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Abstract: This paper surveys the existing scientific literature on metals concentrations in meconium.
We examine some 32 papers that analyzed meconium for aluminum, arsenic, barium, calcium,
chromium, copper, iron, lithium, magnesium, manganese, zinc, lead, mercury, manganese, molyb-
denum, nickel, phosphorus, lead, antimony, selenium, tin, vanadium, and zinc. Because of the
lack of detail in the statistics it is not possible to do a rigorous meta-analysis. What stands out is
that almost every study had subjects with seemingly large amounts of at least one of the metals.
The significance of metals in meconium is not clear beyond an indication of exposure although
some studies have correlated metals in meconium to a number of adverse outcomes. A number
of outstanding questions have been identified that, if resolved, would greatly increase the utility
of meconium analysis for assessment of long-term gestational metals exposures. Among these are
questions of the developmental and long-term significance of metals detected in meconium, the
kinetics and interactions among metals in maternal and fetal compartments and questions on best
methods for meconium analyses.

Keywords: heavy metals; meconium; fetus; fetal exposure; biological monitoring

1. Introduction

Chemical manufacturing has seen a 10-fold increase in production over the last
40 years [1]. Exposure to environmental contaminants, including heavy metals, is a grow-
ing public health concern as global chemical production continues to increase. Pregnant
mothers and children exposed in utero and early childhood are particularly susceptible to
the harmful effects of chemical pollutants [2–4]. Excessive exposure to metals during fetal
development leads to a wide range of adverse outcomes. The effects of metals exposure
may be apparent at birth [5] or emerge later in childhood or even adult life [6]. For example,
fetal exposure to some metals is linked to congenital heart disease [5,7]. Other problems
associated with fetal similar exposures that may become apparent in childhood include in-
creased risk of attention deficit hyperactivity disorder (ADHD) [8] and other behavioral or
intellectual deficits [9], type 1 diabetes [10,11] and immuno-dysregulation [12]. Methods to
determine prenatal heavy metal exposure are needed for assessing longer-term gestational
exposure to heavy metals and the risk of adverse human health effects later in life.

Fetal metal exposures are typically gauged by analyzing maternal and cord blood.
Results of maternal and cord blood metals analyses indicate recent maternal exposures
(unless mobilized from maternal stores i.e., lead from bone) and indicate fetal/infant
exposure around the time of birth. To gauge longer-range exposures, researchers have
analyzed metals in hair, nails, and meconium. Meconium analysis has been used to evaluate
fetal exposures to drugs [13], nicotine [14], pesticides [15], and as addressed in this paper,
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heavy metals. While there are many studies of metals in meconium, there has not yet
been a systematic collection and review of the available data. As such, it is difficult to
differentiate “background” metals exposure from specific points of exposures (i.e., mines,
industrial activity, etc.), or to determine concentrations indicating a detrimental exposure.

Meconium is a thick, dark, viscous material comprised of accumulated waste material
ingested with amniotic fluid (AF) during the second and third trimester of pregnancy.
Meconium is normally expelled by the newborn during the first day or two following
parturition. Expulsion prior to birth is considered a sign of fetal distress. Because meconium
represents accumulation of material over approximately six months, its analysis can be a
useful tool in assessing longer-term gestational exposure to heavy metals. While analyses
of maternal blood, cord blood and AF can be used to assess exposures, they are, to a greater
degree, limited by the point of time of collection. Analysis of meconium for metals has
been used to assess longer-term (second and third trimester) fetal exposures among women
living in highly polluted environments [16].

Meconium analyses for metals have been used to explore relationships among toxic
metals and birth defects including heart [7] and neural tube defects, prematurity fetal
growth retardation, prematurity, pre-eclampsia [17], gestational diabetes, and neonatal
loss [18]. In the case of essential minerals, meconium analyses have been used to assess
nutritional adequacy. Meconium analysis is also used to evaluate fetal exposures to
drugs [19], nicotine [20], and pesticides [15]. Fetal metal exposures have been gauged by
examining maternal and cord blood. Results of maternal and cord blood metals analyses
likely indicate recent maternal exposures (unless mobilized from maternal stores such as
lead from bone) and provide an indication of fetal/infant exposure around the time of
birth. To gauge longer-range exposures researchers have also analyzed metals in hair, nails,
and meconium. While there are many studies of metals in meconium there has not yet
been a systematic collection and review of the available data. As such, it is difficult to
differentiate “background” metals exposure from specific source exposures (i.e., mines,
industrial activity, etc.), or to determine concentrations indicating a detrimental exposure.

Essential metals such as zinc (Zn), selenium (Se), iron (Fe), copper (Cu), magnesium
(Mg) and manganese (Mn) are needed for the synthesis of cofactors serving a wide range
of processes during fetal development and in maintaining homeostasis throughout the
lifespan. Other metals having no known biological use are detrimental to human health at
all levels include arsenic (As), mercury (Hg) and lead (Pb). We note that some metals, such
as Cu, Zn and Fe have two roles in that they are essential nutrients but have detrimental
effects in excess. Some metals such as Hg are highly toxic when organified (i.e., methylmer-
cury). Tin is not nutritionally necessary and as an element has low toxicity. However,
fetal exposures to organotins (i.e., tributyltin) can have multi-generational health effects
and lead to metabolic disorders [21]. The studies surveyed in this paper used analytical
methods that allowed reporting of metals but did not distinguish between organometals
and other forms. While highly important, organometals are not discussed in this paper in
any detail.

2. Methods

A literature search was conducting using AbstractSifter [22] and PubMed query run:
Heavy Metals OR Arsenic OR Hg OR mercury OR Pb OR cobalt OR copper OR zinc OR
cadmium AND meconium. The bibliographies of the collected papers were then reviewed
and any that reported on metals in meconium, with the exception of iron, were added.
The methods and results sections of each paper were examined for errors or omissions.
Following this methodology, 34 papers were selected for data extraction. Information
was collected on year of publication, analytical method, cohort size, cohort comparative
attributes (male vs. female, birth defects vs. no defects, premature infants vs. term,
diabetic vs. non-diabetic mothers, and dizygotic vs. monozygotic twins) location of
cohort, any notable industrial, mining or pollution concerns and any data on meconium
metals concentrations.
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3. Results

The query identified 148 papers with publication dates ranging from 1964 to 2019.
Titles and abstracts of the papers were reviewed for relevance (were about metals in
meconium at least in part). Studies of meconium aspiration or other clinical syndromes
or reports of analyses that did not contain data on metals were excluded from further
review. The bibliographies of the remaining papers from the query were reviewed and
any referenced papers containing data on metals in meconium were obtained and relevant
data extracted. The 34 selected papers contained data from approximately 7000 infants
and 73 distinct cohorts. No papers containing data on metals in meconium were excluded
for methodological reasons. The studies varied by sample preparation method, analytical
technique and data reporting styles.

3.1. Analytical Methods and Reporting

Analytical methods used to determine metals concentrations included Atomic Ab-
sorption Spectrometry, Inductively-Coupled Plasma-Mass Spectrometry, Direct Mercury
Analyzer, various colorimetric methods, Graphite Furnace Atomic Absorption Spectrom-
etry, Cold Vapor Atomic Fluorescence Spectroscopy, and Inductively Coupled Plasma
Atomic Emission Spectroscopy. Sample preparation methods included acid digestions,
dry-ashing [23], or were not discussed in detail [24,25]. Most, but not all, of the protocols
involved drying samples prior to sample preparation and analysis. For a few studies it
was unclear if samples were dried prior to analysis [26], and one study reported drying
samples to “near dry” [27]. Metals were reported, with two exceptions, in parts per million
(ppm), billion (ppb) or trillion (ppt). For the purpose of comparing study results, all of the
units were converted to ppm as this was the most common unit reported. The excepted
studies [23,25] reported total metal in each sample per kg of infant body weight (ug/kg) or
ug/g/kg of infant body weight without reporting the weights of the infants. Our ability
to compare or otherwise analyze the results of the pooled data is constrained by these
differences. It is important to note that one study ‘s non-detect might have been another
study ‘s ppb or ppt. In addition, some studies reported the percent of samples containing
detectable metals followed by report of their either their mean, median, range, or interquar-
tile range. For example, [27] report a mean meconium cadmium (Cd) concentration of
13 ppm. However, their mean omits the 91.5% of samples whose meconium contained Cd
below the limit of detection. Lead levels were similarly reported. [20] reported a mean Pb
concentration of 120 ppb with quantifiable lead in only ~26% of samples. The 120 ppb mean
was approximately 10× greater than levels reported by others and omission of non-detects
may explain the difference. Other studies reported results below the limit of quantitation
or non-detects as “zero” and reported means and standard deviations that included these
values without reporting data on individual samples.

The studies surveyed used analytical methods that allowed reporting of almost exclu-
sively elemental metals. These metals may have been present in meconium as organometals
but analytical methods did not allow for their analysis.

3.2. Description of Cohorts

There was a great deal of variation in the description of the mothers and the infants.
Some studies reported minimally on their subjects [28] or designed their studies to include
only “healthy” or “term” infants. Other studies were designed to compare two different
populations (premature, heart defects or gestationally diabetic mothers) with controls.
Only one study [29] recorded maternal use of prenatal vitamins.

The details are summarized in the Table 1 below.
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Table 1. Description of cohorts.

Descriptor Authors

Preterm [18,23,25,28,29]
Full term [18,24–26,30–34]

Identical vs. dizygotic twins [34]
Small vs. average for gestational age [29]

Heart defects [7]
Male vs. Female [35]

Polluted area [16,30]
Gestational Diabetic [36,37]

Non-surviving [18]

3.3. Premature vs. Term

Among the four studies comparing metals in meconium of premature vs. full-term
infants, [28] reported higher concentrations of Al, Cr, Cu, Fe, Mn, Mo, and Pb in the
meconium of premature vs. full-term infants with statistically significant differences
reported for Fe and Cu and concentrations of Zn and Mg (both essential metals) higher in
term infants, but not statistically significantly. [23], in an analysis of Cu, Cr, Fe, Mn, and
Zn levels in term and premature infants, observed lower concentrations of these metals
in premature infants. Data for the metals that the four studies analyzed in common are
shown in Table 2. Data are reported as comparatively higher or lower by birth status rather
than with a data analysis because of differences in data reporting, analytical methods, and
sample collection techniques.

Table 2. Specification of subjects.

Study Cu Cr Fe Mn Zn

[23] Terms Preemies Preemies Terms Terms
[28] Preemies Preemies Preemies Preemies Terms
[25] Preemies, Full term, Gestational diabetes Preemies, Full term, Gestational diabetes
[18] Healthy, Preemies, non-surviving Healthy, Preemies, non-surviving

3.4. Statistical Approaches

Basic statistics of data analysis are most often concerned with two things; the center of
the data and the spread of the data. The center of the data is measured by calculating one of
three numbers, the mean, the median or mode. The mean is simply the numerical average;
the median is the number chosen so that one half the data is numerically less and the mode
is the number that represents the most common value. The field of order statistics uses the
median as its most common measure of central tendency. In what will here be referred to
as standard statistics the mean is the most commonly used measure of central tendency.
For large data sets the two measures tend to approximate each other. In general, it is not
possible to compare the two measures except to say they are both important measures of
central tendency, especially for relatively small data sets such as those being discussed in
this survey. Types of statistics used in various papers are shown in Table 3. It would be
advisable for studies that have a relatively small number of subjects to use order statistics
in their reports.

Table 3. Type of statistics used in each study.

Type of Statistics Authors

Standard [7,15,19,24,26,28,29,33,37–40]
Order [15,18,25,27,30,32,33,36,41–44]
Both [15,33,35,42]

Neither [45–47]
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Metals analyzed most and least frequently by researchers are shown in Tables 4 and 5.

Table 4. Metals considered by author: most frequently analyzed.

As [15,27,30,36,37,40,42]

Cd [7,15,20,24,30,37,48]

Cu [7,15,18,19,24,25,27–29,31,33,37,38,42]

Hg [30,32,36,37,41,43,44,47,48]

Mg [15,28,29,31,37,39]

Mn [15,19,28,29,31,37,41]

Pb [7,15,18,24,25,27,28,30,35,38,40,49,50]

Zn [7,15,19,24,25,28–31,33,34,37,38,41,48]

Table 5. Metals considered by author: less studied.

Al [37]

Ba [37]

Co [15,37]

Cr [15,28,36,37]

Fe [15,30]

Li [37]

Mo [15,28,33]

Ni [15,37]

P [28]

Sb [37]

Se [51]

Sn [37]

V [15]

Metals detected in meconium:
Aluminum (Al): Studies of the effects of gestational Al exposure were sparse com-

pared to some other metals. However, detailed but perhaps dated human health risk
assessments for Al [52] and species exist [53]. Early exposure was associated with neuro-
logical impairments [54] possible endocrine disruption [55] as well as increased placental
oxidative stress and inflammatory response [56].

Four studies (Table 6) reported on Al in meconium with the mean of means equal
to 25 ppm [15,28,30,37]. All studies except [30] reported means and standard deviations
and all but [28] used an ICP-MS based analytical method. Reported means ranged from
6.577 to 43 ppm. Aluminum levels were higher among infants born to women living in
industrial areas [30] and among those born to diabetic mothers [37]). Aluminum exposure
was associated with diabetes [57].
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Table 6. Aluminum in meconium samples by cohort (“na” = not available in reference, “X” = not
calculated by author, “LOQ” = lowest observable quantity, “LOD” =lowest decile).

Author Cohort Mean Stdev Min Median Max %>LOD

[37] 6.577 na na Na na na

[28] Premature 43 61 na Na na na

[28] Term 23 23 na Na na na

[30] Industrial X <LOQ 3 40.7 64.5%

[30] Not industrial X <LOQ <LOQ 22.8 44.4%

[37] Diabetic mother 32.9 103.6 na Na na na

[37] Mother not diabetic 19.4 29.9 na Na na na

Arsenic (As): Arsenic is a toxic metal that has no known biological role. It is associated
with various cancers including lung and skin. It occurs as a byproduct of lead and Cu
smelting and was formerly used as a wood preservative. Fetal As exposure can cause
changes in the placental transcriptome and is associated with reduced birth weight, espe-
cially in female fetuses [58] and alterations in glucocorticoid system [59]. Arsenic is also
associated with increased risk of gestational diabetes [10,60].

Seven authors tested for As in meconium with 13 cohorts. The average mean reported
was 0.0479 ppm with a standard deviation of the distribution of the means of 0.0401 ppm.
The means found were remarkably close. Several studies reported that the results were
below their detection levels. Still, as an indication of exposure it is concerning that As
was found. The presence of As in meconium is not unexpected, as it is a common water
contaminant in some regions and when present in soil or irrigation water, it can accumulate
in produce. Arsenic underwent primarily urinary excretion [61] and only a relatively small
proportion of a dose was found in adult feces. For the fetus, handling of As would be
quite different. AF movement occurs primarily between the fetus and the amniotic fluid
as the fetus swallows and urinates. For a fetus, direct urinary excretion to the external
environment is not an option.

Barium (Ba): Only one group included Ba in their analyses [37] and reported levels
twice as high in meconium from infants of diabetic vs. non-diabetic mothers (0.3 ± 0.16 ppm
vs. 0.15 ± 0.19 ppm). Fetal exposure may increase the risk of congenital heart defects [62],
and orofacial clefts [63]. Adult exposures are associated with hearing loss [64] and dia-
betes [65].

Cadmium (Cd): Cadmium is found in the earth ‘s crust, is associated with Zn, lead,
and Cu ores. Cadmium is released to the environment through manufacturing and the
burning of coal, fossil fuels and waste. People living in proximity to such pollution sources
have higher Cd exposures than people living elsewhere [66]. However, Cd becomes widely
disbursed through atmospheric processes, where it is bioconcentrated by plants, enters the
food chain, is inhaled (cigarette smoke), or incidentally ingested along with contaminated
soil. Eight studies included tests for Cd. Calculating the average of the means yields
1.52 ppm with standard deviation of 2.93.

Chromium (Cr): Four studies analyzed for Cr [15,28,36,37]. Study means ranged from
0.03–3.2 ppm. The highest concentrations of Cr were from 12 premature infants in the [28]
study. Exclusion of their data left the mean of means at 0.29 ± 0.58 ppm. Chromium is
an essential nutrient that can be highly toxic when intake is in the form of CrVI. As with
other metals data were reported as total Cr. It is impossible to know at this point if the Cr
in meconium reflects intake of an essential nutrient, or if it reflects a potentially dangerous
fetal exposure.

Cobalt (Co): Cobalt is an essential nutrient required for synthesis of vitamin B12.
Deficiencies can cause anemia and neurological deficits. Three studies analyzed meconium
samples for Co [15,37,51]. Levels reported by [51] were substantially higher than those
of [15] and [37] two cohorts (see Table 7). B12 for the most part undergoes fecal excretion
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so the Co reported may be part of normal Vitamin B12 kinetics. Or it might indicate fetal
exposure to environmental Co.

Table 7. Cobalt in meconium.

Study Cohort Mean Co (ppm) StDev

[15] Not detailed 0.061 0.01–0.17 IQR

[51] Term infants 1.01 0.14 StDev

[37] Term infants 0.15 0.07 StDev

[37] Infants of Diabetic Mothers 0.15 0.06 StDev
IQR—Interquartile Range. StDev—Standard Deviation.

Copper: Copper is an essential nutrient required for the functioning of numerous
enzymes including ferro-oxidases that are required for binding Fe to transferrin, an Fe
-binding distributor protein. Copper deficiency can therefore lead to Fe deficiency. Because
it causes oxidative damage in its elemental ionic form and is also an essential nutrient,
Cu is tightly regulated. Copper is sequestered by chaperone proteins, stored for future
use when not of immediate need, and transferred through carrier mediators [67–69]. High
affinity Cu uptake protein 1(Ctr1) is expressed in placenta [70] as are a pair of Cu transport
ATPases: ATP7A (also known as Menke ‘s protein) which transports Cu to fetal circulation,
and delivers it for synthesis of cuproenzymes. ATP7B is expressed (or translocated to) the
placental microvilli when Cu levels are in excess and transport Cu back to the maternal
circulation. Unless there is a mutation (as seen in Menke ‘s disease, or the mother was
exposed to exceedingly high levels of Cu, it seems unlikely that that a fetus would be
exposed to dangerous amounts of Cu. Copper deficiency is thought to be quite rare,
although a risk for those who are exposed to, or ingest, high levels of Zn [71].

A total of 15 studies tested for Cu. In the studies we examined there was great
variation in the amount of Cu found in meconium. The average level was 45.8 ppm and
the highest cohort average was 117 ppm. The smallest nonzero mean, 0.01475 ppm, was
recorded by [33] in their South Carolina cohort. The standard deviations were difficult to
summarize but it was clear that most of the distributions were very long tailed on the right.
In the set of studies by [24]. the standard deviations were all greater than the means which
can only happen if there are large outliers on the right. Even the distributions of the means
are skewed to the right with a standard deviation of 53.5. [23] cohort of Canadian term
infants from Hamilton, Ontario was more than three standard deviations from the mean at
245 ppm and about twice as high as concentrations found in their premature infants from
Newfoundland. [23] used atomic absorption spectrometry.

Lead (Pb): Lead is a well-recognized neurotoxicant. Exposures can have many sources
including old lead paint, lead water pipes, dust and other point and non-point sources.
Lead will accumulate in bone and may be released to the maternal blood stream during
pregnancy, exposing her fetus, even if the mother is not actively exposed in her current
environment. Lead is associated with congenital heart disease [5] among other things.
There is no known safe level of exposure. A total of 13 studies tested for lead in meconium.
The mean of means was 7.8 ppm with ranges from below the LOD to 603 ppm in a newborn
from a highly industrialized area in the Philippines, [20]. Again, every cohort had extreme
outliers, which indicates that local background levels are frequently not the main source of
lead exposure.

Lithium (Li): Lithium in groundwater is common in some areas. It is also used as a
therapeutic for depression and bipolar disorder. Lithium readily crosses the placenta and
is considered a teratogen as well as an inhibitor of fetal growth.

Only [37] included Li in their analyses of meconium from infants from diabetic
vs. non-diabetic. Mean concentrations were nearly identical (2.429 vs. 2.498 ppm) and
standard deviations were the same (0.4). Other metals from [37] were not so strongly
matched. Detection of Li in meconium at this point simply tells us that these infants were
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exposed. [37] did not report any birth defects among the cohorts and found no association
between Li exposure as measured through meconium and gestational diabetes.

Mercury (Hg): Mercury is another well-recognized neurotoxicant and is readily trans-
fered from mother to fetus [72]. A total of 10 studies reported on findings of Hg in
meconium. One study detected Hg in all samples but at the lowest level it was too low to
quantify. The medians were reported for six cohorts with an average median of 0.0207 and
a standard deviation of the medians was 0.0138. The average reported mean (ten cohorts)
was 0.98 with one mean of 9.45 ppm from a cohort born in a highly industrialized city
where local fish consumption is common strongly skewing results [34]. The [34] results
may have been even higher than those of other studies because they did not report drying
samples prior to analysis. [34] also provided mercury data from maternal and cord blood
which were not correlated with meconium (r: 0.53; and 0.55 respectively). A later study [30]
of newborns from the same city showed much lower concentrations of Hg in meconium
with a reported median below the limit of quantitation (LOQ).

Magnesium (Mg): Magnesium is an essential nutrient but can be toxic at high levels.
In mice, prenatal hypomagnesemia causes placental abnormalities, reduced fetal growth,
higher postnatal mortality and failure to thrive for survivors [73] as well as neurological
deficits [73]. High human prenatal Mg exposures may result in impaired bone mineral-
ization leaving the newborn vulnerable to fractures [74,75]. In our review, we found six
studies that tested for Mg in meconium. The average concentration found was 2665 ppm
with the standard deviation of 1111. All of the studies had means within two standard
deviations of the average mean. One study [28] found much lower concentrations of Mg
and was almost two standard deviations below the mean. The 12 preterm and 38 full term
infants in that particular study population may have been Mg deficient. However, this was
one of the studies where it was not clear if meconium samples were dried prior to analysis.
If meconium is 70–92% water [76], the comparative concentration of Mg in the [28] cohort
may have been unremarkable.

Manganese (Mn): Manganese is an essential nutrient for mammals. It is common in
the Earth ‘s crust and most vegetables have enough Mn to meet healthy dietary require-
ments. Vegetarians typically consume more Mn than omnivores. Manganese is believed to
readily cross the human placenta [77]. There is growing evidence that excessive early Mn
exposure results in adverse neurological [78] and behavioral outcomes later in childhood,
particularly for girls and in those with polymorphisms in Mn transporter genes [79] The
World Health Organization (WHO) has set a Mn standard of 400 ppb, although that level is
often exceeded [80].

Manganese in meconium was addressed in eight studies for a total of 14 cohorts.
The average mean for the 14 cohorts was 27.7 ppm and the standard deviation of the
distribution of means was 18.5. All the studies were within the three standard deviation
margin. In fact, no study lay outside the two standard deviation margin. Thus, the results
from the 14 cohorts were remarkably close.

Molybdenum (Mo): Only [28,33] analyzed for Mo reporting 0.187 ± 0.112 ppm and
64 ± 22 ppm respectively. Only the [33] cohort (n = 15) from Butte, MT and not the cohort
from South Carolina had detectable Mo. The area around and within Butte, MT was mined
for Cu and other metals including Mo for around 100 years. These activities released other
heavy metals to the environment. It is possible that the higher Mo seen in the Butte cohort
was due to environmental contamination, but meconium tests of other metals were not
exceptionally high. Mo is an essential nutrient important for synthesis of a number of
enzymes including aldehyde oxidase, nitrogenase, and sulfite oxidase. Toxicity concerns
were low, although high Mo intake could reduce the bioavailability of Cu.

Nickel (Ni): The presence of Ni in meconium of newborns from Sherbrook, Quebec,
Canada was tested by [15] and in newborns from Xiamen, China by [37]. Concentrations
of Ni in the [37] cohorts (diabetic vs. non-diabetic mothers) were nearly identical. Nickel
is considered a low toxicity metal and is not nutritionally required. However, higher
Ni exposure among pregnant women is associated with increased risk of preterm birth
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and low birth weight [81] and with congenital heart disease [37,82] reported no statistical
difference between Ni exposure and markers of gestational diabetes. [15] reported lower
levels (0.107 ± 0.081 with an interquartile range of below the LOQ to 1.7.

Selenium (Se): Selenium is an essential nutrient required for the synthesis of deiod-
inases and glutathione peroxidases and is a component of several amino acids. Low Se
intake early in pregnancy is associated with premature birth [83]. Only [84] analyzed for
Se finding a mean of 0.42 ± 0.46 ppm for 22 infants. Se intake may attenuate the effects of
methylmercury [85]. Higher, but environmentally relevant, intake of Se may increase risk
of diabetes mellitus [86] and amyotrophic lateral sclerosis (ALS) [87,88]. The association
between diabetes and Se may be due to higher levels of Se transport protein selenoprotein
P and not necessarily to higher Se exposure [89].

Antimony (Sb): Only [37] analyzed meconium samples for Sb, finding nearly iden-
tical concentrations in samples from diabetic vs. non-diabetic mothers (0.13 ± 0.09 vs.
0.12 ± 0.09) in Xiamen, China. Xiamen is considered a low-pollution city. However, China
is the world ‘s largest Sb producer and researchers there have measured atmospheric
deposition as particularly high in the areas surrounding Sb mines [90]. Antimony is used
to harden bullets and has been dispersed into the environment through shooting training
or recreational activities. In the US an estimated 1900t of Sb is thought to be released
annually in the US alone [91]. Humans and wildlife may be exposed through contact
with contaminated soil or through consumption of plants, which are known to take up
Sb [92]. Other sources of exposure include antimony-containing drugs used for treatment
of parasitic infections, but this should be rare.

Antimony is also transferred through milk [93]. A placental transfer efficiency of
80.1% was estimated by [49] for Sb. Juvenile exposures to Sb are associated with kidney
damage in rats [94].

Tin (Sn): Tin is not nutritionally necessary. As an element, is not considered particu-
larly toxic. However, this is not true for organotins, such as tributyltin, which can cross
the placenta and accumulate in fetal tissues, primarily liver and brain [95]. Organotin
exposures can result in multi-generational effects [21] and alter male [36] reproductive
tract development in rat dosing studies along with hepatic steatosis, endocrine disruption
and other adverse effects [96]. Only one study, a comparison in metals in meconium from
infants of diabetic vs. non-diabetic mothers, provided data on Sn [37]. Infants from diabetic
women had more total Sn (0.069 ± 0.063 ppm) than infants from non-diabetic women
(0.043 ± 0.033 ppm). The study was undertaken in Xiamen, China, a port city with high
levels of tributyltin in sediment and the tributyltin metabolite, monobutyltin, in seawa-
ter [97]. Consumption of local seafood may have been a source of exposure, but since there
is no other population to compare Sn levels in meconium it is impossible to know how the
Xiamen infants would compare to others. No study examined organotins in meconium,
reporting only total Sn. Tin exposure is common in the US [98] and presumably in other
countries as well.

Vanadium (V): Vanadium has no known biological function in humans. Prenatal
exposure is associated with reduced fetal growth [99] and low birth weight [48,92]. There is
also evidence for renal and hepatic toxicity [100]. Vanadium is used in synthesis of several
drugs, some of which are used to control diabetes and other diseases [101] though they
are not recommended for pregnant women). Vanadium exposures of industrial workers
and laboratory animals are associated with adverse neurological outcomes [102] and with
reduced fetal growth in a large epidemiological study [95].

Two studies measured V in meconium [15,37]. Both dried samples as part of sample
preparation and analyzed for V by ICP-MS. Still, concentrations were markedly different,
although this may be attributable to differences in handling non-detects or results that
were below the limit of quantitation. [37] reported a mean of 0.0025 ppm for 137 infants of
diabetic mothers and a mean of 0.0005 ppm for 197 infants of non-diabetic mothers. [15]
reported a mean of 0.036 ppm for 371 infants from a metals mining area of Quebec.
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Zinc (Zn): Zinc is an essential nutrient to all mammals and is of low toxicity. Following
long term exposure, even at lower doses (~0.5–2 mg Zn/kg/day) of Zn compounds, the
harmful effects generally result from a decreased absorption of Cu from the diet, leading to
early symptoms of Cu deficiency. Insufficient Cu intake or Zn-induced Cu deficiency may
lead to anemia. Copper is needed for synthesis of ferroxidase which binds Fe to transferrin
which is needed for Fe uptake. When Zn is high, it can reduce Cu availability through
induction of metallothionein. Copper complexed with metallothionein is retained in the
mucosal cell, relatively unavailable for transfer to plasma, and excreted in the feces when
the mucosal cells are sloughed off. Thus, an excess of Zn can potentially contribute to Cu
deficiency [71]. Zinc supplementation or exposure to environmental Zn, might contribute
to some of the proportionately higher Cu/low Zn ratios seen in some of the studies. If
that is the case, then higher Cu in meconium may indicate greater risk of Cu deficiency
and anemia.

For Zn the average value of the medians was 165 ppm with a standard deviation of
114. This indicates a distribution that seems fairly normal. The maximum median was
reported by [15] at 314 ppm which was not quite two standard deviations from the mean
and the lowest was reported by [33] at 0.053 ppm for their South Carolina cohort.

4. Discussion

Ionic metals may be transported from the maternal to fetal compartments by simple
diffusion at the placental interface. Evidence for this is implied for some metals where is
a close equivalence between maternal and fetal blood Pb [103]. However, not all metals
show this association. Through similarities of charge, size and structure, some metals
like Cd [104] can pass through channels whose biological function is to actively transport
essential metals such as Ca, Fe or Zn [105]. While Cd may easily pass through essential
metals transporters, it is also a strong inducer of metallothionein, which binds it and
inhibits its passage to the fetus [106]. Cadmium concentrations are most commonly lower
in cord blood than maternal blood and highest in the placenta.

The placenta plays a multi-leveled protective role against xenobiotic transfer to the
fetus. The placental interface consists of two layers, the syncytiotrophoblast and the
cytotrophoblast. The syncytiotrophoblast has a microvillous surface to increase uptake of
blood-borne nutrients, and sometimes toxic metals or other deleterious agents.

Cells along the placental interface express a variety of proteins that sequester, detoxify
or transfer toxic substances to the fetus or back toward maternal circulation. The ability of
the placenta to manage transfer of metals (essential and non-essential) to the fetus may vary
by trimester where differences in gene expression profiles have been noted [107]. Another
factor is presented by differences in placental transporters over time. For example, MRP1is
a transporter identified as playing a role in passage of methylmercury to the fetus [108].).
MRP2 (ABCC2) is an ATP-binding cassette (ABC)-type membrane protein. It ‘s expression
in the placenta varies by gestational age [109]. This may explain some of the differences
seen in metals concentrations in meconium of premature infants vs. full-term infants,
although it is certainly possible that they represent distinct exposure scenarios.

Elemental metals: Metals showing predominance of urinary excretion include cesium,
meconium, Co and selenium. Metals that primarily undergo fecal excretion, at least in
adult animals include manganese, Cu, thallium, lead, Zn, Cd, Fe and methylmercury. Some
metals, including As, elemental Hg and tin rely on both [110]. Metals may also deposit in
liver [111], kidney [112] or other fetal tissues, in addition to deposition in meconium.

Metals excreted in urine may be re-ingested, and re-urinated by the fetus as excretion
to the external environment does not occur. Metals with high solubility, can become trapped
between the fetal compartment and AF as little fluid returns to maternal circulation across
the amniotic membranes [113]. Unfortunately, few studies have looked at the potential for
metals to accumulate in amniotic fluid over time. One study [114] compared heavy metals
in AF between two different groups of women: 16 to 20 weeks (n = 19) and those between
21 and 26 weeks (n = 20). Significant differences in AF metals concentrations by gestational
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age were found only for Cu and magnesium, both essential nutrients. This was not the
case for As or ten other metals and metalloids so there may be mechanisms for return to
maternal circulation or to sequestration meconium or in fetal tissues. No other research
on temporality of amniotic fluid metals concentrations were found. Temporal trends in
meconium metal concentrations (proximal vs. distal or first vs. second expulsion sampling)
have, as far as we know, not been investigated.

Organic Metals: While elemental metals may enter the fetal-placental-amnion com-
partment through passive means or through mimicry, organified metals may actively accu-
mulate in the fetal compartment through transporters such as the Placental ATP-binding
cassette (ABC) transporters [5,29] and the Large amino acid transporters 1 (LAT1-4F2hc)
(SLC7A5-SLC3A2) and 2 (LAT2-4F2hc) (SLC7A8-SLC3A2). ABC transporters are present in
placenta and both the apical and basolateral amniotic membrane [115] where they may play
a role in active transport of methylmercury [116]. Methylmercury appears to be more easily
transferred to the fetus than other, inorganic metals, most likely because of the relative
ease with which methylated forms may undergo active transport [117]. There is evidence
that Cd exposure results in down-regulation of some placental ABC transporters, possibly
limiting Cd transfer to the fetus [118]. These transporters protect the developing fetus
from xenobiotics, including drugs and pharmaceuticals and transport the essential mineral
necessary for function and development. However, some toxic heavy metals including
methylmercury [119,120] can use these routes to cross into the AF and then into the fetal
compartment.

A final factor influencing metals deposition is the effect of co-exposures to metals, or
other agents, on toxicokinetics. Mixtures of metals containing Pb and/or As have been
observed to increase metals deposition in the liver, at least in adult animals and that co-
exposures to Hg and Cd markedly reduce Hg deposition in the kidney [121]. Whether
co-exposures have an influence on heavy metals in meconium is unknown, but future
epidemiology studies may benefit from understanding such influences. It may be important
to understand relationships among co-occurring metals before drawing conclusions about
relative exposures among cohorts.

• We have found several additional points of interest in this broad survey of metals in
meconium. First were questions about the significance of the results reported.

• What is the significance of metals in meconium in terms of development and future
health? What proportion of metal intake is deposited in meconium? Presumably, once
metals are deposited in meconium and reach the lower intestine they are sequestered,
but this is an area in need of further exploration [122]. What proportions might be de-
posited or circulated elsewhere (liver, kidney, brain) and result in fetal damage? More
study would be needed to determine if metals found in meconium are correlated with
adverse effects and to determine what concentration should raise a flag for concern.

• What does a high concentration of a particular metal mean? For example, does a high
meconium concentration of Cu indicate high maternal intake of Cu? Or high maternal
intake of a metal that competes with Cu or increases its sequestration or deposition in
meconium, placenta or elsewhere?

• How do mixtures of metals affect transport or induce biochemical changes both from
placenta to fetus and within the fetus itself?

There were methodological questions:

• How much did methodological differences influence the results reported by different
groups? According to sample preparation (homogenization of all meconium produced
by an infant vs. procuring a small scoop) and according to analytical technique or
instrument or according to statistics and reporting approach (concentration as ppb or
ug/g/kg of bodyweight.

5. Conclusions

Data related to second and third trimester metals exposures are available from meco-
nium samples collected from thousands of infants. At present the usefulness of the data is
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limited by high variability in sample collection, analytical methods and reporting styles.
However, information on long-term fetal exposures are very important and these are still
quite useful. It would be helpful to the scientific and medical communities if data from
multiple studies could be pooled. This would help answer, confirm or refine questions
originally asked by a number of study authors about metal exposures and gestational
diabetes, risk of pre-term birth or birth defects, or differences in fetal metals exposures
among infants from infants whose mothers lived in highly polluted or relatively pristine
environments. It would also be helpful in understanding how combinations of metals
influence various shared endpoints, for example, the effects of Cd, Ba and Pb exposures
on hearing deficits or risk of metabolic disorders etc. That would require acceptance of a
standard protocol for sample preparation and analysis for metals or groups of metals and a
common use of statistical and reporting approaches.
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51. Özdemir, H.S.; Karadas, F.; Yörük, I.; Oto, G.; Erdemoğlu, E.; Yesilova, A. Vitamin and Mineral Levels of Newborns in Van Basin
and Their Relation to Maternal Vitamin and Mineral Status. Open J. Pediatrics 2014, 4, 107–114. [CrossRef]

52. ATSDR (Agency for Toxic Substances and Disease Registry). Toxicological Profile for Aluminum; Department of Health and Human
Services, Public Health Service: Atlanta, GA, USA, 2008.

53. Krewski, D.; Yokel, R.A.; Nieboer, E.; Borchelt, E.; Cohen, J.; Harry, J.; Kacew, S.; Lindsay, J.; Mahfouz, A.M.; Rondeau, V. Human
health risk assessment for aluminium, aluminium oxide, and aluminium hydroxide. J. Toxicol. Environ. Health B Crit. Rev. 2007,
10, 1–269. [CrossRef]

54. Morris, G.; Puri, B.K.; Frye, R.E. The putative role of environmental aluminium in the development of chronic neuropathology
in adults and children. How strong is the evidence and what could be the mechanisms involved? Metab. Brain Dis. 2017, 32,
1335–1355. [CrossRef]

55. Guo, C.-H.; Huang, C.-J.; Chen, S.-T.; Hsu, G.-S.W. Serum and testicular testosterone and nitric oxide products in aluminum-
treated mice. Environ. Toxicol. Pharmacol. 2001, 10, 53–60. [CrossRef]

56. Wang, J.-Q.; Hu, Y.-B.; Liang, C.-M.; Xia, X.; Li, Z.-J.; Gao, H.; Sheng, J.; Huang, K.; Wang, S.-F.; Li, Y.; et al. Aluminum and
magnesium status during pregnancy and placenta oxidative stress and inflammatory mRNA expression: China Ma ‘anshan birth
cohort study. Environ. Geochem. Health 2020. [CrossRef] [PubMed]

57. Huang, Y.; Li, X.; Zhang, W.; Su, W.; Zhou, A.; Xu, S.; Li, Y.; Chen, D. Aluminum Exposure and Gestational Diabetes Mellitus:
Associations and Potential Mediation by n − 6 Polyunsaturated Fatty Acids. Environ. Sci. Technol. 2020, 54, 5031–5040. [CrossRef]

58. Winterbottom, E.F.; Ban, Y.; Sun, X.; Capobianco, A.J.; Marsit, C.; Chen, S.X.; Wang, L.; Karagas, M.R.; Robbins, D.J. Transcriptome-
wide analysis of changes in the fetal placenta associated with prenatal arsenic exposure in the New Hampshire Birth Cohort
Study. Environ. Health 2019, 18, 100. [CrossRef] [PubMed]

59. Caldwell, K.E.; Labrecque, M.T.; Solomon, B.R.; Ali, A.; Allan, A.M. Prenatal arsenic exposure alters the programming of the
glucocorticoid signaling system during embryonic development. Neurotoxicol. Teratol. 2015, 47, 66–79. [CrossRef]

60. Salmeri, N.; Villanacci, R.; Ottolina, J.; Bartiromo, L.; Cavoretto, P.; Dolci, C.; Lembo, R.; Schimberni, M.; Valsecchi, L.;
Viganò, P.; et al. Maternal Arsenic Exposure and Gestational Diabetes: A Systematic Review and Meta-Analysis. Nutrients
2020, 12, 3094. [CrossRef]

61. Pomroy, C.; Charbonneau, S.; McCullough, R.; Tam, G. Human retention studies with 74As. Toxicol. Appl. Pharmacol. 1980, 53,
550–556. [CrossRef]

62. Zhang, N.; Liu, Z.; Tian, X.; Chen, M.; Deng, Y.; Guo, Y.; Li, N.; Yu, P.; Yang, J.; Zhu, J. Barium exposure increases the risk of
congenital heart defects occurrence in offspring. Clin. Toxicol. 2017, 56, 132–139. [CrossRef]

63. Pi, X.; Jin, L.; Li, Z.; Liu, J.; Zhang, Y.; Wang, L.; Ren, A. Association between concentrations of barium and aluminum in placental
tissues and risk for orofacial clefts. Sci. Total Environ. 2019, 652, 406–412. [CrossRef] [PubMed]

64. Ohgami, N.; Mitsumatsu, Y.; Ahsan, N.; Akhand, A.A.; Li, X.; Iida, M.; Yajima, I.; Naito, M.; Wakai, K.; Ohnuma, S.; et al.
Epidemiological analysis of the association between hearing and barium in humans. J. Expo. Sci. Environ. Epidemiol. 2015, 26,
488–493. [CrossRef] [PubMed]

65. Menke, A.; Guallar, E.; Cowie, C.C. Metals in Urine and Diabetes in United States Adults. Diabetes 2015, 65, 164–171. [CrossRef]
[PubMed]

http://doi.org/10.1016/j.chemosphere.2016.08.023
http://www.ncbi.nlm.nih.gov/pubmed/27540762
http://doi.org/10.1016/j.envres.2016.11.008
http://www.ncbi.nlm.nih.gov/pubmed/27880879
http://doi.org/10.1016/j.envres.2019.01.014
http://doi.org/10.1016/j.envres.2019.108724
http://www.ncbi.nlm.nih.gov/pubmed/31627028
http://doi.org/10.1016/j.scitotenv.2010.07.079
http://doi.org/10.1371/journal.pone.0109984
http://doi.org/10.1542/peds.106.4.774
http://doi.org/10.1159/000089953
http://doi.org/10.1016/j.jes.2018.11.004
http://doi.org/10.1203/00006450-199709000-00068
http://doi.org/10.4236/ojped.2014.41015
http://doi.org/10.1080/10937400701597766
http://doi.org/10.1007/s11011-017-0077-2
http://doi.org/10.1016/S1382-6689(01)00069-2
http://doi.org/10.1007/s10653-020-00619-x
http://www.ncbi.nlm.nih.gov/pubmed/32621275
http://doi.org/10.1021/acs.est.9b07180
http://doi.org/10.1186/s12940-019-0535-x
http://www.ncbi.nlm.nih.gov/pubmed/31752878
http://doi.org/10.1016/j.ntt.2014.11.006
http://doi.org/10.3390/nu12103094
http://doi.org/10.1016/0041-008X(80)90368-3
http://doi.org/10.1080/15563650.2017.1343479
http://doi.org/10.1016/j.scitotenv.2018.10.262
http://www.ncbi.nlm.nih.gov/pubmed/30366340
http://doi.org/10.1038/jes.2015.62
http://www.ncbi.nlm.nih.gov/pubmed/26464097
http://doi.org/10.2337/db15-0316
http://www.ncbi.nlm.nih.gov/pubmed/26542316


Int. J. Environ. Res. Public Health 2021, 18, 1975 15 of 17

66. Leroyer, A.; Hemon, D.; Nisse, C.; Auque, G.; Mazzuca, M.; Haguenoer, J.-M. Determinants of Cadmium Burden Levels in a
Population of Children Living in the Vicinity of Nonferrous Smelters. Environ. Res. 2001, 87, 147–159. [CrossRef]

67. Boal, A.K.; Rosenzweig, A.C. Structural Biology of Copper Trafficking. Chem. Rev. 2009, 109, 4760–4779. [CrossRef]
68. Elam, J.S.; Thomas, S.T.; Holloway, S.P.; Taylor, A.B.; Hart, P. Copper chaperones. Protein Simul. 2002, 60, 151–219. [CrossRef]
69. McArdle, H.J.; Andersen, H.S.; Jones, H.; Gambling, L. Copper and Iron Transport Across the Placenta: Regulation and

Interactions. J. Neuroendocr. 2008, 20, 427–431. [CrossRef]
70. Kuo, Y.-M.; Zhou, B.; Cosco, D.; Gitschier, J. The copper transporter CTR1 provides an essential function in mammalian embryonic

development. Proc. Natl. Acad. Sci. USA 2001, 98, 6836–6841. [CrossRef] [PubMed]
71. Duncan, A.; Yacoubian, C.; Watson, N.; Morrison, I. The risk of copper deficiency in patients prescribed zinc supplements. J. Clin.

Pathol. 2015, 68, 723–725. [CrossRef]
72. Chen, Z.; Myers, R.P.; Wei, T.; Bind, E.; Kassim, P.; Wang, G.; Ji, Y.; Hong, X.; Caruso, D.; Bartell, T.; et al. Placental transfer

and concentrations of cadmium, mercury, lead, and selenium in mothers, newborns, and young children. J. Expo. Sci. Environ.
Epidemiol. 2014, 24, 537–544. [CrossRef]

73. Schlegel, R.N.; Cuffe, J.S.M.; Moritz, K.M.; Paravicini, T. Maternal hypomagnesemia causes placental abnormalities and fetal and
postnatal mortality. Placenta 2015, 36, 750–758. [CrossRef]

74. Wedig, K.E.; Kogan, J.; Schorry, E.K.; Whitsett, J.A. Skeletal demineralization and fractures caused by fetal magnesium toxicity. J.
Perinatol. 2006, 26, 371–374. [CrossRef]

75. Yokoyama, K.; Takahashi, N.; Yada, Y.; Koike, Y.; Kawamata, R.; Uehara, R.; Kono, Y.; Honma, Y.; Momoi, M.Y. Prolonged
maternal magnesium administration and bone metabolism in neonates. Early Hum. Dev. 2010, 86, 187–191. [CrossRef]

76. Emery, J.L. Laboratory Observations on the Viscidity of Meconium. Arch. Dis. Child. 1954, 29, 34–37. [CrossRef] [PubMed]
77. Guan, H.; Wang, M.; Li, X.; Piao, F.; Li, Q.; Xu, L.; Kitamura, F.; Yokoyama, K. Manganese concentrations in maternal and

umbilical cord blood: Related to birth size and environmental factors. Eur. J. Public Health 2013, 24, 150–157. [CrossRef] [PubMed]
78. Kullar, S.S.; Shao, K.; Surette, C.; Foucher, D.; Mergler, D.; Cormier, P.; Bellinger, D.C.; Barbeau, B.; Sauvé, S.; Bouchard, M.F. A

benchmark concentration analysis for manganese in drinking water and IQ deficits in children. Environ. Int. 2019, 130, 104889.
[CrossRef]

79. Broberg, K.; Taj, T.; Guazzetti, S.; Peli, M.; Cagna, G.; Pineda, D.; Placidi, D.; Wright, R.O.; Smith, D.R.; Lucchini, R.G.; et al.
Manganese transporter genetics and sex modify the association between environmental manganese exposure and neurobehavioral
outcomes in children. Environ. Int. 2019, 130, 104908. [CrossRef]

80. Ying, S.C.; Schaefer, M.V.; Cock-Esteb, A.; Alicea, C.-E.; Fendorf, S. Depth Stratification Leads to Distinct Zones of Manganese and
Arsenic Contaminated Groundwater. Environ. Sci. Technol. 2017, 51, 8926–8932. [CrossRef]

81. Sun, X.; Jiang, Y.; Xia, W.; Jin, S.; Liu, W.; Lin, X.; Liu, H.; Chen, X.; Peng, Y.; Li, H.; et al. Association between prenatal nickel
exposure and preterm low birth weight: Possible effect of selenium. Environ. Sci. Pollut. Res. 2018, 25, 25888–25895. [CrossRef]

82. Zhang, N.; Chen, M.; Li, J.; Deng, Y.; Li, S.-L.; Guo, Y.-X.; Li, N.; Lin, Y.; Yu, P.; Liu, Z.; et al. Metal nickel exposure increase the risk
of congenital heart defects occurrence in offspring. Medicine 2019, 98, e15352. [CrossRef]

83. Rayman, M.P.; Wijnen, H.; Vader, H.; Kooistra, L.; Pop, V. Maternal selenium status during early gestation and risk for preterm
birth. Can. Med. Assoc. J. 2011, 183, 549–555. [CrossRef] [PubMed]

84. Özdemir, H.S.; Karadas, F.; Pappas, A.C.; Cassey, P.; Oto, G.; Tunçer, Ö. The Selenium Levels of Mothers and Their Neonates
Using Hair, Breast Milk, Meconium, and Maternal and Umbilical Cord Blood in Van Basin. Biol. Trace Elem. Res. 2008, 122,
206–215. [CrossRef] [PubMed]

85. Penglase, S.J.; Hamre, K.; Ellingsen, S. Selenium prevents downregulation of antioxidant selenoprotein genes by methylmercury.
Free Radic. Biol. Med. 2014, 75, 95–104. [CrossRef]

86. Vinceti, M.; Filippini, T.; Rothman, K.J. Selenium exposure and the risk of type 2 diabetes: A systematic review and meta-analysis.
Eur. J. Epidemiol. 2018, 33, 789–810. [CrossRef]

87. Kilness, A.W.; Hochberg, F.H. Amyotrophic Lateral Sclerosis in a High Selenium Environment. JAMA 1977, 237, 2843–2844.
[CrossRef]

88. Vinceti, M.; Bonvicini, F.; Bergomi, M.; Malagoli, C. Possible involvement of overexposure to environmental selenium in the
etiology of amyotrophic lateral sclerosis: A short review. Ann. Ist. Super. Sanità 2010, 46, 279–283.

89. Oo, S.M.; Misu, H.; Saito, Y.; Tanaka, M.; Kato, S.; Kita, Y.; Takayama, H.; Takeshita, Y.; Kanamori, T.; Nagano, T.; et al. Serum
selenoprotein P, but not selenium, predicts future hyperglycemia in a general Japanese population. Sci. Rep. 2018, 8, 1–10.
[CrossRef] [PubMed]

90. Ao, M.; Qiu, G.; Zhang, C.; Xu, X.; Zhao, L.; Feng, X.; Qin, S.; Meng, B. Atmospheric deposition of antimony in a typical
mercury-antimony mining area, Shaanxi Province, Southwest China. Environ. Pollut. 2019, 245, 173–182. [CrossRef]

91. Wan, X.-M.; Tandy, S.; Hockmann, K.; Schulin, R. Changes in Sb speciation with waterlogging of shooting range soils and impacts
on plant uptake. Environ. Pollut. 2013, 172, 53–60. [CrossRef]

92. Ji, Y.; Mestrot, A.; Schulin, R.; Tandy, S. Uptake and Transformation of Methylated and Inorganic Antimony in Plants. Front. Plant
Sci. 2018, 9. [CrossRef] [PubMed]

93. Gerber, G.B.; Maes, J.; Eykens, B. Transfer of antimony and arsenic to the developing organism. Arch. Toxicol. 1982, 49, 159–168.
[CrossRef] [PubMed]

http://doi.org/10.1006/enrs.2001.4300
http://doi.org/10.1021/cr900104z
http://doi.org/10.1016/s0065-3233(02)60054-3
http://doi.org/10.1111/j.1365-2826.2008.01658.x
http://doi.org/10.1073/pnas.111057298
http://www.ncbi.nlm.nih.gov/pubmed/11391004
http://doi.org/10.1136/jclinpath-2014-202837
http://doi.org/10.1038/jes.2014.26
http://doi.org/10.1016/j.placenta.2015.03.011
http://doi.org/10.1038/sj.jp.7211508
http://doi.org/10.1016/j.earlhumdev.2010.02.007
http://doi.org/10.1136/adc.29.143.34
http://www.ncbi.nlm.nih.gov/pubmed/13149196
http://doi.org/10.1093/eurpub/ckt033
http://www.ncbi.nlm.nih.gov/pubmed/23543679
http://doi.org/10.1016/j.envint.2019.05.083
http://doi.org/10.1016/j.envint.2019.104908
http://doi.org/10.1021/acs.est.7b01121
http://doi.org/10.1007/s11356-018-2622-x
http://doi.org/10.1097/MD.0000000000015352
http://doi.org/10.1503/cmaj.101095
http://www.ncbi.nlm.nih.gov/pubmed/21324870
http://doi.org/10.1007/s12011-008-8088-9
http://www.ncbi.nlm.nih.gov/pubmed/18301869
http://doi.org/10.1016/j.freeradbiomed.2014.07.019
http://doi.org/10.1007/s10654-018-0422-8
http://doi.org/10.1001/jama.1977.03270530051023
http://doi.org/10.1038/s41598-018-35067-2
http://www.ncbi.nlm.nih.gov/pubmed/30425271
http://doi.org/10.1016/j.envpol.2018.10.125
http://doi.org/10.1016/j.envpol.2012.08.010
http://doi.org/10.3389/fpls.2018.00140
http://www.ncbi.nlm.nih.gov/pubmed/29487607
http://doi.org/10.1007/BF00332363
http://www.ncbi.nlm.nih.gov/pubmed/7059282


Int. J. Environ. Res. Public Health 2021, 18, 1975 16 of 17

94. Rashedy, A.H.; A Solimany, A.; Ismail, A.K.; Wahdan, M.H.; Saban, K.A. Histopathological and functional effects of antimony on
the renal cortex of growing albino rat. Int. J. Clin. Exp. Pathol. 2013, 6, 1467–1480.

95. Cooke, G.M.; Forsyth, D.S.; Bondy, G.S.; Tachon, R.; Tague, B.; Coady, L. Organotin speciation and tissue distribution in rat dams,
fetuses, and neonates following oral administration of tributyltin chloride. J. Toxicol. Environ. Health Part A 2008, 1, 384–395.
[CrossRef] [PubMed]

96. Podratz, P.L.; Merlo, E.; De Araújo, J.F.; Ayub, J.G.; Pereira, A.F.; Freitas-Lima, L.C.; Da Costa, M.B.; Miranda-Alves, L.; Cassa,
S.G.; Carneiro, M.T.W.D.; et al. Disruption of fertility, placenta, pregnancy outcome, and multigenerational inheritance of hepatic
steatosis by organotin exposure from contaminated seafood in rats. Sci. Total Environ. 2020, 723, 138000. [CrossRef]

97. Cao, D.; Jiang, G.; Zhou, Q.; Yang, R. Organotin pollution in China: An overview of the current state and potential health risk. J.
Environ. Manag. 2009, 90, S16–S24. [CrossRef] [PubMed]

98. Lehmler, H.-J.; Gadogbe, M.; Liu, B.; Bao, W. Environmental tin exposure in a nationally representative sample of U.S. adults and
children: The National Health and Nutrition Examination Survey 2011–2014. Environ. Pollut. 2018, 240, 599–606. [CrossRef]

99. Hu, J.; Peng, Y.; Zheng, T.; Zhang, B.; Liu, W.; Wu, C.; Jiang, M.; Braun, J.M.; Liu, S.; Buka, S.L.; et al. Effects of trimester-specific
exposure to vanadium on ultrasound measures of fetal growth and birth size: A longitudinal prospective prenatal cohort study.
Lancet Planet. Health 2018, 2, e427–e437. [CrossRef]

100. Wang, J.P.; Cui, R.Y.; Zhang, K.; Ding, X.M.; Luo, Y.H.; Bai, S.P.; Zeng, Q.F.; Xuan, Y.; Su, Z.W. High-Fat Diet Increased Renal and
Hepatic Oxidative Stress Induced by Vanadium of Wistar Rat. Biol. Trace Elem. Res. 2015, 170, 415–423. [CrossRef]

101. Treviño, S.; Díaz, A.; Sánchez-Lara, E.; Sanchez-Gaytan, B.; Perez-Aguilar, J.M.; González-Vergara, E. Vanadium in Biological
Action: Chemical, Pharmacological Aspects, and Metabolic Implications in Diabetes Mellitus. Biol. Trace Elem. Res. 2019, 188,
68–98. [CrossRef]

102. Fatola, O.I.; OlaOlorun, F.A.; Olopade, F.E.; Olopade, J.O. Trends in vanadium neurotoxicity. Brain Res. Bull. 2019, 145, 75–80.
[CrossRef]

103. Goyer, R.A. Transplacental transport of lead. Environ. Health Perspect. 1990, 89, 101–105. [CrossRef]
104. Ballatori, N. Transport of toxic metals by molecular mimicry. Environ. Health Perspect. 2002, 110, 689–694. [CrossRef]
105. Bridges, C.C.; Zalups, R.K. Molecular and ionic mimicry and the transport of toxic metals. Toxicol. Appl. Pharmacol. 2005, 204,

274–308. [CrossRef] [PubMed]
106. Boadi, W.Y.; Yannai, S.; Urbach, J.; Brandes, J.M.; Summer, K.H. Transfer and accumulation of cadmium, and the level of

metallothionein in perfused human placentae. Arch. Toxicol. 1991, 65, 318–323. [CrossRef]
107. Mikheev, A.M.; Nabekura, T.; Kaddoumi, A.; Bammler, T.K.; Govindarajan, R.; Hebert, M.F.; Unadkat, J.D. Profiling Gene

Expression in Human Placentae of Different Gestational Ages: An OPRU Network and UW SCOR Study. Reprod. Sci. 2008, 15,
866–877. [CrossRef]

108. Straka, E.; Ellinger, I.; Balthasar, C.; Scheinast, M.; Schatz, J.; Szattler, T.; Bleichert, S.; Saleh, L.; Knöfler, M.; Zeisler, H.; et al.
Mercury toxicokinetics of the healthy human term placenta involve amino acid transporters and ABC transporters. Toxicology
2016, 340, 34–42. [CrossRef] [PubMed]

109. Zu Schwabedissen, H.E.M.; Jedlitschky, G.; Gratz, M.; Haenisch, S.; Linnemann, K.; Fusch, C.; Cascorbi, I.; Kroemer, H.K. Variable
expression of MRP2 (ABCC2) in human placenta: Influence of gestational age and cellular differentiation. Drug Metab. Dispos.
2005, 33, 896–904. [CrossRef] [PubMed]

110. Gregus, Z.; Klaassen, C.D. Disposition of metals in rats: A comparative study of fecal, urinary, and biliary excretion and tissue
distribution of eighteen metals. Toxicol. Appl. Pharmacol. 1986, 85, 24–38. [CrossRef]

111. Kuriwaki, J.-I.; Nishijo, M.; Honda, R.; Tawara, K.; Nakagawa, H.; Hori, E.; Nishijo, H. Effects of cadmium exposure during
pregnancy on trace elements in fetal rat liver and kidney. Toxicol. Lett. 2005, 156, 369–376. [CrossRef]

112. Thévenod, F.; Wolff, N.A. Iron transport in the kidney: Implications for physiology and cadmium nephrotoxicity. Metallomics
2016, 8, 17–42. [CrossRef]

113. Brace, R.A. Physiology of Amniotic Fluid Volume Regulation. Clin. Obstet. Gynecol. 1997, 40, 280–289. [CrossRef]
114. Suliburska, J.; Kocyłowski, R.; Komorowicz, I.; Grzesiak, M.; Bogdański, P.; Barałkiewicz, D. Concentrations of Mineral in
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