.94, 95% CI: 1.30–2.89) presented an increased risk
of anemia, compared with women without VD deficiency. Moreover, the significant relationship
between VD and Hb was only observed among women with iron supplementation during pregnancy.
Plasma 25(OH)D levels in each trimester were positively associated with Hb concentration. Iron
supplementation might be an important factor affecting the relationship between VD and Hb.

Keywords: hemoglobin; vitamin D; iron supplementary; pregnancy

1. Introduction

Anemia is a serious global public health problem particularly affecting young children
and pregnant women. In 2019, the global prevalence of anemia among pregnant women
aged 15–49 years was 36% (95% CI: 34–9%) and it was 27% (95% CI: 21–35%) in east and
southeast Asia [1]. In China, the reported prevalence was relatively low, varying from 10.5%
to 23.5% [2–5], but it still cannot be ignored. Because the adverse pregnancy outcomes
(such as gestational diabetes, polyhydramnios, preterm birth, low birth weight, neonatal
complications, and NICU admission) were significantly higher among pregnant women
with anemia [2,6,7]. The most common cause of anemia is poor nutrition, especially iron
deficiency. In recent years, it has been suggested that vitamin D (VD) deficiency may also
be a key factor. VD insufficiency or deficiency was also prevalent in pregnant women
around the world. The prevalence among Asian pregnant women was 45~98% [8], and
it was about 96.0% among Chinese pregnant women [9]. As Ellen et al. summarized,
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epidemiological studies have linked VD deficiency to an increased risk of anemia in
various healthy and diseased populations [10–13]. In terms of biological mechanisms, VD
affects hemoglobin concentration by regulating erythropoiesis, immune cells, and hepcidin
production [14–17]. However, evidence for such an association in pregnant women remains
scarce and contradictory. In 2022, one meta-analysis including eight observational studies
concluded that VD deficiency might be a risk factor for anemia in pregnancy [18]. However,
most studies included in this meta-analysis had moderate or low methodological quality
and a limited sample size. Moreover, most studies measured 25(OH)D and hemoglobin
(Hb) only once during pregnancy without considering changes in the level of 25(OH)D and
Hb throughout pregnancy. Some studies even did not report which trimester or gestational
age was to measure 25(OH)D and Hb. In addition, one study was conducted on adolescent
pregnant women which might not be able to be extrapolated to adult pregnant women.

Therefore, in this cohort study, we examined plasma 25(OH)D levels across all the
three trimesters and extracted each Hb from each prenatal visit to further explore the
association of VD in different trimesters as well as the dynamic change of VD with Hb
during pregnancy. Meanwhile, whether iron supplementary could influence the association
of VD with Hb was explored.

2. Materials and Methods

2.1. Study Design and Participants

This was a prospective cohort study based on the Zhoushan Pregnant Women Cohort
(ZPWC) from August 2011 to May 2018. ZPWC is an ongoing prospective cohort conducted
in Zhoushan Maternal and Child Health Care Hospital, Zhejiang. Pregnant women were
recruited at their first prenatal visit between 8 and 14 gestational weeks. The inclusion
and exclusion criteria have been described previously [19]. Briefly, pregnant women aged
between 18 and 45 years without serious physical, or mental health disease, threatened
abortion or dysontogenesis, and who have conducted plasma 25(OH)D and Hb measure-
ment in T1 and at least two times Hb measurement during pregnancy were included in this
study. Before participating in this study, written informed consents were obtained from
all pregnant women. The study protocol was approved by the ethics board of Zhejiang
University School of Medicine.

2.2. Date and Blood Sample Collection

Pregnant women enrolled in the ZPWC were interviewed with a structured question-
naire face-to-face by a well-trained interviewer to collect information on socio-demographic
characteristics, lifestyle, and health behavior in the first trimester (T1: 8th to 13th gestational
week). Participants would be followed up in the second trimester (T2: 24th–27th gestational
week), third trimester (T3: 32nd–36th gestational week), and 42nd day postpartum with
the corresponding questionnaire. At each visit, 5 mL fasting venous blood was drawn and
centrifuged at 4 ◦C. Plasma and white blood cells were separated and stored at −80 ◦C
until use. The Hb concentration was measured during the routine examination, and we
extracted it from the electronic medical records system. According to the frequency of
blood examination during prenatal visits, Hb may be measured multiple times inT2 and T3.
Therefore, we further categorized the Hb concentrations into seven periods (before 14th, 14
to 17th, 18 to 22nd, 23 to 27th, 28 to 31st, 32 to 35th, and 36 to 42nd gestational week).

2.3. Measurement of Plasma 25(OH)

Plasma 25(OH)D2 and 25(OH)D3 concentrations in T1, T2, and T3 were measured
by Liquid chromatography–tandem mass spectrometry (API 3200MD (Applied Biosys-
tems/MDS Sciex, Framingham, MA, USA)) and reported in ng/mL, respectively. The low-
est sensitivity of the measurement was 2 ng/mL for 25(OH)D2 and 5 ng/mL for 25(OH)D3,
respectively. The intra-assay coefficient variances (CVs) were 1.47–7.24% and 2.50–7.59%
for 25(OH)D2 and 25(OH)D3, respectively, and the inter-assay CVs were 4.48–6.74% and
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4.44–6.76% for 25(OH)D2 and 25(OH)D3, respectively [15]. The 25(OH)D concentrations
were the sum of 25(OH)D2 and 25(OH)D3 concentrations.

2.4. Variable Definition

According to the Endocrine Society Clinical Practice Guideline, VD deficiency was
defined as 25(OH)D <20 ng/mL [20]. To identify the presence of anemia during pregnancy,
we used the anemia criteria from the Centers for Disease Control and Prevention criteria
in the United States: <110 g/L in the first trimester, <105 g/L in the second trimester,
and <110 g/dL in the third trimester [21]. Gestational age was calculated according to
the date of visiting the hospital and conception date (the date of last menstruation and
confirmed by B ultrasound). Pre-pregnancy BMI was calculated by dividing the weight
in kilograms by the square of height in meters. Considering the duration and intensity of
sunshine, we categorized seasons into two groups, summer/autumn (June to November)
and winter/spring (December to May). Gravidity was categorized into 1 time, 2 times,
3 times, and ≥4 times, and parity was categorized into 0 and ≥1 times. Education was
categorized into junior high school and below, high school, college, and above. Iron
supplementary was categorized into two groups (never, and at least one trimester during
pregnancy). The categorical variable was defined as “missing” if there was no response.

2.5. Statistical Analysis

Continuous variables and categorical variables were presented as mean ± SD and
frequency (percentage), respectively. To compare the characteristics between groups, Stu-
dent’s t-test and the Chi-square test were used for continuous variables and categorical
variables, respectively. Due to longitudinal repeated measures of Hb during pregnancy,
generalized estimating equations (GEE) were used to analyze the association between
VD or VD deficiency in each trimester and Hb or anemia during pregnancy after the
corresponding 25(OH)D measurement. We also analyzed the interaction between VD
and gestational age of Hb measurement on Hb in GEE models. Considering that the
iron supplementation could be a key confounder, analyses were further conducted and
stratified according to whether iron was supplemented during pregnancy. In addition, the
association of VD in each trimester with Hb concentrations in different gestational ages
and the association between VD change and Hb change between different trimesters were
analyzed using multiple linear regression. Models were adjusted for potential gestational
age at Hb measurement, age, gestational age at 25(OH)D measurement, gravidity, parity,
season at 25(OH)D measurement, pre-pregnancy BMI, smoking, drinking and tea before
pregnancy, sleep quality and physical frequency at trimester of 25(OH)D measurement,
weight gain, corresponding baseline Hb, and whether iron was supplementary or not,
which were detailed in tables. In GEE models, weight gain was weight at the last Hb test
subtracting weight at the corresponding VD measurement, and baseline Hb was defined
as the corresponding Hb that detected the nearest VD. In linear models, weight gain was
weight at the corresponding Hb test subtracting weight at the corresponding VD mea-
surement, and baseline Hb was defined as the corresponding Hb that detected the nearest
VD. The level of p < 0.05 was considered statistically significant for all tests in this study.
All analyses were performed using R software (version 4.0.2) (http://www.R-project.org
accessed on 22 June 2020).

3. Results

Finally, 2962 pregnant women in T1 were included in this study. Of which, 516 pregnant
women with data of plasma 25(OH)D and questionnaire in T2 and 293 pregnant women
with data of plasma 25(OH)D and questionnaire in T3. In terms of the observation number,
there were 4419 observations in T1, 1053 observations in T2, and 337 observations in T3. The
prevalence of VD deficiency in T1, T2, and T3 was 65.87%, 48.06%, and 46.42%, respectively.
The prevalence of anemia in seven groups (before 14th (n = 2962), 14 to 17th (n = 1156),
18 to 22nd (n = 1058), 23 to 27th (n = 1098), 28 to 31st (n = 696), 32 to 35th (n = 658), and
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from 36 to 42nd (n = 555) gestational age) was 4.19%, 4.07%, 8.60, 12.39%, 33.33%, 34.65 and
22.70%, respectively. Pregnant women with VD deficiency in T1 had a higher proportion
of first pregnancy, nulliparous, drinking before pregnancy, poor sleep quality, 25(OH)D
measurement in winter or spring, iron supplementation at T1 and T2 (p < 0.05). Pregnant
women with VD deficiency in T1 were younger and had a lower pre-pregnancy BMI, lower
Hb, and higher weight gain (p < 0.05) (Table 1).

Table 1. The comparisons of characteristics between pregnant women with and without VD deficiency
at T1.

Variables
Vitamin Deficiency at T1

p
No (n = 1011) Yes (n = 1951)

n (%)
Gravidity

1 406 (40.2) 965 (49.5) <0.001
2 298 (29.5) 496 (25.4)
3 176 (17.4) 252 (12.9)
≥4 107 (10.6) 165 (8.5)

missing 24 (2.4) 73 (3.7)
Parity <0.001

0 529 (52.3) 1165 (59.7)
≥1 301 (29.8) 308 (15.8)

missing 181 (17.9) 478 (24.5)
Education 0.5470

Junior high school and below 90 (8.9) 154 (7.9)
High school 198 (19.6) 364 (18.7)

College and above 705 (69.7) 1405 (72.0)
missing 18 (1.8) 28 (1.4)

Pre-pregnancy smoking 0.0930
No 1006 (99.5) 1927 (98.8)
Yes 4 (0.4) 23 (1.2)

missing 1 (0.1) 1 (0.1)
Pre-pregnancy drinking 0.0190

No 1003 (99.2) 1908 (97.8)
Yes 5 (0.5) 30 (1.5)

missing 3 (0.3) 13 (0.7)
Pre-pregnancy drinking tea 0.3720

No 936 (92.6) 1790 (91.7)
Yes 71 (7.0) 145 (7.4)

missing 4 (0.4) 16 (0.8)
Physical activity frequency at T1 0.2400

Never 859 (85.0) 1654 (84.8)
<3 times per week 109 (10.8) 236 (12.1)
≥3 times per week 28 (2.8) 35 (1.8)

missing 15 (1.5) 26 (1.4)
Sleep quality at T1 <0.001

Good 214 (21.2) 502 (25.7)
Normal 774 (76.6) 1352 (69.3)

Poor 22 (2.2) 94 (4.8)
missing 1 (0.1) 3 (0.2)

Season at 25(OH)D measurement <0.001
summer or autumn 575 (56.9) 726 (37.2)

winter or spring 436 (43.1) 1225 (62.8)
Iron supplementary at T1 0.915

No 859 (85.0) 1662 (85.2)
Yes 152 (15.0) 289 (14.8)

Iron supplementary at T1 and T2 † 0.001
Never 131 (37.2) 382 (47.5)

At least one trimester 221 (62.8) 422 (52.5)
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Table 1. Cont.

Variables
Vitamin Deficiency at T1

p
No (n = 1011) Yes (n = 1951)

Iron supplementary at T1, T2 an T3 ‡ 0.232
Never 58 (29.1) 170 (34.2)

At least one trimester 141 (70.9) 327 (65.8)
Mean ± SD

Age, year 29.16 ± 3.78 28.39 ± 3.56 <0.001
Pre-pregnancy BMI, kg/m2 21.33 ± 2.83 21.00 ± 2.80 0.003

Plasma 25(OH)D at T1, ng/L 27.50 ± 7.17 13.38 ± 3.87 <0.001
Gestational age at 25(OH)D measurement, week 11.53 ± 0.89 11.38 ± 0.96 <0.001

Weight gain before HB1, kg 1.30 ± 1.62 1.32 ± 1.84 0.794
Weight gain before HB2, kg 3.35 ± 2.07 3.41 ± 2.12 0.503
Weight gain before HB3, kg 6.08 ± 2.46 6.35 ± 2.65 0.012
Weight gain before HB4, kg 8.27 ± 2.86 8.55 ± 3.13 0.044
Weight gain before HB5, kg 10.43 ± 3.34 10.73 ± 3.49 0.052
Weight gain before HB6, kg 12.17 ± 3.58 12.60 ± 3.64 0.024

HB at T1, g/L 125.96 ± 8.83 125.30 ± 9.06 0.059

HB, hemoglobin; VD, Vitamin D; T1, first trimester; GA, gestational age; HB1, HB of GA from 14 to 17; HB2, HB of
GA from 18 to 22; HB3, HB of GA from 23 to 27; HB4, HB of GA from 23 to 27; HB5, HB of GA from 28 to 31; HB6,
HB of GA from 36 to 42; † n = 1156; ‡ n = 696; n of HB1 = 1156; n of HB2 = 1058; n of HB3 = 1098; n of HB4 = 696; n
of HB5 = 658; n of HB6 = 555.

3.1. Association between Plasma 25(OH)D in Different Trimester and Hemoglobin after Corresponding
25(OH)D Measurement

Due to repeated measurements of Hb during pregnancy, we used GEE models to
assess the association of plasma 25(OH)D in each trimester with Hb that was detected
during pregnancy but after the corresponding 25(OH)D measurement, respectively. The
level of plasma 25(OH)D in T1(β = 0.06, p = 0.0177), T2 (β = 0.15, p < 0.0001), and T3
(β = 0.12, p = 0.0006) was positively associated with Hb concentrations even if models were
adjusted for corresponding confounders, respectively (Table 2). In addition, considering
that the association might be different as the gestational age changed, we also created
models with the interaction between plasma 25(OH)D in each trimester and the gestational
age at the Hb measurement, respectively. Interestingly, we observed that only p for the
interaction between plasma 25(OH)D in T1 and gestational age at Hb measurement was
statistically significant and revealed that the association of plasma 25(OH)D in T1 with
Hb concentrations was positively associated with gestational age (β = 0.005, p = 0.0421).
However, no interaction was found between plasma 25(OH)D in T2 (p = 0.2076) or T3
(p = 0.2405) and the gestational age at which Hb was detected after the corresponding
25(OH)D measurement (Table 2).

Iron supplementation may be an important confounding factor. Therefore, we further
conducted analyses stratified by whether iron was supplemented or not during pregnancy.
As shown in Table 3, we found plasma 25(OH)D in T1 (β = 0.09, p = 0.0016) and T2 (β = 0.17,
p < 0.0001) were significantly associated with Hb concentrations that were detected after
25(OH)D measurement among those who received iron supplements during pregnancy.
However, the results did not show the interaction between plasma 25(OH)D and iron
supplementation. The positive association of plasma 25(OH)D in T3 with Hb concentrations
that were detected after the 25(OH)D measurement, and both existed regardless of whether
iron supplementation occurred during pregnancy (with iron supplementation, β = 0.08,
p = 0.0483; without iron supplementation, β = 0.15, p = 0.0046).
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Table 2. The association * between plasma 25(OH)D in different trimesters and hemoglobin during
pregnancy after the corresponding 25(OH)D measurement.

Variable
Observation

Number

Model 1 Model 2 Model 3

β (se) p β (se) p β (se) p

Models without interaction
25(OH)D in T1 ‡, ng/mL 4419 0.12(0.03) 0.0002 0.08(0.03) 0.0017 0.06(0.03) 0.0177
25(OH)D in T2 ‡, ng/mL 1053 0.17(0.04) <0.0001 0.16(0.03) <0.0001 0.15(0.03) <0.0001
25(OH)D in T3 ‡, ng/mL 337 0.17(0.05) 0.0004 0.12(0.03) 0.0002 0.12(0.03) 0.0006

Models with interaction
25(OH)D in T1 ‡, ng/mL

4419
−0.01(0.08) 0.9017 −0.05(0.07) 0.4391 −0.07(0.07) 0.2775

GA at Hb measurement, week −0.23(0.05) <0.0001 −0.18(0.06) 0.0043 −0.19(0.06) 0.0027
Interaction † 0.005(0.003) 0.0696 0.005(0.003) 0.0464 0.005(0.003) 0.0421
25(OH)D in T2 ‡, ng/mL

1053
−0.05(0.18) 0.7862 −0.07(0.18) 0.7069 −0.07(0.18) 0.6904

GA at Hb measurement, week 0.11(0.15) 0.4503 0.24(0.16) 0.1276 0.25(0.16) 0.1151
Interaction† 0.01(0.01) 0.2314 0.01(0.01) 0.1988 0.01(0.01) 0.2076
25(OH)D in T3 ‡, ng/mL

337
−0.24(0.31) 0.4366 −0.65(0.50) 0.1914 −1.11(1.05) 0.2929

GA at Hb measurement, week −0.27(0.46) 0.5543 −0.70(0.72) 0.3310 −1.31(1.58) 0.4093
Interaction † 0.01(0.01) 0.1635 0.02(0.01) 0.1122 0.03(0.03) 0.2405

HB, hemoglobin; T1, first trimester; T2, second trimester; T3, third trimester; GA, gestational age. * Analyzed by
GEE model; ‡ T1, T2, and T3 were in different models, respectively. † Interaction between VD in each trimester
and GA at Hb measurement, respectively. Model 1 was adjusted for GA at HB measurement. Model 2 was
adjusted for gestational age at HB measurement, age, gestational age at 25(OH)D measurement, gravidity, parity,
season at 25(OH)D measurement, pre-pregnancy BMI, smoking, drinking and tea before pregnancy, sleep quality
and physical frequency at trimester of 25(OH)D measurement, weight gain, and corresponding baseline Hb.
Model 3 was further adjusted for iron supplementation during pregnancy.

Table 3. The association * between 25(OH)D in different trimester and hemoglobin during pregnancy
after corresponding 25(OH)D measurement, stratified by whether iron was supplementary during
pregnancy or not.

Variable

Iron Supplementary during Pregnancy p for Interaction

No Yes

β (se) p β (se) p

T1 ‡ observation number = 1479 observation number = 2940
25(OH)D, ng/mL 0.05(0.05) 0.3587 0.09(0.03) 0.0016 0.3140

T2 ‡ observation number = 314 observation number = 759
25(OH)D, ng/mL 0.09(0.07) 0.2361 0.17(0.03) <0.0001 0.6991

T3 ‡ observation number = 111 observation number = 226
25(OH)D, ng/mL 0.15(0.05) 0.0046 0.08(0.04) 0.0486 0.30732

HB, hemoglobin; T1, first trimester; T2, second trimester; T3, third trimester; GA, gestational age. * Analyzed by
GEE model; ‡ T1, T2, and T3 were in different models, respectively. Model was adjusted for gestational age at HB
measurement, age, gestational age at 25(OH)D measurement, gravidity, parity, season at 25(OH)D measurement,
pre-pregnancy BMI, smoking, drinking and tea before pregnancy, sleep quality, and physical frequency at trimester
of 25(OH)D measurement, weight gain, and corresponding baseline Hb.

3.2. Association between VD Deficiency in Different Trimester and Anemia after Corresponding
25(OH)D Measurement

Considering the clinical significance, we analyzed the relationship between VD defi-
ciency and anemia. Compared to pregnant women without VD deficiency in T1, pregnant
women with VD deficiency in T1 were associated with a higher risk for anemia after the
25(OH)D measurement (OR = 1.42, 95% CI: 1.07–1.88) (Table 4). Similar results of the
association between VD deficiency in T2 and anemia were revealed (OR = 1.94, 95% CI:
1.30–2.89) (Table 4). Consistent with the association between plasma 25(OH)D and Hb, we
only found that VD deficiency in T1 (OR = 1.68, 95% CI: 1.20–2.34) and T2 (OR = 2.02, 95%
CI: 1.27–3.22) was significantly associated with a higher risk for anemia after the 25(OH)D
measurement among those who received iron supplements during pregnancy (Table 5).
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However, no significant association between VD deficiency in T3 and anemia was observed
among the women with or without iron supplementation (Tables 4 and 5).

Table 4. The association * between VD deficiency in different trimesters and anemia during pregnancy
after the corresponding 25(OH)D measurement.

VD
Deficiency

Anemia after VD
Measurement,

Observation Number (%)
Model 1 Model 2 Model 3

No Yes OR (95% CI) p OR (95% CI) p OR (95% CI) p

T1 ‡

No 1097 (84.2) 206 (15.8) ref. - ref. - ref. -
Yes 2452 (78.7) 664 (21.3) 1.54 (1.16–2.04) 0.0025 1.54 (1.16–2.04) 0.0025 1.42 (1.07–1.88) 0.0167

T2 ‡

No 398 (75.8) 127 (24.2) ref. - ref. - ref. -
Yes 328 (62.1) 200 (37.9) 1.97 (1.38–2.80) 0.0002 1.93 (1.31–2.85) 0.0010 1.94 (1.30–2.89) 0.0011

T3 ‡

No 157 (82.2) 34 (17.8) ref. - ref. - ref. -
Yes 103 (70.5) 43 (29.5) 1.13 (1.03–1.24) 0.0109 1.05 (0.96–1.14) 0.2650 1.06 (0.97–1.15) 0.2123

HB, hemoglobin; VD, Vitamin D; T1, first trimester; T2, second trimester; T3, third trimester; GA, gestational age.
* Analyzed by GEE model; ‡ T1, T2, and T3 were in different models, respectively. Model 1 was adjusted for GA at
HB measurement. Model 2 was adjusted for gestational age at HB measurement, age, gestational age at 25(OH)D
measurement, gravidity, parity, season at 25(OH)D measurement, pre-pregnancy BMI, smoking, drinking and tea
before pregnancy, sleep quality and physical frequency at trimester of 25(OH)D measurement, weight gain, and
corresponding baseline Hb. Model 3 was further adjusted for iron supplementation during pregnancy.

Table 5. The association * between VD deficiency in different trimesters and anemia during pregnancy
after the corresponding 25(OH)D measurement, stratified by whether iron was supplementary during
pregnancy or not.

VD Deficiency

Iron Supplementary during Pregnancy

No Yes

OR (95% CI) p OR (95% CI) p

T1 ‡

No ref. - ref. -
Yes 1.22 (0.70–2.12) 0.4765 1.68 (1.20–2.34) 0.0024

T2 ‡

No ref. - ref. -
Yes 1.14 (0.58–2.25) 0.6981 2.02 (1.27–3.22) 0.0032

T3 ‡

No ref. - ref. -
Yes 1.44 (0.38–5.47) 0.5917 0.84 (0.23–3.09) 0.7948

HB, hemoglobin; VD, Vitamin D; T1, first trimester; T2, second trimester; T3, third trimester; GA, gestational
age. * Analyzed by GEE model; ‡ T1, T2, and T3 were in different models, respectively. Model was adjusted
for gestational age at HB measurement, age, gestational age at 25(OH)D measurement, gravidity, parity, season
at 25(OH)D measurement, pre-pregnancy BMI, smoking, drinking and tea before pregnancy, sleep quality, and
physical activity frequency at trimester of 25(OH)D measurement, weight gain, and corresponding baseline Hb.

3.3. Association between Plasma 25(OH)D in Different Trimester and Hb in Different Gestational
Age after Corresponding 25(OH)D Measurement

In order to further evaluate whether the association of plasma 25(OH)D in different
trimesters and Hb concentrations became stronger or not as the gestational age increased,
we assessed the association between plasma 25(OH)D in different trimesters and Hb in
different gestational ages, respectively. When only adjusted for gestational age at Hb
measurement in model 1, the effects of VD per ng/mL in T1 on Hb of gestational age
from 14th to 42nd week ranged from 0.02 to 0.17 g/L. After adjustment for corresponding
confounders, the relationship that increased with gestational age became less obvious.
However, in model 4, when we adjusted for the variables in model 3 but Hb in T1 was
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instead of baseline Hb, a similar trend to model 1 was observed (Table 6). Consistent with
the results of GEE models, we failed to find the changing trend of the association between
plasma 25(OH)D in T2 and Hb from 28th to 42nd gestational age or plasma 25(OH)D in
T3 and Hb (Supplementary Table S1). When stratified by iron supplementation during
pregnancy, the positive associations between plasma 25(OH)D in different trimesters and
Hb concentrations in different gestational ages were only observed among those who
received iron supplements during pregnancy (Supplementary Table S2).

Table 6. The association between 25(OH)D in the first trimester and hemoglobin in different gesta-
tional ages.

Hemoglobin, g/L n
Model 1 Model 2 Model 3 Model 4

β (se) p β (se) p β (se) p β (se) p

HB at T1 * 2962 0.17 (0.05) 0.0002 0.06 (0.02) 0.0023 0.06 (0.02) 0.0021 0.06 (0.02) 0.0021
HB of GA from 14 to 17 † 1156 0.02 (0.03) 0.5170 −0.01 (0.02) 0.6885 −0.01 (0.02) 0.5556 −0.01 (0.02) 0.5556
HB of GA from 18 to 22 † 1058 0.06 (0.03) 0.0651 0.04 (0.02) 0.0604 0.04 (0.02) 0.0722 0.02 (0.03) 0.3772
HB of GA from 23 to 27 † 1098 0.10 (0.03) 0.0008 0.04 (0.02) 0.0704 0.04 (0.02) 0.1293 0.04 (0.03) 0.1201
HB of GA from 28 to 31 ‡ 696 0.14 (0.04) 0.0005 0.07 (0.03) 0.0158 0.06 (0.03) 0.0622 0.07 (0.04) 0.0627
HB of GA from 32 to 35 ‡ 658 0.15 (0.04) 0.0004 0.06 (0.03) 0.0675 0.05 (0.03) 0.1273 0.11 (0.04) 0.0105
HB of GA from 36 to 42 ‡ 555 0.17 (0.35) <0.0001 0.08 (0.03) 0.0245 0.06 (0.03) 0.0916 0.14 (0.05) 0.0036

HB, hemoglobin; T1, first trimester; T2, second trimester; T3, third trimester; GA, gestational age. Model 1 was
adjusted for GA at HB measurement. Model 2 was adjusted for age, gestational age at 25(OH)D measurement,
gravidity, parity, season at 25(OH)D measurement, pre-pregnancy BMI, smoking, drinking, and tea before
pregnancy, sleep quality and physical activity frequency at T1, gestational age and weight gain at the corresponding
gestational age of HB measurement and baseline Hb. Model 3 * was further adjusted for iron Supplementary at
T1; Model 3 † was further adjusted for iron Supplementary from T1 to T2; Model 3 ‡ was further adjusted for iron
Supplementary from T1 to T3. Model 4 was adjusted for the variables in Model 3, but baseline Hb was Hb in T1.

3.4. Association between Plasma 25(OH)D Change and Hemoglobin Change between Different
Trimesters

In addition, we also analyzed the association of the plasma 25(OH)D change with
hemoglobin change between different trimesters to further confirm the association between
plasma 25(OH)D and Hb. The results are shown in Table 7. The change of 25(OH)D from T1 to
T2 had no association with the change of Hb from T1 to T2 (β = −0.00, p = 0.9225). However,
the change of plasma 25(OH)D from T1 to T3 was positively associated with the change of Hb
from T1 to T3 (β = 0.15, p = 0.0027), and the change of plasma 25(OH)D from T2 to T3 was
positively associated with the change of Hb from T2 to T3 (β = 0.13, p = 0.0312).

Table 7. The association between plasma 25(OH)D change and hemoglobin change between different
trimesters.

25(OH)D Change, ng/mL n
Crude Model Model 2 Model 3

β (se) p β (se) p β (se) p

From T1 to T2 HB change from T1 to T2 †, g/L
516 −0.09 (0.03) 0.0013 −0.03 (0.03) 0.3813 −0.00 (0.03) 0.9225

HB change from T2 to T3 ‡, g/L
273 0.15 (0.06) 0.0070 0.15 (0.05) 0.0040 0.11 (0.05) 0.0430

From T2 to T3 HB change from T2 to T3 ‡, g/L
216 0.05 (0.06) 0.4253 0.15 (0.06) 0.0153 0.13 (0.06) 0.0312

From T1 to T3 HB change from T1 to T3 ‡, g/L
293 0.00 (0.05) 0.9189 0.17 (0.05) 0.0008 0.15 (0.05) 0.0027

HB, hemoglobin; T1, first trimester; T2, second trimester; T3, third trimester; GA, gestational age. Model 2
was adjusted for age, gestational age at later 25(OH)D measurement, gravidity, parity, season at later 25(OH)D
measurement, pre-pregnancy BMI, smoking, drinking, and tea before pregnancy, sleep quality and physical
activity frequency at later GA, change of gestational age and weight gain at the corresponding gestational
age of HB measurement, corresponding baseline HB and 25(OH)D. Model 3 † was further adjusted for iron
Supplementary from T1 to T2; Model 3 ‡ was further adjusted for iron supplementation from T1 to T3.
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4. Discussion

In the present study, the levels of plasma 25(OH)D in T1, T2, and T3 were positively
associated with Hb concentrations after the 25(OH)D measurement and the association
of plasma 25(OH)D in T1 and Hb concentration became stronger as the gestational age
increased. Meanwhile, pregnant women with VD deficiency in T1 or T2 had an increased
risk of anemia, respectively, compared with those without VD deficiency. However, the
significant relationship between VD and Hb was only observed among those with iron
supplementation during pregnancy.

Some previous studies have reported that pregnant women with VD deficiency had a
significantly higher risk of anemia, but in their studies, only one or two measurements of
25(OH)D were conducted [22–26]. However, in our study, we measured 25(OH)D at three
trimesters, respectively; meanwhile, we also found that 25(OH)D in T1, T2, and T3 were
positively correlated with Hb, respectively. VD deficiency in T1 or T2 was associated with
an increased risk of anemia. The finding, that the change of plasma 25(OH)D from T1 to
T3 was positively associated with the change of Hb from T1 to T3, further increased the
evidence of the relationship between VD and Hb. Thomas et al. [25] found that it could be
partly explained by the mediation of erythropoietin, which was recognized in hemodialysis
patients clinically [16]. Moreover, VD deficiency might also stimulate immune cells in the
bone marrow microenvironment to produce cytokines, resulting in impaired red blood cell
production [15]. In addition, hepcidin was also recognized as a key role in the association
between VD and Hb. Increased hepcidin could inhibit enterocytes to absorb iron and lead
to anemia, but VD could suppress the expression of hepcidin mRNA and enhance iron
absorption by regulating the iron-hepcidin-ferroportin axis in monocytes [14,17]. However,
one RCT from England reported that VD supplementation (1000 IU/day) from the first
trimester had no effect on hepcidin in the third trimester [27]. There were also some studies
that found no association between VD deficiency and anemia. One cross-sectional study in
Sudan that enrolled 180 pregnant women found no correlation between serum 25(OH)D
and Hb level (r = 0.001, p = 0.999) [28]. Another two cross-sectional studies in Bangladesh
and Brazil used VD deficiency as an outcome and also found no association between
them [10,29]. We summarized and speculated the reasons for the inconsistent results in
the following aspects. First, these three studies were all cross-sectional studies with small
sample sizes. Second, the relationship between VD deficiency and anemia was not the main
objective of these studies and two of them took VD deficiency as the outcome in statistical
models, with the latter results in the low statistical power. Third, the association between
VD and anemia could be different in different trimesters. Fourth, they did not consider
iron supplementation during pregnancy. In our study, it also could not be ignored that we
failed to reveal the statistically significant association between VD deficiency in T3 and
anemia after the VD measurement. Perhaps because of the short time interval, the effect of
VD on Hb had not been fully shown. As we discovered, the association of plasma 25(OH)D
in T1 and Hb became stronger as the gestational age increased. When we adjusted for
potential confounders and Hb in T1, a similar trend was observed. To our knowledge, no
previous study reported similar results. However, one study found a 6.97-fold increased
risk of anemia at delivery in women with vitamin D deficiency [25], which was far stronger
than the association between VD deficiency and anemia during pregnancy in previous
studies [22,23,26] and the present study. A previous study showed that 25(OH)D3 reached
a plateau in the third month in the vitamin D3 supplement group, which indicates that
VD supplementation takes more than three months to have the maximal effect [30]. We
also found that after adjustment for Hb in T1 (<14 gestational weeks), 25(OH)D in T1
was significantly and positively associated with Hb after 32 gestational weeks rather than
that within 32 gestational weeks; furthermore, the dose-response effect of 25(OH)D in T1
and Hb measured in various gestational weeks was observed (Table 6). The time intervals
between the VD measurements in T2 or T3 and Hb measurement after corresponding VD
measurements were shorter than 3 months. The dose-response effect of 25(OH)D and Hb
was not observed. Furthermore, for further demonstrating the dose-response effect between
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25(OH)D and Hb, we evaluated the associations between 25(OH)D change and hemoglobin
change between different trimesters (Table 7). We also found that the changes in VD level
from T1 to T2 had a significant association with the change of Hb from T2 to T3 rather than
from T1 to T2. More studies should be conducted to confirm these findings. When we further
considered the influence of iron supplementation, we only found a significant correlation
between VD and Hb or VD deficiency and anemia in women with iron supplementation
during pregnancy. The possible reason partly resulted from the fact that VD might increase
Hb by decreasing hepcidin and increasing iron absorption. When iron supplementation was
present, it might provide a source for VD to promote iron absorption.

Strengths and Limitations

Our study has some strengths. First, most previous studies focused on plasma
25(OH)D concentration and Hb concentration in a single trimester, but in this study, we
evaluated the association between VD in each trimester and Hb at different gestational
ages during the whole pregnancy. Meanwhile, we also explored the interaction between
plasma 25(OH)D and the gestational age of Hb measurements on Hb levels in GEE models.
Second, the association between the change of VD and the change of Hb was also examined
to further explore the association. Third, considering the influence of iron supplementation,
we also conducted a stratified analysis according to the iron supplementation variable.
In addition, we also considered sleep quality, physical activity quality, and several other
variables as potential confounders to improve the reliability of results. However, several
limitations should be mentioned. First, ferritin, transferrin, etc., were not detected, and
we could not distinguish between iron deficiency or anemia. Second, we only adjusted
iron supplementation during pregnancy in the model and conducted a stratified analysis,
but we did not access the frequency and amount of iron supplementation. Third, the
diagnosis criteria of anemia from the Centers for Disease Control and Prevention criteria in
the United States were changed across gestational trimesters, such as <110 g/L in the first
trimester, <105 g/L in the second trimester, and <110 g/dL in the third trimester, and it
may introduce the bias. However, other some studies have used Hb concentration below
110 g/L as the diagnosis criteria for anemia. However, Breymann [31] et al. thought that
any Hb below 105 g/L could be regarded as true anemia. Fourth, parathyroid hormone
and fibroblast growth factor 23 might have a damaging effect on iron metabolism and
confound the association between VD and iron circulation and anemia [32], but they were
not measured in our study.

5. Conclusions

In conclusion, the plasma 25(OH)D concentration in each trimester was positively
associated with Hb concentration, and the association of plasma 25(OH)D in T1 and Hb
became stronger and stronger as the gestational age increased. Iron supplementation
might be an important factor affecting the relationship between VD and Hb. Both VD
deficiency and anemia are very common among pregnant women. This finding indicates
that VD supplementation before conception or early T1 not only improves VD deficiency
but is also beneficial for the prevention of anemia, especially in pregnant women with iron
supplementation. More studies are warranted to determine the association and mechanisms
between VD and Hb.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nu14122455/s1, Supplementary Table S1. The association between
25(OH)D in the second and third trimester and hemoglobin in different gestational ages, respectively;
Supplementary Table S2. The association between 25(OH)D in different trimesters and hemoglobin in
different gestational ages were stratified by whether iron was supplementary during pregnancy or not.
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Abstract: Objective: We aimed to explore the effect of single nucleotide polymorphism (SNP) in
the genes of the vitamin D (VitD) metabolic pathway and its interaction with VitD level during
pregnancy on the development of hypertensive disorders of pregnancy (HDP). Methods: The study
was conducted in the Zhoushan Maternal and Child Health Care Hospital, China, from August
2011 to May 2018. The SNPs in VitD metabolic pathway-related genes were genotyped. Plasma
25-hydroxyvitamin vitamin D (25(OH)D) levels was measured at first (T1), second (T2), and third
(T3) trimesters. The information of systolic blood pressure (SBP) and diastolic blood pressure (DBP),
and the diagnosis of HDP were extracted from the electronic medical record system. Multivariable
linear and logistic regression models and crossover analysis were applied. Results: The prospective
cohort study included 3699 pregnant women, of which 105 (2.85%) were diagnosed with HDP. After
adjusting for potential confounders, VitD deficiency at T2, as well as the change of 25(OH)D level
between T1 and T2, were negatively associated with DBP at T2 and T3, but not HDP. Polymorphisms
in CYP24A1, GC, and LRP2 genes were associated with blood pressure and HDP. In addition, VitD
interacted with CYP24A1, GC, and VDR genes’ polymorphisms on blood pressure. Furthermore,
participants with polymorphisms in CYP24A1-rs2248137, LRP2-rs2389557, and LRP2-rs4667591 and
who had VitD deficiency at T2 showed an increased risk of HDP. Conclusions: The individual and
interactive association between VitD deficiency during pregnancy and SNPs in the genes of the VitD
metabolic pathway on blood pressure and HDP were identified.
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1. Introduction

Hypertensive disorders of pregnancy (HDP), including gestational hypertension,
preeclampsia, eclampsia, pregnancy complicated with chronic hypertension, and chronic
hypertension complicated with preeclampsia [1], accounted for nearly 18% of all maternal
deaths worldwide [2]. Its increasing prevalence and related risks for maternal and child
health as well as cardiovascular diseases later in life has garnered great attention in the
field of public health [3,4]. The risk factors for HDP are advanced age, primipara, multiple
pregnancy, family history of hypertension, high pre-pregnancy body mass index (BMI),
and high basal blood pressure [5].
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Approximately 5% to 7% of pregnancies are complicated by preeclampsia [6]. While
the cause of preeclampsia is not fully discerned, previous studies have suggested that ab-
normal placentation and angiogenesis were central to the pathogenesis of this syndrome [6].
In recent years, growing evidence of the association between maternal hypovitaminosis D
and increased risk of HDP has been suggested [7,8]. Compared to non-pregnant state, there
are significant changes in vitamin D (VitD) metabolism during pregnancy, and the serum
levels of VitD binding protein (VDBP) [9], as well as the active form, 1,25-dihydroxyvitamin
(1,25(OH)2D) [10], increased notably. It is believed that not only the kidneys but also the
placenta and decidua produce and secret 1,25(OH)2D during pregnancy [11]. Moreover,
VitD receptors and related metabolic enzymes have been discovered in the placenta and
decidua [12], indicating a potential role for VitD in implantation and placental function,
outside of its well-established role in skeletal health [13].

To date, trial evidence appears insufficient to lean towards a protective effect of VitD
supplementation during pregnancy against the risk of preeclampsia owing to small sample
size or low study quality [14,15]. In addition, findings from observational studies in
regard to the association between maternal VitD status and HDP are discrepant due to the
large heterogeneity between study designs, lack of adherence to standardized outcome
definitions, and different gestational weeks of VitD detection [8,16]. On the other hand,
genetic variants in the VitD metabolic pathway have also been shown to participate in the
pathogenesis of blood pressure increase and preeclampsia [8,17], which suggests a possible
interaction between VitD and its pathway gene variants for HDP. The concentration or
effect of VitD can be highly regulated due to the variation of key protein expression or
activity. 25(OH)D is the main circulating metabolism and is considered the biological
marker of VitD status. The main metabolic enzymes involved in the synthesis, transport,
reabsorption, and inactivation of VitD include 25-hydroxylase (CYP3A4), 1-hydroxylase
(CYP27B1), vitamin D-binding protein (GC), 24-hydroxylas and metaling (LRP2), and
24-hydroxylase (CYP24A1). Moreover, VitD receptor (VDR) regulates VitD metabolism
through binding 1,25(OH)2D [18].

So far, most studies have only focused on the relationship between VitD status during
pregnancy or gene variation in the VitD metabolic pathway and HDP, without considering
the possible interaction between them. This study aimed to explore the association of VitD
status in three trimesters of pregnancy with the risk of HDP, and to explore the interactive
effect between maternal VitD level and genetic variants in the VitD metabolic pathways
(GC, CYP24A1, CYP3A4, CYP27B1, LRP2, VDR) on gestational blood pressure and HDP.

2. Materials and Methods

2.1. Study Design and Participants

The Zhoushan Pregnant Women Cohort (ZPWC) is an ongoing prospective cohort,
conducted in Zhoushan Maternal and Child Health Care Hospital, Zhejiang. This study was
based on the data of ZPWC from August 2011 to May 2018. We recruited pregnant women
aged between 18 and 45 years at their first prenatal visit. A more detailed description of the
inclusion and exclusion criteria can be seen in a previous study [19]. In addition, pregnant
women without extreme/missing information of blood pressure and who measured plasma
25(OH)D levels in the first, second, or third trimester were included in the study. In addition,
because gestational hypertension (GH), preeclampsia, and eclampsia are different from
pregnancy complicated with chronic hypertension and chronic hypertension complicated
with preeclampsia in pathogenesis and clinical treatment, pregnant women with chronic
hypertension before pregnancy were also excluded [1]. Informed consent was obtained
from all participants before the investigation. The study was conducted according to the
guidelines of the Declaration of Helsinki and approved by the Institutional Review Board
of Zhoushan Maternal and Child Health Care Hospital on 9 January 2011 (Ethical Approval
Code: 2011-05).
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2.2. Collection of Data and Blood Sample

The interviewers conducted face-to-face questionnaire surveys. Socio-demographic
characteristics, lifestyle, and health behavior in the first (T1: 8th–14th gestational week),
second (T2: 24th–28th gestational week), and third (T3: 32nd–36th gestational week)
trimester, and 42nd day postpartum were collected. At each visit, professional nurses and
inspectors were responsible for drawing and centrifuging fasting venous blood samples
under 4 ◦C and separating the plasma and white blood cells, which were then stored at
−80 ◦C until use.

2.3. Measurement of 25(OH)D Concentrations

Plasma 25(OH)D2 and 25(OH)D3 concentrations (reported in ng/mL) were mea-
sured by Liquid chromatography–tandem mass spectrometry (API 3200MD (Applied
Bio-systems/MDS Sciex, Framingham, MA, USA)). The lowest sensitivity of 25(OH)D2
and 25(OH)D3 was 2 ng/mL and 5 ng/mL, respectively. The intra-assay and inter-assay
coefficient variance were 1.47–7.24% and 4.48–6.74% for 25(OH)D2 and 2.50–7.59% and
4.44–6.76% for 25(OH)D3, respectively [19]. The 25(OH)D concentrations were the sum of
25(OH)D2 and 25(OH)D3.

2.4. Data Extraction

According to the guidelines of pregnant women prenatal health care, the first check-
up and registration was conducted on the 8th–12th gestational week. After registration,
12 check-ups at 16, 20, 24, 28, 30, 32, 34, 36, 37, 38, 39, and 40 weeks of pregnancy were
followed, along with a birth check every three days until delivery was performed after
the 40th week, and a postpartum visit on the 42th day after delivery. The information
including height, gestational age, and follow-up information (e.g., weight, systolic blood
pressure (SBP), diastolic blood pressure (DBP), etc.), socio-demographic characteristics
(e.g., age, education level, etc.), reproductive history (e.g., gravidity, parity, threatened
abortion, and fetal malformation, etc.), history of present diseases (e.g., diabetes, etc.),
pregnant complications (such as gestational diabetes mellitus, preeclampsia, and kidney
disease, etc.), intrapartum complications (e.g., fetal distress, placenta previa, and placental
abruption, etc.), was extracted from an electronic medical recorder system (EMRS).

2.5. Covariates Assessment

According to Endocrine Society Clinical Practice Guidelines, we defined plasma
25(OH)D < 20 ng/mL (50 nmol/L) as VitD deficiency [20], and 25(OH)D concentrations
≥ 20 ng/mL as VitD non-deficiency. The change of 25(OH)D level during pregnancy is
defined as a difference of 25(OH)D level between three trimesters. The following parameters
were also defined: Pre-pregnancy body mass index (BMI) = weight (kg)/height2 (m2),
gestational weight gain (continuous) = the weight on the day of VitD test at T1, T2, or T3,
the pre-pregnancy weight, educational level (senior high school and below, college and
above), gravity (1, ≥2, missing), parity (0, ≥1, missing), basal blood pressure (the level of
blood pressure at the first prenatal examination or early pregnancy, continuous), the seasons
of blood pressure measurement (divided as followed: spring (March to May), summer
(June to August), fall (September to November), and winter (December to February) based
on the sunshine intensity and duration in different months [21]).

2.6. HDP Definition

In perinatal care, SBP and DBP would be routinely measured [22]; we extracted the
data from EMRS. In a sitting position, blood pressure measurement was performed from
the right hand with a standard mercury sphygmomanometer. GH onset was defined
as SBP ≥ 140 and/or DBP ≥ 90 mm Hg after the 20th gestational week (according to
last menstruation date and B-ultrasound) in at least two consecutive examinations [23].
On the basis of GH, urinary protein ≥ +1 on a dipstick was defined as preeclampsia [1].
Eclampsia was defined as the presence of new-onset grand mal seizures in a woman with
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preeclampsia [24]. GH, preeclampsia, and eclampsia were combined as the group of HDP
in later analysis.

2.7. SNP Selection and Genotyping

VitD-related SNP were selected if they met any one of the following conditions [25,26]:
(1) SNPs positively associated with 25(OH)D concentration reported in the literature, and
the minimum allele frequency (MAF) ≥ 10%; (2) SNPs displayed in the functional region
in the NCBI database: exon region, intron splicing point, 5′end and 3′end regulatory re-
gions, and MAF ≥ 10%; (3) HapMap Chinese database, including gene regions, SNPs
within 1500 bp at the 5′end and 3′end; (4) selected by HaploView, the conditions are:
MAF ≥ 10%; R2 ≥ 0.8. Finally, a total of 34 SNPs in the VitD metabolic pathway were
selected (CYP27B1: rs10877012, CYP3A4: rs2242480, rs4646437, LRP2: rs4667591, rs10210408,
rs2228171, rs7600336, rs2544381, rs2544390, rs2389557, GC: rs16846876, rs12512631, rs17467825,
rs2070741, rs2282679, rs3755967, rs2298850, rs4588, rs7041, rs222020, rs1155563, rs2298849,
VDR: rs2228570, rs7975232, rs11568820, rs2238136, rs2853559, rs4334089, rs10783219, CYP24A1:
rs6013897, rs2762934, rs2209314, rs6127118, rs2248137).

The conventional phenol–chloroform extraction method was used to extract DNA
from the peripheral blood leukocytes, which was then stored in TE-buffer at −80 ◦C. DNA
was diluted to 10 ng/μL using a Nanodrop® ND-1000 Spectrophotometer (Thermo Fisher
Scientific Inc., Wilmington, NC, USA) for SNP analysis. A Sequenom MassARRAY iPLEX
Gold platform (Sequenom, San Diego, CA, USA) was used for SNP genotyping. The call
rate of these SNPs was over 98%, which conformed to the Hardy–Weinberg equilibrium.

2.8. Statistical Analysis

The characteristics between HDP and non-HDP groups were compared by t-test for
continuous variables and by chi-squared test for categorical variables. Latent mixture
modeling (PROC TRAJ) was used to identify subgroups that shared similar VitD patterns.
Model fit was assessed using the Bayesian Information Criterion. We initiated a model
with three trajectories, and then compared the BIC to that with two. The model with
three trajectories identified fit best [27] (Figure S1). Restricted cubic spline (RCS) analyses
were used to characterize the dose-response association and explore the potential linear or
nonlinear relationship of 25(OH)D level in three trimesters, the change of 25(OH)D level
during pregnancy with blood pressure in three trimesters, and HDP. Multivariable adjusted
analyses with three knots were used. Test result for nonlinearity was checked first. If the
test for nonlinearity was not significant, test result for overall association and linearity was
checked, with a significant result indicating a linear association [28]. Multivariate adjusted
RCS analysis showed that there was no nonlinear association of 25(OH)D level in three
trimesters, the change of 25(OH)D level during pregnancy with blood pressure, and HDP
during pregnancy (Pfor non-linear > 0.05) (Figures S2–S6). The Hardy–Weinberg equilibrium
(HWE) of genotyped SNPs was tested using the χ2 test.

A multiple linear regression model and a multivariate logistic regression model,
combined with a crossover analysis method were utilized to explore the association between
VitD and its metabolic pathway-related gene variants as well as their interactions with SBP,
DBP, and HDP. The generalized linear model was used to analyze the relationship of the
change of 25(OH)D level during pregnancy with SBP and DBP, and the multivariate logistic
regression model was used to analyze the association between the changes in 25(OH)D
levels and the trajectory of VitD during pregnancy with HDP. Models were adjusted for
the following potential confounders: pre-pregnancy BMI, maternal age, gestational weight
gain, gestational week, educational level, parity, basal blood pressure, and the seasons of
blood pressure measurement.

β (se) for linear regression, ORs, and corresponding 95% CIs for logistic regression
were calculated, respectively. All test results were considered statistically significant at a
value of p < 0.05. RCS analyses were performed using R software (version 3.6.3); the other
analyses were performed using SAS (version 9.4, SAS Institute, Cary, NC, USA).
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3. Results

3.1. Subject Characteristics

The demographic characteristics of participants with HDP or non-HDP were compared
and are shown in Table 1. The prospective cohort study included 3699 pregnant women,
of which 105 (2.85%) were diagnosed with HDP. The mean age was 29.30 ± 3.95 years
for HDP participants and 28.67 ± 3.64 years for non-HDP participants. Compared with
non-HDP participants, HDP women had higher pre-pregnancy BMI (21.16 ± 2.91 kg/m2 vs.
23.62 ± 4.05 kg/m2, p < 0.0001). The SBP and DBP levels in three trimesters were higher in
HDP than non-HDP. However, VitD deficiency in three trimesters, educational level, gravity,
and parity were not significantly different between the two groups. The characteristics of
participants in the SNP analysis are shown in Table 1. Pregnant women with HDP had
higher pre-pregnancy BMI than the non-HDP group. There was no significant difference in
weight gain and 25(OH)D level in three trimesters, educational level, gravity, and parity
between the two groups (Table S1).

Table 1. Baseline characteristics of pregnant women.

Variables Non-HDP (N = 3594) HDP (N = 105) p

Mean ± SD
Age, years 28.67 ± 3.64 29.30 ± 3.95 0.0811
Pre-pregnancy BMI, kg/m2 21.16 ± 2.91 23.62 ± 4.05 <0.0001
T1 (N = 3302)
Weight gain, kg 0.01 ± 0.17 0.02 ± 0.14 0.3841
SBP, mmHg 103.53 ± 9.31 112.21 ± 10.58 <0.0001
DBP, mmHg 68.35 ± 6.67 74.48 ± 5.99 <0.0001
25(OH)D, ng/mL 17.85 ± 8.38 17.70 ± 7.10 0.8629
T2 (N = 2479)
Weight gain, kg 5.61 ± 3.82 6.25 ± 4.50 0.1971
SBP, mmHg 107.17 ± 9.24 116.60 ± 14.44 <0.0001
DBP, mmHg 69.13 ± 7.82 76.61 ± 8.84 <0.0001
25(OH)D, ng/mL 23.28 ± 10.38 22.91 ± 9.60 0.7827
T3 (N = 1549)
Weight gain, kg 11.91 ± 3.73 11.20 ± 4.69 0.2181
SBP, mmHg 108.86 ± 9.72 123.30 ± 15.68 <0.0001
DBP, mmHg 70.99 ± 7.38 82.43 ± 8.44 <0.0001
25(OH)D, ng/mL 26.53 ± 11.28 26.20 ± 11.01 0.8468
N (%)
VitD deficiency at T1 a 2176 (67.85) 66 (69.47) 0.7386
VitD deficiency at T2 b 1067 (44.15) 30 (48.39) 0.5067
VitD deficiency at T3 c 476 (31.63) 13 (29.55) 0.7696
Educational level 0.1263
≤High school 957 (26.63) 35 (33.33)
>High school 2637 (73.37) 70 (66.67)
Gravity 0.5389
1 1652 (45.97) 43 (40.95)
≥2 1822 (50.70) 59 (56.19)
Unknown 120 (3.34) 3 (2.86)
Parity 0.4887
0 2015 (56.07) 65 (61.90)
≥1 771 (21.45) 20 (19.05)
Unknown 808 (22.48) 20 (19.05)

Abbreviations: HDP, hypertensive disorders in pregnancy; BMI, body mass index; SBP, systolic blood pressure;
DBP, diastolic blood pressure; VitD, vitamin D. a N = 3302, b N = 2479, c N = 1549.

3.2. The Association between 25(OH)D in Three Trimesters and HDP

After being adjusted for potential confounders, 25(OH)D level at T1 was negatively
associated with SBP (β (se) = −0.05 (0.02), p = 0.0287) and DBP (β (se) = −0.05 (0.02),
p = 0.0190) at T1. In addition, 25(OH)D level at T2 was negatively associated with DBP at
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T2 and T3, respectively (β (se) = −0.10 (0.02), p < 0.0001, β (se) = −0.07 (0.02), p = 0.0003)
(Table 2). The association between VitD deficiency in three trimesters with SBP and DBP
were consistent with the above results (Table S2). For each 1 ng/mL increase in 25(OH)D
changes between T1 and T2, DBP at T2 and T3 decreased by 0.11 (se = 0.02) mmHg
and 0.11 (se = 0.02) mmHg, respectively (p < 0.0001). (Table 3). Three subgroups of
participants with data of 25(OH)D levels in three trimesters were identified by latent
mixture modeling. Compared with women whose 25(OH)D levels remained low from
T1 to T3, women whose 25(OH)D levels gradually increased at T2 and T3 or whose
25(OH)D levels remained high during pregnancy had lower DBP at T3 (β (se) = −1.13 (0.46),
p = 0.0137, β (se) = −1.74 (0.74), p = 0.0195) (Table 4). However, there was no significant
association between 25(OH)D levels, VitD deficiency in three trimesters, the change of
25(OH)D levels, or the VitD trajectory during pregnancy with HDP (Tables S3–S6).

Table 2. Association between 25(OH)D levels in three trimesters with blood pressure.

Trimesters of
25(OH)D

N
SBP, mmHg DBP, mmHg

β (se) p β (se) p

Blood pressure at T1 (N = 3302)
T1 3302 −0.02 (0.02) 0.3198 0.02 (0.01) 0.2056

Blood pressure at T2 (N = 2479)
T1 2125 −0.05 (0.02) 0.0287 −0.05 (0.02) 0.0190
T2 2479 0.03 (0.02) 0.1675 −0.10 (0.02) <0.0001

Blood pressure at T3 (N = 1549)
T1 1328 0.03 (0.03) 0.2361 −0.02 (0.02) 0.3259
T2 1390 0.04 (0.03) 0.1214 −0.07 (0.02) 0.0003
T3 1549 0.04 (0.02) 0.0541 −0.02 (0.02) 0.2486

Abbreviations: SBP, systolic blood pressure, DBP, diastolic blood pressure. Adjusted for pre-pregnancy BMI,
maternal age, gestational weight gain, gestational week, educational level, parity, basal blood pressure, and the
seasons of blood pressure measurement.

Table 3. The association between the change of 25(OH)D levels during pregnancy and blood pressure
at T2 and T3.

The Change of Trimesters N
The Change of 25(OH)D
Levels, ng/mL *

SBP, mmHg DBP, mmHg

β (se) p β (se) p

Blood pressure at T2 (N = 2479)
Between T1 and T2 2125 3.50 (84.59) 0.03 (0.02) 0.1217 −0.11 (0.02) <0.0001

Blood pressure at T3 (N = 1549)
Between T1 and T2 1212 2.40 (81.27) 0.03 (0.03) 0.3142 −0.11 (0.02) <0.0001
Between T1 and T3 1328 6.59 (98.02) 0.06 (0.03) 0.0294 −0.02 (0.02) 0.3516
Between T2 and T3 1390 3.40 (87.23) 0.02 (0.03) 0.3662 0.04 (0.02) 0.0405

Abbreviations: SBP, systolic blood pressure; DBP, diastolic blood pressure. * Presented as the median (range).
Adjusted for pre-pregnancy BMI, maternal age, gestational weight gain, gestational week, educational level,
parity, basal blood pressure, the seasons of blood pressure measurement, and 25(OH)D level at T1.

Table 4. The association between the trajectory of VitD during pregnancy and blood pressure at T3.

Trajectory of VitD N (%)
SBP, mmHg DBP, mmHg

β (se) p β (se) p

Subgroup 1 621 (51.24) Ref Ref
Subgroup 2 469 (38.70) 0.48 (0.60) 0.4216 −1.13 (0.46) 0.0137
Subgroup 3 122 (10.07) 1.58 (0.98) 0.1052 −1.74 (0.74) 0.0195

Abbreviations: SBP, systolic blood pressure; DBP, diastolic blood pressure; VitD, vitamin D. Adjusted for pre-
pregnancy BMI, maternal age, gestational weight gain, gestational week, educational level, parity, basal blood
pressure, and the seasons of blood pressure measurement.
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3.3. The Association between SNP and HDP

The association of each SNP genotype with SBP and DBP at T1, T2, and T3 are shown
in Tables S7–S9, respectively. Polymorphisms in CYP24A1-rs2248137 was significantly asso-
ciated with higher SBP at T1 and DBP at T2 and T3. Polymorphisms in CYP24A1-rs2762934
were significantly associated with higher DBP at T1 and SBP at T2. Polymorphisms in
LRP2-rs4667591 were significantly associated with higher SBP at T1 and DBP at T3. Poly-
morphisms in GC-rs2070741, rs222020, and rs2298849 were associated with higher SBP at
T2. Polymorphisms in LRP2-rs2544390 were associated with higher DBP at T3. Further-
more, polymorphisms in CYP24A1-rs2248137, CYP24A1-rs2762934, CYP24A1-rs6127118,
and GC-rs2070741 were associated a higher risk of HDP (Table 5). However, there was no
significant association between other genes’ polymorphisms and HDP.

Table 5. The relationship between single SNP and HDP *.

SNP Genotypes N Case (%)
Crude Model Adjusted Model *

OR (95%CI) p OR (95%CI) p

CYP24A1
rs2209314 TT 941 28 (3.0) Ref Ref

CT 1309 38 (2.9) 0.97 (0.59–1.60) 0.9198 0.99 (0.60–1.64) 0.9648
CC 443 4 (0.9) 0.30 (0.10–0.85) 0.024 0.30 (0.10–0.87) 0.026

rs2248137 GG 934 18 (1.9) Ref Ref
GC 453 20 (4.4) 2.35 (1.23–4.49) 0.0096 2.62 (1.32–5.21) 0.0059
CC 643 19 (3.0) 1.55 (0.81–2.98) 0.1885 1.80 (0.92–3.53) 0.0869

rs2762934 GG 599 22 (3.7) Ref Ref
GA 119 5 (4.2) 1.15 (0.43–3.10) 0.7819 1.07 (0.38–3.00) 0.9051
AA 7 1 (14.3) 4.37 (0.50–37.88) 0.1806 9.98 (1.06–94.04) 0.0444

rs6013897 TT 529 20 (3.8) Ref Ref
AT 172 8 (4.7) 1.24 (0.54–2.87) 0.6131 1.26 (0.53–3.02) 0.5964
AA 22 1 (4.5) 1.21 (0.16–9.46) 0.8546 1.53 (0.19–12.57) 0.6905

rs6127118 GG 963 24 (2.5) Ref Ref
AG 1616 41 (2.5) 1.02 (0.61–1.70) 0.9439 0.96 (0.57–1.61) 0.8736
AA 119 7 (5.9) 2.45 (1.03–5.80) 0.0426 2.38 (0.98–5.77) 0.0542

CYP27B1
rs10877012 TT 1125 27 (2.4) Ref Ref

GT 1204 32 (2.7) 1.11 (0.66–1.87) 0.6925 1.14 (0.67–1.93) 0.6354
GG 360 12 (3.3) 1.40 (0.70–2.80) 0.3366 1.61 (0.80–3.25) 0.1856

CYP3A4
rs2242480 CC 1529 41 (2.7) Ref Ref

CT 1004 26 (2.6) 0.96 (0.59–1.59) 0.8879 0.96 (0.58–1.60) 0.8885
TT 159 5 (3.1) 1.18 (0.46–3.03) 0.7329 1.37 (0.53–3.56) 0.5164

rs4646437 GG 530 22 (4.2) Ref Ref
AG 182 7 (3.8) 0.92 (0.39–2.20) 0.8576 0.83 (0.34–2.04) 0.6868

GC
rs1155563 TT 951 29 (3.0) Ref Ref

TC 1290 31 (2.4) 0.78 (0.47–1.31) 0.3499 0.76 (0.45–1.29) 0.3091
CC 450 11 (2.4) 0.80 (0.39–1.61) 0.5262 0.73 (0.36–1.50) 0.3886

rs12512631 TT 463 21 (4.5) Ref Ref
CT 241 7 (2.9) 0.63 (0.26–1.50) 0.2973 0.77 (0.31–1.89) 0.5683
CC 18 1 (5.6) 1.24 (0.16–9.75) 0.8393 1.07 (0.13–8.84) 0.9466

rs16846876 AA 1274 38 (3.0) Ref Ref
AT 1133 25 (2.2) 0.73 (0.44–1.22) 0.2357 0.69 (0.41–1.16) 0.1632
TT 292 9 (3.1) 1.03 (0.49–2.16) 0.9283 0.89 (0.41–1.93) 0.7745

rs17467825 AA 1254 37 (3.0) Ref Ref
GA 1150 29 (2.5) 0.85 (0.52–1.39) 0.5208 0.80 (0.48–1.32) 0.3792
GG 299 6 (2.0) 0.67 (0.28–1.61) 0.375 0.54 (0.22–1.33) 0.181

rs2070741 TT 495 17 (3.4) Ref Ref
GT 213 8 (3.8) 1.10 (0.47–2.58) 0.8317 1.10 (0.46–2.66) 0.8251
GG 18 3 (16.7) 5.62 (1.49–21.28) 0.011 4.77 (1.12–20.21) 0.0341
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SNP Genotypes N Case (%)
Crude Model Adjusted Model *

OR (95%CI) p OR (95%CI) p

rs222020 TT 270 10 (3.7) Ref Ref
CT 344 12 (3.5) 0.94 (0.40–2.21) 0.8867 0.85 (0.35–2.07) 0.7284
CC 110 6 (5.5) 1.50 (0.53–4.23) 0.4436 1.42 (0.49–4.15) 0.5169

rs2282679 TT 1254 36 (2.9) Ref Ref
GT 1141 30 (2.6) 0.91 (0.56–1.49) 0.7185 0.87 (0.52–1.43) 0.5726
GG 306 6 (2.0) 0.68 (0.28–1.62) 0.3808 0.55 (0.22–1.35) 0.1913

rs2298849 AA 1120 27 (2.4) Ref Ref
GA 1219 38 (3.1) 1.30 (0.79–2.15) 0.3003 1.32 (0.79–2.20) 0.2835
GG 366 7 (1.9) 0.79 (0.34–1.83) 0.5809 0.82 (0.35–1.90) 0.6376

rs2298850 GG 1229 35 (2.8) Ref Ref
CG 1151 29 (2.5) 0.88 (0.54–1.45) 0.621 0.84 (0.50–1.39) 0.4891
CC 305 6 (2.0) 0.68 (0.29–1.64) 0.3967 0.55 (0.22–1.38) 0.2051

rs3755967 CC 1250 36 (2.9) Ref Ref
CT 1149 30 (2.6) 0.90 (0.55–1.48) 0.6875 0.86 (0.52–1.42) 0.5515
TT 306 6 (2.0) 0.67 (0.28–1.62) 0.3768 0.54 (0.22–1.35) 0.189

rs4588 GG 1241 36 (2.9) Ref Ref
GT 1146 29 (2.5) 0.87 (0.53–1.43) 0.5789 0.83 (0.50–1.37) 0.4576
TT 306 6 (2.0) 0.67 (0.28–1.60) 0.3679 0.54 (0.22–1.34) 0.1819

rs7041 AA 1445 39 (2.7) Ref Ref
CA 1061 28 (2.6) 0.98 (0.60–1.60) 0.9268 1.03 (0.62–1.70) 0.9026
CC 195 4 (2.1) 0.76 (0.27–2.14) 0.5968 0.87 (0.30–2.48) 0.7934

LRP2
rs10210408 CC 895 22 (2.5) Ref Ref

TC 1325 40 (3.0) 1.24 (0.73–2.09) 0.4322 1.16 (0.68–1.99) 0.5816
TT 486 10 (2.1) 0.83 (0.39–1.78) 0.6378 0.81 (0.38–1.74) 0.5919

rs2228171 TT 932 24 (2.6) Ref Ref
CT 394 15 (3.8) 1.50 (0.78–2.89) 0.2279 1.48 (0.75–2.94) 0.2607
CC 301 8 (2.7) 1.03 (0.46–2.32) 0.9375 1.14 (0.50–2.61) 0.7534

rs2389557 AA 194 8 (4.1) Ref Ref
GA 363 12 (3.3) 0.79 (0.32–1.98) 0.6218 0.78 (0.31–2.00) 0.6094
GG 166 9 (5.4) 1.33 (0.50–3.54) 0.5639 1.24 (0.45–3.42) 0.6722

rs2544381 GG 388 20 (5.2) Ref Ref
CG 284 7 (2.5) 0.46 (0.19–1.12) 0.0862 0.48 (0.19–1.18) 0.108
CC 52 1 (1.9) 0.36 (0.05–2.75) 0.3249 0.37 (0.05–2.92) 0.349

rs2544390 CC 199 9 (4.5) Ref Ref
CT 370 14 (3.8) 0.83 (0.35–1.95) 0.6698 0.70 (0.29–1.71) 0.4308
TT 154 5 (3.2) 0.71 (0.23–2.16) 0.5442 0.68 (0.22–2.15) 0.5131

rs4667591 TT 245 10 (4.1) Ref Ref
GT 347 11 (3.2) 0.77 (0.32–1.84) 0.5558 0.82 (0.33–2.03) 0.671
GG 132 8 (6.1) 1.52 (0.58–3.94) 0.3929 1.68 (0.62–4.56) 0.3081

rs7600336 CC 236 8 (3.4) Ref Ref
TC 342 14 (4.1) 1.22 (0.50–2.95) 0.6643 1.10 (0.44–2.75) 0.8428
TT 148 6 (4.1) 1.20 (0.41–3.54) 0.7357 1.30 (0.43–3.93) 0.6374

VDR
rs10783219 AA 998 26 (2.6) Ref Ref

TA 1275 36 (2.8) 1.09 (0.65–1.81) 0.7512 1.03 (0.61–1.74) 0.8982
TT 428 9 (2.1) 0.80 (0.37–1.73) 0.5753 0.76 (0.35–1.66) 0.4869

rs11568820 CC 219 6 (2.7) Ref Ref
TC 350 17 (4.9) 1.81 (0.70–4.67) 0.2182 1.93 (0.72–5.14) 0.19
TT 153 5 (3.3) 1.20 (0.36–4.00) 0.7675 1.48 (0.43–5.14) 0.5328

rs2228570 GG 212 10 (4.7) Ref Ref
GA 364 15 (4.1) 0.87 (0.38–1.97) 0.7351 0.86 (0.37–2.00) 0.7204
AA 148 3 (2.0) 0.42 (0.11–1.55) 0.191 0.41 (0.11–1.56) 0.1905

rs2238136 CC 483 19 (3.9) Ref Ref
TC 218 10 (4.6) 1.17 (0.54–2.57) 0.6879 1.16 (0.51–2.60) 0.7259
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OR (95%CI) p OR (95%CI) p

rs2853559 GG 319 16 (5.0) Ref Ref
GA 313 10 (3.2) 0.62 (0.28–1.40) 0.2531 0.68 (0.29–1.56) 0.3599
AA 87 2 (2.3) 0.45 (0.10–1.98) 0.2875 0.40 (0.09–1.84) 0.2418

rs4334089 GG 227 7 (3.1) Ref Ref
AG 350 15 (4.3) 1.41 (0.56–3.51) 0.4637 1.45 (0.56–3.75) 0.4397
AA 148 6 (4.1) 1.33 (0.44–4.03) 0.617 1.54 (0.49–4.85) 0.4563

rs7975232 CC 382 11 (2.9) Ref Ref
CA 285 15 (5.3) 1.87 (0.85–4.14) 0.121 1.84 (0.81–4.20) 0.1458
AA 60 3 (5.0) 1.78 (0.48–6.56) 0.3894 1.77 (0.46–6.78) 0.4031

Abbreviations: VitD, vitamin D; HDP, hypertensive disorders in pregnancy. * Adjusted for pre-pregnancy BMI,
maternal age, gestational weight gain, educational level, parity, and basal blood pressure.

3.4. The Interaction between Single SNP and VitD Deficiency in Three Trimesters on the Risk
of HDP

Results of the crossover analysis are shown in Tables S10–S13. Polymorphisms of seven
SNPs (rs16846876, rs2282679, rs17467825, rs2298849, rs2298850, rs3755967, and rs4588) in
GC gene and VitD deficiency at T2 might exert interactions on DBP at T2. In addition,
VDR-rs2228570 and VitD deficiency at T2 might exert interaction on SBP at T2. Furthermore,
women with mutations in CYP24A1-rs2248137, LRP2-rs2389557, and LRP2-rs4667591 and
had VitD deficiency at T2 showed increased risk of HDP (Table 6).

Table 6. The interaction between SNPs and VitD in three trimesters on the risk of HDP.

SNP Genotypes VitD
T1 T2 T3
N OR (95%CI) N OR (95%CI) N OR (95%CI)

CYP24A1
rs2209314 CC/CT ≥20 545 Ref 724 Ref 557 Ref

TT ≥20 316 1.60 (0.66–3.87) 383 1.41 (0.65–3.08) 294 1.86 (0.80–4.28)
CC/CT <20 1026 1.18 (0.57–2.45) 541 1.13 (0.53–2.40) 260 1.20 (0.43–3.29)
TT <20 560 1.52 (0.70–3.32) 309 1.41 (0.62–3.18) 145 1.04 (0.28–3.79)
Pinteraction 0.8774 0.7996 0.5739

rs2248137 GG ≥20 357 Ref 451 Ref 339 Ref

GC ≥20 117 2.50 (0.81–7.73) 111 4.45
(1.25–15.79) * 106 3.81

(1.11–13.07) *

CC ≥20 220 1.04 (0.32–3.31) 269 3.90
(1.33–11.41) * 195 2.22 (0.66–7.47)

GG <20 480 0.77 (0.28–2.09) 283 2.11 (0.67–6.63) 131 1.17 (0.22–6.23)

GC <20 317 1.80 (0.70–4.67) 133 5.42
(1.71–17.23) * 63 1.05 (0.12–9.51)

CC <20 377 1.65 (0.64–4.26) 171 1.17 (0.22–6.04) 90 2.47
(0.56–10.81)

Pinteraction 0.5195 0.1442 0.8045
rs6127118 GG ≥20 288 Ref 405 Ref 316 Ref

AG/AA ≥20 572 2.01 (0.66–6.10) 702 0.83 (0.38–1.81) 537 2.97 (0.99–8.88)
GG <20 582 2.29 (0.77–6.87) 291 0.77 (0.28–2.12) 133 1.86 (0.40–8.58)
AG/AA <20 1010 1.63 (0.56–4.77) 558 1.12 (0.52–2.42) 271 2.18 (0.62–7.65)
Pinteraction 0.855 0.2332 0.5262

CYP27B1
rs10877012 TT ≥20 363 Ref 445 Ref 331 Ref

GT ≥20 372 1.14 (0.40–3.23) 510 1.24 (0.53–2.93) 405 1.12 (0.42–2.94)
GG ≥20 121 2.67 (0.86–8.29) 151 1.84 (0.60–5.61) 115 2.56 (0.83–7.85)
TT <20 661 1.28 (0.52–3.15) 361 1.08 (0.41–2.84) 168 0.84 (0.21–3.27)
GT <20 725 1.41 (0.59–3.41) 370 1.26 (0.51–3.12) 180 1.32 (0.41–4.21)
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T1 T2 T3
N OR (95%CI) N OR (95%CI) N OR (95%CI)

GG <20 201 1.79 (0.58–5.49) 114 2.80 (0.97–8.10) 54 2.26
(0.45–11.45)

Pinteraction 0.6139 0.4639 0.9865
CYP3A4
rs2242480 CC ≥20 490 Ref 644 Ref 504 Ref

CT ≥20 314 0.89 (0.34–2.31) 404 1.16 (0.51–2.64) 293 1.08 (0.44–2.68)
TT ≥20 54 1.74 (0.37–8.17) 59 1.57 (0.35–7.15) 52 2.47 (0.66–9.19)
CC <20 899 1.04 (0.51–2.13) 480 1.53 (0.75–3.13) 247 1.25 (0.48–3.22)
CT <20 604 1.16 (0.54–2.47) 318 0.53 (0.17–1.61) 142 0.51 (0.11–2.33)

TT <20 87 1.52 (0.41–5.62) 51 3.13
(0.85–11.47) 17 3.30

(0.39–28.05)
Pinteraction 0.7911 0.696 0.5117

GC
rs1155563 TT ≥20 331 Ref 440 Ref 326 Ref

TC ≥20 401 0.81 (0.31–2.11) 498 1.04 (0.44–2.44) 392 0.45 (0.17–1.15)
CC ≥20 127 0.81 (0.21–3.09) 167 1.31 (0.44–3.95) 133 0.87 (0.27–2.80)
TT <20 531 1.26 (0.55–2.88) 272 1.70 (0.70–4.15) 123 0.21 (0.03–1.65)
TC <20 766 0.78 (0.34–1.80) 403 1.02 (0.40–2.55) 199 0.92 (0.33–2.52)
CC <20 290 0.89 (0.33–2.42) 172 0.87 (0.26–2.89) 83 0.94 (0.25–3.54)
Pinteraction 0.9456 0.5655 0.2934

rs16846876 AA ≥20 437 Ref 557 Ref 419 Ref
AT ≥20 366 1.22 (0.48–3.07) 450 1.18 (0.52–2.70) 353 0.34 (0.12–0.99)
TT ≥20 58 1.31 (0.27–6.38) 102 1.46 (0.43–4.97) 81 1.83 (0.62–5.37)
AA <20 714 1.65 (0.75–3.60) 379 1.71 (0.77–3.79) 168 0.51 (0.14–1.84)
AT <20 672 0.87 (0.37–2.07) 362 1.00 (0.40–2.51) 182 1.00 (0.38–2.69)
TT <20 206 1.12 (0.37–3.36) 108 0.72 (0.15–3.38) 55 0.48 (0.06–3.85)
Pinteraction 0.4024 0.3482 0.8437

rs17467825 AA ≥20 447 Ref 578 Ref 430 Ref
GA ≥20 352 0.79 (0.31–1.99) 437 1.06 (0.48–2.34) 337 0.41 (0.15–1.07)
GG ≥20 62 0.49 (0.06–3.95) 94 0.59 (0.12–3.00) 88 0.56 (0.13–2.33)
AA <20 692 1.15 (0.55–2.38) 347 1.55 (0.71–3.40) 152 0.36 (0.08–1.61)
GA <20 691 0.91 (0.43–1.93) 383 0.84 (0.35–2.04) 191 0.85 (0.32–2.25)
GG <20 213 0.65 (0.21–1.98) 121 0.81 (0.22–2.96) 62 0.76 (0.17–3.48)
Pinteraction 0.8118 0.8253 0.2029

rs2282679 TT ≥20 449 Ref 578 Ref 429 Ref
GT ≥20 349 0.81 (0.32–2.04) 434 1.27 (0.57–2.80) 336 0.42 (0.16–1.10)
GG ≥20 63 0.47 (0.06–3.80) 98 0.62 (0.12–3.11) 89 0.56 (0.13–2.34)
TT <20 688 1.10 (0.53–2.29) 345 1.67 (0.75–3.71) 153 0.36 (0.08–1.60)
GT <20 689 0.97 (0.46–2.04) 381 0.92 (0.37–2.25) 188 0.87 (0.33–2.30)
GG <20 217 0.65 (0.21–1.97) 123 0.88 (0.24–3.22) 63 0.76 (0.17–3.48)
Pinteraction 0.7444 0.6979 0.2075

rs2298849 AA ≥20 332 Ref 430 Ref 346 Ref
GA ≥20 411 3.12 (1.02–9.59) * 511 0.92 (0.41–2.05) 386 0.93 (0.38–2.27)
GG ≥20 120 1.36 (0.24–7.60) 170 0.43 (0.09–1.95) 124 1.23 (0.37–4.10)
AA <20 692 2.29 (0.77–6.85) 378 0.72 (0.29–1.82) 173 1.01 (0.33–3.11)
GA <20 700 2.33 (0.78–6.95) 362 1.28 (0.57–2.87) 178 1.25 (0.41–3.82)
GG <20 204 1.94 (0.51–7.40) 111 1.01 (0.28–3.70) 54 —
Pinteraction 0.5918 0.1481 0.4554

rs2298850 GG ≥20 441 Ref 564 Ref 416 Ref
CG ≥20 354 0.77 (0.31–1.95) 437 1.34 (0.60–3.01) 341 0.41 (0.15–1.10)
CC ≥20 63 0.46 (0.06–3.71) 99 0.66 (0.13–3.33) 89 0.56 (0.13–2.37)
GG <20 672 1.04 (0.50–2.20) 339 1.83 (0.81–4.12) 150 0.38 (0.09–1.70)
CG <20 694 0.90 (0.42–1.91) 385 0.85 (0.33–2.20) 191 0.75 (0.26–2.12)
CC <20 215 0.64 (0.21–1.96) 122 0.94 (0.25–3.50) 63 0.79 (0.17–3.65)
Pinteraction 0.759 0.5603 0.2452
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rs3755967 CC ≥20 448 Ref 575 Ref 427 Ref
CT ≥20 351 0.80 (0.32–2.01) 438 1.25 (0.57–2.76) 340 0.41 (0.16–1.08)
TT ≥20 63 0.47 (0.06–3.78) 98 0.61 (0.12–3.10) 89 0.56 (0.13–2.32)
CC <20 685 1.09 (0.52–2.29) 345 1.66 (0.75–3.69) 153 0.36 (0.08–1.58)
CT <20 695 0.96 (0.46–2.02) 383 0.91 (0.37–2.24) 189 0.86 (0.33–2.27)
TT <20 217 0.64 (0.21–1.96) 123 0.87 (0.24–3.20) 63 0.75 (0.16–3.45)
Pinteraction 0.7354 0.7072 0.2031

rs4588 GG ≥20 448 Ref 571 Ref 422 Ref
GT ≥20 348 0.81 (0.32–2.05) 439 1.23 (0.56–2.72) 339 0.40 (0.15–1.07)
TT ≥20 64 0.45 (0.06–3.57) 98 0.60 (0.12–3.05) 90 0.54 (0.13–2.24)
GG <20 676 1.11 (0.53–2.32) 341 1.66 (0.75–3.70) 149 0.37 (0.08–1.65)
GT <20 696 0.91 (0.43–1.93) 382 0.80 (0.31–2.05) 192 0.70 (0.25–1.98)
TT <20 215 0.65 (0.21–1.99) 124 0.84 (0.23–3.11) 63 0.75 (0.16–3.46)
Pinteraction 0.8164 0.6081 0.2578

rs7041 AA ≥20 423 Ref 573 Ref 454 Ref
CA ≥20 358 2.46 (0.96–6.32) 453 0.92 (0.42–2.04) 337 0.65 (0.27–1.58)
CC ≥20 82 0.97 (0.12–8.11) 84 0.55 (0.07–4.25) 63 0.50 (0.06–3.91)
AA <20 892 2.03 (0.87–4.75) 478 1.15 (0.55–2.40) 226 0.80 (0.30–2.13)
CA <20 612 1.21 (0.46–3.14) 316 1.04 (0.43–2.50) 158 0.61 (0.17–2.18)
CC <20 88 2.18 (0.54–8.77) 56 — 21 —
Pinteraction 0.2275 0.8097 0.8926

LRP2
rs10210408 CC ≥20 289 Ref 354 Ref 287 Ref

TC ≥20 418 1.75 (0.60–5.10) 558 1.45 (0.58–3.62) 415 0.69 (0.29–1.62)
TT ≥20 155 1.56 (0.40–6.00) 199 1.25 (0.39–4.03) 154 0.30 (0.07–1.42)
CC <20 526 1.83 (0.66–5.12) 294 1.10 (0.36–3.33) 127 0.41 (0.09–1.94)
TC <20 782 1.64 (0.61–4.40) 399 1.96 (0.79–4.89) 214 0.86 (0.32–2.31)
TT <20 290 1.16 (0.34–3.91) 158 0.64 (0.13–3.15) 64 0.44 (0.06–3.55)
Pinteraction 0.497 0.9331 0.3864

rs2228171 TT ≥20 291 Ref 374 Ref 292 Ref
CT ≥20 92 0.97 (0.19–4.86) 89 2.33 (0.65–8.38) 63 0.98 (0.21–4.70)
CC ≥20 84 1.61 (0.39–6.59) 104 0.91 (0.19–4.49) 74 0.37 (0.05–3.00)
TT <20 548 1.21 (0.48–3.07) 294 1.06 (0.36–3.16) 140 0.60 (0.16–2.29)
CT <20 286 1.68 (0.62–4.56) 96 2.12 (0.59–7.56) 60 —
CC <20 194 1.26 (0.38–4.14) 111 2.37 (0.67–8.41) 59 1.22 (0.25–5.97)
Pinteraction 0.9483 0.4054 0.5358

rs2389557 AA/GA ≥20 113 Ref 102 Ref 87 Ref

GG ≥20 37 2.15 (0.18–25.61) 35 1.66
(0.22–12.36) 26 2.11

(0.21–20.73)
AA/GA <20 433 2.50 (0.55–11.48) 156 1.04 (0.20–5.46) 100 0.55 (0.07–4.57)

GG <20 125 3.57 (0.70–18.10) 33 7.09
(1.21–41.47) 18 —

Pinteraction 0.7002 0.8493 0.2569
rs4667591 TT/GT ≥20 120 Ref 116 Ref 94 Ref

GG ≥20 31 7.98 (0.64–98.90) 21 6.84
(0.76–61.89) 19 0.90

(0.04–21.95)
TT/GT <20 458 4.84 (0.63–37.13) 146 1.74 (0.35–8.58) 93 0.15 (0.01–2.10)

GG <20 100 7.64 (0.88–66.52) 44 7.44
(1.11–49.79) * 26 1.60

(0.13–19.78)
Pinteraction 0.8345 0.7612 0.3993

VDR
rs10783219 AA ≥20 309 Ref 431 Ref 336 Ref

TA ≥20 412 1.15 (0.44–3.05) 523 0.80 (0.36–1.77) 397 1.66 (0.67–4.12)
TT ≥20 140 0.96 (0.24–3.87) 156 0.41 (0.09–1.90) 120 0.77 (0.16–3.86)
AA <20 602 1.28 (0.52–3.15) 297 0.78 (0.30–2.02) 145 1.44 (0.41–5.02)
TA <20 739 1.15 (0.47–2.78) 419 1.00 (0.45–2.21) 194 0.71 (0.18–2.78)
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TT <20 253 0.90 (0.29–2.80) 135 1.04 (0.33–3.31) 65 2.65
(0.66–10.67)

Pinteraction 0.8452 0.1733 0.945
rs2238136 CC ≥20 111 Ref 99 Ref 83 Ref

TC/TT ≥20 40 4.94 (0.42–58.60) 38 6.78
(0.84–54.44) 30 0.77 (0.06–9.56)

CC <20 363 5.26 (0.68–40.67) 126 4.10
(0.66–25.32) 77 0.44 (0.06–3.28)

TC/TT <20 196 3.82 (0.45–32.40) 65 2.57
(0.29–22.94) 42 —

Pinteraction 0.4588 0.0586 0.9648

Abbreviations: VitD, vitamin D; HDP, hypertensive disorders in pregnancy. Adjusted for pre-pregnancy BMI,
maternal age, educational level, parity, basal blood pressure. * p < 0.05.

4. Discussion

In the present study, 25(OH)D level at T2, as well as 25(OH)D change between T1 and
T2, were significantly inversely associated with DBP at T2 and T3. However, significant as-
sociations between maternal VitD deficiency in any trimesters and HDP were not observed.
Polymorphism in CYP24A1, GC, and LRP2 was associated with blood pressure, and poly-
morphism in CYP24A1 and GC was associated with increased risk of HDP. Furthermore,
interactive effects between VitD deficiency and polymorphisms in CYP24A1, GC, and VDR
genes on blood pressure were identified. Women with polymorphisms in CYP24A1 and
LRP2 genes and had VitD deficiency at T2 showed a higher risk of HDP.

Previous findings on the association between VitD level during pregnancy and HDP
were not consistent. A prospective observational study conducted in southern China
found that there were no significant differences in the risk of HDP among women with
different levels of VitD at 16–20-week gestation [29]. A case-control study conducted in
Iran found that pregnant women with VitD deficiency (25(OH)D < 20 ng/mL) had higher
blood pressure and increased risk of preeclampsia than those with VitD insufficiency
(25(OH)D: 20~30 ng/mL) [8]. The prospective Swedish GraviD cohort study, including
1413 pregnant women, found that 25(OH)D was positively associated with T1 blood
pressure [16]; however, both 25(OH)D level at T3 and change in 25(OH)D level from T1 to
T3 were significantly and negatively associated with preeclampsia, but not with the risk of
GH [30]. Another nested case-control study carried out among Australian pregnant women
found that higher levels of VitD (25(OH)D > 75 nmol/L) in early pregnancy (10–14 weeks)
could prevent the occurrence of early-onset preeclampsia (p = 0.09); however, women with
low levels of 25(OH)D (<37.5 ng/mL) in the first trimester of pregnancy had a tendency
toward reduced risk of preeclampsia (p = 0.07) [31]. Conflicting data for an association
of VitD during pregnancy with HDP results from a number of sources, including large
heterogeneity between study designs, different ethnicities, different subtypes of HDP
included in the analysis, variable quality of measurement for 25(OH)D, and inconsistent
definition of VitD status [32]. On the other hand, studies have shown that the gene variation
of key enzymes in VitD synthesis, transport and metabolism pathway would also affect the
levels and effects of 25(OH)D and 1,25(OH)2D [25,33]. Furthermore, genetic mutations in
the VitD metabolic pathway were also associated with increased risk of HDP [8].

The active form of VitD (1,25(OH)2D) needs to bind to VDR to exert its biological
function. Relevant studies related to genetic variants in the VitD metabolic pathway with
HDP were mainly focus on three SNPs (rs2228570, rs731236, and rs1544410) of VDR gene.
Rezavand et al. [8] found that, compared with VDR-rs2228570 TC and TT + TC genotypes,
the SBP and DBP of CC genotype were higher, and the risk of preeclampsia increased by
1.72 times. However, no association was found between VDR-rs731236, VDR-rs1544410,
and preeclampsia. Knabl et al. [34] also reported that there was a strong association
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between the polymorphisms in rs10735810 and rs1544410 of VDR and the risk of GH. The
polymorphisms in rs10735810 affect plasma renin activity and may be associated with a
reduced risk of GH [34]. In this study, VitD deficiency at T2 interacted with the variants of
VDR-rs2238136 on DBP and VDR-rs2228570 on SBP at T2.

The CYP24A1 gene is located in 20q13-2, which is mainly expressed in the kidney
and encodes the catabolic enzymes of 1,25(OH)2D and 25(OH)D [35]. Evidence relating to
the association between CYP24A1 gene polymorphism and susceptibility to hypertension,
especially among pregnant women, is scare. A case-control study among the Chinese
Han population found that CYP24A1-rs56229249 significantly decreased the hypertension
risk in homozygote and recessive models [36]. In addition, rs2762940 was related to
hypertension risk in men, and rs56229249 was a protective factor against hypertension
in women [36]. The comprehensive genetic association study in the Women’s Genome
Health Study (WGHS) found that CYP24A1-rs2296241 showed significant associations with
SBP, DBP, mean arterial pressure, and pulse pressure [37]. In this study, we found that
gene variants in CYP24A1-rs2248137, CYP24A1-rs2762934, and CYP24A1-rs6127118 were
associated with increased risk of HDP. Furthermore, CYP24A1-rs6013897 interacted with
VitD deficiency at T2 on HDP. On the other hand, LRP2 is located on 2q24-q31, which is
a member of the low-density lipoprotein receptor family and encodes megalin protein.
In the kidney, megalin and cubilin combine together with hydroxylate 25(OH)D3 into
1,25(OH)2D3 [38]. Studies regarding the association between LRP2 genes and VitD with the
risk for HDP are still lacking. This study found that the mutations of LRP2-rs2389557 and
LRP2-rs4667591 and VitD deficiency at T2 had a combined effect on the risk of HDP.

The GC gene encodes VitD binding protein (VDBP) [39], which is the major transporter
of VitD. About 85% to 90% of 25(OH)D is bound to VDBP in circulation [40]. VDBP can
aggravate or enhance various biological processes during pregnancy, such as immune
regulation, glucose metabolism, and blood pressure regulation [39]. The GC-1 subtype was
more common in pregnant women with preeclampsia than in those without preeclampsia,
which was considered as a potential early detection genetic marker for women at risk of
preeclampsia [41]. In HIV endemic areas of South Africa, compared with women with
normal blood pressure, two SNPs of GC gene (rs4588 and rs7041) were more common in
pregnant women with preeclampsia, and were not related to HIV status [42]. Furthermore,
GC-rs4588 polymorphism was associated with early-onset (<34 weeks) and late-onset
(≥34 weeks of pregnancy) preeclampsia, while GC-rs7041 was associated with early-onset
eclampsia [42]. A nested case-control study of 170 American women from Massachusetts
tracked the levels of VDBP and 25(OH)D throughout pregnancy to examine whether these
biomarkers were associated with blood pressure or the risk of preeclampsia, but found
no significant correlation of VDBP or 25(OH)D levels with preeclampsia [43]. At present,
the combined effect of GC gene polymorphism and VitD during pregnancy on HDP is not
clear. A study focused on preterm birth found that rs7041 variants interacted with VitD at
T2 on the gestational week of delivery and preterm birth [44]. Our study found that the
variant of GC-rs2070741 was associated with higher SBP at T2 and increased risk of HDP.
Mutations at GC rs16846876, rs2282679, rs17467825, rs2298849, rs2298850, rs3755967, and
rs4588 interacted with VitD deficiency at T2 on higher DBP at T2.

To our knowledge, this is the first prospective cohort study exploring the association
between VitD in three trimesters and VitD pathway gene variants as well as their interac-
tions on SBP, DBP, and the risk of HDP. However, limitations could not be neglected. First
of all, some subjects had a lack of 25(OH)D data at T2 and T3, and therefore selection bias
might exist. However, subgroup analysis of pregnant women with VitD detected at T1
and T2 showed that the results were almost consistent with the results in the whole study
population. Secondly, as the prevalence of HDP in this study was relatively low (2.84%),
the association between VitD and different HDP subtypes (GH, preeclampsia, eclampsia)
could not be explored. However, studies have shown that, although these subtypes can
appear alone, they are progressive manifestations of a single process and share common
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etiology [45,46]. Lastly, the relatively single ethnic population of this study may also limit
the extrapolation of findings.

5. Conclusions

This study found that the level of 25(OH)D at T1 and T2 was negatively correlated
with DBP at T2. In addition, polymorphisms in VitD metabolic pathway genes, including
CYP24A1 and GC, increased the risk of HDP. Furthermore, gene variants in CYP24A1 and
LRP2 and VitD deficiency at T2 showed combined effect on the risk of HDP, but the specific
mechanism remains to be further investigated. The results of this study provide a scientific
basis for the clinical detection of VitD during pregnancy and the supplementation of VitD
during pregnancy.
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Abstract: Serum selenium (Se) has been reported to be associated with serum 25-hydroxyvitamin
D [25(OH)D], but epidemiological findings are limited in pregnant women. We aimed to assess
the associations between maternal urinary Se concentrations and cord serum 25(OH)D levels. We
measured urinary concentrations of Se in the first, second, and third trimesters and cord serum
25(OH)D of 1695 mother-infant pairs from a prospective cohort study in Wuhan, China. The results
showed that each doubling of urinary Se concentrations in the first, second, third trimester, and
whole pregnancy (average SG-adjusted concentrations across three trimesters) were associated with
8.76% (95% confidence interval (CI): 4.30%, 13.41%), 15.44% (95% CI: 9.18%, 22.06%), 11.84% (95% CI:
6.09%, 17.89%), and 21.14% (95% CI: 8.69%, 35.02%) increases in 25(OH)D levels. Newborns whose
mothers with low (<10 μg/L) or medium (10.92–14.34 μg/L) tertiles of urinary Se concentrations in
whole pregnancy were more likely to be vitamin D deficient (<20 ng/mL) compared with those with
the highest tertile (>14.34 μg/L). Our study provides evidence that maternal Se levels were positively
associated with cord serum vitamin D status.

Keywords: cord serum 25(OH)D level; vitamin D deficiency; urinary selenium; repeated measurements

1. Introduction

Selenium (Se), an essential micronutrient [1,2], is a critical component of Glutathione
Peroxidase (GSH-Px), which has an irreplaceable effect on human health [3]. People usually
absorb Se from the diet [4,5], which is rapidly excreted from the body mainly through
urine after being metabolized [6]. Reactive oxygen species (ROS) produced by the placenta
during pregnancy significantly impact placental function. As an essential trace element,
Se has an irreplaceable role in antioxidants during pregnancy because of the antioxidant
properties of selenoproteins [7]. The recommended Se intake is 55 μg/day [8,9], and its safe
upper limit is 400 μg/day. Intake of more than 800 μg/day may lead to Se toxicity [9]: loss
of hair and nails, poor neurological, skin, and dental health, garlic odor on the breath, and
even paralysis [10]. Low Se status or Se deficiency has been found to be associated with
adverse pregnancy outcomes such as preterm birth [11], pre-eclampsia, and hypertension
during pregnancy [12]. In addition to blood (including blood, plasma, and serum), toenail,
and hair [13], urinary Se is considered to be a valid biomarker for assessing Se status in
humans [14]. Previous studies have shown that the time point of Se level assessment affects
the accuracy of data, and pregnant women with adequate Se levels in the first trimester
might be Se deficient in the third trimester. Hence, repeated measurements of urinary Se
during a broader window are necessary [7,15].
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Our body derives vitamin D from ultraviolet B (UV-B) radiation exposure to the skin,
dietary intake, and dietary supplements [16]. Vitamin D3, which was produced from the
skin, and vitamin D2 and D3 from the diet are hydroxylated in the liver to produce 25-
hydroxyvitamin D2 [25(OH)D2] and 25-hydroxyvitamin D3 [25(OH)D3]. Serum 25(OH)D
is the key circulating metabolite of vitamin D, which has a two-week biological half-
life and is a clinical measure of vitamin D status, although it will continue to undergo
hydroxylation in the kidney to its active form: 1,25-hydroxyvitamin D [1,25(OH)2D] [17].
The impact of a newborn’s vitamin D deficiency is receiving increasing attention. Previous
studies have shown that vitamin D levels in cord blood are associated with childhood
diseases, such as asthma, wheezing, respiratory infections [18], and type 1 diabetes [19].
Many factors influence cord serum vitamin D levels, such as age, genetics, vitamin D
intake, and outdoor activities [20]. In our previous study, a negative correlation was
observed between repeatedly measured urinary cobalt (Co), vanadium (V), and thallium
(Tl) concentrations during pregnancy and cord serum vitamin D status [21]. A positive
correlation between serum Se concentration and vitamin D levels in humans was found in
China [22]. However, the factors associated with vitamin D levels have not been thoroughly
investigated. Therefore, we aimed to explore whether there is an association between Se
concentrations in pregnant women and cord serum 25(OH)D levels in newborns.

Given the above, this study was based on a prospective birth cohort to assess maternal
physical Se status. It used repeatedly measured Se levels to estimate the association between
prenatal Se concentrations and cord serum 25(OH)D levels to provide epidemiological
evidence for health care during pregnancy.

2. Materials and Methods

2.1. Study Population

Our participants were from a prospective cohort study in Wuhan, China. The pregnant
women were enrolled who were: (1) <16 weeks of pregnancy with a singleton gestation at
first prenatal care; (2) residents in Wuhan and willing to have prenatal visits and delivery
at the target hospital; (3) willing to provide urine samples and cord blood samples and
cooperate with questionnaires. From September 2013 to June 2015, a total of 3198 pregnant
women entered our cohort, and 2564 provided at least one urine sample. Among them,
we selected 1698 pregnant women who provided cord blood samples during delivery,
excluding two pregnant women with missing prepregnancy body mass index (BMI) data
and one pregnant woman with missing multivitamin D dietary supplement data, leaving
1695 pairs of mothers and infants enrolled in our study for analysis. Pregnant women in the
first trimester (13.1 ± 1.1 weeks, n = 1579), second trimester (24.1 ± 3.4 weeks, n = 979), and
third trimester (35.0 ± 3.1 weeks, n = 924) were included, and 570 participants provided
urine samples in all three trimesters. Our study was approved by the Ethics Committee of
Tongji Medical College of Huazhong University of Science and Technology.

2.2. Covariates

Covariates were obtained through interviews and medical records. Interviews were
conducted using questionnaires to investigate demographic and socioeconomic charac-
teristics, including maternal age, height, prepregnancy weight, education level, lifestyle
factors (smoking, alcohol consumption, passive smoking), and vitamin D supplementation.
Date of last menstrual period (LMP), gestation, pregnancy complications [e.g., gestational
diabetes (GDM), pregnancy-induced hypertension (PIH), and anemia], mode of delivery,
date of delivery, gestational age, and sex of the newborns were obtained from medical
records. The prepregnancy body mass index (BMI) of mothers was calculated based on
prepregnancy weight and height. The gestational week was calculated using the time
of urine sample collection minus LMP. Weight gain during pregnancy was calculated
based on prepregnancy weight versus predelivery weight. Passive smoking was defined
as exposure to secondhand smoking in the home or workplace during pregnancy [23].
We divided the delivery season into Cold (December–May) and Warm (June–November)
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according to the climatic features of Wuhan, China: long winter and summer, short spring
and autumn [21,24].

2.3. Urine Collection and Se Measurement

The urine samples were collected at the first, second, and third trimester of gestation in
polypropylene cups and stored in sterile 5 mL pp tubes in refrigerators at −20 ◦C. Urinary
Se, V, Co, and Tl concentrations were detected using an inductively coupled plasma mass
spectrometry (ICP-MS), and the details of the method can be found in our previously
published articles [25]. Urine samples were taken out of the −20 ◦C refrigerators and
brought to room temperature before determination. After being mixed thoroughly with a
turbine, urine samples were added to 1.2% (v/v) nitric acid overnight, sonicated at 40 ◦C
for 1 h before formal detection on the machine, and finally analyzed in helium mode.
Human urine specimens (SRM2670a) were used as external quality controls to evaluate
the accuracy of ICP-MS in each batch of experiments. A blank sample (1.2% (v/v) HNO3)
was added after each batch of urine samples was analyzed, and the line was flushed to
control potential contamination. The limit of detections (LODs) for urinary Se, V, Co, and
Tl were 0.224, 0.002, 0.010, and 0.020 μg/L, respectively, and the intraday variability of Se,
V, Co, and Tl detected in urine samples was 0.553%−1.118%. Se level for one urine sample
was below the LOD of Se. The interday variability was 0.272%−0.816%. Concentrations
of Se, V, Co, and Tl were adjusted for variation in dilution by urinary specific gravity
(SG) through the following equation: Pc = Pi [(SGm − 1)/(SGi − 1)], Pc is the SG-adjusted
urinary Se, V, Co, and Tl concentration (ng/mL), Pi is the observed urinary Se, V, Co, and
Tl concentrations (μg/L), SGm is the median SG for the urine samples of each trimester,
and SG is the specific gravity of each urine sample. SG was by a pocket refractometer while
preparing urinary samples for analysis (Atago PAL-10S;Atago, Tokyo, Japan). In our study,
11 pregnant women had missing urinary specific gravity data in the first trimester, 10 in
the second trimester, and six in the third trimester.

2.4. Cord Serum Collection and 25(OH)D Analyses

Details on the processing of cord blood samples and the detection of cord serum
vitamin D were described in our previous article [21]. Cord blood samples are obtained
immediately after delivery, centrifuged to extract cord serum, and stored in a −80 ◦C
refrigerator prior to the determination. Liquid chromatography and triple quadrupole
mass spectrometry couples (LC-MS/MS) were used to determine the levels of 25(OH)D2
and 25(OH)D3 in cord serum. The intrabatch and interbatch coefficients of variation were
less than 15%. The detection limits (LODs) for 25(OH)D2 and 25(OH)D3 were 0.5 and
1.0 ng/mL, respectively. The concentrations of 25(OH)D were equated to the sum of
25(OH)D2 and 25(OH)D3.

2.5. Statistical Analysis

Urinary Se was replaced as LOD/2 if the concentration was below the value of LOD.
Median, upper quartile, lower quartile, 25th percentile, and 75th percentile were used
to describe the distributions of urinary Se concentrations at the first, second, and third
trimester of gestation and whole pregnancy (averaged SG-adjusted concentrations across
three trimesters) were also analyzed. The concentrations of urinary Se and cord serum
25(OH)D were naturally ln-transformed because the distributions were right-skewed.
Intraclass correlation coefficient (ICC) was calculated using a linear mixed model to examine
the reproducibility of participants’ SG-adjusted urinary Se levels in the first, second, and
third trimesters.

We explored the association between the whole pregnancy (averaged SG-adjusted
concentrations across three trimesters) urinary Se levels of pregnant women and cord serum
25(OH)D by fitting a generalized linear model (GLM). Furthermore, generalized estimating
equations models (GEE) were used to investigate associations between repeatedly measured
urinary Se levels and cord serum 25(OH)D. We also assessed the association between

105



Nutrients 2022, 14, 1715

categorical variables based on tertile distribution of average SG-adjusted urinary Se levels
in all three trimesters with newborn’s vitamin D deficiency using a GLM model (cord serum
total 25(OH)D concentration < 20 ng/mL was considered vitamin D deficiency) [26]. We
calculated the percent change of cord serum vitamin D for per doubling maternal urinary
Se concentrations increase using the formula: percent change (%Δ) = [e(ln2×β) − 1], where
β was the coefficient from GLM and GEE models [27].

Confounders were introduced based on biological and statistical considerations. Bi-
variate summary analyses (p < 0.1) were applied to all variables. Urinary metals (V, Co,
TL) concentrations were added to the model as covariates. Only one pregnant woman
smoked during pregnancy, and no one reported drinking, so smoking and drinking during
pregnancy were not added to the model as covariates. The final covariates included in the
model were: maternal age, prepregnancy BMI, season of birth, mode of delivery, gestational
weight gain, passive smoking before or during pregnancy, and multivitamin supplement
use during pregnancy.

Season of birth has been considered to be associated with cord serum 25(OH)D levels
in previous studies [21,28]. Therefore, our analyses were stratified by infant birth season
(warm or cold) and performed separately.

Many previous studies have linked cord serum 25(OH)D levels to pregnancy com-
plications such as gestational diabetes mellitus (GDM), pregnancy-induced hypertension
(PIH), and anemia [20]. Therefore, a sensitivity analysis was carried out among pregnant
women without these diseases to validate the robustness of our results.

This study performed data analyses with version 9.4 Statistical Analysis System (SAS;
SAS Institute Inc., Cary, NC, USA; version 9.4). All tests were bilateral, and p values < 0.05
were defined as statistically significant.

3. Results

3.1. Characteristics of the Study Population

Table 1 lists the main characteristics of our participants. The average age of the
1695 pregnant women in this study was 28.37. Most of the pregnant women were prim-
igravida (86.49%). About half of the women had an education level above high school
(48.26%). Mothers who took multivitamin supplements during pregnancy were almost ten
times more than those who did not take them. Thirteen pregnant women drank alcohol be-
fore pregnancy, and none of them continued during pregnancy. Thirteen pregnant women
smoked before pregnancy, one woman continued to smoke during pregnancy, and 32.04%
smoked passively before six months of pregnancy or during pregnancy. As for health status
during pregnancy, 35 mothers had pregnancy-induced hypertension (PIH), 102 pregnant
women had gestational diabetes mellitus (GDM), and 68 pregnant women had anemia. Of
the newborns, 55.69% were born in the warm season, 53.81% were male, and 53.22% were
delivered by cesarean section.

3.2. Distributions and Variability of Maternal Urinary Se and Cord Serum
25(OH)D Concentrations

The urinary Se concentrations of pregnant women are shown in Table 2. The concen-
trations (median (5th percentile, 95th percentile)) of urinary Se adjusted by SG in pregnant
women was 17.82 (8.48, 51.58) μg/L for the first trimester, 10.39 (5.08, 26.18) μg/L for the
second trimester, 11.51 (5.33, 35.18) μg/L for the third trimester, and 12.63 (7.44, 22.54) μg/L
for whole pregnancy (average concentrations across three trimesters). The median value
(5th percentile, 95th percentile) of 25(OH)D concentrations was 21.10 (5.53, 49.98) ng/mL.
The concentration distribution of other urinary metals (V, Co, Tl) can be seen in Supple-
mentary Material Table S2. The intraclass correlation coefficients (ICC) (Supplementary
Material Table S1) of SG-adjusted urinary Se, V, Co, and Tl were 0.48 (95% CI: 0.44, 0.52),
0.40 (95% CI: 0.36, 0.45), 0.24 (95% CI: 0.20, 0.29), and 0.41 (95% CI: 0.37, 0.45), ranged from
0.24 to 0.48, which indicated poor to fair reproducibility.
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Table 1. Characteristics of mother-infant pairs (n = 1695).

Characteristics n Mean ± SD or Percent

Age (years) 28.37 ± 3.29
≤24 150 8.85

25–29 1036 61.12
30–34 420 24.78
≥35 89 5.25

Prepregnancy BMI (kg/m2) 20.76 ± 2.75
Underweight (<18.5) 336 19.82
Normal (18.5–23.9) 1151 67.91
Overweight (≥24) 208 12.27

Gestational weight gain (kg) 16.39 ± 4.78
Parity

Multiparous 229 13.51
Nulliparous 1466 86.49

Educational level
High school and below 877 51.74
More than high school 818 48.26

Multivitamin supplement use during
pregnancy

No 153 9.03
Yes 1542 90.97

Passive smoking before/during
pregnancy

No 1152 67.96
Yes 543 32.04

Drinking before pregnancy
No 1682 99.23
Yes 13 0.77

Gestational age (week) 39.30 ± 1.20
Mode of delivery
Vaginal delivery 793 46.78

Cesarean delivery 902 53.22
Season of birth

Cold (December–May) 751 44.31
Warm (June–November) 944 55.69

Infant sex
Male 912 53.81

Female 783 46.19
PIH
No 1660 97.94
Yes 35 2.06

GDM
No 1593 93.98
Yes 102 6.02

Anemia
No 1627 95.99
Yes 68 4.01

3.3. Individual Urinary Se and Cord Serum 25(OH)D

Table 3 shows the association between repeated measurements of urinary Se and
cord serum 25(OH)D concentrations. In model 1, we found a positive association between
urinary Se and cord serum 25(OH)D concentrations in the second trimester, with per
doubling of urinary Se concentration increasing cord serum 25(OH)D concentrations by
8.95% (95% confidence interval (CI): 3.20%, 15.04%). After concentrations of V, Co, and Tl
during each trimester were included in model 2 simultaneously, urinary Se concentrations
were associated with cord serum 25(OH)D concentrations in the first trimester, second
trimester, and the third trimester with each twofold increase in urinary Se being associated
with 8.76% (95% CI: 4.30%, 13.41%), 15.44% (95% CI: 9.18%, 22.06%), and 11.84% (95% CI:
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6.09%, 17.89%) increase in cord serum 25(OH)D. A generalized linear model (GLM) was
used to analyze the relationship between urinary Se concentrations in whole pregnancy
and cord serum 25(OH)D concentrations. In model 1 and model 2, per doubling of average
urinary Se levels increase were associated with 16.86% (95% CI: 5.33%, 29.67%), 21.14%
(95% CI: 8.69%, 35.02%) increase in cord serum 25(OH)D.

Table 2. The distributions of maternal urinary Se and cord serum 25(OH)D concentrations dur-
ing pregnancy.

Concentrations n
Percentiles

5th 25th 50th 75th 95th

Urinary Se (μg/L)
Unadjusted

first trimester 1539 3.16 8.99 15.96 29.17 64.07
second trimester 979 2.72 6.13 10.36 17.54 36.47
third trimester 924 3.00 6.37 10.63 18.66 42.65

Whole pregnancy * 570 4.79 8.30 12.30 17.81 27.36
SG-adjusted

first trimester 1528 8.48 13.27 17.82 26.52 51.58
second trimester 969 5.08 7.79 10.39 14.14 26.18
third trimester 918 5.33 8.50 11.51 16.01 35.18

Whole pregnancy * 570 7.44 10.09 12.63 15.38 22.54
Cord serum

25(OH)D (ng/mL)
25(OH)D2 1695 0.25 0.96 1.15 1.47 2.51
25(OH)D3 1695 4.29 11.27 19.79 31.09 48.53

Total 25(OH)D 1695 5.53 12.39 21.10 32.47 49.98
* Average concentrations across three trimesters.

Table 3. Associations of maternal urinary Se concentrations and cord serum 25(OH)D level.

Variable
Model 1

p-Value
Model 2

p-Value
%Δ (95%CI) %Δ (95%CI)

Selenium
1st trimester a 0.79 (−2.94, 4.67) 0.683 8.76 (4.30, 13.41) <0.0001
2nd trimester a 8.95 (3.20, 15.04) 0.002 15.44 (9.18, 22.06) <0.0001
3rd trimester a 3.18 (−1.82, 8.42) 0.217 11.84 (6.09, 17.89) <0.0001

Whole pregnancy b 16.86 (5.33, 29.67) 0.003 21.14 (8.69, 35.02) 0.0005
CI, confidence interval. a Generalized estimating equation model, model 1 adjusted for maternal age, prepregnancy
BMI, season of birth, mode of delivery, gestational weight gain, passive smoking before/during pregnancy, and
multivitamin supplement use during pregnancy. Model 2 adjusted for covariates in model 1 and SG-adjusted
metals levels (Vanadium, Cobalt, Thallium). b Generalized linear model, model 2 adjusted for covariates in model
1 and additionally adjusted average SG-adjusted concentrations of each metal (Vanadium, Cobalt, Thallium)
across different trimesters.

3.4. Association between Urinary Se Levels and Newborns’ Vitamin D Deficiency

As shown in Table 4 in the analysis of prenatal Se levels and newborns’ vitamin D
deficiency, among all mother-infant pairs, vitamin D deficiency risk increased 59% in the
low [0.59 (95% CI: 0.12, 1.06)] and 52% in the medium [0.52 (95%CI: 0.06, 0.97)] tertiles of
urinary Se concentrations vs. the high group (p for trend = 0.01). After stratified by the
season of birth, a significant association between urinary Se levels and vitamin D deficiency
was observed among newborns who were born in the cold season [0.91 (95% CI: 0.19, 1.64)
in the low group and 1.02 (95% CI: 0.28, 1.77) in medium group vs. high group, p for
trend = 0.02], but not in the warm season (p > 0.05).
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Table 4. Association between urinary Se levels and newborns’ vitamin D deficiency.

Se Concentrations
(μg/L SG)

All a

p-Value
Cold Season b

p-Value
Warm Season c

p-Value
β (95%CI) β (95%CI) β (95%CI)

Low (<10.92) 0.59 (0.12, 1.06) 0.014 0.91 (0.19, 1.64) 0.013 0.52 (−0.12, 1.17) 0.111
Medium

(10.92–14.34) 0.52 (0.06, 0.97) 0.026 1.02 (0.28, 1.77) 0.007 0.30 (−0.31, 0.91) 0.334

High (>14.34) Reference Reference Reference
p for trend 0.015 0.018 0.109

a Generalized linear model, adjusted for maternal age, prepregnancy BMI, season of birth, mode of delivery,
gestational weight gain, multivitamin supplements use during pregnancy, passive smoking before/during
pregnancy, and SG-adjusted metals levels (Vanadium, Cobalt, Thallium). b Infants born in the cold season (Dec–
May), adjusted for covariates except season of birth in a. c Infants born in the warm season (June–November),
adjusted for covariates except season of birth in a.

3.5. Sensitive Analysis

After excluding pregnant women with GDM, PIH, or anemia, the results were almost
unchanged (Table S3), indicating that the association between urinary Se concentrations
and cord serum 25(OH)D would not be influenced by these diseases.

4. Discussion

Based on a prospective cohort study design, we included 1695 pregnant women
in Wuhan to investigate the specific trimester Se levels in urine during pregnancy and
explore the association between urinary Se level and cord serum 25(OH)D status. For
our participants, low levels of mothers’ urinary Se were observed to be a risk factor for
newborns’ vitamin D deficiency (<20 ng/mL), and the negative effect seems to be more
prominent in newborns who were born during the cold season.

The urinary Se concentration adjusted by urinary specific gravity (median) of the
participants in our study (Wuhan, Central China) was 17.82 μg/L for the first trimester
(n = 1528), 10.9 μg/L for the second trimester (n = 969), 11.51 μg/L for the third trimester
(n = 918), and 12.63 μg/L for whole pregnancy (average SG-adjusted concentrations across
three trimesters) (n = 570). The median value of unadjusted urinary Se concentration in
the general population of northeastern China was 17 μg/L, while our data for pregnant
women were lower (median = 10.36–15.96 μg/L) [29]. The data we obtained were lower
than in Mexico (third trimester: 35.8 μg/L, n = 132), Greece (second trimester: 22.8 μg/L
(unadjusted), n = 176 [30]; 22 μg/L, n = 575 [31]), but higher than in Bangladesh (first
trimester: 9.0 μg/L, n = 74; 6.7, n = 152) [32].

Only one paper from China showed a positive association between serum Se and
vitamin D in menopausal women with osteoporosis [22]. As far as we know, our study is
the first epidemiological study to investigate the association of maternal urinary Se con-
centrations with cord serum 25(OH)D levels. Our previous study suggested the potential
effects of prenatal exposure to metals (V, Co, and Tl) on decreased cord serum 25(OH)D
concentrations [21]. After controlling for the above three urinary metals concentrations, the
effect of urinary Se on cord serum 25(OH)D was increased, indicating a potential additive
effect of prenatal exposure to V, Co, and Tl, and Se status during pregnancy, so it is required
to adjust the metal concentration. Our finding suggests robust relationships between
pregnant Se levels and cord serum 25(OH)D status, which are unlikely to be false positives.

We also performed a sensitivity analysis, and the association remained significant after
excluding pregnant women diagnosed with GDM, PIH, and anemia during pregnancy.
The results were similar to the main analyses, indicating the results were independent of
these diseases.

When we stratified the analysis according to the delivery season, we observed that
a low level of urinary Se status during the cold season was associated with a newborn’s
vitamin D deficiency. The potential mechanism is unknown, but a possible reason is
that mothers who give birth during the warm season have more exposure to the sun’s
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ultraviolet (UV) rays. The 7-dehydrocholesterol in the skin is converted to previtamin D3
upon penetration by solar UV-B radiation (wavelength: 290–315 nm) and then rapidly
converted to vitamin D3 [16]. Consequently, pregnant women who give birth in the warm
season (Jun–Nov) are less likely to be vitamin D deficient than in the cold season (Dec–
May), and the excessive vitamin D produced in the body is broken down by UV-B exposure.
Therefore, Se is more protective of vitamin D in mothers who give birth in the cold season.

In our study, we found a positive association between Se levels during pregnancy
and cord serum 25(OH)D levels. We assumed the potential mechanism for this effect
might be the protective effect of Se on the liver, which is known to be a protective factor
against liver necrosis [33]. The liver is the site of vitamin D hydroxylation [17]. Se is
considered to have an excellent antioxidant capacity and protects intracellular structures
from oxidative damage. Selenoprotein is also involved in synthesizing mitochondria,
stabilizing the endoplasmic reticulum, and plays a role in preventing oxidative stress in the
placenta [2,34].

Our study has some advantages. The first strength relies on its prospective cohort
design and the repeated measurements of urinary Se concentrations in the first, second, and
third trimesters during pregnancy, which allowed us to explore the trimester-specific effects
of Se levels and cord serum 25(OH)D and identify the critical windows of Se supplement.
Additionally, to the best of our knowledge, it is the first time to explore the association
between urinary Se levels and cord serum 25(OH)D. Then we had a large sample size for
the analysis; we had 1695 pregnant women added to the research.

Nevertheless, some limitations should be acknowledged. First, we measured Se levels
in urinary samples; however, blood Se is considered the best biomarker for measuring
Se status in humans [13,35]. However, it has also been suggested that urinary Se is a
valid biomarker for assessing Se status in humans [14]. Secondly, only an epidemiological
association was observed, and we were unable to provide a mechanistic aspect to the study.
Third, vitamin D intake in the daily diet of pregnant mothers was missing in our study,
but previous studies have suggested that there is no association between dietary vitamin
D intake and cord blood vitamin D levels, possibly due to low dietary intake of vitamin
D [28,36]. In addition, the previous studies found that 25(OH)D concentrations increased
from the first trimester to the third trimester [37]. However, in our study, urinary selenium
levels were lowest in mid-pregnancy and highest in early pregnancy. In our study, we only
focused on cord serum vitamin D levels and did not test serum vitamin D in early, mid,
and late pregnancy, so this point is also a drawback of our study. The prevalence of GDM
in the entire population of our cohort was approximately 9.8%, which can be found in our
previously published article [25]. However, our outcome indicator in this study was cord
serum vitamin D. Therefore, our study population was pregnant women who provided at
least one urine as well as cord blood sample during pregnancy, and we hypothesized that
people in this population are more focused on lifestyle and health care during pregnancy.
Conditions such as GDM are widely noted pregnancy complications, which may explain
the low prevalence of these three pregnancy complications in our population. Future
research is warranted to explore the underlying mechanisms.

5. Conclusions

In summary, our study shows that urinary Se concentration during pregnancy is a
protective factor on cord serum 25(OH)D level. A low level of urinary Se is a risk factor for
vitamin D deficiency in newborns.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nu14091715/s1, Table S1: Intraclass correlation coefficients (ICC)
of SG-adjusted urinary metals concentrations in different trimesters, Table S2. The distributions of
metal concentrations during pregnancy, Table S3. Sensitive analysis.
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Abstract: Vitamin E can protect pregnant women from oxidative stress and further affect pregnancy
outcomes. This study aimed to investigate maternal vitamin E concentration in each trimester and its
associations with gestational diabetes (GDM) and large-for-gestational-age (LGA). The data were
derived from Peking University Retrospective Birth Cohort in Tongzhou, collected from 2015 to
2018 (n = 19,647). Maternal serum vitamin E were measured from blood samples collected in each
trimester. Logistic regressions were performed to analyze the association between maternal vitamin
E levels and outcomes. The median levels of maternal vitamin E increased from the first (10.00 mg/L)
to the third (16.00 mg/L) trimester. Among mothers who had inadequate vitamin E levels, most
of them had excessive amounts. Excessive vitamin E level in the second trimester was a risk factor
for GDM (aOR = 1.640, 95% CI: 1.316–2.044) and LGA (aOR = 1.334, 95% CI: 1.022–1.742). Maternal
vitamin E concentrations in the first and second trimesters were positively associated with GDM
(first: aOR = 1.056, 95% CI: 1.038–1.073; second: aOR = 1.062, 95% CI: 1.043–1.082) and LGA (first:
aOR = 1.030, 95% CI: 1.009–1.051; second: aOR = 1.040, 95% CI: 1.017–1.064). Avoiding an excess
of vitamin E during pregnancy might be an effective measure to reduce GDM and LGA. Studies to
explore the potential mechanisms are warranted.

Keywords: vitamin E; gestational diabetes mellitus (GDM); large-for-gestational-age (LGA)

1. Introduction

Vitamin E is a lipid-soluble antioxidant that corrects oxidative imbalance and protects
tissue from damage [1,2]. For pregnant women, oxidative stress is associated with poor
perinatal outcomes. Maternal vitamin E levels during pregnancy have been found to have
a significant impact on pregnancy and birth outcomes [3,4]. For instance, maternal plasma
concentrations of α-tocopherol at 16 and at 28 weeks of gestation were positively related to
fetal growth and associated with an increased risk of delivering large-for-gestational-age
(LGA) infants [5]. However, excessive vitamin E may lead to abortion and interfere with
fetal development [6]. The majority of the existing evidence examined maternal vitamin
E at one or two time points. It is important to detect the association between maternal
vitamin E at different trimesters and pregnancy outcomes in order to identify sensitive time
period for monitoring and intervention.

Gestational diabetes mellitus (GDM) is one of the most common medical complications
in pregnancy and is greatly impacted by maternal nutrition status. GDM is a risk factor
for many adverse pregnancy outcomes, such as maternal preeclampsia, stillbirth, fetal
intrauterine growth retardation, and macrosomia [7]. GDM affects 2% to 25% of pregnancies
globally [8]. According to a recent meta-analysis involving 79,064 Chinese participants
from 25 papers, the total incidence of GDM in mainland China was 14.8% (95% confidence
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interval 12.8–16.7%) [9]. Studies have not yet reached a consensus on the influence of
maternal vitamin E concentration on the occurrence of GDM. A meta-analysis found
that the level of vitamin E was significantly lower in GDM women compared to healthy
pregnant women [10]. However, two recent studies found opposite results and reported that
serum vitamin E levels of GDM patients were excessive in mid- and late pregnancy [11,12].
Notably, the majority of previous studies examined vitamin E levels at late pregnancy (after
the diagnosis of GDM); therefore, the influence of maternal vitamin E on the occurrence of
GDM could not be determined.

Infant birth weight is an important indicator of fetal growth. LGA refers to babies
whose birth weight is above the 90th percentile of the average weight of the same gestational
age. The global incidence of LGA was 9.4%–18.01% in recent years [13–15]. A review of
the literature published between 1989 and 2019 found that the prevalence of LGA ranged
from 4.3% (Korea) to 22.1% (China) in Asia, while different growth charts were used to
define LGA [16]. According to the study “The Chinese Collaborative Study Group for
Etiologies of NICU Deaths”, the risk of neonatal death with LGA at an early stage was
1.94 times higher than that of normal newborns (OR = 2.938, 95% CI: 1.346–6.416) [17].
Gadhok et al. [18] found that low levels of vitamin E of pregnant women who admitted in
hospital for delivery were associated with fetal intrauterine growth restriction. Maternal
vitamin E deficiency was associated with low birth weight [19]. In contrast, a high serum
vitamin E concentration in pregnant women could lead to macrosomia [20]. However,
according to the current literature, the association between maternal vitamin E and LGA
has not been explored.

The existing evidence was limited by its relatively small sample size, the examination
of vitamin E in only one or two trimesters, the absence of some important confounding
factors, and a lack of details in the study design. The present study was conducted to
examine maternal vitamin E concentrations in different trimesters and to explore their
associations with adverse pregnancy outcomes, including GDM and LGA. The present
study was improved by using a retrospective study design with a relatively large sample
size and would demonstrate the importance of adequate vitamin E levels during pregnancy
in the prevention of adverse pregnancy and birth outcomes.

2. Materials and Methods

2.1. Study Design and Setting

The data was derived from Peking University Retrospective Birth Cohort in Tongzhou
based on the hospital information system. This study conducted from July 2015 to January
2018 in the Tongzhou Maternal and Child Health Care Hospital of Beijing. Tongzhou,
located in southeastern Beijing, is the city’s deputy administrative center. The district
emphasizes the development of culture, education, science, and tourism. At the end of
2018, there were a total of 1.58 million residents in Tongzhou district.

2.2. Study Population

Participants were pregnant women who had a maternity check-up at the Tongzhou
Maternal and Child Health Care Hospital of Beijing between July 2015 and December 2017
(n = 57,332), had their vitamin E measured in any trimester during pregnancy, delivered
at the hospital, and whose complete background information was available. Some values
that were considered as abnormal were recorded as a missing value in the analyses, in-
cluding infant birth weight < 354 g, maternal height < 110 cm or >200 cm, pre-pregnancy
weight > 130 kg or <30 kg, delivery gestational age > 43 weeks, and parity > gravidity.
Alongside this, women with stillbirth and multiple pregnancies were excluded from the
analyses and women with other pregnancy complications and pregnancy risk factors (i.e.,
thyroid disease, tumor, hypertensive disorder complicating pregnancy, asthma, ovarian
cyst, acute fatty liver of pregnancy, taking drugs contraindicated during pregnancy, etc.)
were excluded in the study of GDM. All pregnant women in this study agreed to provide
their information to the hospital.
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2.3. Vitamin E Measurement

Participants had vitamin E measurements in each trimester after the collection of
blood samples. The first step was to collect venous blood samples from the participants
and store the serum at −80 degrees Celsius in a light-proof place. This was followed by
pretreatment with centrifugation and extraction to ensure that impurities and proteins
were discarded and that the vitamins were completely separated. The high-performance
liquid chromatography method was conducted to measure vitamin E concentrations, in
which α-Tocpherol was used as the standard, and 1290 Infinity high-performance liquid
chromatography (Agilent) and C18 chromatographic column were applied. A flow rate
of 1.0 mL/min was adopted in the measurement. Vitamin E concentrations of the testing
and quality control samples were calculated from the standard curve equation, which was
established by measuring standard substances. The criterion for determining that a batch
was within the control was that the concentrations of the quality control samples were all
in the range of mean ± 2 S.D.

2.4. Data Collection

Data were obtained from the hospital’s electronic information system. Data used in
this analysis included maternal vitamin E concentration in each trimester, participants’
sociodemographic characteristics, parity, maternal pre-pregnancy BMI, gestational weeks
at the time of vitamin E tests, folic acid usage (between 1 to 3 months pre-pregnancy and
3 months post-conception), maternal and neonatal outcomes, including GDM, multiple
pregnancy, infant birth weight, and preterm birth.

Ethics approval was obtained from the Institutional Review Board (IRB 00001052-
19006) of the Peking University Health Science Centre before the implementation of the
research. All data used for analysis were anonymous.

2.5. Variables and Definitions

The outcome variables of this study included GDM and LGA. GDM was a condition
in which women without previously diagnosed diabetes exhibited high blood glucose
levels during pregnancy. In the second trimester, all pregnant women routinely took the
Oral Glucose Tolerance Test (OGTT) in a morning after eight hours’ fasting. According
to the standard set by the International Association of Diabetes and Pregnancy Study
Groups, GDM was diagnosed if there was one or more abnormal values for the following:
fasting blood glucose level ≥ 5.1 mmol/L, blood glucose level ≥ 10.0 mmol/L one hour
after the consumption of glucose, and blood glucose level ≥ 8.5 mmol/L two hours
after the consumption of glucose [21]. LGA is defined as the birth weight of infants
above the 90 th percentile of the average weight of the same gestational age, according
to the international anthropometric standards [22]. Infant birth weight was measured
immediately after delivery by midwives.

Serum vitamin E was an independent variable. According to the WHO, vitamin E con-
centrations were classified into three groups: deficient (<5.0 mg/L), adequate (5.0–20.0 mg/L),
and excessive (≥20.0 mg/L) [23]. Weight and height self-reported by the participants in the
first antenatal examination were used to calculate pre-pregnancy BMI, which was further
divided into four groups (<18.50, 18.50–23.99, 24.00–27.99, ≥28.00 kg/m2). Preterm birth
referred to live births with <37 gestational weeks [24]. A multiple pregnancy occurred
when more than one fetus was delivered in a single pregnancy. The first, second, and third
trimesters were indicated as a gestational week of ≤13 weeks, between 14 and 27 weeks,
and of ≥28 weeks, respectively.

2.6. Statistically Analyses

Vitamin E levels during each trimester were assessed for normality by the Kolmogorov-
Smirnov test. The median (IQR) was used to describe the central and dispersion tendency
of vitamin E concentrations in each trimester. Categorical variables were described by
frequencies and percentages. Differences between outcomes (GDM and LGA) in different
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maternal characteristics and maternal concentrations were explored by χ2 tests, Fisher’s
exact tests, or Mann-Whitney U-test. Multivariate logistic regression analyses were fur-
ther performed to examine the independent effect of vitamin E concentration/status in
each trimester on the outcomes. Variables having a p < 0.1 in the univariate analyses
were adjusted in the multivariate analyses as potential confounders. The association was
presented using the odds ratio (OR) and its 95% confidence interval (CI). Data analyses
were performed by SPSS version 20, and a p < 0.05 was considered statistically significant.
In addition, restricted cubic splines (RCS) were performed to explore the dose-response
relationships of maternal vitamin E levels and the risks of GDM and LGA, with the use of
20.0 mg/L as the reference value. RCS was performed using R 4.1.3.

3. Results

3.1. General Characteristics of the Participants

A total of 19,647 women were included in this study. The majority of them were be-
tween 21 and 30 years old (64.9%), were primiparous (60.3%), were of Han ethnicity (94.0%),
had a high school education level and/or above (78.7%), had a normal pre-pregnancy BMI
(63.1%), and had used folic acid between 1–3 months pre-pregnancy and 3 months post-
conception (91.2%). In this study population, the prevalence of preterm birth was 3.9%
(Table 1).

Table 1. Maternal characteristics and birth outcomes (n = 19,647).

N %

Maternal age
≤20 137 0.7

21–30 12,752 64.9
>30 6758 34.4

Parity
Primiparous 11,851 60.3
Multiparous 7796 39.7

Maternal ethnicity
Han 18,472 94.0

Ethnic minorities 1174 6.0
Maternal education
Below high school 4114 21.4

High school or college 7651 39.8
University or higher 7475 38.9

Maternal pre-pregnancy BMI
<18.50 2123 11.0

18.5–23.99 12,144 63.1
24.00–27.99 3753 19.5
≥28.00 1236 6.4

Folic acid usage
Yes 17,911 91.2
No 1736 8.8

Preterm birth
Yes 771 3.9
No 18,827 96.1

3.2. Maternal Vitamin E Status during Three Trimesters

There were 16,705, 5520 and 2190 women taking vitamin E measurements in the first,
second and third trimesters, respectively. Table 2 shows an increasing trend of the mean
vitamin E concentrations (10.00 mg/L, 14.60 mg/L, 16.00 mg/L) and the proportion of
excessive vitamin E concentrations (0.2%, 9.0%, 13.6%) from the first to the third trimester.
However, vitamin E concentrations were adequate for the majority of participants in all
trimesters (>86%). Only in the first trimester was there a deficient concentration of vitamin
E (0.1%) (Table 2).
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Table 2. Vitamin E levels during pregnancy.

1st Trimester 2nd Trimester 3rd Trimester
Median (IQR) or N (%) Median (IQR) or N (%) Median (IQR) or N (%)

Vitamin E n = 16,705 n = 5520 n = 2190
Median, mg/L 10.00 14.60 16.00
Q1, Q3, mg/L 8.70, 11.50 12.30, 17.20 14.10, 18.40

Deficient 14 (0.1) 0 (0.0) 0 (0.0)
Adequate 16,650 (99.7) 5028 (91.1) 1892 (86.4)
Excessive 41 (0.2) 492 (8.9) 298 (13.6)

3.3. The Association between Maternal Vitamin E Status/Concentration and Outcomes (GDM and
LGA), Univariate Analyses

Supplementary Tables S1 and S2 show the univariate associations between maternal
characteristics and outcomes (including GDM and LGA). When looking at the univariate
association between maternal vitamin E status/concentration and outcomes, an excessive
level of vitamin E was associated with the occurrences of GDM (p < 0.001) and LGA
(p = 0.004) in the second trimester (Table 3). Pregnant women who suffered from GDM
had higher vitamin E concentrations in all trimesters than women without GDM. Women
who gave birth to LGA infants had a higher serum vitamin E concentration in the first and
second trimesters than women who gave birth to non-LGA infants (Table 4).

Table 3. The association between vitamin E status and GDM and large for gestational age (LGA), by
univariate analyses.

Vitamin E Status
GDM Non-GDM

p a
LGA Non LGA

p b

n (%) n (%)

First trimester
Not excessive 4026 (29.6) 9595 (70.4) 0.898 2814 (17.7) 13,100 (82.3) 0.333

Excessive 10 (28.6) 25 (71.4) 9 (23.7) 29 (76.3)

Second trimester
Not excessive 1095 (26.8) 2987 (73.2) <0.001 887 (18.5) 3906 (81.5) 0.004

Excessive 156 (39.5) 239 (60.5) 114 (23.9) 362 (76.1)

Third trimester
Not excessive 330 (22.2) 1154 (77.8) 0.060 258 (14.7) 1494 (85.3) 0.415

Excessive 66 (28.2) 168 (71.8) 46(16.6) 231 (83.4)
a The p value is reported from Chi-square test; b The p value is reported from Fisher’s exact test.

Table 4. The association between vitamin E concentration (continuous variable) and GDM and large
for gestational age (LGA), by univariate analyses.

GDM Non-GDM p a LGA Non LGA p a

Median (IQR) Median (IQR)

First trimester 10.20 (8.90, 11.80) 9.90 (8.60, 11.30) <0.001 10.30 (8.90, 11.80) 9.90 (8.70, 11.40) <0.001
Second trimester 15.20 (13.00, 17.90) 14.30 (11.90, 16.80) <0.001 15.20 (12.90, 17.70) 14.60 (12.30, 17.10) <0.001
Third trimester 16.50 (14.50, 18.90) 15.95 (13.90, 18.20) 0.002 16.55 (14.45, 18.70) 16.00 (14.10, 18.40) 0.046

a The p value is reported from Mann–Whitney U-test.

3.4. The Adjusted Association between Maternal Vitamin E Status/Concentration and Outcomes
(GDM and LGA)

After controlling for potential confounders, multivariate analyses revealed that ex-
cessive vitamin E in the second trimester was a risk factor for the occurrence of GDM
(OR = 1.640, 95% CI: 1.316–2.044) and LGA (OR = 1.334, 95% CI: 1.022–1.742) (Table 5).
Restricted cubic spline analyses demonstrated that there were linear relationships between
vitamin E and the outcomes (p-non-linear ≥ 0.05, Supplementary Figures S1 and S2). Vi-
tamin E concentrations in the first and second trimesters were positively associated with
GDM (first: OR = 1.056, 95% CI: 1.038–1.073; second: OR = 1.062, 95% CI: 1.043–1.082) and
LGA births (first: OR = 1.030, 95% CI: 1.009–1.051; second: OR = 1.040, 95% CI: 1.017–1.064)
(Table 6).
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Table 5. The association between vitamin E status and GDM and large for gestational age (LGA), by
multivariate logistic regressions.

GDM a LGA b

OR (95% CI) p OR (95% CI) p

First trimester vitamin E status (excessive) 0.691 (0.325–1.469) 0.336 1.312 (0.573–3.008) 0.521
Second trimester vitamin E status (excessive) 1.640 (1.316–2.044) <0.001 1.334 (1.022–1.742) 0.034
Third trimester vitamin E status (excessive) - - 1.160 (0.773–1.742) 0.473

a Maternal age, parity, maternal pre-pregnancy BMI, and folic acid usage were adjusted; b Maternal age, parity,
maternal education, maternal pre-pregnancy BMI and gestational weight gain were adjusted.

Table 6. The association between vitamin E concentration (continuous variable) and GDM and large
for gestational age (LGA), by multivariate logistic regressions.

GDM a LGA b

OR (95% CI) p OR (95% CI) p

First trimester vitamin E concentration 1.056 (1.038–1.073) <0.001 1.030 (1.009–1.051) 0.005
Second trimester vitamin E concentration 1.062 (1.043–1.082) <0.001 1.040 (1.017–1.064) 0.001
Third trimester vitamin E concentration - - 1.026 (0.983–1.071) 0.233

a Maternal age, parity, maternal pre-pregnancy BMI, and folic acid usage were adjusted; b Maternal age, parity,
maternal education, maternal pre-pregnancy BMI and gestational weight gain were adjusted.

4. Discussion

The present study found that maternal vitamin E levels increased from the first to the
third trimester among our study participants. For mothers who had inadequate vitamin E
levels, the majority had excessive levels in the second and third trimesters. After controlling
for potential confounders, excessive vitamin E in the second trimester was a risk factor for
GDM and LGA. Maternal vitamin E concentrations in the first and second trimesters were
positively associated with the occurrence of GDM and LGA.

The maternal serum vitamin E levels in different trimesters demonstrated in our study
were consistent with a number of studies in different areas of China, which reflected an
increasing trend of vitamin E concentrations from the first to the third trimester [25–29]
and a much larger proportion of excessive vitamin E cases than deficient cases [30–32].
For instance, a study among 12,340 pregnant women was recruited between 2013 and
2014 in the prenatal clinics of hospitals in seven districts (Haidian, Huairou, Dongcheng,
Mentougou, Pinggu, Tongzhou, and Xicheng districts) of Beijing, China. That multidistrict
study found that maternal serum vitamin E concentrations in the first, second and third
trimesters were 9.10 ± 2.47, 14.24 ± 3.66 and 15.80 ± 5.01 mg/L, respectively. There were
5.6% women had abnormal vitamin E concentrations, and 5.37% had excessive levels [33].
Excessive vitamin E concentration during pregnancy may cause abortion and interfere with
fetal development [6]. Owing to the vitamin E status of pregnant women in China, over-
consumption or supplementation with vitamin E during pregnancy should be cautious.

The relationship between maternal vitamin E levels during pregnancy and GDM was
not consistent in the literature. A meta-analysis of 11 studies reported that the level of
vitamin E was significantly lower in the third trimester of pregnancy in GDM women in
comparison to the healthy pregnant women [10]. However, the studies included were
dominated by cross-sectional and case-control studies with small sample sizes (n < 100).
In contrast, Song et al. selected 1000 pregnant women with GDM and 1000 pregnant
women without GDM who were admitted to a hospital in Dalian, China from January
2017 to June 2018 and found that the serum vitamin E level of GDM pregnant women
(21.34 ± 4.93 mg/mL) was significantly higher than that of non-GDM pregnant women
(16.25 ± 5.49 mg/L) in late pregnancy [12]. Our results were similar to Song et al. [12], and
we found that maternal vitamin E concentration in the second trimester was positively
associated with the risk of GDM. Our results contributed to the literature in revealing the
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influence of maternal vitamin E during early and mid-pregnancy on the development of
GDM. Further experimental studies to explore the related mechanism and prospective
studies to confirm our results are warranted.

The association between maternal vitamin E and LGA in our study was consistent with
a cohort study among 1231 pregnant women in the US. This US study measured maternal
α-tocopherol levels at entry (16.0 ± 0.15 weeks) and at 28 weeks of gestation and found
that each unit increase in α-tocopherol concentration increased the odds of delivering
LGA babies by 8.8% at entry and 6.7% at week 28 [5]. Likewise, a prospective cohort
study in South Korea found that birth weight was the highest when the concentrations
of both vitamins C and E in the second trimester were high [34]. Besides, our result was
similar to our previous exploration of the associations between maternal vitamin E and
macrosomia [20]. The above evidence contributed vitamin E to be an antioxidant, which
defensed against oxidative stress and impairment to fetal growth. Moreover, maternal
GDM is a risk factor for LGA. It is likely that maternal vitamin E affects the development
of GDM, and further influences the occurrence of LGA. It might be interesting to further
explore the mediation or moderation role of GDM on the association between maternal
vitamin E and LGA.

Our study has some strengths. First, unlike the majority of studies focusing on vitamin
E status in a single trimester, our study explored the association between maternal vitamin
E in every trimester and pregnancy outcomes. Changes in vitamin E levels from the first
to the third trimester were also illustrated. Second, the sample size of this study was
relatively large, and the potential confounders were adjusted in multivariate analyses.
The accuracy of the results was thus enhanced. Limitations of our study should also
be acknowledged. First, we were unable to collect blood samples in all trimesters for
every participant; therefore, missing data in the exposure variables existed. Second, the
generalizability of our findings was not confirmed because our study was conducted in
a maternal and child hospital in a district of Beijing. Third, since it was a retrospective
study using data from the hospital’s medical records, some potential confounders were not
collected and analyzed, such as dietary intake and vitamin E supplementation. Finally, in
our study, urine sample was not collected, and biomarkers of vitamin E were not examined.
As a result, we were not able to study the metabolism of vitamin E [35] and understand the
reasons for the excess of vitamin E among some present women. Further studies to address
this aspect are warranted.

5. Conclusions

Vitamin E excess among pregnant women appears to be a public health issue in China.
Our study demonstrated a positive association between excessive vitamin E in the second
trimester and the risks of GDM and LGA. Further experimental studies are necessary to
explore the mechanism between maternal vitamin E and the above pregnancy outcomes.
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//www.mdpi.com/article/10.3390/nu14081629/s1, Table S1: The association between maternal
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Figure S1: The relationship of (a) first trimester and (b) second trimester vitamin E levels and 8 GDM
(reference is 20.0 mL/L). Maternal age, parity, maternal pre-pregnancy BMI, folic acid usage were
adjusted. Figure S2: The relationship of (a) first trimester, (b) second trimester and (c) third trimester
12 vitamin E levels and 13 LGA (reference is 20.0 mL/L). Maternal age, parity, maternal education,
maternal pre-pregnancy BMI and gestational weight gain 14 were adjusted
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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.

Keywords: zinc; copper; selenium; congenital heart defects; pregnancy

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 mal-
formations in the embryos and larvae of Pagrus major [7]. Maternal selenium deficiency
was reported to relate to miscarriages, premature births, and intrauterine growth retarda-
tion [8–10]. However, there is little evidence from human studies about the effects of zinc,
copper, and selenium on CHDs [11–16], and the results were not consistent [11–16]. One
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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 [18–20]. 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 pre-
viously 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 dif-
ferent 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
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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 ques-
tionnaire. 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 supple-
ments 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 cate-
gories (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
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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; Stat-
aCorp, 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 supple-
ments 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).

Table 1. Basic characteristics of the study participants.

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
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Table 1. Cont.

Cases (N = 474) Controls (N = 948) p

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.

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).

Table 2. Quartiles of maternal total zinc, copper, and selenium intakes during pregnancy and
congenital heart defects.

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
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Table 2. Cont.

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 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.

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).
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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.

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.

 

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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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.

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 charac-
teristics (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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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, sele-
nium, 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 sup-
plements 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 [11–16]. The related human studies involved zinc, copper, and selenium status in
blood, hair, and teeth samples among mothers, neonates, and children [11–16]. However,
the results remained controversial [11–16]. One study reported an inverse association
between zinc level in children’s blood and VSD [16], while another study found no associa-
tions 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 ma-
ternal 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 inte-
grating 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
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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 pro-
teins 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 develop-
ment [45]. Selenium deficiency in pregnancy might contribute to congenital anomalies,
including neural tube defects and orofacial clefts [46–48]. Selenium exposure was reported
to be associated with the changes in epigenetic patterning in both human and animal stud-
ies [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 [18–20]. 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
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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 asso-
ciation 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.
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Abstract: Birth weight and related outcomes have profound influences on life cycle health, but
the effect of maternal hemoglobin concentration during pregnancy on birth weight is still unclear.
This study aims to reveal the associations between maternal hemoglobin concentrations in different
trimesters of pregnancy and neonatal birth weight, LBW, and SGA. This was a prospective study
based on a cluster-randomized controlled trial conducted from July 2015 to December 2019 in rural
areas of Northwest China. Information on maternal socio-demographic status, health-related factors,
antenatal visits, and neonatal birth outcomes were collected. A total of 3748 women and their babies
were included in the final analysis. A total of 65.1% and 46.3% of the participants had anemia or
hemoglobin ≥ 130 g/L during pregnancy. In the third trimester, maternal hemoglobin concentration
was associated with birth weight in an inverted U-shaped curve and with the risks of LBW and
SGA in extended U-shaped curves. The relatively higher birth weight and lower risks for LBW and
SGA were observed when hemoglobin concentration was 100–110 g/L. When maternal hemoglobin
was <70 g/L or >130 g/L, the neonatal birth weight was more than 100 g lower than that when the
maternal hemoglobin was 100 g/L. In conclusion, both low and high hemoglobin concentrations
in the third trimester could be adverse to fetal weight growth and increase the risks of LBW and
SGA, respectively. In addition to severe anemia, maternal hemoglobin >130 g/L in the third trimester
should be paid great attention to in the practice of maternal and child health care.

Keywords: maternal hemoglobin concentration; neonatal birth weight; LBW; SGA; nonlinear association;
prospective study

1. Introduction

Birth weight is critical for the evaluation of fetal growth and the prediction of neonatal
mortality and morbidity [1]. The poor birth weight caused by limited intrauterine growth
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and development could further result in adverse birth outcomes including low birth weight
(LBW) and small for gestational age (SGA). According to the WHO criteria, LBW infants are
those born weighing < 2500 g [2], and infants born SGA are defined as those weighing below
the 10th centile of birth weight by sex for a specific completed gestational age of a given
reference population [3]. The prevalence of LBW/SGA is relatively high in the middle- and
low-income countries, especially in economically undeveloped regions [3,4]. Both LBW
and SGA are the main causes of neonatal mortality and morbidity. Infants with LBW/SGA
have a considerably higher risk of short-term morbidities, including infections, respiratory
depression, jaundice, hypoglycemia, hypothermia, and so on. In the long-term, LBW/SGA
are related to many health issues, including cognitive deficiencies, mental retardation,
cerebral palsy, gastrointestinal morbidity, and metabolic disorders such as obesity, diabetes,
and cardiovascular diseases [2,4–6]. Therefore, poor fetal weight growth harms life cycle
health, and identifying its potential influencing factors is of great significance for the
prevention of short- and long-term diseases.

Maternal nutrition during pregnancy critically determines fetal nutrition and has a
significant contribution to fetal and neonatal health. Maternal intakes of micronutrients
such as folic acid and iron are crucial for fetal growth and development [7]. Hemoglobin
concentration is a key indicator reflecting the maternal nutrition status during pregnancy,
especially the iron status [8]. Previous studies reported that maternal hemoglobin concen-
tration was associated with neonatal birth weight as well as LBW and SGA, but there is no
consistent conclusion. Rasmussen et al. found a strong independent inverse correlation
between the lowest second-trimester hemoglobin and birth weight, but no relationship
was observed in the first trimester [9]. Haider et al. reported that neonatal birth weight
increased by 14 g for every 1 g/L increase in average hemoglobin in the third trimester.
Steer et al. observed that the maximum mean birth weight was achieved with a lowest
hemoglobin concentration in pregnancy of 85–95 g/L, which indicated a nonlinear rela-
tionship between maternal hemoglobin during pregnancy and birth weight [10]. A recent
meta-analysis revealed a U-shaped curve association between maternal hemoglobin concen-
tration and adverse birth outcomes, which suggested that both low and high hemoglobin
concentrations might be risk factors for fetal growth [11].

Pregnant women have a high prevalence of anemia [12]. Lots of studies have reported
that maternal anemia during pregnancy is associated with risks of intrauterine growth
restriction, preterm birth, LBW, and SGA [13–15]. However, the associations were diverse
in different gestational trimesters. The associations between maternal anemia and the
increased risks of preterm birth, LBW, and SGA were strong in the first trimester [16–19],
but were weak in the second or third trimester [16,18,20–23]. Additionally, maternal
anemia in the third trimester may reduce the risks of adverse birth outcomes [21]. As for
the associations between high hemoglobin concentration and birth outcomes, the results
in the existing literature are controversial. Some studies showed that high hemoglobin
concentration significantly reduced the risks of LBW or preterm birth [23,24]. However,
several studies indicated that maternal higher hemoglobin concentrations during pregnancy
were associated with increased risks of adverse birth outcomes [18,22,25].

Accordingly, the relationships between maternal hemoglobin concentration and birth
outcomes reported in previous studies are complicated and have been disputed. The
inconsistencies of the findings were mainly attributed to the differences in research design,
sample size, time of hemoglobin measurement, hemoglobin classification cut-offs, race,
and region of investigation [20,23]. Additionally, most of the previous studies focused on
the effect of maternal anemia, and the relatively fewer studies that reported the association
of maternal high hemoglobin concentrations with birth outcomes were conducted mainly
in developed countries [26]. Evidence from the Chinese population, especially those in
the underdeveloped regions, is lacking. Therefore, the present study aims to reveal the
associations between maternal hemoglobin concentrations (within the entire hemoglobin
range) in different trimesters of pregnancy and neonatal birth weight, LBW, and SGA,
through a prospective study in Northwest China.
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2. Materials and Methods

2.1. Study Design and Participants

The data was from a cluster-randomized controlled trial (registration number in
ClinicalTrials.gov: NCT02537392) which was conducted from July 2015 to December 2019
in rural areas of Northwest China. The original trial aimed to evaluate the effect of
micronutrient supplementation during pregnancy on congenital heart disease (primary
outcome) and other birth outcomes. Detailed design and methods of this trial have been
described elsewhere [27]. A brief introduction is as follows. A cluster randomization
method was used to randomize the townships (the unit of randomization) of the study
region to the intervention groups (the folic acid group (the control group), folic acid + iron
group, and folic acid + vitamin B complex group) with a 1:1:1 ratio before enrolment.
Women aged 15–49 years and with less than 20 weeks gestational age were invited to
participate, and the exclusion criteria at recruitment included (1) use of supplements
containing iron or vitamin B complex for more than 2 weeks, (2) having given birth to
children with congenital heart disease or other birth defects, and (3) having severe liver
or kidney disease. In each township, eligible women with informed written consent were
enrolled at the township-level health center, administered by a trained township maternal
and child healthcare professional. Participants in each intervention group were required
to use the corresponding nutrient supplements daily until delivery and were followed up
from the time of enrolment to delivery. Information on maternal socio-demographic status,
health-related factors, antenatal visits, and neonatal birth outcomes was collected. The
participants received routine treatment and health care according to the Chinese clinical
guidelines for the diagnosis and treatment of maternal anemia if they developed this during
pregnancy [28].

Based on the original trial, the present study was conducted to investigate the associa-
tions between maternal hemoglobin during pregnancy and birth weight, LBW, and SGA. A
total of 4383 eligible pregnant women enrolled in the original trial from December 2016
to December 2019 were included in the present study. Women who were lost to follow-
up (n 205), withdrew (n 29), had spontaneous/induced abortion (n 147), had a stillbirth
(n 5) or twin births (n 36) were excluded. In addition, since we focused on the maternal
hemoglobin during pregnancy according to the study objective, a total of 3748 women who
had hemoglobin records in each of the gestational trimesters (including the first, second,
and third trimester) were finally included in the study (Figure 1). Women included in the
final analysis had no significant difference in maternal socio-demographic characteristics
and parity compared to those excluded from the study (Table S1).
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Figure 1. Study flowchart.

2.2. Sample Size

The sample size was calculated based on the main outcome (birth weight) of the study.
Estimating the mean and standard deviation of the neonatal birth weight of women with
non-anemia during pregnancy was 3250 g and 440 g [29], assuming the mean neonatal
birth weight of anemic mothers was 50 g lower than the nonanemic mothers, and using
a two-sided significance level of 5% and a power of 80%, a minimum estimated sample
size was 1216 in each group. Considering a 10% loss rate, a minimum total of 2676 (1338 in
each group) pregnant women were required. Our study included 3748 women in the final
analysis, which met the sample size requirement.

2.3. Data Collection

Participants enrolment and follow-ups were conducted in the township-level health
centers, and deliveries were completed in the county-level hospitals. Data collection was
carried out by trained township maternal and child healthcare professionals and was
supervised by investigators from Xi’an Jiaotong University Health Science Center. At enrol-
ment, maternal socio-demographic characteristics (including age, education, occupation,
and income), reproductive history, and date of last menstrual period were collected via
face-to-face interviews. Baseline height and weight were measured using unified facilities.
During follow-ups, after women attended the antenatal visits at county-level hospitals,
the township maternal and child healthcare professionals collected their anthropometric
and hematological records from their antenatal visits and accounted the number of ante-
natal visits at the end of the follow-ups. Maternal uses of interventional micronutrient
supplements were investigated every two months during follow-ups, and other maternal
micronutrient supplementations during pregnancy were collected within one week after
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delivery. Neonatal birth outcomes, including birth date, birth weight, gestational age,
and gender, were obtained according to medical records. All information was entered
into a web-based surveillance system by trained township maternal and child healthcare
professionals, and routine data quality monitoring was carried out by researchers from
Xi’an Jiaotong University Health Science Center.

2.4. Hemoglobin Measurement

Maternal hemoglobin measurement was conducted during antenatal visits at the
county-level hospitals by the clinical laboratory technician. Hemoglobin concentration in a
unit of g/L was measured through routine blood tests which were completed using the
automatic hematology analyzer with the venous blood samples of participants. The town-
ship maternal and child healthcare professionals recorded the hemoglobin concentration
according to the test results after antenatal visits.

The gestational age at antenatal visits was calculated according to the last menstrual
period. The period of pregnancy was divided into trimesters according to the gestational
age, which included the first trimester (0–12 weeks of gestational age), the second trimester
(13–27 weeks of gestational age), and the third trimester (28 weeks of gestational age to the
time of delivery). The present study only included women with at least one hemoglobin
record in each trimester, and for women who had more than one hemoglobin record in a
certain trimester, the lowest was used for analysis [10,30].

Maternal hemoglobin concentration < 110 g/L can be diagnosed as gestational ane-
mia according to the WHO standard, and the severity of anemia was defined as follows:
100–109 g/L is mild anemia, 70–99 g/L is moderate anemia, and <70 g/L is severe ane-
mia [31]. Maternal hemoglobin ≥ 130 g/L referred to a relatively-high hemoglobin concen-
tration during pregnancy [24,26,32].

2.5. Outcome Assessment

The primary outcome of this study was neonatal birth weight, and the secondary
outcomes were LBW and SGA. Birth weight was measured to the nearest 10 g with a baby
scale within one hour after delivery. Gender (male/female) was recorded after delivery.
Gestational age at delivery was calculated according to the last menstrual period and was
confirmed by ultrasound scans. LBW was defined as birth weight < 2500 g according to the
WHO [2]. SGA was defined as birth weight below the 10th percentile for gestational age
and sex according to the standards for fetal growth and development in China [33].

2.6. Covariate Assessment

Based on the existing literature [4,34], covariates considered in the study mainly
included two parts: (1) socio-demographic characteristics, including maternal age at en-
rolment (<25/25–34/≥35 years), education level (junior high school or below/senior
high school/college or above), occupation (farmers/others), per capita annual house-
hold income (<5000/5000–9999/≥10,000 Yuan, where 1 Yuan = 0·156 $US on 8 Novem-
ber 2021), and township (48 townships); (2) health-related characteristics, including par-
ity (primipara/multipara), gestational age at enrolment (≤12 weeks/>12 weeks), body
mass index (BMI) at enrolment (underweight < 18.5/normal weight 18.5–23.9/overweight
24.0–27.9/obesity ≥ 28.0 kg/m2), the times of antenatal visits (≤5/>5), and micronutrient
supplementations (folic acid/folic acid + iron/folic acid + vitamin B complex). Mater-
nal age and gestational age at enrolment were respectively calculated according to birth
date and the last menstrual period. Height was measured to the nearest 0.1 cm with a
stadiometer, and weight was measured to the nearest 0.1 kg with an electronic scale. BMI at
enrolment was calculated as weight at enrolment in kilograms divided by height in meters
squared, and was classified according to the standards recommended in the “Guidelines for
prevention and control of overweight and obesity in Chinese adults” [35]. Micronutrient
supplementation was classified according to the intervention groups in the original trial.
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2.7. Statistical Analysis

Continuous variables were expressed as mean ± SDs, and categorical variables were
described as numbers (proportions). Since the sample of the present study was obtained
based on a cluster-randomized controlled trial (the township is the unit of randomization),
the data collected had a hierarchical structure. Accordingly, generalized estimating equation
(GEE) models [36] were applied to evaluate the associations of maternal hemoglobin
concentration during pregnancy with the outcomes. The GEE model is a population
average model used to estimate the associations between neighborhood characteristics
(this refers to the factors related to the neighborhood that the study individuals belong
to, and possess both physical and social attributes that could plausibly affect the health
of individuals [37]) and health outcomes in multilevel studies [36]. In this study, the
variable of township had the random effect, and maternal hemoglobin concentration in
different trimesters of pregnancy and covariates had the fixed effects in the GEE models.
The unadjusted model and adjusted model were established to estimate the changes
in birth weight (normal distribution and identity link function) and RR for LBW/SGA
(binomial distribution and log link function), as well as their accompanying 95% CI. The
adjusted model was adjusted for socio-demographic characteristics (including maternal
age, education, occupation, and per capita annual household income) and health-related
characteristics (including parity, BMI at enrolment, gestational age at enrolment, number of
antenatal visits, and micronutrient supplementation). When estimating the associations
between maternal hemoglobin and birth weight/LBW, models were additionally adjusted
for neonatal gender and gestational age at delivery.

Restricted cubic spline (RCS) function was further used to estimate the dose–response
relationship between maternal hemoglobin concentration in different trimesters of preg-
nancy and the birth outcomes [38]. According to the cut-offs of hemoglobin that were
used to classify the severity of gestational anemia [31] and the cut-off that represents a
relatively-high maternal hemoglobin concentration [20,24], maternal hemoglobin at 70, 100,
110, 130 g/L were selected as the four knots set into the RCS models. In these models,
maternal hemoglobin in different trimesters was set as independent variable (x-axis), and
birth weight/LBW/SGA was set as dependent variable (y-axis). Hemoglobin at 110 g/L or
the minimum value of hemoglobin was set as the reference value. Models were adjusted
for socio-demographic and health-related characteristics as described above. The p-value
for the overall association was used to evaluate the overall association between maternal
hemoglobin and birth outcomes, and the p-value for the nonlinear association was used to
assess any nonlinear association between maternal hemoglobin and birth outcomes.

Based on the above analyses, subgroup analyses according to maternal hemoglobin
concentration and maternal characteristics (age, education level, income level, parity, BMI
at enrolment, times of antenatal visits, and micronutrient supplementation) were further
conducted to estimate the associations between maternal hemoglobin during pregnancy
and neonatal birth weight in different subgroups.

All analyses were performed using SAS version 9.4 (SAS Institute, Cary, NC, USA).
All statistical tests were two-tailed, and statistical significance was set as p < 0.05. SAS code
for GEE models could be accessed in “SAS System Documentation” and referred to the
GEE syntax under “The GENMOD Procedure”. The RCS curve fitting was realized by an
SAS macro program written by Desquilbet [38].

3. Results

3.1. Maternal Baseline Characteristics and Neonatal Birth Outcomes

As shown in Table 1, higher proportions of participants were observed in women aged
25–34 years (59.6%), with junior high school or below educational level (54.4%), farmers
(87.8%), medium per capita annual household income (40.5%), normal weight (71.0%), and
having attended no more than five antenatal visits (67.2%).
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Table 1. Maternal baseline characteristics and neonatal birth outcomes (N= 3748).

Characteristics Mean ± SD or n (%)

Socio-demographic characteristics
Age (years) 26.2 ± 4.1

<25 1369 (36.5)
25–34 2235 (59.6)
≥35 144 (3.8)

Education
Junior high school or below 2040 (54.4)
Senior high school 1179 (31.5)
College or above 529 (14.1)

Farmers 3292 (87.8)
Per capita annual household income (RMB)

Low (<5000) 872 (23.3)
Medium (5000–9999) 1519 (40.5)
High (≥10,000) 1357 (36.2)

Health-related characteristics
Primipara 1914 (51.1)
Gestational age at enrolment (weeks) 14.4 ± 6.1
≤12 1580 (42.2)
>12 2168 (57.8)

Height (cm) 159.8 ± 4.8
Weight at enrolment (kg) 55.5 ± 8.11
BMI at enrolment (kg/m2)

Underweight (<18.5) 408 (10.9)
Normal weight (18.5–23.9) 2662 (71.0)
Overweight (24.0–27.9) 553 (14.8)
Obesity (≥28.0) 125 (3.3)

More than five antenatal visits 1229 (32.8)
Micronutrient supplementation

Folic acid 1363 (36.3)
Folic acid + iron 1130 (30.1)
Folic acid + vitamin B complex 1255 (33.4)

Birth outcomes
Birth weight (g) 3233.4 ± 418.3
Gestational age at delivery (weeks) 39.7 ± 1.3
Gender, male 1936 (51.7)
LBW 99 (2.6)
SGA 501 (13.4)

LBW, low birth weight; SGA, small for gestational age.

The average neonatal birth weight was 3233.4 ± 418.3 g, and the average gestational
age at delivery was 39.7 ± 1.3 weeks. The proportions of LBW and SGA infants were 2.6%,
and 13.4%, respectively.

3.2. Maternal Hemoglobin Status in Different Trimesters of Pregnancy

Maternal hemoglobin concentrations in the first, second, and third trimesters of
pregnancy were tested averagely at 10.2 (SD 2.0), 19.4 (SD 3.2), and 36.1 (SD 2.7) weeks of
gestation. As displayed in Table 2, in the first, second, and third trimester, the prevalence
of maternal anemia was 16.6%, 30.9%, and 45.9%; the rates of hemoglobin ≥130 g/L were
33.1%, 14.7%, and 8.2%, respectively. A total of 65.1% and 46.3% of the participants have
had anemia or hemoglobin ≥130 g/L during pregnancy.
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Table 2. Maternal hemoglobin status in different trimesters of pregnancy.

Hemoglobin (g/L) Mean ± SD or n (%)

First trimester
Average hemoglobin concentration 123.2 ± 14.4
Anemia (<110) 624 (16.6)

Severe anemia (<70) 0 (0.0)
Moderate anemia (70–99) 203 (5.4)
Mild anemia (100–109) 421 (11.2)

Normal (110–129) 1883 (50.2)
Hemoglobin ≥ 130 1241 (33.1)

Second trimester
Average hemoglobin concentration 115.6 ± 13.4
Anemia (<110) 1157 (30.9)

Severe anemia (<70) 0 (0.0)
Moderate anemia (70–99) 427 (11.4)
Mild anemia (100–109) 730 (19.5)

Normal (110–129) 2039 (54.4)
Hemoglobin ≥ 130 552 (14.7)

Third trimester
Average hemoglobin concentration 110.8 ± 13.9
Anemia (<110) 1720 (45.9)

Severe anemia (<70) 12 (0.3)
Moderate anemia (70–99) 719 (19.2)
Mild anemia (100–109) 989 (26.4)

Normal (110–129) 1720 (45.9)
Hemoglobin ≥ 130 308 (8.2)

3.3. Associations between Maternal Hemoglobin Concentrations during Pregnancy and Birth
Weight-Related Outcomes

Table 3 displays the associations between maternal hemoglobin concentrations in
different trimesters and neonatal birth weight, LBW, and SGA. In the first trimester, com-
pared to women with normal hemoglobin concentration (110–129 g/L), women with
hemoglobin ≥ 130 g/L had a significant increase in neonatal birth weight (adjusted changes:
26.5 g, 95% CI: 0.2, 52.8); no association between maternal hemoglobin with LBW and
SGA was observed. In the second trimester, no association was found between maternal
hemoglobin and the outcomes. In the third trimester, compared to women with normal
hemoglobin concentration (110–129 g/L), women with severe anemia (<70 g/L) had a
significant decrease in neonatal birth weight (adjusted changes: −216.3 g, 95% CI: −426.7,
−5.9), and had a significant increase in risk of LBW (adjusted RR: 7.47, 95% CI: 2.53, 22.08).
Women with mild anemia (100–109 g/L) had a significant increase in neonatal birth weight
(adjusted changes: 46.5 g, 95% CI: 7.6, 85.3), and had a 27% reduced risk of SGA (adjusted
RR: 0.73, 95% CI: 0.61, 0.87). Women with hemoglobin ≥130 g/L had a trend of reduction
in neonatal birth weight, but the result was not statistically significant (adjusted changes:
−30.7 g, 95% CI: −76.1, 14.7).

Table 3. Associations between maternal hemoglobin concentrations during pregnancy with neonatal
birth weight, LBW, and SGA 1.

Outcomes Hemoglobin (g/L) Mean (SD) or n (%) Unadjusted Model Adjusted Model 2

Mean (SD) Changes (95% CI) Changes (95% CI)
Birth weight First trimester

<70 - - -
70–99 3240.6 (415.7) 21.0 (−51.0, 92.9) 26.6 (−34.0, 87.2)
100–109 3238.1 (418.0) 18.4 (−29.5, 66.2) 25.1 (−20.5, 70.7)
110–129 3221.1 (410.1) Ref. Ref.
≥130 3249.1 (430.8) 29.0 (1.7, 56.4) 26.5 (0.2, 52.8)
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Table 3. Cont.

Outcomes Hemoglobin (g/L) Mean (SD) or n (%) Unadjusted Model Adjusted Model 2

Second trimester
<70 - - -
70–99 3258.0 (426.1) 27.5 (−3.3, 58.3) 30.8 (−3.2, 64.8)
100–109 3221.8 (412.1) −9.3 (−47.9, 29.4) −5.0 (−44.6, 34.7)
110–129 3230.1 (424.8) Ref. Ref.
≥130 3241.5 (395.4) 10.9 (−26.9, 48.6) 11.5 (−22.8, 45.7)

Third trimester
<70 2988.3 (549.6) −230.5 (−455.2, −5.7) −216.3 (−426.7, −5.9)
70–99 3253.3 (413.5) 35.9 (−0.2, 71.9) 45.8 (9.9, 81.7)
100–109 3259.2 (440.5) 42.1 (5.4, 78.8) 46.5 (7.6, 85.3)
110–129 3220.0 (409.0) Ref. Ref.
≥130 3193.4 (419.7) −29.2 (−72.5, 14.2) −30.7 (−76.1, 14.7)

n (%) RR (95% CI) RR (95% CI)
LBW First trimester

<70 - - -
70–99 4 (2.0) 0.67 (0.22, 2.06) 0.72 (0.24, 2.16)
100–109 9 (2.1) 0.77 (0.39, 1.54) 0.80 (0.39, 1.63)
110–129 54 (2.9) Ref. Ref.
≥130 32 (2.6) 0.91 (0.61, 1.38) 0.85 (0.54, 1.33)

Second trimester
<70 - - -
70–99 12 (2.8) 0.95 (0.44, 2.02) 1.10 (0.52, 2.29)
100–109 17 (2.3) 0.79 (0.47, 1.34) 0.90 (0.52, 1.55)
110–129 59 (2.9) Ref. Ref.
≥130 11 (2.0) 0.70 (0.35, 1.41) 0.53 (0.20, 1.37)

Third trimester
<70 2 (16.7) 6.36 (2.07, 19.59) 7.47 (2.53, 22.08)
70–99 21 (2.9) 1.10 (0.76, 1.61) 1.20 (0.76, 1.91)
100–109 23 (2.3) 0.88 (0.57, 1.37) 0.94 (0.58, 1.51)
110–129 42 (2.4) Ref. Ref.
≥130 11 (3.6) 1.51 (0.64, 3.54) 1.41 (0.49, 4.03)

SGA First trimester
<70 - - -
70–99 27 (13.3) 0.97 (0.68, 1.39) 0.98 (0.67, 1.44)
100–109 51 (12.2) 0.89 (0.65, 1.23) 0.91 (0.65, 1.29)
110–129 256 (13.6) Ref. Ref.
≥130 167 (13.5) 0.99 (0.82, 1.20) 0.99 (0.81, 1.21)

Second trimester
<70 - - -
70–99 56 (13.1) 0.94 (0.77, 1.16) 1.03 (0.83, 1.28)
100–109 90 (12.4) 0.89 (0.75, 1.06) 0.91 (0.76, 1.09)
110–129 285 (14.0) Ref. Ref.
≥130 70 (12.7) 0.91 (0.74, 1.11) 0.95 (0.75, 1.20)

Third trimester
<70 2 (16.7) 1.12 (0.31, 4.11) 1.32 (0.35, 4.98)
70–99 91 (12.7) 0.86 (0.70, 1.05) 0.87 (0.70, 1.09)
100–109 104 (10.5) 0.72 (0.61, 0.84) 0.73 (0.61, 0.87)
110–129 252 (14.7) Ref. Ref.
≥130 52 (16.9) 1.16 (0.88, 1.53) 1.16 (0.87, 1.55)

LBW, low birth weight; SGA, small for gestational age; Ref., reference, SD, standard deviation; RR, relative risk;
CI, confident interval. 1 Generalized estimating equation models with random effect at the township level were
used to estimate the changes (95% CI) for birth weight and RR (95% CI) for LBW/SGA according to maternal
hemoglobin level during pregnancy. 2 The model was adjusted for socio-demographic characteristics (including
maternal age, education, occupation, and per capita annual household income) and health-related characteristics
(including parity, BMI at enrolment, gestational age at enrolment, number of antenatal visits, and micronutrient
supplementation). When estimating the associations between maternal hemoglobin and birth weight/LBW,
models were additionally adjusted for neonatal gender and gestational age at delivery.
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3.4. Dose–Response Relationships between Maternal Hemoglobin Concentrations and Birth
Weight-Related Outcomes

RCS functions with four knots (maternal hemoglobin at 70, 100, 110, 130 g/L) were
further applied to estimate the dose–response relationships between maternal hemoglobin
in different trimesters of pregnancy and birth outcomes. In the first and second trimester,
no dose–response relationship was found (data was not shown). In the third trimester,
dose–response relationships were observed between maternal hemoglobin concentration
and neonatal birth weight, LBW, and SGA (Figure 2).

An inverted U–shaped curve was fitted between maternal hemoglobin concentration
in the third trimester and neonatal birth weight (both p-values for overall and non-linear
association were <0.001). The relatively-higher neonatal birth weight was obtained among
women with a hemoglobin concentration of close to 100 g/L. When maternal hemoglobin
was <70 g/L, neonatal birth weight significantly increased with the increase of hemoglobin;
when maternal hemoglobin was 70–100 g/L, birth weight still showed an increasing trend
when maternal hemoglobin was rising; when maternal hemoglobin was >100 g/L, neonatal
birth weight significantly decreased with the increase of maternal hemoglobin; when
maternal hemoglobin was >130 g/L, neonatal birth weight was more than 100 g lower than
that when the maternal hemoglobin was 100 g/L (Figure 2a).

 

 

Figure 2. Cont.
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Figure 2. Dose-response relationships between maternal hemoglobin concentrations in the third
trimester and (a) birth weight, (b) LBW, and (c) SGA. The associations were estimated using restricted
cubic spline functions with four knots (including hemoglobin at 70, 100, 110, 130 g/L). Models were
adjusted for socio-demographic characteristics (including maternal age, education, occupation, and
per capita annual household income) and health-related characteristics (including parity, BMI at
enrolment, gestational age at enrolment, number of antenatal visits, and micronutrient supplemen-
tation). When estimating the associations between maternal hemoglobin concentrations and birth
weight/LBW, models were additionally adjusted for neonatal gender and gestational age at delivery.
For birth weight, hemoglobin at 110 g/L was set as the reference value, and for LBW and SGA, the
minimum value of hemoglobin was set as the reference value. Dashed lines represent the 95% CIs,
and knots were displayed by dots. The horizontal dashed green line represents whether the difference
in birth weight was 0 g or the RR for LBW/SGA was 1.00.

Extended U-shaped curves were obtained between maternal hemoglobin concentra-
tion in the third trimester with the risks of LBW and SGA (both p-values for overall and
non-linear association were <0.05). Both the relatively lower risks for LBW and SGA were
obtained among women with a hemoglobin concentration of 100–110 g/L. When mater-
nal hemoglobin was <100 g/L, risks of both LBW and SGA were sharply increased with
the decrease of hemoglobin; when maternal hemoglobin was >110 g/L, the risk of LBW
was slightly increased with the rise of hemoglobin, and the risk of SGA was significantly
increased with the increase of hemoglobin (Figure 2b,c).

3.5. Associations between Maternal Hemoglonbin in the Third Trimester and Birth Weight-Related
Outcomes According to Hemoglobin Concentration and Maternal Characteristics

According to the above result, we used hemoglobin of 100 g/L in the third trimester
as the cut-off to divide women into two groups and conducted the subgroup analyses
according to maternal characteristics in each group. In the third trimester, among women
with hemoglobin < 100 g/L, there is a positive but non-significant association between
maternal hemoglobin and neonatal birth weight (adjusted changes: 2.4 g, 95% CI: −0.5,
5.4). Among women with hemoglobin ≥100 g/L, maternal hemoglobin was significantly
negatively associated with neonatal birth weight (adjusted changes: −2.6 g, 95% CI: −4.1,
−1.0). Similar associations were found in most of the subgroups according to maternal
characteristics (Table S2).

In the third trimester, among women with hemoglobin <100 g/L, maternal hemoglobin
was negatively associated with the risks of LBW/SGA (LBW: adjusted RR: 0.58, 95% CI: 0.42,
0.79; SGA: adjusted RR: 0.81, 95% CI: 0.67, 0.98). Among women with hemoglobin ≥100 g/L,
maternal hemoglobin was positively associated with the risk of SGA (adjusted RR: 1.13, 95%
CI: 1.04, 1.23). Similar associations were found in many subgroups according to maternal
characteristics (Table S3).
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4. Discussion

In the present prospective study, about two-thirds of the participants had anemia dur-
ing pregnancy, and about half of the participants had hemoglobin ≥ 130 during gestation.
We found that maternal hemoglobin concentration in the third trimester had an inverted
U-shaped association with neonatal birth weight, and had extended U-shaped associations
with the risks of LBW and SGA. The relatively higher birth weight and lower risks for
LBW and SGA were observed when hemoglobin concentration was 100–110 g/L. Maternal
hemoglobin < 70 g/L or >130 g/L was strongly related to the decreased birth weight and
increased risks of LBW and SGA.

In our population from the rural areas of Northwest China, 65.1% of the participants
had anemia during pregnancy. Our prevalence of gestational anemia was much higher than
that of Western countries such as the United States (5.7%), Canada (11.5%), and Germany
(12.3%), and it was also higher than that of Asian countries such as Japan (14.8%) and
Singapore (23.8%) [39]. Additionally, the prevalence was higher than that of native cities
such as Beijing (19.3%), Guangzhou (38.8%), and Chengdu (23.9%) [40]. The potential
reason for the high prevalence of anemia in our population is that a large apart of the
participants were farmers, lower educated, and at low/middle-income levels, who were
less likely to achieve a balanced diet and adequate nutrition intake during pregnancy [41],
which further contributed to the poor nutritional status, and induced maternal anemia. At
the other end of the spectrum, it is worth noting that about half of the participants had
hemoglobin ≥ 130 during pregnancy, which indicated that the problems of low and high
hemoglobin levels during pregnancy coexisted in the study population.

In the present study, we found that maternal hemoglobin concentration in the third
trimester was associated with neonatal birth weight in an inverted U-shaped curve and
was associated with the risks of LBW and SGA in extended U-shaped curves. Women with
severe anemia or hemoglobin > 130 g/L in the third trimester had significantly decreased
neonatal birth weight and increased risks of LBW and SGA. Compared with previous
studies [42,43], our results revealed a more complicated relationship between maternal
hemoglobin and birth weight-related outcomes, in that both low and high hemoglobin
concentration in the third trimester could have adverse effects on fetal weight growth. In
our population, the relatively higher neonatal birth weight and lower risks of LBW and
SGA were observed when hemoglobin concentration was in the range of 100 to 110 g/L,
which implied that an appropriate hemoglobin level in the third trimester is beneficial to
fetal weight growth, but the specific range still needs to be verified in future studies.

Similar nonlinear associations between maternal hemoglobin concentration and birth
weight-related outcomes were shown in several previous studies [10,11,26,44]. In a retro-
spective analysis in the North-West Thames region, Steer et al. reported that the maximum
mean birth weight was achieved with the lowest maternal hemoglobin concentration
in pregnancy of 85–95 g/l and the lowest incidence of LBW occurred with the lowest
hemoglobin of 95–105 g/l. The results displayed that the lowest maternal hemoglobin dur-
ing pregnancy might have an inverted U-shaped relationship with neonatal birth weight
and a U-shaped relationship with the risk of LBW [10]. In a prospective cohort study in two
South Asian countries (Pakistan and India), Ali et al. found that the mean neonatal birth
weight is higher when the maternal hemoglobin during pregnancy was 110–129 g/L and
it decreased when the hemoglobin was <110 g/L or >130 g/L. The study also showed a
U-shaped association between maternal hemoglobin and the risk of LBW [26]. Jung et al.’s
systematic review and meta-analysis reported an extended U-shaped association between
maternal hemoglobin and the risk of SGA [45].

The timing of maternal hemoglobin measurement varied in previous studies, which
was one of the causes of inconsistent results. We measured maternal hemoglobin concen-
tration in each trimester and the significant associations of maternal hemoglobin with risks
of LBW and SGA were observed only in the third trimester, which was partially consistent
with the results of Young et al.’s systematic review and meta-analysis in 2019 [24]. This
review reported that low maternal hemoglobin concentration was significantly associated
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with an increased risk of LBW in the first and third trimester, but it was not significantly
associated with SGA in any trimester. Our study did not observe any significant association
in the first trimester, which might be due to the relatively lower prevalence of anemia in the
first trimester in our population and the different severity of anemia from the populations
in previous studies. In addition, this review showed that the evidence for high maternal
hemoglobin concentrations across pregnancy and LBW/SGA was limited. Our study
provided new evidence that both low and high maternal hemoglobin concentrations in the
third trimester was associated with increased risks of LBW/SGA, and to some extent, it
filled in the gap of related research. One potential explanation for our results is as follows.
Fetal weight growth velocity reaches a peak in the third trimester (around 35 weeks of
gestation) accompanied by a sharp increase in fetal nutritional demand [46]. Severe anemia
or a relatively-high hemoglobin concentration in this period may lead to extremely inade-
quate maternal nutrient supply to the fetus, which seriously affects fetal weight growth
and increases the risks of LBW and SGA [44,47].

The possible mechanisms involved in the relationship between low or high hemoglobin
concentrations and fetal weight growth are as follows. Severe anemia in the third trimester
leads to a decline in the body’s oxygen supply capacity and poor placental development,
which affects the maternal delivery of oxygen and nutrients to the fetus. These adverse
effects further induce fetal chronic hypoxia and insufficient nutritional intake, which finally
causes poor fetal weight growth and adverse birth outcomes such as LBW and SGA [26,47].
The harmful impacts of high maternal hemoglobin concentration on fetal growth may be
attributed to the inadequate plasma volume expansion. A high hemoglobin concentration
in the third trimester may indicate a failure in plasma volume expansion. Insufficient
plasma volume expansion during pregnancy induces the increase of blood viscosity, and
further leads to decrease in placental blood flow velocity and decline of placental nutrient
delivery capacity, which finally affects fetal growth and development [18,44,48].

The plasma volume expansion is also an explanation for our results that better birth
weight-related outcomes were obtained when maternal hemoglobin concentration in the
third trimester was 100–110 g/L. The slightly lower hemoglobin concentrations in the
third trimester may reflect an adequate plasma volume expansion and thus achieve the
optimal nutrient transport from mother to fetus, which consequently promotes fetal growth
and development [49]. Another possible explanation of the association of mild anemia
and higher birth weight is that maternal absorbed iron may be preferentially transferred
to the placenta and fetus during pregnancy, thus contributing to better fetal growth and
development rather than to higher maternal iron stores, which may result in lower maternal
hemoglobin concentration in the third trimester and higher neonatal birth weight [50].

To the best of our knowledge, the present study was the first prospective study that
revealed nonlinear relationships between maternal hemoglobin concentration in the third
trimester and birth weight-related outcomes in the Chinese population. We disclosed that
both low and high hemoglobin concentrations could be harmful to fetal weight growth
and increase the risks of LBW and SGA, and maternal hemoglobin > 130 g/L in the third
trimester could be highly focused on, in addition to severe anemia, in maternal and child
health care. Nonetheless, several limitations of the present study should be addressed.
Firstly, this study was conducted in the rural areas of Northwest China, and thus the results
mainly reflected the association between maternal hemoglobin during pregnancy and
birth outcomes in women with disadvantaged socio-demographic conditions, which may
limit the generalizability of the findings to other populations. However, it is noteworthy
that, compared with women with disadvantaged socio-demographic status, those with
advantaged socio-demographic status are more likely to have relatively higher hemoglobin
concentrations during pregnancy, suggesting that the adverse impact of high hemoglobin
in the third trimester on fetal weight growth should be paid more attention to in such
populations. Secondly, although we carried out the analysis by controlling for some po-
tential confounders, including socio-demographic and health-related factors, there were
still some unobserved or unknown confounders that we could not fully investigate. For
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example, excessive maternal gestational weight gain was related to reduced risks of LBW
and SGA [51]. Unfortunately, information about maternal weight gain during pregnancy
was not available in the present study, and thus we could not control for its effect on the
associations between maternal hemoglobin and birth weight-related outcomes. Finally,
the present study only assessed the relationship between maternal hemoglobin and birth
weight-related outcomes without evaluating the influences of maternal plasma volume
expansion or iron status of mothers and infants, and thus the potential mechanisms in-
volved could not be clarified. More in-depth and well-designed studies are recommended
to explore the underlying mechanisms and to develop a more comprehensive and precise
nutrition intervention strategy.

5. Conclusions

Maternal hemoglobin concentration in the third trimester had an inverted U-shaped
association with neonatal birth weight, and had extended U-shaped associations with the
risks of LBW and SGA. Both low and high hemoglobin concentrations in this period could
be adverse to fetal weight growth and increase the risks of LBW and SGA, respectively. In
addition to severe anemia, maternal hemoglobin > 130 g/L in the third trimester should be
paid great attention to in the practice of maternal and child health care.
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Table S3: Associations between maternal hemoglobin concentration in the third trimester and
LBW/SGA in different subgroups.
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Abstract: This study aimed to derive a maternal dietary pattern to explain the variation in B vitamins
during pregnancy and to investigate this pattern in relation to birth outcomes. A total of 7347 women
who gave birth to live newborns less than one year were included. Their dietary pattern during
pregnancy was derived using the reduced-rank regression method with six B vitamins as response
variables. Associations between dietary pattern score and birth weight, gestational age at delivery,
birth weight Z score, low birth weight, preterm, and small-for-gestational-age (SGA) were estimated
using generalised linear mixed models. We identified a high B-vitamin dietary pattern characterised
by high intakes of animal foods, vegetables, fungi and algae, legumes, and low intakes of oils and
cereals. Women in the highest quartile of this pattern score had newborns with a 44.5 g (95% CI: 13.8,
75.2 g) higher birth weight, 0.101 (95% CI: 0.029, 0.172) higher birth weight Z score, and 27.2% (OR:
0.728; 95% CI: 0.582, 0.910) lower risk of SGA than those in the lowest quartile. Our study suggested
that adherence to the high B-vitamin dietary pattern during pregnancy was associated with a higher
birth weight and a lower risk of SGA.

Keywords: dietary pattern; B vitamins; pregnancy; birth weight; small-for-gestational-age; reduced
rank regression

1. Introduction

Birth outcomes, which commonly refer to birth weight and gestational age, are not
only closely related to the morbidity and mortality of infants and young children [1,2],
but are also key predictors of chronic non-communicable diseases in adulthood [3–5]. As
the economy grows by leaps and bounds, the health status of women and children in
China has been greatly improved in the past few decades [6]. However, China has the
largest population in the world, of more than 1.4 billion. According to the latest WHO data,
China ranks among the top five countries worldwide in terms of the number of adverse
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birth outcomes such as preterm, low birth weight (LBW), and small-for-gestational-age
(SGA) [7–9].

The aetiology of most types of adverse birth outcomes is complex. As a modifiable risk
factor, maternal nutrition during pregnancy has been widely discussed for its potential to
prevent adverse birth outcomes [10]. B vitamins are a class of water-soluble micronutrients
that act as co-enzymes in numerous catabolic and anabolic enzymatic reactions [11]. To our
knowledge, the associations of other B vitamins than folate (vitamin B9) with adverse birth
outcomes remain unclear. Some epidemiologic studies have reported that maternal dietary
intakes of B vitamins are inversely related to the risk of adverse birth outcomes [12–14].
Since B vitamins share similarities in food sources and biological functions, these studies
failed to clarify the individual effect of specific B vitamins, nor did they capture the
cumulative effect of multiple B vitamins [15].

Recent nutritional epidemiological studies have shifted the focus from single nutrients
to dietary patterns, which describe the overall diet and better reflect the interactive or
synergistic effects of different nutrients [16]. Of note, Hoffmann et al. proposed the
reduced rank regression (RRR) method, by which dietary patterns are derived using a
posteriori statistical analysis, but response variables (e.g., nutrients) are chosen using a
priori knowledge that suggests these variables are hypothesized to be related to health
outcomes [17]. The RRR method identifies the linear combination of food groups that
account for as much variation as possible in a set of response variables. Compared to
traditional methods (e.g., Health Eating Index and principal component analysis), the RRR
method has the advantage of building biological pathways through which diet affects
health outcomes [18].

Therefore, based on the cross-sectional data in northwest China, we aimed to identify
a maternal dietary pattern that maximally explains the variation in B vitamins using the
RRR method. Furthermore, we sought to assess the associations of this pattern with birth
outcomes after controlling for covariates.

2. Materials and Methods

2.1. Study Design and Participants

The present study used data from a cross-sectional study conducted in Shaanxi
Province of northwest China. The design and methodology of the cross-sectional study
have been described previously in detail [19,20]. Briefly, 30,027 women who were pregnant
during 2010–2013 and had pregnancy outcomes were selected using the stratified multi-
stage random sampling method. First, twenty counties and ten districts were randomly
selected from the Shaanxi Province according to the proportion of urban to rural population,
population density and fertility rate. Second, six townships and three streets were ran-
domly selected from the sampled counties and districts, separately. Third, six villages and
communities were randomly selected from the sampled townships and streets, separately.
Finally, thirty and sixty women were randomly selected from the sampled villages and
communities, separately. All participants were interviewed from August to November 2013.
Information on maternal general and pregnancy characteristics, and neonatal outcomes
were collected by a standardised and structured questionnaire. Furthermore, 7750 women
who gave birth to live newborns less than one year ago were interviewed to obtain informa-
tion on dietary intakes during pregnancy. For this study, 403 women were excluded due to
multiple births (n = 87) or implausible energy intake (<4500 or >20000 kJ/d) (n = 316) [21].
Consequently, a total of 7347 women were included in the final analysis, with a median of
3 months (10–90th percentiles: 0–7 months) after delivery. A flow chart of the selection of
study participants is displayed in Figure S1.

2.2. Dietary Assessment

The dietary intakes during pregnancy were estimated retrospectively using a semi-
quantitative food frequency questionnaire (FFQ). Since dietary intakes did not change to a
great extent throughout pregnancy [22–24], and it was cumbersome to collect dietary data
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for different trimesters, we assessed the average dietary intakes over the whole pregnancy
at one time. The FFQ applied in this study was established based on a validated FFQ
designed for pregnant women during the third trimester in northwest China [25]. The
validation study showed good correlations between nutrients estimated by the FFQ and six
repeated 24 h recalls. Pearson’s correlation coefficients ranged from 0.53 for cholesterol and
carotene, to 0.70 for vitamin E and potassium [25]. The FFQ used in this study consisted
of 107 items. For the five food items concerning edible oil and condiments, the weight
consumed per month and the number of family members were recorded. For the other
102 food items, consumption frequencies were assessed on an eight-level scale (never or
almost not, less than one time/month, one to three times/month, one time/week, two
to four times/week, five to six times/week, one time/day, or more than two times/day),
and portion sizes were estimated on a three-level scale (large, medium, or small) using
the food photographs [26]. The daily intakes of total energy and nutrients were estimated
by multiplying consumption frequency by the portion size of each food item and their
corresponding nutrient content abstracted from the China Food Composition Table [27,28].
All nutrient intakes were adjusted for total energy intake with the use of the residual
method [29].

2.3. Birth Outcomes

Neonatal outcomes, including sex, gestational age at birth, and birth weight were
obtained from the Medical Certificate of Birth. Birth weight was measured to the nearest
10 g. Gestational age at birth was the number of weeks from the first day of the last
menstrual period to the date of delivery. The sex- and gestational age-adjusted birth weight
Z score was calculated based on the International Fetal and Newborn Growth Consortium
for the 21st Century (INTERGROWTH-21st) standards [30]. LBW referred to a birth weight
less than 2500 g [31]. Preterm was defined as gestational age at birth less than 37 weeks [32].
SGA referred to a birth weight Z score below the 10th percentile [33].

2.4. Covariates

The covariates selected based on previous studies can be categorised as maternal
socio-demographic characteristics and health-related behaviours during pregnancy [34–36].
Socio-demographic characteristics comprised geographic area, residence, age at delivery,
education, occupation, household wealth index, and parity. The principal component
analysis was used to construct the household wealth index based on household income
and expenditure, type of house, number of appliances, and number of vehicles [37]. Poor
was defined as the first principal component below the 33.3rd percentile. Health-related
behaviours included smoking, alcohol consumption, pregnancy complications, medication
use, as well as folic acid, iron, calcium, and multivitamin supplementation. Only passive
smoking was considered as a covariate because of pregnant women’s low prevalence of
active smoking in our study areas. Passive smoking was defined as a non-smoker being
exposed to tobacco smoke for at least 15 min per day. Self-reported pregnancy complications
consisted of anaemia, hypertension, diabetes, intrahepatic cholestasis, and so on.

2.5. Statistical Analysis

Maternal dietary pattern during pregnancy was obtained by the reduced rank regres-
sion (RRR) method using the PLS procedure in SAS [17]. Before conducting this analysis,
107 food items were categorised into 21 food groups according to their similarities in nutri-
ent content and culinary usage (Table S1). The predictor variables were the daily intakes of
21 food groups in grams, while the response variables were the daily intakes of thiamin
(vitamin B1), riboflavin (vitamin B2), niacin (vitamin B3), vitamin B6, folate, and vitamin
B12 in grams. The number of RRR factors derived was equal to the number of response
variables. Considering that the first RRR factor explained the highest proportion of the
variation in response variables, only this factor was considered as the dietary pattern of
interest [18,38]. Food groups with an absolute factor loading ≥ 0.2 were utilised to char-
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acterise the dietary pattern. The dietary pattern score of each participant was outputted
by summing up the intakes of each food group and multiplying with the corresponding
factor loadings and categorised into quartiles. Pearson’s correlation coefficients and 95%
CIs between the dietary pattern score and each response variable were calculated.

Binary and continuous variables were presented as n (%) and means ± SDs, respec-
tively. Linear trends across the quartiles of dietary pattern score were estimated using
Cochran-Armitage tests for maternal characteristics and univariate linear regression mod-
els for nutrient intakes. Given the significant within-group homogeneity for most birth
outcomes at the county level, the generalised linear mixed model with a random intercept
at the county level was employed to estimate the associations of maternal dietary pattern
score with birth outcomes. The dietary pattern score was analysed both as a continuous
variable (per 1-SD increase) and a categorised variable (the lowest quartile as the reference).
To assess the robustness of these associations, a total of three models were constructed in
sequence. Model 1 included no covariates. Model 2 included socio-demographic charac-
teristics. Model 3 included all covariates in Model 2 plus health-related behaviours. The
link functions of continuous and binary dependent variables were “identity” and “logit”,
separately. Linear trends for birth outcomes across the quartiles of dietary pattern score
were assessed by putting the quartile number into models as an ordinal variable. Since
multivitamins usually contain B vitamins, stratified analyses by folic acid and multivitamin
supplementation were performed to test whether these supplements modified the asso-
ciations of dietary pattern score with birth outcomes. Potential effect modifications were
examined by including interaction terms in the fully adjusted models.

All statistical analyses were performed using SAS software (version 9.4; SAS Institute
Inc., Cary, CA, USA). A two-sided p < 0.05 was considered statistically significant.

3. Results

3.1. Dietary Pattern

A total of six RRR factors were identified. The first RRR factor explained 42.27% of
thiamin, 68.34% of riboflavin, 20.92% of niacin, 59.00% of vitamin B6, 56.16% of folate,
41.50% of vitamin B12, and 48.03% of the total variation of six B vitamins. The subsequent
five RRR factors explained only 12.73%, 4.71%, 1.67%, 1.45%, and 1.01% of the total variation,
separately. Therefore, only the first RRR factor was regarded as the dietary pattern of
interest. Since the dietary pattern score was moderately to highly positively correlated
with the intakes of six B vitamins (Table 1), this pattern was named the high B-vitamin
dietary pattern.

Table 1. Associations between the dietary pattern score derived by reduced rank regression and B
vitamins intakes.

r (95% CI) p

Thiamin 0.677 (0.664, 0.689) <0.001
Riboflavin 0.866 (0.860, 0.872) <0.001

Niacin 0.578 (0.562, 0.593) <0.001
Vitamin B6 0.809 (0.801, 0.817) <0.001

Folate 0.841 (0.834, 0.847) <0.001
Vitamin B12 0.686 (0.674, 0.698) <0.001

The factor loading values of the food groups in the high B-vitamin dietary pattern
are shown in Figure 1. The dietary pattern was characterised by high intakes of organ
meat; fungi and algae; green vegetables; other vegetables; meat and poultry; legumes; fish,
shrimps, and crabs; and low intakes of oils and cereals. As displayed in Table S2, the mean
intakes of the selected nutrient varied across quartiles of the high B-vitamin dietary pattern
score. On the whole, with the increasing quartiles, women tended to have lower intakes
of carbohydrates, the percentage of energy from carbohydrates, potassium, and sodium
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but higher intakes of protein, the percentage of energy from protein, and most vitamins
and minerals.

Figure 1. Factor loading of the food groups in the high B-vitamin dietary pattern score. Dark grey
indicates absolute factor loading value ≥ 0.2.

3.2. Participants Characteristics

Maternal socio-demographic characteristics and health-related behaviours differed
by quartiles of the high B-vitamin dietary pattern score (Table 2). Women in the highest
quartile were more likely to be primiparous, give birth at the ages of 25–29 years, have
more than junior school education, drink alcohol, and take iron, calcium, and folic acid
supplements. By contrast, women in the highest quartile were less likely to be farmers, be
poorer, be exposed to passive smoking, live in rural areas, have pregnancy complications,
and use medication.

Table 2. Maternal characteristics according to quartiles of the high B-vitamin dietary pattern score.

Characteristics Total Quartile ptrend
a

Q1 Q2 Q3 Q4

N 7347 1837 1837 1837 1836

Socio-demographic characteristics

Geographic area (central Shaanxi) 3993 (54.35) 994 (54.11) 1002 (54.55) 956 (52.04) 1041 (56.70) 0.311
Residence (rural) 5612 (76.38) 1560 (84.92) 1530 (83.29) 1395 (75.94) 1127 (61.38) <0.001

Age at delivery (25–29 years) 2721 (37.35) 650 (35.66) 664 (36.50) 667 (36.51) 740 (40.73) 0.003
Education (more than junior school) 2726 (37.23) 561 (30.62) 577 (31.46) 671 (36.67) 917 (50.19) <0.001

Occupation (farmer) 5266 (72.21) 1406 (77.00) 1404 (76.93) 1332 (73.11) 1124 (61.76) <0.001
Household wealth index (poor) 2474 (33.67) 684 (37.23) 686 (37.34) 592 (32.23) 512 (27.89) <0.001

Parity (primiparous) 4570 (62.22) 1088 (59.23) 1080 (58.82) 1141 (62.15) 1261 (68.68) <0.001

Health-related behaviours

Passive smoking 1639 (22.37) 463 (25.23) 430 (23.50) 420 (22.93) 326 (17.81) <0.001
Alcohol consumption 97 (1.32) 23 (1.25) 15 (0.82) 24 (1.31) 35 (1.91) 0.040

Pregnancy complications 1521 (20.71) 394 (21.46) 405 (22.07) 385 (20.96) 337 (18.37) 0.014
Medication use 1394 (19.02) 380 (20.71) 359 (19.61) 339 (18.49) 316 (17.26) 0.005

Folic acid supplementation 5430 (74.25) 1340 (73.18) 1333 (72.96) 1328 (72.57) 1429 (78.30) 0.001
Calcium supplementation 4796 (65.76) 1172 (64.18) 1194 (65.46) 1170 (63.93) 1260 (69.50) 0.004

Iron supplementation 727 (9.93) 156 (8.51) 171 (9.36) 196 (10.72) 204 (11.15) 0.003
Multivitamin supplementation 647 (8.85) 130 (7.10) 152 (8.33) 165 (9.03) 200 (10.93) <0.001

Values are n (%). a Obtained from Cochran-Armitage trend tests.

3.3. Dietary Pattern and Birth Outcomes

Associations of the high B-vitamin dietary pattern score with birth outcomes are
presented in Tables 3 and 4. After adjustment for socio-demographic characteristics and
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health-related behaviours, the 1-SD increase in the high B-vitamin dietary pattern score
was associated with 16.4 g (95% CI: 5.4, 27.4 g) higher birth weight, 0.040 (95% CI: 0.014,
0.065) higher birth weight Z score, and 12.1% (OR: 0.879; 95% CI: 0.809, 0.955) lower risk
of SGA. Compared with women in the lowest quartile, those in the highest quartile had
newborns with a 44.5 g (95% CI: 13.8, 75.2 g; ptrend = 0.012) higher birth weight, 0.101 (95%
CI: 0.029, 0.172; ptrend = 0.012) higher birth weight Z score, and 27.2% (OR: 0.728; 95% CI:
0.582, 0.910; ptrend = 0.026) lower risk of SGA.

Table 3. Associations between the high B-vitamin dietary pattern score and continuous birth
outcomes a.

Continuous b Quartile ptrend
c

Q1 Q2 Q3 Q4

Birth weight, g d

Mean ± SD 3270.2 ± 448.1 3244.4 ± 452.0 3269.5 ± 451.5 3259.5 ± 451.0 3307.4 ± 435.6
Model 1 e 18.1 (7.5, 28.7) Ref 26.2 (−2.8, 55.3) 12.5 (−16.8, 41.8) 52.3 (22.5, 82.2) 0.002
Model 2 f 16.3 (5.5, 27.1) Ref 25.3 (−3.9, 54.6) 8.3 (−21.2, 37.8) 45.4 (15.0, 75.7) 0.010
Model 3 g 16.4 (5.4, 27.4) Ref 21.9 (−7.6, 51.5) 6.4 (−23.4, 36.1) 44.5 (13.8, 75.2) 0.012

Gestational age at
birth, weeks

Mean ± SD 39.54 ± 1.50 39.55 ± 1.32 39.55 ± 1.38 39.55 ± 1.60 39.53 ± 1.69
Model 1 e 0.002 (−0.033, 0.038) Ref −0.020 (−0.116, 0.077) −0.003 (−0.101, 0.094) 0.010 (−0.090, 0.109) 0.785
Model 2 f 0.002 (−0.034, 0.038) Ref −0.011 (−0.108, 0.086) −0.002 (−0.100, 0.096) 0.012 (−0.089, 0.114) 0.777
Model 3 g −0.001 (−0.037, 0.037) Ref −0.006 (−0.105, 0.092) −0.004 (−0.104, 0.095) 0.008 (−0.095, 0.111) 0.870

Birth weight Z score

Mean ± SD −0.03 ± 1.04 −0.09 ± 1.05 −0.03 ± 1.04 −0.05 ± 1.07 0.07 ± 1.01
Model 1 e 0.042 (0.017, 0.067) Ref 0.073 (0.005, 0.140) 0.032 (−0.036, 0.100) 0.116 (0.047, 0.186) 0.002
Model 2 f 0.039 (0.014, 0.064) Ref 0.069 (0.002, 0.137) 0.023 (−0.045, 0.091) 0.101 (0.030, 0.171) 0.010
Model 3 g 0.040 (0.014, 0.065) Ref 0.059 (−0.009, 0.128) 0.019 (−0.050, 0.088) 0.101 (0.029, 0.172) 0.012

Ref, reference. a Two-level generalised linear mixed models were used to estimate mean differences and 95%
CIs. b Per 1-SD increase in the high B-vitamin dietary pattern score. c Obtained using the median value of
each dietary pattern quartile as a continuous variable in the regression models. d Precise to 10 g. e Unadjusted.
f Adjusted for socio-demographic characteristics, including geographic area, residence, age at delivery, education,
occupation, household wealth index and parity. g Adjusted for all variables in model 2 plus health-related
behaviours, including passive smoking, alcohol consumption, pregnancy complications, medication use, as well
as iron, calcium, folic acid, and multivitamin supplementation.

Table 4. Associations between the high B-vitamin dietary pattern score and dichotomous birth
outcomes a.

Continuous b Quartile ptrend
c

Q1 Q2 Q3 Q4

LBW

n (%) 226 (3.10) 58 (3.20) 59 (3.24) 64 (3.51) 45 (2.47)
Model 1 d 0.901 (0.782, 1.039) Ref 1.018 (0.704, 1.473) 1.111 (0.773, 1.598) 0.771 (0.518, 1.149) 0.256
Model 2 e 0.909 (0.786, 1.052) Ref 1.004 (0.693, 1.455) 1.129 (0.784, 1.626) 0.796 (0.529, 1.196) 0.375
Model 3 f 0.923 (0.797, 1.069) Ref 1.009 (0.695, 1.465) 1.125 (0.780, 1.623) 0.833 (0.553, 1.255) 0.501

Preterm

n (%) 227 (3.09) 60 (3.27) 64 (3.49) 57 (3.11) 46 (2.51)
Model 1 d 0.940 (0.817, 1.081) Ref 1.077 (0.751, 1.544) 0.925 (0.637, 1.344) 0.718 (0.481, 1.072) 0.077
Model 2 e 0.940 (0.815, 1.086) Ref 1.065 (0.739, 1.534) 0.895 (0.613, 1.307) 0.699 (0.464, 1.053) 0.062
Model 3 f 0.944 (0.817, 1.092) Ref 1.042 (0.721, 1.506) 0.885 (0.604, 1.295) 0.701 (0.463, 1.061) 0.070

SGA

n (%) 843 (11.54) 244 (13.33) 205 (11.22) 234 (12.81) 160 (8.79)
Model 1 d 0.852 (0.786, 0.924) Ref 0.818 (0.669, 0.999) 0.977 (0.803, 1.189) 0.660 (0.532, 0.821) 0.001
Model 2 e 0.874 (0.805, 0.948) Ref 0.811 (0.662, 0.992) 0.988 (0.810, 1.204) 0.705 (0.566, 0.879) 0.011
Model 3 f 0.879 (0.809, 0.955) Ref 0.831 (0.678, 1.020) 1.016 (0.832, 1.241) 0.728 (0.582, 0.910) 0.026

LBW, low birth weight; Ref, reference; SGA, small-for-gestational-age. a Two-level generalised linear mixed
models were used to estimate ORs and 95% CIs. b Per 1-SD increase in the high B-vitamin dietary pattern score.
c Obtained using the median value of each dietary pattern quartile as a continuous variable in the regression
models. d Unadjusted. e Adjusted for socio-demographic characteristics, including geographic area, residence,
age at delivery, education, occupation, household wealth index and parity. f Adjusted for all variables in model
2 plus health-related behaviours, including passive smoking, alcohol consumption, pregnancy complications,
medication use, as well as iron, calcium, folic acid, and multivitamin supplementation.

158



Nutrients 2022, 14, 600

Stratified analyses according to folic acid and multivitamin supplementation are
displayed in Figures S2–S4. A marginally significant interaction was observed between
multivitamin supplementation and dietary pattern score on SGA risk (Pinteraction = 0.056).
Among the women who did not use multivitamins, per 1-SD increase in the high B-vitamin
dietary pattern score was related to 14.2% (OR: 0.858; 95% CI: 0.786, 0.937) lower risk of
SGA. In contrast, the association was not significant among users (p > 0.05) (Figure S4).

4. Discussion

This population-based study conducted in northwest China identified a high B-vitamin
dietary pattern, which was characterised by high intakes of animal foods, vegetables, fungi
and algae, legumes, and low intakes of oils and cereals. A higher score for the dietary
pattern corresponded to higher birth weight and Z score as well as a lower risk of SGA.

To our knowledge, only one other study examined the associations of maternal dietary
patterns characterised by B vitamins with neonatal outcomes [39]. In a mother-child cohort
in France, 1638 pregnant women before 24 weeks of gestation were recruited to report
their diet in the year before pregnancy retrospectively. As compared with our study, the
authors regarded one-carbon metabolism nutrients including riboflavin, vitamin B6, folate,
vitamin B12, betaine, choline, and methionine as response variables. They also derived a
dietary pattern rich in B vitamins, which was loaded positively with low-fat milk, meat,
liver, fish, eggs, cereals, mixed vegetables, chicory, leek and cabbage, and broccoli but
loaded negatively with snacks and confectionery and sugar-sweetened beverages [39].
The similarity between the dietary patterns in their study and those of ours was that
food groups were diverse and balanced. The difference was that our pattern had low
intakes of cereals, which may be attributed to the variation in response variables and
composition of cereals. The cereals we classified included wheat and rice products, whereas
the cereals in their study referred to breakfast cereals and cereal bar fruits. In general, as
the bran and germ are removed, commercially available cereals contain small amounts of B
vitamins (thiamin, riboflavin, niacin, and folate). Given the protective effects of folic acid
on neural tube defects, many countries have created legislation to mandate the fortification
of industrially milled cereals with folic acid [40]. However, such projects have not yet been
implemented both in China and France. The authors indicated that, when controlling for
potential confounders, adherence to the high B-vitamin dietary pattern before pregnancy
was not related to birth weight, gestational age, and the risk of SGA [39]. However, in our
study, adherence to this dietary pattern during pregnancy was positively associated with
birth weight and inversely associated with the risk of SGA. These results may be partly
explained by the wide gap in nutritional status between the two populations. The intakes
of riboflavin, vitamin B6, folate, and vitamin B12 in our population were approximately
15–65% lower compared with theirs. The benefits of micronutrients were more likely to
be observed in malnourished populations. In addition, the timing of interest in the two
studies was different. In terms of intrauterine growth, the role of maternal nutrition during
pregnancy was far more prominent than that of pre-pregnancy nutrition.

In the present study, it seemed that the high B-vitamins dietary pattern exerted protec-
tive effects against SGA only among pregnant women who did not take multivitamins. A
plausible explanation for this finding was that multivitamins provided adequate B vitamins
to meet the needs of fetal growth. Owing to the variation in the brands of multivitamins,
the content of B vitamins in supplements cannot be directly compared with the dietary
pattern. Based on a double-blind randomised controlled trial in rural Shaanxi Province, we
previously reported that antenatal multiple micronutrients with a recommended allowance
of B vitamins resulted in a 44 g increase in birth weight and a 0.19 week increase in gesta-
tional age in comparison with folic acid alone [41]. Overall, these studies suggested that
prenatal nutrition intervention focusing on B vitamins is probably an effective approach to
improve birth outcomes in northwest China.

This study found that neither the continuous nor binary variable of gestational age
was relevant to the high B-vitamin dietary pattern. On the contrary, birth weight-related
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outcomes, including crude birth weight, gestational age- and sex-specific birth weight, and
SGA, were all associated with the high B-vitamin dietary pattern. These results suggest
that birth weight rather than length of gestation is susceptible to the dietary pattern.
Birth weight is the most widely used anthropometric indicator for newborns, in which an
increase indicates the promotion of growth and development [42]. In 2012, an estimated
874,000 babies were born SGA in China, with 15,100 attributable neonatal deaths [43].
Babies born SGA are also reported to have a higher risk of delayed neurodevelopment and
of being underweight in early adolescence [44,45]. The finding that adherence to the high
B-vitamin dietary pattern was associated with a moderate reduction in SGA risk provides
one possibility for achieving Sustainable Development Goal 3 (ensuring healthy lives and
promoting well-being at all ages). Well-designed longitudinal studies are warranted to
validate our findings and to explore the long-term effects of maternal dietary patterns.

Mechanisms that relate antenatal B vitamins and birth weight are still unclear. Almost
all B vitamins are involved in one-carbon metabolism and related pathways. Folate is
the main carrier of one-carbon units, while riboflavin, vitamin B6, and vitamin B12 act as
essential cofactors or precursors of key enzymes [46]. Importantly, one-carbon metabolism
plays a role in cellular processes such as biosynthesis, amino acid homeostasis, epigenetic
regulation, and redox defence [47]. A growing body of clinical trials have shown that
prenatal B vitamins can reduce homocysteine concentrations or alter DNA methylation
patterns among newborns [48–50], but whether these changes further interfere with birth
weight remains to be understood.

It is noteworthy that although our dietary pattern was driven by the variability of B
vitamins, the highest quartile was accompanied by the highest intakes of other nutrients,
such as protein, vitamin A, vitamin C, calcium, and zinc. We cannot exclude the potential
effects of these nutrients on birth weight. Rather than single out individual nutrients that
could account for the benefits of the dietary pattern studied, it may be more realistic to
explore the synergy of multiple nutrients or food groups.

The present study has some strengths. First, because of the stratified multistage ran-
dom sampling method, our findings can be generalised to the whole Shaanxi Province.
Second, in contrast with previous studies that investigated the role of individual B vitamins
in neonatal outcomes, our study explored the beneficial effect of the B vitamins-related
dietary pattern using the RRR method, which provides a better foundation for the develop-
ment of dietary recommendations for pregnant women. Nevertheless, several limitations
should be noted. First, temporality and causality cannot be demonstrated from this cross-
sectional study. Second, residual confounding cannot be ruled out due to unmeasured or
unknown socio-demographic or health-related factors. Third, women were asked to recall
pregnancy characteristics within 0–12 months after delivery in our study. Although many
studies have shown that pregnancy is a major event during which many features can be re-
called well even after years [51,52], the accuracy of our data remains to be validated. Finally,
given the convenience and low cost, we evaluated the average dietary intake throughout
pregnancy, which was likely to underestimate the importance of maternal diets during a
certain stage. Indeed, accumulating evidence indicates that fetal growth is most affected
by micronutrient deficiencies at the very earliest embryonic stages [53,54]. Prospective
cohort studies that collect maternal dietary intakes over multiple time points from the
periconceptional period onwards are required.

5. Conclusions

In the cross-sectional study in northwest China, we derived a maternal dietary pattern
that was rich in B vitamins using the RRR method and found that greater adherence to this
dietary pattern during pregnancy was related to higher birth weight and a lower risk of
SGA. Based on these findings, obstetricians should pay more attention to the B-vitamin
status of pregnant women and advise women to increase the proportion of animal foods,
vegetables, fungi and algae, and legumes in their diets to prevent adverse birth outcomes.
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Abstract: Gestational exposure to manganese (Mn), an essential trace element, is associated with fetal
and childhood physical growth. However, it is unclear which period of growth is more significantly
affected by prenatal Mn exposure. The current study was conducted to assess the associations of
umbilical cord-blood Mn levels with birth outcomes and childhood continuous physical development.
The umbilical cord-blood Mn concentrations of 1179 mother–infant pairs in the Sheyang mini birth
cohort were measured by graphite furnace atomic absorption spectrometry (GFAAS). The association
of cord-blood Mn concentrations with birth outcomes, and the BMI z-score at 1, 2, 3, 6, 7 and 8 years
old, were estimated separately using generalized linear models. The relationship between prenatal
Mn exposure and BMI z-score trajectory was assessed with generalized estimating equation models.
The median of cord-blood Mn concentration was 29.25 μg/L. Significantly positive associations
were observed between Mn exposure and ponderal index (β, regression coefficient = 0.065, 95%
CI, confidence interval: 0.021, 0.109; p = 0.004). Mn exposure was negatively associated with the
BMI z-score of children aged 1, 2, and 3 years (β = −0.383 to −0.249, p < 0.05), while no significant
relationships were found between Mn exposure and the BMI z-score of children at the age of 6, 7,
and 8 years. Prenatal Mn exposure was related to the childhood BMI z-score trajectory (β = −0.218,
95% CI: −0.416, −0.021; p = 0.030). These results indicated that prenatal Mn exposure was positively
related to the ponderal index (PI), and negatively related to physical growth in childhood, which
seemed most significant at an early stage.

Keywords: manganese; cord blood; birth outcomes; childhood growth

1. Introduction

Manganese (Mn), an abundant heavy metal on Earth that occurs naturally [1], is widely
used in industry, including the manufacturing of cosmetics, fertilizer, paints, fireworks, and
the additive agents in gasoline and pesticides [2,3]. At the same time, Mn is an essential
trace element and functions as a cofactor in critical biological processes that are involved
in bone formation and the metabolism of carbohydrates, amino acids, and lipids [4,5].
However, excess Mn intake or exposure is associated with adverse neurological outcomes
in children [6]. One review pointed out that Mn supplementation of infant formulas and
excess Mn intake from drinking water should be avoided due to the potential hazards of
excess Mn [7]. Animal studies have related both prenatal Mn deficiency and overexposure
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to decreased fetal size [8–10]. The primary route of typical Mn intake in humans is through
diet and drinking water, but an additional amount of Mn can also enter the human body
through the respiratory system and via skin contact from the environment [11]. Generally,
2 mg of Mn per day constitutes an adequate intake for pregnant women, with a tolerable
upper intake level of 11 mg, according to the Food and Nutrition Board of the Institute of
Medicine [12].

The fetus is particularly susceptible to environmental threats. Gestational exposure to
environmental toxicants has been related not only to fetal growth and development but also
to long-term health challenges [13–15]. Thus, assessing the relationship between prenatal
pollutants exposure and the features of childhood growth is desirable, and identifying
which period of growth is most sensitive to prenatal environmental pollutants exposure is
essential for infants’ and children’s development. Mn can be transferred from the mother to
the fetus via the placenta through active transport mechanisms [16]. Thus, the concentration
of Mn in cord blood is able to clearly present the level of exposure to Mn of the fetus [17].

Since the required amount of Mn can be taken in through dietary sources, Mn defi-
ciency is rare in humans. However, excess Mn exposure or Mn deficiency during pregnancy
has been associated with fetal development. Several epidemiologic studies have revealed
inconsistent relationships between Mn exposure during pregnancy and birth size [10,18,19].
For instance, a study in Wuhan in China has suggested that high levels of urinary Mn,
even at levels that did not exceed the upper limit of reference (10 μg/L), are related to an
increased risk of low birth weight [20]. However, data from Spain suggested that placental
Mn was associated with slight increases in head circumference [21]. Nevertheless, limited
evidence showed prenatal exposure to Mn was associated with continuous childhood
anthropometric measures. Based on a longitudinal birth cohort in Jiangsu Province, China,
this study aimed to assess the association of prenatal Mn exposure with birth size as well
as childhood physical growth, and to explore which period of children’s growth is most
sensitive to prenatal Mn exposure.

2. Materials and Methods

2.1. Study Population

The Sheyang mini birth cohort study (SMBCS) is a prospective birth cohort study
of fetal and childhood exposure to environmental chemicals and their impact on growth
and neurodevelopment in children [22]. In total, 1303 pregnant women were recruited
at a major maternity hospital between June 2009 and January 2010 in Sheyang County,
Jiangsu Province, China [23–25]. Pregnant women who volunteered to participate in
the study signed an informed consent form and agreed to donate cord blood samples.
After the exclusion of 15 pregnant women with complications (14 with gestational diabetes
mellitus and 1 with hyperthyroidism), 4 active smokers and 7 who consumed alcohol, 1 still-
birth, 9 congenital anomalies, 9 multiple births, 52 cases with incomplete information and
22 showing a lack of Mn concentrations in cord blood, eventually, 1179 mother–newborn
pairs were eligible for analyzing birth outcomes. Subsequently, the present study focused
on mother–child pairs that had at least one indicator of child anthropometry at ages 1, 2, 3,
6, 7 or 8 years (Figure S1). The recruited women provided written informed consents and
each child’s caregivers also signed for their child. The SMBCS protocol was approved by the
Ethics Committee of the School of Public Health, Fudan University (IRB#2021−02−0875).

2.2. Umbilical-Cord Blood Mn Analysis

Umbilical cord blood samples were collected by professional midwives, using stan-
dard protocols [26]. Whole blood samples were collected in 5 mL sterile centrifuge tubes
containing anticoagulant EDTA and were stored at −80 ◦C until analysis. Mn concentra-
tions in umbilical-cord blood were measured using graphite furnace atomic absorption
spectrometry (GFAAS, Perkin Elmer AA 800, Waltham, MA, USA), as described previ-
ously [27]. Briefly, samples were mixed with 1:9 (v/v) of 0.1% nitric acid (guaranteed
reagent (GR)). The external quality-control program did not show any time trend in the

166



Nutrients 2021, 13, 4304

accuracy of the Mn measurement. The recovery of cord blood Mn was 94.0% ~ 102.7%
and relative standard deviation (RSD) was 1.0% ~ 5.2%. The limit of detection (LOD) was
0.062 μg/L.

2.3. Anthropometric Measurements

Anthropometric measurements of the newborns, including their weight, length and
head circumference, were assessed by hospital staff [28]. Birth weight was measured using
a digital scale and was rounded to the nearest 0.1 kg. Birth length was measured with
extended legs and heels against the measuring board, using an infantometer, and rounded
to the nearest 0.1 cm. Head circumference was measured to the closest 0.1 cm at the maximal
occipital-frontal circumference, using a standard measuring tape. The ponderal index (PI),
known to be a good indicator used to quantify asymmetric fetal growth restriction and
to reflect adiposity in infants, was calculated using mass divided by the height, cubed
(PI = weight(g)/height(cm)3 × 100) [29].

The children’s weight and length were also measured when assessments were fol-
lowed up at ages 1, 2, 3, 6, 7 and 8 years. In each visit, we measured the weight to the
nearest 0.1 kg and height to the closest 0.1 cm. Body mass index (BMI) was calculated as the
child’s weight in kilograms divided by the square of their height in meters. We computed
age- and sex-standardized z-scores using the World Health Organization (WHO)’s child
growth standards. Therefore, the final measures of body sizes were z-scores for weight,
height, head circumference, weight for height and BMI.

2.4. Covariates

Medical history, such as gestational age and gestational weight gain, was abstracted
from medical records. A questionnaire was administered to each pregnant woman upon re-
cruitment, to collect information on socio-demographic characteristics, living environment
and lifestyles. The data on the child’s health and behavior were collected with specifi-
cally designed questionnaires by trained study staff during the study’s follow-up visits.
Potential confounding variables were adjusted, including the known or suspected risk
factors for the exposure or outcome a priori, based on the previous literature and a directed
acyclic graph (DAG) (Figures S2 and S3). In the multivariable regression models, a set of
potential confounders were included if they were related to Mn exposure and body size
(p < 0.10) or changed the coefficients of Mn concentrations by more than 10% (Table S1).
The following covariates for an analysis of birth outcomes were included: maternal age at
delivery, pre-pregnancy BMI, gestational age, gestational weight gain, maternal education
(<high school or ≥high school), family annual income (<30,000 RMB or ≥30,000 RMB),
parity (0 or ≥1), passive smoking (yes or no), vitamin supplement during pregnancy (yes or
no), child’s sex and child’s birth weight. The delivery mode was also adjusted in models for
head circumference to correct head shape after spontaneous vaginal deliveries. The child’s
age in months and their time spent playing outdoors (<3 h or ≥3 h) were additionally
included to investigate prenatal Mn exposure and childhood anthropometric parameters.

2.5. Statistical Analysis

Cord blood Mn concentrations were naturally logarithmically transformed to normal-
ize their skewed distributions. Independent t-tests for continuous variables and Chi-square
tests for categorical variables were used to assess potential differences in characteristics
between initial mother–newborn pairs and included participants at each period. Missing
values in the covariables were imputed by multiple imputations (less than 5%).

Generalized linear models were applied to evaluate the associations between Mn
concentration and the anthropometric measurements of the children at each age stage.
Separate models were fitted for Mn exposure and for each outcome. We further stratified
the models according to the children’s sex. Moreover, we assessed the linearity of each
dose-response relationship between Mn exposure and each outcome, using generalized
additive models (GAMs) with a three-degrees-of-freedom cubic spline function. Because

167



Nutrients 2021, 13, 4304

no non-linear exposure-response relationship was observed, linear models were still used.
Associations between prenatal Mn exposure and longitudinal BMI z-score were examined
using multivariable generalized estimating equation models (GEE).

We performed GAM model analysis using SAS (version 9.4, SAS Institute Inc., Cary,
NC, USA) and the other analyses in SPPS version 19.0. Statistical significance was consid-
ered as a two-sided p-value < 0.05.

2.6. Sensitivity Analysis

We performed several sensitivity analyses. Heavy metals could impact fetal and child
growth; we further adjusted the lead and cadmium concentrations in cord blood to test the
robustness of the results. We also restricted the participants, excluding low birth-weight in-
fants and preterm births. Furthermore, we re-ran the multivariable generalized estimating
equation models using the data of children who were followed up at all time points.

3. Results

3.1. General Characteristics

Table 1 presents mother–child pairs’ characteristics from pregnancy until the child
is 8 years of age. In total, 1072 (90.9%) pregnant women were younger than 35 years old
at delivery. The gestational period of 1170 (99.2%) infants was over 37 weeks. Before
conception, 149 (12.6%) women were underweight (BMI < 18.5 kg/m2), 842 (71.4%) were
normal weight (BMI between 18.5 and 23.9 kg/m2), and 188 (16.0%) were overweight
and obese (BMI ≥ 24 kg/m2). A majority of women (63.9%) had less than a high-school
education. In addition, approximately 52.5% of the newborns were boys. The status
of socioeconomic information at childhood was similar to that during pregnancy; no
significant difference was observed regarding the distributions of baseline characteristics
among enrollments and in six follow-up visits.

Table 1. Maternal characteristics and sociodemographic characteristics in each subgroup. (N (%)).

Characteristics
Pregnancy
(n = 1179)

1 Year Old
(n = 567)

2 Years Old
(n = 358)

3 Years Old
(n = 409)

6 Years Old
(n = 421)

7 Years Old
(n = 388)

8 Years Old
(n = 374)

p *

Maternal age (years)
<35 1072 (90.9) 507 (89.4) 323 (90.2) 374 (91.4) 370 (87.9) 344 (88.7) 332 (88.8)
≥35 107 (9.1) 60 (10.6) 35 (9.8) 35 (8.6) 51 (12.1) 44 (11.3) 42 (11.2) 0.461

Gestational age
(weeks)

<37 9 (0.8) 3 (0.5) 2 (0.6) 2 (0.5) 4 (1.0) 3 (0.8) 2 (0.5)
≥37 1170 (99.2) 564 (99.5) 356 (99.4) 407 (99.5) 417 (99.0) 385 (99.2) 372 (99.5) 0.975

Pre-pregnancy BMI
(kg/m2)

<18.5 149 (12.6) 74 (13.1) 52 (14.5) 53 (12.9) 43 (10.2) 41 (10.6) 42 (11.2)
18.5–23.9 842 (71.4) 405 (71.4) 248 (69.3) 287 (70.2) 294 (69.8) 269 (69.3) 254 (67.9)

≥24 188 (16.0) 88 (15.5) 58 (16.2) 69 (16.9) 84 (20.0) 78 (20.1) 78 (20.9) 0.288
Maternal education

<High school (9
years) 753 (63.9) 388 (68.4) 252 (70.4) 284 (69.4) 302 (71.7) 272 (70.1) 272 (72.7)

≥High school (9
years) 426 (36.1) 179 (31.6) 106 (29.6) 125 (30.6) 119 (28.3) 116 (29.9) 102 (27.3) 0.006

Neonatal sex
Boys 619 (52.5) 296 (52.2) 194 (54.2) 202 (49.4) 227 (53.9) 216 (55.7) 203 (54.3)
Girls 560 (47.5) 271 (47.8) 164 (45.8) 207 (50.6) 194 (46.1) 172 (44.3) 171 (45.7) 0.663

Parity
0 613 (52.0) 293 (51.7) 196 (54.7) 224 (54.8) 225 (53.4) 212 (54.6) 192 (51.3)
≥1 566 (48.0) 274 (48.3) 162 (45.3) 185 (45.2) 196 (46.4) 176 (45.4) 182 (48.7) 0.848

* The differences in frequency distribution were established by chi-square tests. Abbreviation: BMI: body mass index.

3.2. Mn Concentrations in Cord Blood

Cord blood Mn levels were detectable in all samples. The median level of Mn in cord
blood was 29.25 μg/L, ranging from 6.84 μg/L to 316.73 μg/L (Table S2). The geometric
mean and geometric standard deviation of cord-blood Mn concentrations were 29.03 μg/L
and 1.50 μg/L.
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3.3. Cord-Blood Mn Concentration and Birth Outcomes

Associations between Mn exposure and size at birth were listed in Table 2. After
controlling for potential confounders, each 1-unit increase in ln-transformed Mn concentra-
tions in cord blood was associated with an increase of 0.065 (95% CI: 0.021, 0.109) in PI of
newborns at birth (p = 0.004), about 2.51% of the mean PI (mean: 2.59). Prenatal exposure
to Mn was associated with an increase in PI in the fourth quartiles of exposure compared
to the lowest quartile (β = 0.082, 95% CI: 0.032, 0.132; p = 0.001). In addition, the infants
among the highest quartile of prenatal Mn exposure had a higher birth weight compared
to the lowest quartile (β = 0.067, 95% CI: 0.003, 0.131; p = 0.041).

Table 2. Regression coefficients (95% CI) for associations between Mn concentrations in cord blood and birth outcomes.

Birth Weight (kg) Birth Length (cm) Head Circumference (cm) Ponderal Index

β (95% CI) p β (95% CI) p β (95% CI) p β (95% CI) p

All newborns a

Ln (Mn) 0.044 (−0.012, 0.100) 0.124 −0.190 (−0.508, 0.128) 0.242 0.105 (−0.093, 0.303) 0.299 0.065 (0.021, 0.109) 0.004
Q1 Ref. Ref. Ref. Ref.
Q2 0.033 (−0.031, 0.096) 0.316 0.059 (−0.301, 0.420) 0.748 0.097 (−0.125, 0.320) 0.391 0.032 (−0.018, 0.081) 0.209
Q3 0.035 (−0.029, 0.098) 0.283 −0.031 (−0.391, 0.329) 0.865 0.012 (−0.211, 0.236) 0.914 0.042 (−0.008, 0.091) 0.101
Q4 0.067 (0.003, 0.131) 0.041 −0.160 (−0.522, 0.202) 0.385 0.193 (−0.031, 0.418) 0.091 0.082 (0.032, 0.132) 0.001

p-trend 0.051 0.331 0.172 0.002

Boys b

Ln (Mn) 0.005 (−0.073, 0.083) 0.899 −0.378 (−0.804, 0.047) 0.082 0.104 (−0.183, 0.392) 0.477 0.052 (−0.005, 0.110) 0.073
Q1 Ref. Ref. Ref. Ref.
Q2 0.050 (−0.047, 0.146) 0.312 0.143 (−0.381, 0.667) 0.592 0.173 (−0.178, 0.524) 0.334 0.023 (−0.048, 0.093) 0.528
Q3 0.056 (−0.039, 0.151) 0.245 0.194 (0.323, 0.710) 0.462 0.090 (−0.258, 0.438) 0.611 0.002 (−0.068, 0.071) 0.962
Q4 0.054 (−0.039, 0.147) 0.256 −0.287 (−0.792, 0.219) 0.266 0.285 (−0.056, 0.626) 0.102 0.078 (0.010, 0.146) 0.024

p-trend 0.288 0.260 0.159 0.043
Girls b

Ln (Mn) 0.090 (0.010, 0.170) 0.027 0.043 (−0.435, 0.521) 0.861 0.109 (−0.158, 0.376) 0.424 0.079 (0.011, 0.146) 0.022
Q1 Ref. Ref. Ref. Ref.
Q2 0.012 (−0.072, 0.095) 0.784 −0.035 (−0.531, 0.461) 0.889 0.027 (−0.248, 0.302) 0.848 0.035 (−0.035, 0.976) 0.323
Q3 0.011 (−0.073, 0.096) 0.792 −0.281 (−0.782, 0.221) 0.273 −0.038 (−0.317, 0.241) 0.788 0.081 (0.011, 0.152) 0.024
Q4 0.085 (−0.003, 0.172) 0.059 0.019 (−0.503, 0.542) 0.943 0.096 (−0.193, 0.385) 0.516 0.080 (0.006, 0.153) 0.034

p-trend 0.089 0.755 0.665 0.013

a Models were adjusted for maternal age at delivery, pre-pregnancy BMI, gestational age, gestational weight gain, maternal education, parity,
family annual income, passive smoking, vitamin supplement during pregnancy, child’s sex, delivery mode (just for head circumference).
b Models were adjusted for maternal age at delivery, pre-pregnancy BMI, gestational age, gestational weight gain, maternal education,
parity, family annual income, passive smoking, vitamin supplement during pregnancy, delivery mode (just for head circumference).

In sex-stratified analyses, higher Mn exposure was in association with increases
in PI among girls (β = 0.079, 95% CI: 0.011, 0.146; p = 0.022). In addition, among girls,
prenatal Mn concentrations were positively related to birth weight (β = 0.090, 95% CI: 0.010,
0.170; p = 0.027). The dose-response relationships between prenatal Mn exposure and
birth outcomes were shown in Figure 1. Generalized additive models suggested a linear
relationship between cord blood Mn and PI among the total infants, and the same linear
association between cord blood Mn and birth weight among girls.

3.4. Cord-Blood Mn Level and BMI of Children Aged 1, 2, 3, 6, 7, and 8 Years Old

As shown in Figure 2, prenatal Mn exposure was negatively associated with the BMI z-
score of children at the ages of 1 year (β = −0.383, 95% CI: −0.668, −0.098; p = 0.008), 2 years
(β = −0.300, 95% CI: −0.546, −0.055; p = 0.017), and 3 years (β = −0.249, 95% CI: −0.477,
−0.020; p = 0.033). However, non-significantly inverse associations of prenatal Mn exposure
with childhood BMI z-score at the ages of 6, 7 and 8 years were observed.

Regarding sex-specific difference (Table S3), Mn concentrations in cord blood were
significantly inversely related to the BMI z-score in boys aged 1 year old (β = −0.607,
95% CI: −0.993, −0.220; p = 0.002) and 3 years old (β = −0.358, 95% CI: −0.710, −0.005;
p = 0.047). A significant negative relationship between cord-blood Mn concentration
and BMI z-score was observed in 2-year-old girls (β = −0.434, 95% CI: −0.805, −0.062;
p = 0.022).
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Figure 1. Generalized additive models for associations between prenatal Mn exposure and birth outcomes.

Figure 2. Generalized linear models for associations between prenatal Mn exposure and body mass index z score at different
ages. (Abbreviation: BMI—body mass index).

In longitudinal analyses using GEE models (Figure 3, Table S4), prenatal Mn exposure
was related to the childhood BMI z-score trajectory in children aged 1 to 8 years old
(β = −0.253, 95% CI: −0.445, −0.060; p = 0.010). A significant trend was also observed from
the first quartile to the fourth quartile (p = 0.016). Compared with the lowest Mn levels in
cord blood, the BMI z-score was significantly decreased in the fourth quartile (β = −0.234,
95% CI: −0.460, −0.009; p = 0.041). These inverse associations between Mn exposure and
childhood BMI trajectory were only observed in boys (β = −0.388, 95% CI: −0.678, −0.098;
p = 0.009).

3.5. Sensitivity Analysis

Overall, effect estimates did not change in terms of complete analyses when adding
other heavy metals, such as lead and cadmium (Table S5). Results were similar after ex-
cluding those children who were low-birth-weight infants and preterm births (Table S6). In
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addition, the data of children followed up at all time points made the coefficients become
stronger (Table S7). Finally, the results remained robust after performing sensitivity analysis.

Figure 3. Generalized estimating equation models for associations of body mass. index z score with prenatal Mn exposure.
(Abbreviation: BMI—body mass index).

4. Discussion

In this prospective birth cohort, we found significant associations of prenatal Mn
exposure with birth size and physical development during childhood. Briefly, prenatal Mn
exposure was associated with an increased PI among newborns. Higher Mn concentrations
in cord blood were related to BMI during toddlerhood, but not in the school-age period.
The association of Mn with the childhood BMI z-score trajectory feature was also observed.

The level of cord blood Mn in the present study (median = 29.25 μg/L, geometric mean
= 29.03 μg/L, range: 6.84–316.73 μg/L) was within the range of levels seen in prior studies.
Our measured level was comparable to the median value of Mn concentration, as measured
in Germany (median = 28.8 μg/L) [30] and Canada (median = 31.8 μg/L) [31] but was
much lower than the levels reported in the US, Mexico, and Beijing in China. (>40 μg/L,
Table S8) [6,17,32]. The differences in cord-blood Mn concentrations across populations
could be a result of environmental exposure levels and dietary intakes. Blood Mn has
been advised as a biomarker of Mn exposure [33,34]. Cord-blood Mn represents fetal
exposure during the third trimester because the half-life of Mn in the blood is 37 days [35].
However, further studies with sequential measures of Mn during pregnancy are needed to
confirm our findings and explore whether the associations of Mn with birth outcomes and
childhood physical development depend on the timing of Mn exposure.

Only a few epidemiologic research studies addressing cord-blood Mn and birth size
with inconsistent results have been conducted [8,19,36,37]. Specifically, in a study of
1377 mother-infant pairs in Shanghai, China, the Mn concentrations in cord serum were
significantly related to shorter birth length and higher PI [38]. In agreement with their
findings, we observed positive associations between Mn in cord blood and the PI of
infants. Similarly, our findings showed that cord-blood Mn concentrations were related
to a reduction in birth length, but the association was not significant. At the same time,
we found higher levels of cord-blood Mn were associated with increased birth weight
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compared with those showing the lowest Mn levels. Another Chinese study in northern
China using data from 125 mother–infant pairs showed an inverse U-shaped relationship
between cord-blood Mn levels (median = 77.20 μg/L) and birth weight [19]. In Spain,
cord-blood Mn was not significantly associated with birth weight, probably due to the
small sample size (n = 54) [8]. A study of 1519 mother–infant pairs in Canada found
a negative association for cord-blood Mn with birth weight [36]. The level of exposure
might be a reason for these inconsistent results of the associations between cord-blood
Mn and birth weight. An animal study also suggested that prenatal exposure to Mn was
related to reduced fetal body weight in mice [37]. Although some negative associations
between cord-blood Mn and birth weight were found, the potential mechanisms might
include oxidative stress caused by excess Mn exposure [39,40]. Mn is still an essential trace
element that was shown to play a role in bone formation and fetal growth. The level of Mn
concentrations in our study captured the ascending segment of the inverted U-shape dose-
response relationship between Mn and birth weight. In addition, a study from Bangladesh
suggested sex-specific positive and linear associations for Mn with birth weight [41].
Our sex-stratified results were similar. Potential mechanisms for the associations are
unclear; prenatal sex-steroid hormones [42] and maternal iron deficiency [43] might play
an important role.

As for postnatal growth, we found that prenatal Mn exposure was negatively asso-
ciated with childhood BMI z-score, and the association was more significant when the
toddlers were aged 1, 2, or 3 years old, but non-significant at the age of 6, 7, or 8 years.
Human growth and development at different stages were influenced by several kinds of
factors that include micronutrients (e.g., Mn, etc.) [44,45]. A cross-sectional study analyzing
two cycles of NHANES revealed that the increase in the concentration of blood Mn was
associated with an increased BMI in US children aged 6–12 years [46]. Another study of
470 preschool children on the southeast coast of China indicated that there was no signif-
icant association between children’s blood Mn and BMI [15], in contrast to the present
study. Mn exposure in utero or in childhood might have different effects on children’s
growth. According to the Development Origins of Health and Disease (DOHaD), prenatal
exposure to environmental factors played a role in determining the development of human
growth in childhood [47]. Associations between prenatal Mn and BMI in the development
periods of children were found in the present study and were also found in the sensitivity
analysis of data from the children followed up at all time points. However, which periods
of childhood are mostly affected by prenatal Mn exposure was unclear. To the best of
our knowledge, this is the first study that illuminated the associations between prenatal
Mn exposure and BMI z-score at the ages of 1, 2, 3, 6, 7, or 8 years. We also found that
prenatal Mn exposure was more sensitive in terms of BMI z-score in toddlerhood, and
the associations became weaker in school-age childhood. Our further study is to explore
longer-term effects, even physical development, in adolescence.

Benefiting from the continuous follow-up of our cohort, we could observe the physical
growth of children from birth to the age of 8. Prenatal Mn exposure was associated with
an increased PI at birth and decreased BMI z-score in childhood, especially toddlerhood.
Catch-up, which is defined as accelerated rates of growth following a period of failure
to reach the growth reference of normal preterm or term-born infants, seemed to explain
the results [48]. As an essential element, moderate Mn intake in utero could ensure the
normal growth of the fetus, prevent low birth weight, and avoid catch-up. Furthermore,
Mn exposure was suspected to affect human health in a “U-shaped” dose-responsive
manner [10,18]. Excess Mn exposure or Mn deficiency might have different mechanisms.
The potential biological mechanisms caused by prenatal excess Mn exposure could be
related to impairments in fetal development and childhood growth, but the processes
were still unclear. The animal studies suggested that maternal excessive Mn exposure was
related to reduced fetal weight, the restricted internal organ development of offspring,
and impaired skeleton ossification [37,49,50]. Conversely, Mn deficiency also resulted in
skeletal malformation and impaired growth in animals [4,51]. Moreover, high levels of Mn
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exposure were seen to cause oxidative stress in cells and impair the function and growth of
cells [39]. Besides this, Mn deficiency was associated with impairments or dysfunctions
in insulin production, lipoprotein metabolism, the oxidant defense system, and growth
factor metabolism [52,53]. Therefore, more studies are needed to explore these unclear
mechanisms.

Obviously, our study had several strengths and limitations. The repeated anthro-
pometric data from a prospective cohort that had been followed for more than 8 years
provided us with a good opportunity to explore the associations of cord-blood Mn with
physical growth in utero and in toddlerhood, up to school-age childhood, although the
research showed a lack of data for children at the ages of 4 and 5 years due to there being
no follow-up. Reassuringly, participants who enrolled in the study could be representative
of the full cohort and the presented results were still robust in the sensitivity analysis.
On the other hand, potential confounders were obtained from face-to-face interviews,
and recall bias was avoided. Although we adjusted the potential confounders as soon as
possible, some other important determinants, such as some other microelements (e.g., Cu,
Fe, Zn) [54], could not be controlled, which might bias the results. Therefore, future studies
on the mixture effect of different microelements and other heavy metals on birth outcomes
and childhood growth are needed.

5. Conclusions

In this prospective birth cohort study, we found that a high level of cord-blood Mn
was associated with a significant increase in birth weight and ponderal index. Prenatal
exposure to Mn was inversely related to childhood BMI z-score, especially in toddlerhood
at the age of 1, 2, and 3 years. Further studies are warranted to confirm our findings and
explore a longer-term effect in adolescence.
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Abstract: The present prospective study included 2156 women and investigated the effect of gene
variants in the vitamin D (VitD) metabolic and glucose pathways and their interaction with VitD
levels during pregnancy on gestational diabetes mellitus (GDM). Plasma 25(OH)D concentrations
were measured at the first and second trimesters. GDM subtype 1 was defined as those with isolated
elevated fasting plasma glucose; GDM subtype 2 were those with isolated elevated postprandial
glucose at 1 h and/or 2 h; and GDM subtype 3 were those with both elevated fasting plasma
glucose and postprandial glucose. Six Gc isoforms were categorized based on two GC gene variants
rs4588 and rs7041, including 1s/1s, 1s/2, 1s/1f, 2/2, 1f/2 and 1f/1f. VDR-rs10783219 and MTNR1B-
rs10830962 were associated with increased risks of GDM and GDM subtype 2; interactions between
each other as well as with CDKAL1-rs7754840 were observed (Pinteraction < 0.05). Compared with
the 1f/1f isoform, the risk of GDM subtype 2 among women with 1f/2, 2/2, 1s/1f, 1s/2 and 1s/1s
isoforms and with prepregnancy body mass index ≥24 kg/m2 increased by 5.11, 10.01, 10, 14.23,
19.45 times, respectively. Gene variants in VitD pathway interacts with VitD deficiency at the first
trimester on the risk of GDM and GDM subtype 2.

Keywords: gestational diabetes mellitus; subtypes; gene polymorphism; vitamin D

1. Introduction

Gestational diabetes mellitus (GDM) is a growing public health problem [1,2] and
associated with adverse perinatal and neonatal outcomes, including increased risks of
gestational hypertension [3], preterm birth [4] and cardiovascular diseases [5]. Although a
few risk factors of GDM have been identified, the etiology has not fully been elucidated [6].

Some research has focused on the genetic susceptibility of GDM. Moen et al. [7]
found that MAP3K1-rs116745876, PRKCE-rs11682804 and NUAK1-rs11112715 were asso-
ciated with higher fasting glucose levels at the first trimester and higher 2 h post-oral
glucose levels at the second trimester in pregnant women. Other two single nucleotide
polymorphisms (SNPs) CDKAL1-rs7754840 and MTNR1B-rs10830962 identified from a
genome-wide association study of GDM were found to be highly correlated with GDM,
and another one, IGF2BP2-rs1470579, was relatively weakly correlated [8]. On the other
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hand, genetic variants in the vitamin D (VitD) metabolic pathway were also found to
be involved in the pathogenesis of insulin resistance and GDM [9–11]. The main cir-
culating metabolite is 25(OH)D, a biomarker of VitD status. VitD metabolism is highly
regulated, and variation in the expression or activity of key proteins may modify its level
or effects. Key metabolic enzymes include: 25-hydroxylase (CYP3A4), which converts
VitD to 25(OH)D; 1-hydroxylase (CYP27B1), which activates 25(OH)D to 1,25(OH)2D; 24-
hydroxylase (CYP24A1), which inactivates 25(OH)D and 1,25(OH)2D; and megalin (LRP2),
which reabsorbs 25(OH)D through endocytosis in the renal tubules. Other key components
include vitamin D-binding protein (GC), which transports circulating metabolites, and the
VitD receptor (VDR), which binds 1,25(OH)2D to activate gene transcription and regulates
VitD metabolism [12]. Compared to pregnant women with the CC genotype at VDR-
rs1544410, the risk of GDM in pregnant women with the CT genotype was approximately
doubled; compared to AA genotype at VDR-rs731236, the risk of GDM in pregnant women
with the GA genotype was 1.42 times higher [13]. In addition, two SNPs, rs4588 and rs7041
on the GC gene, can form three allelic combinations (Gc1f, Gc1s and Gc2) and six different
Gc isoforms, namely, 1s/1s, 1s/2, 1s/1f, 2/2, 1f/2 and 1f/1f [14,15]. According to the free
hormone hypothesis, only free 25(OH)D and free 1,25(OH)2D can directly exert biological
functions [16,17], the proportion of which in blood were mostly influenced by the binding
affinity of different Gc isoforms [18]. The polymorphism of VitD metabolic pathway genes,
especially on the GC genes, may be good candidates to better understand how VitD levels
are involved in the pathogenesis of GDM.

Most previous studies have regarded GDM as a homogenous disease, and little
attention has been paid to GDM subtypes on the basis of the different time-point glucose
levels of the oral glucose tolerance test (OGTT) [8,13]. Studies in non-pregnant women
found that both isolated impaired fasting glucose (IFG) and isolated impaired glucose
tolerance (IGT) patients were insulin resistance (IR) factors, but the target organs or tissues
of IR were different [19–22]. Individuals with isolated IFG primarily manifest hepatic IR and
relatively normal muscle IR. Otherwise, individuals with isolated IGT have normal to subtle
hepatic IR and moderate to severe muscle IR. Thus, individuals with both IFG and IGT have
both hepatic and muscle IR [19]. The different pathophysiological mechanisms of fasting
and post-glycemic abnormalities result from distinct insulin sensitivity characteristics of
the liver and muscle, respectively [20,21]. In addition, our previous population-based
study found that VitD was associated with the occurrence of GDM with abnormal fasting
glucose, especially among overweight/obese pregnant women, but not the occurrence of
abnormal post-load glucose [23]. However, previous studies principally treated GDM as a
dichotomous outcome when investigating the effects of gene variants on the VitD metabolic
and glucose pathways on GDM, ignoring the different pathophysiological mechanisms of
fasting and post-load glycemic abnormality [24].

Thus, the aim of this study was to explore the effect of gene variants in the VitD and
glucose metabolic-pathway-related genes, and their interactions with 25(OH)D concentra-
tions on the development of GDM and GDM subtypes.

2. Materials and Methods

2.1. Study Design and Participants

This prospective cohort study was based on the data of Zhoushan Pregnant Women
Cohort (ZPWC) from August 2011 to May 2018, which is an ongoing prospective cohort
conducted in Zhoushan Maternal and Child Health Care Hospital, Zhejiang. Pregnant
women were invited to participate in the cohort at their first prenatal visit. A more
detailed description of the inclusion and exclusion criteria has previously been described in
detail [23]. Briefly, pregnant women aged between 18 and 45 years without serious physical,
mental health disease, threatened abortion or fetal malformation, and who received OGTT
were included in the study. Informed consent was obtained from all participants before the
investigation.
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2.2. Collection of Data and Blood Sample

A structured questionnaire was administrated face-to-face by an interviewer to collect
information on socio-demographic, lifestyle, and health behavior at the first trimester
(T1: 8th–14th gestational week), second trimester (T2: 24th–28th gestational week), third
trimester (T3: 32nd–36th gestational week) and 42nd day postpartum. OGTT was con-
ducted during T2 according to a conventional pregnant care program. A 5 mL fasting
venous blood sample was drawn at each visit and centrifuged under 4 ◦C; then, the plasma
and white blood cells were divided and stored under −80 ◦C until use. The results of the
OGTT were extracted from the electronic medical records system.

2.3. Measurement of 25(OH)D Concentrations

Liquid chromatography–tandem mass spectrometry (API 3200MD (Applied Biosys-
tems/MDS Sciex, Framingham, MA, USA)) was used to measure plasma 25(OH)D2 and
25(OH)D3 concentrations. The plasma 25(OH)D concentrations were reported in ng/mL,
and the lowest sensitivity of the measurement was 2 ng/mL for 25(OH)D2 and 5 ng/mL
for 25(OH)D3. The intra-assay coefficient variance values were 1.47–7.24% and 2.50–7.59%
for 25(OH)D2 and 25(OH)D3, respectively. The inter-assay coefficients variances were
4.48–6.74% and 4.44–6.76% for 25(OH)D2 and 25(OH)D3, respectively [23]. The 25(OH)D
concentrations were the sum of 25(OH)D2 and 25(OH)D3. The laboratory located in
Hangzhou, Zhejiang Province, is CAP-accredited and annually participates in CAP Profi-
ciency Tests and China NCCL Trueness Verification Plan of 25(OH)D Assays, for which
satisfactory results in these PT or EQA tests have been obtained in consecutive years.

2.4. Covariates Assessment

Plasma 25(OH)D < 20 ng/mL (50 nmol/L) was defined as VitD deficiency accord-
ing to Endocrine Society clinical practice guidelines [25], and 25(OH)D concentrations
≥20 ng/mL as VitD non-deficiency. Body mass index (BMI) = weight (kg)/height2 (m2).
Prepregnancy BMI was divided into four categories based on the Working Group on
Obesity in China [26]: underweight, BMI < 18.5 kg/m2; normal, BMI 18.5–23.9 kg/m2;
overweight, BMI 24.0–27.9 kg/m2; obesity, BMI ≥ 28 kg/m2. VitD supplementation was
categorized as “Yes”, “No” and “Unknown”. According to the sunshine intensity and
duration in different months [27], the seasons of blood sampling were divided as follows:
spring (March to May), summer (June to August), fall (September to November) and winter
(December to February).

2.5. GDM and Its Subtypes Classification

GDM screening has become a routine examination among pregnant women in China.
OGTT was conducted between the 24th and 28th weeks of gestation. After an overnight
fast (at least 8 h), 75 g glucose resolved in 300 mL water was given and drunk within
5 min the next morning. Venous blood samples were taken at 0 h, 1 h and 2 h during
OGTT for measuring plasma glucose levels. Plasma glucose levels were immediately
measured by the hexokinase method with commercially available kits (Beckman AU5800,
Beckman Coulter Inc., Brea, CA, USA). Using criteria proposed by the International As-
sociation of the Diabetes and Pregnancy Study Group [28], GDM was diagnosed if any
one of the following criteria were met: fasting plasma glucose (FBG) at 0 h ≥5.1 mmol/L,
postprandial glucose at 1 h (PG1H) ≥10 mmol/L, or postprandial glucose at 2 h (PG2H)
≥8.5 mmol/L. In addition, according to different types of insulin resistance represented by
the blood glucose level at the three time-point glucose levels examined by OGTT [22–24],
GDM was further categorized into the following three subtypes: GDM subtype 1, with
isolated FBG ≥ 5.1 mmol/L; GDM subtype 2, with isolated PG1H ≥ 10 mmol/L and/or
PG2H ≥ 8.5 mmol/L; and GDM subtype 3, with both elevated FBG (≥5.1 mmol/L) and
post-load plasma glucose (PG1H ≥ 10 mmol/L and/or PG2H ≥ 8.5 mmol/L).
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2.6. SNP Selection and Genotyping

GDM-related SNP selection: to verify the previous findings by Kwak et al. [8] in
Korean pregnant women and Moen et al. [7] among pregnant women in Norway, 3 SNPs
(CDKAL1-rs7754840, MTNR1B-rs10830962 and IGF2BP2-rs1470579) related to GDM [8] and
3 SNPs (MAP3K1-rs116745876, PRKCE-rs11682804 and NUAK1-rs11112715) related to blood
glucose during pregnancy were selected [7]. According to the minor allele frequency ≥10
of each SNP in the Chinese population from the 1000 Genomes Project database, 4 GDM-
related SNPs, CDKAL1-rs7754840, MTNR1B-rs10830962, IGF2BP2-rs1470579 and PRKCE-
rs11682804, were finally included.

VitD-related SNP selection: the selection conditions of the VitD-related SNP in the
study were as follows (satisfy any one) [15]: (1) a positive association between SNP and
25(OH)D concentration reported in the literature, and the minimum allele frequency
(Minor allele frequency, MAF) ≥10%; (2) SNPs displayed in the functional region in the
NCBI database: exon region, intron splicing point, 5′end and 3′end regulatory regions,
and MAF ≥10%; (3) HapMap Chinese database, including gene regions, SNPs within
1500 bp at the 5′end and 3′end, using HaploView to select SNPs, and the conditions are:
MAF ≥ 10%; R2 ≥ 0.8 [15]. In addition, VDR is closely related to insulin secretion [29,30],
and VDR-rs11568820 is a functional SNP of the VDR gene. Previous studies found that
rs10783219 and rs11568820 on VDR have high LD (r2 = 0.98). Therefore, the rs10783219
was selected as the surrogate SNP of rs11568820 [15]. Finally, a total of 13 SNPs related to
25(OH)D concentration in the VitD metabolic pathway were selected (CYP24A1: rs2209314,
CYP3A4: rs2242480, GC: rs1155563, rs16846876, rs17467825, rs2282679, rs2298849, rs2298850,
rs3755967, rs4588, rs7041, LRP2: rs10210408 and VDR: rs10783219).

Gc isoforms: based on two SNPs, rs4588 and rs7041, on the GC gene, the Gc isoform
was categorized into six different isoforms, including 1s/1s, 1s/2, 1s/1f, 2/2, 1f/2 and
1f/1f, of which the proportions of free 25(OH)D were successively reduced. The 1f/1f
isoform with the highest proportion of free 25(OH)D was used as the reference group.

The conventional phenol–chloroform extraction method was used to extract DNA
from the peripheral blood leukocytes, which was then stored in TE-buffer at −80 ◦C.
For SNP analysis, DNA was then diluted to 10 ng/μL using a Nanodrop® ND-1000
Spectrophotometer (Thermo Fisher Scientific Inc., Wilmington, NC, USA). A Sequenom
MassARRAY iPLEX Gold platform (Sequenom, San Diego, CA, USA) was used for SNP
genotyping. In total, 17 SNPs were available for further analysis. The call rate of these
SNPs was over 98%, which conformed to the Hardy–Weinberg equilibrium.

2.7. Statistical Analysis

t-tests and Wilcoxon signed-rank tests were used to compare the characteristics be-
tween GDM and non-GDM groups for continuous variables. Variance analysis was used
to compare the characteristics between different GDM subtypes for continuous variables,
and chi-squared tests were used for categorical variables between groups. Multiple lin-
ear regression models were used to analyze the association of SNPs in VitD and glucose
metabolic-pathway-related genes, and their interactions with 25(OH)D concentrations
at T1 and T2 with the blood glucose levels of each OGTT timepoint in a co-dominant
genetic model. Multiple logistic regression models were used to analyze the relationship of
SNPs, Gc isoforms and their interaction with 25(OH)D concentration at T1 and T2 with
GDM as well as its subtypes in a co-dominant genetic model. Furthermore, stratification
analysis by prepregnancy BMI was carried out to investigate the association between Gc
isoforms and the risk of GDM and its subtypes [23]. To investigate the interaction between
VDR-rs10783219, CDKAL1-rs7754840 and MTNR1B-rs10830962 on the risk of GDM and
its subtypes, stratification analysis was carried out. In addition, to investigate the joint
association of VitD status at T1 or/and T2 with Gc isoforms on the risk of GDM and its
subtypes, we classified Gc isoforms into three groups—1f/1f and 1f/2; 2/2 and 1s/1f; and
1s/2 and 1s/1s—and crossover analysis was carried out. The hierarchical analysis was
used to investigate the interaction between each SNP and 25(OH)D concentration on the
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risk of GDM, and the p-value of the interaction term was calculated. To investigate whether
there was a dose–effect relationship between Gc isoforms and subtypes of GDM, a trend
test was applied in the multiple logistic regression model and Gc isoforms were treated
as continuous variables for different isoforms (1s/1s, 1s/2, 1s/1f, 2/2, 1f/2 and 1f/1f), of
which the proportion of free 25(OH)D was successively reduced. The above multi-factor
models were all adjusted for possible confounding, including maternal age, prepregnancy
BMI, OGTT season, etc. All test results were considered statistically significant at a value
of p < 0.05. All analyses were performed using SAS (version 9.2, SAS Institute).

Sample size calculation: in the present study, the risks of GDM subtype 2 of GG
genotype in MTNR1B-rs10830962 were 1.85 times greater than compared with the CC
genotype. The prevalence of GDM in this study was 23.8%; among them, 58.5% were GDM
subtype 2. We hypothesized that α = 0.05, power = 80%, ORgene = 1.85, and the genotype
frequency for SNP was 18%. Through QUANTO software, it was determined that the
minimum case number for the GDM subtype 2 was 118, and the minimum case number
for GDM was 202, which is lower than the number of GDM cases in this study (n = 513).
Therefore, the sample size was large enough for the analysis of different GDM subtypes.

3. Results

3.1. Subject Characteristics

A total of 2156 pregnant women were included in this study, and the characteristics
of the participants are shown in Table 1. Of these, 513 (23.8%) women were diagnosed
with GDM. The mean age and prepregnancy BMI of participants were 28.8 years old and
20.7 kg/m2, respectively. Compared with non-GDM women, women with GDM had higher
prepregnancy BMI, lower 25(OH)D concentrations at T2 and lower educational levels. As
shown in Supplementary Table S1, compared with participants with GDM subtype 1, those
with GDM subtype 2 and 3 were older and had higher VitD levels at T1 and T2.

Table 1. Baseline characteristics of pregnant women.

Variables
Total non-GDM GDM

p
n = 2156 n = 1643 n = 513

Age, years 28.8 (3.7) 28.5 (3.5) 29.6 (4.0) <0.0001
Prepregnancy BMI (kg/m2) 20.7 (2.8) 20.6 (2.7) 21.3 (3.0) <0.0001
25(OH)D at T1 (ng/mL) * 18.9 (8.7) 18.7 (8.7) 19.5 (8.6) 0.0884

25(OH)D3 18.1 (8.6) 17.9 (8.6) 18.7 (8.6) 0.0530
25(OH)D2

¶ 0.6 (0.5) 0.6 (0.5) 0.5 (0.4) 0.9761  
25(OH)D at T2 (ng/mL) † 25.6 (11.5) 26.0 (11.7) 24.1 (10.7) 0.0149

25(OH)D3 24.6 (11.5) 24.9 (11.7) 23.3 (10.8) 0.0310
25(OH)D2

¶ 0.7 (0.7) 0.6 (0.7) 0.7 (0.6) 0.6255  
VitD deficiency at T1 * 1281 (62.3%) 983 (62.8%) 298 (60.7%) 0.3979
VitD deficiency at T2 † 499 (36.4%) 374 (34.8%) 125 (42.2%) 0.0180

GDM rate 513 (23.8%) — — —
OGTT season 0.0920
Summer/fall 1045 (48.5%) 813 (49.5%) 232 (45.2%)

Winter/spring 1111 (51.5%) 830 (50.5%) 281 (54.8%)
Educational level 0.0179
≤High school 589 (27.3%) 428 (26.0%) 161 (31.4%)
>High school 1567 (72.7%) 1215 (74.0%) 352 (68.6%)

Income per capita, RMB 0.3659
<30,000 191 (8.9%) 143 (8.7%) 48 (9.4%)
≥30,000 1647 (76.4%) 1269 (77.2%) 378 (73.7%)
Not sure 180 (8.3%) 132 (8.0%) 48 (9.4%)

Unknown 138 (6.4%) 99 (6.0%) 39 (7.6%)
Planned pregnancy 0.0411

No 709 (32.9%) 563 (34.3%) 146 (28.5%)
Yes 1313 (60.9%) 983 (59.8%) 330 (64.3%)

Unknown 134 (6.2%) 97 (5.9%) 37 (7.2%)
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Table 1. Cont.

Variables
Total non-GDM GDM

p
n = 2156 n = 1643 n = 513

Marital status 0.5033
Not married 47 (2.2%) 35 (2.1%) 12 (2.3%)

Married 1976 (91.7%) 1512 (92.0%) 464 (90.4%)
Unknown 133 (6.2%) 96 (5.8%) 37 (7.2%)

VitD supplement 0.4623
0/week 765 (35.5%) 593 (36.1%) 172 (33.5%)

>0/week 1233 (57.2%) 934 (56.8%) 299 (58.3%)
Unknown 158 (7.3%) 116 (7.1%) 42 (8.2%)

Primiparity 0.1854
No 491 (22.8%) 359 (21.9%) 132 (25.7%)
Yes 1498 (69.5%) 1156 (70.4%) 342 (66.7%)

Unknown 167 (7.7%) 128 (7.8%) 39 (7.6%)
Physical exercise 0.0775

0/week 1717 (79.6%) 1326 (80.7%) 391 (76.2%)
>0/week 292 (13.5%) 213 (13.0%) 79 (15.4%)
Unknown 147 (6.8%) 104 (6.3%) 43 (8.4%)

Abbreviations: GDM, gestational diabetes mellitus; VitD, vitamin D; T1, first trimester; T2, second trimester; OGTT, oral glucose tolerance
test. * n = 2056, † n = 1372, ¶ Presented as the median (interquartile range),  compared by Wilcoxon signed-rank test.

3.2. Associations of SNPs and Its Interaction with VitD on GDM and GDM Subtypes

Compared with the wild-type genotype, the PG1H and/or PG2H levels of mutant
genotypes were lower for LRP2-rs10210408, and higher for VDR-rs10783219, CDKAL1-
rs7754840 and MTNR1B-rs10830962. Interactions between 25(OH)D concentrations at T1
and the CT genotype in CYP3A4-rs2242480, GA genotype in GC-rs2298849 and CC geno-
type in CDKAL1-rs7754840 on PG1H level, and the CT genotype in CYP24A1-rs2209314,
TT genotype in GC-rs16846876 and GA genotype in GC-rs2298849 on PG2H level were
observed (Supplementary Table S2, all Pinteraction < 0.05). The risks of GDM and GDM
subtype 2 of TA genotype in VDR-rs10783219 were 1.26 and 1.33 times greater compared
with the AA genotype (Table 2). Compared with the CC genotype, GG genotypes in
MTNR1B-rs10830962 were at higher risk of GDM (Table 2, OR = 2.08, 95% CI: 1.46–2.97),
GDM subtype 1 (Table 2, OR = 3.26, 95% CI: 1.62–6.59) and subtype 2 (Table 2, OR = 1.85,
95% CI: 1.22–2.81). Compared with the wild-type genotypes, interactions between 25(OH)D
concentrations at T1 and the CT genotype in CYP3A4-rs2242480, and the TT genotype in
LRP2-rs10210408 on the risk of GDM and GDM subtype 2 were found (Table 2). However,
interactions between SNPs and 25(OH)D concentrations at T2 on FBG, PG1H and PG2H
levels of OGTT as well as GDM and its subtypes were not observed.

As shown in Table 3, significant interactions between CDKAL1-rs7754840 and VDR-
rs10783219 on the risk of GDM and GDM subtype 2 (Pinteraction: 0.0121 and 0.0432) as well
as interactions between CDKAL1-rs7754840 and MTNR1B-rs10830962 on the risk of GDM
and GDM subtype 1 (Pinteraction: 0.0082 and 0.0071) were found.

3.3. Associations of Gc Isoforms and VitD with GDM and GDM Subtypes

Compared to women with Gc isoforms of 1f/1f, those with Gc isoforms of 2/2 and 1s/2
had higher levels of PG1H and PG2H among women with prepregnancy BMI ≥ 24 kg/m2

(Supplementary Table S3). In addition, after adjusting for potential confounders, dose–effect
relationships of Gc isoforms with GDM and GDM subtype 2 (Ptrend: 0.0046 and 0.0011, Sup-
plementary Table S4) were observed among women with prepregnancy BMI ≥ 24 kg/m2.
Compared to women with Gc isoforms of 1f/1f and 1f/2 and VitD non-deficiency at T1
and T2, those with Gc isoforms of 1s/2 and 1s/1s had increased risk of GDM and GDM
subtype 2 (OR = 2.21, 95% CI: 1.14–4.30; OR = 2.79, 95% CI: 1.20–6.49, Table 4). However,
combined effect of 25(OH)D concentrations at T1 or T2 with Gc isoforms on the risk of
GDM and GDM subtypes were not observed (Table 4).
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Table 2. Relationship of SNPs in VitD and glucose metabolic pathway and its interaction with 25(OH)D concentrations at
T1 and T2 with GDM and GDM subtypes *.

SNPs Genotypes n
GDM † GDM Subtype 1 ‡ GDM Subtype 2 ‡ GDM Subtype 3 ‡

Case (%) OR (95% CI) Case (%) OR (95% CI) Case (%) OR (95% CI) Case (%) OR (95% CI)

VitD-related SNPs
CYP24A1

rs2209314 TT 770 193 (25.1) Ref 62 (8.1) Ref 106 (13.8) Ref 25 (3.2) Ref
CT 1039 244 (23.5) 0.93 (0.75–1.17) 62 (6.0) 0.71 (0.49–1.04) 151 (14.5) 1.07 (0.81–1.42) 31 (3.0) 0.92 (0.53–1.61)
CC 335 75 (22.4) 0.86 (0.63–1.17) 20 (6.0) 0.72 (0.42–1.23) 42 (12.5) 0.89 (0.60–1.33) 13 (3.9) 1.10 (0.54–2.27)

CYP3A4
rs2242480 CC 1229 292 (23.8) Ref 85 (6.9) Ref 170 (13.8) Ref 37 (3.0) Ref

CT 790 191 (24.2)
1.04 (0.84–1.29)

|| 54 (6.8) 1.13 (0.78–1.63) 109 (13.8)
0.97 (0.74–1.26)

|| 28 (3.5) 1.32 (0.78–2.23)

TT 125 28 (22.4) 0.96 (0.61–1.51) 5 (4.0) 0.59 (0.23–1.53) 19 (15.2) 1.08 (0.63–1.82) 4 (3.2) 1.30 (0.43–3.92)
GC

rs1155563 TT 761 169 (22.2) Ref 47 (6.2) Ref 95 (12.5) Ref 27 (3.5) Ref
TC 1019 248 (24.3) 1.15 (0.91–1.44) 72 (7.1) 1.16 (0.78–1.72) 146 (14.3) 1.20 (0.90–1.60) 30 (2.9) 0.90 (0.52–1.57)

CC 362 94 (26.0) 1.19 (0.88–1.60) 25 (6.9) 1.13 (0.67–1.89) 57 (15.7) 1.29 (0.89–1.86) 12 (3.3)
0.89 (0.43–1.84)

||

rs16846876 AA 1017 229 (22.5) Ref 63 (6.2) Ref 126 (12.4) Ref 40 (3.9) Ref
AT 899 220 (24.5) 1.09 (0.87–1.35) 62 (6.9) 1.10 (0.76–1.60) 137 (15.2) 1.25 (0.95–1.63) 21 (2.3) 0.54 (0.31–0.94)
TT 231 61 (26.4) 1.17 (0.84–1.64) 19 (8.2) 1.31 (0.75–2.29) 34 (14.7) 1.25 (0.82–1.90) 8 (3.5) 0.78 (0.34–1.75)

rs17467825 AA 1008 228 (22.6) Ref 61 (6.1) Ref 132 (13.1) Ref 35 (3.5) Ref
GA 909 224 (24.6) 1.10 (0.89–1.36) 66 (7.3) 1.15 (0.79–1.66) 132 (14.5) 1.15 (0.88–1.50) 26 (2.9) 0.79 (0.46–1.35)
GG 234 59 (25.2) 1.08 (0.77–1.51) 16 (6.8) 1.05 (0.58–1.89) 35 (15.0) 1.18 (0.78–1.80) 8 (3.4) 0.81 (0.36–1.85)

rs2282679 TT 1009 227 (22.5) Ref 61 (6.0) Ref 130 (12.9) Ref 36 (3.6) Ref
GT 899 224 (24.9) 1.13 (0.91–1.40) 67 (7.5) 1.18 (0.81–1.71) 132 (14.7) 1.20 (0.92–1.57) 25 (2.8) 0.75 (0.44–1.29)
GG 241 60 (24.9) 1.07 (0.76–1.50) 16 (6.6) 1.00 (0.55–1.81) 36 (14.9) 1.20 (0.80–1.82) 8 (3.3) 0.77 (0.34–1.74)

rs2298849 AA 894 216 (24.2) Ref 66 (7.4) Ref 120 (13.4) Ref 30 (3.4) Ref
GA 960 231 (24.1) 1.03 (0.83–1.28) 58 (6.0) 0.82 (0.56–1.20) 145 (15.1) 1.16 (0.88–1.52) 28 (2.9) 0.93 (0.54–1.61)
GG 299 65 (21.7) 0.87 (0.63–1.19) 20 (6.7) 0.89 (0.52–1.51) 34 (11.4) 0.80 (0.53–1.21) 11 (3.7) 1.08 (0.52–2.26)

rs2298850 GG 982 221 (22.5) Ref 60 (6.1) Ref 127 (12.9) Ref 34 (3.5) Ref
CG 911 227 (24.9) 1.13 (0.91–1.40) 67 (7.4) 1.17 (0.81–1.70) 134 (14.7) 1.19 (0.91–1.55) 26 (2.9) 0.80 (0.47–1.38)
CC 240 59 (24.6) 1.06 (0.75–1.48) 16 (6.7) 0.99 (0.55–1.80) 35 (14.6) 1.17 (0.77–1.78) 8 (3.3) 0.81 (0.36–1.83)

rs3755967 CC 1005 226 (22.5) Ref 61 (6.1) Ref 130 (12.9) Ref 35 (3.5) Ref
CT 907 226 (24.9) 1.14 (0.91–1.41) 67 (7.4) 1.17 (0.81–1.70) 133 (14.7) 1.20 (0.91–1.57) 26 (2.9) 0.80 (0.47–1.37)
TT 241 60 (24.9) 1.07 (0.76–1.50) 16 (6.6) 1.00 (0.55–1.80) 36 (14.9) 1.20 (0.79–1.81) 8 (3.3) 0.79 (0.35–1.79)

rs4588 GG 994 226 (22.7) Ref 61 (6.1) Ref 129 (13.0) Ref 36 (3.6) Ref
GT 909 226 (24.9) 1.11 (0.89–1.38) 67 (7.4) 1.15 (0.80–1.67) 134 (14.7) 1.18 (0.90–1.55) 25 (2.8) 0.73 (0.42–1.25)
TT 241 59 (24.5) 1.02 (0.73–1.44) 16 (6.6) 0.97 (0.54–1.75) 35 (14.5) 1.14 (0.75–1.73) 8 (3.3) 0.75 (0.33–1.70)

rs7041 AA 1162 271 (23.3) Ref 79 (6.8) Ref 153 (13.2) Ref 39 (3.4) Ref
CA 826 201 (24.3) 1.08 (0.87–1.34) 57 (6.9) 1.07 (0.74–1.54) 119 (14.4) 1.13 (0.86–1.47) 25 (3.0) 0.93 (0.55–1.59)
CC 162 41 (25.3) 1.22 (0.82–1.79) 8 (4.9) 0.89 (0.42–1.93) 28 (17.3) 1.38 (0.87–2.18) 5 (3.1) 1.25 (0.46–3.35)

LRP2
rs10210408 CC 703 181 (25.7) Ref 45 (6.4) Ref 110 (15.6) Ref 26 (3.7) Ref

TC 1065 229 (21.5) 0.78 (0.62–0.99) 67 (6.3) 0.92 (0.61–1.37) 132 (12.4) 0.73 (0.55–0.97) 30 (2.8) 0.77 (0.44–1.34)

TT 385 102 (26.5)
1.07 (0.80–1.43)

|| 32 (8.3) 1.32 (0.81–2.16) 57 (14.8)
0.97 (0.68–1.39)

|| 13 (3.4) 1.09 (0.54–2.21)

VDR
rs10783219 AA 809 173 (21.4) Ref 51 (6.3) Ref 100 (12.4) Ref 22 (2.7) Ref

TA 1010 254 (25.1) 1.26 (1.00–1.58)
§ 67 (6.6) 1.08 (0.73–1.60) 154 (15.2) 1.33 (1.01–1.76)

§ 33 (3.3) 1.32 (0.74–2.33)

TT 332 86 (25.9) 1.32 (0.98–1.80) 26 (7.8) 1.35 (0.81–2.25) 46 (13.9) 1.24 (0.84–1.82) 14 (4.2) 1.66 (0.81–3.41)
rs10783219 AA 809 173(21.4) Ref 51 (6.3) Ref 100 (12.4) Ref 22 (2.7) Ref

TA/TT 1342 340(25.3) 1.28 (1.03–1.58)
§ 93 (6.9) 1.15 (0.80–1.65) 200 (14.9) 1.31 (1.01–1.71)

§ 47 (3.5) 1.40 (0.82–2.40)

GDM-related SNPs
CDKAL1

rs7754840 GG 635 128 (20.2) Ref 24 (3.8) Ref 85 (13.4) Ref 19 (3.0) Ref
GC 820 164 (20.0) 0.99 (0.76–1.29) 31 (3.8) 1.11 (0.63–1.95) 111 (13.5) 1.01 (0.74–1.38) 22 (2.7) 0.89 (0.46–1.70)
CC 264 63 (23.9) 1.35 (0.95–1.92) 12 (4.5) 1.40 (0.67–2.91) 39 (14.8) 1.25 (0.82–1.91) 12 (4.5) 1.82 (0.84–3.95)

rs7754840 GG/GC 1455 292 (20.1) Ref 55(3.8) Ref 196(13.5) Ref 41(2.8) Ref

CC 264 63 (23.9) 1.43 (1.03–1.97)
§ 12 (4.5) 1.32 (0.68–2.56) 39 (14.8) 1.24 (0.85–1.83) 12 (4.5) 1.94 (0.97–3.88)

IGF2BP2
rs1470579 AA 966 203 (21.0) Ref 39 (4.0) Ref 136 (14.1) Ref 28 (2.9) Ref

CA 664 133 (20.0) 0.95 (0.73–1.22) 25 (3.8) 0.94 (0.55–1.59) 85 (12.8) 0.89 (0.66–1.20) 23 (3.5) 1.25 (0.70–2.24)
CC 89 18 (20.2) 0.96 (0.55–1.66) 3 (3.4) 0.87 (0.26–2.96) 13 (14.6) 1.02 (0.54–1.92) 2 (2.2) 0.83 (0.19–3.76)

MTNR1B
rs10830962 CC 572 91 (15.9) Ref 17 (3.0) Ref 62 (10.8) Ref 12 (2.1) Ref

GC 850 186 (21.9) 1.52 (1.14–2.03)
§ 30 (3.5) 1.45 (0.77–2.72) 122 (14.4) 1.43 (1.02–2.00)

§ 34 (4.0) 2.38 (1.18–4.81)
§

GG 297 78 (26.3) 2.08 (1.46–2.97)
§ 20 (6.7) 3.26 (1.62–6.59)

§ 51 (17.2) 1.85 (1.22–2.81)
§ 7 (2.4) 1.83 (0.68–4.88)

PRKCE
rs11682804 GG 839 158 (18.8) Ref 30 (3.6) Ref 106 (12.6) Ref 22 (2.6) Ref

AG 745 166 (22.3) 1.21 (0.94–1.56) 29 (3.9) 1.17 (0.69–2.01) 112 (15.0) 1.23 (0.91–1.66) 25 (3.4) 1.26 (0.69–2.31)
AA 138 31 (22.5) 1.22 (0.78–1.90) 8 (5.8) 1.60 (0.69–3.71) 17 (12.3) 0.95 (0.54–1.69) 6 (4.3) 1.91 (0.73–4.98)

Abbreviations: GDM, gestational diabetes mellitus; VitD, vitamin D; subtype 1, elevated fasting glucose and normal post-load glucose;
subtype 2, normal fasting glucose and elevated post-load glucose; subtype 3, elevated fasting and post-load glucose. * Adjusted for
maternal age, prepregnancy BMI, parity, educational level, income, physical exercise and OGTT season. † Binomial logistic regression
model; ‡ multinomial logistic regression model. § p < 0.05; || p-value of the interaction term SNPs * 25(OH)D concentration at the first
trimester < 0.05.
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Table 3. Interactions between CDKAL1, MTNR1B and VDR on risk of GDM and GDM subtypes *.

SNPs
Risk

Allele of
GDM

n
GDM † GDM Subtype 1 ‡ GDM Subtype 2 ‡ GDM Subtype 3 ‡

Case (%) OR (95% CI) Case (%) OR (95% CI) Case (%) OR (95% CI) Case (%) OR (95% CI)

CDKAL1-
rs7754840

VDR-
rs10783219

GG T 633 128 (20.2) 0.81 (0.60–1.09) 24 (3.8) 0.80 (0.43–1.50) 85 (13.4) 0.76 (0.53–1.08) 19 (3.0) 1.05 (0.52–2.10)

GC T 819 164 (20.0) 1.35 (1.05–1.75)
§ 31 (3.8) 1.55 (0.91–2.63) 111 (13.6) 1.34 (1.00–1.81)

§ 22 (2.7) 1.14 (0.61–2.13)

CC T 264 63 (23.8) 1.36 (0.89–2.08) 12 (4.6) 1.36 (0.52–3.59) 39 (14.8) 1.16 (0.69–1.95) 12 (4.6) 2.82 (0.99–8.04)

GC/CC T 1083 227 (21.0) 1.37 (1.10–1.70)
§ 43 (4.0) 1.51 (0.95–2.38) 150 (13.9) 1.31 (1.02–1.70)

§ 34 (3.1) 1.49 (0.90–2.44)

Pinteraction = 0.0121 Pinteraction = 0.2036 Pinteraction = 0.0432 Pinteraction = 0.1768

MTNR1B-
rs10830962

VDR-
rs10783219

CC T 572 91 (15.9) 1.26 (0.91–1.76) 17 (3.0) 1.35 (0.64–2.87) 62 (10.8) 1.27 (0.85–1.88) 12 (2.1) 1.31 (0.54–3.18)
GC T 848 186 (21.9) 0.90 (0.71–1.16) 30 (3.5) 0.72 (0.40–1.27) 122 (14.4) 0.89 (0.67–1.19) 34 (4.0) 1.15 (0.69–1.94)

GG T 296 78 (26.4) 1.88 (1.20–2.94)
§ 20 (6.8) 2.99 (1.34–6.68)

§ 51 (17.2) 1.59 (0.94–2.69) 7 (2.4) 1.70 (0.50–5.76)

Pinteraction = 0.5882 Pinteraction = 0.2611 Pinteraction = 0.9631 Pinteraction = 0.8731

MTNR1B-
rs10830962

CDKAL1-
rs7754840

CC C 572 91 (15.9) 0.89 (0.63–1.24) 17 (3.0) 0.77 (0.37–1.61) 62 (10.8) 0.97 (0.65–1.45) 12 (2.1) 0.74 (0.31–1.74)
GC C 848 186 (21.9) 1.08 (0.84–1.38) 30 (3.5) 0.86 (0.48–1.53) 122 (14.4) 1.08 (0.81–1.44) 34 (4.0) 1.32 (0.78–2.24)

GG C 297 78 (26.3) 1.89 (1.23–2.91)
§ 20 (6.7) 3.06 (1.41–6.66)

§ 51 (17.2) 1.48 (0.90–2.46) 7 (2.4) 3.66
(0.94–14.26)

Pinteraction = 0.0082 Pinteraction = 0.0071 Pinteraction = 0.1849 Pinteraction = 0.0653

Abbreviations: GDM, gestational diabetes mellitus; subtype 1, elevated fasting glucose and normal post-load glucose; subtype 2, normal
fasting glucose and elevated post-load glucose; subtype 3, elevated fasting and post-load glucose. * Adjusted for maternal age, prepregnancy
BMI, parity, educational level, income, physical exercise and OGTT season. † Binomial logistic regression model; ‡ multinomial logistic
regression model. § p < 0.05.

Table 4. The relationship of VitD status at T1 and T2, Gc isoforms with GDM and GDM subtypes *.

VitD Deficiency
Gc Isoforms n

GDM a GDM Subtype 1 b GDM Subtype 2 b GDM Subtype 3 b

T1 T2 Case (%) OR (95% CI) Case (%) OR (95% CI) Case (%) OR (95% CI) Case (%) OR (95% CI)

No No

1f/1f and
1f/2 148 24 (16.2) Ref 7 (4.7) Ref 12 (8.1) Ref 5 (3.4) Ref

2/2 and
1s/1f 116 17 (14.7) 0.98

(0.49–1.95) 4 (3.5) 0.73
(0.20–2.60) 9 (7.8) 1.12

(0.44–2.82) 4 (3.5) 1.13
(0.28–4.56)

1s/2 and
1s/1s 85 23 (27.1)

2.21
(1.14–4.30)  3 (3.5) 1.02

(0.25–4.14) 15 (17.7)
2.79

(1.20–6.49)  5 (5.9) 2.55
(0.66–9.92)

No Yes

1f/1f and
1f/2 31 11 (35.5)

2.91
(1.19–7.14)  6 (19.4)

4.31
(1.23–15.05)  2 (6.5) 1.31

(0.26–6.58) 3 (9.7) 3.83
(0.74–19.89)

2/2 and
1s/1f 27 7 (25.9) 2.16

(0.80–5.84) 3 (11.1) 2.19
(0.50–9.71) 3 (11.1) 2.37

(0.59–9.56) 1 (3.7) 1.69
(0.17–17.04)

1s/2 and
1s/1s 26 5 (19.2) 1.36

(0.46–4.05) 5 (19.2) 3.39
(0.95–12.09) 0 (0.0) —— 0 (0.0) ——

Yes No

1f/1f and
1f/2 195 43

(22.05)
1.94

(1.09–3.45)  12 (6.2) 1.89
(0.71–5.08) 27 (13.9)

2.27
(1.07–4.82)  4 (2.1) 1.24

(0.30–5.14)
2/2 and

1s/1f 163 33 (20.3) 1.67
(0.92–3.06) 10 (6.1) 1.83

(0.66–5.08) 21 (12.9) 1.95
(0.89–4.25) 2 (1.2) 0.60

(0.11–3.37)
1s/2 and

1s/1s 100 21 (21.0) 1.87
(0.95–3.67) 4 (4.0) 1.28

(0.36–4.65) 17 (17.0)
2.56

(1.11–5.87)  0 (0.0) ——

Yes Yes

1f/1f and
1f/2 165 35 (21.2) 1.71

(0.94–3.11) 22 (13.3)
3.04

(1.21–7.61)  8 (4.9) 0.80
(0.30–2.11) 5 (3.0) 1.57

(0.41–6.07)
2/2 and

1s/1f 113 31 (27.4)
2.27

(1.22–4.22)  16 (14.2)
3.59

(1.38–9.33)  12 (10.6) 1.81
(0.75–4.36) 3 (2.7) 1.40

(0.31–6.38)
1s/2 and

1s/1s 95 22 (23.2) 1.84
(0.94–3.60) 9 (9.5) 2.29

(0.79–6.58) 8 (8.4) 1.37
(0.51–3.64) 5 (5.3) 2.59

(0.67–10.02)

Abbreviations: GDM, gestational diabetes mellitus; VitD, vitamin D; T1, first trimester; T2, second trimester; subtype 1, elevated fasting
glucose and normal post-load glucose; subtype 2, normal fasting glucose and elevated post-load glucose; subtype 3, elevated fasting and
post-load glucose. * Adjusted for maternal age, prepregnancy BMI, parity, educational level, income, physical exercise and OGTT season.
a Binomial logistic regression model; b multinomial logistic regression model.  p < 0.05.

4. Discussion

The current study demonstrated significant associations of variant genotype of SNPs
at VDR-rs10783219 and MTNR1B-rs10830962 with the risk of GDM and GDM subtype 2.
Furthermore, CDKAL1-rs7754840 interacts with VDR-rs10783219 and MTNR1B-rs10830962
on GDM subtypes. In addition, among women with prepregnancy BMI ≥ 24 kg/m2, a
dose–effect relationship between Gc isoforms and GDM subtype 2 was observed.

The LRP2 gene plays an important role in the preservation of vitamin D metabolites
and delivery of the precursor to the kidney for the generation of 1α,25(OH)2D3 [15,31],
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polymorphisms of which were associated with increased risks of severe VitD deficiency and
related bone disease [32]. Our study initially found that variation at LRP2-rs10210408 was
related to higher postprandial glucose levels among pregnant women. In addition, interac-
tions between LRP2-rs10210408 and VitD level at T1 on the risk of GDM and GDM subtype
2 were found, which indicated that variations of the A allele to T at LRP2-rs10210408 might
influence glucose metabolism through VitD during pregnancy.

VDR-rs11568820 is a functional SNP and its variant may improve the islet activity of
the calcium-sensing receptor, which further inhibits insulin secretion [33]. Only one study
has reported that the variant at VDR-rs11568820 impairs the secretion of pancreatic islets
and increases the risk of type 2 diabetes in the adult cohort and PG2H in children [30]. In the
present study, we identified that the homozygous variant at VDR-rs10783219 in pregnant
women was associated with higher PG1H (β = 0.24, p = 0.0212), and higher risks of GDM
(TA/TT vs. AA: OR = 1.28) and GDM subtype 2 (TA/TT vs. AA: OR = 1.31). According
to the high-linkage relationship between VDR-rs10783219 and VDR-rs11568820 in this
population [15], we could speculate that it might be the highly interlinked VDR-rs11568820
that exhibits the biological functions. VDR-rs11568820 not only plays an important role
in the development of type 2 diabetes, but also of GDM. Significant associations between
CDKAL1-rs7754840 and PG2H, as well as GDM, were also observed in our study, which was
consistent with the genome-wide association study reported by Kwak et al. [8]. Variants at
CDKAL1-rs7754840 may affect the conversion process from proinsulin to insulin [34]. This
study further confirmed that variants at CDKAL1-rs7754840 increased the risk of GDM in
Chinese populations. Furthermore, we also found that for each additional G risk allele at
MTNR1B-rs10830962, the risk of GDM increased by 52% and 108%, and GDM subtype 2
by 43% and 85%, respectively, which was consistent with previous studies [8,35]. The
MTNR1B gene encodes melatonin receptor 2 (MTNR2), which could significantly inhibit
the expression of 3′5′-cyclic adenosine monophosphate in cells, and subsequently reduces
insulin secretion [36,37]. Therefore, variants of the C allele to G at MTNR1B-rs10830962 are
likely to inhibit the release of insulin in islet cells and increase the risk of GDM.

Meanwhile, we also identified a significant interaction between VDR-rs10783219 and
CDKAL1-rs7754840 as well as MTNR1B-rs10830962 on GDM. Variants at VDR-rs10783219
increased the risk of GDM and GDM subtype 2 among women with a variant at CDKAL1-
rs7754840, suggesting that the protective effect of VitD on GDM was more obvious in
patients with abnormal islet cell functions. In addition, the T allele at VDR-rs10783219
and the C allele at CDKAL1-rs7754840 separately increased the risk of GDM subtype 1
among women with the GG genotype at MTNR1B-rs10830962 (OR = 2.99, 95%CI: 1.34–6.68;
OR = 3.06, 95%CI: 1.41–6.66) (Pinteraction = 0.2611; Pinteraction = 0.0071). Given that the
MTNR1B gene could reduce the secretion of insulin, the conversion obstacles of proinsulin
to insulin mediated by the CDKAL1 gene might be strengthened with reduced insulin secre-
tion. The above interaction between SNPs found in this study provides a new perspective
for the study of the pathogenesis of GDM, but the specific biological mechanism still needs
to be verified by further studies.

Traditionally, 25(OH)D was thought to be taken up by cells of the kidney binding
to vitamin D-binding protein through megalin/cubilin-mediated endocytosis. However,
studies [38,39] have found that although the levels of both 25(OH)D and 1,25(OH)2D in
blood and urine were low in megalin knockout and vitamin D-binding protein knockout
mice, vitamin D-binding protein knockout mice did not show symptoms of VitD deficiency,
unlike megalin knockout mice. In addition, vitamin D-binding protein knockout mice
would rapidly manifest symptoms of VitD deficiency when fed with a VitD-deficient
diet. In 2019, the first case of the human homozygous deletion of a GC gene reported
by Henderson et al. [17] confirmed that this mechanism found in animals also applies to
humans. The above research indicates that free 25(OH)D or 1,25(OH)2D is the main form to
exert the biological VitD effects. Furthermore, the proportion of free 25(OH)D of individuals
with different Gc isoforms is different: individuals with the 1f/1f isoform have the highest
free 25(OH)D concentrations, and individuals with 1s/1s have the lowest, followed by 1f/2,
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2/2, 1s/1f and 1s/2 [16]. This study initially reported that the associations of Gc isoforms
with GDM and GDM subtypes during pregnancy were different in pregnant women with
different prepregnancy BMI. Significant associations were only observed among women
who were overweight or obese before pregnancy. The distribution of Gc isoforms was
significantly different between blacks and whites along with the distribution of fat with
the same BMI [40]. More than 90% of blacks were of Gc1f type, whereas the majority of
whites are of Gc1s type; Asians were in between [41]. The accumulation of abdominal
fat is a risk factor for insulin resistance and metabolic syndrome [42]. Given the strong
association between BMI and insulin resistance [43], we speculated that overweight and
obese pregnant women might have underlying insulin resistance before pregnancy, and
the difference in insulin resistance among pregnant women with different Gc isoforms
may be caused by the difference in body fat distribution. In this study, it was found that
compared with the 1f/1f isoform, pregnant women with 1s/2 and 1s/1s isoforms had
higher risk of GDM subtype 2, indicating higher visceral and liver fat content, and thus,
higher muscle insulin resistance. However, the specific pathophysiological mechanism
needs to be confirmed by further studies.

Our previous study [23] found that serum 25(OH)D only affected FBG and GDM
subtypes with abnormal fasting glucose. However, this study found that free 25(OH)D
(represented by Gc isoforms) mainly influences postprandial glucose levels and GDM
subtype 2. The difference between serum 25(OH)D and free 25(OH)D on glucose and
GDM risk indicates that the proportion of free 25(OH)D is mainly related to muscle insulin
resistance or insulin secretion, and serum 25(OH)D in circulation is not mainly mediated by
free 25(OH)D, which may be related to fasting gluconeogenesis levels in the liver, and plays
its role in lowering glucose levels through megalin/cubilin-mediated endocytosis through
the kidney or parathyroid cells [44]. However, combined effects of 25(OH)D concentrations
at T1 or T2 with Gc isoforms on the risk of GDM and GDM subtypes were not observed.

Strengths of the current study included the prospective cohort design and the relatively
large sample size, which may guarantee the authenticity of the research results and higher
statistical test efficiency. Furthermore, we initially divided GDM into different subtypes
based on the different mechanisms of insulin resistance. The risks of GDM and GDM
subtypes in pregnant women with different Gc isoforms have been investigated for the
first time, and the effect of prepregnancy BMI and longitudinal changes in VitD during
pregnancy on the association between Gc isoforms and GDM as well as its subtypes
was considered. However, there were several potential limitations in this study. Insulin
levels, which could more accurately distinguish different types of insulin resistance in
GDM, were not detected simultaneously during the OGTT examination in this study. In
addition, the average prepregnancy BMI of the population in this study was low, and
about 12% of the pregnant women were overweight (10.3%) or obese (2.1%). Furthermore,
in this study, we investigated whether there was a VitD supplementation of participants
during pregnancy, but did not consider the supplementation dose because the clinically
recommended supplementation dose of VitD for pregnant women is between 400 and
600 IU. However, the type of VitD supplementation was unknown, which restricted the
study to further explore how the SNP affected the response to VitD supplementation on
serum 25(OH)D concentrations and its impact on GDM. Therefore, the results of this study
may be limited when extrapolating to obese or severely obese pregnant women.

5. Conclusions

In conclusion, our results showed that variants of SNPs at VDR-rs10783219 and
MTNR1B-rs10830962 significantly increased the risk of GDM and GDM subtypes with
normal fasting glucose and elevated post-load glucose, and interactions were investigated
between each other as well as with CDKAL1-rs7754840. With lower Gc isoforms, the
proportions of free 25(OH)D were related to an increased risk of GDM with abnormal
postprandial blood glucose in prepregnancy overweight and obese women. The present
study explored whether gene variants in the VitD metabolic and glucose pathway would
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affect the risk of GDM from a genetic point of view. In addition, the 25(OH)D concentration
is very unstable and can easily be affected by exposure factors such as supplementation
and sunlight exposure. Identifying the effect of gene variants in the VitD and glucose
metabolic-pathway-related genes on the development of GDM and GDM subtypes could
more objectively evaluate the relationship between VitD and GDM and provide standards
for subsequent clinical applications.
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Abstract: Vitamin D (VitD) shows a beneficial role in placentation, the immune system, and angio-
genesis, and thus, VitD status may link to the risk of preeclampsia. A meta-analysis was conducted
to investigate the association between VitD status in early and middle pregnancy and the risk of
preeclampsia. A total of 22 studies with 25,530 participants were included for analysis. Women with
VitD insufficiency or deficiency had a higher preeclampsia rate compared to women with replete
VitD levels (OR 1.58, 95% CI 1.39–1.79). Women with VitD deficiency had a higher preeclampsia rate
compared to women with replete or insufficient VitD levels (OR 1.35, 95% CI 1.10–1.66). Women
with insufficient VitD levels had a higher preeclampsia rate compared to women with replete VitD
levels (OR 1.44, 95% CI 1.24–1.66). Women with deficient VitD levels had a higher preeclampsia
rate compared to women with replete VitD levels (OR 1.50, 95% CI 1.05–2.14). Sensitivity analysis
showed the results were stable after excluding any one of the included studies. In conclusion, our
systematic review suggested that VitD insufficiency or deficiency was associated with an increased
risk of preeclampsia.

Keywords: vitamin D; preeclampsia; pregnancy; systematic review; meta-analysis

1. Introduction

Preeclampsia is a multisystem disease during pregnancy, characterized by the new-
onset of gestational hypertension and proteinuria. It occurs in around 3–8% of all preg-
nancies and is associated with increased maternal and fetal morbidity and mortality [1,2].
Maternal preeclampsia is also associated with a higher incidence of cardiovascular and kid-
ney disease in the later life of the child [3–5]. Currently, delivery is the only curative therapy
for preeclampsia, and pharmacological management is symptomatic treatment only. Thera-
pies aimed at preventing preeclampsia therefore are a priority for ongoing investigation.

VitD deficiency is common during pregnancy, with a prevalence ranging from 8–70%
depending on skin pigmentation and sunlight exposure [6–9]. Accumulating evidence
suggests that VitD deficiency may be implicated in recurrent pregnancy loss, adverse
obstetrical and neonatal outcomes [10,11]. More recently, attention has been paid to the
potential association between VitD levels in pregnancy and the risk of preeclampsia. It
has been postulated that increased VitD levels may improve the invasion of the human
extravillous trophoblast, which is required for normal placentation [12]. Additionally,
accumulating evidence suggested that VitD has a beneficial effect on endothelial repair
and angiogenesis [13–15] and that VitD deficiency is associated with the pathogenesis of
cardiovascular diseases and arterial hypertension [16,17]. Therefore, it is likely that VitD
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has a role in improving endothelial repair and angiogenesis and controlling blood pressure
in preeclampsia [18]. Furthermore, the immunomodulatory properties of VitD may also
reduce the risk of preeclampsia development [13,19,20]. Indeed, previous observational
studies have demonstrated significant association between VitD deficiency and increased
preeclampsia risk [21–23], whereas others suggest no association between maternal VitD
deficiency and preeclampsia rate [11,24–26]. Overall, the epidemiological evidence from
observational data is conflicting and most studies are limited by small sample sizes. Ad-
ditionally, there is a lack of consensus regarding definition of VitD deficiency and the
potential threshold level associated with preeclampsia risk. Although there have been
several systematic review and meta-analysis papers related to the association of VitD with
preeclampsia [27–30], some important studies were not included in these meta-analyses.
Additionally, most studies included in these systematic reviews were case-control studies
that investigated women in late pregnancy. Even when the association between VitD
deficiency in late pregnancy and obstetric complications is detected, the prevention of these
diseases by the modification of VitD status is too late.

In this systematic review, we aimed to determine the association between VitD levels
in early or middle pregnancy (≤24 weeks) and the risk of pre-eclampsia.

2. Methods

2.1. Eligibility Criteria

The protocol of this systematic review was prospectively registered in PROSPERO
(reference: CRD42021271154). We reported this systematic review according to the guideline
of The Preferred Reporting Items for Systematic reviews and Meta-Analyses (PRISMA)
statement 2020 [31]. We included all studies that investigated the association of VitD
levels with the rate of preeclampsia. Because the detection of the association between VitD
deficiency in early or middle pregnancy (rather than late pregnancy) and later obstetric
complications may allow the prevention of these diseases by screening and modification
of VitD status in early or middle pregnancy [24], we excluded studies if they investigated
pregnant women over 24 gestational weeks. Reviews, case report studies, and study
protocols were also excluded.

2.2. Search Strategy

Two authors (KLH and CXZ) independently searched the database of PubMed, EM-
BASE, Cochrane library, and Web of Science from January 1990 to July 2021. The search
terms included “preeclampsia”, “vitamin D”, and “hypertensive disorder of pregnancy”.
The detailed search terms could be seen in Table S1.

2.3. Selection Process

Two authors (KLH and CXZ) independently reviewed the titles and abstracts based
on the predefined eligibility criteria. The full manuscripts were obtained when the titles
and abstracts were considered to be related. Any disagreement between the two authors
was resolved by a third review author. References from all included studies were checked
to identify relevant articles not captured by the electronic searches.

2.4. Risk of Bias Assessment

Two reviewers (KLH and CXZ) independently assessed the quality of the included
studies. Cohort and case-control studies were assessed according to The Newcastle-Ottawa
Quality Assessment Scales [32]. Cross-sectional studies were assessed using the Agency for
Healthcare Research and Quality (AHRQ).
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2.5. Data Collection Process

Two reviewers (KLH and CXZ) independently extracted the data from included
studies. If a study with multiple publications was found, the main report was used as the
reference with additional details supplemented from other papers.

VitD levels were stratified into three groups according to Endocrine Society rec-
ommendations [9]: the replete level (>30 ng/mL or >75 nmol/L), the insufficient level
(20–30 ng/mL or 50–75 nmol/L), and the deficient level (<20 ng/mL or <50 nmol/L). A few
studies used 15 ng/mL (37.5 nmol/L) as the cutoff, and thus <15 ng/mL was considered
as the deficient level in these studies. The primary outcome was preeclampsia, defined by
the new-onset of gestational hypertension and proteinuria.

2.6. Synthesis Methods

The Stata 15.0 (StataCorp, College Station, TX, USA) was as used to perform the meta-
analysis using either the inverse-variance weighted model (fixed-effect) or the DerSimonian
and Laird model (random-effect). Both were displayed in the forest plot, and the fixed-effect
model was applied if no significant heterogeneity was identified (I2 < 50%), whereas a
random-effect model was used a significant heterogeneity was detected (I2 > 50%),. The
combined data was shown in a pooled odds ratio (OR) with a 95% confidence interval (CI).
Publication bias was assessed by funnel plot asymmetry as well as Egger’s test. Sensitivity
analysis was conducted by omitting each individual study in turn to explore the effect of
a single study on the overall meta-analysis. Subgroup analysis was conducted according
to the gestational weeks of pregnancy (early ≤ 14 weeks, middle 15–24 weeks, early and
middle not specified) and study design (case-control, cohort, cross-sectional). Statistical
significance was set at α equals to 0.05.

3. Results

3.1. Characteristics of the Included Studies

Diagramatic representation of the review process is outlined in Figure S1. A total of
22 studies with a sample size of 25,530 were included for analysis [11,21,22,24–26,33–48].
The characteristics of the included studies are shown in Table 1. Study quality assessment
were shown in Table S2 (case-control studies), Table S3 (cohort studies), and Table S4
(cross-sectional studies).

The included studies varied in publication date from 2007 to 2020. Eleven were case-
control studies; eight were cohort studies and three were cross-sectional studies (Table 1).
Sample sizes varied from 142 women to 5109 women. Six studies focused on women in
early pregnancy and three studies included women in middle pregnancy (Table 1). While
most studies defined insufficiency and deficiency at 30 ng/mL and 20 ng/mL, respectively,
four studies used 15 ng/mL as the diagnostic cutoff [11,25,34,35] (Table S5). Nearly all
studies used multivariable analysis; however, the number and type of potential confounders
controlled for in the final analyses was not uniform between studies (Table S5).
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3.2. Replete Levels of VitD (≥30 ng/mL) versus Insufficient or Deficient Levels of VitD
(<30 ng/mL)

A total of 17,719 pregnant women (n = 12,908 with replete levels of VitD and n = 4811
with insufficient or deficient levels of VitD) from 14 studies were included. Women with
VitD < 30 ng/mL showed an increased preeclampsia rate compared to women with VitD
≥ 30 ng/mL (OR 1.58, 95% CI 1.39–1.79, I2 = 34%, fixed-effect) (Figure 1). No publication
bias was detected (Figure S2a, Egger’s test: p = 0.069). Sensitivity analysis demonstrated
the results were stable after excluding any one of the included studies (Figure S3a). There
was a trend toward an increased risk of preeclampsia in women with VitD < 30 ng/mL
in both early pregnancy and middle pregnancy, but they were not statistically significant
(early pregnany: OR 1.29, 95% CI 0.93–1.79, I2 = 0%, fixed-effect; middle pregnancy: OR
1.41, 95% CI 0.97–2.06, I2 = 18%, fixed-effect) (Figure 1a). The pooled data from studies with
a case-control design showed a significantly higher risk of preeclampsia in women with
VitD < 30 ng/mL, but it was not seen in pooled data from cohort studies or cross-sectional
studies (case-control: OR 1.80, 95% CI 1.56–2.09, I2 = 0%, fixed-effect; cohort: OR 1.09,
95% CI 0.85–1.40, I2 = 0%, fixed-effect; cross-sectional: OR 0.76, 95% CI 0.18–3.19, I2 = 0%,
fixed-effect) (Figure 1b).

 

Figure 1. Studies evaluating replete vitamin D levels versus insufficient or deficient vitamin D levels.
(a): Studies were stratified by gestational weeks (early, middle, and early and middle not specified);
(b): studies were stratified by the study design.

3.3. Replete or Insufficient Levels of VitD (≥20 ng/mL) versus Deficient Levels of VitD (<20 ng/mL
or < 15 ng/mL)

A total of 23,217 pregnant women (n = 8084 with replete levels of VitD and n = 15,133
with insufficient or deficient levels of VitD) from 19 studies were included in this analysis.
Women with VitD < 20 ng/mL had a higher preeclampsia rate as compared to women
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with VitD ≥ 20 ng/mL (OR 1.35, 95% CI 1.10–1.66, I2 = 57%, random-effect) (Figure 2).
No publication bias was detected (Figure S2b, Egger’s test: p = 0.415). Sensitivity analysis
demonstrated the results were stable after excluding any one of the included studies
(Figure S3b). There was a trend toward an increased risk of preeclampsia in women with
VitD < 20 ng/mL in middle pregnancy but no significant difference in preeclampsia risk was
seen in early pregnancy (early pregnany: OR 0.85, 95% CI 0.62–1.18, I2 = 19%, fixed-effect;
middle pregnancy: OR 1.59, 95% CI 0.87–2.92, I2 = 61%, random-effect) (Figure 2a). The
pooled data from studies with a case-control or cohort design demonstrated significantly
increased preeclampsia rates in association with VitD < 20 ng/Ml, but it was not seen in
pooled data from cross-sectional studies (case-control: OR 1.46, 95% CI 1.02–2.10, I2 = 77%,
random-effect; cohort: OR 1.24, 95% CI 1.02–1.51, I2 = 0%, fixed-effect; cross-sectional: OR
1.08, 95% CI 0.49–2.35, I2 = 0%, fixed-effect) (Figure 2b).

 

Figure 2. Studies evaluating replete vitamin D levels or insufficient versus deficient vitamin D levels.
(a): Studies were stratified by gestational weeks (early, middle, and early and middle not specified);
(b): studies were stratified by the study design.

3.4. Replete Levels of VitD (≥30 ng/mL) versus Insufficient Levels of VitD (20–30 ng/mL or
15–30 ng/mL)

A total of 11,091 pregnant women (n = 6856 with replete levels of VitD and n = 4235
with insufficient or deficient levels of VitD) from 11 studies were included in this analysis.
Women with VitD insufficiency were more likely to develop preeclampsia as compared to
women who were VitD replete (OR 1.44, 95% CI 1.24–1.66, I2 = 23%, fixed-effect) (Figure 3).
Publication bias was detected (Figure S2c, Egger’s test: p = 0.005). Sensitivity analysis
showed the results were stable after excluding any one of the included studies (Figure S3c).
A slightly increased risk of preeclampsia was seen in women with insufficient VitD levels
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in early pregnancy, but it was not seen in middle pregnancy (early pregnancy: OR 1.40, 95%
CI 1.00–1.96, I2 = 22%, fixed-effect; middle pregnancy: OR 1.21, 95% CI 0.83–1.76, I2 = 0%,
fixed-effect) (Figure 3a). The pooled data from studies with a case-control design showed
a significantly higher risk of preeclampsia in women with insufficient VitD levels, but it
was not seen in pooled data from cohort studies or cross-sectional studies (case-control:
OR 1.59, 95% CI 1.35–1.88, I2 = 0%, fixed-effect; cohort: OR 1.02, 95% CI 0.75–1.39, I2 = 11%,
fixed-effect; cross-sectional: OR 0.85, 95% CI 0.14–5.19) (Figure 3b).

 

Figure 3. Studies evaluating replete vitamin D levels versus insufficient vitamin D levels. (a): Studies
were stratified by gestational weeks (early, middle, and early and middle not specified); (b): studies
were stratified by the study design.

3.5. Replete Levels of VitD (≥30 ng/mL) versus Deficient Levels of VitD (<20 ng/mL or
<15 ng/mL)

A total of 8550 pregnant women (n = 4315 with replete levels of VitD and n = 4235
with deficient levels of VitD) from 11 studies were included in this analysis. Women with
VitD deficiency were more likely to develop preeclampsia as compared to women with
replete VitD levels (OR 1.50, 95% CI 1.05–2.14, I2 = 64%, random-effect) (Figure 4). No
publication bias was detected (Figure S2d, Egger’s test: p = 0.188). Sensitivity analysis
showed the results were stable after excluding any one of the included studies (Figure S3d).
A slightly increased risk of preeclampsia was seen in women with deficient VitD levels
in middle pregnancy, but it was not seen in early pregnancy (early pregnancy: OR 0.96,
95% CI 0.61–1.51, I2 = 0%, fixed-effect; middle pregnancy: OR 1.78, 95% CI 0.93–3.41, I2 =
54%, random-effect) (Figure 4a). The pooled data from studies with a case-control design
showed a significantly higher risk of preeclampsia in women with VitD deficiency, but it
was not seen in pooled data from cohort studies or cross-sectional studies (case-control: OR
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1.99, 95% CI 1.24–3.18, I2 = 71%, random-effect; cohort: OR 1.10, 95% CI 0.81–1.50, I2 = 0%,
fixed-effect; cross-sectional: OR 0.71, 95% CI 0.14–3.62, I2 = 0%, fixed-effect) (Figure 4b).

 

Figure 4. Studies evaluating replete vitamin D levels versus deficient vitamin D levels. (a): Studies
were stratified by gestational weeks (early, middle, and early and middle not specified); (b): studies
were stratified by the study design.

4. Discussion

Our study included data from 22 observational studies and demonstrated an as-
sociation between VitD deficiency or insufficiency and pre-eclampsia risks in early to
middle pregnancy.

The pathogenesis of preeclampsia remains incompletely understood. It is proposed
that incomplete remodeling of spiral arteries of the uterus during placentation induces
limited perfusion and hypoxia of the placenta, with subsequent release of antiangiogenic
factors into the maternal circulation [49–51]. These antiangiogenic factors, including tyro-
sine kinase-1 and soluble endoglin, can lead to endothelial damage and the clinical features
that define preeclampsia [52,53]. In addition, a large amount of proinflammatory cytokines
(IL-1β, IL-6, and IL-8) are released from the neutrophils and monocytes in the decidua,
leading to increased damage to the blood vessels [54,55]. A previous study demonstrated
that increased VitD levels improved the invasion of the human extravillous trophoblast and
thus proposed that VitD may exert a preventive effect on the development of preeclamp-
tic disease [12]. Additionally, accumulating evidence have suggested that VitD plays a
beneficial role in endothelial repair and angiogenesis [13–15] and that VitD deficiency is as-
sociated with the pathogenesis of cardiovascular diseases and arterial hypertension [16,17].
Therefore, VitD may have a role in augmenting endothelial repair and angiogenesis and
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controlling blood pressure in preeclampsia [18] and its immunomodulatory properties may
also reduce the risk of preeclampsia development [13,19,20].

The association between VitD deficiency during pregnancy and preeclampsia has been
much investigated. Previous systematic reviews of observational studies have demon-
strated that women with VitD deficiency (at cutoff 20 ng/mL) were more likely to develop
preeclampsia [27,28,56,57]. However, the gestation at which the blood was collected are
not fully discussed in these systematic reviews. In this review, we focused on the associ-
ation of VitD levels in early and middle pregnancy, and VitD supplementation at these
points in pregnancy may provide an opportunity for disease prevention or modification.
Our review also included several new studies and important studies that have been omit-
ted in previous meta-analyses. Moreover, most previous reviews have compared VitD
levels ≥ 20 ng/mL with VitD levels < 20 ng/mL, whereas our study compared VitD
levels ≥ 30 ng/mL, <30 ng/mL, and <20 ng/mL. Our study demonstrates that VitD levels
higher than 30 ng/mL are associated with reduced preeclampsia risk when compared
with VitD levels < 30 ng/mL or <20 ng/mL, suggesting that women may benefit from the
supplementation of VitD to a level of ≥30 ng/mL in early and middle pregnancy. This
has been supported by previous observational studies and meta-analysis which demon-
strated that VitD supplementation during pregnancy was related to a reduced rate of
preeclampsia [58–62]. However, a systematic review of randomized trials found VitD
supplementation did not significantly alter preeclampsia risk [63]. It should be noted
that only three randomized trials with a total sample size of 654 were included in this
systematic review [63], which may explain the inconsistency with other studies. A previous
randomized trial suggested that VitD supplementation (4400 vs. 400 IU/d) in 10–18 weeks
of pregnancy was not able to reduce preeclampsia risks [24]. However, VitD ≥ 30 ng/mL
at the trial entry were related a reduced rate of preeclampsia [24]. It should be noted that
only 74% pregnant women has a replete VitD levels in the 4400 IU/d group in late preg-
nancy [24], which may explain the nonsignificant difference of preeclampsia incidence for
VitD supplementation in early or middle pregnancy. Future trials should further investigate
whether VitD supplementation to the replete levels during pregnancy is associated with
reduced preeclampsia.

Our review has several strengths. We limited the gestational age of blood collec-
tion to early and middle pregnancy. Additionally, we compared replete, insufficient, and
deficient VitD status and found that women who were VitD replete had lower rates of
preclampsia than women with VitD insufficiency or deficiency. We also conducted sensitiv-
ity analysis and demonstrated that our results were robust after omitting any one of the
included studies.

This systematic review also has several limitations. The available studies were hetero-
geneous in terms of gestational weeks, study design, methods of VitD measurement, and
skin characteristics. Additionally, we included observational studies; therefore, there is the
potential that unrecognized confounders may have impacted our results. Recognizing the
limitations of studies included in meta-analyses, however, forms a basis for future studies
with more optimal design and methods to define the role of VitD in preeclampsia. Future
RCTs should consider initiating VitD supplementation in early or middle pregnancy or
even before pregnancy in women with VitD insufficiency or deficiency.

In conclusion, our systematic review demonstrated that VitD insufficiency (20–30 ng/mL)
or deficiency (<20 ng/mL) was associated with an increased risk of preeclampsia. This
raises the possibility that VitD supplementation in early or middle pregnancy may represent
a risk-modifying therapy.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nu14050999/s1, Table S1: Search method for literature; Table S2:
The Newcastle-Ottawa Scale (NOS) for assessing the quality of case-control studies; Table S3: The
Newcastle-Ottawa Scale (NOS) for assessing the quality of cohort studies; Table S4: AHQR for
assessing the quality of cross-sectional studies; Table S5: Vitamin D cutoff values and the calculated
rate of preeclampsia in the included studies; Figure S1: Flowchart for study selection; Figure S2:
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(c): Studies evaluating replete versus insufficient vitamin D levels; (d): Studies evaluating replete
versus deficient vitamin D levels; Figure S3: Sensitivity analysis investigating the influence of a single
study on the overall meta-analysis estimate. (a): Studies evaluating replete versus insufficient or
deficient vitamin D levels; (b): Studies evaluating replete or insufficient versus deficient vitamin D
levels; (c): Studies evaluating replete versus insufficient vitamin D levels; (d): Studies evaluating
replete versus deficient vitamin D levels.
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