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Abstract

Background—Maternal supply of thyroid hormones during pregnancy serves a critical role in
fetal development. Although animal and /7n vitro studies provide evidence for thyroid hormone
disruption as a result of bisphenol A (BPA) exposure, there is still a lack of evidence in human
studies, particularly in the context of pregnancy.

Objectives—We aimed to explore the associations between urinary BPA concentrations and
plasma thyroid hormone parameters during gestation in pregnant women, and also investigated
potential windows of vulnerability during gestation.

Methods—Our study population included 116 cases of preterm birth and 323 controls from a
nested case-control study. We measured BPA in urine and thyroid hormone parameters in plasma
samples collected at up to four study visits during pregnancy (median for each visit: 9.64, 17.9,
26.0, and 35.1 weeks gestation). We used linear mixed models for repeated measures analyses, and
multivariate linear regression models stratified by study visit to explore potential windows of
susceptibility.

Results—In our repeated measures analysis, BPA and thyroid stimulating hormone (TSH) were
inversely associated. An interquartile range (IQR) increase in BPA was associated with an 8.21 %
decrease in TSH (95% confidence interval [CI]: —=14.2, -1.83), and a 4.79% increase in free T4
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(95% CI: 0.82, 8.92). BPA and TSH were also inversely associated in our cross-sectional analyses
at visits 3 and 4.

Conclusions—Our results suggest that TSH is inversely associated with urinary BPA in a
consistent manner across pregnancy. Disruption of TSH levels during pregnancy can potentially
impact child development and interfere with normal birth outcomes.

1. INTRODUCTION

Although regulations have increasingly restricted the production and use of bisphenol A
(BPA) in several consumer products made of polycarbonate plastics (National Conference of
State Legislature 2015), there is continuing evidence that widespread exposure to BPA still
exists in the U.S. population (Andra et al. 2015). Furthermore, previous human exposure
studies have shown detectable levels of urinary BPA in a majority of pregnant women in the
U.S. (Braun et al. 2011; Woodruff et al. 2011). Human exposure to BPA has been
hypothesized to disrupt critical hormones in the endocrine system (Vanderberg et al. 2012).
There are several animal and /n-vitro studies providing evidence that BPA exposure can
affect biochemical processes that disrupt the production, secretion, or circulation of thyroid
hormones (Boas et al. 2012; Richter et al. 2007; Tilley et al. 2015).

Within the hypothalamic-pituitary-thyroid (HPT) axis, thyrotropin (TSH) — a glycoprotein
hormone originating from the pituitary gland — stimulates the thyroid gland to produce the
thyroid hormones triiodothyronin (T3), and thyroxine (T4) (Tingi et al. 2016). T3 and T4
circulate throughout the body to affect target sites, in addition to negatively regulating TSH
production at the pituitary gland (Tingi et al. 2016). During gestation, homeostatic regulation
of the HPT axis is critical for the developing fetus, and maternal thyroid hormone levels
have varying impacts on the fetus throughout periods of gestation (Tingi et al. 2016). During
the first 10-12 weeks of gestation, the fetus’s entire supply of thyroid hormones comes from
the mother, and coincides with fetal neurodevelopmental events such as brain stem and
cerebral neurogenesis (Moog et al. 2017; Préau et al. 2015). After this period, the fetal
thyroid gland begins to mature and produce thyroid hormones, but is not fully functional
until 18 — 20 weeks gestation (Moog et al. 2017, Tingi et al. 2016). Maternal thyroid
hormones also affect the maturation of various other tissues and organs in the fetus, in
addition to stimulating the placental secretion of hormones that influence the supply of fetal
glucose (Moog et al. 2017; Vissenberg et al. 2015).

Thyroid disease states such as hyperthyroidism and hypothyroidism are associated with
adverse health outcomes during pregnancy (Institute of Medicine 2007; Krassas et al. 2010;
Neale and Burrow 2004), and associated with stillbirth, miscarriage, preeclampsia, preterm
delivery, cardiovascular disorders, and neurodevelopmental disorders in fetuses (Haddow et
al. 1999; Luewan et al. 2011; Méannisto et al. 2013). In addition to overt thyroid disease,
subclinical perturbations of thyroid hormone levels are also suspected of adversely affecting
child and maternal health during pregnancy (Negro and Mestman 2011). Recent review
articles and meta-analyses suggest that subclinical hypothyroidism is associated with a
higher risk for pre-eclampsia, pregnancy loss, placental abruption, premature rupture of
membranes, preterm delivery, and neonatal mortality (Maraka et al. 2016; Tingi et al. 2016;
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van den Boogaard et al. 2011). These findings emphasize the need to continue investigating
potential causes and consequences of changes in subclinical thyroid hormone levels during
pregnancy.

Of particular relevance to child and maternal health are the interactions between BPA and
thyroid hormones during pregnancy. Human health studies that examined BPA and thyroid
hormones in adults (Geens et al. 2015; Meeker et al. 2009a; Meeker and Ferguson 2011,
Sriphrapradang et al. 2013; Wang et al. 2012; Wang et al. 2013), and in pregnant women
(Chevrier et al. 2013; Romano et al. 2015), have provided evidence suggesting that BPA
may affect circulating levels of several thyroid hormone parameters. One of the studies of
pregnant women indicated that maternal BPA levels were inversely associated with total T4
(Chevrier et al. 2013), whereas the other study did not show significant relationships
between maternal BPA and any of the thyroid hormone parameters measured (Romano et al.
2015). Some of these studies were limited by collection of only a single spot urine and/or
blood sample for measurement of BPA and thyroid hormones, having a relatively small
sample size, or assessing associations with only a cross-sectional design. Our study is the
first to examine this relationship in repeated measurements during pregnancy, which not
only provides greater statistical power to assess a more robust exposure assessment, but also
characterizes associations between BPA and thyroid hormones across time during gestation
by controlling for individual variability. Specifically in our current study, we evaluated the
associations between four repeated measures of urinary BPA and plasma thyroid hormone
parameters — TSH, total T3, and free and total T4 — collected at up to four study visits in
pregnancy. We also sought to identify potential windows of vulnerability during pregnancy
by assessing the extent to which these associations varied by gestational age.

2. METHODS
2.1 Study Population

Participants of this current study comprised a subset of pregnant women drawn from a
nested case-control study who were initially recruited for a prospective, longitudinal birth
cohort at the Brigham and Women’s Hospital in Boston, MA (Ferguson et al 2014a;
Ferguson et al 2015). In previous studies of this cohort, exposures to environmental
phthalates and health outcomes such as preterm birth were investigated (Ferguson et al
2014b), in addition to markers of thyroid function (Johns et al 2016). The initial LifeCodes
birth cohort enrolled 1600 women between 2006 and 2008, and of those, 1,181 pregnant
women were recruited and followed to term, and delivered live, singleton infants. The nested
case-control study included 130 women who delivered preterm (<37 full weeks of gestation)
and 352 randomly selected controls of women who delivered a singleton infant after 37 full
weeks of gestation. For the present study we excluded participants from the original nested
case-controls study who had pre-existing thyroid conditions such as thyroid cancer, Grave’s
disease, and hyper- or hypothyroidism (N=41), in addition to participants who lacked stored
plasma samples from at least one study visit (N=2). Our final study population (N= 439)
included 116 preterm birth cases and 323 controls.

Additional information regarding participant recruitment, eligibility criteria, and follow-up
has been previously described (Ferguson et al. 2014a). Briefly, at each visit during follow-
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up, body metrics were recorded, and urine and blood were collected to measure biomarkers
of chemical exposures and endogenous biological compounds. Biological samples were
collected from the participants at four study visits across pregnancy: visit 1 (9.64 weeks of
gestation [5.43 — 19.1 weeks]), visit 2 (17.9 weeks of gestation [14.9 — 32.1 weeks]), visit 3
(26.0 weeks of gestation [22.9 — 36.3 weeks]), and visit 4 (35.1 weeks of gestation [33.1 -
38.3]). During visit 1, a questionnaire was administered to collect demographic and other
health information.

2.2 BPA Measurement

Urine samples collected from 439 participants (N=1,543 samples) were available for BPA
measurements. Total BPA (free plus conjugated) was measured using isotope dilution-liquid
chromatography-tandem mass spectrometry (ID-LC-MS/MS) at NSF International (Ann
Arbor, MI). The analytical methodology was modified from a method developed by the
Centers for Disease Control and Prevention (CDC) and described in a previous study (Lewis
et al. 2013). In summary, urine samples underwent enzymatic deconjugation, solid phase
extraction, and were analyzed with a triple quadrupole mass spectrometer. For samples
where BPA measurements were below the limit of detection (LOD), we assigned a value of
the LOD divided by the square root of 2 because the percent of non-detectable samples was
less than 50, and the distribution of BPA was not highly skewed (geometric standard
deviation without samples below LOD = 2.03, and with samples below LOD = 2.82)
(Hornung and Reed 1990).

To account for urinary dilution, in our preliminary analyses we corrected BPA
concentrations using specific gravity (SG) as follows: BSg = B [(1.015 - 1)/(SG - 1)],
where Bgg is the specific gravity-adjusted BPA concentration (ug/L), B is the observed BPA
concentration, the constant 1.015 is the specific gravity population median, and SG is the
specific gravity of the individual urine sample (Meeker et al. 2009b). To account for this
variability in urinary dilution between individuals in multivariate analyses, we applied a
recent method developed by O’Brien et al. (2016). Briefly, we calculated the ratio of SG to
predicted values of SG — which were extracted from a linear mixed model (LMM) of SG
regressed on maternal age — and then standardized urinary BPA measurements by this ratio.
In all subsequent LMMs and linear regression models, we used this covariate adjusted
standardized BPA value as our predictor and further adjusted for SG as a covariate.

2.3 Thyroid Hormone Measurements

Plasma samples for 439 participants were available (N=1,443 samples) from at least one of
the four study visits. Samples were assayed for TSH, total T3, and free and total T4 at the
Clinical Ligand Assay Service Satellite (CLASS) lab at the University of Michigan (Ann
Arbor, MI). TSH as well as total T3 and T4 were measured using an automated
chemiluminescence immunoassay (Bayer ADVIA Centaur, Siemens Health Care
Diagnostics, Inc.). Free T4 was assayed using direct equilibrium dialysis followed by
radioimmunoassay (IVD Technologies). The LOD for TSH, total T3, total T4, and free T4
were 0.01 ulU/mL, 0.1 ng/mL, 0.3 pg/dL, and 0.1 ng/dL, respectively. Among the plasma
samples, there was 100% detection for total T4 and T3. Meanwhile, 99.5% of TSH
measurements were above the LOD, resulting in six samples below the LOD. Of those six

Environ Int. Author manuscript; available in PMC 2018 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Aung etal.

Page 5

samples, five had corresponding free T4 measurements at the ~75™ percentile or greater
within our study population, and we imputed TSH levels for those five samples by assigning
them the TSH LOD value (0.01 plU/mL). For free T4, we observed a detection rate of 98%,
resulting in 27 samples below the LOD. Given that the LOD for free T4 is not biologically
feasible, these samples were regarded as missing values in our statistical analyses.

2.4 Statistical Analyses

To enhance generalizability of results from our study population, inverse probability
weighting was applied to all statistical analyses presented in this analysis. Specifically, we
corrected for over-representation of preterm birth cases by applying study-specific weights
related to the inverse probability of inclusion of cases of preterm birth, making the relative
weights of cases and controls in our study population resemble observed proportions in a
general population (Richardson et al. 2007).

Of the biomarkers we measured, the distributions of BPA, TSH, and free T4 were right-
skewed; thus, we transformed each of those variables using the natural log in statistical
analyses to comply with assumptions of normality for linear regression and LMMs. We
confirmed the appropriateness of log-transformation of TSH and free T4 for repeated
measures analyses by comparing marginal raw residuals and studentized conditional
residuals of LMMs with and without transformation of these biomarkers. Models with log-
transformed response variables had residuals that were more normally distributed and less
skewed. Total T3 and T4 were normally distributed, and therefore remained untransformed
in statistical analyses. Geometric means and standard deviations were calculated for BPA by
study visit and demographic variables. We tested the difference in mean BPA levels across
demographic variables using LMMs with a random intercept for each subject.

For our repeated measures analyses, BPA was regressed on each thyroid hormone in separate
LMMs, which included subject-specific random intercepts to account for intra-individual
correlation of repeated measures over time. When constructing the LMMs, variables were
considered as potential covariates if they were significantly or marginally associated with
both thyroid hormone parameters and BPA in bivariate analyses, and included: maternal age,
race/ethnicity, education, BMI at initial study visit, tobacco use, alcohol use, fetal sex and
health insurance provider (an indicator of socioeconomic status). In addition to urinary BPA,
crude LMMs consisted of fixed effects terms for gestational age at sample collection and
urinary SG. Of the potential covariates, maternal age, race/ethnicity, education, health
insurance provider and BMI at initial study visit were each associated with thyroid hormone
parameters and BPA. These variables were then selected for the final model in a stepwise
approach if they changed the beta coefficient of BPA by 10 percent or more. We also
considered inclusion of covariates by how each impacted model fit, based on Aikaike
information criterion (AIC). The covariates in the final LMMs included urinary specific
gravity, gestational age at time of sample collection, maternal age at enrollment, BMI at time
of sample collection, and health insurance provider. Of these variables, maternal age was the
only variable not significantly associated with thyroid hormones in bivariate analyses, but
was kept in the model due to a priori knowledge that maternal age is a likely confounder in
the association between BPA exposure and thyroid hormones (Chevrier et al. 2013; Romano
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et al. 2015). To determine potential non-linear relationships, we further assessed the
appropriateness of fitting maternal age and gestational age using quadratic and cubic terms.
Maternal age appeared to have a linear relationship with the outcome variables, however,
gestational age was more appropriately fit in our LMMs as a quadratic term. For LMMs, we
considered the following options for covariance matrices: variance components, compound
symmetry, heterogeneous compound symmetry, first order autoregressive, heterogeneous
first order autoregressive, and unstructured. Among these covariance matrices, AIC
indicated that variance components were the most appropriate for our analyses.

To investigate potential windows of vulnerability during pregnancy, we stratified linear
regression models by study visit of sample collection. Our regression models included
individual thyroid hormones as the continuous outcome variable, natural log transformed
BPA as the continuous predictor variable, and the same covariates as those used in LMMs.
To enhance the interpretability of effect estimates from models with log-transformed
outcome and/or exposure variables in both our cross-sectional and repeated measures
analyses, beta estimates and their respective 95% confidence intervals (CI) were converted
to the percent change in individual thyroid hormone levels corresponding to an interquartile
rage (IQR) difference in urinary BPA concentrations.

To examine potential non-linear associations between BPA and thyroid hormone parameters,
we conducted additional cross-sectional analyses where we regressed individual hormone
parameters by quartiles of SG-corrected BPA while controlling for the same covariates used
in LMM. We treated quartiles of BPA as an ordinal variable to test for trends across
increasing quartiles. We also assessed potential non-linear relationships in LMMs by
modeling BPA as a quadratic term. Based on AIC values and residual distribution, BPA was
more appropriately fit as a linear term. The threshold for statistical significance and marginal
significance corresponded to p-values of 0.05 and 0.10 respectively. All of the
aforementioned statistical analyses were conducted using SAS version 9.4 (SAS Institute
Inc., Cary, North Carolina).

2.5 Sensitivity Analyses

In order to evaluate the robustness of our analyses, we conducted additional sensitivity
analyses. Firstly, we conducted additional stratified analyses with four non-overlapping
ranges of gestational age as opposed to study visit. Secondly, to explore potential
confounding by case-control status, we conducted a sensitivity analysis wherein we
conducted our repeated measures analyses among only women who delivered at term.

Given that previous analyses of this cohort have investigated the relationship between
phthalates and thyroid hormone parameters (Johns et al. 2016), we explored the potential
influence of phthalates on the relationship between BPA and thyroid hormone parameters.
We selected phthalates that were previously shown to be associated with thyroid hormones,
and adjusted for individual phthalate metabolites (mono-2-ethylhexyl phthalate [MEHP],
mono-iso-butyl phthalate [MiBP], and mono-3-carboxypropy! phthalate [MCPP]) as a
covariate in our repeated measures analyses. Finally, due to the close feedback relationship
between free T4 and TSH, we assessed the potential influence of free T4 on the relationship
between BPA and TSH by modeling for free T4 as a covariate.
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3. RESULTS

Previous studies of this case-control study population have characterized distributions of
BPA and thyroid hormone levels by study visit of sample collection (Cantonwine et al. 2015;
Johns et al. 2016). The overall detection rate of BPA in our study sample was 81.1%.
Geometric means and standard deviations for all thyroid hormones by study visit were
calculated and presented in a previous study (Johns et al. 2016). In Table 1., we present
selected percentiles of BPA concentrations by demographic characteristics. BPA was
statistically significantly lower among women above 24 years of age in comparison to 18-24
year-olds, among women with college level education compared to high school graduates,
and in women who did not smoke during pregnancy compared to women who reported
smoking. BPA concentrations were significantly higher in non-white women than in white
women, women with public health insurance compared to those with private insurance, and
in obese women (greater than 30 kg/m?) in comparison to women with a BMI of less than 25
kg/m2. In comparison to the original study population, our nested case-control population
had a similar proportion of White women, but slightly higher proportion of African-
American women (17% in the present study population compared to 15.8% in the original
population). Maternal age in our nested study (Mean [standard deviation (SD)] = 31.8 [5.3])
was similar to the parent cohort (Mean [S.D.] = 32 [5.7]). BMI at initial study visit was also
similar in the nested study (Mean [S.D.] = 26.5 [6.14]) compared to the parent cohort (Mean
[S.D.] =27 [6.5]).

Table 2 shows that the geometric mean concentrations of BPA were significantly lower
during study visits 2 and 4 in comparison to the initial visit.

The percent changes in thyroid hormones associated with an IQR increase in BPA
concentrations across study visits are presented in Table 3. Our repeated measures analyses
showed that an IQR increase in BPA in our final model was significantly associated with an
8.21% decrease in TSH (95% confidence interval [CI]: —14.2, —1.83). Similar relationships
were observed in both full and crude models of TSH. In the final LMM of free T4, we
observed a significant positive relationship with BPA such that an IQR increase in BPA was
associated with a 4.79% increase in free T4 (95% CI: 0.82, 8.92). This significant positive
relationship between BPA and free T4 was also observed in the full model but not the crude
model. The relationship between BPA and total T3 was nearly null, meanwhile BPA and
total T4 were inversely related, but that relationship was not significant.

In Table 4, percent changes in thyroid hormones are presented in relation to an IQR increase
in BPA at individual study visits and by four non-overlapping windows of gestation. These
cross-sectional analyses showed that an IQR increase in BPA was associated with a
statistically significant 13.5% decrease in TSH at visit 3 (95% Cl: -21.9, —4.23) and a
17.3% decrease in TSH at visit 4 (95% CI: -27.9, -5.10), in addition to a marginally
significant 16.4% decrease in TSH during visit 1 (95% CI: -31.2, 1.53). BPA was not
significantly associated with total T3 or free T4 at any of the study visits. At visit 4, we
observed that an IQR increase in total BPA was associated with a suggestive 3.68% increase
in total T4 (95% CI: —-0.59, 7.95). When stratified by non-overlapping windows of gestation,
the direction and significance of relationships were similar to that of the stratified analyses
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by study visit. Similar to our cross-sectional analyses of BPA as a continuous predictor, we
observed marginally significant inverse relationships between quartiles of SG-corrected BPA
and TSH at visit 1 (p for trend = 0.054) and visit 4 (p for trend = 0.08), and a significant
inverse relationship at visit 3 (p for trend = 0.009), and a marginally significant inverse
relationship at visit 4 (p for trend = 0.08) (figure 1a.). Additionally, we found that BPA and
free T4 were positively associated at visit 2 (p for trend = 0.06), but there were no significant
trends between free T4 and quartiles of SG-corrected BPA at visits 1, 3, and 4(figure 1b.).

Results from our sensitivity analysis among only control women were similar to those
reported in the weighted case-control study population (Supplemental Tables 1 and 2). The
addition of individual phthalate metabolites and free T4 as a covariate did not substantially
change the beta coefficient of BPA and the significance level remained unchanged
(Supplemental Tables 1 and 2).

4. DISCUSSION

To our knowledge, this is the first epidemiologic study to assess the associations between
repeated measures of BPA and maternal thyroid hormone parameters in pregnancy. Using
repeated measures, our analysis demonstrated that urinary BPA concentrations were
inversely associated with levels of TSH in pregnant women and positively associated with
free T4. In our stratified analyses, BPA was significantly inversely associated with TSH at
visits 3 and 4. BPA was also marginally associated with decreased TSH at visit 1 (p = 0.07).
With the exception of visit 2, the magnitude of these effect estimates did not appreciably
differ between study visits, therefore there is not enough evidence in the present study
implicating windows of vulnerability. In regards to free T4, cross-sectional analyses suggest
that the relationship between BPA and free T4 were not significant by study visit or non-
overlapping windows of gestation. At visit 4, we also observed a positive association
between BPA and total T4, but this was not statistically significant (p = 0.09).

Two previous epidemiological studies have investigated the relationship between BPA and
thyroid hormones in pregnant women (Chevrier et al. 2013; Romano et al. 2015). In a
sample of 335 pregnant women, Chevrier et al. (2013) measured urinary BPA in the first half
(12.4 + 3.8 weeks) and second half (26.2 + 2.2 weeks) of gestation, and thyroid hormone
parameters in the second trimester (~26 weeks). Similar to what we observed at visit 3
(median 26 weeks of gestation), Chevrier et al. (2013) observed null associations between
free T4 and urinary BPA at the second half of gestation. In contrast to our study, Chevrier et
al. (2013) reported a significant inverse relationship between total T4 and urinary BPA
during the second half of gestation. An inverse association between TSH and urinary BPA
was observed at the second half of gestation, but unlike our study, those results were not
statistically significant (Chevrier et al. 2013). In another study, Romano et al. (2015)
measured maternal urinary BPA twice — at 16 and 26 weeks gestation — and thyroid hormone
parameters at 16 weeks gestation in a sample of 181 pregnant women. Similar to our
findings at visit 2 (median 18 weeks of gestation), the authors found that maternal urinary
BPA was not significantly associated with TSH, total and free T4, or free T3 at 16 weeks
gestation (Romano et al. 2015).
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Although the results of these two studies disagree with some of our findings, it should be
noted that the discrepancies might be due to differences in populations, study design, or
related to the inaccuracy of single spot urine measures of BPA. Chevrier et al. (2013)
conducted their analyses from a cohort through the Center for the Health Assessment of
Mothers and Children of Salinas (CHAMACOS), which compared to our study, had a higher
proportion of participants under 25 years of age that were from an agricultural region and
predominantly Latin American, underlining potential differences in exposure levels due to
socioeconomic status, cultural practices, and geographical location. Another possible reason
for observed differences could have been due to the fact that Chevrier et al. (2013)
accounted for urinary dilution using urinary creatinine, whereas we utilized specific gravity.
Romano et al. (2015) presented results from the Health Outcomes and Measures of the
Environment (HOME) Study, and their study population had a higher proportion of women
under 25 and Black women. Furthermore, differences may have been observed due to the
fact that Romano et al. (2015) chose to adjust for covariates that were absent in our data,
such as measurements of iodine intake, polychlorinated biphenyls, and hexachlorobenzene.
In regards to the limitation of single spot measurements, non-persistent organic chemicals
such as BPA are metabolized quickly, and concentrations within humans are highly variable
(Barr et al. 2005b). Single spot urine measurements estimate exposures that recently took
place and lack the ability to characterize long-term continuous exposures, which can be
better addressed using repeated measurements (Barr et al. 2005b).

Several epidemiological studies have investigated the relationship between BPA and thyroid
hormones, specifically TSH in adult men and non-pregnant women (Geens et al. 2015;
Meeker et al. 2009a; Meeker and Ferguson 2011; Wang et al. 2013). Consistent with our
results, two of these studies found suggestive inverse relationship between urinary BPA and
serum TSH in adults and children (N=1,675) (Meeker and Ferguson 2011) and adult men
alone (N=75) (Meeker et al. 2009a). From a larger study of adults in China (N=3,394),
Wang et al. (2013) observed a significant inverse relationship between these biomarkers as
well. Conversely, another study reported a significant positive association between urinary
BPA and serum TSH in 43 lean adults but not in 151 obese adults (Geens et al. 2015). Since
these studies represent non-pregnant women or men, they cannot be directly compared to
our findings, but they do provide evidence that BPA exposure may be related to thyroid
hormone disruption in humans. Other factors besides sex and pregnancy status that may lead
to contrasting findings include age ranges of participants, and physiological states such as
obesity.

Previous studies within this cohort have examined maternal urinary BPA levels and thyroid
hormones separately in relation to birth outcomes (Catonwine et al. 2015; Johns et al. 2017).
Johns et al. (2017) reported that higher levels of total T3 were significantly associated with
higher odds of overall preterm birth at study visits 1 and 3, whereas free T4 was protective at
visit 3, and significantly associated with lower odds of preterm birth. Cantonwine et al.
(2015) did not observe significant associations between overall pre-term birth and BPA.
These results suggest that thyroid hormones may not mediate the effect of BPA on preterm
birth; however, BPA may still influence other critical physiological processes during
pregnancy through disruption of thyroid hormone levels as indicated in the present study.
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Although the mechanisms of action have not been confirmed, some authors have
hypothesized that one manner in which BPA disrupts thyroid function is by binding to the
thyroid hormone receptor, acting as an antagonist to free T3, and impacting transcriptional
regulation of T3 (Boas et al. 2009; Moriyama et al. 2002). Our results support another
potential pathway, where BPA could disrupt normal thyroid functions by altering circulating
TSH levels. Cells of the pituitary gland express estrogen receptors, making them susceptible
to interactions with estrogen mimicking toxicants such as BPA (Dang et al. 2009). Some
animal studies have demonstrated that BPA exposure can impact synthesis of hormones in
the pituitary gland and increase the weight of the pituitary gland in rats (Dang et al. 2009;
Goloubkova et al. 2000). It is possible that BPA exposure could affect TSH production at the
pituitary gland through estrogen receptor signaling.

Another possible explanation as to why we observed an inverse relationship between BPA
and TSH could be due to the fact that circulating T3 and T4 hormones also inhibit TSH
synthesis via receptor binding at the pituitary gland (Ahmed et al. 2008). If BPA interacted
with the thyroid gland to temporarily cause subclinical perturbations to T3 or T4 production,
an increase above certain thresholds could lead to a feedback mechanism where the pituitary
gland is signaled to decrease the production of TSH. This hypothesis is supported by the fact
that BPA was positively associated with free T4 and inversely associated with TSH in
repeated measures analyses. However, although we observed an overall positive relationship
between BPA and free T4 in our repeated measures analyses, the lack of consistent positive
associations in cross-sectional analyses suggest that perhaps TSH is a more sensitive
biomarker compared to the other thyroid hormones and discernible to the thyroid disrupting
potential of BPA. If fluctuations in TSH levels are mechanistically influenced by BPA
exposure, it may have implications for the health of developing fetuses during pregnancy.
Moreover, since TSH is closely involved with negative feedback mechanisms of T3 and T4
production, the marginally positive relationship between BPA and total T4 at visit 4 may
have been a result of sustained disruption of TSH via BPA exposure. Alternatively,
fluctuations in free T4 and TSH are also naturally variable throughout windows of
pregnhancy, which may be contributing to some of the trends that we see in our results (de
Escobar et al. 2004).

A general limitation of our study is that despite the use of sampling weights in our analysis,
there may still be constraints for the generalizability of our results to the broader U.S.
population due to our sampling approach. Another limitation in our study is that we did not
assess thyroid autoimmunity via measurement of thyroperoxidase antibodies, which may
influence thyroid function in pregnancy (van den Boogaard et al. 2011). We also lacked the
measurement of human chorionic gonadotropin (hCG), which is a molecule with similar
homology to TSH and can stimulate the TSH receptor to influence maternal thyroid function
during the first trimester in pregnancy (Tingi et al. 2016). What distinguishes the
methodological approach of our current study is the advantage related to having up to four
repeated measurements from a large sample of pregnant women. Having repeated measures
enables us to control for intra-individual variability of our sample population in regression
analyses and increases statistical power to assess associations between BPA and thyroid
hormone parameters. Additionally, our measurement of free T4 also provides an advantage
for better characterizing the HPT axis.

Environ Int. Author manuscript; available in PMC 2018 July 01.
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5. CONCLUSIONS

In summary, the present study provides further evidence that BPA exposure has the potential
to disrupt thyroid hormones in humans. In order to elucidate the mechanisms that may
explain these associations, further animal and human studies must be conducted. Given that
pregnancy is an especially vulnerable period of time for child and maternal health, it is
important to continue advancing our knowledge of the health effects of environmental
exposures during pregnancy. Future studies that aim to further characterize the health effects
of environmental chemicals during pregnancy should pay close attention to the role of the
HPT axis and windows of vulnerability.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Widespread exposure to BPA still exists in the U.S.
We measured BPA and thyroid hormone parameters during pregnancy
Maternal BPA was inversely associated with TSH across pregnancy

Thyroid hormone disruption during pregnancy could influence fetal
development
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Figure 1a. Adjusted regression coefficients for change in TSH in relation quartiles of urinary

BPA

Figure 1.a. Adjusted regression coefficients for change in plasma TSH in relation to SG-
adjusted BPA quartiles. Sampling weights were used in addition to adjustment for the
covariates: gestational age + gestational age? at time of sample collection, maternal age at
enrollment, body mass index (BMI) at the first study visit, and health insurance provider.
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Figure 1b. Adjusted regression coefficients for change in FT4 in relation to quartiles of
urinary BPA

Figure 1.b. Adjusted regression coefficients for change in plasma free T4 in relation to SG-
adjusted BPA quartiles. Sampling weights were used in addition to adjustment for the
covariates: gestational age + gestational age? at time of sample collection, maternal age at
enrollment, body mass index (BMI) at the first study visit, and health insurance provider.
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