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Abstract: Maternal status of essential and toxic elements affects the health of the mother, developing
fetus, or breastfeeding infant. However, few studies have examined the patterns of these elements and
their determinants in pregnant or lactating women. Plasma samples of 1211 healthy mid-pregnant,
late pregnant, and lactating women enrolled in coastland, lakeland, and inland areas of China from
May–July 2014, were analyzed for concentrations of 15 elements, using inductively coupled plasma
mass spectrometry. The adjusted median concentrations of elements varied by physiologic stage
and region. Lactating versus pregnant women showed higher concentrations of Zn, Cr, Mo, Ni, Sb,
Cd and Pb, but lower concentrations of Cu, I, Al and Hg. In pregnant women, the concentrations
of Fe, Zn, I, Mo, Ni, Al, Hg and Cd were higher in mid- versus late-pregnancy. Overall, the highest
concentrations were observed in Zn, I, Mn, Al, and Pb in coastland, in Hg in lakeland, and in Fe in
inland area. Element concentrations varied by maternal age, pre-pregnancy BMI, education, parity,
delivery mode, feeding practice, and intakes of aquatic products and mutton. In conclusion, essential
and toxic elements coexisted in pregnant and lactating women, and their concentrations varied by
physiologic stages, regions, maternal socio-demographic characteristics and dietary factors.

Keywords: essential elements; toxic elements; pregnant women; lactating women; geographic regions

1. Introduction

Essential trace elements such as zinc, copper, chromium, and manganese, acting as
co-factors in enzyme reactions and playing roles in energy metabolism and cellular activ-
ities, are essential for human physiological functions [1,2]. Deficiency in these elements
is relatively common among pregnant and lactating women [2], due to their increased
demands. On the other hand, excessive accumulation might occur, especially when multi-
micronutrient supplementations are inappropriately taken. In addition, maternal exposure
to toxic elements, such as mercury, cadmium, and lead, is also concerned [3,4]. In the
vulnerable periods of pregnancy and lactation, deficiency and overload of essential trace
elements as well as excessive accumulation of toxic elements might co-exist, likely in-
creasing risks of maternal complications [5,6], stillbirth [7], birth defects [8,9], fetal growth
restriction [10–12], or long-term low neurobehavioral functions [13–15].

Essential and toxic elements exist in water, diet, soil, air, and commercial products,
with ingestion, inhalation and dermal contact as dominant pathways of exposure. The
elements’ status in pregnant and lactating women might relate to environmental, dietary,
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and maternal socio-demographic characteristics [16,17], suggesting that element status may
differ among women from different areas. Moreover, the status may change concurrently
with the rapidly changing metabolism during pregnancy and lactation [18,19]. For example,
mobilization of lead from bone stores to blood likely occur alongside altered calcium
metabolism during the stages [20,21].

In China, pregnant women are generally recommended to take folic acid supplements,
iron-rich foods, and iodized salt at their first prenatal care visit, and to increase intake
of milk, fish, poultry, eggs, and lean meat during late pregnancy. Lactating women are
recommended to take iodized salt, marine products and animal source foods. A complete
understanding of essential and toxic elements status in Chinese pregnant and lactating
women is important to develop effective public health strategies. However, data on element
concentrations in lactating women are sparse [22], and have been limited in terms of
geographic coverage in pregnant women [22,23]. Given the marked diversity of geography,
environment, and diet throughout China, estimates are likely to be sensitive to the area
sampled. Most previous studies compared the element status between pregnant and non-
pregnant women [19,23–27], but few focused on the comparison between pregnant and
lactating women [22,28], even though the status is a continuum throughout pregnancy and
lactation [2]. In addition, little is known about determinants of element status in pregnant
or lactating women.

The main objectives of the present study were to describe the plasma concentrations
and patterns of essential and toxic elements in pregnant and lactating women who were
living in typically representative coastland, lakeland, and inland areas of China, and to
identify geographic, dietary, and socio-demographic determinants of element status.

2. Materials and Methods
2.1. Study Population

A cross-sectional study was carried out in women at mid-pregnancy (15–19 weeks of
gestation), late pregnancy (37–41 weeks of gestation), and lactation (35–49 days postpartum)
in the Weihai, Yueyang, and Baotou cities of China from May to July 2014 [29–31]. Weihai,
prevailing a monsoon climate with a latitude of 37◦25′ N, is a coastland city located in
Shandong Province of China. Yueyang, prevailing a subtropical monsoon climate with
a latitude of 29◦37′ N, is a lakeside city located in Hunan Province. Moreover, Baotou,
prevailing a temperate continental monsoon climate with a latitude of 40◦15′ N, is an
inland city located in the Inner Mongolia Autonomous Region. The main manufacturing
industries are agricultural and sideline food processing industry in Weihai, petrochemical
industry in Yueyang, and metallurgical and rare-earth industry in Baotou.

All participants were recruited at local maternal and child health centers, when
they underwent prenatal or postpartum clinic visit. Important inclusion criteria for all
participants were as follows: 18 to 35 years old, the absence of comorbidities, local residents
in the study areas, and willingness to comply with the study protocol. Additional inclusion
criteria for pregnant women included a singleton pregnancy and no pregnancy-induced
complications, and for lactating women included having a singleton live birth and currently
exclusive or partial breastfeeding their infants. Among 1254 women initially recruited, 43
were excluded due to age >35 years (n = 23) or not being in the predetermined mid-, late-
pregnancy or lactation stages (n = 20), leaving 1211 in the final analyses. The 1211 women
were recruited approximately equally in mid-pregnancy, late pregnancy, and lactation by
the three regions, with an average 135 women in each physiological period per region.

The study protocol was reviewed and approved by the Institutional Review Board
/Human Subjects Committee (IRB00001052-14012; date of approval: 22 April 2014). In-
formed consent was obtained from all participants before their recruitment into the study.

2.2. Data Collection

Information about maternal socio-demographic characteristics including maternal
age, ethnicity, education status, annual family income per capita, height and weight before
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pregnancy, parity, and gestational age at enrollment or delivery was collected using a
structured questionnaire. Information about delivery mode and feeding practice was
further collected for lactating women.

Dietary information in the previous month was collected using a semiquantitative,
tablet-based food frequency questionnaire (FFQ) by trained obstetricians or nurses. Given
that the primary aim of the original study was to assess the maternal docosahexaenoic
acid (DHA) status, only DHA-specific foods were contained in the FFQ, as detailed previ-
ously [30,31]. In the present analysis, information on freshwater aquatic products (38 items,
such as carp, shrimp, and river crab), marine aquatic products (75 items, such as mackerel,
lobster, and crab), mutton, and formula which probably contain multiple elements was
used. For each food item, a standard portion size with 9 options ranging from 25 g to 250 g,
and consumption frequency with 12 options ranging from “once per month” to “three
times per day” were collected. The average daily intake was calculated as multiplying the
frequency of consumption in the previous month by the average amount consumed per
time, and then dividing by 30 days.

2.3. Blood Sample Collection, Processing, and Analysis

About 5 mL of fasting venous blood was drawn from each woman at enrollment by
experienced phlebotomists. Blood samples were collected into ethylene diamine tetraacetic
acid-containing tubes, placed into a refrigerator at 5 ◦C for at least 30 min, and then
processed to separate plasma aliquots within 4 h. These aliquots were stored in cryostat
tubes at −20 ◦C at local hospitals for about 10 days, before being sent on day ice to the
National Health Commission Key Laboratory of Reproductive Health at Peking University
Health Science Center in China, and then stored at −80 ◦C until analysis.

A total of 15 elements in the plasma including copper (Cu), iron (Fe), zinc (Zn),
chromium (Cr), iodine (I), manganese (Mn), cobalt (Co), molybdenum (Mo), boron (B),
nickel (Ni), aluminum (Al), antimony (Sb), mercury (Hg), cadmium (Cd), and lead (Pb)
were determined using inductively coupled plasma mass spectrometry (ICP-MS) (ELan
DRC II; PerkinElmer, Waltham, MA, USA). A sample volume of 0.1 mL was diluted
20 times by mixing with 1.8 mL of 1% nitric acid solution and 0.1 mL of internal standards
(Indium and Rhenium) in a 2-mL centrifuge tube. The operating conditions of ICP-MS
for analysis were the following: 0.96 L/min atomized gas flow rate, 1.87 L/min auxiliary
gas flow rate, 17.1 L/min plasma gas flow rate, 1000 W radio frequency power, 50–100 ms
duration of stay, 1.1 mL/min sample lift, single point peak hopping scanning mode, and
0.7–0.9 amu resolution.

The analytical accuracy was verified by repeated analysis of Certified Reference
Materials (CRMs) ClinChek®-Plasma Control samples (Level II, 8884). For Pb and B,
standard pork liver samples (GBW10051) were used as the CRMs. The measured values
of the CRMs for all elements were ranging from 95.5% to 103.0%. The limit of detection
(LOD) was calculated as 3 times the standard deviation of the blank concentration. Data
on CRMs and LODs are presented in Table S1. The element analysis was completed in the
Central Laboratory of Biological Elements at Peking University Health Science Center in
China, with the operational procedure approved by China Metrology Accreditation.

2.4. Statistical Analysis

Medians and interquartile ranges (IQRs) were used to summarize the concentrations
of elements because of their abnormal distribution, according to the Kolmogorov-Smirnov
D tests (all p values < 0.01). Adjusted medians and adjusted IQRs were estimated using
multivariable quantile regression models, by considering covariates including physiologic
stage (mid-pregnancy, late pregnancy, and lactation), geographic region (coastland, lake-
land, and inland), maternal age (≤25, 26 to 30, and 31 to 35 years), parity (nulliparous, and
multiparous), ethnicity (Han, and others), education status (middle school or less, high
school, and college or higher), annual family income per capita (<30,000, 30,000 to 49,999,
50,000 to 99,999, and ≥100,000 Yuan), pre-pregnancy body mass index (BMI; underweight
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<18.5 kg/m2, normal weight 18.5 to <25 kg/m2, and overweight/obese ≥25 kg/m2), and
dietary intake (the lowest and middle tertiles, and the highest tertile) of aquatic products,
mutton, and formula. Pre-pregnancy BMI was calculated as the pre-pregnancy weight in
kilograms divided by the squared height in meters. Regarding the estimates for lactating
women, delivery mode (vaginal delivery, and cesarean delivery) and feeding practice
(exclusive breastfeeding, and partial breastfeeding) were additionally adjusted. The dif-
ferences of adjusted median concentrations between pregnant and lactating women, or
other dichotomous variables were tested using the Mann-Whitney tests; and the differ-
ences across geographic regions or other polytomous variables were tested using the
Kruskal-Wallis tests, followed by Bonferroni corrected Mann-Whitney tests for multiple
comparisons. In addition, multivariable quantile regression models with stepwise selection
were used to examine potential determinants of elements concentrations.

All statistical analyses were performed using SPSS 24.0 software (SPSS Inc., Chicago,
IL, USA). p values were two-sided, and statistical significance was set at p < 0.05.

3. Results

The maternal characteristics of the pregnant and lactating women analyzed in this
study have been presented elsewhere. [29,31] In brief, the average (standard deviation) age
of the women was 27.8 (3.0) years, and average pre-pregnancy BMI was 20.9 (2.9) kg/m2.
Among the 1211 women, those at mid-pregnancy, late pregnancy, and lactation periods
accounted for 33.6% (n = 407), 32.8% (n = 397), and 33.6% (n = 407), respectively. Women
in different periods were recruited approximately equally from the coastland (32.9%),
lakeland (33.2%), and inland (33.9%) regions. Most women were of Han ethnicity (95.2%),
had college or higher educational status (65.7%), and had an annual per capita family
income of less than 50,000 Yuan (71.4%). The average intake of freshwater aquatic products,
marine aquatic products, mutton, and formula were 43.4 (88.8) g/d, 29.7 (46.0) g/d, 9.3
(42.3) g/d, and 0.7 (2.1) tsp/d, respectively (Table S2).

Crude and adjusted median concentrations of plasma essential and toxic elements
among pregnant and lactating women are presented in Table 1. For essential elements,
lactating women had lower levels of Cu (1300 vs. 2025 ng/mL) and I (56.5 vs. 97.9 ng/mL),
but higher levels of Zn (1064 vs. 929 ng/mL), Cr (0.43 vs. 0.38 ng/mL), and Mo (3.81 vs.
2.97 ng/mL), as compared with pregnant women. For toxic elements, lactating women
had higher concentrations of Ni (16.4 vs. 12.9 ng/mL), Sb (6.42 vs. 6.03 ng/mL), Cd (1.21
vs. 0.98 ng/mL), and Pb (1.59 vs. 1.34 ng/mL), but lower concentrations of Al (65.0 vs.
75.5 ng/mL) and Hg (0.59 vs. 0.73 ng/mL).

In pregnant women, concentrations of almost all elements differed between stage of
pregnancy, except Sb (Table 2). The concentrations of Fe, Zn, I, Mo, Ni, Al, Hg, and Cd
were higher, while the concentrations of Cu, Cr, Mn, Co, B, and Pb were lower in mid-
versus late-pregnancy. The concentrations varied significantly by geographic region, both
in pregnant (Table 2) and lactating women (Table 3). The concentrations of Zn, I, Mn, Al,
and Pb were highest in coastland area, followed by lakeland, and lowest in inland. The Fe
concentration was highest in inland area, followed by lakeland and coastland area. The Hg
concentration was highest in lakeland area, followed by coastland, and lowest in inland.
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Table 1. Concentrations (ng/mL) of plasma essential and toxic elements among pregnant and lactating women.

Elements

Overall (n = 1211) Pregnant Women (n = 804) Lactating Women (n = 407)
p 2

Crude Median
(IQR)

Adjusted 1 Median
(IQR)

Crude Median
(IQR)

Adjusted 1 Median
(IQR)

Crude Median
(IQR)

Adjusted 1 Median
(IQR)

Essential elements 3

Cu 1810
(1409, 2133)

1949
(1760, 2167)

2024
(1804, 2281)

2025
(1809, 2292)

1306
(1165, 1454)

1300
(1194, 1441) <0.001

Fe 2392
(2077, 2702)

2374
(2115, 2699)

2395
(2057, 2716)

2372
(2093, 2709)

2383
(2124, 2674)

2348
(2087, 2639) 0.879

Zn 962
(843, 1101)

979
(907, 1074)

935
(816, 1077)

929
(849, 1032)

1012
(899, 1141)

1064
(974, 1166) <0.001

I 82.1
(61.7, 104.4)

88.9
(77.3, 102.2)

96.4
(80.7, 112.5)

97.9
(84.5, 109.5)

57.5
(50.1, 66.6)

56.5
(51.2, 62.8) <0.001

Cr 0.39
(0.31, 0.53)

0.39
(0.30, 0.51)

0.38
(0.30, 0.52)

0.38
(0.29, 0.52)

0.42
(0.33, 0.59)

0.43
(0.34, 0.55) <0.001

Mn 2.00
(1.59, 2.64)

1.91
(1.62, 2.50)

2.03
(1.63, 2.66)

1.95
(1.71, 2.55) 1.96 (1.52, 2.63) 1.80

(1.43, 2.41) 0.059

Co 1.69
(1.32, 2.21)

1.70
(1.41, 2.12)

1.70
(1.35, 2.10)

1.67
(1.46, 1.99)

1.67
(1.26, 2.44)

1.63
(1.28, 2.39) 0.501

Mo 3.22
(2.68, 3.90)

3.22
(2.76, 3.82)

3.07
(2.58, 3.60)

2.97
(2.60, 3.35)

3.63
(3.04, 4.32)

3.81
(3.12, 4.43) <0.001

B 4 65.3
(41.9, 94.4)

60.4
(42.9, 92.6)

65.7
(44.3, 88.7)

65.2
(52.5, 88.2)

64.5
(38.7, 113) b

60.1
(38.2, 101.0) 0.167
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Table 1. Cont.

Elements

Overall (n = 1211) Pregnant Women (n = 804) Lactating Women (n = 407)
p 2

Crude Median
(IQR)

Adjusted 1 Median
(IQR)

Crude Median
(IQR)

Adjusted 1 Median
(IQR)

Crude Median
(IQR)

Adjusted 1 Median
(IQR)

Toxic elements

Ni 5 14.7
(9.7, 25.2)

15.8
(11.6, 24.1)

13.4
(9.1, 21.7)

12.9
(10.5, 19.6)

20.1
(11.1, 31.4)

16.4
(11.2, 29.8) <0.001

Al 72.6
(59.9, 93.0)

71.8
(61.4, 84.6)

75.5
(61.1, 99.0)

75.5
(64.1, 88.5)

68.6
(58.5, 84.1)

65.0
(58.7, 73.5) <0.001

Sb 6.14
(5.34, 6.98)

6.20
(5.31, 6.93)

6.04
(5.37, 6.72)

6.03
(5.52, 6.57)

6.46
(5.27, 7.58)

6.42
(5.49, 7.39) <0.001

Hg 0.69
(0.50, 0.89)

0.68
(0.54, 0.84)

0.71
(0.52, 0.90)

0.73
(0.60, 0.89)

0.65
(0.48, 0.87)

0.59
(0.48, 0.73) 0.021

Cd 1.07
(0.85, 1.30)

1.06
(0.88, 1.27)

1.00
(0.82, 1.22)

0.98
(0.82, 1.20)

1.20
(0.99, 1.45)

1.21
(0.99, 1.45) <0.001

Pb 1.60
(1.14, 2.23)

1.46
(1.13, 2.12)

1.53
(1.08, 2.16)

1.34
(1.06, 2.06)

1.70
(1.33, 2.45)

1.59
(1.34, 2.17) <0.001

1 Estimated from multivariable quantile regression models adjusted for physiologic stage, geographic region, maternal age, parity, ethnicity, education status, annual family income per capita, pre-pregnancy BMI,
and dietary intake of aquatic products, mutton, and formula; delivery mode and feeding practice were also included in the models for lactating women; 2 The statistical differences in the plasma element
concentrations between pregnant and lactating women were tested using Mann-Whitney tests; statistical significance was set at p < 0.05; 3 Dietary reference intakes of essential elements were presented in
Table S3; 4 Although B was classified as an essential element, neither a recommended dietary allowance nor an adequate intake has been established for boron; 5 Ni is generally not considered an essential
nutrient for humans at present, while evidence from experimental animals indicated the beneficial effects of Ni on metabolic processes and enzyme functions [32]; IQR, interquartile range.
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Table 2. Adjusted median concentrations (ng/mL) of plasma essential and toxic elements by characteristics of pregnant women (n = 804) 1.

Characteristics n (%) Essential Elements Toxic Elements
Cu Fe Zn I Cr Mn Co Mo B Ni Al Sb Hg Cd Pb

Pregnancy stage
Mid-pregnancy 407 (51) 1948 a 2515 b 1026 b 107.3 b 0.37 a 1.89 a 1.55 a 3.02 b 59.3 a 13.1 b 78.9 b 6.04 0.75 b 1.00 b 1.27 a

Late-pregnancy 397 (49) 2096 b 2184 a 895 a 94.2 a 0.38 b 2.00 b 1.91 b 2.84 a 73.6 b 12.1 a 72.9 a 6.02 0.70 a 0.90 a 1.36 b

Geographic region
Coastland 263 (33) 2056 b 2297 a 1088 c 109.9 c 0.36 a 2.44 c 1.69 b 2.87 a 87.0 c 13.0 b 100.4 c 6.03 b 0.74 b 0.93 b 1.89 b

Lakeland 267 (33) 2069 b 2371 b 935 b 101.6 b 0.39 b 1.96 b 1.94 c 2.84 a 67.3 b 21.2 c 75.5 b 5.55 a 0.85 c 0.90 a 1.27 a

Inland 274 (34) 1993 a 2518 c 813 a 84.1 a 0.38 b 1.59 a 1.34 a 3.58 b 43.1 a 9.07 a 62.5 a 6.55 c 0.49 a 1.12 c 1.26 a

Age (years)
≤25 140 (17) 1988 a 2341 a 916 96.5 0.39 b 1.94 a 1.82 2.91 56.8 a 20.1 b 72.9 a 5.64 a 0.76 0.96 1.33

26 to 30 491 (61) 2005 a 2383 b 969 99.7 0.37 a 1.95 a 1.65 2.97 72.5 b 12.5 a 78.0 b 6.04 b 0.73 0.99 1.33
31 to 35 173 (22) 2091b 2356 a 920 95.0 0.39 b 2.06 b 1.62 3.05 63.7 a 13.2 a 76.3 b 6.03 b 0.72 1.00 1.41

Pre-pregnancy BMI
Underweight 147 (18) 2032 a 2362 a 908 97.9 0.37 a 1.90 1.77 b 2.91 64.5 12.7 74.8 5.90 a 0.74 0.96 a 1.35

Normal weight 591 (74) 2017 a 2368 a 957 98.5 0.38 a 1.99 1.69 b 2.97 67.6 13.0 76.3 6.04 b 0.73 0.98 a 1.33
Overweight/obese 66 (8) 2090 b 2395 b 914 89.3 0.43 b 1.95 1.54 a 3.16 59.3 11.5 75.5 6.34 b 0.66 1.04 b 1.37

Parity
Primiparous 665 (83) 2015 a 2390 968 b 98.5 0.38 a 1.99 1.69 2.97 b 69.3 b 12.8 76.3 6.04 0.73 0.99 b 1.35 b

Multiparous 139 (17) 2066 b 2315 886 a 94.2 0.39 b 1.91 1.60 2.78 a 56.4 a 14.0 72.2 5.96 0.80 0.94 a 1.27 a

Ethnicity
Han 764 (95) 2032 b 2364 a 967 b 98.5 b 0.38 b 1.97 b 1.70 b 2.95 a 68.1 b 13.0 b 76.3 6.02 a 0.75 0.98 a 1.35 b

Others 40 (5) 1937 a 2597 b 845 a 87.9 a 0.37 a 1.62 a 1.28 a 3.55 b 40.4 a 9.1 a 68.7 6.89 b 0.62 1.20 b 1.15 a

Education
College or higher 523 (65) 2018 a 2390 c 915 94.3 a 0.38 a 1.95 1.62 a 2.98 b 64.5 12.1 a 74.0 a 6.09 b 0.72 1.00 b 1.33 b

High school 175 (22) 2069 b 2360 b 969 105.9 b 0.38 a 1.95 1.91 b 2.94 b 60.5 13.6 b 74.7 a 5.85 a 0.73 0.96 a 1.24 a

Middle school or less 106 (13) 2035 a 2264 a 957 98.6 a 0.40 b 2.04 1.62 a 2.78 a 69.7 13.5 b 81.3 b 5.93 a 0.77 0.93 a 1.68 c

Annual family income
per capita (Yuan 2)

<30,000 296 (37) 2034 a 2294 a 969 98.5 0.37 a 1.95 1.87 b 2.91 63.0 19.7 b 77.3 6.09 0.71 0.98 1.30 a

30,000 to <50,000 231 (29) 2023 a 2408 c 985 99.8 0.38 a 2.03 1.59 a 2.99 75.6 13.1 a 77.3 6.09 0.74 0.98 1.54 b

50,000 to <100,000 191 (24) 2052 b 2327 b 929 97.2 0.38 a 2.00 1.58 a 2.97 72.5 12.4 a 75.1 6.04 0.79 0.97 1.30 a

≥100,000 30 (4) 2029 a 2569 d 928 87.7 0.42 b 1.94 1.42 a 2.79 73.7 12.0 a 68.9 6.51 0.58 0.99 1.70 c

1 Estimated from multivariable quantile regression models adjusted for physiologic stage, geographic region, maternal age, parity, ethnicity, education status, annual family income per capita, pre-pregnancy BMI,
and dietary intake of aquatic products, mutton, and formula; delivery mode and feeding practice were also included in the models for lactating women. Values not sharing the same superscript letter (a, b, c,
d) denote significant differences across characteristics of women: concentrations of a < b < c < d; statistical significance was set at p < 0.01 due to multiple comparisons.2 Eighty three women (10%) missed
information on annual family income per capita.
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Table 3. Adjusted median concentrations (ng/mL) of plasma essential and toxic elements by characteristics of lactating women (n = 407) 1.

Characteristics n (%) Essential Elements Toxic Elements
Cu Fe Zn I Cr Mn Co Mo B Ni Al Sb Hg Cd Pb

Geographic region
Coastland 136 (33) 1335 b 2333 a 1106 c 65.8 b 0.42 b 2.29 c 2.43 c 3.01 a 114.8 c 30.4 c 88.5 c 5.23 a 0.58 b 1.09 a 2.16 c

Lakeland 135 (33) 1246 a 2316 a 1074 b 53.9 a 0.38 a 1.73 b 1.31 a 4.01 c 40.7 a 13.4 a 64.1 b 7.63 c 0.90 c 1.31 c 1.57 b

Inland 136 (33) 1316 b 2569 b 867 a 54.7 a 0.52 c 1.64 a 1.63 b 3.86 b 59.9 b 15.8 b 61.5 a 6.42 b 0.48 a 1.25 b 1.41 a

Age (years)
≤25 61 (15) 1189 a 2242 a 1054 56.6 0.40 a 1.86 1.40 a 3.75 a 43.2 a 13.3 a 63.4 6.63 0.66 1.24 1.55

26 to 30 253 (62) 1324 b 2347 b 1067 57.0 0.42 a 1.76 1.63 b 3.81 a 60.4 b 16.8 b 65.3 6.50 0.58 1.19 1.64
31 to 35 93 (23) 1298 b 2364 c 1072 55.3 0.45 b 1.84 1.60 b 4.01 b 60.6 b 16.6 b 65.6 6.18 0.59 1.29 1.59

Pre-pregnancy BMI
Underweight 80 (20) 1251 a 2326 1044 a 57.1 0.44 1.77 1.41 a 4.00 b 46.5 a 14.6 a 64.5 6.74 c 0.62 1.31 b 1.58 a

Normal weight 287 (70) 1312 b 2348 1072 b 56.2 0.42 1.81 1.63 b 3.81 a 60.6 b 16.4 b 65.0 6.41 b 0.64 1.18 a 1.58 a

Overweight/obese 40 (10) 1317 b 2410 1079 b 61.0 0.44 2.07 2.26 b 3.25 a 101.9 b 27.3 b 84.4 5.46 a 0.66 1.19 a 2.12 b

Ethnicity
Han 389 (96) 1300 2348 1067 56.8 b 0.42 a 1.79 1.63 3.80 a 60.4 16.4 65.0 6.41 0.60 1.20 a 1.58 a

Others 18 (4) 1278 2357 927 50.0 a 0.58 b 1.95 1.58 4.57 b 55.8 16.9 68.2 6.79 0.55 1.47 b 2.02 b

Education
College or higher 273 (67) 1301 2361 b 1060 a 56.5 0.42 1.77 1.63 3.92 60.4 16.4 65.4 6.41 0.69 1.25 b 1.59

High school 92 (23) 1283 2288 a 1059 a 57.3 0.43 1.85 1.56 3.67 56.6 15.6 63.4 6.27 0.60 1.19 b 1.58
Middle school or less 42 (10) 1304 2232 a 1100 b 56.6 0.44 1.86 1.50 3.79 44.3 16.7 65.7 6.69 0.54 1.09 a 1.65

Annual family income
per capita (Yuan 2)

<30,000 238 (58) 1317 b 2335 1084 b 56.3 0.41 1.82 1.63 3.82 60.6 b 16.9 b 66.3 b 6.40 a 0.61 1.22 1.58 b

30,000 to <50,000 100 (25) 1250 a 2348 1033 a 55.4 0.43 1.73 1.55 3.83 60.1 b 13.9 a 62.3 b 6.37 a 0.57 1.25 1.49 a

50,000 to <100,000 37 (9) 1334 b 2375 1098 b 56.0 0.43 1.79 1.50 3.90 48.6 a 14.3 a 57.3 a 7.07 b 0.55 1.21 1.51 a

≥100,000 5 (1) 1381 b 2408 1020 a 61.0 0.32 1.56 1.28 4.11 41.9 a 12.0 a 56.7 a 7.73 b 0.82 1.18 1.99 b

Delivery mode
Vaginal delivery 243 (60) 1298 2339 1089 b 60.6 b 0.41 a 1.98 2.33 3.27 96.4 b 24.8 b 67.4 b 5.93 a 0.61 1.16 a 1.61

Cesarean delivery 164 (40) 1301 2377 934 a 53.0 a 0.51 b 1.69 1.34 4.08 53.3 a 14.1 a 62.1 a 6.66 b 0.58 1.28 b 1.58
Feeding practice

Exclusive breastfeeding 240 (59) 1267 a 2336 1059 55.1 a 0.41 a 1.82 1.75 3.89 60.4 16.7 b 64.2 a 6.45 0.66 b 1.21 1.59
Partial breastfeeding 167 (41) 1320 b 2359 1081 58.0 b 0.44 b 1.76 1.54 3.74 55.7 14.5 a 66.2 b 6.37 0.61 a 1.22 1.59

1 Estimated from multivariable quantile regression models adjusted for physiologic stage, geographic region, maternal age, parity, ethnicity, education status, annual family income per capita, pre-pregnancy BMI,
and dietary intake of aquatic products, mutton, and formula; delivery mode and feeding practice were also included in the models for lactating women. Values not sharing the same superscript letter (a, b, c)
denote significant differences across groups of women: concentrations of a < b < c; statistical significance was set at p < 0.01 due to multiple comparisons. 2 Twenty seven women (7%) missed information on
annual family income per capita.
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Element concentrations of pregnant and lactating women differed by maternal socio-
demographic characteristics (Tables 2 and 3). For example, in pregnant women, the con-
centrations of Cu and Mn increased with increasing maternal age, and the concentrations
of Fe, Cr, Sb, and Cd increased with increasing pre-pregnancy BMI; in lactating women,
the concentrations of Fe, Cr, Mo, and B increased with increasing maternal age, and the
concentrations of Cu, Zn, Co, B, Ni, and Pb increased with increasing pre-pregnancy BMI.
Pregnant women with higher versus lower education had higher concentrations of Fe and
Mo, and lower concentration of Pb. In addition, the concentrations of Cu, Zn, Cr, Mo, B,
Cd, and Pb varied by parity in pregnant women (Table 2), and the concentrations of Cu, Zn,
Cr, I, B, Al, Ni, Sb, Hg, and Cd varied by delivery mode and feeding practice in lactating
women (Table 3).

Element concentrations were also determined by dietary intakes of pregnant and
lactating women (Table 4). For example, women in the highest tertile of marine aquatic
product had higher concentrations of Cu, Zn, I, Mn, Co, Hg, and Pb, women in the highest
tertile of mutton had a higher concentration of Fe, and women in the highest tertile of
freshwater aquatic products had a higher level of Hg, as compared to those in the lowest
and middle tertiles.

The multivariable quantile regression models on the association between median con-
centrations of elements and the potential determinants showed similar results, with physio-
logical period and geographic region as the most influential determinants (Tables S4 and S5).
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Table 4. Adjusted median concentrations (ng/mL) of plasma essential and toxic elements by dietary intakes of pregnant and lactating women (n = 1208) 1.

Dietary Intakes n (%) Essential Elements Toxic Elements
Cu Fe Zn I Cr Mn Co Mo B Ni Al Sb Hg Cd Pb

Pregnant women
Freshwater aquatic product
Lowest and middle tertiles 580 (72) 2020 2345 931 a 97.3 a 0.37 a 1.97 b 1.62 a 3.05 b 69.1 12.6 a 75.6 b 6.10 b 0.68 a 1.00 b 1.43 b

Highest tertile 223 (28) 2036 2395 943 b 99.2 b 0.38 b 1.94 a 1.87 b 2.87 a 63.0 21.0 b 75.1 a 5.55 a 0.83 b 0.93 a 1.26 a

Marine aquatic product
Lowest and middle tertiles 494 (62) 2015 a 2398 b 892 a 92.6 a 0.38 b 1.86 a 1.67 a 3.05 b 57.5 a 13.8 b 72.4 a 6.07 0.70 a 1.00 b 1.30 a

Highest tertile 309 (38) 2054 b 2296 a 1000 b 102.5 b 0.37 a 2.32 b 1.70 b 2.87 a 80.6 b 13.0 a 94.7 b 6.03 0.74 b 0.94 a 1.84 b

Mutton
Lowest and middle tertiles 531 (66) 2037 b 2339 a 994 b 102.5 b 0.37 a 2.01 b 1.86 2.89 a 72.9 b 19.7 b 78.4 b 5.78 a 0.79 b 0.94 a 1.38 b

Highest tertile 272 (34) 2013 a 2386 b 853 a 86.9 a 0.38 b 1.64 a 1.49 3.43 b 48.0 a 9.2 a 65.2 a 6.44 b 0.52 a 1.06 b 1.30 a

Formula
No 610 (76) 2005 a 2366 937 98.3 0.38 1.90 a 1.62 a 3.05 b 62.3 a 12.5 a 75.3 6.09 b 0.68 a 1.00 b 1.39 b

Yes 194 (24) 2109 b 2330 933 97.6 0.38 2.01 b 1.87 b 2.87 a 71.8 b 20.8 b 75.6 5.61 a 0.81 b 0.91 a 1.30 a

Lactating women
Freshwater aquatic product
Lowest and middle tertiles 231 (57) 1314 2417 b 1055 56.4 0.45 b 1.82 1.63 b 3.75 a 60.8 16.9 b 63.3 a 6.24 a 0.55 a 1.19 a 1.62

Highest tertile 174 (43) 1303 2313 a 1061 56.5 0.40 a 1.85 1.48 a 3.87 b 53.7 15.7 a 66.7 b 6.71 b 0.69 b 1.24 b 1.65
Marine aquatic product

Lowest and middle tertiles 310 (77) 1301 a 2375 b 1048 a 55.0 a 0.43 1.78 a 1.51 a 3.87 b 54.7 a 15.4 a 64.0 a 6.50 b 0.59 1.23 b 1.57 a

Highest tertile 95 (23) 1329 b 2297 a 1075 b 64.9 b 0.42 2.16 b 2.36 b 3.13 a 107.7 b 28.1 b 87.9 b 5.27 a 0.61 1.13 a 2.10 b

Mutton
Lowest and middle tertiles 282 (70) 1292 a 2321 a 1077 b 58.1 b 0.40 a 1.90 b 1.47 a 3.77 a 54.9 16.4 67.0 b 6.61 b 0.67 b 1.19 1.71 b

Highest tertile 123 (30) 1339 b 2512 b 894 a 54.2 a 0.52 b 1.64 a 1.62 b 3.85 b 60.1 16.8 62.2 a 6.24 a 0.50 a 1.23 1.47 a

Formula
No 356 (87) 1307 2352 1064 56.9 0.43 b 1.89 b 1.64 b 3.75 a 61.0 b 17.1 b 65.6 b 6.22 a 0.59 a 1.19 a 1.67 b

Yes 51 (13) 1299 2397 1035 54.9 0.41 a 1.61 a 1.35 a 4.07 b 44.0 a 13.5 a 62.6 a 7.66 b 0.84 b 1.28 b 1.53 a

1 Estimated from multivariable quantile regression models adjusted for physiologic stage, geographic region, maternal age, parity, ethnicity, education status, annual family income per capita, pre-pregnancy BMI,
and dietary intake of aquatic products, mutton, and formula; delivery mode and feeding practice were also included in the models for lactating women. Values not sharing the same superscript letter (a, b)
denote significant differences across characteristics of women: concentrations of a < b. A total of 1208 participants were included in the analyses for dietary intakes, because 3 missed dietary information.
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4. Discussion

In this large cross-sectional study conducted in coastland, lakeland, and inland regions
of China, we found that the essential and toxic elements coexisted in pregnant and lactating
women. Moreover, the concentrations of elements varied significantly by pregnancy and
lactation stages, geographic regions, maternal socio-demographic characteristics, as well as
dietary intakes.

Maternal element status is a continuum from pregnancy through lactation with vary-
ing trends [2], but few studies have explored the trends between pregnant and lactating
women [22,28]. In our study, lactating women had higher concentrations of essential trace
elements including Zn, Cr, and Mo, as well as toxic elements including Ni, Sb, Cd, and Pb.
This finding was similar to that from North Norwegian women [28], which also found that
concentrations of Zn, Mn, Cd, and Pb were higher postpartum than during pregnancy. The
concentrations of Cu and I were lower in lactating women than in pregnant women in this
study, similar to another Chinese study which showed that the concentration of urine I was
lower in lactating than in pregnant women (194 vs. 206 µg/L) [33]. Additionally, data from
New Zealand showed that the urine I concentration was consistently lower in lactating
than in pregnant women before (34 vs. 47 µg/L) or after (74 vs. 85 µg/L) taking iodine
supplements [34]. These findings indicate that lactating women might need more iodine to
meet the demands of both the mother and the growing infant. Iodine is one of “priority”
nutrients for lactating women, because maternal iodine status likely affects its amount
secreted in the breast milk, subsequently affecting infants’ health [2]. The health effect
of maternal iodine status on offspring warranted further study, particularly given that
about 80% of infants were breastfed at 4 months with an average duration of 10 months in
China [35].

Most element concentrations in pregnant women of our study were in the reference
range for Chinese pregnant women derived from the China Nutrition and Health Survey
(CNHS) 2010–2012 [36]. The concentrations of almost all elements varied by stages of
pregnancy; the concentrations of Cu, Cr, Mn, Co, B, and Pb were higher, while the con-
centrations of Fe, Zn, I, Mo, Al, Ni, Hg, and Cd were lower in women at late pregnancy,
compared to those at mid-pregnancy. These trends by pregnancy stages were consistent
with previous studies, as maternal Cu, Mn, and Co concentrations increased while the Fe
and Zn concentrations decreased as pregnancy progressed [24,36,37]. The increasing Cu
and Mn concentrations were possibly due to maternal increased intestinal absorption and
the increased estrogen and progesterone concentrations during pregnancy [37,38]. Cu is
necessary for normal fetal hematopoiesis, and Cu deficiency during fetal development can
result in structural and biochemical abnormalities [39] while high level of Cu might be
linked to congenital heart defects [8]. Mn is essential for normal development and cellular
function during pregnancy, but also toxic particularly neurotoxic at high exposures [40].
The decreasing concentrations of Fe and Zn were mainly due to hemodilution, fetal and
placental growth, and increasing physiological requirements as pregnancy progress. Mater-
nal zinc status is critical for the development of fetus and infant, and iron status during
pregnancy is associated with pregnancy outcomes and strongly affects the iron stores of
the infant at birth [2], although delayed cord clamping is recommended to improve iron
stores in infancy [41]. Thus, adequate intakes of iron and zinc are important, particularly
given that they are typically less well absorbed trace elements [42].

Consistent with the findings from Norwegian women [28], we observed an increasing
Pb concentration from mid-pregnancy (1.27 ng/mL) to late pregnancy (1.36 ng/mL), and
to lactation (1.59 ng/mL), possibly due to the mobilization of cumulative maternal Pb from
bones to blood during pregnancy and lactation [20,21]. We also observed a decreasing trend
in maternal Hg concentration as expected, with the highest in mid-pregnancy (0.75 ng/mL),
following by late pregnancy (0.70 ng/mL), and the lowest in lactation (0.59 ng/mL),
possibly because of the increasing blood volume during pregnancy and the faster blood
clearance half-life of Hg during lactation [43]. Hg and Pb mainly affect central nervous
system, such as impairing infant cognitive and behavioral development, and the risk effect
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of Pb for fetus and infant is higher and lasts longer than Hg [44]. While the relatively
higher Hg status in pregnant women requires further study, given that maternal exposure
to Hg is more important during fetal development than during breastfeeding [44].

The concentrations of elements differed markedly across geographic regions, possibly
due to the distinct dietary patterns. Maternal Fe concentration was highest in inland
compared to lakeland and coastland areas, possibly because inland women consumed
more mutton (24.9 g/d vs. 0 and 2.8 g/d). As a kind of red meat, mutton likely provides
considerable amounts of iron in highly bioavailable heme form [45]. Consistently, a higher
Fe concentration was observed in women having more mutton in this study. Concentra-
tions of Zn, I, and Mn were highest in coastland compared to lakeland and inland areas,
possibly since women in coastland area consume more aquatic foods (98.5 g/d vs. 81.5 g/d
and 39.9 g/d), particularly marine aquatic foods (62.5g/d, vs. 14.2 g/d and 12.9 g/d).
Consistently, higher concentrations of Zn, I, Mn were observed in women having more
marine aquatic foods. The highest concentration of Hg was observed in lakeland area,
consistent to the finding of a higher Hg concentration in women having more freshwater
aquatic foods.

It is challenging to make direct comparisons of element concentrations in pregnant
or lactating women from different studies, because the concentrations were determined
using different assay methods with various specimen types. However, some comparable
studies on plasma elements for pregnant women were found in the literature. Cu status
in our study was comparable to that in American women [19]. However, the level of Zn
we observed was slightly higher than that of American women [19], and markedly higher
than that of Korean women [24]. The concentrations of Pb and Cd were higher but the
Hg concentration was lower in pregnant women in our study as compared to those in
Japan [46].

This study comprehensively described the concentrations and patterns of essential
and toxic elements and some of its determinants in both pregnant and lactating women,
providing important information concerning element status of vulnerable populations
in China. However, limitations of this study should be taken into account. Women in
mid-pregnancy, late pregnancy, and lactation stages in this study were cross-sectionally
selected, rather than longitudinally followed up a cohort of the population. However, the
estimates, after multivariable adjustments, can largely reflect the variations in element
status at different stages of pregnancy or lactation. Women in early pregnancy or non-
pregnant women within the reproductive age were not included in this study, thus we could
not make a complete comparison from pre-pregnancy through postpartum. Cord blood
samples were not collected in the study, so fetal exposure could not be assessed. In addition,
only healthy women in urban areas were enrolled in this study, therefore generalization
of our findings to other pregnant or lactating women needs caution. Dietary information
was not fully collected, and only data on the DHA-specific foods containing essential
trace elements or toxic elements were analyzed in this study. Furthermore, although we
briefly depicted the variations of element concentrations by dietary intakes, our data do not
provide a bioavailable picture of the elements, which varies widely by food components,
dietary interactions, and individual nutritional status [42].

5. Conclusions

This large cross-sectional study presented concentrations of essential and toxic ele-
ments among Chinese pregnant and lactating women, and the results were partly repre-
senting proxies for fetal and infant exposures. The concentrations differed markedly across
physiologic stages, geographical regions, maternal socio-demographic characteristics, and
dietary intakes. The concentration differences by physiologic periods were mainly due to
the metabolism changes during the pregnancy and lactation stages, while the differences
by geographic regions were mainly due to distinct dietary patterns. Our findings illustrate
the coexistence of essential and toxic elements, and the complex impacts of maternal char-
acteristics on element status, indicating that a comprehensive assessment of element status
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is needed before formulation of public health strategies. Additional research is needed to
establish more reliable bioavailability of trace elements in pregnant and lactating women.

Supplementary Materials: The following are available online at https://www.mdpi.com/2072-664
3/13/2/668/s1, Table S1: Data on the Certified Reference Materials (CRM) and limit of detection
(LOD), Table S2: Dietary intakes for participants (n = 1208), Table S3: Dietary reference intakes of
essential trace elements, Table S4: Quantile regression results from the adjusted models for median
concentrations (ng/mL) of essential elements for pregnant and lactating women, Table S5: Quantile
regression results from the adjusted models for median concentrations (ng/mL) of toxic elements for
pregnant and lactating women.

Author Contributions: J.L. conceived, designed and supervised the study, critically revised the
manuscript, and takes responsibility for the integrity of the data and has full access to all of the
data in the study. Y.Z. designed the study, collected the data, did the analysis, interpreted the data,
and drafted the manuscript. L.Y. and Y.L. analyzed the samples, interpreted the data, and critically
reviewed and revised the manuscript. H.L. designed the study, collected the data, and critically
reviewed and revised the manuscript. X.L. analyzed the samples, and reviewed and revised the
manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China, grant
number 81801542; and the Wyeth Nutrition Science Center, project number 14.10.CN.INF.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki, and approved by the Institutional Review Board/Human Subjects
Committee (IRB00001052-14012; date of approval: 22 April 2014).

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

Data Availability Statement: The data presented in this study are available on request from the corre-
sponding author. The data are not publicly available due to containing identifiable personal information.

Acknowledgments: We thank all physicians, nurses and other staff members from Weihai Maternal
and Child Health Hospital, Yueyang Maternal and Child Health Hospital, The First Affiliated
Hospital of Baotou Medical School, and The Third Hospital of Baogang Group for their outstanding
assistance with the field work. We thank Ya-li Zhang, Lin-lin Wang and Zhao-xia Xiong from Institute
of Reproductive and Child Health of Peking University for their contribution to data collection. We
are also indebted to all women who participated in this study for their cooperation.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Mertz, W. The essential trace elements. Science 1981, 213, 1332–1338. [CrossRef]
2. Allen, L.H. Multiple micronutrients in pregnancy and lactation: An overview. Am. J. Clin. Nutr. 2005, 81, 1206S–1212S.

[CrossRef] [PubMed]
3. Shah, S.; Jeong, K.S.; Park, H.; Hong, Y.C.; Kim, Y.; Kim, B.; Chang, N.; Kim, S.; Kim, Y.; Kim, B.N.; et al. Environmental pollutants

affecting children’s growth and development: Collective results from the MOCEH study, a multi-centric prospective birth cohort
in Korea. Environ. Int. 2020, 137, 105547. [CrossRef]

4. Zhou, F.; Yin, G.; Gao, Y.; Liu, D.; Xie, J.; Ouyang, L.; Fan, Y.; Yu, H.; Zha, Z.; Wang, K.; et al. Toxicity assessment due to prenatal
and lactational exposure to lead, cadmium and mercury mixtures. Environ. Int. 2019, 133, 105192. [CrossRef]

5. Liu, T.; Zhang, M.; Guallar, E.; Wang, G.; Hong, X.; Wang, X.; Mueller, N.T. Trace Minerals, Heavy Metals, and Preeclampsia:
Findings from the Boston Birth Cohort. J. Am. Heart Assoc. 2019, 8, e012436. [CrossRef]

6. Zhang, C.; Rawal, S. Dietary iron intake, iron status, and gestational diabetes. Am. J. Clin. Nutr. 2017, 106, 1672S–1680S. [CrossRef]
7. WHO/UNICEF/ICCIDD. Assessment of Iodine Deficiency Disorders and Monitoring Their Elimination: A Guide for Programme

Manager. 2007. Available online: https://apps.who.int/iris/bitstream/handle/10665/43781/9789241595827_eng.pdf;sequence=
1 (accessed on 17 December 2020).

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

9. Pi, X.; Qiao, Y.; Wei, Y.; Jin, L.; Li, Z.; Liu, J.; Zhang, Y.; Wang, L.; Liu, Y.; Xie, Q.; et al. Concentrations of selected heavy metals in
placental tissues and risk for neonatal orofacial clefts. Environ. Pollut. 2018, 242, 1652–1658. [CrossRef]

https://www.mdpi.com/2072-6643/13/2/668/s1
https://www.mdpi.com/2072-6643/13/2/668/s1
http://doi.org/10.1126/science.7022654
http://doi.org/10.1093/ajcn/81.5.1206
http://www.ncbi.nlm.nih.gov/pubmed/15883453
http://doi.org/10.1016/j.envint.2020.105547
http://doi.org/10.1016/j.envint.2019.105192
http://doi.org/10.1161/JAHA.119.012436
http://doi.org/10.3945/ajcn.117.156034
https://apps.who.int/iris/bitstream/handle/10665/43781/9789241595827_eng.pdf;sequence=1
https://apps.who.int/iris/bitstream/handle/10665/43781/9789241595827_eng.pdf;sequence=1
http://doi.org/10.1002/bdra.23284
http://www.ncbi.nlm.nih.gov/pubmed/25131520
http://doi.org/10.1016/j.envpol.2018.07.112


Nutrients 2021, 13, 668 14 of 15

10. Everson, T.M.; Kappil, M.; Hao, K.; Jackson, B.P.; Punshon, T.; Karagas, M.R.; Chen, J.; Marsit, C.J. Maternal exposure to
selenium and cadmium, fetal growth, and placental expression of steroidogenic and apoptotic genes. Environ. Res. 2017, 158,
233–244. [CrossRef]

11. Goldenberg, R.L.; Tamura, T.; Neggers, Y.; Copper, R.L.; Johnston, K.E.; Dubard, M.B.; Hauth, J.C. The Effect of Zinc Supplemen-
tation on Pregnancy Outcome. JAMA 1995, 274, 463–468. [CrossRef]

12. Scholl, T.O. Iron status during pregnancy: Setting the stage for mother and infant. Am. J. Clin. Nutr. 2005, 81, 1218S–1222S.
[CrossRef] [PubMed]

13. Chung, S.E.; Cheong, H.-K.; Ha, E.-H.; Kim, B.-N.; Ha, M.; Kim, Y.; Hong, Y.-C.; Park, H.; Oh, S.-Y. Maternal Blood Manganese
and Early Neurodevelopment: The Mothers and Children’s Environmental Health (MOCEH) Study. Environ. Health Perspect.
2015, 123, 717–722. [CrossRef]

14. Do Nascimento, S.N.; Barth, A.; Goethel, G.; Baierle, M.; Charão, M.F.; Brucker, N.; Moro, A.M.; Bubols, G.B.; Sobreira, J.S.;
Sauer, E.; et al. Cognitive deficits and ALA-D-inhibition in children exposed to multiple metals. Environ. Res. 2015, 136,
387–395. [CrossRef]

15. Hynes, K.L.; Otahal, P.; Hay, I.; Burgess, J.R. Mild Iodine Deficiency During Pregnancy Is Associated with Reduced Educa-
tional Outcomes in the Offspring: 9-Year Follow-up of the Gestational Iodine Cohort. J. Clin. Endocrinol. Metab. 2013, 98,
1954–1962. [CrossRef]

16. Bocca, B.; Ruggieri, F.; Pino, A.; Rovira, J.; Calamandrei, G.; Mirabella, F.; Ángeles Martí, M.; Domingo, J.L.; Alimonti, A.;
Schuhmacher, M. Human biomonitoring to evaluate exposure to toxic and essential trace elements during pregnancy. Part B:
Predictors of exposure. Environ. Res. 2020, 182, 109108. [CrossRef]

17. Caspersen, I.H.; Thomsen, C.; Haug, L.S.; Knutsen, H.K.; Brantsæter, A.L.; Papadopoulou, E.; Erlund, I.; Lundh, T.; Alexander,
J.; Meltzer, H.M. Patterns and dietary determinants of essential and toxic elements in blood measured in mid-pregnancy: The
Norwegian Environmental Biobank. Sci. Total. Environ. 2019, 671, 299–308. [CrossRef]

18. Almeida, A.A.; Lopes, C.M.; Silva, A.M.; Barrado, E. Trace elements in human milk: Correlation with blood levels, inter-element
correlations and changes in concentration during the first month of lactation. J. Trace Elem. Med. Biol. 2008, 22, 196–205. [CrossRef]

19. Watson, C.V.; Lewin, M.; Ragin-Wilson, A.; Jones, R.; Jarrett, J.M.; Wallon, K.; Ward, C.; Hilliard, N.; Irvin-Barnwell, E.
Characterization of trace elements exposure in pregnant women in the United States, NHANES 1999–2016. Environ. Res. 2020,
183, 109208. [CrossRef]

20. Silbergeld, E.K. Lead in bone: Implications for toxicology during pregnancy and lactation. Environ. Health Perspect. 1991, 91,
63–70. [CrossRef] [PubMed]

21. Téllez-Rojo, M.M.; Hernández-Avila, M.; Lamadrid-Figueroa, H.; Smith, D.; Hernández-Cadena, L.; Mercado, A.; Aro, A.;
Schwartz, J.; Hu, H. Impact of Bone Lead and Bone Resorption on Plasma and Whole Blood Lead Levels during Pregnancy. Am. J.
Epidemiol. 2004, 160, 668–678. [CrossRef]

22. Liu, J.; Yang, H.; Shi, H.; Shen, C.; Zhou, W.; Dai, Q.; Jiang, Y. Blood Copper, Zinc, Calcium, and Magnesium Levels during
Different Duration of Pregnancy in Chinese. Biol. Trace Elem. Res. 2010, 135, 31–37. [CrossRef]

23. Zhang, Z.; Yuan, E.; Liu, J.; Lou, X.; Jia, L.; Li, X.; Zhang, L. Gestational age-specific reference intervals for blood copper, zinc,
calcium, magnesium, iron, lead, and cadmium during normal pregnancy. Clin. Biochem. 2013, 46, 777–780. [CrossRef] [PubMed]

24. Choi, R.; Sun, J.; Yoo, H.; Kim, S.; Cho, Y.Y.; Kim, H.J.; Kim, S.W.; Chung, J.H.; Oh, S.-Y.; Lee, S.-Y. A Prospective Study of Serum
Trace Elements in Healthy Korean Pregnant Women. Nutrients 2016, 8, 749. [CrossRef] [PubMed]

25. Kassu, A.; Yabutani, T.; Mulu, A.; Tessema, B.; Ota, F. Serum Zinc, Copper, Selenium, Calcium, and Magnesium Levels in Pregnant
and Non-Pregnant Women in Gondar, Northwest Ethiopia. Biol. Trace Elem. Res. 2008, 122, 97–106. [CrossRef] [PubMed]

26. Nwagha, U.I.; Ogbodo, S.O.; Nwogu-Ikojo, E.E.; Ibegbu, D.M.; Ejezie, F.E.; Nwagha, T.U.; Dim, C.C. Copper and selenium status
of healthy pregnant women in Enugu, southeastern Nigeria. Niger. J. Clin. Pract. 2011, 14, 408–412. [CrossRef]

27. Sengupta, S.; Bhaskar, M.V.; Haq, I. A study of micronutrient status in pregnancy. J. Indian Med. Assoc. 2010, 108, 817–822. [PubMed]
28. Hansen, S.; Nieboer, E.; Sandanger, T.M.; Wilsgaard, T.; Thomassen, Y.; Veyhe, A.S.; Odland, J.Ø. Changes in maternal blood

concentrations of selected essential and toxic elements during and after pregnancy. J. Environ. Monit. 2011, 13, 2143–2152.
[CrossRef] [PubMed]

29. Li, Y.; Li, H.-T.; Trasande, L.; Ge, H.; Yu, L.-X.; Xu, G.-S.; Bai, M.-X.; Liu, J.-M. DHA in Pregnant and Lactating Women from
Coastland, Lakeland, and Inland Areas of China: Results of a DHA Evaluation in Women (DEW) Study. Nutrients 2015, 7,
8723–8732. [CrossRef] [PubMed]

30. Liu, M.-J.; Li, H.-T.; Yu, L.-X.; Xu, G.-S.; Ge, H.; Wang, L.-L.; Zhang, Y.-L.; Zhou, Y.-B.; Li, Y.; Bai, M.-X.; et al. A Correlation Study
of DHA Dietary Intake and Plasma, Erythrocyte and Breast Milk DHA Concentrations in Lactating Women from Coastland,
Lakeland, and Inland Areas of China. Nutrients 2016, 8, 312. [CrossRef]

31. Zhou, Y.-B.; Li, H.-T.; Trasande, L.; Wang, L.-L.; Zhang, Y.-L.; Si, K.-Y.; Bai, M.-X.; Liu, J.-M. A Correlation Study of DHA
Intake Estimated by a FFQ and Concentrations in Plasma and Erythrocytes in Mid- and Late Pregnancy. Nutrients 2017, 9,
1256. [CrossRef]

32. Nielsen, F. Nickel. Adv. Nutr. 2020, 12, 281–282. [CrossRef]
33. Meng, F.; Zhao, R.; Liu, P.; Liu, L.; Liu, S. Assessment of Iodine Status in Children, Adults, Pregnant Women and Lactating

Women in Iodine-Replete Areas of China. PLoS ONE 2013, 8, e81294. [CrossRef] [PubMed]

http://doi.org/10.1016/j.envres.2017.06.016
http://doi.org/10.1001/jama.1995.03530060037030
http://doi.org/10.1093/ajcn/81.5.1218
http://www.ncbi.nlm.nih.gov/pubmed/15883455
http://doi.org/10.1289/ehp.1307865
http://doi.org/10.1016/j.envres.2014.10.003
http://doi.org/10.1210/jc.2012-4249
http://doi.org/10.1016/j.envres.2019.109108
http://doi.org/10.1016/j.scitotenv.2019.03.291
http://doi.org/10.1016/j.jtemb.2008.03.007
http://doi.org/10.1016/j.envres.2020.109208
http://doi.org/10.1289/ehp.919163
http://www.ncbi.nlm.nih.gov/pubmed/2040252
http://doi.org/10.1093/aje/kwh271
http://doi.org/10.1007/s12011-009-8482-y
http://doi.org/10.1016/j.clinbiochem.2013.03.004
http://www.ncbi.nlm.nih.gov/pubmed/23499589
http://doi.org/10.3390/nu8110749
http://www.ncbi.nlm.nih.gov/pubmed/27886083
http://doi.org/10.1007/s12011-007-8067-6
http://www.ncbi.nlm.nih.gov/pubmed/18202835
http://doi.org/10.4103/1119-3077.91745
http://www.ncbi.nlm.nih.gov/pubmed/21661455
http://doi.org/10.1039/c1em10051c
http://www.ncbi.nlm.nih.gov/pubmed/21738945
http://doi.org/10.3390/nu7105428
http://www.ncbi.nlm.nih.gov/pubmed/26506380
http://doi.org/10.3390/nu8050312
http://doi.org/10.3390/nu9111256
http://doi.org/10.1093/advances/nmaa154
http://doi.org/10.1371/journal.pone.0081294
http://www.ncbi.nlm.nih.gov/pubmed/24282581


Nutrients 2021, 13, 668 15 of 15

34. Brough, L.; Jin, Y.; Shukri, N.H.; Wharemate, Z.R.; Weber, J.L.; Coad, J. Iodine intake and status during pregnancy and lactation
before and after government initiatives to improve iodine status, in Palmerston North, New Zealand: A pilot study. Matern. Child
Nutr. 2015, 11, 646–655. [CrossRef] [PubMed]

35. Li, Q.; Tian, J.; Xu, F.; Binns, C. Breastfeeding in China: A Review of Changes in the Past Decade. Int. J. Environ. Res. Public Health
2020, 17, 8234. [CrossRef] [PubMed]

36. Liu, X.; Zhang, Y.; Piao, J.; Mao, D.; Li, Y.; Li, W.; Yang, L.; Yang, X. Reference Values of 14 Serum Trace Elements for
Pregnant Chinese Women: A Cross-Sectional Study in the China Nutrition and Health Survey 2010–2012. Nutrients 2017, 9, 309.
[CrossRef] [PubMed]

37. Takser, L.; Lafond, J.; Bouchard, M.; St-Amour, G.; Mergler, D. Manganese levels during pregnancy and at birth: Relation to
environmental factors and smoking in a Southwest Quebec population. Environ. Res. 2004, 95, 119–125. [CrossRef]

38. McArdle, H. The metabolism of copper during pregnancy—A review. Food Chem. 1995, 54, 79–84. [CrossRef]
39. Keen, C.L.; Uriu-Hare, J.Y.; Hawk, S.N.; A Jankowski, M.; Daston, G.P.; Kwik-Uribe, C.L.; Rucker, R.B. Effect of copper deficiency

on prenatal development and pregnancy outcome. Am. J. Clin. Nutr. 1998, 67, 1003S–1011S. [CrossRef]
40. O’Neal, S.L.; Zheng, W. Manganese Toxicity upon Overexposure: A Decade in Review. Curr. Environ. Health Rep. 2015, 2,

315–328. [CrossRef]
41. American College of Obstetricians and Gynecologists. Delayed Umbilical Cord Clamping after Birth. ACOG Committee Opinion.

Obstet. Gynecol. 2020, 136, e100–e106. [CrossRef]
42. Fairweather-Tait, S.; Hurrell, R.F. Bioavailability of Minerals and Trace Elements. Nutr. Res. Rev. 1996, 9, 295–324. [CrossRef]
43. Greenwood, M.R.; Clarkson, T.W.; Doherty, R.A.; Gates, A.H.; Amin-Zaki, L.; Elhassani, S.; Majeed, M.A. Blood clearance half-times in

lactating and nonlactating members of a population exposed to methylmercury. Environ. Res. 1978, 16, 48–54. [CrossRef]
44. Dorea, J.G.; Donangelo, C.M. Early (in uterus and infant) exposure to mercury and lead. Clin. Nutr. 2006, 25, 369–376. [CrossRef]
45. Cook, J.D.; Monsen, E.R. Food iron absorption in human subjects. III. Comparison of the effect of animal proteins on nonheme

iron absorption. Am. J. Clin. Nutr. 1976, 29, 859–867. [CrossRef]
46. Nakayama, S.F.; The Japan Environment and Children’s Study Group; Iwai-Shimada, M.; Oguri, T.; Isobe, T.; Takeuchi, A.;

Kobayashi, Y.; Michikawa, T.; Yamazaki, S.; Nitta, H.; et al. Blood mercury, lead, cadmium, manganese and selenium levels in
pregnant women and their determinants: The Japan Environment and Children’s Study (JECS). J. Expo. Sci. Environ. Epidemiol.
2019, 29, 633–647. [CrossRef]

http://doi.org/10.1111/mcn.12055
http://www.ncbi.nlm.nih.gov/pubmed/23782592
http://doi.org/10.3390/ijerph17218234
http://www.ncbi.nlm.nih.gov/pubmed/33171798
http://doi.org/10.3390/nu9030309
http://www.ncbi.nlm.nih.gov/pubmed/28335545
http://doi.org/10.1016/j.envres.2003.11.002
http://doi.org/10.1016/0308-8146(95)92666-8
http://doi.org/10.1093/ajcn/67.5.1003S
http://doi.org/10.1007/s40572-015-0056-x
http://doi.org/10.1097/AOG.0000000000004167
http://doi.org/10.1079/NRR19960016
http://doi.org/10.1016/0013-9351(78)90140-8
http://doi.org/10.1016/j.clnu.2005.10.007
http://doi.org/10.1093/ajcn/29.8.859
http://doi.org/10.1038/s41370-019-0139-0

	Introduction 
	Materials and Methods 
	Study Population 
	Data Collection 
	Blood Sample Collection, Processing, and Analysis 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

