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Abstract

BACKGROUND/OBJECTIVES: Low-level, in-utero exposure to toxic metals such as lead

(Pb) and mercury (Hg) is widespread in the US and worldwide; and, individually, was found to

be obesogenic in children. To address the literature gaps on the health effects of co-exposure

to low-level toxic metals and the lack of intervention strategy, we aimed to investigate the
association between in-utero co-exposure to Hg, Pb, cadmium (Cd) and childhood overweight

or obesity (OWO) and whether adequate maternal micronutrients (selenium (Se) and folate) can be
protective.

SUBJECTS/METHODS: This study included 1442 mother-child pairs from the Boston Birth
Cohort, a predominantly urban, low-income, Black, and Hispanic population, who were enrolled
at birth and followed prospectively up to age 15 years. Bayesian kernel machine regression
(BKMR) was applied to estimate individual and joint effects of exposures to metals and
micronutrients on childhood OWO while adjusting for pertinent covariables. Stratified analyses
by maternal OWO and micronutrient status were performed to identify sensitive subgroups.

RESULTS: In this sample of understudied US children, low-level in-utero co-exposure to Hg,
Pb, and Cd was widespread. Besides individual positive associations of maternal Hg and Pb
exposure with offspring OWO, BKMR clearly indicated a positive dose-response association
between in-utero co-exposure to the three toxic metals and childhood OWO. Notably, the metal
mixture-OWO association was more pronounced in children born to mothers with OWO; and in
such a setting, the association was greatly attenuated if mothers had higher Se and folate levels.

CONCLUSIONS: In this prospective cohort of US children at high-risk of toxic metal exposure
and OWO, we demonstrated that among children born to mothers with OWO, low-level in-utero

co-exposure to Hg, Pb, and Cd increased the risk of childhood OWO; and that adequate maternal
Se and folate levels mitigated the risk of childhood OWO.

INTRODUCTION

Mercury (Hg), lead (Pb), and cadmium (Cd) have been identified by the World Health
Organization (WHO) and by the US Agency for Toxic Substances and Disease Registry
(ATSDR)(1, 2) as among the most toxic heavy metals that are of public health significance.
The National Health and Nutrition Examination Survey (NHANES), a representative sample
of US children and adults, showed that exposure to these toxic metals is ubiquitous, where
85.2%, 99.5%, and 69.8% of the population had detectable levels of Hg, Pb, and Cd in
blood respectively; similar exposure is observed in the Boston Birth Cohort (BBC) (3, 4).

In particular, Black women, including women of reproductive age, have been shown to

have higher Hg, Pb, and Cd levels than non-Hispanic Whites women (5-8). This disparity

is of clinical and public health concern because maternal exposure to these toxic metals

can affect both pregnancy outcomes and a child’s long-term health due to a high degree of
transplacental passage of these toxic metals. Further, this worry is compounded by the act of
fetal bioaccumulation (3, 9, 10). Hg and Pb are known neurotoxins (11, 12). In recent years,
studies conducted by us (13, 14) and other researchers (15) have also revealed that Hg and
Pb could act as obesogens even at relatively low-levels. We found that prenatal exposure to
low-levels of Hg and Pb, individually, was associated with an increased risk of overweight
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or obesity (OWO) in children in a dose-response fashion; there was no indication of safe
exposure levels to these metals.

This study extends previous research by addressing critical knowledge gaps and analytical
challenges regarding prenatal exposure to multiple environmental toxic metals and the risk
of OWO in childhood. Most published studies have been limited to the investigations of
single metal exposures. The importance of co-exposures is underscored by the National
Institute of Environmental Health Sciences (NIEHS) (16) and supported by the NHANES
finding that 66.8% of the US population had at least two metals detectable among Hg, Pb,
Cd, and 32.7% had all three metals detected in blood and/or urine specimens (4).

Another research gap is related to the fact that there has been a lack of clear and effective
strategies to reduce the adverse health effects of low-level toxic metals exposure to Hg,

Pb, and Cd in both clinical and public health settings. Nutrition has been proposed as a
safe, simple, and inexpensive means to alleviate the detrimental effects of environmental
toxicants (17, 18). However, there is a critical need for evidence to support the role of
micronutrients in counteracting the health effects of toxic metal exposures. Our study
focuses on two micronutrients with such potential. Selenium (Se) is an essential trace
element used increasingly in enriched foods, supplements, and fertilizers in the US (19-21).
Studies have demonstrated that Se deficiency increases the risk of childhood OWO (22-24).
To our knowledge, this is the first study to examine the role of Se in the setting of toxic
metal co-exposure and childhood OWO. Folate is another relevant micronutrient that may
reduce the adverse impacts of Hg and Pb on the developing child (25). We previously
published that adequate maternal folate mitigated the risk of inter-generational obesity in
the presence of prenatal Hg or Pb exposure (13, 14). While these findings are promising,
more information is needed to determine if such a protective effect can also be seen when
toxic metal exposures are analyzed as a mixture since most environmental exposures do

not occur independently. As such, only by analyzing these toxic metals and micronutrients
simultaneously as a mixture will we be able to delineate their individual and joint effects on
child OWO.

This study addresses these knowledge gaps by investigating the associations between
maternal co-exposures to Hg, Pb, Cd, and child risk of OWO status. Moreover, we
examined the potential protective role of adequate maternal micronutrient (Se and folate)
status. Accomplishing this requires more advanced analytical methods since conventional
regression methods are limited in their ability to reveal individual and joint effects of
co-exposures or account for nonlinear associations and interactions among the exposures.
Hence, model misspecification is common when using conventional methods to study
mixture exposures. To address this, we applied a novel statistical approach, Bayesian
kernel machine regression (BKMR) (26, 27), to elucidate both individual and joint effects
within a mixture of toxic and nutritional exposures. This study examined a) the individual
association of maternal Hg, Pb, Cd, Se, folate exposure with offspring OWO risks; b) their
pairwise effects on childhood OWO; ¢) the dose-response relationships between maternal
co-exposure to Hg, Pb, Cd with childhood OWO, given that most people were co-exposed
to metal mixtures; and d) estimate whether maternal OWO and micronutrients status (Se,
folate) alter the relationships.
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To the best of our knowledge, this is the first study to investigate in-utero co-exposures to
toxic metals (Hg, Pb, Cd) on childhood OWO and whether maternal micronutrients (Se,
folate) could modify the association in a large sample of understudied, underrepresented US
minority children who are at high-risk of toxic metal exposure and OWO.

MATERIALS/SUBJECTS AND METHODS

Study population

The study population included 1442 mother-child pairs from the BBC, a predominantly
urban, low-income, Black, and Hispanic population enrolled at birth and followed
prospectively. Participants were recruited from 2002 to 2018. More detailed information
about participant enroliment in the BBC has been described elsewhere (28). In short, after
obtaining written informed consent, the research staff approached and recruited mother-
infant pairs 24 to 72 h after delivery. Mothers completed a standardized questionnaire
interview conducted by trained research staff, which included social-demographic variables,
dietary and supplemental vitamin intake, smoking status, and alcohol drinking. Maternal
blood samples were also collected. Maternal and child electronic medical records (EMR)
were reviewed and abstracted using a standard form. There were 3349 children enrolled in
the BBC who received pediatric care and consented to follow up at the Boston Medical
Center (BMC) from birth up to age 21 years. Among these children, 1551 have available
data for metal levels (i.e., Hg, Pb, Cd, Se) in red blood cells (RBCs). Of those, we excluded
109 children without any body mass index (BMI) data between the ages of 2 and 15 years.
The final sample for this report included 1442 mother-child pairs who completed at least
one postnatal well-child care visit beyond the age of 2 years at the BMC and had data on
maternal BMI and metals biomarkers. A flow chart of the study population, registered in
clinicaltrials.gov (#NCT03228875), including the inclusion and exclusion criteria, is shown
in Fig. S1 in the Supplement. Institutional Review Boards of the Boston Medical Center and
the Johns Hopkins Bloomberg School of Public Health approved the study.

Measurement of maternal RBC metal levels

Maternal Hg, Pb, Cd, and Se levels were measured using inductively coupled plasma mass
spectrometry in RBC samples obtained within 24 to 72 hours postpartum period. RBC
metals have the advantage of being long-term biomarkers of metal exposure (given RBC
lifespan is 120 days (29)) and free from hemodilution during pregnhancy (as compared to
whole blood), and there were high correlations between maternal and cord RBCs for Hg,
Pb, and Se (Spearman correlation r=0.96, 0.89, and 0.72, respectively; p<0.0001) (3).
More detailed information about measurements of metal levels in RBCs has been described
previously (3, 13, 14). Briefly, plasma and RBCs were separated by centrifugation and kept
frozen at — 80 °C in vials certified to be free of these metal elements. The samples were
then transported on dry ice to the Public Health and Environmental Laboratories in the New
Jersey Department of Health (NJ, USA), where they were measured following the standard
CLIA-certified protocols of the NJ Biomonitoring Program and strict quality control and
assurance procedures. We measured all four elements in the same run. Intraassay coefficients
of variation (CV) were < 5%. The limits of detection were 0.100 ug/L for Cd; 0.07 ug/dL
for Pb; 0.280 ug/L for Hg, and 24.5 ug/L for Se. There are 123 and 166 samples below LOD
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for Cd and Hg, respectively. For those below LOD, we assigned a numeric value of LOD
divided by the square root of 2 per conventional practice in environmental epidemiological
studies. All the study samples are detectable for Pb, Se, and folate.

Ascertainment of maternal plasma folate concentrations

Maternal plasma folate levels were measured in archived plasma samples obtained within
24 to 72 hours postpartum period using a MAGLUMI 2000 Analyzer (Snibe Co., Ltd.,
Shenzhen, China), with an inter-assay CV that was smaller than 4%, as detailed in a
previous publication (30).

Definition and assessment of covariates

We included important maternal characteristics and child’s birth outcomes as our covariates.
Maternal variables, including maternal age, BMI, race/ethnicity, marital status, education
level, pre-pregnancy height and weight, smoking status, parity, and fish intake level, were
defined based on answers to the maternal questionnaire interview within a few days after
delivery. Maternal race/ethnicity was categorized as Black (including African American or
Haitian), White, Hispanic, or other. Maternal pre-pregnancy BMI was calculated based on
the mother’s height and weight before pregnancy, which was grouped into non-OWO (BMI
< 25 kg/m?2) and OWO (BMI = 25 kg/m?2). Breastfeeding was assessed within the first two
years of follow-up visits, and we categorized it into breastfeeding only, both breastfeeding
and formula feeding, and formula feeding only. The child’s sex, birthweight, and preterm
birth status were retrieved from the EMR. Low birthweight was defined as birthweight less
than 2,500 grams. Preterm birth was defined as a birth occurring at < 37 weeks of gestation.

Definitions of overweight or obesity in childhood

Trained medical staff performed the child weight and height measurements using standard
clinical protocols and equipment during well-child care visits and documented them in the
EMR. BMI z-scores and percentiles were calculated using US national reference data for
age and sex (31). The varying length of postnatal follow-up was because the BBC used
rolling enrollment. Since OWO in older childhood is more likely to persist into adulthood,
child OWO status was defined as a BMI = 85th percentile for age and sex based on the last
follow-up visit record beyond age 2 years (32), with age ranging from 2 years to 15 years.

Statistical analysis

Population characteristics, including demographic and clinical data, are presented as either n
(%) or mean + standard deviation (SD) for the total sample and subgroups defined by OWO
in childhood. For non-normal continuous variables (Hg, Pb, Cd, Se, folate), geometric mean
and geometric standard deviations are provided. The p-values were calculated using the
two-sided t-test for normal continuous variables and log-transformed non-normal continuous
variables, and y? test for categorical variables.

We first estimated the individual effects of metals (Hg, Pb, Cd) and micronutrient
biomarkers (Se, folate) on child OWO status using multivariable generalized linear models
(GLMs) in the total study population and in subgroups defined by maternal pre-pregnancy
OWO status (no, yes). Since this is a prospective cohort study, we adopted Poisson
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regression with robust error variance (33) to estimate relative risk (RR) and 95% confidence
intervals (CI). We categorized maternal toxic metal levels and micronutrient concentrations
in tertiles and grouped them into low (T1) versus high (T2-T3) in the subsequent

analyses; their detailed concentration ranges were reported in Table S1. The analysis was
adjusted for relevant covariates, including maternal age, BMI, race/ethnicity, marital status,
education level, parity, breastfeeding type, smoking status, fish intake level, child’s sex,
low birthweight, and preterm birth status. The associations of covariates with maternal
heavy metals, micronutrients, and child OWO status can be found in Table S2. In addition,
to examine if the association differs by maternal pre-pregnancy OWO status (yes/no), we
performed stratified analyses by maternal OWO. We also assessed the bivariate combined
effects of maternal pre-pregnancy OWO, toxic metals, and micronutrients on child OWOQO
status using the modified Poisson model.

To investigate the potential non-linearity and non-additive effects of the toxic metal mixture
and micronutrient exposure on child OWO status, we adopted the novel BKMR model (26,
27, 34). This model was chosen because it can flexibly estimate the joint health effects of
multiple exposures using a non-parametric kernel function. We used the bkmr package in

R, generating four Markov Chain Monte Carlo (MCMC) chains in parallel, each with a
different random seed. We included 100,000 iterations in each MCMC chain and adopted the
default prior specification in the package (27). We also verified BKMR model convergence
by inspecting the trace, autocorrelation, density, and Gelman-Rubin plots (Fig. S3-S8 in

the Supplement). Since the metal and micronutrient biomarker data were skewed, we used
z-scores of the log-transformed data in the model.

Given that prior studies by us (14) and others (35) have indicated the dominant role

of maternal pre-pregnancy OWO in child OWO, we first stratified the study population
based on maternal pre-pregnancy OWO status. Next, within each stratum, to estimate

the independent effects of Hg, Pb, Cd, Se, and folate on child OWO, we estimated the
univariate dose-response relationships of each biomarker while holding the others constant
at the median. To assess pairwise interactions among biomarkers, we estimated the bivariate
dose-response relationships of each biomarker while fixing a second biomarker at various
quantiles (10th to 90th) and holding the remaining biomarkers at their median values. To
investigate the overall effect of the toxic metal mixture, we plotted the overall effect curves
of toxic metals on child OWO, obtained by the difference in the response when all the
exposures are fixed at a specific quantile (10th to 90th), as compared to when all the
exposures are fixed at their median value. In addition, to explore the potential protective
effect of maternal Se and folate levels against the toxicity of the metal mixture, we studied
the overall effects of toxic metals on different population groups stratified by maternal

Se and folate levels. In all analyses using BKMR, we included maternal age, BMI, race/
ethnicity, marital status, education level, parity, breastfeeding type, smoking status, fish
intake, child’s sex, low birthweight, and preterm status as the covariates. We also conducted
univariate dose-response analyses among children born to Black mothers and non-Black
mothers and among boys and girls.
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RESULTS

Characteristics of the study population

The study population included 1442 mother-child pairs, of which 722 (50.1%) children were
boys. Table 1 presents the population characteristics, stratified by child OWO status. The
prevalence of OWO among the 1442 children was 42.4%. Over half (52.4%) of the mothers
were OWO pre-pregnancy; 967 mothers (67.1%) were Black. More than half (58.3%)

of mothers were multiparous. About 17% of mothers ever smoked during pregnancy.
Approximately half (48.8%) of mothers had fish intake more than one day per week.
Compared with mothers of children without OWO, mothers of children with OWO were
more likely to be OWO during pregnancy, older at delivery, and a smoker. Mothers of
children with OWO also had relatively higher Hg, Pb, and Cd blood levels but lower folate
values than mothers of children without OWO. Table S3 showed comparable population
characteristics between the total sample (N=3349) and the study sample (N=1442).

Conventional regression analysis to assess the association between toxic metals or
micronutrients and child OWO, with and without covariate adjustment

As shown in Fig. 1, in the stratified analyses by maternal OWO, Pb showed a positive
association with child OWO risk, as indicated by the relative risk (RR) for Pb (1.45; 95%
Cl: 1.11-1.89; p=0.0067) among mothers without OWO. Conversely, folate showed a weak
protective association among children born to mothers with OWO. In a combined analysis of
the effect of maternal OWO status and toxic metal exposures or micronutrient biomarkers on
child OWO, we observed an additive association between maternal pre-pregnancy OWO and
Hg or Pb levels and a counteractive association of maternal Se and folate against the effect
of maternal OWO on child OWO. Children of mothers with OWO and with high Hg levels
(1.36-27.8 pg/L) had an adjusted RR of 1.63 (95% CI: 1.26-2.10; p=0.0002) compared to
those with mothers without OWO and low Hg levels (0.392-1.36 pg/L). Children of mothers
with OWO and with high Pb (1.93-24.8 ug/dL) had an increased risk of OWO (RR=1.94;
95% CI: 1.49-2.53; p<0.0001) compared to those with mothers without OWO and with low
Pb levels (0.582-1.93 pg/dL). The potential protective effect of higher maternal levels of Se
and folate was suggested among children of mothers with OWO.

Bayesian kernel machine regression analysis

The correlation heatmap (Fig. S9) showed moderate correlations among maternal Hg,

Pb, Cd, Se, and folate. Therefore, we applied the BKMR method to further investigate
individual and joint effects between these biomarkers, accounting for potential interactions
and nonlinear effects, adjusting for covariates, and stratifying by mothers with and without
OwWo.

We first examined the univariate dose-response functions (Fig. 2) for each biomarker (Hg,
Pb, Cd, Se, folate) while holding all others at their median value (36). Comparing Fig. 2A
and Fig. 2B, we found that the estimated effects (both positive and negative) of exposures
to toxic metals and micronutrients on the risk of child OWO were much stronger among
children born to mothers with OWO compared to those of mothers without OWO. Among
children born to mothers with OWO, Hg and Pb exposure levels were associated with an
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increased risk of childhood OWO. In contrast, Se and folate exposure exhibited protective
associations with OWO in childhood. Among children of mothers without OWO, there was
no association between maternal Hg, Pb, Cd, Se, and folate levels and child OWO.

Next, we performed BKMR analysis using bivariate dose-response functions to further
explore the interactions among pairs of exposures. Here, we investigated the dose-response
function of a single exposure while fixing the second exposure at various quantiles and
holding the remaining exposures at their median values. As shown in Fig. 3, we revealed
several interactions among exposures that could not be observed in the univariate analyses.
For example, among children of mothers with OWO, the slope of Cd became positive and
steeper at higher quantiles of Pb, indicating a potential interaction between Pb and Cd in
their association with child OWO. We also revealed that the positive association between
Pb and child OWO was amplified in the presence of higher levels of Cd. At the same time,
higher levels of maternal Se counteracted the association of Pb with child OWO. Similarly,
higher levels of folate also mitigated the association of Pb and Hg with child OWO and
augmented the protective effect of Se on child OWO, as shown in the last row of the Fig. 3
plot.

Lastly, we investigated the protective effect of maternal Se and folate levels against the toxic
metal mixture (instead of individual metals), respectively, among children born to mothers
with and without OWO. As shown in Fig. 4A, we obtained an overall exposure-OWO
association curve of the toxic metal mixture (Hg, Pb, Cd) by comparing the association
when all the toxic metals were fixed at a specific quantile (ranging from 10th to 90th)

with the association when all the toxic metals were fixed at their median value. Next,

we generated exposure-OWO association curves corresponding to two groups of children
stratified by maternal Se tertiles (T1 versus T2-T3) and fixed folate levels at their median
value. We found that child OWO increased when all toxic metal exposures increased from
the 10th to the 90th percentile in the low vs. high Se group. Moreover, the strength of
association (as reflected by the slope of the curve) was greater when mothers had lower

Se levels (129-260 pg/L) compared to when mothers had higher Se levels (260-624 ug/L).
Similarly, when the study children were stratified into low vs. high maternal folate groups,
and maternal Se level was fixed at its median, an even greater difference in the strength

of the association was observed between the high (T2-T3: 28.6-186 nmol/L) vs. low (T1:
6.64—-28.6 nmol/L) folate group, as shown in Fig. 4B.

Sensitivity analysis
Fig. 2B, Fig. S12, Fig. S13 showed the univariate, bivariate, and overall dose-response
functions among children born to mothers without OWO. The results suggested that among
children born to mothers without OWO, the obesogenic effect of heavy metals (Hg, Pb,
Cd) is weaker, and the protective effects of maternal Se and folate were not observed. Fig.
S14 shows a higher estimated positive effect of Hg and lower negative effect of Se on the
risk of child OWO among children born to non-Black mothers compared to Black mothers.
Only small differences were revealed for Pb and Cd among boys and girls (Fig. S15). We
removed post-exposure covariates (i.e., preterm birth, birthweight) from the covariates list
in the BKMR model; the results (Fig. S16-S18) suggested consistent trends. Since diet is
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one source that contributes to metal exposure, and dietary habits influence the toxic metals
(Hg, Pb, and Cd) exposures (37, 38), we further adjusted our BKMR maodels by including
maternal Mediterranean dietary scores (39) as an additional covariate. The associations
between maternal exposures and offspring OWO remained essentially unchanged after
adding Mediterranean dietary scores (Fig. S19-S21). We also conducted our BKMR models
to study childhood obesity (defined as BMI percentile greater than 95th) compared to
children less than 85th in relation to maternal exposure biomarkers. Fig. S22-S24 showed
consistent results as observed for childhood OWO. Since we used tertiles of maternal Se
and folate levels to demonstrate their protective effects, we re-ran the BKMR model by
using quartiles (Q1 vs. Q2—-Q4) of Se and folate to assess the robustness of the association.
Consistent protective effects of maternal Se and folate against the toxic metal mixture could
be observed in Fig. S25. We also explored the overall effects of heavy metal mixtures (Hg,
Pb, Cd) on offspring OWO risk under different levels of micronutrients through weighted
quantile sum (WQS) regression (40), which is another novel method to study the overall
effect of co-exposures, and the results (Fig. S26) were consistent with BKMR.

DISCUSSION

This study underscores the value of considering co-exposures to environmental toxic
metals and micronutrients to evaluate health effects and identify novel, safe, and effective
intervention strategies. In BBC, a US urban, low-income, underrepresented population, this
study found a positive dose-response association between maternal exposure to low-level
toxic metal mixture (Hg, Pb, Cd) and child risk of OWO, especially among children

born to mothers with OWO. This work also demonstrated that adequate maternal Se

or folate levels could mitigate the obesogenic effects of these toxic metals on children

born to mothers with OWO. A particular strength of this study is our ability to apply
BKMR, a novel method, to examine the relationships between exposure to toxic metal
mixtures, micronutrients, and child OWO in US Black and Hispanic mother-child dyads.
This population is disproportionally affected by exposures to these toxic metals (4) and has
a high burden of cardiometabolic morbidities (41) as well as inadequate folate nutrition as
reflected by maternal lower plasma folate levels compared to non-Hispanic Whites (42). To
the best of our knowledge, this is the first study to investigate the joint effects of maternal
exposures to toxic metals (Hg, Pb, Cd) and micronutrients (Se, folate) on child OWO in
these under-studied, under-reported, and under-represented, yet high-risk populations. This
study has made the following new contributions to the field.

First, we showed that in this high-risk US minority birth cohort, exposures to toxic metals
(Hg, Pb, Cd) are widespread and do not occur in isolation, underscoring the importance

of addressing the health effects of co-exposures. Second, we demonstrated the importance
of considering maternal OWO status as an effect modifier in studying prenatal toxic metal
and micronutrient exposures and child OWO. Third, our findings raise the possibility that
maternal Se and folate nutrition may counteract the effect of toxic metal exposures on
childhood OWO among children born to mothers with OWO, which, if further confirmed,
will have important clinical and public health implications. Finally, this study employed
both conventional regression models and novel BKMR. While we obtained consistent
findings, we found that BKMR enhanced our ability to identify interactions among multiple
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co-exposures and allowed us to estimate their overall combined effects, which is essential to
reflect real-world scenarios.

Most previous related studies were focused on a single toxic metal exposure. Although
there are some prior investigations of the effects of maternal exposure to multiple metals on
offspring birthweight (43-45), neurodevelopment (46—49), and childhood blood pressure
(10), few studies directly explored the association between maternal multiple metals
exposures and childhood OWO. This study, using BKMR, revealed that collectively,
maternal Hg, Pb, and Cd exposures were associated with an increased risk of child OWO.
However, it should be noted that the exposure levels of these toxic metals are low on
average. Nevertheless, we demonstrated a clear dose-response relationship, underscoring
that there are no safe exposure levels for these toxic metals. These findings are biologically
plausible and consistent with previous studies (13, 14). For example, human studies by us
and others showed a positive association between Hg (15, 50), Pb (51, 52), and obesity, and
animal studies of perinatal Pb exposure showed a similar association with bodyweight (53,
54).

To date, in both clinical and public health settings, there has been a lack of clear

and effective strategies to reduce the adverse health effects of low-level toxic metal

exposure such as Hg, Pb, and Cd. Nutrition has been proposed as a safe, simple, and
inexpensive means to alleviate the detrimental effects of environmental toxicants (17, 18).
As underscored by a recent review (37), childhood obesity is due to multifactorial and
multidimensional factors, including environmental pollution and diet. Consistently, findings
of our study emphasize the need to consider micronutrient status in assessing the obesogenic
effects of toxic metals. Our findings also raise the prospective that optimizing micronutrient
status could be an intervention strategy in the setting of environmental obesogenic exposure.
One study has indicated that folate may reduce the adverse impacts of Hg and Pb on the
developing child (25). Folate is an essential B vitamin involved in DNA methylation, nucleic
acid synthesis, cellular growth, differentiation, and repair (55). It also has antioxidant and
anti-inflammatory properties and improves endothelial functions (56-59). The demand for
folate increases during pregnancy due to fetal and placental growth and uterus enlargement
(60). We have published findings showing that high folic acid intake (prenatal vitamins and
over-the-counter multivitamins) in two or more periods (preconception, 1t, 2", and 3'd
trimesters) was associated with higher folate concentration (42) and adequate maternal folate
mitigated the risk of intergenerational obesity in the presence of prenatal Hg or Pb exposure
among children of mothers with OWO (13, 14). Many studies have also demonstrated that
Se deficiency increases the risk of childhood OWO (22-24). To our knowledge, this is the
first study that demonstrates the protective effects of Se and folate in the setting of toxic
metal co-exposure.

Methodologically, most studies of maternal exposure to multiple metals have adopted the
approach in which all potential interaction terms are added to a multivariable generalized
linear model (46, 47) or a WQS regression model (61, 62). However, as shown in our
analyses using conventional linear regression models, it is difficult to account for the
complex and nonlinear interactions of multiple exposures (48). WQS is able to quantify the
summed mixture effect, but it assumes that any effects of the exposures on the outcome are
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all in the same direction (62, 63), which may result in biased estimates (64). Using BKMR,
we revealed new findings that cannot be readily observed using conventional methods,
such as the interactions of Cd with Pb and Hg. We also demonstrated that maternal OWO
enhanced the effects of toxic metals on the risk of child OWO. Among children born to
mothers with OWO, we showed that Se and folate could mitigate the obesogenic effect of
toxic metal co-exposure on child OWO.

Our study also has limitations. First, we measured the levels of metals in RBCs as long-term
biomarkers of metal exposure; given that RBCs are the primary storage site for these metals,
the RBCs’ life span is about 120 days (29). However, it would be ideal if we could also
measure metals in serum; using Pb as an example, it is the exchangeable fraction. In this
way, we could compare which exposure measure is more closely linked to health effects,

in our case, childhood OWO. Second, we measured maternal RBC metal levels at only one
time point, within 24 to 72 hours after delivery, as a proxy for in-utero 2" and 3'd trimester
exposure. However, the 3™ trimester is a critical period for fetal weight gain and adiposity
development (65) and there were high correlations between maternal and cord RBCs for

Hg, Pb, and Se (3). Third, we did not measure metal exposures during childhood, which
may also contribute to child OWO. Fourth, we did not measure all metals, like zinc and
arsenic. We were unable to determine the sources of maternal toxic exposures. While diet is
one of the main sources that contributes to metal exposure, and dietary habits influence the
exposure to toxic metals (Hg, Pb, and Cd) and micronutrients (Se and folate) (37, 38), we
were unable to conduct a systematic dietary analysis. Based on the literature, Hg exposure
can occur through ingestion of certain fish, shellfish, or marine mammals (66) or other
contaminated foods. While Pb is not as common in fish as Hg, it can still be found in spices,
fruit (canned and fresh), and other foods. Imported cookware, plates, and pottery were other
potential exposure resources as well (67). In the US, diet is the main source of Cd exposure
among nonsmokers (68). Leafy vegetables, staples contain relatively high levels of Cd,

and shellfish and organ meats (liver and kidney) intake also could increase Cd exposures.
Smokers are likely to have higher Cd exposures as tobacco leaves naturally accumulate high
amounts of Cd. Future studies are needed to systematically explore the potential maternal
diet and toxicants interactions in offspring OWQ outcomes. We measured total Hg, not
methylmercury (MeHg), though Hg concentrations in RBCs are the best biomarker of MeHg
exposure insofar as ~ 80% of MeHg is stored in red blood cells (14). Future studies are

also needed to further consider co-occurring maternal exposure to other endocrine disruptors
such as PFAS (69).This was a prospective observational study. Even though we adjusted for
important confounders, such as maternal age, BMI, race, education level, and fish intake, we
could not consider all the potential confounders. Moreover, our study population consisted
of predominantly urban, low-income Black and Hispanic mothers and their children. While
the investigation of this understudied population is critical for understanding and eliminating
health disparities in this population, caution is needed when generalizing our findings to
populations with different characteristics. Additional studies are warranted to confirm these
associations in other populations. Furthermore, the reasons why these associations are more
pronounced in children born to mothers with OWO are not clear. We speculate that it could
be due in part to shared genetic susceptibility, or other environmental confounders. We raise
this as a potential hypothesis for future studies to consider.
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In summary, this study demonstrated an apparent dose-response association between
maternal exposure to low-level toxic metal mixture (Hg, Pb, Cd) and increased risk of
child OWO. Importantly, this association was mainly seen among children born to mothers
with OWO, underscoring that children born to mothers with OWO may be particularly
susceptible to toxic metal exposures, even at low-levels. In this setting, we further revealed
that adequate maternal Se or folate levels could mitigate the obesogenic effects of these
toxic metals. Our findings warrant additional investigation, if confirmed, would provide the
critical evidence needed to inform environmental regulation of toxic metals and clinical and
public health guidelines to improve early screening, prevention, and mitigation of prenatal
toxic metal exposures in US urban, high-risk minority populations.
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A
Mother without OWO Case, No. (%) Case, No. (%) Relative Risk
Exposure T2-T3 T1 [Reference] [95% CI]
Mercury 142 (322) 67 (27-2) 1:12[0-86, 1-45] —_—
Lead 151 (34'5) 58 (233) 1:45[1-11, 1-89] Co————
Cadmium 140 (312) 69 (29-0) 095073, 1:23] ——
Selenium 133 (304) 76 (30-4) 098 (077, 1:24] —.—
Folate 137 (302) 72 (30-8) 1:02 [0-80, 1:31] —
T T T T i |
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Mother with OWO Case, No. (%) Case, No. (%) Relative Risk
Exposure T2-T3 T1 [Reference] [95% CI]
Mercury 278 (53°5) 125 (53-2) 1:06 [0-90, 1-24] —_—
Lead 286 (547) 117 (50-4) 1-11[0:95, 1-30] —H—a—
Cadmium 275 (53-7) 128 (52-7) 1-03 [0-89, 1-20] ——
Selenium 271 (52.7) 132 (54-8) 0-96 [0:83, 1-10] b
Folate 261 (51-4) 142 (57°5) 091 (079, 1:04] —
T T T T 1
0 0.5 1 15 2
C
Maternal Characteristic Case, No. (%) Relative Risk [95% CI]
Non-OWO & Mercury T1 [Reference] 67 (27-2) =
Non-OWO & Mercury T2-T3 142 (32:2) 1-18[0:92, 1:52] ———
OWO & Mercury T1 125 (53-2) 157 [121, 2:04] ! —_——
OWO & Mercury T2-T3 278 (53'5) 163 [1-26, 210] : —.——
Non-OWO & Lead T1 [Reference] 58 (23-3) - p
Non-OWO & Lead T2-T3 151 (34'5) 147 [114, 1-91] S
OWO & Lead T1 117 (50-4) 175[1:32, 2:32) _—
OWO & Lead T2-T3 286 (547) 1:94 [1-49, 2:53] —_—-—
Non-OWO & Cadmium T1 [Reference] 69 (29-0) = |
Non-OWO & Cadmium T2-T3 140 (31-2) 1:04 [0:82, 1:33] —_——
OWO & Cadmium T1 128 (52'7) 146 [1:12, 1:90] P —
OWO & Cadmium T2-T3 275 (53-7) 1:48 [1-16, 1-90] [ —
Non-OWO & Selenium T1 [Reference] 76 (30-4) - i
Non-OWO & Selenium T2-T3 133 (304) 1,00 [0-79, 1-26] —_—
OWO & Selenium T1 132 (54°8) 1-48 [1-16, 1:89] o
OWO & Selenium T2-T3 271(527) 1-41[1:12,1:78] P o——
Non-OWO & Folate T1 [Reference] 72 (30-8) = i
Non-OWO & Folate T2-T3 137 (30-2) 1:01[0-80, 1-28] ——
OWO & Folate T1 142 (57'5) 1-54 [1-20, 1:97] | —_——
OWO & Folate T2-T3 261 (514) 1-40[1-11,1:78] —
T T T T T T
0 05 1 15 2 25

Fig. 1. Associations of toxic metal and micronutrient exposureswith child OWO, stratified or
combined by maternal pre-pregnancy OWO (N = 1442), using conventional regression analysis.
Adjusted for maternal age, BMI, race/ethnicity, marital status, education level, parity,
breastfeeding type, smoking status, fish intake, child’s sex, low birthweight, and preterm
status. (A) Children born to mothers without OWO (N=687). Children born to mothers with
T1 biomarker were the reference groups. (B) Children born to mothers with OWO (N=755).
Children born to mothers with T1 biomarker were the reference groups. (C) Children born to
mothers without OWO with T1 biomarker were the reference groups. Refer to Table S4 and

S5 for p-values.

Int J Obes (Lond). Author manuscript; available in PMC 2022 November 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Huang et al.

Mercury Lead Cadmium

0.00- / / _/
-0.25-

-0.50-

Selenium Folate
0.50-

0.25

-0.25-

univariate exposure-response function
univariate exposure-response function

-0.50-
-2 -1 0 1 2-2 -1 0 1 2
exposures

Page 18

Mercury Lead Cadmium

0.00 - - B /_ —

-0.25-

-0.50-

Selenium Folate
0.50-

0.25-
000- = —— —
-0.25-
-0.50-

2 1 0 1 2-2 -1 0 1 2
exposures

Fig. 2. Univariate dose-response function (95% Credible Intervals, Crls) of toxic metal (Hg, Pb,
Cd) and micronutrient (Se, folate) exposureswith child overweight or obesity (OWO).

(A) Children born to mothers with OWO (N=755). (B) Children born to mothers without
OWO (N=687). The univariate dose-response functions were assessed by fixing the
remaining exposures at their median values and including maternal age, BMI, race/ethnicity,
marital status, education level, parity, breastfeeding type, smoking status, fish intake, child’s
sex, low birthweight, and preterm status as the covariates. The x-axis was limited to a range
from -2 to 2, which reflects the z-score. Refer to the Supplement for the full range plot (Fig.

S10). 95% Crls are indicated by the shaded areas.
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Fig. 3. Bivariate dose-response function of toxic metal (Hg, Pb, Cd) and micronutrient (Se, folate)
exposureson child overweight or obesity (OWO) among children born to motherswith OWO.

The bivariate dose-response function was obtained by plotting the dose-response function of
a single predictor (exposure 1) when the second predictor (exposure 2) was fixed at various
guantiles as labeled, while the remaining predictors were fixed to their median values.
Maternal age, BMI, race/ethnicity, marital status, education level, parity, breastfeeding type,
smoking status, fish intake, child’s sex, low birthweight, and preterm status were included
as the covariates. The x-axis was limited to a range from -2 to 2, which reflects the z-score.

Refer to the Supplement for the full range plot (Fig. S11).
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Fig. 4. Overall effect (95% Credible Intervals, Crls) of toxic metals (Hg, Pb, Cd) on child
overweight or obesity (OWO) among children born to motherswith OWO, stratified by maternal
Se (Panel A) and folate levels (Panel B).

The overall effect (95% Crls) of toxic metals (Hg, Pb, Cd) on child OWO is defined as the
difference in the response when all the exposures are fixed at a specific quantile (ranging
from 0.10 to 0.90), as compared to when all the exposures are fixed at their median value.
Maternal age, BMI, race/ethnicity, marital status, education level, parity, breastfeeding type,
smoking status, fish intake, child’s sex, low birthweight, and preterm status were included as
the covariates. (A) Red group shows the overall effect on OWO risk among children whose
mothers have OWO and have Se levels in T1, while the blue group shows the overall effect
among children of mothers with OWO and with Se levels in T2-T3. (B) Red group shows
the overall effect on OWO risk among children whose mothers have OWO and have folate
levels in T1, while the blue group shows the overall effect among children of mothers with
OWO and with folate levels in T2-T3. Note: Although the blue and red groups in (A) and
(B) have the same quantiles (from 0.10 to 0.90), the blue group was slightly right-shifted to
make the two sets of Crls more clearly visible.
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Population characteristics of the 1,442 mother-child pairs, stratified by child overweight or obesity (OWO)

status.
Characterigtic Total Sample Children Without Children With p-Value® | Adjusted p-
(n=1442) OWO (n=830) OWO (n=612) value™

Maternal

Pregnancy BMI category, n (%) <0.0001 <0.0001
Mothers without OWO 687 (47.6) 478 (57.6) 209 (34.2)
Mothers with OWO 755 (52.4) 352 (42.4) 403 (65.8)

BMI, mean * SD, kg/m2 26.74 + 6.55 25.41 +£5.89 28.55+6.97 <0.0001 <0.0001

Maternal age, n (%) 0.015 0.052
<20 123 (8.5) 85 (10.2) 38(6.2)
>=35 263 (18.2) 141 (17.0) 122 (19.9)
20-35 1056 (73.2) 604 (72.8) 452 (73.9)

Race/ethnicity, n (%) 0.33 0.49
Black 967 (67.1) 555 (66.9) 412 (67.3)
White 74 (5.1) 50 (6.0) 24 (3.9)
Hispanic 291 (20.2) 163 (19.6) 128 (20.9)
Others 110 (7.6) 62 (7.5) 48 (7.8)

Marital status, n (%) 0.83 0.93
Not Married 970 (67.3) 556 (67.0) 414 (67.6)
Married 472 (32.7) 274 (33.0) 198 (32.4)

Educational level, n (%) 0.31 0.49
Below high school 381 (26.4) 216 (26.0) 165 (27.0)
High school 551 (38.2) 307 (37.0) 244 (39.9)
Above high school 510 (35.4) 307 (37.0) 203 (33.2)

Parity, n (%) 0.39 0.53
Nulliparous 602 (41.7) 355 (42.8) 247 (40.4)
Multiparous 840 (58.3) 475 (57.2) 365 (59.6)

Breastfeeding type, n (%) 0.016 0.052
Breastfeeding only 112 (7.8) 74 (8.9) 38 (6.2)
Both breastfeeding and formula 987 (68.4) 578 (69.6) 409 (66.8)

feeding
Formula feeding only 343 (23.8) 178 (21.4) 165 (27.0)

Smoking, n (%) 0.043 0.12
Never 1192 (82.7) 701 (84.5) 491 (80.2)
Continuous & Quitter 250 (17.3) 129 (15.5) 121 (19.8)

Fish intake, n (%) 0.98 0.99
None 322 (22.3) 187 (22.5) 135 (22.1)
<=1 day/week 416 (28.8) 239 (28.8) 177 (28.9)
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Characterigtic Total Sample Children Without Children With p-Value® | Adjusted p-
(n=1442) OWO (n=830) OWO (n=612) value™
> 1 day/week 704 (48.8) 404 (48.7) 300 (49.0)
Mercury, mean (SD)™*** ug/L 2.02 (2.57) 1.94 (2.53) 2.14 (2.61) 0.053 0.13
Lead, mean (SD), pg/dL 2.68 (1.90) 2.58 (1.90) 2.81 (1.90) 0.013 0.052
Cadmium, mean (SD), pg/L 0.70 (1.97) 0.68 (1.94) 0.72 (2.00) 0.17 0.29
Selenium, mean (SD), pg/L 284.07 (1.22) 284.04 (1.22) 284.10 (1.22) 0.98 0.99
Folate, mean (SD), nmol/L 32.21 (1.69) 32.86 (1.69) 31.34 (1.67) 0.089 0.17
Child
Sex, n (%) 0.74 0.93
Female 720 (49.9) 418 (50.4) 302 (49.3)
Male 722 (50.1) 412 (49.6) 310 (50.7)
Preterm birth, n (%) 348 (24.1) 203 (24.5) 145 (23.7) 0.78 0.93
Low birth weight, n (%) 328 (22.7) 203 (24.5) 125 (20.4) 0.081 0.17
BMI Z score, mean + SD 0.73+1.22 -0.11+0.86 1.86 +£0.53 <0.0001 <0.0001

*
The p-values were calculated using the two-sided t-test for normal continuous variables and log-transformed non-normal continuous variables and

x "2 test for categorical variables.

Ak
The adjusted p-values were obtained using Benjamini-Hochberg false discovery rate (FDR) correction (70).

HokoA

For non-normal continuous variables (Hg, Pb, Cd, Se, folate), geometric mean and SDs are provided.
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