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Abstract

Background: Maternal immune system regulation is critical for maintenance of a healthy
pregnancy and fetal development. Exposure to phenols and parabens is widespread, and may be
linked to systemic inflammation and alteration of circulating immunological biomarkers.

Objective: We sought to characterize associations between repeated measures of individual
urinary phenols, parabens and plasma inflammatory markers across pregnancy.

Methods: In the LIFECODES prospective birth cohort, we conducted a nested preterm birth
case-control study, including 130 cases and 352 controls. In urine samples collected from each
participant at up to four study visits during pregnancy, we measured concentrations of six phenols
and four parabens, as well as five plasma inflammatory markers. We used multivariable linear
mixed models to analyze repeated measures of exposures on inflammatory markers. We created
and applied inverse probability weights to account for the sampling approach.

Results: We observed bidirectional associations between select phenols and parabens and
inflammatory markers. An interquartile range increase in triclosan (55.2 ng/mL) was associated
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with a 12.5% (95% CI: 3.67, 22.0) increase in C-reactive protein, a 7.95% (95% CI: 1.95, 14.3)
increase in interleukin 10, and a 7.93% (95% CI: 3.82, 12,2) increase in tumor necrosis factor-a.
Additionally, an interquartile range increase in 2,5-dichlorophenol (11.0 ng/mL) was associated
with a 10% increase in C-reactive protein (95% CI: 1.92, 18.7). Conversely, an interquartile range
increase in ethyl paraben (10.4 ng/mL) was associated with a 7.7% decrease in interleukin-1p
(95% CI: -14.1, -0.86).

Conclusions: Our findings can be organized into two thematic frameworks, one where
concentrations of urinary phenols and parabens during pregnancy reflected a pro-inflammatory
relationship with immunological biomarkers, and the other contrary theme — an anti-inflammatory
relationship. These findings have implications for fetal development and reproductive outcomes,
and emphasize the need for further research on immunological mechanisms of phenol and paraben
action during pregnancy.
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1. INTRODUCTION

Regulation of the maternal immune system during gestation is critical for the maintenance of
a healthy pregnancy. Cells of the maternal immune system guide the innate and adaptive
immune responses in order to protect the mother and fetus against viral and bacterial
infections, and regulate cell-to-cell signaling to ensure successful implantation, placental
development, and fetal growth leading to parturition (Chatterjee et al., 2014; Chau et al.,
2016; Racicot et al., 2014). Further, maternal immune modulation by the fetal-placental
immune system promotes tolerance of the foreign paternal antigens present in fetal tissues
(Morelli et al., 2015). Importantly, these immune signaling pathways rely on complex
networks of cytokines, which have historically been codified as pro-inflammatory and anti-
inflammatory (Chatterjee et al., 2014; Romero et al., 2007; Wilczynski, 2005). Within the
repertoire of maternal cytokines are the pro-inflammatory cytokines interleukin-1p (IL-1p),
interleukin-6 (IL-6), and tumor necrosis factor-a. (TNF-a), and the anti-inflammatory
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cytokine interleukin-10 (IL-10) (Chatterjee et al., 2014; Chau et al., 2016; Chiesa et al.,
2015). In addition to these cytokines, C-reactive protein (CRP) is a nonspecific
inflammatory marker involved in the innate immune response (Wang et al., 2017).

Sterile inflammation — defined as an inflammatory response in the absence of detectable
infection — during pregnancy, can adversely affect fetal growth, contribute to perinatal
morbidity, and lead to reproductive complications. Although the specific mechanisms are not
well understood, the elevation of reactive oxygen species, alteration of vascularization, and
promotion of leukocytic activity at the maternal-fetal interface are hypothesized to play a
role (Kim et al., 2015; Lissauer et al., 2017; Romero et al., 2007; 2016; Thompson et al.,
2015). Immune perturbations due to environmental exposures can potentially disrupt
immune signaling thereby tending toward an inflammatory response.

Human exposure to phenols and parabens is widespread, due to their use in several
consumer food and personal care products, as well as their post-industrial fate in various
ecosystems worldwide (Andra et al., 2015; Bledzka et al., 2014; Centers for Disease Control
and Prevention, 2016). Phenols such as bisphenol-S (BPS) are increasingly used as
chemically analogous alternatives to bisphenol-A (BPA), and found in industrial and
commercial products that contain polycarbonate and plastic linings (e.g., canned and
packaged food container linings and thermal receipts) (Andra et al. 2015; Rochester and
Bolden, 2015). BPA and BPS are dissimilar in that BPA is a compound that binds two
phenols with an ethyl group, whereas in BPS, a sulfonyl group binds those phenols. In
addition, several anti-microbial, pharmaceutical, and personal care products contain phenols
and parabens such as benzophenone-3 (BP3), triclosan (TCS), triclocarban (TCB), methyl-
paraben (MPB), ethyl-paraben (EPB), propyl-paraben (PPB), and butyl-paraben (BPB)
(Andra et al. 2015; Bledzka et al. 2014; Centers for Disease Control and Prevention, 2016;
Goodman et al., 2017). Furthermore, exposure to herbicides and room deodorizers lead to
measureable levels of phenol metabolites such as 2-4-diclorophenol (2-4-DCP) and 2-5-
dichlorophenol (2-5-DCP) (Centers for Disease Control and Prevention, 2016; Ye et al.,
2014). Exposure to phenols and parabens is ubiquitous and persistent, and it is critical to
investigate the implications of these exposures on vulnerable populations, such as pregnant
women and developing fetuses. Modulation of the maternal cytokine profile and
inflammatory pathways may be a target of phenol and paraben action through interactions
with maternal immune cells and peripheral tissues (Kiyama and Wada-Kiyama, 2015;
Kovats, 2012; Rogers et al., 2013). Alterations in circulating peripheral maternal cytokines
can affect important cellular processes such as leukocyte differentiation, proliferation, and
migration (R. Druckmann and M.-A. Druckmann, 2005; Thompson et al., 2015).

Although several /in vitro and animal studies have assessed the immunological mechanisms
of action for these select phenols and parabens, very few human studies have been
conducted during pregnancy. In the LIFECODES prospective birth cohort, we previously
demonstrated that urinary levels of BPA were associated with circulating plasma
inflammatory markers during pregnancy (Ferguson et al., 2016). In the present analysis, we
analyze an expanded panel of phenols and parabens in the same cohort. The objective of this
present study was to test for changes in circulating maternal plasma inflammatory markers
in association with urinary concentrations of phenols and parabens. Additionally, we sought
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to determine potential windows of vulnerability during gestation. We hypothesized that
exposure to select phenols and parabens would result in higher levels of maternal
inflammatory markers as a result of toxicant interaction with maternal immune cells and
peripheral tissues.

METHODS

2.1 Study Population

Between 2006 and 2008, 1,600 pregnant women were enrolled in the LIFECODES
prospective birth cohort at the Brigham and Women’s Hospital in Boston, MA. Participants
were eligible for recruitment if they were 18 years of age or older and their pregnancy was
less than 15 weeks gestation at the initial study visit. From the LIFECODES cohort, 1,181
participants were followed to term, and delivered live, single infants. Among these
participants, 130 women delivered preterm (< 37 weeks gestation). We constructed an
unmatched, nested case-control study within the larger cohort, and randomly selected 352
women who delivered after 37 weeks gestation. The present study received institution
review board approval from the Brigham and Women’s Hospital. Additional details
regarding recruitment can be found elsewhere (Ferguson et al 2016, 2014b; McElrath et al.,
2012).

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 — 19.1 weeks), visit 2 (14.9 — 32.1 weeks), visit
3 (22.9 — 36.3 weeks), and visit 4 (33.1 — 38.3 weeks). At the initial study visit, we
administered questionnaires to collect demographic and health-related information. During
each of the four study visits we administered physical examinations and collected both urine
and plasma samples. Biological samples were stored at —80° Celsius, and subsequently
analyzed for biomarkers of environmental toxicants and endogenous immunological
compounds. Birth outcomes, including preterm birth status, were abstracted from medical
records and assessed via questionnaire at a later study visit.

2.2 Measurement of Phenols and Parabens

From the 482 study participants, we collected a total of 1,628 urine samples, which were
used to analyze a panel of phenols and parabens (2-4-DCP, 2-5-DCP, BP3, TCS, MPB, EPB,
PPB, BPB, TCB, and BPS). Exposure biomarkers were quantified using isotope dilution-
liquid chromatography-tandem mass spectrometry (ID-LC-MS/MS) at NSF International
(Ann Arbor, MI, USA). Analytical methods for ID-LC-MS/MS were designed and modified
from a protocol developed by the Centers for Disease Control and Prevention (CDC) and
detailed in depth in a previous study (Ferguson et al., 2016, 2017; Lewis et al., 2013).
Briefly, urine samples underwent enzymatic deconjugation followed by solid phase
extraction, and subsequently were analyzed with a triple quadrupole mass spectrometer.

When exposure biomarker values were below the limit of detection (LOD), we assigned a
value of the LOD/V2, an imputation method that generally 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 within the population, urinary biomarker (UB)
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concentration were corrected using specific gravity (SG), for descriptive and bivariate
statistics, as follows:

SGMedian -1 [1]

UBSG= UBXﬁ

UBgg is the specific gravity-adjusted urinary biomarker concentration (ng/mL), UB is the
measured and uncorrected urinary biomarker concentration, the constant SGpgedian IS the
specific gravity population median, and SG is the observed specific gravity of the individual
urine sample (Meeker et al., 2009). In regression models, we regressed each inflammatory
biomarker on phenols and parabens (not individually adjusted or corrected for SG) and
adjusted for SG as a covariate.

2.3 Measurement of Inflammatory Biomarkers

We collected 1,585 plasma samples from the study subjects to measure endogenous
biomarkers related to inflammation and immune signaling, including the pro-inflammatory
markers CRP, IL-1p, IL-6, and TNF-a.. We also measured an anti-inflammatory marker,
IL-10. The selection of these inflammatory biomarkers was based the following factors:
evidence of high detection in previous human studies; reported associations with adverse
birth outcomes; and limited budget to scale up measurements in this large study sample
(Boyle et al., 2017; Kumar et al., 2013; Taylor et al., 2016; Wei et al., 2010). All
measurements were performed at the Cancer Center Immunology Core at the University of
Michigan (Ann Arbor, MI, USA). CRP was measured using a DuoSet enzyme-linked
immunosorbent assay (ELISA) (R&D Systems, Minneapolis, MN) with a minimum LOD of
10 pg/mL and a maximum LOD of 100 pg/mL. One sample with a CRP measurement below
the lower LOD was imputed with LOD/V2, while another sample with a CRP measurement
above the upper LOD was assigned with the value of 100 pg/mL. Each of the cytokines were
simultaneously measured using the Milliplex MAP High Sensitivity Human Cytokine
Magnetic Bead Panel and had an LOD of 0.128 ng/mL (EMD Millipore Corp., St. Charles,
MO). Among the cytokine measurements, 32 samples reported as <0.128 pg/mL and were
imputed with the LOD/V2. Additional details on detection rates and assay sensitivity were
previously described (Ferguson et al. 2016, 2014a).

2.4 Statistical Analyses

Each of the analytical steps for this study was performed using R version 3.4.0. Due to the
sampling approach of our nested case-control study, we designed weights related to the
inverse probability of over-representation of preterm birth cases in order for our study to
resemble the proportions of preterm birth in a general population (Richardson et al., 2007).
We applied these weights for all statistical analyses (univariate, bivariate, and regression).
Each of the highly detected exposure and endogenous biomarkers had distributions that were
right-skewed; therefore we transformed each of the skewed variables using the natural log to
comply with assumptions of normality for linear mixed models (LMMs). Two phenols —
TCB and BPS — had very low detection rates (7.3% and 21% respectively), therefore we
excluded them from LMMs. For any LMMs, we used the general additive mixed model
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(GAMM) function from the mgcv package (version 1.8) in R. We further assessed the
appropriateness of our transformations by comparing residuals of LMMSs with and without
transformations.

For descriptive statistics of exposure analytes, we calculated geometric means (GM) and
geometric standard deviations (GSD) by study visit and demographic covariates. We tested
for bivariate differences using simple LMMs with random subject specific intercepts for
single analytes regressed on each of these variables individually. We assessed differences in
levels of categorical covariates by regressing each exposure analyte against individual
demographic variables using LMMs with a random subject specific intercept. Spearman
correlation coefficients were also calculated for each exposure analyte and inflammatory
pair at each study visit.

In adjusted analyses, models for repeated measures analyses were built by assessing
bivariate associations, and covariates were eligible for model selection if they were
associated with at least one exposure analyte and one inflammatory marker using LMMs
with random subject specific intercepts. The variables that fit these criteria included:
baseline maternal age, gestational age at each study visit, specific gravity at each study visit,
baseline maternal education level (High school, technical school, some college, or college
graduate), baseline maternal race/ethnicity (White, African-American, or other), maternal
alcohol use and smoking during pregnancy (determined by each study visit 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 infant sex (male/female). From crude LMMs of inflammatory markers
regressed against exposure analytes, we incorporated variables in a stepwise manner in an
order that sequentially prioritized the variables with the most bivariate associations. In our
stepwise approach, potential covariates were selected for the final model if they changed the
beta coefficient of at least two exposure analytes by 10 percent or more. Covariates did not
vary across models. We further evaluated model fit and the linearity of exposure analytes
with respect to outcome inflammatory markers using penalized splines within the GAMM
function. We assessed smoothing plots and compared the Aikaike information criterion
(AIC) between models with and without penalized splines, and found that splines for
exposures did not improve the model fit. We also assessed nonlinear relationships between
outcome biomarkers and both maternal age and gestational age using penalized spline
functions, and only a nonlinear term for gestational age improved model fit and was carried
forward to the main analyses.

The final group of variables used in LMMs included individual continuous natural log-
transformed inflammatory markers regressed on natural log-transformed exposure analytes,
specific gravity, penalized spline term for gestational age, study visit, maternal age, health
insurance provider, and BMI at initial visit. We further assessed the appropriateness of fitting
random slopes and random intercepts. Based on AIC, we determined that all LMMs would
be fit using solely random subject specific intercepts. To interpret regression results from
models with continuous natural log-transformed predictors, we converted the beta
coefficients and corresponding 95% confidence intervals (ClI) to the percent change in
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individual inflammatory markers corresponding to an interquartile range (IQR) difference in
exposure analyte. This conversion is calculated using the following equation:

. Beta coef ficient
Percent change per IQR = H 75th percentile of exposure analyte _ 1} 2]

25th percentile of exposure analyte

x 100

To address the issues of false positive associations when conducting multiple statistical tests,
we calculated g-values using the Benjamini and Hochberg (1995) method. Each immune
biomarker was treated as a family of tests (8 total tests with exposure analytes for each
outcome biomarker). We interpreted higher confidence associations with g-values at a
minimum threshold of 0.1, and recognized that tests of association with higher g-values are
at greater risk of being false positives.

2.5 Sensitivity Analyses

In addition to our primary statistical analyses, we also conducted sensitivity analyses. First,
we fit a simpler model, where we only adjusted for specific gravity and a penalized spline
term for gestational age. One of the phenols, 2-5-DCP, appeared to have a non-linear
relationship with CRP. Therefore, as a sensitivity analysis, we categorized 2-5-DCP into
quartiles and regressed this form of 2-5-DCP for models with all of the inflammatory
markers to compare our results with the continuous form of 2-5-DCP. Additionally, given
that EPB and BPB had moderately lower detections rates (59.5% and 68.4% respectively),
we explored other forms of operationalizing these exposure variables into four categories
(below LOD [reference group], and tertiles above LOD). Furthermore, we tested for
statistical interaction between each exposure analyte and study visit to determine if our
LMM results varied and changed across individual study visits. To evaluate potential
differences in effect estimates by fetal sex, we tested statistical interaction terms between
exposure analytes and infant sex to determine sex differences in effect estimates. We also
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 and further conducted stratified analyses by preterm birth status.

We previously investigated the relationship between phthalates and BPA in relation to
inflammatory biomarkers in the LIFECODES cohort. In those studies we observed that two
toxicants were associated with IL-6: mono-carboxypropyl phthalate (MCPP) and BPA
(Ferguson et al. 2016; 2015). Based on these findings, we conducted sensitivity analyses
where we further adjusted our individual LMMs for MCPP and BPA in separate models to
evaluate potential confounding of these toxicants on the present panel of phenols and
parabens.

3. RESULTS

In Table 1, we report univariate descriptive statistics of demographic variables, and
corresponding bivariate analyses with exposure analytes by presenting the median and IQR
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for each exposure analyte in categories of demographic and health-related covariates. We
also indicated differences in exposure analytes (p <0.05) across categories of covariates
using LMMs of individual exposure analytes regressed on covariates, adjusted for specific
gravity and including random subject specific intercepts, in Table 1.

Our study population was predominantly White and over the age of 30, and consisted mostly
of participants that reported no alcohol or tobacco use during pregnancy. A majority of the
study participants also had private health insurance (81.9%) and some form of higher
education (85.6%). Participants under the age of 25 had higher levels of 2-4-DCP (0.76 —
1.02 ng/mL higher median concentration than older age groups; P-trend<0.001), and 2-5-
DCP (16.9 — 18.7 ng/mL higher median concentration than older age groups; P-
trend<0.001), and also lower levels of BPB (0.64 — 0.91 ng/mL lower median concentration
than older age groups; P-trend=0.001). Urinary concentrations of exposure analytes also
varied by race/ethnicity, such that white participants had higher levels of BP3 (67.3 — 71.1
ng/mL higher median concentration than non-White groups; P-trend <0.001) and BPB (1.23
—1.26 ng/mL higher median concentration than non-White groups; P-trend <0.01). In
contrast, compared to the White participants, African-American participants had higher
levels 2-4-DCP (0.42 ng/mL higher median concentration; P-value<0.001), 2-5-DCP (8.77
ng/mL higher median concentration; P-value<0.001), MPB (211 ng/mL higher median
concentration; P-value<0.001), and PPB (35.4 ng/mL higher median concentration; P-
value<0.001). There were also differences in several exposure analytes by socioeconomic
variables. Compared to participants with private health insurance, participants with public
health insurance had higher levels of 2-4-DCP (0.71 ng/mL higher median concentration; P-
value<0.001), 2-5-DCP (13.8 ng/mL higher median concentration, P-value<0.001), and
MPB (74 ng/mL higher median concentration, P-value<0.05). In contrast, participants with
private health insurance had higher levels of BP3 (49 ng/mL higher median concentration;
P-value<0.001), BPB (0.82 ng/mL higher median concentration; P-value<0.001), and EPB
(1.33 ng/mL higher median concentration; P-value<0.05), compared to participants with
public health insurance.

Distributions of immunological biomarkers across study visits are reported in Table 2. We
observed overall high detection (>95%) of CRP, IL-10, IL-6, and TNF- a. IL-1p had slightly
lower detection (78%). CRP had the highest concentrations (overall geometric mean: 5.72
pg/mL). Among the cytokines, we observed the highest concentrations for IL-10 (overall
geometric mean 13.6 pg/mL). The results in Supplemental Table 1 include the detection
rates, GM, GSD, and distribution of individual exposure analytes. These estimates are
reported for the overall study population and stratified by study visits. Among the exposure
analytes, 2-4-DCP, 2-5-DCP, BP3, MPB, PPB, and TCS had overall detection rates above
75%, whereas the overall detection rates of EPB and BPB were 59.5% and 68.4%
respectively. The remaining analytes, TCB and BPS, were detected in fewer than 21% of
samples. Compared to the other analytes, MPB had the highest overall weighted and SG-
corrected GM (161 ng/mL), followed by BP3 (57.8 ng/mL).

Correlations between exposure analytes and inflammatory markers can be found in
Supplemental Table 2. We observed the most positive correlations between CRP and the
analytes 2-4-DCP (rg=0.21), 2-5-DCP (rg=0.22), and TCS (rs=0.11) at visit 1. In contrast, the
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relationship between BP3 and IL-1p (rs=0.17) was most positive at visit 4 compared to the
first three visits.

The percent change in inflammatory markers in relation to exposure analytes in final
adjusted models are presented in Table 3. Results from the simple models can be found in
Supplemental Table 3. We observed that an IQR increase in 2-5-DCP (11.0 ng/mL) was
associated with a 10% elevation of CRP (95% confidence interval [CI]: 1.92, 18.7). An IQR
increase in TCS (55.2 ng/mL) was positively associated with multiple inflammatory
markers: 12.5% increase in CRP (95% ClI: 3.67, 22.0), 7.95% increase in IL-10 (95% CI:
1.95, 14.3), and 7.93% increase in TNF-a (95% CI: 3.82, 12.2). Additionally, an IQR
increase in MPB (359 ng/mL) was positively associated with a 6.69% increase in I1L-6 (95%
Cl: 0.02, 13.8). Two inverse associations were also observed. An IQR increase in BP3 (192
ng/mL) was associated with a 3.69% decrease in TNF-a (95% CI: -7.09, -0.17) in the
adjusted models, but in the simple models, BP3 was associated with a 3.16% decrease in
TNF-a (95% CI: —6.49, 0.30). Additionally, IQR increase in EPB (10.4 ng/mL) was
associated with a 7.7% decrease in IL-1p (95% Cl:-14.1, —0.86) in the adjusted models, and
6.9% decrease in the simple models (95% CI: -13.2, -0.14).

In sensitivity analyses, we categorized 2-5-DCP into quartiles, and EPB and BPB into four
categories (below LOD, and tertiles above LOD). Trends across levels for 2-5-DCP, EPB
and BPB remained consistent with the continuous findings in Table 3 (also see Supplemental
Table 4). We tested interaction terms between exposure analytes and infant sex, and did not
observe any association in the interaction terms (P-values > 0.05; data not shown). We did
not observe associations for interaction terms between study visits and exposure analytes (P-
values > 0.05; data not shown), except for EPB and IL-1p (P-interaction=0.05; data not
shown).

The sensitivity analyses of interactions by preterm birth status are reported in Supplemental
Table 5, and should be interpreted alongside the findings from Table 3. Notably, we
observed increased positive associations between 2,5-DCP and CRP among cases compared
to controls. An IQR difference in 2,5-DCP (7.2 ng/mL) among preterm birth cases was
associated with a 15.4% increase in CRP (95% CI: -0.16, 33.3), and an IQR difference in
2,5-DCP (11.5 ng/mL) among controls was associated with a 3.28% increase in CRP (95%
Cl: -5.36, 12.7) (Supplemental Table 5). We also observed a greater inverse association
between BPB and IL-1p among preterm birth cases compared to controls, and since we did
not observe a similar association in the overall population, this finding might indicate a
relationship that is unique to cases but not generalizable to the overall study population
(Supplemental Table 5).

Finally, results from the additional adjustment of MCPP and BPA alongside individual
phenols and parabens are reported in Supplemental Table 5. Overall these results revealed
that most of the notable associations from Table 3 were consistently associated (p<0.05) and
within 10% of the effect estimate magnitude (Supplemental Table 6). The exception was the
association between MPB and IL-6 (p>0.05), after adjustment of MCPP and BPA
(Supplemental Table 6).
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4. DISCUSSION

To our knowledge, this is the largest epidemiological study yet conducted to characterize
associations between repeated measurements of maternal inflammatory markers in relation
to urinary phenols and parabens during pregnancy. The results of the mixed effects models
can be organized into two thematic frameworks, one where concentrations of urinary
phenols and parabens during pregnancy reflected a pro-inflammatory relationship with
immunological biomarkers, and the other contrary theme — an anti-inflammatory
relationship. First, in support of our preliminary hypothesis, our study indicated that urinary
levels of TCS, 2-5-DCP and MPB were positively associated with pro-inflammatory markers
across pregnancy. In the second group of results in the anti-inflammatory framework, we
observed that increases in EPB and BP3 were associated with lower concentrations of pro-
inflammatory markers. Additionally, we observed a positive association between TCS and
the anti-inflammatory marker 1L-10. Our sensitivity analyses suggest that these associations
do not vary by study visit during pregnancy or fetal sex, with the exception of the
associations between EPB and IL-1p. However, we did observe evidence of differences in
associations between 2,5-DCP and CRP between preterm birth cases and controls. There
were also suggestive findings that the associations between BPB and IL-1p may differ
between cases and controls. Our findings inform several potential biomarker candidates of
immune perturbations.

One other prospective birth cohort study conducted by investigators from our research team
characterized preliminary associations between phenols, parabens, and inflammatory
markers in pregnant women from Northern Puerto Rico (Watkins et al., 2015). Up to two
repeated measurements of inflammatory markers and three repeated measurements of
urinary phenol analytes from 54 participants were analyzed (Watkins et al., 2015). In the
earlier Puerto Rico study, TCS was positively associated with the pro-inflammatory marker
IL-6, consistent with our pro-inflammatory findings of TCS. Further, the initial study
reported inverse associations between BP3, BPB, and the pro-inflammatory marker CRP,
consistent with the anti-inflammatory finding of BP3 in the current study. Differences
between the two studies that might influence the conflicting results could be due to several
factors, such as sample size, geographical location, and socioeconomic dissimilarities in
study populations. Additional human studies need to be conducted to validate and provide
greater confidence in the associations that we observed.

Studies have explored the relationships between toxicants and inflammatory markers outside
the context of women during pregnancy. One case crossover study of 14 adults assessed
levels of inflammatory markers with usage of TCS-containing products, but did not report
significant relationships with CRP, IL6, or TNF-a. (Poole et al., 2016). Other human studies
investigated select phenols and parabens in relation to additional immunological biomarkers
and outcomes in adults and children, highlighting evidence that these toxicants may play a
role in allergy and sensitization (Cashman and Warshaw, 2005; Clayton et al., 2010;
Goodman et al., 2017; Savage et al., 2012; Spanier et al., 2014). Although these studies do
not provide direct comparisons to ours, the immunological outcomes of allergy and
sensitization parallel molecular signaling pathways related to inflammation and
immunomodulation.
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Animal studies have examined peripheral tissues to provide evidence of potential
mechanisms by which phenols and parabens interact with the immune system. Dermal
exposure to TCS in mice for example, indicated that TCS causes greater leukocyte
infiltration to exposed tissue and acts as an adjuvant in immunomodulation of lymphocyte
populations in local draining lymph nodes — in this case, changing the proportions and
profiles of immune cells such as T-cells, B-cells, dendritic cells, and natural killer cells
(Anderson et al., 2012; 2015; Marshall et al., 2017). In another study, oral exposure to rats
with the paraben BPB resulted in offspring with elevated brain tissue concentrations of
IL-1pB, IL-6, and TNF-a, suggesting that exposure to parabens alters cytokines of peripheral
tissues (Hegazy et al., 2015). Due to molecular similarity, parallels can also be drawn from
animal studies of BPA. Studies of mice have shown that oral BPA exposure can also alter the
proportions of immune cells in select tissues, and increase the concentration of several
circulating cytokines and chemokines (O’Brien et al., 2014; O’Brien et al., 2013; Yan et al.,
2008). In alignment with these animal studies, our previous study of BPA within the
LIFECODES cohort indicated that higher levels of urinary BPA was associated with
elevated IL-6 concentrations in plasma (Ferguson et al., 2016). Although these animal
studies highlight potential immunological consequences of phenol and paraben exposure, the
physiology of the immune system at the maternal-fetal interface is distinct from peripheral
tissues (Hunt et al., 2006).

The associations we reported within the pro- and anti-inflammatory immunological
frameworks of our results shed light on potential biomarkers of immune disruption
associated with human exposure to phenols and parabens. Toxicants that elicited a pro-
inflammatory association in our study include 2-5-DCP, TCS, and MPB. Previous /n vitro
and animal studies have highlighted that chlorinated phenolic compounds such as 2-5-DCP
and TCS can interact with estrogen receptors in immune cells and peripheral tissue (Kiyama
and Wada-Kiyama, 2015). Ligand activity of estrogen receptors can stimulate cytokine
production in innate immune cells (Nair et al., 2017). For example, when stimulated with
estrogen, M1 macrophages can induce a pro-inflammatory response by producing the
cytokines IL-12, IL-6, and TNF-a (Brown et al., 2014; Zhang et al., 2017). Mechanistic
studies should be conducted to explore estrogen receptor signaling as a plausible link
between endocrine disrupting toxicants and immunological target sites.

Increasing concentrations of EPB, TCS, and BP3 were associated with an anti-inflammatory
framework. Previous /n vitro and animal studies have highlighted that parabens can also
interact with estrogen receptors, in addition to progesterone receptors — which are nuclear
receptors that help regulate immunomodulation and immune tolerance (Kiyama and Wada-
Kiyama, 2015; Nair et al., 2017). Progesterone receptor signaling can modulate lymphocytes
by shifting T-cell populations towards differentiated T2 cell types, which predominantly
produce anti-inflammatory cytokines (R. Druckmann and M.-A. Druckmann, 2005;
Wilczynski, 2005). Another hallmark of progesterone receptor signaling is the production of
anti-inflammatory cytokines such as IL-10 within M2 macrophages, dendritic cells, and
uterine natural Killer cells (R. Druckmann and M.-A. Druckmann, 2005; Nair et al., 2017).
Interestingly, estrogen receptors are also present and active in uterine natural Killer cells,
however, unlike their pro-inflammatory role in M1 macrophages, estrogen receptors in
uterine natural Killer cells stimulate the expression of the anti-inflammatory cytokines 1L-10
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and TGF-B (Nair et al., 2017). The interpretation of the observed inverse association
between BP3 and TNF-a is less clear. This association should be explored and validated in
additional human studies. These findings provide opportunities to build hypotheses of
phenol and paraben action on immune targets and should be further explored in mechanistic
studies.

In the third anti-inflammatory finding, elevated EPB concentrations were associated with
reduced IL-1B. Produced predominantly by macrophages, IL-1f is an integral product of
inflammasomes, which are cytoplasmic protein complexes that elicit inflammatory
responses, and of particular importance at the placental and fetal membranes (Romero et al.,
2016; Scott et al., 2017). The inverse associations that we observed were drawn from linear
mixed models of strictly main effect terms. The sensitivity analyses of interaction terms
between individual exposure analytes and study visits indicated that the association between
EPB and IL-1p differed across study visits, becoming positive by visit 4. Together, the effect
of EPB on IL-1p changes across pregnancy, and we observed uncertainty with this pairwise
association. Further investigations of windows of susceptibility are required to more clearly
understand this complex relationship between EPB and IL-1p.

The stratified results by case status indicate that there may potentially be differences in
associations between 2,5-DCP and CRP between participants that delivered preterm
compared to those delivered term. This finding suggests that preterm birth cases may be
more susceptible to the pro-inflammatory relationship between 2,5-DCP and CRP. These
relationships need to be further explored in additional longitudinal case-control studies and
mechanistic animal studies in order to better understand the biological basis of differences in
effect estimates between cases of preterm birth and term birth.

Our study has limitations that should be highlighted to improve future studies. This study
characterized single pollutant associations, whereas in most settings, humans are exposed to
several toxicants and complex mixtures of these toxicants may be acting through our
proposed immunological mechanisms. In this case, the advantage of conducting single
pollutant analyses is that we can focus on characterizing associations for specific toxicants,
which can have more direct policy implications. The study design that we implemented is
also limited because we are unable to assess causality between phenols and inflammatory
markers. However, randomized controlled trials would not be feasible due to ethical
implications of exposure assignment. We measured circulating inflammatory markers, and
as such were unable to assess local inflammation at the maternal-fetal interface.
Furthermore, the four cytokines that we measured represent only a fraction of the cytokine
repertoire within the maternal immune system. We have plans to expand measurements of
cytokines and chemokines in our prospective birth cohort in Northern Puerto Rico. In
addition, we conducted several comparisons between exposure analytes and immunological
biomarkers, and recognize that some of the associations we detected may be due to chance.
Although methods such as the Bonferroni correction can be deployed to adjust for multiple
comparisons by setting a stricter p-value threshold, doing so may be too conservative
(Perneger, 1998). We applied the Benjamini-Hochberg (1995) method to calculate false
discovery rates and prioritize findings in the context of multiple comparisons. Several of our
findings were robust to false discovery rate calculations with lower observed g-values.
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However, the associations between EPB and IL-1p, MPB and IL-6, and BP3 and TNF-a
were of lower confidence as each had elevated g-values. Studies with larger sample sizes and
independent samples can test for replication, determining whether these suggestive
associations are consistent or by chance. Last, although we applied inverse probability
weights, there are still constraints for the generalizability of our results to the U.S.
population. Despite this limitation, the observed associations within our nested case-control
population can still likely provide generalizable results for readers to consider when
evaluating the potential effects of phenol exposure on disruption of the maternal immune
system during pregnancy.

There are several strengths to our study as well. First, we obtained biological samples from a
large sample size of pregnant women. We obtained up to four repeated measurements of
biological samples across pregnancy. From these samples, we measured a diverse breadth of
inflammatory biomarkers and urinary phenol analytes. Repeated measurements contribute to
a robust and comprehensive exposure assessment across pregnancy. Furthermore, repeated
measurements also afford greater statistical power to characterize associations, which
provide more information than single spot urine measures. Another strength was that our
study participants were recruited early in pregnancy, which allowed us to comprehensively
test potential windows of vulnerability. Last, the plasma sample analysis in our study used
high sensitivity assays, which contributed to high detection rates of inflammatory markers.

In our study, we characterized several associations between phenols, parabens, and
inflammatory markers. These associations provide the reader with tools for developing
hypotheses of immune mechanisms by which phenols and parabens affect reproductive
health. Investigators should consider measuring immunological biomarkers when assessing
these toxicants in prospective birth cohorts in order to better understand the relationship
between phenols, parabens and the maternal immune system.

5. CONCLUSION

We propose that the weight of evidence for immune perturbations warrants further
investigation of immunological biomarkers during pregnancy in relation to exposure levels
of phenols and parabens. Due to the complexity of receptor signaling in immune cells, it is
difficult to make conclusions about the magnitude that phenols and parabens contribute
towards inflammatory processes during pregnancy. Modulation of the maternal immune
system during pregnancy may be a critical precursor for adverse reproductive and
developmental outcomes. Future human and animal immunological biomarker studies
should be conducted to better understand the complex mechanisms linking phenol and
parabens exposure to immune perturbations during pregnancy.
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Highlights:

. Maternal phenol exposure during pregnancy was associated with systemic
plasma immune biomarkers

. 2,5-Dichlorophenol and triclosan were both positively associated with C-
reactive protein

. Triclosan was positively associated with the pro-inflammatory cytokine tumor
necrosis factor-a and the anti-inflammatory cytokine interleukin-10
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LIFECODES cohort profile and select weighted percentiles of specific gravity corrected urinary analyte
measurements by demographic characteristics in all samples measured (N = 482 participants, 1628 urine

samples).

Population characteristics

Count (percent)

a 2-4-DCP (ng/mL)

2-5-DCP (ng/mL)

BP3 (ng/mL)

BPS (ng/mL)

BPB (ng/mL)

Median (25th, 75th)

Median (25th, 75th)

Median (25th, 75th)

Median (25th, 75th)

Median (25th, 75th)

Age
18-24 years old
25-29 years old
30-34 years old
35+ years old

Race/ethnicity
White
African-American
Other

Education
High school degree
Technical school

Junior college or some
college

College graduate
Health insurance provider
Private/HMO/self-pay
Medicaid/SSI/MassHealth
BMI at initial visit
b25 kg/m?
25-29.9 kg/m?
>30 kg/m?
Tobacco use

No smoking during
pregnancy

Smoked during pregnancy
Alcohol use

No alcohol use during
pregnancy

Alcohol use during
pregnancy

Fetal sex
Male

Female

54 (11.2%)
95 (19.7%)
190 (39.3%)

143 (29.7%)

282 (58.4%)
77 (16.0%)

123 (25.6%)

68 (14.5%)
77 (16.4%)

139 (29.4%)

187 (39.8%)

385 (81.9%)
85 (18.1%)

250 (52.4%)
126 (26.4%)

102 (21.2%)

445 (93.5%)

31 (6.52%)

452 (95.8%)

20 (4.25%)

214 (44.3%)
268 (55.7%)

1.55 (0.67, 4.06)
0.79 (0.46, 1.64) ™
0.66 (0.4, 1.19) "

0.53(0.34,1.12) *

056 (0.35, 1.07)
0.98 (0.55, 2.33) *

0.95 (0.5, 2.83) "

1.25 (0.62, 3.83)

0.79 (0.4, 2.1)*
0.67 (0.39, 1.34) *

0.55 (0.36, 1.05) *

0.62 (0.37, 1.17)

1.33 (0.64, 3.66) ™

0.61 (0.39, 1.20)
0.70 (0.40, 1.50)

0.98 (0.49, 1.94) ™

0.69 (0.40, 1.46)

0.81 (0.43, 1.60)

0.68 (0.41, 1.44)

0.96 (0.51, 1.86)

0.73 (0.42, 1.76)
0.66 (0.40, 1.24)

20.9 (6.06, 93.3)
3.97 (1.42,16.2) *
2.65(1.33,7.15) "

2.17 (1.15,6.39) *

2.03 (1.09, 4.63)
10.8 (4.18, 40.1) "

8.03(2.28,44.2) "

16.0 (4.95, 59.0)

6.59 (2.11, 30.0) *
3.03 (1.19, 9.15) *

2.07 (1.16, 4.54) "

2.44 (1.20, 7.10)

16.2 (4.95, 62.7) "

2.17 (1.14, 5.79)
418 (1.76,14.2) "

9.45(2.75,35.2) *

3.07 (1.37, 11.4)

4.79 (2.02, 16.3)

3.12(1.37,11.2)

4.76 (1.75, 22.6)

3.30 (1.43, 14.4)
3.14 (1.37, 9.83)

12.1 (5.76, 46.2)
32.0 (8.08, 203) ™
57.4(14.3,330) "

60.3 (18.8,299) ™

85.1 (24.0, 373)

14.0 (552, 52.5) "

*

17.8 (6.66, 85.5)

11.5 (4.35, 31.3)

20.0 (7.38, 152) *
54.6 (14.3, 252) *

85.0 (23.2,433) "

61.1 (16.2, 340)

12.1(5.73,31.1)F

61.2 (15.6, 371)
38.8 (10.5, 164) ™

23.5(7.58,98.2)

43.4 (12.2, 260)

19.4 (7.95,93.8) "

42.3 (11.5, 249)

42.8 (20.3, 458)

405 (10.3, 252)
427 (12.8, 252)

0.27 (0.19, 0.43)
0.35 (0.23, 0.70)
0.41 (0.23, 0.70)

0.38 (0.23, 0.70)

0.42 (0.25, 0.70)

0.30 (0.20, 0.60) *
0.30 (0.21, 0.53)

0.28 (0.19, 0.53)
0.32 (0.22, 0.65)

0.42 (0.23,0.70) *

0.39 (0.23,0.70) *

0.38 (0.23, 0.70)

0.30 (0.21, 0.61) *

0.38 (0.23, 0.70)
0.38 (0.22, 0.60)

0.32 (0.20,0.63) "

0.38 (0.23, 0.70)

0.30 (0.19, 0.60)

0.38 (0.23, 0.70)

0.32 (0.21, 0.56)

0.35 (0.23, 0.64)
0.38 (0.22, 0.70)

0.26 (0.13, 1.28)
0.98 (0.22,5.78) *
117 (0.27, 7.50)

0.90 (0.24, 6.38) *

1.65 (0.31, 8.59)
0.39 (0.16, 2.76) *

0.42 (0.16, 2.66)
0.42 (0.14, 3.88)
0.45 (0.16, 3.59)

1.21(0.30,7.28) *

1.23(0.29,7.73)

1.12 (0.26, 7.02)

0.30 (0.14, 1.98) *

1.37 (0.30, 8.28)
0.55 (0.19, 5.15) *

0.42 (0.16, 3.56) *

0.86 (0.23, 6.0)

0.67 (0.20, 5.33)

0.86 (0.23, 6.07)

0.67 (0.21, 4.32)

0.70 (0.19, 5.69)
1.05 (0.26, 6.45)
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Population characteristics

EPB (ng/mL)

MPB (ng/mL)

PPB (ng/mL)

TCB (ng/mL)

TCS (ng/mL)

Median (25th, 75th)

Median (25th, 75th)

Median (25th, 75th)

Median (25th, 75th)

Median (25th, 75th)

Age
18-24 years old
25-29 years old
30-34 years old
35+ years old

Race/ethnicity
White
African-American
Other

Education
High school degree
Technical school

Junior college or some
college

College graduate

Health insurance provider

Private/HMO/self-pay

Medicaid/SSI/MassHealth

BMI at initial visit
<25 kg/m?
25-29.9 kg/m?
>30 kg/m?

Tobacco use

Smoked during pregnancy

No smoking during
pregnancy

Alcohol use

Alcohol use during
pregnancy

No alcohol use during
pregnancy

Fetal sex
Male

Female

1.43(0.71, 8.22)
1.78 (0.76, 12.3)
2.66 (1.04, 17.5)
252 (0.92, 15.5)

2.71(1.16, 18.1)
155 (0.71, 7.42)
1.66 (0.71, 11.2)

1.53 (0.59, 7.24)
1.36 (0.70, 8.40)

2.86 (1.05, 14.4)

2.66 (1.18,19.0) "

2.66 (0.97, 17.5)

1.33 (0.65, 5.15)

3.11(1.07, 20.1)
1.91 (0.89, 8.91)

1.33(0.56, 6.24)

2.28 (0.89, 15.2)

2.13(0.76, 12.7)

2.27(0.89, 14.2)

2.13(0.76, 24.9)

2.10 (0.76, 10.5)
2.66 (0.97, 19.0)

284 (77.4, 723)
195 (83.1, 523)
186 (76.5, 417)

155 (57.8, 340) *

171 (64.3, 350)

382 (140, 908) *
154 (56.8, 501)

252 (78.5, 688)
251 (92.9, 617)

206 (80.3, 410)

148 (58.5, 341)

178 (68.2, 400)

252 (79.2, 606) *

192 (79.0, 420)
175 (61.8, 483)
155 (44.8, 413)

185 (68.3, 444)

210 (90.0, 603)

185 (68.8, 449)

237 (89.1, 458)

170 (63.0, 432)
196 (75.9, 449)

59.9 (11.8, 165)
47.0 (12.3, 130)
50.2 (17.8, 130)
37.9 (10.0, 93.4)

42.9 (12.8, 109)

78.3 (25.9, 282) *
35.9 (8.52, 118)

60.0 (11.6, 198)
62.1 (15.3, 167)

51.2 (15.8, 119)

37.7 (11.6, 98.2)

44.7 (14.2,121)
50.4 (10.9, 154)

48.8 (15.7, 122)
43.0 (11.4, 136)
39.6 (8.51, 129)

46.4 (13.6, 129)

40.9 (11.1, 119)

452 (13.2, 129)

58.8 (13.6, 122)

42.1 (115, 121)
477 (15.2, 129)

1.18 (0.88, 1.76)
1.49 (1.01, 2.64)
1.76 (1.11, 3.53)
1.63 (1.11, 3.02)

1.76 (1.11, 3.02)

1.32 (0.96, 2.24)*
1.32 (0.96, 2.35)

1.24(0.92, 2.12)
1.41 (0.96, 2.12)

1.92 (1.11, 3.53)

1.63 (1.11, 3.02)

1.63 (1.06, 3.02)

1.24(0.92,1.92) "

1.63 (1.11, 3.53)
151 (1.11, 2.64)
1.24 (0.88, 2.35)

1.58 (1.06, 3.02)

1.21(0.92, 1.92)

1.51 (1.06, 3.02)

1.51 (1.06, 2.64)

1.51 (1.06, 2.64)
1.63 (1.06, 3.02)

10.1 (2.63, 75.7)
10.4 (3.69, 48.8)
11.4(4.23, 61.2)
10.3 (3.41, 61.2)

11.7 (4.02, 64.5)
9.66 (3.10, 38.8)
9.96 (3.14, 79.6)

8.25 (2.91, 70.5)
7.66 (3.02, 41.9)

14.2 (4.34, 52.4)

11.9 (3.55, 76.2)

11.5 (3.80, 64.5)
6.55 (3.02, 39.0)

11.0 (3.54, 58.4)
11.1 (3.54, 74.1)
10.3 (3.51, 45.1)

10.9 (3.54, 61.7)

10.2 (3.53, 64.9)

10.9 (3.53, 62.5)

11.2 (4.34, 67.9)

11.5 (3.53, 74.4)
9.96 (3.60, 50.5)

Abbreviations: BMI, body mass index; HMO, health maintenance organization; SSI, supplemental security income; 2-4-DCP (2,4 diclorophenol),
2-5-DCP (2,5 diclorophenol), BP3 (ben-zophenone 3), BPS (bisphenol S), BPB (butyl paraben), EPB (ethyl paraben), MPB (methyl paraben), PPB
(propyl paraben), TCB (triclocarban), TCS (triclosan), CRP (C-reactive protein), IL 1B (interleukin 1B), IL 6 (interleukin 6), IL 10 (interleukin 10),

TNF a (tumor necrosis factor ).

a\Neighted by case-control sampling probabilities to represent the general sampling population.

*
Difference in urinary analytes (P < 0.05) in the category compared to reference (first category listed) using linear mixed models adjusted for
specific gravity and with a random intercept for each subject.
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Table 2

Weighted distributions of plasma inflammatory biomarkers by study visit of sample collection during
pregnancy in the LIFECODES cohort (N = 482 subjects).

Page 22

Select percentiles

Overall % >  Geometric mean
Plasma inflammatory biomarker  Visit Nsamples LOD (geometric SD) 25 50 75 90 95
C-reactive protein (ug/mL) Total 1585 99.9% 5.72 (2.82) 282 526 110 240 344
1 417 4.83 (3.10) 222 416 927 239 383
2 403 6.50 (2.74) 313 593 139 274 374
3 387 6.22 (2.73) 324 6.06 128 239 344
4 378 5.53 (2.63) 299 536 941 213 293
IL 1B (pg/mL) Total 1585 78.0% 0.29 (3.43) 014 026 049 112 2.80
1 417 0.32(3.37) 0.16 028 052 124 314
2 403 0.31 (3.31) 0.15 027 047 118 268
3 387 0.27 (3.47) 0.13 0.23 050 105 266
4 378 0.27 (3.54) 012 024 049 105 210
IL 6 (pg/mL) Total 1585 97.9% 1.48 (3.19) 0.81 133 235 516 11.8
1 417 1.55 (3.50) 080 134 251 7.00 149
2 403 1.35(3.29) 074 121 216 486 109
3 387 1.34 (3.03) 080 124 217 417 9.28
4 378 1.70 (2.90) 096 154 253 580 119
IL 10 (pg/mL) Total 1585 99.9% 13.6 (2.56) 898 132 194 315 56.0
1 417 13.5(2.78) 876 13.0 20.2 306 588
2 403 13.9 (2.51) 9.16 133 194 330 526
3 387 13.4 (2.41) 9.03 131 189 303 554
4 378 13.7 (2.54) 892 135 189 306 59.7
TNF o (pg/mL) Total 1585 99.9% 3.02 (1.83) 219 299 425 592 7.21
1 417 2.87 (1.84) 207 291 407 563 692
2 403 3.06 (1.83) 225 297 432 593 721
3 387 2.95 (1.78) 219 298 4.07 578 6.69
4 378 3.23(1.84) 223 328 460 6.27 801

Abbreviations: Limit of detection (LOD); Interleukin 1B (IL 1B); Interleukin 6 (IL 6); Interleukin 10 (IL 10); Tumor necrosis factor a (TNF a).
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Table 3

Repeated measures analyses in the LIFECODES cohort: Percent change (95% CI) in plasma inflammatory
marker concentrations in relation to an interquartile range difference in urinary exposure biomarkers during
pregnancy.

Adjusted models®

Urinary analyte CRP 1L-1B 1L-6
IQR (ng/mL) %A (95% CI) p-value g-value %A (95% ClI) p-value g-value %A (95% CI) p-value g-value

2-4-DCP  1.18 2.50(-4.21,9.68) 0.48 0.54 -0.92 (-6.91, 5.46) 0.77 0.88 -3.37(-9.26,2.90) 0.29 0.55
2-5-DCP 110 100 (1.92,187)  0015% g2 ~ ~372(-105353) 031 0.67 -0.60 (-7.59, 6.93)  0.87 0.87
BP3 192 0.79 (-6.44,8.59) 0.84 0.83 1.05 (-5.83, 8.43) 0.77 0.88 -1.60(-8.32,5.61) 0.65 0.74
BPB 5.12 7.17 (-2.22,175) 0.14 0.22 -6.28 (-13.9, 2.04) 0.13 0.54 -3.59 (-11.5,5.03) 0.40 0.55
EPB 10.4 3.36 (-4.31,11.6) 0.40 0.54 -7.70(-14.1,-0.86) 3™ 0.22 -4.20 (-10.9,2.95) 0.24 0.55
MPB 359 556 (-1.49,13.1) 0.13 0.25 -0.15 (-6.37, 6.48) 0.96 0.96 6.69 (0.02, 13.8) 0.049* 040
PPB 98.2 6.40 (-0.25,13.5) 0.06 0.16 -2.36 (-8.01, 3.63) 0.43 0.69 2.94 (-3.05, 9.30) 0.34 0.55
TCS 55.2 125(367,220)  0oo5* goeb  385(-38L121) 0.33 0.67 3.32(-4.34,11.6) 041 0.55

Adjusted models®

Urinary analyte  1L-10 TNF-a

%A (95% CI) p-value g-value %A (95% CI) p-value  g-value
2-4-DCP -1.05(-5.57,3.68) 0.66 >0.90 -1.30 (-4.40, 1.89) 0.42 0.67
2-5-DCP 0.58 (-4.75, 6.21) 0.83 >0.90 0.27 (-3.38, 4.06) 0.89 >0.90
BP3 -0.34 (-5.47,5.07) 0.90 0.90 -3.69 (-7.09, -0.17) 0.04* 0.16
BPB 0.80 (-5.42,7.44)  0.80 >090  -0.42(-4.66,4.00) 0.85 >0.90
EPB -3.33(-8.37,2.00) 0.22 0.86 -3.14 (-6.61, 0.46) 0.09 0.23
MPB 0.34 (-4.38, 5.29) 0.89 >0.90 1.42 (-1.85, 4.80) 0.40 0.80
PPB -153(-5.82,2.97) 050 >090  -0.05(-3.053.03) 0.97 0.97
TCS 795(1.95,143)  0009% oo7f  7.93(3.8212.2) <0.001*  0,0017

Abbreviations: IQR (interquartile range), 2-4-DCP (2,4 diclorophenol), 2-5-DCP (2,5 diclorophenol), BP3 (benzophenone 3), BPB (butyl paraben),
EPB (ethyl paraben), MPB (methyl paraben), PPB (propyl paraben), TCS (triclosan), CRP (C-reactive protein), IL 1 (interleukin 1p), IL 6
(interleukin 6), IL 10 (interleukin 10), TNF a (tumor necrosis factor a.).

a . . . . . . . . .
Linear mixed models adjusted for specific gravity at sample collection, smoothing term for gestational age, study visit, maternal age, health
insurance provider, and BMI at first study visit, and includes random subject specific intercepts; n = 1426 samples for all analyses.

bq <0.1.

*
P <0.05.

Sci Total Environ. Author manuscript; available in PMC 2020 February 10.



	Abstract
	Graphical abstract
	INTRODUCTION
	METHODS
	Study Population
	Measurement of Phenols and Parabens
	Measurement of Inflammatory Biomarkers
	Statistical Analyses
	Sensitivity Analyses

	RESULTS
	DISCUSSION
	CONCLUSION
	References
	Table 1
	Table 2
	Table 3

