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Abstract

Metal contaminants cross the placenta, presenting a heightened risk of perturbing fetal
development. Information on placental concentrations and transfer of multiple potentially toxic
metals from low to moderate exposure is lacking. We measured concentrations of Cd, Pb, Hg, Mn,
Se and Zn in 750 placentas collected from women enrolled in the New Hampshire Birth Cohort
Study and examined the correlation between elements, and profiles of potentially toxic metals (Cd,
Pb, Hg and Mn) stratified by nutrient concentrations (Zn and Se) using Principal Components
Analyses (PCA). We further examined the indirect effects of maternal metal concentrations on
infant metal concentrations through placenta metal concentrations using structural equation
models. Placental metal concentrations were all correlated, particularly Zn and Mn, and Zn and
Cd, and the principal component of metals differed by stratum of high versus low Zn and Se.
Associations were observed between placenta and maternal toenail Se (B 63.49, A<0.0001) and Pb
(B 0.90, ~£<0.0001) but not other metals. Structural equation models did not indicate any
statistically significant indirect effects through placental metal concentrations. Placental metal
concentrations may represent a distinct biomarker of metal exposure and adverse health impacts to
the fetus, particularly those stemming from the placenta.

INTRODUCTION

Metal contaminants are ubiquitous in the environment; they cross the human placenta and
pose a risk of adversely impacting the fetus during sensitive stages of development that may
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affect health throughout life (1-3). The human fetus is entirely composed of elements
transferred from maternal to fetal blood via the placenta (4). The placenta is an organ of fetal
origin that develops during pregnancy to control the transport of nutrients, respiratory gases
and waste products between mother and fetus while hormonally regulating the progression
of pregnancy. Cadmium (Cd), lead (Pb), and mercury (Hg) are developmental toxicants (5—
8) with no known biological function that are transported across the placenta (9, 10) with
varying degrees of efficiency. Manganese (Mn) is an essential nutrient that acts as a
neurodevelopmental toxicant at supraoptimal concentrations (11). Selenium (Se) is an
essential micronutrient in mammals that has a narrow window of sufficiency (12), and can
be toxic in extreme excess (13). Zinc is also an essential nutrient, which plays key roles in
embryogenesis, fetal growth and development and mammary gland function for milk
synthesis and secretion (14). Short-term health effects from acute /in ufero exposure to
individual metals include spontaneous abortion, stillbirth, low birth weight, pre-term birth,
reduced fetal growth, impaired neurodevelopment and congenital malformation (15-20).
Both arsenic and cadmium independently have been related to growth suppression among
children (21), but there is evidence that metal mixtures may present risks such as impaired
cognitive development (19, 20).

Essential metals play critical cellular roles, including structural components of
biomolecules, signaling molecules, catalytic cofactors and regulators of protein expression.
Their concentrations are tightly regulated via complex homeostatic networks (22), and
altered metal homeostasis is characteristic of disease: including neurodegenerative disorders
(23), pathogenic disease and cancer (24). Transport of non-essential metals across biological
membranes is thought to be based on the similarity of their molecular size and charge to that
of essential metals, a phenomenon known as molecular mimicry (25, 26). It has been shown
in animal studies that placental nutrient transport systems can also recognize xenobiotics as
targets (27). For example, Cd may directly interact with membrane transporters for iron (Fe)
and zinc (Zn) (28), reducing the efficiency of transport, or it may indirectly influence Zn
transport by increasing metallothionein production in the placenta (29-32), reducing the
efficiency of Zn transfer to the fetus. Recent data suggest that Se can act antagonistically
with Cd (33, 34) with one study finding Se supplementation was associated with lower Cd-
induced oxidative stress and lower Cd concentrations. There is evidence that Se may also be
protective against the effects of methylmercury by direct binding to Hg (35) although this
has not been observed epidemiologically. Mercury in its most toxic form as methylmercury
is a highly specific, irreversible inhibitor of Se-dependent enzymes, which prevent and
reverse oxidative damage particularly in the brain and neuroendocrine tissues (36).
Epidemiological studies to some extent have examined levels of Cd, Pb and Hg in the human
placenta in relation to other biomarkers of maternal and fetal metal exposure, such as blood
and cord blood (10, 37, 38), but to our knowledge not in relation to concentrations of
essential elements such as Mn, Se or Zn. Given the role of the placenta in regulating the
transport of all essential nutrients and toxicants that reach the fetus during pregnancy, we
sought to determine the relationships between the concentration of multiple elements: Cd,
Pb and Hg, Mn, Se and Zn measured in human placenta with those measured in established
maternal and infant biomarkers of metal exposure in a large pregnancy cohort.
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MATERIALS AND METHODS

The study protocols for the New Hampshire Birth Cohort Study (NHBCS) were approved by
the Committee for the Protection of Human Subjects at Dartmouth College. All study
participants provided written informed consent.

The New Hampshire Birth Cohort Study

We used data collected from all individuals currently enrolled in the ongoing NHBCS on
whom we analyzed placental samples for multiple elements, including non-essential metals.
The NHBCS recruited pregnant women whose primary residential water source is a private
well and who obtain their prenatal care at clinics in New Hampshire, a state with detectable
As concentrations in private well water, which exceeds the current maximum contaminant
limit (10 pg/L) in over 10% of these wells. To be eligible for the study, women were: a)
currently pregnant, b) 18 to 45 years old, ¢) receiving routine prenatal care at one of the
study clinics, d) using a private well that serves <15 households or 25 individuals at their
place of residence, e) residing in the same place since their last menstrual period and f) not
planning to move prior to delivery.

Placental Collection Protocol

Placental biopsies were uniformly collected from the fetal side, at the base of the cord
insertion avoiding vasculature, and measuring approximately 1 cm deep and 1-2 cm in
diameter. The maternal decidua was removed to avoid inclusion of calcium (Ca) deposits
and connective tissue. Placental biopsies were store in trace element-free tubes, which were
labeled with a sample barcode ID and stored at —80°C until analysis.

Maternal and Infant Toenails

At two weeks post partum, participants received an information packet requesting maternal
and infant toenail clippings within eight weeks of birth, which represent exposure during
pregancy. Maternal toenails underwent an additional washing procedure that included
manual removal of visible dirt and five washes in an ultrasonic bath using Triton X-100
(LabChem Inc., PA) and acetone followed by deionized water, and allowed to dry. All
toenail samples were subject to low-pressure microwave digestion using the method above
for placenta digestions and were analyzed via ICP-MS.

ICP-MS analysis

Prior to analysis placental samples were transferred to a —20°C freezer and then to a fridge
(4°C) for a maximum of 2 days, and then brought to room temperature. 1 ml of HNO3/HCI
at 9:1 ratio (Optima™) was added to samples with of up to 500 mg mass (wet weight), and 2
ml of was added to samples greater than 500 mg. Samples were digested via microwave
(CEM, Microwave Assisted Reaction System), ramping the temperature to 95°C in 15
minutes, and holding at this temperature for 45 minutes. 0.25-0.35 ml H,O, was added to
each tube and the microwave digestion sequence was repeated. This method is based on EPA
method 3050B and is used at the Dartmouth Trace Element Analysis Core for digestion of
low masses of biological samples. The method gives clear digestate solutions and good
recoveries (80-120%) for biological SRMs and fortified blanks. Quality control procedures
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for the digestion included analysis of laboratory fortified blanks, digestion blanks and
standard reference material (NIST 1566b, Oyster tissue). All samples were analyzed by ICP-
MS (7700x Agilent, Santa Clara, CA) and analysis was conducted following the quality
control procedures outlined in EPA 6020a. Analysis quality control included the use of an
internal standard, initial and continuing calibration verification and blanks, analytical
duplicates and spikes. Selenium was analyzed in reaction cell mode with hydrogen, and all
other elements were analyzed using helium as a collision gas (7700x, Agilent, Santa Clara,
CA\). For the laboratory control sample we used a laboratory-prepared reference placental
digest prepared from multiple samples of de-identified placental tissue pooled to create a 2L
bulk placental digest solution. The pooled sample was mixed, analyzed and an aliquot was
included with each batch of placental samples analyzed. A summary of the quality control
data is given in Supplemental Table 1. Method detection limits were calculated based on the
procedure outlined in US Code of Federal Regulations, actual mean values for the digestion
blanks across all analytical batches are comparable of better than the MDL values.
Recoveries for the standard reference material were excellent (90-110%) across the
analytical batches and the reproducibility of the laboratory control solution, a bulk placenta
digest, was also good with relative standard deviation of 17% for Mn and <10% for Cd, Pb,
Zn; the concentration of Hg in the laboratory control sample was below detection limits.

Statistical Analysis

We examined associations between placenta metals and a variety of potential covariates,
including maternal age upon enrollment, pre-pregnancy maternal body mass index (BMlI),
parity, maternal smoking status and infant sex. One-way analyses of variance analyses were
conducted on log;g-transformed placental metal concentration data, expressed as ng/g, and
potential covariates. We examined correlations between elements in placental specimens
using Spearman’s correlation statistical tests on untransformed placental metal concentration
data. Using structural equation modeling (SEM) we tested the indirect effects of maternal
metal concentrations on infant metal concentrations through placenta metal concentrations.
Structural equation modeling (SEM) is a convenient statistical tool for modeling causal
pathways and indirect effects (i.e., mediation) by components of the pathway (39). The
indirect effects for all six metals were calculated and tested using the Sobel Z test.

To assess the effect of placental Zn and Se status on the relationship between placental metal
concentrations, we stratified data by the median Zn (10.1 pg/g) and Se (272 ng/g)
concentrations in both Spearman correlational and principal component analyses (PCA) to
examine the structure of six placental metals and effects of Zn and Se levels on this
structure. Use of PCA is consistent with recent literature on the placental metallome (40)
and on analyzing multiple contaminants in feto-maternal tissues (41). In statistical analyses,
placental metal concentrations that fell below instrument detection limits were recorded as
missing data and excluded.
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Results

Descriptive characteristics of the cohort

The study population was predominantly white, with an average age of 31.3 (25.1 - 37.8), a
mean body mass index (BMI) of 25.3 (10t — 90t percentile range of 20 — 32.1), and who
gave birth primarily to full term infants (>37 weeks) with an equal male/female distribution.
Placental metal concentrations were related to demographic characteristics of the population
(Table 1). Placental tissue collected from women over 30 years of age at enrollment had
28% higher concentrations of Cd compared to women under 30. Placental tissues from
women with a BMI of 30 or more (obese) had 35% lower concentrations of Cd, 45% lower
Pb, 40% lower Hg, 8% lower Zn and 17% lower Mn than women with a BMI between 18.5
—24.9 (normal weight). Placental tissue from male births had 7% higher Zn concentrations
than those from female births. Placental tissue from women reporting smoking cigarettes at
any time during their pregnancy had 29% higher concentrations of Cd in placental tissue
than those with no exposure to smoking.

Correlations between metals in the placenta

Placental metal concentrations were positively correlated (Figure 1A). The strongest
correlations were between Zn and Mn, Zn and Cd, Zn and Se and between Se and Mn.
Conversely, the weakest correlations were between non-essential metals Hg and Pb.
Correlations with Hg were the weakest in placenta overall. We observed differences in
placental metal correlations when we stratified placentas according to whether the
concentration of essential nutrients Zn or Se were less than or more than the median value
determined for the study population. In placentas with less than the median Zn concentration
(10.1 pg/g) we found positive correlations between Pb and Cd (rg = 0.25, < 0.0001) and
between Mn and Hg (rg = 0.11, A< 0.001) that were not observed in placentas with above
median Zn concentrations (Figure 1B). Further, in below-median Zn placentas, we observed
a weaker correlation between Mn and Se than in higher Zn placentas (rg = 0.25 and 0.43
respectively). Likewise, correlations differed by Se concentrations, with a higher correlation
between Mn and Hg in placentas with above median Se (rs = 0.05 ns, in below median Se
and 0.15, P< 0.001 above). Correlations between Hg and Zn at below median Se (r =0.15 P
<0.001) were not observed in placental specimens with above median Se (rg = 0.09 ns). Zn
and Pb were also more strongly correlated in above median Se placenta samples (rs = 0.36 P
<0.0001), than in below median Se placentas (r = 0.15 £< 0.001).

Principal Components Analysis

In our PCA analysis for all six metals, the first component explained 50% of the total
variance and the second component 15%. Together, the first three components in this
analysis explained 77% of the total variance. All variables loaded in the same direction on
the first component and the loadings varied from 0.31 to 0.5 without a predominant metal,
which was consistent with the positive correlations among placental metals. A principal
component analysis using Cd, Hg, Pb and Mn to assess the effects of Zn and Se levels
(dichotomized at the median values) on the structure showed that the first three components
explained 48%, 22% and 16% of the total variance respectively. Loadings on the first
component were in the same direction, and magnitudes varied from 0.42 to 0.56 with no
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indication of a predominant metal. The second component had a predominant loading from
Cd (0.76) and a moderate loading from Pb (=0.56), whereas the third component had a
predominant loading from Mn (-0.80) and a moderate loading from Cd (0.49) and Pb (0.33).
The fourth component had a predominant loading from Hg (—0.78) and a moderate loading
from Pb (0.58). All except the third component were statistically significantly different
between high (above median) Zn group and low (below median) Zn group with P values
3.04 x 10713, 1.49 x 1077 and 5.21 x 1078, for components 1,2 and 4 respectively. The same
three components also differed between the high (above median) Se group and the low
(below median) Se group with Pvalues 2.94 x 107, 1.20 x 1072, and 0.02. These results are
additionally depicted in Figure 2 and align with results of the Spearman correlations.

Associations between biomarkers

Results from the structural equation models are shown in Figures 3 and S1, with associations
estimated simultaneously adjusting for covariance of the dependent variables. The indirect
effects of maternal metals on infant metals through placenta metals were estimated as the
product of the effects from mother to placenta and from placenta to infant and tested via the
Sobel Z test. The six mediated effects were —0.02 (95% CI: -0.13, 0.08) for Cd, -0.02
(-0.31, 0.27) for Hg, —0.06 (-0.38, 0.26) for Mn, —0.01 (-0.28, 0.27) for Pb, -0.96 (-10.13,
8.20) for Se and —0.001 (-0.01, 0.008) for Zn. While all coefficients were in the negative
direction, the confidence intervals around the effect estimates were large. A strong positive
relationship between maternal toenail and placental Se levels, and a weak association
between maternal toenail and placental Pb were both statistically significant. All other
analyses between metal concentrations in maternal toenail, placenta and infant toenail
indicated few statistically significant relationships.

Discussion

The concentrations of potentially toxic metals (Cd, Pb and Hg) in placental tissue collected
from women enrolled in the NHBCS fell at the lower end of the ranges reported worldwide.
For placental Cd, arithmetic mean concentrations have been reported to be in the range of 1-
53 ng/g (10) (all concentrations are reported as wet weight), and we report an arithmetic
mean of 3.53 ng/g (xSD 2.35), which agrees with Cd measured in a cohort in North Carolina
(42). In Western Europe and North America, placental Pb concentrations are below 50 ng/g
since the removal of lead from gasoline (10), and our study reports arithmetic mean of 2.2
ng/g (zSD 2.72) (10). A review of worldwide placental Hg concentrations provides a range
of 10-180 ng/g and in the NHBCS we measured a mean concentration of 2.05 ng/g (+SD
2.08), possibly due to low fish consumption in our population. Comparison of our data with
a study by Al-Saleh (43), suggest similar median Cd levels (3.01 and 5.83 ng/g respectively
using the dry to wet weight conversion described in Esteban-Vasallo et al (10)), lower
median Hg (1.49 and 5.16 ng/g respectively) and much lower median Pb (1.55 and 75 ng/g
respectively). To our knowledge, there are no reports of placental Mn or Se from large birth
cohort studies.

We found strong positive correlations both between essential mineral nutrients in the
placenta and between potentially toxic elements. Correlations with Hg, which were present
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at particularly low concentrations in this study, were the weakest overall. Correlation
between mineral nutrients in placenta may be a characteristic of homeostatic control
mechanisms for mineral nutrients within the placenta, or an indication of placental transport
efficiency. Principal components analysis of placental metal concentrations stratified into
participants with either above or below median concentrations of Zn or Se indicated
differences by both elements. Together with Spearman’s correlations (Figure 1) this
suggested that nutrient concentrations may influence concentrations of non-essential
potentially toxic elements in the placenta, and vice versa. In particular, in placentae stratified
by median Zn, correlations with- and between-contaminants were stronger in the low Zn
group. For stratification by median Se, which literature suggests may play a protective role
during metal exposure (35), inter-element correlations differed in the above and below
median groups. The hypothesis that placentae with higher concentrations of essential
nutrients may decrease contaminant metal accumulation in the placenta should be examined
further in experimental studies. These preliminary findings are in agreement with a study by
Laine et al (42) who measured placental Cd levels in women enrolled in a US cohort with
preeclampsia (N=172), and found that the Cd-associated odds ratio for preeclampsia was
lower with higher placental Se levels.

The finding that placental elemental concentrations of Cd, Hg, Pb, Zn and Mn fell with
increasing maternal BMI is consistent with the literature. Reduced placental efficiency
(defined as fetal to placental weight ratio (44)) was associated with higher BMI in a study of
55,105 pregnancies (45), suggesting that transplacental metal transport is suppressed.
Inhibited mineral nutrient transport across the placenta has been implicated in diabetic
pregnancies (46, 47). In maternal obesity, there is an increased flux of macronutrients such
as fatty acids across the placenta, hypothesized to affect energy signaling and expression of
genes involved in nutrient transport (48). Studies on glucose and fatty acid transporter
expression in placenta from obese mothers have been inconclusive, with one study finding
no changes in glucose transporter expression (49), and others showing increases or decreases
in the expression or activity of various transporters (50-52). Wallace et al (45) found that
maternal BMI was positively related to placental weight, suggesting that lower element
concentrations could simply be related to an element/nutrient-dilution effect. We also
observed differences in placental Zn concentrations between male and female placentas,
(Table 1), although stratifying placental metal concentration data by infant sex did not reveal
altered biomarker associations.

Studies that directly compare placental metal concentrations with those in other maternal
and/or infant biomarkers are summarized in Supplemental Tables 2—4 (9, 29,63-70). Of the
studies reviewed by Esteban-Vasallo, only 29 reported placenta Hg concentrations, and of
those, only 4 studies included more than 100 women. Placental Hg concentrations correlated
with concentrations measured in cord blood, umbilical tissue and hair from mother and
child, but results for maternal blood were inconsistent.

Our study used maternal and infant toenails as biomarkers for metal exposure, in contrast to
many comparative placental metal analysis studies, which have primarily used blood.
Placental specimens contain varying amounts of both maternal and infant blood, whereas
toenails provide an independent indicator of exposure. Quantification of elements in human
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finger- and toenails is an established biomarker for numerous essential and non-essential
elements with and without known biological functions (53). Nails have been used previously
as a biomarker for exposure to Hg (38, 54-57), Mn (58), Se (57) and Zn (59, 60). Fewer
studies have used nails as biomarkers of Cd and Pb, and for Pb have observed correlations
with blood Pb concentrations, and with exposure (38). The utility of toenails as biomarkers
for metal status stems both from their ease of collection, and relative lack of extraneous
contamination in comparison with hair. Moreover, toenail clippings provide a stable, longer
time-integrated exposure history because of their slower growth rate in comparison with
fingernails (61) with a growth rate of approximately 0.1 mm/day for fingernails and 0.03—
0.04 mm/day for toenails. In our study, which collected toenails two weeks post-partum, the
approximate exposure window provided by toenail samples would be the beginning of the
second trimester. In infants, nail growth begins at about 10 weeks gestation. Total nail
lengths of between 3.2 — 5.7 mm have been measured at birth (62), indicating a comparable
growth rate of about 0.03 mm/day.

The strengths of this study include the large size of the cohort, the low-to-moderate metal
exposure of participants, the range and novelty of metals analyzed (particularly Mn, Se and
Zn), and the availability of supporting biomarker data for mothers and infants. This study is
one of the few studies to focus on associations between placental metal concentrations and
independent time-integrated biomarkers of metal exposure in both mother and infant. The
main limitation of the study was the availability of infant toenail data, which was limited to
about half of the population (363 participants), however, demographic characteristics
(maternal age at enrollment, parity, maternal BMI and infant birthweight) of the subset of
the population for which infant toenail data was available did not appreciably differ from
those for whom infant toenail data was missing (data not shown). Other limitations include
the windows of exposure represented by the maternal and infant toenail biomarkers
(estimated to be the beginning of the second trimester and the middle of the third trimester
respectively), which may not have corresponded exactly with environmental exposures
represented by specimens collected from term placental specimens.

In summary, comparing metal levels in toenail biomarkers of mother-infant pairs with
placental metal levels provided no evidence of an indirect effect through placenta metals. We
found evidence that the correlation between non-essential metal concentrations differed by
essential nutrient levels, Se and Zn. Thus, understanding the concentrations and distribution
of metals in the placenta may help to elucidate the adverse impacts of these metals on fetal
and lifelong health.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Spearman’s correlation coefficient (rg) matrix for (A) All participants: concentrations of
metals measured in 694 placental specimens from the New Hampshire Birth Cohort Study,
and (B) Subgroups: Spearman’s correlation coefficient (rs) matrix for concentrations of
metals measured in placental specimens stratified into those with above or below the median
concentration of selenium (272 ng/g) and zinc (10.11 ug/g). Shading indicates corresponding

Pvalue as shown, and ns = not significant.
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Principal components analysis of placental metal concentrations for 756 participants in the
New Hampshire Birth Cohort Study, stratified by their median concentrations of Zn (left,

stratified at 10.1 pg/g) and Se (right, at 272 ng/g).

Environ Sci Technol. Author manuscript; available in PMC 2017 February 02.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Punshon et al.

Cadmium

Maternal Toenail

B=-053  B=0.02
N=553 N=270
\ 4
Placenta
B = 0.04
N=331
\ 4 \ 4

Infant Toenail

Mercury

Maternal Toenail

I I
=275 B=-0.02
N=526 N=280

Placenta

B = -0.008
N=324

\ 4 A\ 4
Infant Toenail

Lead

Maternal Toenail

B=0980 ' g5__p006
P<0.0001 Py
N=555

|

Placenta

B = -0.007
N=334

| |

Infant Toenail

Figure 3. Maternal fetal metal transfer models for Cd, Hg and Pb
The model shows beta coefficients (p), sample size (A) and Pvalues (if < 0.05) from

structural equation modeling between maternal toenail, placental biopsies and infant toenail
metal concentration data.
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