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Abstract

Exposure to trace metals may impact reproductive health outcomes through perturbations in 

maternal immune signaling molecules. We conducted a cross-sectional study of 390 pregnant 

women from the LIFECODES birth cohort and investigated the associations between 17 urinary 

metals and five immune biomarkers measured in the 3rd trimester (median 26 weeks gestation). 

We used linear regression to estimate pair-wise associations and applied elastic net and Bayesian 

kernel machine regression to identify important contributing exposures analytes as well as non-

linear effects. Maternal urinary manganese, nickel, and barium were positively associated with 

maternal plasma interleukin-1β (IL-1β). Elastic net and Bayesian kernel machine regression 

identified manganese as the dominant trace metal in association with IL-1β. An interquartile range 

difference in manganese (0.6 μg/L) was associated with a 29% increase in IL-1β (95% CI: 12.4 – 

48.2). In conclusion, trace metal exposures were associated with biomarkers of immune 

perturbations, and this warrants further investigation.
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1. Introduction

The maternal immune system regulates numerous physiological processes to ensure the 

progression of a healthy pregnancy. Complex networks of immune signaling molecules 

guide placental development, protect the developing fetus from infection, facilitate 

communication between the fetal compartment and the maternal circulation, and maintain 

tolerance of paternal antigens [1–4]. Cytokines are proteins produced by immune cells and 

peripheral tissue and guide immune signaling by eliciting cellular responses such as 

chemotaxis, cell growth, differentiation, and apoptosis [2]. Historically, cytokines such as 

interleukin-1β (IL-1β), interleukin-6 (IL-6), and tumor necrosis factor-α (TNF-α) have been 

grouped as pro-inflammatory markers, meanwhile interleukin-10 (IL-10) is known for its 

anti-inflammatory properties [2,5]. Additionally, C-reactive protein (CRP) is a non-specific 

inflammatory marker that is elevated in response to systemic inflammation [6]. Perturbations 

in these immunological biomarkers are associated with deleterious outcomes during 

pregnancy, including preterm birth and developmental effects on the fetus [2,7].

Within the context of human biology, essential trace metals are co-factors for physiological 

processes, (e.g., gene expression, enzymatic activity, cellular respiration), and this includes 

copper (Cu), manganese (Mn), nickel (Ni), selenium (Se), and zinc (Zn) [8]. In contrast, 

there are trace metals and metalloids that serve no physiological purpose, and are toxic to 

humans, including arsenic (As), barium (Ba), mercury (Hg), lead (Pb), thallium (Tl), 

beryllium (Be), cadmium (Cd), uranium (U), and tungsten (W). Overall, trace metals can 

interact with the maternal immune system through numerous pathways, including 

mitochondrial disruption, redox imbalance, interference of transcription factors, and acting 

as an adjuvant for innate and adaptive immune cells [9–14]. More specifically, one model of 

metal induced immune sensitization has indicated that cationic metal ions such as Ni2+ can 

induce dimerization of toll-like receptors in order to activate NF-κB signaling and up-

regulate gene expression of cytokines [10]. Additionally, several metals can interfere with 

intracellular Ca2+ concentrations, which can directly influence the catalytic activity of Ca2+ 

dependent enzymes involved in immune signaling. For example, Pb exposure in animal 

models has been shown to inhibit Ca2+ dependent activity of protein kinases [15]. 

Ultimately, metals can interfere with several cellular signaling processes that can impact 

immune disruption.

Humans are exposed to mixtures of trace metals, which can occur through diet and 

contamination of soil, water, and air [16–27]. Regulations limited the use of some trace 

metals in products, such was the case with lead in paint and gasoline. However, 

anthropogenic factors such as industrialization, aging infrastructure, agriculture, and 

extraction of natural resources, contribute to the endurance of human exposure to trace 

metals in our environment [28]. Importantly, human studies have reported associations 

between trace metals and reproductive health outcomes such as preterm birth, and birth 
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weight and size [29–35]. These studies underline the critical need to characterize 

associations with intermediate biomarkers of biological perturbations in order to disentangle 

toxicological mechanisms of trace metals during pregnancy.

To examine the pregnancy associations between trace metals and the maternal immune 

system, we performed a cross-sectional study of 17 urinary trace metals and 5 plasma 

immune biomarkers from samples collected at a single study visit (median 26 weeks 

gestation). We aimed to estimate single pollutant associations between individual trace 

metals and maternal immune biomarkers to inform potential mechanisms of adverse 

reproductive and developmental outcomes. Our secondary goal was to analyze the metals as 

a mixture to identify the most important predictors of outcome biomarker variables and. We 

further sought to evaluate cumulative exposures to mixtures of toxicants by constructing an 

environmental risk score for a select subset of metals. Very few studies have explored the 

relationships between mixtures of trace metals exposure and the maternal immune system 

during pregnancy [36–40]. Our study builds upon previous studies that focused on single 

pollutant analysis by evaluating multiple trace metals simultaneously [36–38,41]. One 

previous study analyzed an extensive panel of trace metals and utilized principal component 

analysis to analyze multiple metals simultaneously in association with biomarkers of 

inflammation [40]. Our study adds to the methodological approach of this previous study by 

leveraging two additional methods to analyze trace metal mixtures: elastic net combined 

with construction of an environmental risk score and Bayesian kernel machine regression. 

These methods offer additional insight into variable importance in the exposure predictor 

space, as well as estimates cumulative effects. We hypothesized that trace metal 

concentrations are associated with pro-inflammatory signals among plasma immunological 

biomarkers. We also hypothesized that cumulative metal concentrations would be associated 

with greater signals of inflammation.

2. Methods

2.1 Study population

Approximately 1,600 pregnant women were enrolled in the LIFECODES prospective birth 

cohort between 2006 and 2008 at the Brigham and Women’s Hospital in Boston, MA. 

Participants over 18 years of age were recruited early in pregnancy (<15 weeks gestation at 

the initial study visit). From the LIFECODES cohort, 1,181 participants were followed to 

term, and delivered live, single infants. Participants of this study attended up to four study 

visits throughout their pregnancy, and the range of each visit is as follows: visit 1 (4.71 – 

16.1 weeks), visit 2 (14.9 – 21.2 weeks), visit 3 (22.9 – 29.3 weeks), and visit 4 (33.1 – 38.3 

weeks). At the initial study visit, questionnaires were administered to collect demographic 

and health-related information. Urine and plasma samples were collected from each of the 

study visits. This study received institutional review board approval from the Brigham and 

Women’s Hospital.

We constructed an unmatched, nested case-control study from within this cohort, with 

additional details regarding recruitment found elsewhere [42,43]. The present analysis 

included participants from a pilot study for the Children’s Health and Exposure Assessment 

Resource (CHEAR) which was restricted to participants with urine samples available from 
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visit 3. This resulted in a final sample size of 99 women who delivered preterm (< 37 weeks 

gestation) and 291 randomly selected women who delivered after 37 weeks gestation.

2.2 Measurement of urinary trace metals

Spot urine samples were stored at −80° C. A subset of 390 urine samples was available from 

study visit 3 and analyzed at NSF International for a panel of urinary trace metals (Ann 

Arbor, MI, USA). Methods to quantify urinary metal concentrations were developed based 

on the Centers for Disease Control and Prevention (CDC) Laboratory Procedure Manual for 

Urine Multi-Element Inductively Coupled Plasma-Dynamic Reaction Cell-Mass 

Spectrometry (ICP-DRC-MS) and have been previously described in detail (method no. 

3018.3 and 3018A.2; revised 2012 March 19) [35]. We measured 17 trace metals using a 

Thermo Fisher (Waltham, MA, USA) iCAP RQ inductively coupled plasma mass 

spectrometer (ICPMS) with Teledyne CETAC Technologies (Omaha, NE, USA) ASX-520 

autosampler. The non-essential trace metals that were measured included As, Ba, Be, Cd, Cr, 

Hg, Pb, Sn, Tl, U, and W. The essential trace metals included Cu, Mn, Mo, Ni, Se, and Zn. 

Metal concentrations were quantified from 1mL of urine. Urinary specific gravity was 

measured from 0.3mL of urine using a handheld digital refractometer (ATAGO Company 

Ltd., Tokyo, Japan).

Metal concentrations with no empirical value below the limit of detection (LOD) were 

assigned a value of LOD
2 , an imputation method that applies to exposure distributions that 

are not highly skewed and have at least 50 percent detection (Hornung and Reed 1990). Due 

to variations in urinary dilution, we corrected for urinary specific gravity in univariate and 

bivariate statistics, using the formula:

UBSG = UB × SGMedian − 1
SG − 1 [1]

UBSG is the specific gravity-adjusted urinary biomarker concentration (μg/L), UB is the 

measured and uncorrected urinary biomarker concentration, the constant SGMedian (1.015) is 

the specific gravity population median, and SG is the observed specific gravity of the 

individual urine sample [44].

2.3 Measurement of immune biomarkers

Approximately 10mL of blood was drawn using ethylenediaminetetraacetic acid plasma 

tubes. Samples were temporarily stored at +4° C for less than 4 hours and then centrifuged 

for 20 minutes and stored at −80° C. Primary analyses focused on immune biomarkers 

measured in plasma samples collected at study visit 3 (n=346), and secondary analyses were 

conducted using plasma samples from study visit 4 (n=315). From plasma samples, we 

measured levels of endogenous immunological biomarkers, including the pro-inflammatory 

markers CRP, IL-1β, IL-6, and TNF-α and the anti-inflammatory marker IL-10. We selected 

these immune biomarkers based on several factors, including evidence of high detection in 

previous human studies and reported associations with adverse birth outcomes [45–48]. 

Quantification of immune biomarkers was performed at the Cancer Center Immunology 

Core at the University of Michigan (Ann Arbor, MI, USA). We used a DuoSet enzyme-
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linked immunosorbent assay (ELISA) (R&D Systems, Minneapolis, MN) to measure CRP. 

IL-1β, IL-6, TNF-α and IL-10 were simultaneously measured using the Milliplex MAP 

High Sensitivity Human Cytokine Magnetic Bead Panel (EMD Millipore Corp., St. Charles, 

MO). Samples below the lower LOD were imputed with LOD/√2, while samples above the 

upper LOD were imputed with the upper LOD. Further details on LOD values, detection 

rates, and assay sensitivity were previously described [49,50].

2.4 Data pre-processing for statistical analyses

Analyses were performed using R version 3.4.0. Due to the sampling approach for cases and 

controls, we designed inverse probability weights to account for over-representation of 

preterm birth cases in the nested case-control sample [51]. Briefly, we estimated the inverse 

probability of inclusion of cases and controls in the nested case-control sample relative to 

the overall proportions of cases and controls in the parent LIFECODES prospective birth 

cohort at Brigham and Women’s Hospital. We conducted weighted analyses for linear 

regression and for univariate and bivariate statistical analyses. The immunological 

biomarkers and highly detected urinary metals had distributions that were right-skewed and 

we transformed each of these variables using the natural log. We used the aikaike 

information criterion (AIC) to compare adjusted models with and without log-

transformation. The following metals had very low detection rates, and were therefore 

modeled as binary variables (detect vs. non-detect) as: Be, Cd, Cr, U, and W.

2.5 Univariate and bivariate analyses

For descriptive statistics of urinary trace metals, we calculated geometric means (GM) and 

geometric standard deviations (GSD) following imputation of analytes below the LOD. The 

covariates that we reported in this study included: baseline maternal age, gestational age at 

sample collection, urinary specific gravity, baseline maternal education level (High school, 

technical school, some college, or college graduate), maternal race/ethnicity (White, 

African-American, or Other), maternal alcohol use and smoking during pregnancy 

(determined as yes/no), baseline health insurance provider – an indicator of socioeconomic 

status (Private/HMO/Self-pay vs. Medicaid/SSI/MassHealth), baseline maternal body mass 

index (BMI) at first study visit, and fetal sex (male/female). We tested for bivariate 

differences using simple linear regression for individual urinary trace metals regressed on 

each of the covariates individually. Pairwise spearman correlation coefficients were 

calculated for individual exposure analytes and immunological biomarkers. Interclass 

correlation coefficients (ICC) were calculated for immune biomarkers between the two 

available study visit measurements.

2.6 Multiple linear regression

We determined candidate confounders for adjusted analyses based on bivariate associations. 

Covariates were eligible for inclusion in regression models if they were associated with at 

least one exposure analyte and one inflammatory marker using linear regression. The 

variables that fit these criteria included: baseline maternal age, gestational age at sample 

collection, specific gravity, maternal education level, maternal race/ethnicity, maternal 

alcohol use and smoking during pregnancy, health insurance provider, BMI at initial study 

visit, and infant sex. From crude models, we included specific gravity and maternal age a 
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priori, and then incorporated remaining variables in a stepwise manner that sequentially 

prioritized the variables with the most bivariate associations. Potential covariates were 

selected for the final model if they changed the beta coefficient of at least two trace metals 

by approximately 10%. We evaluated model fit and inspected the linearity of trace metals 

with respect to immunological biomarkers markers by using penalized splines within the 

GAM function of the mgcv package (version 1.8).

Primary adjusted linear regression models estimated associations between trace metals and 

immune biomarkers measured at study visit 3 (median 26 weeks). We then leveraged 

immune biomarker measurements from study visit 4 (median 35 weeks) and tested for 

associations with visit 3 trace metal measurements. Consistent associations with visit 4 

measurements would provide evidence that our findings are more robust with respect to 

random chance, and that perhaps urinary trace metals may have latent effects on the 

maternal immune system. To enhance the interpretability of the regression coefficients of 

continuous outcome variables, we converted the beta coefficients of continuous exposure 

predictors and corresponding 95% confidence intervals to the percent change in 

inflammatory markers associated with an interquartile range difference in exposure analyte. 

The following equation was used to perform this conversion and applies only to the beta 

coefficients of continuous log-transformed exposure variables:

% cℎange in Y  per IQR = 75tℎ percentile of exposure analyte
 25tℎ percentile of exposure analyte 

βMetal
− 1

× 100
[2]

For the binary exposure variables in secondary analyses, we converted the beta coefficients 

to represent the percent change in inflammatory markers associated with detection of the 

exposure variable using the following equation:

% cℎange in Y  associated witℎ detection = exp βMetal − 1 × 100 [3]

We accounted for false positive associations and multiple statistical comparisons in our 

primary analyses by calculating q-values using the Bejamini and Hochberg method [52]. For 

these calculations, we treated each immune biomarker as a family of tests (12 tests with 

exposure analytes for each outcome biomarker). Associations with q-values below a 

threshold of 0.1 were interpreted with greater confidence, while associations above this 

threshold were recognized as greater risk of being a false positive.

2.8 Elastic net and environmental risk score

Our first goal for analyzing mixtures of trace metals was to identify the most predictive trace 

metals associated with an outcome biomarker. Furthermore, we coupled the construction of 

an environmental risk score to accomplish a secondary goal, which was to estimate a 

cumulative effect among the trace metals that the elastic net identified as most predictive. 

We sought to implement mixtures analyses conditional on the immune biomarker that had 

the greatest count of associations from single pollutant models. We implemented the elastic 

net regularization method using the package gcdnet (version 1.0.5) for all of the highly 

detected continuous trace metals in order to perform variable selection and identify the most 
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predictive trace metals [53]. Equation 4 below represents the elastic net, which combines the 

least absolute shrinkage and selection operator (LASSO) with ridge regression:

β = arg min
β

1
N ∑

i = 1

N
Y i − Ci

Tα − Xi
Tβ 2 + λ1 ∑

j = 1

p
βj + λ2

2 ∑
j = 1

p
βj

2
[4]

For individual i (i = 1, …, N), Yi is the continuous natural log-transformed variable IL-1β, 

and the matrix of exposures j (j = 1, …, p). Ci
Tα is a row vector of covariates for individual i, 

and Xi
T  is a row vector of exposures for individual i. In elastic net regularization, the λ1 

tuning parameter shrinks beta estimates corresponding to non-predictive exposure variables 

to zero while the λ2 tuning parameter stabilizes solution paths when there is substantial 

collinearity among the covariates [53]. We estimated the λ1and λ2 tuning parameters based 

on 5-fold cross-validations optimized for minimal prediction errors. Candidate λ2 values 

ranged from 0 to 1 by increments of 0.01. Cross-validations produced λ2 = 0 as the optimal 

value, and we set λ2 = 0 as we optimized for λ1 based on least squares loss. The optimal λ1 

was 0.08.

The coefficients estimated by elastic net were then extracted and used as metal-specific 

weights. We weighted each individual participant’s measured metal concentration by these 

metal-specific weights, and then calculated the linear combination of all metals to construct 

a cumulative environmental risk score [54], represented here:

ERSi = ∑
j = 1

p
βJEi

j
[5]

Here, βJ represents the coefficient extracted from elastic net for predictor j weighted against 

each individual’s observed concentration of predictor j. Upon constructing the ERS, we 

regress a given outcome biomarker by the ERS and estimate the cumulative effect of the 

metals used to construct the ERS.

2.9 Bayesian kernel machine regression

In addition to identifying the most predictive trace metals, another goal that we pursued was 

evaluating non-linearity and potential interactions between trace metals. Our application of 

elastic net only models linear terms, therefore to complement the environmental risk score 

construction, we implemented Bayesian kernel machine regression [55] using the package 

bkmr (version 0.2.0), and represent the modeling framework here:

Y i = ℎ Xi + βCi
T + εi [6]

The function h(Xi), hereby called the exposure-response function, is a flexible kernel 

function of the exposure variables that can account for non-linear and non-additive 

relationships between the mixture of metals and IL-1β, while adjusting for a covariate 

matrix Ci
T . Moreover, Bayesian kernel machine regression can perform variable selection by 

placing a spike-and-slab hyper-prior on the components of the kernel matrix corresponding 
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to the prior variance on h(Xi). In our implementation of the Bayesian kernel machine 

regression, we set the kernel distribution to Gaussian, selected flat priors for parameter 

estimation, and iterated 10,000 times for the Markov chain Monte Carlo. We utilized the 

variable selection option only to estimate posterior inclusion probabilities as an indicator of 

variable importance to compare and contrast overall findings with the elastic net and the 

single pollutant models.

2.10 Sensitivity analyses

Previous studies have reported sex-specific differences in trace metals exposures [56] and 

associations with birth outcomes and development [57,58]. Therefore we wanted to 

determine if there were sex-specific associations with immune biomarkers in our study that 

could potentially inform sex differences observed in pregnancy outcomes. To accomplish 

this goal, we tested statistical interaction terms between exposure analytes and infant sex to 

determine sex differences in effect estimates. Additionally, we conducted a sensitivity 

analysis to test for differences in effect estimates by case status, where we tested statistical 

interaction terms between exposure analytes and preterm birth status in unweighted models.

3. Results

3.1 Descriptive statistics

In Table 1 we report the raw and weighted characteristics of participants from the 

LIFECODES cohort who were included in the present analysis. A majority of the study 

participants were over the age of 30 (71.4%), White (59.7%), obtained higher education 

(86.7%), and were privately insured (82.7%). Approximately 55% of the participants had a 

male fetus. Smoking and drinking during pregnancy occurred in 6% and 4.7% of 

participants, respectively. The detection rates of the inflammatory biomarkers were above 

75%. We observed high detection (>75%) of 12 metals (As, Ba, Cu, Hg, Mn, Mo, Ni, Pb, 

Se, Sn, Tl, and Zn) in urine samples (Table 2). Meanwhile, Be, Cd, Cr, U, and W all had 

detection rates below 50% (Table 2). We observed comparable concentrations in most of the 

urinary trace metals when compared to nationally representative surveys such as the 2007–

2012 National Health and Nutrition Examination Survey (NHANES) and the 2007–2009 

Canadian Health Measures Survey (CHMS) [35]. We did observe higher concentrations of 

As (LIFECODES GM = 18.4 μg/L; NHANES GM = 7.14 μg/L), Mn (LIFECODES GM = 

0.8 μg/L, NHANES GM = 0.13 μg/L), and Ni (LIFECODES GM = 2.6 μg/L; NHANES GM 

= 1.0 μg/L) [35]. Among the highly detected (>75%) metals, spearman correlation 

coefficients ranged between metals ranged from −0.9 to 0.35, with the highest positive 

correlation observed between the toxic metals Ba and Ni (Spearman ρ = 0.35, p < 0.01) 

(Supplemental Figure 1). Correlations between metals and immune biomarkers were more 

modest, with the highest observed between Mn and IL-1β (Spearman ρ = 0.14, p < 0.01) 

(Supplemental Figure 1). ICC values (95%CI) for immune biomarkers ranged from 

moderate to high: CRP [0.62 (0.54, 0.68)], IL-1β [0.95 (0.94, 0.96)], IL-6 [0.99 (0.98, 

0.99)], IL-10 [0.99 (0.99, 0.99)], TNF-α [0.93 (0.91, 0.94)] (Supplemental Table 1).

Aung et al. Page 8

Reprod Toxicol. Author manuscript; available in PMC 2021 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3.2 Regression results

The final group of variables used in multivariable linear regression included individual 

continuous natural log-transformed inflammatory markers regressed on natural log-

transformed exposure analytes, specific gravity, maternal age, race/ethnicity, and BMI at 

initial visit. Based on smoothing plots and the AIC between models with and without 

penalized splines, we found that splines for exposures did not significantly improve the 

model fit. In Figures 1A and 1B we present the percent change in inflammatory biomarkers 

(measured in visits 3 and 4 plasma) associated with an interquartile range difference in 

continuous trace metals (measured in visit 3 urine) from adjusted multiple linear regression 

models.

We observed that three metals were positively associated with the pro-inflammatory 

cytokine IL-1β. Among the essential trace metals, an interquartile range in Mn (0.6 μg/L) 

was associated with a 29.1% increase in IL-1β (95% CI: 12.4, 48.2), and an interquartile 

range difference in Ni (2.8 μg/L) was associated with a 28.1% increase in IL-1β (95% CI: 

3.65, 58.3) (Figure 1A). An interquartile range difference in the toxic trace metal Ba (2.2 

μg/L), was associated with a 19.7% increase in IL-1β (95% CI: 0.96, 41.8) (Figure 1A). In 

relation to another pro-inflammatory cytokine, TNF-α, an interquartile range difference in 

Cu (9.0 μg/L) was associated with an 11.4% increase in TNF- α (95% CI: 0, 24.1) (Figure 

1A). In contrast, we observed that an interquartile range difference in Tl (0.1 μg/L) was 

associated with a 10.7% decrease in TNF-α (95% CI: −18.2, −2.49) (Figure 1A). The 

essential trace element Se was associated with the general pro-inflammatory biomarker C-

reactive protein, and an interquartile range difference in Se (38.9 μg/L) was associated with a 

65% increase in C-reactive protein (95% CI: 22.2, 123) (Figure 1A). We did not observe 

notable associations with the cytokines IL-6 or IL-10. Among the associations with p < 0.05, 

the discussed associations with Mn, Ni, and Se all had q-values < 0.1, providing greater 

confidence that these associations may not be false discoveries (Figure 1A).

Among the metals with low detection rates, we observed that the detection of U was 

associated with a 105% increase in IL-1β (95% CI: 37.6, 206) (Supplemental Table 2). 

Additionally, W detection was associated with 29.4% decrease in IL-10 (95% CI: −44.6, 

−10.1), and Cr detection was associated with a 32.1% increase in TNF-α (95% CI: 10.7, 

57.7) (Supplemental Table 2).

Regression analyses between visit 3 trace metal measurements and visit 4 immune 

biomarkers are presented in Figure 1B and Supplemental Table 3. We observed consistent 

direction of association for the trace metals that were associated with IL-β (Ba, Mn, and Ni). 

Interestingly, the relationship between Cu and CRP became more associated with CRP 

measurements from visit 4. An IQR difference in Cu (9 μg/L) was associated with CRP 

(26.6% increase, 95% CI: 2.77, 56.0) (Figure 1B).

3.3 Mixtures analyses

IL-1β was the immune biomarker that had the greatest number of associations with trace 

metals, where positive associations were observed with Ba, Mn, and Ni. Elastic net selected 

and estimated coefficients for Mn (β = 0.12) and Ni (β = 0.03) while shrinking all other 
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metals to zero (Supplemental Table 4). When we constructed the environmental risk score 

and regressed IL-1β by this risk score, we observed that an interquartile range difference in 

the environmental risk score (0.2 units) was associated with a 40.5% increase in IL-1β (95% 

CI: 20.8, 63.4), and this finding was also robust to false discovery (q < 0.001). Bayesian 

kernel machine regression indicated that among a mixture of three trace metals (Mn, Ni, and 

Ba), Mn exhibited the greatest effect estimate within the exposure-response function h(z) in 

association with IL-1β (Figure 2). There was a positive association between the cumulative 

exposure-response function of all metals, and the effect was significantly greater than zero 

when all metals were at the 70th percentile (Supplemental Figure 2). Posterior inclusion 

probabilities estimated by Bayesian kernel machine regression agreed with variable selection 

estimated by elastic net: Mn (0.98), Ni (0.25), and Ba (0.16) (Supplemental Table 5). While 

holding all other metals constant at various quantiles, Mn’s contribution to the exposure-

response function h(z) exhibited a curvilinear and slightly u-shaped association with IL-1β, 

where lower Mn concentrations had a negative effect estimate and higher Mn concentrations 

had a positive effect estimate (Figure 2). Further, the association between Mn and IL-1β did 

not appreciably differ by varying quantiles of Ba or Ni (Figure 2). Ni exhibited a non-linear 

association with IL-1β in the exposure-response function, however the confidence intervals 

of this fitted function consistently overlapped with the null effect threshold of zero 

(Supplemental Figure 3). In the exposure-response function, the association between Ba and 

IL-1β appeared null, with some suggestive evidence for effect modification at the 90th 

percentile of Mn (Figure 2). Taken together, these approaches for examining mixtures 

identified Mn as a dominant predictor of IL-1β.

3.4 Sensitivity analyses

Among the tests for interactions with fetal sex, most of the associations did not vary by fetal 

sex (pinteraction > 0.05). However, in the association between Mn and IL-1β, we observed 

evidence for statistical interaction with fetal sex (pinteraction = 0.01), such that women with a 

female fetus had higher positive associations than women with a male fetus (Figure 3). We 

also present fetal sex-stratified regression results between trace metals and IL-1β in 

Supplemental Table 6. An IQR difference in Mn (0.67 μg/L) among women with a female 

fetus was associated with a 52.2% increase in IL-1β (95% CI: 25.3, 84.9) (Supplemental 

Table 6). Meanwhile an IQR difference in Mn (0.60 μg/L) among women with a male fetus 

was associated with a 2.56% increase in IL-1β (95% CI: −15.1, 23.9) (Supplemental Table 

6). Although tests for interactions did not find differences by fetal sex for Ba and Ni, the 

stratified analysis showed that the positive effects of Ba and Ni on IL-1β was observed in 

women with a female fetus but not in women with a male fetus. For women with a female 

fetus, an IQR difference in Ba (2.25 μg/L) was associated with a 53.1% increase in IL-1β 
(95% CI: 13.0, 107), and an IQR difference in Ni (2.82 μg/L) was associated with a 56.5% 

increase in IL-1β (95% CI: 7.13, 128) (Supplemental Table 6). When we tested for statistical 

interactions between trace metals and preterm birth status across all inflammatory markers, 

we observed no evidence for interactions (p > 0.05). Regression analysis among only the 

controls showed consistent associations compared to the weighted analysis of overall study 

sample for: Se and CRP; Mn and IL-1β; U and IL-1β; W and IL-10; Tl and TNF-α; and W 

and TNF-α (Supplemental Table 7).
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4. Discussion

In this study we investigated the associations between urinary biomarkers of environmental 

trace metals exposures and plasma biomarkers of the maternal immune system. Notably, this 

study demonstrated that urinary concentrations of Mn, Ba, Ni, Se, and Cu are associated 

with increased biomarker signals of inflammation within the maternal immune system, 

while Tl was the only trace metal that exhibited an anti-inflammatory association. Detection 

of U, Cr, and W were also associated with altered maternal cytokine concentrations. 

Additionally, we explored two approaches to characterize mixtures of trace metals in 

association with IL-1β: elastic net and Bayesian kernel machine regression. Elastic net 

identified Mn and Ni as most predictive of IL-1β and their cumulative effect was larger than 

the individual coefficients. Bayesian kernel machine regression reported consistent findings, 

where Mn was the dominant essential metal contributing to the highest effect estimates 

within the exposure-response function, followed by Ni. We also observed mostly consistent 

associations when comparing findings for immune biomarkers measured in visit 3 and 4. 

The associations that differed between visits could be due in part to varying sample sizes 

across study visits given that some women delivered by study visit 4, or by the temporal 

difference in measurement of immune biomarkers. Altogether, this study provides evidence 

that the maternal immune system may be a target of select trace metal exposures in 

pregnancy and can inform potential underlying mechanisms to explain adverse reproductive 

and developmental outcomes.

To our knowledge, this is the largest study to explore the associations between this panel of 

17 urinary trace metals and maternal immunological biomarkers during pregnancy. Very few 

studies have been conducted on trace metals and circulating maternal cytokines during 

gestation [36–40]. One study of 56 women in Michigan measured trace metals in urine and 

cytokines in blood from samples collected between 8 and 14 weeks of gestation [40]. In this 

study, Kelley and colleagues [39] found that maternal exposure to Se, Mo, Ni, and Zn were 

positively associated with the chemotactic cytokine interleukin-8. Similar to our study, there 

were no associations between cytokines and the toxic metals Pb (GM = 0.22 μg/L compared 

to LIFECODES GM = 0.3 μg/L) or Hg (GM = 0.07 μg/L compared to LIFECODES GM = 

0.5 μg/L). These concentrations are comparable or lower than previously published 

NHANES estimates: Hg (GM = 0.43 μg/L) and Pb (GM = 0.44 μg/L) [35]. These 

comparisons with NHANES suggest that perhaps the exposure levels we observed for these 

toxic metals may be low enough to not observe effects with immune biomarkers. Although 

we did not observe notable associations with As concentrations in urine, a previous study (n 

= 50 mother-newborn pairs) in the Biomarkers of Exposure to Arsenic cohort found 

evidence that maternal urinary As was associated with increased cord blood proteins 

involved in inflammation [36]. Additionally, in a sample of 61 mother-infant pairs from the 

Brazilian Amazon, Nyland and colleagues [35] tested for associations between blood Hg 

concentrations and immune biomarkers and did not find evidence for associations between 

maternal blood Hg and the cytokines IL-1β, IL-1ra, IL-6, IL-10, or TNF-α in maternal 

blood or cord blood. However, the study did find that maternal Hg was associated with 

increased total immunoglobulin-G (IgG), a marker of immunotoxicity [39]. These studies in 

combination with our findings underline the nuances of biological media for investigating 
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immune disruption, and emphasize the need to measure exposures and endogenous 

biomarkers in multiple media in order to better understand the scope of toxic effects.

In our study, Ba, Mn, and Ni were all positively associated with IL-1β, and both elastic net 

and Bayesian kernel machine regression provided evidence that among all three of the 

metals, Mn had the largest effect estimate. Bayesian kernel machine regression also revealed 

a curvilinear u-shaped relationship between Mn and IL-β. Furthermore, when we 

implemented the elastic net to construct an environmental risk score of the linear 

combination of Mn and Ni, we found that the risk score was associated with increased effect 

estimates for IL-1β compared to the individual metals alone. Kelley and colleagues observed 

higher geometric average concentration of urinary Mn (1.44 μg/L) in the Michigan based 

cohort compared to our current study (0.8 μg/L) and did not observe an association between 

Mn and IL-1β [40]. However, the Michigan based study had a smaller sample size (n=56) 

and measured metal concentrations 8 – 14 weeks gestation while our study measured metals 

22.9 – 29.3 weeks gestation. Interestingly, both our study and the Michigan based cohort 

observed higher Mn concentrations than previously reported in NHANES (GM = 0.13 μg/L) 

[35], indicating that the association we observed in our study may be partly driven by both 

the timing of exposure and higher average exposure level compared to a nationally 

representative sample. Although not directly comparable to our study sample, a larger 

sample of adults (N = 633) in the Normative Aging Study reported that dietary intake 

estimates of Mn was associated with increased IL-1β [59]. Additional studies are needed to 

replicate our findings with comparable sample characteristics and timing of exposure.

In our tests for statistical interactions, we found that the association between Mn and IL-1β 
was further contextualized by fetal sex, such that women with a female fetus showed 

positive associations between Mn and IL-1β, whereas women with a male fetus showed non-

significant associations. Maternal cytokine profiles have previously been observed to differ 

based on fetal sex, underlining the potential for fetal sex to elicit unique maternal immune 

responses throughout pregnancy [60]. It is unclear whether the fetal sex-specific association 

we observed with Mn and IL-1β could be indicative of vulnerability for women with a 

female fetus, or if the association is a result of sex-specific maternal immune responses 

proceeding Mn exposure. Manganese metabolism has been shown to differ by sex, which is 

hypothesized of being dependent on iron concentrations [61]. Furthermore, fetal antioxidant 

responses to xenobiotics and drugs has been observably higher in females [62]. One 

potential hypothesis for our sex-specific findings could perhaps be due to a differential 

oxidative stress response to manganese exposure by female fetuses, which in turn may elicit 

a differential maternal immune response from women with a female fetus. Overall, the 

association we observed between Mn and IL-1β needs to be tested in additional prospective 

birth cohorts.

IL-1β is a pro-inflammatory cytokine predominantly produced by macrophages, and cleaved 

into its active form by inflammasomes, which are a cytosolic multi-protein complexes 

[63,64]. Secretion of IL-1β occurs in many ways, including direct cytosolic release via 

exocytosis and transportation within exosomes and vesicles [63,65]. Each of these secretion 

mechanisms are driven by many factors, including stimulus from pathogen-associated 

molecular patterns (PAMPs), danger associated molecular patterns (DAMPs), and redox 
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balance within cells [63,65]. There are many possible pathways by which Mn and Ni can 

affect the expression and secretion of IL-1β. For example, Ni can elicit adjuvant properties 

through functional mimicry of PAMPs [10]. Mechanistic studies of Mn indicate that upon 

uptake in cells, Mn can be sequestered in mitochondria, resulting in disruption of Ca2+ 

transport, mitochondrial dysfunction, and intracellular redox imbalance [66]. Furthermore, 

Mn and Ni both have the capacity to interact with the transcription factor NF-κB, a potent 

regulator of gene expression for various cytokines and immune signaling peptides 

[10,66,67]. Cellular damage caused by Mn and Ni can also lead to the increased 

accumulation of DAMPs, which may also stimulate the production of IL-1β. There are 

several mechanisms by which IL-1β secretion can be impacted by exposure to Mn and Ni.

Among the metals with low detection, we observed that women with U detection (n=43) had 

higher concentrations of IL-1β. The immune system is sensitive to U exposure as evidenced 

by induction of intestinal chemokine production, elevated kidney toxicity, and altered 

lymphocyte profiles observed in mice after oral exposures [68,69]. Additionally, Cr 

detection (n=57) in our study sample was associated with increased TNF-α, and W detection 

(n=71) was associated with decreased IL-10. Mechanistic studies have also shown that Cr 

and W can elicit immune responses. For example, oral Cr exposure in mice was 

accompanied with increased mRNA levels of TNF-α, IL-6, and IL-1β in tissues samples 

from the liver and spleen [70]. Another experimental study of oral tungstate exposure in 

mice observed immunosuppressive changes in T-cell populations in splenic tissue [71]. 

Although there was low detection of these metals in our study sample, these findings along 

with the observations we observed in our study suggest that even low exposure may have 

immunotoxic consequences during pregnancy and future studies should continue to conduct 

exposure assessment of these metals.

We observed a large positive effect estimate between Se and CRP, but no significant 

association with any of the cytokines. Jamilian and colleagues [36] conducted a randomized 

clinical trial in Iran (n=40) of Se supplementation and reported no significant differences 

between Se supplementation during pregnancy and gene expression of multiple cytokines, 

including IL-1β and TNF-α, which is also similar to what we observed with circulating 

plasma IL-1β and TNF-α in our study. It is interesting that Se was associated with CRP, 

while not with any other pro-inflammatory biomarkers. Perhaps Se may elicit non-specific 

inflammation through pathways aside from cytokine signaling and further investigation of 

the maternal immune system repertoire is required to test this Se hypothesis.

Cu participates in immune system functions and maintenance, including modulation of Tcell 

functions and proliferation [72]. Although TNF-α is produced predominantly by 

macrophages, changes in TNF-α may be a biomarker of shifting profiles of Tcell populations 

resulting from elevated Cu concentrations. We also observed one anti-inflammatory 

association between Tl exposure and TNF-α. This relationship is less clear, and is not 

aligned with our initial hypothesis, because high exposures to Tl has been reported to be 

associated with several adverse reproductive outcomes [27]. One possible explanation lies 

within our uncertainty of other immune signaling molecules that Tl might be acting through 

that could result in this inverse signal with TNF-α. However, both of the associations we 

observed with Cu and Tl did not meet the q-value cutoff of 0.1, so these relationships may 
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also due to chance and should be tested in another independent sample. Measurement of 

other immunological signaling molecules may help explain the nuances of these findings for 

Cu and Tl.

The limitations of this study help contextualize our findings and highlight opportunities for 

future studies. First, we only measured urinary trace metals from one single time point 

during pregnancy, which limits our capacity to interrogate long-term exposures. Many of the 

metals we measured have a half-life that exceeds several days; therefore future studies 

should consider conducting analysis on blood metals for comparison with findings of urinary 

trace metals measurements. Future studies should also consider conducting repeated 

measures analyses of urinary trace metals during pregnancy to assess potential windows of 

vulnerability. Another limitation of our study is that we measured a small fraction of the 

circulating immune biomarker repertoire; therefore, we were unable to evaluate the effects 

of trace metals across the entire maternal immune system. Our study design for primary 

analyses at visit 3 is cross-sectional; therefore, we cannot discount the possibility of reverse 

causation from our results. For example, inflammation from other factors such as infection 

or dietary allergens may result in altered gut permeability and renal excretion, which could 

result in increased urinary concentrations of trace metals. Furthermore, previous studies have 

reported differences in cytokine profiles across gestation [73,74], therefore it is possible that 

the cross-sectional design of this study may not be capturing gestational age-specific effects.

This study contained several strengths. In a well-characterized longitudinal pregnancy 

cohort, we measured an extensive panel of trace metals, which provides a robust exposure 

assessment of potential risk factors. Another strength was our use of high-sensitivity assays 

of multiple immune markers (pro- and anti-inflammatory) in plasma at two time points in 

pregnancy to assess immune disruption. Furthermore, we utilized a second time point 

measurement of immune biomarkers to test the robustness of our main findings. We 

observed the greatest number of single-pollutant associations with IL-1β. We integrated two 

unique and complementary statistical methods to analyze multiple trace metals as a mixture 

in association with IL-1β. Few studies have utilized both shrinkage estimation (elastic net) 

and machine learning tools (Bayesian kernel machine regression) to compare mixtures 

analysis results. The robust exposure assessment and statistical methods in this study 

advances the literature on applications for environmental mixtures analyses.

5. Conclusion

In our study we identified multiple metals that are associated with immune biomarkers of 

inflammation during pregnancy. Among these associations, Mn clearly held the greatest 

effect in association with IL-1β. We learned that women with a female fetus largely drove 

the association between Mn and IL-1β. In conclusion, this study provides evidence that Mn 

may be an important immunotoxicant at certain concentrations during pregnancy. The 

effects of Mn exposure should be further investigated, especially in mediation analyses of 

adverse reproductive and developmental outcomes.
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As Arsenic

Ba Barium

BMI Body mass index

CRP C-reactive protein

Cu Copper

ERS Environmental risk score

GM Geometric mean

GSD Geometric standard deviation

Hg Total mercury

IL-1β Interleukin-1β

IL-6 Interleukin-6

IL-10 Interleukin-10

LOD limit of detection

Mn Manganese

Mo Molybdenum

NHANES National Health and Nutrition Examination Survey

Ni Nickel
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Pb Lead

Se Selenium

Sn Tin

Tl Thallium

TNF-α Tumor necrosis factor- α

Zn Zinc
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Highlights

• Multiple urinary trace metals were associated with immune biomarkers

• Manganese, barium, and nickel were positively associated with interleukin-1β

• Mixtures analysis identified manganese as most predictive of interleukin-1β

• Association between manganese and interleukin-1β was greater in women 

with a female fetus
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Figure 1. 
Forest plots of adjusted linear regressiona analyses: Percent change in immune biomarkers 

associated with an interquartile range (IQR)b increase in urinary trace metals with 

corresponding p-values, and q-values.

Abbreviations: As (Arsenic), Ba (Barium), Cu (Copper), Hg (Total mercury), Mn 

(Manganese), Mo (Molybdenum), Ni (Nickel), Pb (Lead), Se (Selenium), Sn (Tin), Tl 

(Thallium), Zn (Zinc), CRP (C-reactive protein), IL-1β (Interleukin-1β), IL-6 

(Interleukin-6), IL-10 (Interleukin-10), TNF-α (Tumor necrosis factor- α).
aLinear regression models adjusted for specific gravity, maternal age, maternal race/

ethnicity, and body mass index at initial study visit
bIQR calculated from uncorrected, untransformed, weighted distributions of urinary trace 

metals
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Figure 2. 
Estimation of the exposure-response function h(z) using Bayesian kernel machine 

regression: the relationship between interleukin-1β (IL-1β) and barium (Ba), manganese 

(Mn), and nickel (Ni). Each graphical unit reports h(z) as a function of one trace metal, 

conditional on four different quantiles of a second trace metal, while holding the third trace 

metal constant at the 50th percentile.

Aung et al. Page 24

Reprod Toxicol. Author manuscript; available in PMC 2021 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Adjusted associations between manganese (Mn) and interleukin-1β (IL-1β) stratified by 

fetal sex
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Table 1.

LIFECODES Prospective pregnancy cohort profile: raw counts and weighted
a
 proportions (N=390)

Population Characteristics Raw Count (percent) Weighted Count (percent)

Age

18 – 24 41 (10.5%) 44 (11.2%)

25 – 29 76 (19.5%) 78 (19.9%)

30 – 34 159 (40.8%) 157 (40.3%)

35 + 114 (29.2%) 112 (28.6%)

Race/ethnicity

White 234 (60.0%) 233 (59.7%)

African-American 58 (14.9%) 59 (15%)

Other 98 (25.1%) 99 (25.3%)

Education

High school degree (13 years) 53 (13.6%) 50 (12.9%)

Technical school (>13 years) 59 (15.1%) 5.7 (14.7%)

Junior college or some college (>13 years) 116 (29.7%) 117 (30%)

College graduate (16+ years) 152 (39.0%) 15 (39.5%)

Missing 10 (2.56%) 11 (2.9%)

Health Insurance Provider

Private/HMO/Self-pay 317 (81.3%) 314 (80.6%)

Medicaid/SSI/MassHealth 64 (16.4%) 66 (16.8%)

Missing 9 (2.31%) 10 (2.6%)

BMI at Initial Visit

<25 kg/m2 208 (53.3%) 210 (53.9%)

25 – 29.9 kg/m2 101 (25.9%) 104 (26.6%)

≥ 30 kg/m2 79 (20.3%) 74 (18.9%)

Missing 2 (0.51%) 2 (0.6%)

Tobacco Use

No smoking during pregnancy 360 (92.3%) 361 (92.6%)

Smoked during pregnancy 25 (6.41%) 23 (5.9%)

Missing 5 (1.28%) 6 (1.5%)

Alcohol Use

No alcohol use during pregnancy 366 (93.8%) 364 (93.3%)

Alcohol use during pregnancy 15 (3.85%) 18 (4.6%)

Missing 9 (2.31%) 8 (2.2%)

Fetal Sex Female 170 (43.6%) 175 (45%)

Male 220 (56.4%) 215 (55%)

a
Weighted using inverse probability weighting to account for the sampling approach of the nested case-control sample
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Table 2.

Weighted
a
 distribution of specific gravity corrected urinary metals concentrations (μg/L) (N=390 samples)

Select Percentiles

Analyte (μg/L) LOD % Above LOD GM GSD 25th 50th 75th 90th 95th

As 0.3 100% 18.4 2.7 9.6 17.8 32.4 67.2 97.6

Ba 0.1 99% 1.7 2.8 1.0 2.0 3.4 5.2 6.2

Be 0.04 8% 0.02 2.8 <LOD <LOD <LOD <LOD 0.05

Cd 0.06 44% 0.1 3.0 <LOD 0.1 0.1 0.3 0.5

Cr 0.4 15% 0.2 3.1 <LOD <LOD <LOD 0.7 1.1

Cu 2.5 92% 9.4 1.7 7.0 9.1 12.1 15.4 19.6

Hg 0.05 92% 0.5 2.9 0.3 0.5 1.0 1.5 2.0

Mn 0.08 98% 0.8 2.4 0.5 0.7 1.1 2.4 5.5

Mo 0.3 100% 51.7 1.8 37.2 51.3 69.3 100.8 127.6

Ni 0.8 86% 2.6 2.0 1.9 2.8 4.0 5.5 6.8

Pb 0.1 76% 0.3 3.9 0.2 0.4 0.6 1.0 1.3

Se 5.0 99% 37.4 1.4 30.2 37.2 45.9 56.9 66.4

Sn 0.1 94% 0.7 2.9 0.4 0.6 1.2 2.7 4.9

Tl 0.02 84% 0.1 2.5 0.1 0.1 0.2 0.2 0.3

U 0.01 12% 0.0 3.1 <LOD <LOD <LOD 0.01 0.02

W 0.2 21% 0.1 2.6 <LOD <LOD <LOD 0.4 0.5

Zn 2.0 100% 226.9 2.1 148 246 366 542 653

Abbreviations: LOD (Limit of detection), GM (geometric mean), GSD (geometric standard deviation), As (Arsenic), Ba (Barium),

Be (Beryllium), Cd (Cadmium), Cr (Chromium), Cu (Copper), Hg (Total mercury), Mn (Manganese), Mo (Molybdenum), Ni (Nickel),

Pb (Lead), Se (Selenium), Sn (Tin), Tl (Thallium), U (Uranium), W (Tungsten), Zn (Zinc).

a
Weighted using inverse probability weighting to account for the sampling approach of the nested case-control sample
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