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Abstract

Background: Phthalates are used in manufacturing of consumer products, resulting in ubiquitous
human exposure to phthalate mixtures. Previous work has suggested that phthalates display
endocrine disrupting capabilities, and exposure is associated with early delivery.

Objective: To assess mediating effects of hormone concentrations on associations between
phthalate mixtures and preterm birth (PTB).
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Methods: Repeated urinary phthalates and serum hormones were measured among 1011 women
in the PROTECT Puerto Rico birth cohort from 2011-2019. We utilized ridge regression to create
phthalate environmental risk scores (ERS), which represent weighted summaries of total phthalate
exposure. Mediation analyses were conducted on a subset of 705 women. We additionally

conducted fetal sex-specific analyses.

Results: Free thyroxine (FT4) mediated 9.6% of the association between high molecular

weight (HMW) ERS at 18 weeks and reduced gestational age at delivery (95%CI:1.07-29.9).
Progesterone at 26 weeks mediated 21.1% and 16.2% of the association between HMW ERS at

18 and 22 weeks, and spontaneous PTB, respectively. Among male fetuses, corticotropin releasing
hormone (CRH) at 18 weeks mediated 28.2% of the association between low molecular weight
ERS and spontaneous PTB.

Significance: We provide introductory evidence of hormone disruption on the causal pathway
between phthalate exposure and early delivery. We also show differences by fetal sex. but a larger

sample size is necessary to validate our findings.

INTRODUCTION

Humans are exposed to a myriad of environmental contaminants from diverse sources

on a daily basis. The result is a consistent body burden of a mixture of many different
toxicants which have multiple downstream effects on human physiology, largely through
endocrine disrupting pathways. Many epidemiology and toxicology studies have explored
health effects of single pollutants, but very few have attempted to understand the

biological effects of complex mixtures. Pregnant women are especially susceptible to
adverse health outcomes resulting from environmental exposures, particularly those with
endocrine disrupting capabilities. Hormone concentrations through pregnancy are important
for proper fetal development, maintenance of the uterine wall, and initiation of pro-labor
events!™. Understanding how exposures to environmental chemical mixtures may interfere
with hormone regulation in pregnant women is critically important for protection of this
vulnerable population.

Phthalates are synthetic plasticizers used in production of many consumer products such

as vinyl flooring, plastic food packaging, and personal care products®. Humans are never
exposed to single phthalate compounds; exposure rather occurs in complex mixtures which
differ based on an individual’s use of consumer products, socioeconomic status, and

diet®. Each parent phthalate compound is metabolized within the body, and sometimes
several different metabolites result from one parent compound’, furthering the need to
study mixtures of phthalates rather than individual metabolites. Phthalate metabolites are
often highly correlated with one another. and so methods which accommodate issues of
multicollinearity are preferred over those which assess associations with many individual
metabolites.

Previous research has shown phthalate metabolites to be associated with preterm and
spontaneous preterm birth (PTB), as well as earlier gestational age at delivery®11.
Phthalates are also known endocrine disruptors, and greater exposures to phthalates have
been associated with altered concentrations of various hormones that are important for
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pregnancy such as corticotropin releasing hormone (CRH), estriol, progesterone, thyroid
hormones, and testosterone!2~13. Given the hormonal activity of phthalates and their
association with early delivery, we have hypothesized that phthalate exposure may lead
to adverse pregnancy outcomes via disruption of hormone concentrations throughout
pregnancy.

To test this hypothesis, we utilize a novel data analysis pipeline which incorporates repeated
measures of phthalate mixture exposure and hormone concentrations, in addition to causal
mediation analyses. We use ridge regression to construct environmental risk scores (ERS),
which are weighted sums of one’s overall exposure to a mixture of phthalate metabolites, to
assess exposure to high and low molecular weight phthalate mixtures at an individual level
over multiple time points during gestation. ERS were then used in causal mediation analysis
to determine the mediating effect of hormone concentrations on the associations between
phthalate mixtures and adverse birth outcomes.

METHODS
Study Population

Data for the present study was obtained from the PROTECT (Puerto Rico Testsite for
Exploring Contamination Threats) cohort, a longitudinal birth cohort in the northern karst
region of Puerto Rico designed to investigate environmental contaminants in relation to
adverse pregnancy outcomes. Details of the study design and recruitment protocols have
been previously described!©. Briefly, women were recruited at 14+2 weeks gestation and
were eligible to participate if they were between the ages of 18 and 40 years, participated in
their first clinic visit before their 20t week of pregnancy, had not taken oral contraceptives
within 3 months of getting pregnant, had not used in vitro fertilization to get pregnant, and
had no known preexisting medical or obstetric conditions. This study was approved by the
research and ethics committees of the University of Michigan School of Public Health (IRB
exemption #HUMO00037064), University of Puerto Rico (IRB# A8570110), Northeastern
University (IRB# 10-03-03a). All study participants provided full informed consent prior to
participation.

Phthalate Exposure Assessment

Study participants provided urine samples at up to three time points during pregnancy:
median 18, 22, and 26 weeks. All spot urine samples were frozen at —80°C and shipped over
night on dry ice to the Centers for Disease Control (Atlanta, GA, USA) for analysis. All
samples were analyzed for 13 phthalate metabolites: mono-2-ethylhexyl phthalate (MEHP),
mono-2-ethyl-5-hydroxyhexyl phthalate (MEHHP), mono-2-ethyl-5-oxohexyl phthalate
(MEOHP), mono-2-ethyl-5-carboxypentyl phthalate (MECPP), monoethyl phthalate (MEP),
mono-n-butyl phthalate (MBP), monobenzyl phthalate (MBzP), mono-isobutyl phthalate
(MiBP), mono-hydroxyisobutyl phthalate (MHiBP), mono-3-carboxypropyl phthalate
(MCPP), mono carboxyisononyl phthalate (MCNP), mono carboxyisooctyl phthalate
(MCOP), and mono-hydroxybutyl phthalate (MHBP). Urine samples were analyzed using
solid phase extraction high-performance liquid chromatography-isotope dilution tandem
mass spectrometry, the details of which are described elsewhere!”. Values detected below
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the limit of detection (LOD) were assigned a value of the LOD divided by the square root of

two!8.

Hormone Measurement

All women provided serum samples at their first and third clinic visits, aligning with
median 18 (16-20) and 26 (24-28) weeks’ gestation. Serum samples were analyzed at the
Central Ligand Assay Satellite Services laboratory in the Department of Epidemiology

at the University of Michigan School of Public Health. Progesterone, sex hormone-
binding globulin (SHBG), testosterone, total triiodothyronine (T3), total thyroxine (T4),
free thyroxine (fT4) and thyroid-stimulating hormone (TSH) were measured using a
chemiluminescence immunoassay. Estriol (E3) and corticotropin releasing hormone (CRH)
were measured using an enzyme immunoassay. Some hormone concentrations were not
available for all participants due to sample volume limitations. The ratios of progesterone
to estriol (Prog/E3) and T3 to T4 (T3/T4) were assessed in addition to measured hormones
because of previous research indicating that the ratios may be better indices of adverse
pregnancy outcomes than single hormone measurements!?-20. All hormone concentrations
below the limit of detection (LOD) were replaced by the LOD divided by the square root of
two.

Birth Outcome Assessment

Self-reported date of the last menstrual period was collected at the first study visit and

used in combination with early ultrasound measurements to determine gestational age

at birth, based on recommendations from the American College of Obstetricians and
Gynecologists2!. We abstracted gestational age at birth from medical records postpartum,
and PTB was defined as delivery before 37 weeks’ gestation. We also assessed spontaneous
PTB, defined as PTB presenting with premature rupture of membranes, spontaneous preterm
labor, or both?2.

Calculation of Phthalate ERS

A schematic of our analytical pipeline is depicted in Supplementary Figure 1. Study
participant’s exposures to mixtures of phthalates were estimated utilizing ridge regression
to calculate environmental risk scores (ERS)?3, which represent a weighted sum of each
individual’s overall phthalate exposure profile based on individual phthalate associations
with the outcome of interest. Ridge employs only one tuning parameter which shrinks the
coefficients of unimportant predictors towards zero (but never to exact zero) and stabilizes
selection in the presence of highly correlated predictors. Five-fold cross validation and
optimization of prediction errors were used to estimate lambda. Ridge returns a vector

of coefficients which represent the relative importance of each predictor for the outcome
of interest. These coefficients were then multiplied by each study participant’s measured
phthalate metabolite concentrations, giving weighted concentrations of each metabolite.
Weighted concentrations were then summed to arrive at the ERS. Effects of high versus
low molecular weight phthalates were assessed by running ridge analysis on metabolite
mixtures separated into high versus low molecular weight groups, and then constructing a
high molecular weight (HMW) ERS and a low molecular weight (LMW) ERS.

J Expo Sci Environ Epidemiol. Author manuscript; available in PMC 2022 July 05.



1duosnuely Joyiny 1duosnuely Joyiny 1duosnuely Joyiny

1duosnuely Joyiny

Cathey et al.

Page 5

Statistical Analyses

Distributions of demographic characteristics and other relevant health information were
tabulated. Environmental risk scores were calculated for all women in the study sample
for whom we had full exposure data and data on at least one birth outcome (N=1011).
Mediation analyses were conducted on a subset of those women for whom we also had
mediator data (N=705).

Ridge analysis and ERS calculation were conducted utilizing a cumulative average approach
over up to 3 study visits. ERS at visit 1 were derived from only phthalate concentrations
measured at study visit 1. ERS at visit 2 were derived using the geometric mean of phthalate
concentrations at the first and second study visits, and ERS at visit 3 were derived using

the geometric mean of phthalate concentrations measured at all 3 study visits. All analyses
included categorical maternal age and maternal education as unpenalized covariates. We
additionally conducted exploratory analyses stratified by fetal sex to investigate potential
differences in hormone-mediated pathways unique to women who had a male or female
fetus. All phthalate concentrations were corrected for specific gravity to account for
differences in urinary dilution between study subjects. Ridge regression was conducted
utilizing the g/mnet package in R (version 3.5.1).

Causal Mediation Analyses—In the causal mediation framework, the relationship
between exposures and outcomes can be framed in several ways. The mediated effect, also
known as the natural indirect effect (NIE), is the change in outcome when the exposure is
held constant and the mediator is changed to the level it would have been with an increase
in exposure. The natural direct effect (NDE) corresponds to the change in the outcome in
association with a change in exposure while keeping the mediator at the level it would
have been at the original exposure level. Finally, the total effect (TE) corresponds to a
change in the outcome associated with a change in exposure without any consideration or
adjustment for the mediator. The TE is also equal to the sum of the NDE and NIE. We can
then calculate the proportion of mediation by dividing the NIE by the TE. These effects are
identified through two sets of counterfactuals for the outcome and mediator as a function of
the “changed level of the exposure.”

These effects can be estimated by fitting regression models to the observed data only

if the following assumptions hold true: 1) there is no unmeasured confounding for the
relationship between the exposure and outcome, 2) there is no unmeasured confounding
for the relationship between the mediator and outcome, after controlling for the exposure,
3) there is no unmeasured confounding on the relationship between the exposure and

the mediator, and 4) there is no downstream effect of the exposure which confounds the
relationship between the mediator and the outcome. The temporal ordering assumption must
also be met, such that the exposure precedes the mediator, which precedes the outcome.
Causal diagrams depicting these relationships are shown in Supplementary Figure 2. If
all of these assumptions are met, the following statistical models can be used to estimate
mediating effects:
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Model 1: g[E(Y | a,m,0)] = Py + Byl + Bymmy + Prce
Model 2: EIM | a,c] = 0 + Bmali + Pace

where g is probit for binary outcomes and identity for gestational age; £'is the linear model
for the mediator conditional on the exposure; g represents the phthalate ERS calculated

from the cumulative average approach at study visit # corrected for specific gravity; my,
represents the observed hormone concentrations at study visit £ ¢ represents observed
values of covariates which are constant over time; and Y represents the outcome. Resulting
coefficients from the outcome model (model 1) and the mediator model (model 2) are used
to calculate the NIE.

Mediation methods applied in the present analysis were adapted from those described in
Aung et al?4. Visit-specific phthalate ERS were used as exposure variables, and visit-specific
hormone concentrations were used as mediators, in causal mediation analyses. Using ERS
provides an advantage over individual phthalate metabolites because it reduces the potential
for bias due to correlation between metabolites, and it allows for risk assessment and
ascertainment of the biological pathways implicated with exposure to a whole class of
environmental contaminants. All models adjusted for categorical maternal age and maternal
education, and fetal sex. Exploratory mediation analyses were also conducted which were
stratified by fetal sex. Mediation effect estimates correspond to a change in the exposure
(phthalate ERS) from the first to the third quartile. All mediation analyses were conducted
using the mediation package in R (version 3.5.1).

Sensitivity Analyses—The sequential ignorability assumption — that there is no
downstream effect of the exposure, or unmeasured pre-treatment covariate, which confounds
the relationship between the mediator and the outcome — is a strong assumption and
necessitates employing sensitivity analyses. The medsens function within the mediation
package allows us to check the robustness of natural indirect effects to the possible existence
of unobserved pre-treatment covariates. A sensitivity parameter, p, is calculated which
represents the correlation between the residuals of the mediator and outcome regressions.
The sequential ignorability assumption is violated when pre-treatment confounders exist
which affect both the mediator and the outcome, giving p which is not equal to zero.
Medsens tests how the NIE varies as a function of different values of p, and returns a range
of p values within which the NIE is sensitive to pre-treatment confounding and becomes
null. A second sensitivity analysis allows us to test how the significance of natural indirect
effects change when unique combinations of covariates are included in the model. Testing
each unique combination of covariates included in this analysis (maternal age, maternal
education, and fetal sex) results in 7 combinations.

Characteristics of the study population are shown in Supplementary Table 1. Preterm
and spontaneous preterm birth occurred in about 9% and 5% of the cohort, respectively.
Pregnancies were about 53% male and 46% female. Most women were under the age of
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30, had at least some college education, were employed, lived in a home earning less than
$30k per year, were either married or cohabitating, did not smoke and reported never being
exposed to environmental tobacco smoke, did not consume alcohol during pregnancy, had
less than two previous live births, and had a pre-pregnancy BMI below 30 kg/m2. Pregnancy
and demographic characteristics did not differ appreciably between the full population and
the mediation subset.

Weights derived from ridge regression for each birth outcome are shown Figure 1, separated
into LMW and HMW phthalate groups. Among LMW phthalates, weights for metabolites of
DBP and DiBP were mostly positive and stronger compared to MEP, the metabolite of DEP.
These metabolites also possessed the strongest weights at visit 3 for PTB and at visit 2 for
spontaneous PTB and gestational age at birth. Unexpectedly, both DBP and DiBP at visit 2
had one metabolite with a strong positive weight (MHBP, MiBP) and one metabolite with a
strong negative weight (MBP, MHiBP) for gestational age at birth. Among HMW phthalates,
most weights were relatively weak, with the exception of MCNP, which was positive and
strongest at visit 3 for PTB and spontaneous PTB.

Weights from ridge regression for exploratory analyses stratified by fetal sex are shown in
Supplementary Figure 3. For PTB, the strongest weights were assigned to metabolites of
DBP and DiBP, and weights were particularly strong at visit 2 among pregnancies with

a male fetus. Like results among all pregnancies, for both DBP and DiBP, the weight for
one metabolite was positive (MBP and MHiBP) while the other was negative (MHBP and
MiBP). Weights were similar for spontaneous PTB, except that DBP and DiBP metabolite
weights were also very strong at visit 3 among pregnancies with a male fetus. Weights for
gestational age at birth were generally weaker than those for PTB and spontaneous PTB, but
DBP and DiBP metabolites still had the strongest weights among male fetuses.

Total Effects of Phthalate Mixtures on Timing of Delivery

Associations between interquartile range (IQR) increases in phthalate ERS and birth
outcomes across the study period, subset to mothers with mediator data, are shown in Table
1. Among all pregnancies, visit 1 HMW phthalates were associated with increased odds

of spontaneous PTB (OR:1.70, 95%CI: 1.04,2.78) and reduced gestational age at birth (p:
—0.37 weeks, 95%CI:—0.58,-0.15). LMW phthalates at visits 2 and 3 were associated with
reduced gestational age at birth (B:—0.32 weeks, 95%CI:—0.50,—0.14, and :—0.34 weeks,
95%CI:—0.59,-0.10, respectively).

Among pregnancies with a female fetus, LMW phthalate ERS at all 3 study visits showed an
increase in the odds of PTB (v1 OR:1.85, 95%CI:1.00,3.41; v2 OR:2.88, 95%CI:1.30,6.38;
v3 OR:2.72, 95%CI:1.22,6.08), while only first and second visit HMW phthalate ERS

were associated with higher odds of PTB (OR:2.00, 95%CI:1.13,3.52 and OR:2.47,
95%CI:1.30,4.72, respectively). Increased odds of spontaneous PTB were observed with
increases in both LMW phthalate ERS (OR:2.19, 95%CI:1.02,4.72) and HMW phthalate
ERS (OR:1.96, 95%CI:1.06,3.60) at visit 1. Increased LMW phthalate ERS at the second
and third study visits were associated with reduced gestational age at birth (B:—0.46 weeks,
95%CI1:—0.86,—0.07 and P:—0.51 weeks, 95%CI:—0.90,—0.12, respectively), while the HMW
phthalate ERS at all three study visits was associated with reduced gestational age at birth
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(vl B:—0.63 weeks, 95%CI:—1.00,—0.26; v2 B:—0.42 weeks, 95%CI:—0.76,—0.08; v3 p:—0.39
weeks, 95%CI:—0.73,—0.04).

Among pregnancies with a male fetus, PTB was associated with HMW phthalate ERS at

the first study visit (OR:2.32, 95%CI:1.20,4.50) and LMW phthalate ERS at the second
study visit (OR:1.86, 95%CI:1.02,3.39). Odds of spontancous PTB were associated with
LMW phthalate ERS at the second (OR:4.46, 95%CI:1.52,13.1) and third study visit
(OR:2.76, 95%CI:1.25,6.10), and with HMW phthalate ERS at the first study visit (OR:2.49,
95%CI:1.14,5.44). Finally, reductions in gestational age at birth were observed with
increasing HMW phthalate ERS at the first study visit (f:—0.39 weeks, 95%CI:—0.75,-0.03)
and increasing LMW phthalate ERS at the second study visit (B:—0.42 weeks, 95%CI:
—0.69,—0.15).

Mediation Effects

Estimations of natural indirect effects and percent mediated across the study among all
pregnancies are shown in Table 2. In contrast to results shown in Table 1, NIE estimates for
binary outcomes are shown on the absolute probability scale. These estimates indicate the
change in absolute probability of the outcome, rather than the odds of the outcome, when
the exposure is held constant and the mediator is changed to a level it would have been with
an IQR increase in exposure. In other words, the NIE can be conceptualized as the absolute
change in probability of the outcome which results only from the effect that the exposure has
on the mediator. Corresponding p-values for natural indirect effects are depicted in Figure 2.
The association between visit 1 LMW phthalate ERS and odds of spontaneous PTB was not
significant, however, the indirect effect of the ratio of testosterone to SHBG at visit 1 was
significant (NIE:0.004, 95%CI: 2.14¢-5,0.010; 16.0% mediated). Results were similar for
visit 1 testosterone. Visit 1 fT4 also mediated 10.2% of this association (NIE:0.003, 95%CI:
—1.83e-4,0.008). Visit 1 HMW phthalate ERS significantly increased odds of spontaneous
PTB (OR:1.70, 95%CI:1.04,2.78), and 8.81% of this association was mediated by visit 1
fT4 (NIE:0.003, 95%CI:1.1e-4,0.008). Though the total effects of HMW phthalate ERS at
visits 2 and 3 on odds of spontaneous PTB were not significant, various indirect effects were
notable. Effects of exposure at visit 2 were significantly mediated by visit 3 progesterone
(NIE:0.005, 95%CI:3.95¢-4,0.011; 21.2% mediated) and marginally mediated by visit 3

fT4 (NIE:0.003, 95%CI:—3.07¢-4,0.008; 11.3% mediated), while effects of exposure at visit
3 were significantly mediated by visit 3 progesterone (NIE:0.004, 95%CI:3.72¢-4,0.010;
16.2% mediated). Finally, the significant reduction in gestational age at birth resulting from
an IQR increase in visit | HMW phthalate ERS (B:—0.37 weeks, 95%CI:—0.58,—0.15) was
mediated by visit 1 T4 (9.6% mediated), which accounted for 0.036 weeks of the total
reduction in gestational age at birth.

Sensitivity Analyses

Sensitivity analyses were conducted on main mediation models which returned significant
or marginally significant results. Robustness of natural indirect effects to pre-treatment
confounding, tested using the medsens function in the mediation package, are shown in
Supplementary Table 2. When sensitivity of the NIE was tested for values of p between —0.9
and 0.9 (corresponding to strong inverse and positive correlations between the residuals of
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the mediator and outcome models, respectively) the NIE was most robust for three models:
the association between HMW phthalate ERS at visit 1 and spontaneous PTB, mediated by
visit 1 fT4 (p sensitivity region: 0.1-0.2), and the associations between visit 2 and visit 3
HMW phthalate ERS and spontaneous PTB, mediated by visit 3 progesterone (p sensitivity
region: 0.1-0.3 for both). These three models were further assessed for differences in
natural indirect effects with every unique combination of the three covariates utilized in

the study, maternal age, maternal education, and fetal sex, results for which are shown in
Supplementary Figure 4.

For the fT4 mediation model, only 2 out of 7 covariate combinations resulted in an NIE
p-value <0.05 (a model including all covariates, p=0.036; and a model containing only
maternal age and fetal sex, p=0.035), while all covariate combinations gave p-values <0.05
for both progesterone mediation models.

Fetal Sex Stratified Analyses

Estimations of natural indirect effects and percent mediated across the study among
pregnancies with a male fetus are shown in Supplementary Table 3. Corresponding p-values
for natural indirect effects are depicted in Supplementary Figure 5. The association between
visit 1 LMW phthalate ERS and spontaneous PTB was mediated by visit | CRH (28.2%),
progesterone (17.6%), testosterone (30.6%), and the ratio of testosterone to SHBG (31.1%).
Visit 3 CRH also marginally mediated the associations between visit 2 and visit 3 LMW
phthalate ERS (10.8% and 13.9%, respectively) and odds of spontaneous PTB. Visit 1
testosterone marginally mediated the association between visit 1 LMW phthalate ERS and
gestational age at birth (15.5%). Finally, visit 3 CRH mediated the association between
visit 3 HMW phthalate ERS and gestational age at birth (38.3%). There were no significant
mediating effects observed among pregnancies with a female fetus (data not shown).

Discussion

In this novel analysis, we explored the mediating effects of hormone concentrations on

the associations between gestational exposure to a mixture of phthalates and adverse birth
outcomes. This work makes significant innovations on previously published research by
combining novel mixtures methods2* with repeated measures analyses to provide causal
mediation analyses using repeated biomarker data within an exposure mixtures framework.
We provide evidence that significant associations exist between gestational exposure to a
mixture of phthalates and increased odds of PTB and spontaneous PTB, and gestational
age at birth, and that these associations differ by molecular weights of phthalates and
gestational age at exposure assessment. We also provide introductory evidence of significant
differences between fetal sexes, and mediation by various hormones on the associations
between phthalate mixtures and these adverse birth outcomes.

A previous review of reviews has demonstrated that there is evidence of a positive
association between exposure to various phthalate metabolites and odds of preterm birth23.
A review by Radke and colleagues showed strong evidence of this positive association,
and also concluded that there was moderate evidence for a positive association between
increased DEHP and DBP exposure and odds of preterm birth20. Another review assessed
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only DEHP exposures in relation to adverse delivery outcomes and observed inconsistent
findings likely due to variation in sample sizes, exposure assessment, and confounder
adjustment across studies?’. A third review cited many of the same studies as the
aforementioned reviews and came to a similar conclusion that, despite differences in study
designs and phthalate metabolites included, significant associations between moderate levels
of phthalate exposure and preterm birth are robustly documented?®. Our work adds to the
previous human studies on phthalates and preterm birth by exploring which metabolites
within a phthalate mixture are most important for timing of delivery and how the mixtures
may disrupt hormones to affect pregnancy.

Among all pregnancies, we observed significant total effects of visit | HMW phthalate
ERS on increased odds of spontaneous PTB and reduced gestational age at birth which
were significantly mediated by visit 1 fT4. Thyroid hormones are important in early
pregnancy for proper development of the fetal brain and skeleton, and throughout the rest
of pregnancy for growth of the fetus2’. Previous studies have demonstrated associations

12-14,30 45 well as

between phthalate exposure and altered thyroid hormone concentrations
associations between thyroid hormones and increased risk of PTB3!, but mechanistic human
studies are lacking. Importantly, our previous work has shown a significant association
between increased fT4 and risk of spontaneous PTB which is not modified by fetal sex
within this same cohort (Cathey et al, submitted). These results provide further evidence for
thyroid hormones acting on the casual pathway between phthalate exposure and PTB, but
future work is needed to understand the mechanisms of this pathway. These findings also
have important clinical implications because they underscore thyroid hormones as potential

early markers of phthalate toxicity on preterm birth.

We observed suggestive evidence of mediation by visit 1 testosterone and fT4 on the
association between visit 1 LMW phthalate ERS and spontaneous PTB, and by visit

3 progesterone on the associations between visit 2 and 3 HMW phthalate ERS and
spontaneous PTB. Previous work has shown some of these hormones to be important for
regulation of the timing of labor. During the first 9 weeks of pregnancy, the corpus luteum

is responsible for secreting the necessary progesterone for maintenance of the fetus. After
that, the placenta becomes the main source of progesterone. A previous in silico study

found strong binding affinity between phthalate metabolites and the progesterone receptor32.
Accordingly, another iz vitro study found that treatment of human placental cells with
phthalate metabolites resulted in an inhibition of the progesterone receptor gene via negative
feedback from an increase in progesterone concentrations33. Thus, phthalate exposure at
this time could stimulate progesterone production by the placenta via interaction with the
progesterone receptor. Elevated circulating progesterone could then inhibit the progesterone
receptor gene, which could result in reduced expression of the progesterone receptor gene
and thus reduced progesterone function. Together, these data suggest that maternal exposure
to mixtures of phthalates during mid gestation could result in increased production of
progesterone by the placenta, which then participates in a negative feedback loop with the
progesterone receptor, resulting in a reduction of the anti-labor effects of progesterone on the
pregnancy, possibly contributing to increased risk of preterm birth.
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There is also a biological basis for the proposed mediating effect of testosterone on the
association between phthalate exposures and preterm delivery. Despite existing evidence
that phthalates possess anti-androgenic biological effects, previous work has shown a
positive association between testosterone concentrations during pregnancy and exposure

to LMW phthalates'2. Higher circulating concentrations of testosterone may act on the
endometrium to produce lower levels of PP14, an endometrial secretory protein which

is inversely associated with risk of preterm birth as early as 6-18 weeks’ gestation34.
Decreased production of PP14 is associated with abnormal development of the endometrium
and greater likelihood of downstream pregnancy complications3>—37. Therefore, gestational
exposure to LMW phthalates may result in elevated testosterone production, which could
then adversely affect the endometrium to produce less PP14 and cause endometrial
dysfunction leading to elevated risk of preterm delivery.

When exploratory analyses were employed to investigate differences between fetal sexes,
various significant mediating effects were observed among only pregnancies with a male
fetus (CRH, progesterone, and testosterone), though corresponding total effects did not
reach significance. Similar to results among all pregnancies, significant mediating effects
of progesterone and testosterone were observed. Interestingly, mediating effects of these
hormones were important only for LMW phthalates. In contrast to results among all
pregnancies, mediating effects of CRH were observed for both spontaneous PTB and
gestational age at birth among males. Concentrations of CRH begin to exponentially rise
around midgestation and peak at the initiation of labor, possibly acting as a placental clock
for the timing of delivery. The initial rise in CRH has been observed to occur earlier

during pregnancy among women who eventually deliver preterm, leading researchers to
believe that CRH may be an early marker for pregnancies at risk for preterm delivery=®,
This physiological role, coupled with past observations of significant positive associations
with phthalate exposure!2, suggests that CRH could in fact mediate the association between
phthalates and preterm delivery. Additionally, it has been postulated that CRH may signal to
the fetal zone of the fetal adrenal gland to stimulate production of DHEA-S, a precursor of
androgens and estrogens, to activate pro-labor events.

This study was subject to several limitations. Some phthalate metabolite weights from ridge
analysis were strongest at the second study visit, at which time we did not have access

to hormone measurements, and so we may have missed important associations at that

time point. We also detected some significant mediating effects which did not correspond
to significant total effects. Detection of significant mediation signals could have been an
artifact of strong associations between our exposure and mediator measures, to which the
total effect would be robust. However, despite our large sample size, the small number

of PTB and spontaneous PTB cases could also be interfering with our ability to detect

truly significant total effects. The small number of PTB cases also limited our statistical
power in exploratory analyses assessing differences by fetal sex. We did not have access

to measurements for thyroid autoantibody status, which could confound associations with
thyroid hormones. Some critical changes in the maternal endocrine environment occur
earlier or later in gestation than we were able to measure, which could shed additional

light on the various endocrine pathways implicated in adverse birth outcomes. Women with
preexisting conditions were excluded from the analysis, which may limit the generalizability
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of our findings. It is likely that all models with ERS are overfit because we did not

use separate training and testing data sets for creating the ERS and running subsequent
mediation analyses. Finally, the mediation analyses implemented here cannot accommodate
situations where mediators confound one another, so it is possible that our results are biased
if multiple mediators are operating on the same causal pathway. Future work will attempt

to better understand the endocrine pathways implicated with phthalate exposures in order to
create mediator risk scores that are reflective of entire pathways.

Despite these limitations, this study was also strong in many ways. To our knowledge, this

is the first study to utilize this analysis pipeline with repeated exposure and mediator data,
and our sample size was larger than many other epidemiology studies which assessed only
single pollutant associations. We included a wide panel of hormone measurements to test a
variety of endocrine pathways, and we add to a very limited body of epidemiology literature
supporting a role for CRH in adverse birth outcomes. Exclusion of women with preexisting
conditions, though it limited our generalizability as stated previously, allowed us to better
understand biological effects related only to environmental exposures and not confounded
by other health conditions. We assessed the more likely homogenous spontaneous subtype of
preterm birth, which may help in understanding the physiological pathways that make this
subtype unique. We also provide novel evidence of differential toxicity pathways of high
versus low molecular weight phthalate compounds, and that molecular weight may influence
the gestational age at which exposure confers the greatest toxicity. Lastly, we added to a
growing body of evidence suggesting differential biological pathways and risks associated
with adverse birth outcomes between male and female pregnancies. Future studies with
larger number of adverse birth outcome cases should seek to better understand physiological
differences between pregnancies with male and female fetuses.

In conclusion, we provide innovative evidence of fT4 concentrations mediating the
association between gestational exposure to a mixture of HMW phthalates and elevated
risk for spontaneous PTB. We also provide novel suggestive evidence of mediation by
testosterone and progesterone, as well as CRH being a mediator unique to pregnancies with
a male fetus.

Importantly, we add to a limited body of evidence suggesting that environmental exposures
and subsequent risk for adverse pregnancy outcomes are not equitable between male

and female pregnancies, and that phthalate molecular weight may influence observed
associations. Future work will aim to increase statistical power with more cases of adverse
pregnancy outcomes, and to better understand the true physiological implications of altered
hormone concentrations during pregnancy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

We would like to extend our gratitude to all PROTECT study participants and their families. The authors also
thank the nurses and research staff who participated in cohort recruitment and follow up, as well as the Federally

J Expo Sci Environ Epidemiol. Author manuscript; available in PMC 2022 July 05.



1duosnuely Joyiny 1duosnuely Joyiny 1duosnuely Joyiny

1duosnuely Joyiny

Cathey et al.

Page 13

Qualified Health Centers (FQHC) in Puerto Rico that facilitated participant recruitment, including Morovis
Community Health Center, Prymed in Ciales, Camuy Health Services, Inc. and the Delta OBGyn Group in Manati,

as

Funding

well as the Manati Medical Center and the Metro Pavia Hospital in Arecibo.

This study was supported by the Superfund Research Program of the National Institute of Environmental Health
Sciences (NIEHS), National Institutes of Health (NIH; grant number P42ES017198). Additional support was
provided from NIEHS grant numbers P30ES017885, ROIES031591, RO1ES032202, and T32ES007062, and the
Environmental influences on Child Health Outcomes (ECHO) program grant number UH30D023251. ECHO is a
nationwide research program supported by the NIH, Office of the Director to enhance child health.

Sources of Suppo

NI

References
1.

rt:
H and NIEHS

Mannisto T, Mendola P, Grewal J, Xie Y, Chen Z, Laughon SK. Thyroid diseases and adverse
pregnancy outcomes in a contemporary US cohort. J Clin Endocrinol Metab 2013; 98: 2725-2733.
[PubMed: 23744409]

. Nazarpour S, Ramezani Tehrani F, Simbar M, Azizi F. Thyroid dysfunction and pregnancy

outcomes. Iran J Reprod Med 2015; 13: 387-396. [PubMed: 26494985]

. Weiss G Endocrinology of parturition. J Clin Endocrinol Metab 2000; 85: 4421-4425. [PubMed:

11134087]

. Sykes L, Bennett PR. Efficacy of progesterone for prevention of preterm birth. Best Pract Res Clin

Obstet Gynaecol 2018; 52: 126—136. [PubMed: 30266582]

. Schettler T Human exposure to phthalates via consumer products. Int J Androl 2006; 29: 134—135.

[PubMed: 16466533]

. Rodriguez-Carmona Y, Ashrap P, Calafat AM, Ye X, Rosario Z, Bedrosian LD et al. Determinants

and characterization of exposure to phthalates, DEHTP and DINCH among pregnant women in the
PROTECT birth cohort in Puerto Rico. J Expo Sci Environ Epidemiol 2020; 30: 56—69. [PubMed:
31481681]

. Frederiksen H, Skakkebak NE, Andersson AM. Metabolism of phthalates in humans. Mol Nutr

Food Res 2007; 51: 899-911. [PubMed: 17604388]

. Meeker JD, Hu H, Cantonwine DE, Lamadrid-Figueroa H, Calafat AM, Ettinger AS et al. Urinary

phthalate metabolites in relation to preterm birth in Mexico City. Environ Health Perspect 2009;
117: 1587-1592. [PubMed: 20019910]

. Gao H, Wang Y-F, Huang K, Han Y, Zhu Y-D, Zhang Q-F et al. Prenatal phthalate exposure in

relation to gestational age and preterm birth in a prospective cohort study. Environ Res 2019; 176:
108530. [PubMed: 31220737]

10. Boss J, Zhai J, Aung MT, Ferguson KK, Johns LE, McElrath TF et al. Associations between

mixtures of urinary phthalate metabolites with gestational age at delivery: a time to event analysis
using summative phthalate risk scores. Environ Health 2018; 17: 56. [PubMed: 29925380]

. Adibi JJ, Hauser R, Williams PL, Whyatt RM, Calafat AM, Nelson H et al. Maternal urinary
metabolites of Di-(2-Ethylhexyl) phthalate in relation to the timing of labor in a US multicenter
pregnancy cohort study. Am J Epidemiol 2009; 169: 1015-1024. [PubMed: 19251754]

12. Cathey AL, Watkins D, Rosario ZY, Velez C, Alshawabkeh AN, Cordero JF et al. Associations of

13.

Phthalates and Phthalate Replacements With CRH and Other Hormones Among Pregnant Women
in Puerto Rico. J Endocr Soc 2019; 3: 1127-1149. [PubMed: 31093596]
Johns LE, Ferguson KK, McElrath TF, Mukherjee B, Meeker JD. Associations between Repeated

Measures of Maternal Urinary Phthalate Metabolites and Thyroid Hormone Parameters during
Pregnancy. Environ Health Perspect 2016; 124: 1808—1815. [PubMed: 27152641]

14. Romano ME, Eliot MN, Zoeller RT, Hoofnagle AN, Calafat AM, Karagas MR et al. Maternal

urinary phthalate metabolites during pregnancy and thyroid hormone concentrations in maternal
and cord sera: The HOME Study. Int J Hyg Environ Health 2018; : 0—1.

J Expo Sci Environ Epidemiol. Author manuscript; available in PMC 2022 July 05.



1duosnuely Joyiny 1duosnuely Joyiny 1duosnuely Joyiny

1duosnuely Joyiny

Cathey et al.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Page 14

Sathyanarayana S, Butts S, Wang C, Barrett E, Nguyen R, Schwartz SM et al. Early prenatal
phthalate exposure, sex steroid hormones, and birth outcomes. J Clin Endocrinol Metab 2017; 102:
1870-1878. [PubMed: 28324030]

Meeker JD, Cantonwine DE, Rivera-Gonzalez LO, Ferguson KK, Mukherjee B, Calafat AM et al.
Distribution, variability, and predictors of urinary concentrations of phenols and parabens among
pregnant women in puerto rico. Environ Sci Technol 2013; 47: 3439-3447. [PubMed: 23469879]
Silva MJ, Samandar E, Preau JL Jr, Reidy JA, Needham LL, Calafat AM. Quantification of 22
phthalate metabolites in human urine. J Chromatogr B 2007; 860: 106—112.

Hornung RW, Reed LD. Estimation of Average Concentration in the Presence of Nondetectable
Values. Appl Occup Environ Hyg 1990; 5: 46-51.

Dietrich JW, Landgrafe G, Fotiadou EH. TSH and thyrotropic agonists: Key actors in thyroid
homeostasis. J Thyroid Res 2012; 2012. doi:10.1155/2012/351864.

Ruiz RJ, Saade GR, Brown CEL, Nelson-Becker C, Tan A, Bishop S et al. The effect of
acculturation on progesterone/estriol ratios and preterm birth in hispanics. Obstet Gynecol 2008;
111: 309-316. [PubMed: 18238967]

Pettker C, Goldberg J, El-Sayed Y, Copel J. Committee Opinion No 700: Methods for Estimating
the Due Date. Obstet Gynecol 2017; 129: e150—e154. [PubMed: 28426621]

McElrath TF, Hecht JL, Dammann O, Boggess K, Onderdonk A, Markenson G et al. Pregnancy
disorders that lead to delivery before the 28th week of gestation: an epidemiologic approach to
classification. Am J Epidemiol 2008; 168: 980-989. [PubMed: 18756014]

Park SK, Zhao Z, Mukherjee B. Construction of environmental risk score beyond standard linear
models using machine learning methods: application to metal mixtures, oxidative stress and
cardiovascular disease in NHANES. Environ Health 2017; 16: 102. [PubMed: 28950902]

Aung MT, Song Y, Ferguson KK, Cantonwine DE, Zeng L, McElrath TF et al. Application of

an analytical framework for multivariate mediation analysis of environmental data. Nat Commun
2020; 11: 5624. [PubMed: 33159049]

Eales J, Bethel A, Galloway T, Hopkinson P, Morrissey K, Short RE et al. Human health impacts
of exposure to phthalate plasticizers: An overview of reviews. Environ Int 2021; 158: 106903.
[PubMed: 34601394]

Radke EG, Glenn BS, Braun JM, Cooper GS. Phthalate exposure and female reproductive and
developmental outcomes: a systematic review of the human epidemiological evidence. Environ Int
2019; 130: 104580. [PubMed: 31351310]

Yaghjyan L, Ghita GL, Dumont-Driscoll M, Yost RA, Chang S-H. Maternal exposure to di-2-
ethylhexylphthalate and adverse delivery outcomes: A systematic review. Reprod Toxicol 2016;
65: 76-86. [PubMed: 27412369]

Marie C, Vendittelli F, Sauvant-Rochat M-P. Obstetrical outcomes and biomarkers to assess
exposure to phthalates: A review. Environ Int 2015; 83: 116-136. [PubMed: 26118330]

Yen PM. Physiological and molecular basis of thyroid hormone action. Physiol Rev 2001; 81:
1097-1142. [PubMed: 11427693]

Huang PC, Kuo PL, Guo YL, Liao PC, Lee CC. Associations between urinary phthalate
monoesters and thyroid hormones in pregnant women. Hum Reprod 2007; 22: 2715-2722.
[PubMed: 17704099]

Johns LE, Ferguson KK, McElrath TF, Mukherjee B, Seely EW, Meeker JD. Longitudinal profiles
of thyroid hormone parameters in pregnancy and associations with preterm birth. PLoS One 2017;
12: 1-15.

Sheikh 1A, Abu-Elmagd M, Turki RF, Damanhouri GA, Beg MA, Al-Qahtani M. Endocrine
disruption: In silico perspectives of interactions of di-(2-ethylhexyl)phthalate and its five major
metabolites with progesterone receptor. BMC Struct Biol 2016; 16: 16. [PubMed: 27719669]
Zhang S, Sun C, Zhao S, Wang B, Wang H, Zhang J et al. Exposure to DEHP or its metabolite
MEHP promotes progesterone secretion and inhibits proliferation in mouse placenta or JEG-3
cells. Environ Pollut 2020; 257: 113593. [PubMed: 31771930]

Ruge S, Serensen S, Pedersen JF, Lange AP, Byrjalsen I, Bohn H. Secretory endometrial protein
PP14 in women with early pregnancy bleeding. Hum Reprod 1991; 6: 885-888. [PubMed:
1757530]

J Expo Sci Environ Epidemiol. Author manuscript; available in PMC 2022 July 05.



1duosnuely Joyiny 1duosnuely Joyiny 1duosnuely Joyiny

1duosnuely Joyiny

Cathey et al.

35.

36.

37.

38.

39.

Page 15

Okon MA, Laird SM, Tuckerman EM, Li TC. Serum androgen levels in women who have
recurrent miscarriages and their correlation with markers of endometrial function. Fertil Steril
1998; 69: 682—-690. [PubMed: 9548158]

Dalton CF, Laird SM, Serle E, Saravelos H, Warren MA, Li TC et al. The measurement of CA
125 and placental protein 14 in uterine flushings in women with recurrent miscarriage; relation to
endometrial morphology. Hum Reprod 1995; 10: 2680-2684. [PubMed: 8567792]

Tulppala M, Julkunen M, Tiitinen A, Stenman UH, Seppéld M. Habitual abortion is accompanied
by low serum levels of placental protein 14 in the luteal phase of the fertile cycle. Fertil Steril
1995; 63: 792—795. [PubMed: 7890064]

McLean M, Bisits A, Davies J, Woods R, Lowry P, Smith R. A placental clock controlling the
length of human pregnancy. Nat Med 1995; 1: 460-463. [PubMed: 7585095]

Smith R, Mesiano S, Chan EC, Brown S, Jaffe RB. Corticotropin-releasing hormone directly and
preferentially stimulates dehydroepiandrosterone sulfate secretion by human fetal adrenal cortical
cells. J Clin Endocrinol Metab 1998; 83: 2916-2920. [PubMed: 9709969]

J Expo Sci Environ Epidemiol. Author manuscript; available in PMC 2022 July 05.



1duosnuely Joyiny 1duosnuely Joyiny 1duosnuely Joyiny

1duosnuely Joyiny

Cathey et al.

Page 16

Impact Statement

This study provides introductory evidence that an alteration of hormone concentrations
occurs on the causal pathway between gestational phthalate mixture exposure and
subsequent preterm birth. In addition to the novel application of repeated biomarker
measurements and mixtures methods in causal mediation analyses, we also explored
differences between classes of phthalate compounds and between fetal sexes. We show
that differential endocrine pathways may be disrupted with exposures to low versus high
molecular weight phthalate compounds, and that pregnancies with a male fetus may be
more susceptible to endocrine disruption than those with a female fetus.
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Figure 1.

Weights assigned from ridge regression depicting the relative importance of each phthalate
metabolite for predicting birth outcomes at each study visit.

Box color corresponds to the weight assigned to each metabolite from ridge regression.
Darker colors indicate greater magnitude of weights, purple color indicates positive weights,
and green color indicates inverse weights.

*the MCPP metabolite results from metabolism of multiple high molecular weight parent
phthalates

Abbreviations: LMW: low molecular weight; HMW: high molecular weight; MEP:
monoethyl phthalate; MBP: mono-zn-butyl phthalate; MHBP: mono-hydroxybutyl phthalate;
MiBP: mono-isobutyl phthalate; MHiBP: mono-hydroxyisobutyl phthalate; MEHP:
mono-2-ethylhexyl phthalate; MEHHP: mono-2-ethyl-5-hydroxyhexyl phthalate; MEOHP:
mono-2-ethyl-5-oxohexyl phthalate; MECPP: mono-2-ethyl-5-carboxypentyl phthalate;
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MBzP: monobenzyl phthalate; MCNP: mono carboxyisononyl phthalate; MCOP: mono
carboxyisooctyl phthalate; MCPP: mono-3-carboxypropyl phthalate.

J Expo Sci Environ Epidemiol. Author manuscript; available in PMC 2022 July 05.



1duosnuely Joyiny 1duosnuely Joyiny 1duosnuely Joyiny

1duosnuely Joyiny

Cathey et al.

Preterm Birth

Spontaneous
Preterm Birth

Gestational
Age at Birth

Figure 2.
Estimated -log;o(p-values) of mediating effects by hormone concentrations on the

LMW
ERS

HMW
ERS

LMW
ERS

HMW
ERS

LMW
ERS

HMW
ERS

Visit 1

amo oo

'
'
'
'
'
1
'
'
'
'
'
'
'
'
'
ommo o '
'
'
'
'
'
'
T
A

Testosterone

0.0 05 0

1.
-log10(p-value)

Test/SHBG

15

2.0

Visit 2

Pwcw 0 00

ece o

c@eoe oo

0.0

e@o o

e o

0.5

1
—log10(;

Progesterone

.0
p-value)

15

2.0

©o e 500

ecee o000 ®

0.0

oo

0.5

Page 19
Visit 3
' '
' '
' '
' '
' '
I '
' '
' '
' I
' '
' '
' '
' '
' '
' '
' '
' '
' '
' '
' '
I '
' ' o
' '
' |
« ' ' .
' '
' ' .
' '
' ' .
' '
I ' o
|(Progesterong %
L. - s
' '
' ' .
' '
i o
' ' o
' '
' '
' '
' '
' '
I '
' '
' '
I '
' '
' |
o0 Lo :
Es{r\o\/ :
: i
' '
1.0 15 2.0
-log10(p-value)

associations between phthalate ERS and birth outcomes among all pregnancies.

From left to right within each chart, the vertical dashed lines represent p-values of 0.1, 0.05,

and 0.01. All models were adjusted for continuous maternal age and categorical education.
Abbreviations: ERS: environmental risk score; LMW: low molecular weight; HMW:

high molecular weight; CRH: corticotropin releasing hormone; fT4: free thyroxine;

Prog/E3: ratio of progesterone to estriol; SHBG: sex hormone binding globulin; T3: total

triiodothyronine; T3/T4: ratio of total triiodothyronine to total thyroxine; T4: total thyroxine;

Test/SHBG: ratio of testosterone to sex hormone binding globulin; TSH: thyroid stimulating

hormone.
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