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Abstract

Genomic imprinting leads to parent-of-origin specific gene expression and is determined by
epigenetic modification of genes. The paternally expressed gene insulin-like growth-factor 2
(IGF2) is located about ~100 kb from the maternally expressed non-coding gene H19 on human
chromosome 11, and both genes play major roles in embryonic and placental growth. Given
adverse gestational environments can influence DNA methylation patterns in extra-embryonic
tissues, we hypothesized that prenatal exposure to endocrine disrupting chemicals (EDCs) alters
H19 and IGF2 methylation in placenta. Our study was restricted to a total of 196 women co-
enrolled in the Predictors of Preeclampsia Study and the Harvard Epigenetic Birth Cohort. First
trimester urine concentrations of 8 phenols and 11 phthalate metabolites were measured and used
to characterize EDC exposure profiles. We assessed methylation of differentially methylated
regions (DMRs) by pyrosequencing of H19, IGF2DMRO, and IGF2DMR?2 and correlated values
with phenol and phthalate metabolites. We also assessed overall expression and allele-specific
expression of H19 and IGF2. We found several significant associations between DNA methylation
and additive biomarker measurements. A significant decrease in H19 methylation was associated
with high level of the sum (X) of phthalate metabolites and metabolites of low molecular weight
(LMW) phthalates. Xphthalate and LMW phthalate concentrations were inversely associated with
IGF2DMRO methylation values. Variation in methylation was not associated with changes in
allele-specific expression. However increased deviation of allele-specific expression of H19 was
associated with X di(2-ethylhexyl) phthalate metabolites and high molecular weight phthalates.
Neither methylation nor expression of these imprinted regions had a significant impact on birth
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length or birth weight. Overall, our study provides new insight into an epigenetic mechanism that
occurs following EDC exposure.
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1. Introduction

There is increasing concern over exposure to endocrine disrupting compounds (EDCs)
because they can antagonize or mimic the effects of the body's endogenous hormones, such
as testosterone, estrogen, or thyroid hormone (Birnbaum 2013). Exposure of children and
neonates to these compounds is particularly worrisome because it can potentially impact
structural and functional development, which may influence disease manifestation later in
life (Barker 1997). The concern over pertubations during early growth has been reinforced
by a number of studies that have associated adult diseases, such as hypertension, heart
disease, and type 2 diabetes with in utero and early postnatal stressors, including chemical
exposure, maternal caloric restriction, and prenatal stress (Eubig et al. 2010; Markham and
Koenig 2011; Roseboom et al. 2011). This “fetal programming” permanently alters fetal
physiology as a result of environmental conditions.

Phthalates and phenols are widely studied due to ubiquitous human exposure to these classes
of suspected EDCs. Phthalates, diesters of phthalic acid, are a family of synthetic chemicals
widely in a variety of consumer products. High molecular weight phthalates, such as di(2-
ethylhexyl) phthalate (DEHP), are commonly used as plasticizers in flexible plastic used in
flooring, wall coverings, food contact applications and medical devices (Hauser and Calafat
2005; Koch and Calafat 2009). Low-molecular weight phthalates, such as diethyl phthalate
(DEP) are used as solvents in personal care products such as lotion, and in lacquers,
varnishes and coatings (Meeker et al. 2009a). Exposure to phthalates may occur via dietary
ingestion, percutaneous absorption, and parenteral exposure from medical devices (Hauser
and Calafat 2005; Koch and Calafat 2009). Bisphenol A (BPA) is one of the most widely
studied phenols, which is commonly used in the manufacture of polycarbonate plastics,
thermal paper and epoxy resins used in the lining of food cans (Calafat et al. 2008a). Other
phenols include triclosan (TCS), an antimicrobial agent found in soap (Calafat et al. 2008a),
and benzophenone-3 (BP3), a phenol used in sunscreen to absorb ultraviolet radiation
(Calafat et al. 2008b).

There is accumulating evidence that epigenetic mechanisms play an important role in
modulating gene-environment interactions. Due to their involvement in embryogenesis and
placental development and growth, imprinted genes may play a particularly important role in
the developmental origins of disease. Genomic imprinting refers to the epigenetic
mechanism through which a subset of genes are monoallelically expressed in a parent-of-
origin specific manner. The majority of imprinted genes are located in clusters of
differentially methylated regions (DMRSs), including imprinting control regions (ICRs) (Reik
and Walter 2001). Insulinlike growth factor 2 (IGF2) and H19 are two reciprocally
expressed imprinted genes located on chromosome 11p15.5 that play a major role in fetal
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and placental growth. The paternally expressed IGF2 encodes insulin-like growth factor 11,
which is a mitogen involved in embryonic growth. Maternally expressed H19 is located
approximately 130kb downstream of IGF2, and encodes for a non-coding RNA, which
down regulates cellular proliferation (Gabory et al. 2006; Gabory et al. 2010).

Several animal and human epidemiologic studies have indicated that adverse gestational
environments such as famine, low dietary folate, pre-eclampsia, gestational diabetes,
maternal alcohol consumption and smoking can influence DNA methylation in the offspring
and placenta, as well as future disease risk (Waterland et al. 2006; Nomura et al. 2013;
Haycock and Ramsay 2009; Suter et al. 2011). However, few studies have examined
epigenetic profiles in tissues following exposure to phenols or phthalates. We hypothesized
that prenatal exposure to EDCs may alter the epigenetic profile of human tissues. We chose
to analyze placenta tissue, given its critical role in regulating fetal growth. Our study
population consisted of 179 women enrolled in two Boston-Based birth cohorts with
information on first-trimester exposure to 11 phthalates and 8 phenols. The primary aim in
this study was to evaluate if maternal first trimester urinary concentrations of phthalates and
phenols biomarkers were correlated with DNA methylation and allele-specific expression of
H19 and IGF2 in placenta samples.

2. Materials and Methods

2.1 Study population

Our study population consisted of women concurrently enrolled in two large birth cohorts,
the Harvard Epigenetic Birth Cohort (HEBC) and the Predictors of Preeclampsia Study
(POPS) at the Brigham and Women's Hospital (BWH) in Boston, MA. The HEBC was
started to study prenatal determinants of epigenetic markers in cord blood and placenta. The
HEBC comprises 1,941 mother-child dyads, and data and biospecimens were collected from
June 2007 to June 2009-(Michels et al. 2011). The POPS study is a prospective study of
women beginning their prenatal care within clinics and private practices affiliated with the
Brigham and Women's Hospital (N=1,608) in 2007. Urine samples were gathered at the first
prenatal visit (<16 weeks gestation), and at 4 additional visits during pregnancy. Additional
information about this cohort has been published elsewhere (McElrath et al. 2012). Our
study was restricted to a total of 196 women enrolled in both studies who contributed a first-
trimester urine sample between 2007 and 2009. Methylation and allele-specific analysis
experiments were restricted to women-infant dyads who did not give birth to twins, had
information on infant sex, and had available placenta for RNA processing, resulting in a
final sample size of 179. Study participant characteristics for these 179 women are listed in
Table 1.

2.2 Ethics Statement

The participation of human subjects occurred after informed consent was obtained. The
study protocols were approved by the Institutional Review Board of the Brigham and
Women's Hospital.
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2.3 Urine sample collection

Urine samples from the first prenatal visit (<16 weeks) were collected in polypropylene
urine cups and frozen at —80°C. Subsequently, samples were defrosted at 4°C overnight.
Each sample was vortexed well and specific gravity (SG) was measured at BWH using a
handheld refractometer (Atago, Bellevue, WA) that was calibrated with deionized water
before each measurement. After another round of vortexing, samples were aliquoted to 1.6
mL polypropylene tubes and refrozen at -80°C. For each participant, one tube was shipped
on dry ice overnight to the CDC for measurement of urinary concentrations of phthalate
metabolites and phenols.

2.4 Urinary phthalate and phenol concentrations

Urinary concentrations of 8 phenols and 11 phthalate metabolites were measured using the
on-line solid phase extraction-high performance liquid chromatography-isotope dilution-
tandem mass spectrometry approaches described previously (Silva et al. 2008; Ye et al.
2005). We measured concentrations of total (free plus conjugate) species. Quality control
materials, prepared at the CDC with pooled human urine, were analyzed in each batch along
with standard, blank, and study samples. The limit of detection (LOD) ranged from 0.2 to
1.2 pg/L for phthalates and from 0.2 to 2.3 pg/L for phenols.

2.5 Sample Prep

Placenta samples were collected immediately following delivery in the sub-sterile room (if
patient was in the operating room) or in the soiled utility room (patient gave vaginal
delivery). Collected placenta tissues for DNA extraction were snap-frozen and stored in
liquid nitrogen. Tissues for RNA extraction were stored in RNAlater (Ambion, Carlsbad,
CA) at —20°C until further processing. All placenta samples used in this study were taken
from the upper layer near the cord (Near Upper; NU), consisting of predominantly fetal
cells.

2.6 DNA Isolation

DNA was isolated from placenta tissue using the QIAmp DNA Mini Kit (Qiagen, Hilden,
Germany) according to manufacturer's instructions.

2.7 Bisulfite Conversion and DNA Methylation Asssays

Bisulfite conversion of placenta DNA was performed according to manufacturer's
instructions (alternate protocol 2) using the EZ-96 DNA Methylation Kit (Zymo Research,
Irvine, USA). Bisulfite conversion was performed in duplicate for every sample.

2.8 DNA methylation assays

Pyrosequencing was performed on duplicate bisulfite-converted DNA samples using the
Pyromark Q24 pyrosequencer (Qiagen, Hilden, Germany) as previously described (Rancourt
et al. 2012). Percent methylation was assessed across CpG sites within the following DMRs:
IGF2DMRO (6 CpG sites), IGF2DMR2 (7 CpG sites), and H19 (8 CpG sites) and the mean
of the duplicate measures was used for statistical analyses. Two assays with 3 CpG sites
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each were used to analyze IGF2DMRO methylation, and the average of all 6 CpG sites were
used for our analyses. Primers are listed in Supplementary Table 1.

2.9 RNA Isolation

Using the mirVANA RNA Isolation Kit (Ambion Inc., Austin, TX), RNA was isolated
according to the manufacturer's protocol.

2.10 Allele-specific expression assays

H19 and IGF2 genotyping assays were performed on 25 ng of cord blood genomic DNA as
previously described (Rancourt et al. 2013). cDNA was synthesized with the High Capacity
cDNA Reverse Transcrition Kit (Applied Biosystems, Foster City, USA). Allele-specific
expression was performed in duplicate as previously described (Rancourt et al. 2013).
Briefly, SNP analysis was performed on cDNA with the Pyromark Q24 pyrosequencer
(Qiagen). Primer sequence and chromosomal locations for pyroassays are listed in
Supplementary Table 2. Pyrosequencing allele-specific values are reported as the average of
the two duplicates of percentage of expression from each allele, adding up to 100%. The
expected value of allele-specific expression for an imprinted gene is 100% expression from
one of the parental alleles and 0% from the other.

2.11 gRT-PCR

Overall expression of H19 and IGF2 was performed on the subset of samples used for allele-
specific expression (n=124) using qRT-PCR. The gRT-PCR was performed using
predesigned PrimeTime qPCR Assays for H19 and IGF2 from Integrated DNA
Technologies (IDT). The gRT-PCR reaction was performed with TagMan Gene Expression
Master Mix (Applied Biosystems) according to manufacturer's instructions on a Life
Technologies 7900HT gPCR machine at the Harvard Medical School ICCB Screening
Facility with reverse transcription controls. The gRT-PCR cycling conditions were as
follows: 50°C for 2 min, 95°C for 10 min, 40 cycles of 95°C for 15 sec and 60°C for 60 sec.
All gRT-PCR data was normalized using the PrimeTime GAPDH Assay (IDT). Delta Ct
(ACt) was defined as the expression difference between the target gene and GAPDH: ACt =
Ctgene of Interest — Ctgappnr- All samples were analyzed in triplicate.

2.12 Statistical analysis

Urine dilutions were normalized using SG, which is less sensitive to pregnancy stage than
urinary creatinine (Williams 2005). Dilution adjustment was performed using the formula
P.=P[(1.014 -1)/(SG-1)] (Boeniger et al. 1993; Teass A 1998), where P, is the specific
gravity-corrected phthalate/phenol concentration, P is the observed phthalate/phenol
concentration, SG is the specific gravity of the urine sample, and 1.014 is the median SG of
the study population. Due to the inadequate purity of analytic standards, we applied a
correction factor of 0.66 to monoethyl phthalate (MEP) and 0.72 to monobenzyl phthalate
(MBzP) (CDC 2012) before the statistical analysis. Urinary concentrations of phenols and
phthalates below the LOD were given an imputed value equal to one-half of the LOD
(Hornung RW 1990). To assess the sensitivity of our results to the method of dealing with
low metabolite levels, we imputed another commonly used value in this context, LOD/
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sgrt(2). Given these results were of similar magnitude and did not change any of our
interpretations, we only reported the estimates based on imputing LOD/2. To reduce the
influence certain compounds on summations to estimate EDC burden associated with
molecular weight, concentrations were converted to mol/L.

Collinearity between individual compounds was initially explored by estimating the
Spearman correlation for each pairwise combination of phenols and phthalates metabolites.
To determine the degree to which we could capture the variation in one compound based on
metabolites with similar characteristics, we predicted the log transformed concentration of
each compound based on the log transformed summation of all other compounds (and other
specified groupings) in linear models. Given the violation of the constant variance
assumption for some compounds, inference based on the model parameters was precluded,
but the estimates were valid. Therefore we assessed predictive precision by estimating the
Spearman correlation between the log(concentrations) predicted by our model and the actual
log(concentration) of each compound. Considering all possible groupings of other
phthalates, we determined the subgroup of phthalates for which the summation provided the
most significant correlation between the actual and predicted log(concentrations) of each
metabolite. After determining this informative subgroup for each phthalate metabolite, we
defined the most predictive subgroup overall as the phthalates were represented among the
at least two of informative subsets. This procedure was repeated for the phenols.
Significance was determined at a-level=0.05, correcting for multiple testing using the
Bonferroni-Holm approach.

Methylation level was modeled as a function of log transformed EDC urinary concentration,
adjusting for relevant covariates. All models were adjusted for infant sex, maternal smoking
and maternal age. Based on robust standard errors, a Wald test was utilized to identify
statistically significant (p<0.05) changes in methylation associated with EDC concentrations
and possible additive interactions between EDC concentrations and infant sex on
methylation. Among models for which this interaction was significant, the association
between EDC concentrations and methylation was reported separately for males and
females. Similar models were used to model overall expression of H19 and IGF2. Among a
subset of the study population, a generalized linear model was used to model deviation from
allele-specific expression, specifying a gamma distribution, and using the log link. Model
coefficients and 95% confidence intervals were exponentiated to provide the relative loss of
allele-specific expression associated with an increase in EDC exposure. These models for
allele-specific expression were adjusted for maternal age, and effect modifications by sex
were assessed by adding an interaction term between EDC exposure and infant sex. Mode of
delivery could introduce unwanted variation in RNA levels if associated with RNA stability.
However, it was not a significant predictor of either overall expression (IGF2 Deviance test;
p=0.86; H19 Deviance test; p=0.60) or deviation from allele-specific expression (IGF2
Deviance test; p=0.45; H19 Deviance test; p=0.41), and therefore was not included our
models. The data was analyzed using R version 3.0.2 software and visualized using the
ggplot2 package.
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3.1 Correlations of urinary concentrations of phthalate metabolites and phenols in first-
trimester pregnant women

We measured 11 phthalate metabolites and 8 phenols in first trimester urine samples from
196 women (summarized in Supplementary Tables 3 and 4). To explore shared variation
between individual phthalates and phenols, we performed pair-wise Spearman correlations
(Supplementary Figures 1 and 2). Among the phthalates, moderate correlations were
observed between compounds of a similar molecular weight, with very strong correlations
between DEHP metabolites. Generally, we observed weaker correlations between individual
phenols, with the strongest estimated association between methyl paraben (MePB) and
propyl paraben (PrPB) (p=0.80). Between the individual phthalate concentrations with
phenol concentration (Supplementary Figure 3), a few compound concentrations showed
statistically significant, albeit low, correlations with each other, including Bisphenol A
(BPA) and Monocarboxyoctyl phthalate (MCOP) (p=0.30). However, overall the phenols
and phthalates were not highly correlated with one another.

This shared variation among specific groupings of compounds precludes discerning the
impact of an individual phenol or phthalate. Among closely correlated compounds, the
downstream impact of one may be inappropriately attributed to another. Given observational
data, EDC profiles are therefore best summarized by summations of informative categories
of compounds. To assess how well each metabolite was captured by these categories, we
evaluated the precision with which we could predict urinary concentrations of individual
compounds based on the summation of all other compounds and by specific groupings of
other compounds. For example, among the metabolites of high molecular weight phthalates,
we predicted the concentrations of each metabolite based on the log transformed summation
of all other metabolites of high molecular weight phthalates (Figure 1). Categorizing the
phthalate and phenol metabolites into specific groups (molecular weight, DEHP metabolite,
or paraben status) generally increased the correlations between the actual and predicted
compound level as compared to the summation of all phthalate or phenol metabolites.

By considering all possible groupings, we determined the subgroup of other phthalates for
which the log transformed summation provided the most significant Spearman correlation
between the actual and predicted log (concentrations) of each compound (Supplementary
Figure 4). Several individual phthalates were present in this most informative subgroup for a
number of other compounds. For instance, including MnBP urinary concentrations in this
summation provided the most significant correlation between predicted and actual levels for
MBzP, MEP, and MiBP concentrations. As shown in Figure 1, each phthalate and phenol is
strongly correlated with the summation of their most predictive subgroup.

After determining this informative subgroup for each phthalate metabolite, we defined the
most predictive subgroup overall as the metabolites represented in at least two of the most
informative subgroups. For phthalates, this list was composed of MnBP, MCOP, MCPP,
MEHHP, MEOHP, MiBP. The most predictive subgroup of phenols included 2,4DCP,
2,5DCP, BuPB, BPA, and MePB. When using this most predictive subset, we estimated
significant Spearman correlation between actual and predicted concentrations for every

Environ Res. Author manuscript; available in PMC 2015 August 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

LaRocca et al.

Page 8

phthalate except for MCNP and MEP. For phenols, these statistics were significant for only
PrPB, MePB, BuPB, and 2,5-DCP. These statistical methods illustrate that a relatively high
proportion of the variability in the concentrations of several EDCs can be predicted by the
concentrations of all the other compounds.

3.2 Associations between DNA Methylation of IGF2 and H19 and urinary concentrations of
individual phthalates and phenols biomarkers

Table 1 lists the participant characteristic for the women who were included in our
methylation analyses. Three germ-line derived DMRs were analyzed to measure methylation
levels of H19 and IGF2. Pyrosequencing assays were performed to measure percent
methylation across CpG sites within the following DMRs: IGF2DMRO (6 CpG sites),
IGF2DMR?2 (7 CpG sites), and H19 (8 CpG sites). Ranges of methylation levels averaged
across all CpG sites for all individuals were 27-52% for H19, 37-63% for IGF2DMRO, and
16-42% for IGF2DMR?2. Inter-individual variation across CpG loci of each DMR was
relatively constant; therefore the average methylation level across the CpG sites for each
DMR was used in all analyses. The mean methylation of H19 and IGF2 did not significantly
vary by infant sex (univariate test; T=-0.692, p=-0.490; T=-0.346, p=0.730, respectively).

To explore the impact of prenatal EDC exposure on placental DNA methylation, we
modeled DNA methylation as a function each individual, log transformed, maternal urine
phthalate and phenol metabolites concentrations, adjusting for maternal age, smoking status,
and infant sex (Table 2). To investigate whether sex modified the association between EDC
concentration and methylation on the additive scale, an interaction term was added to these
models. Among models for which this interaction was statistically significant, the
association between EDC concentration and methylation was reported separately for males
and females (Table 3). No statistically significant associations were found between maternal
urine concentrations of individual phthalate metabolites and placenta H19 or IGF2DMR2
DNA methylation. For both male and female infants, an increase in MEOHP or MEP was
associated with decreased methylation in IGF2DMRO methylation. The urinary
concentrations of three of the four metabolites of di(2-ethylhexyl) phthalate (DEHP)
measured were significantly associated with decreased IGF2DMRO methylation in placenta
samples from female infants, but were not associated with methylation levels in placenta
samples from male infants (Table 3). In contrast to phthalates, there was little evidence that
individual phenol concentrations were correlated with the analyzed DNA methylation.
While the associations between urinary concentrations of methyl paraben (MePB), butyl
paraben (BuPB) and triclosan and IGF2DMR2 DNA methylation were significantly
different between male and female placenta samples, only higher BuPB and MePB levels
were significantly associated with decreased IGF2DMR2 DNA methylation in male
placentas. No significant associations were found for H19 or IGF2DMRO.

3.3 Associations between DNA Methylation of IGF2 and H19 and additive urinary
concentrations of phthalates and phenols biomarkers

Due to the observed correlation between several phenol and phthalates, it is possible that the
associations between individual compounds and methylation are confounded by other
metabolites. For this reason, we decided to summarize EDC profiles by summations of
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compounds with similar characteristics, which have demonstrated shared variation. To
investigate any interaction between total phenol and phthalate burden on methylation,
methylation was modeled as additive contribution of a log transformed summation of
phthalates, a log transformed summation of phenols, and an interaction between these two
variables, adjusting for maternal age, smoking status, and infant sex. For all DMRs
analyzed, there was no statistically significant interaction between total phenol and phthalate
burden on methylation (Supplementary Figure 5). Therefore, we evaluated how additive
concentrations of phthalates and phenols metabolites separately correlate with DNA
methylation of imprinted genes. For phthalates, we categorized body burden into four
different categories: XPhthalates (all phthalates), High Molecular Weight (HMW), LMW,
and DEHP metabolites. For phenols, we categorized body burden into three groups:
Y:Phenols (all phenols), Paraben, and Non-Paraben. Similarly to our individual chemical
calculations, we investigated significant interactions between body burden EDC urinary
concentrations and infant sex.

For additive phthalate groups, we found LMW phthalate concentrations inversely associated
with H19 methylation values in placenta (a decrease of -0.38% per log(mol/L); [Confidence
interval -0.73%, -0.02%]; Figure 2). Similarly, phthalates were inversely associated with
H19 methylation values in placenta (a decrease of 0.46% per log(mol/L); [Confidence
interval -0.86%, -0.05%%]). Xphthalate, DEHP, and LMW phthalate concentrations were
inversely associated with IGF2DMRO methylation values (decrease of 0.55% [Confidence
interval -0.97%, -0.14%], and 0.41% [Confidence interval -0.789%, -0.025%] per
log(mol/L), respectively). The associations between DEHP metabolite concentrations and
IGF2DMRO were statistically significantly different for placentas from male and female
infants. DEHP metabolite (decrease of 0.80% per log(mol/L) [Confidence interval -1.363%,
-0.24%]) concentrations were inversely correlated with IGF2DMRO methylation in
placentas from female infants. HMW concentrations were not associated with IGF2DMRO
methylation values in placentas from male or female infants. Additionally, no statistically
significant interactions were found for maternal urine Xphthalate metabolite concentrations
and infant's sex on IGF2DMR2 DNA methylation values.

We also investigated how the urinary concentrations of phenol groups (XPhenols, Paraben,
and Non-Paraben) correlated with methylation of these imprinted genes (Figure 3). In
contrast to the phthalate categories, we did not find any statistically significant associations
with infant's sex or EDC levels on H19 or IGF2DMRO0 methylation levels. The associations
between Zphenol and paraben concentrations and IGF2DMRO were statistically
significantly different for placentas from male and female infants. Decreased methylation
values for IGF2DMR2 were associated with both increased > phenols (decrease of 0.66%
per log(mol/L)[Confidence interval -1.25%, -0.06%]) and parabens (decrease of 0.67% per
log(mol/L)[Confidence interval -1.26%, -0.07%]) urine concentrations, but only in males.

3.4 Associations between overall and allele-specific expression of IGF2 and H19, urinary
concentrations of phthalates and phenols biomarkers, and birth outcomes

While DNA methylation contributes to its control, imprinting is defined by the expression of
one of the parentally inherited alleles, and repression of the other. Allele-specific expression
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was analyzed among a subset of informative individuals: 67 individuals heterozygous for the
rs2585 SNP within the coding region of IGF2, and 78 individuals heterozygous for
rs3741219 within the H19 transcript. Maternal and fetal characteristics were not
significantly different between the entire study population and these subgroups
(Supplementary Table 5). Prior studies have indicated there is normal variation in imprinting
maintenance, which has lead others to create three relatively lenient categories of imprinting
status (Rancourt et al. 2013): Loss of imprinting (LOI) as between 40 and 60% expression
from each allele; relaxation of imprinting (ROI) from 25 to 39 and 61 to 75%; and normal
imprinting from 0 to 24 and 76 to 100%. Imprinting of IGF2 was normal for all placenta
samples. LOI and ROI at H19 was observed in 3% (n=3) and 12% (n=10) of the placenta
samples, respectively (Table 4). We did not observe ROI or LOI for IGF2. Considering the
variability of allele-specific expression in H19, we modeled deviation from allele-specific
expression of one allele as a function of EDC exposure, adjusting for maternal age and
infant sex (Table 5). The associations between HMW and DEHP metabolites and H19
expression were significantly different for placentas from male and female infants, therefore
we reported these separately (Table 6). Among males, an increase in HMW and DEHP
concentrations was associated was associated with an approximate 10% greater deviation
from H19 allele-specific expression (Table 6). Allele-specific expression was not associated
with methylation of either H19 or IGF2 DMRs (Supplementary Figure 6). However, when
we excluded three influential points from the analysis of H19, one observation with low
methylation and the observations with the highest methylation levels, we did observe
significant increased deviation from allele-specific expression associated with decreased
methylation (p=-0.34, p=0.003).

Considering that methylation changes may impact overall expression, we also analyzed
overall expression of H19 and IGF2 by qRT-PCR. IGF2DMR2 and H19 methylation were
not associated with overall expression, but we observed a weak correlation between
IGF2DMRO methylation and overall expression (p=0.25, p=0.006). When we investigated
possible associations between overall expression and metabolite levels, we did not find any
significant associations between IGF2 overall expression and EDC burden (Table 7). An
increase in total phthalates was associated with a decrease in H19 expression, but only
among males (Table 7).

Also, we did not observe any associations between methylation, allele-specific expression,
or overall expression and gestational age, birth weight or birth length in our adjusted models
(Supplementary Table 6).

4. Discussion

While several studies have suggested that adverse in utero environments can affect DNA
methylation in embryonic and extra-embryonic tissues, it remains largely unknown whether
prenatal exposure to the EDC classes of phthalates and phenols affects the human
epigenome. Since EDCs can have a profound impact on the infant's endocrine profile, any
effect on DNA methylation or disruption of genomic imprinting would be of great
importance. Our study investigated how first trimester individual and additive phthalate and
phenol biomarker exposure correlates with H19 and IGF2 methylation and allele-specific
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expression in placenta samples. We chose to analyze DNA methylation in placenta because
the placenta plays a vital role in fetal growth by performing many critical physiological
functions, and acts as an endocrine organ to produce a number of hormones, cytokines, and
signaling molecules, and thus may be a target for endocrine disruption (Jansson and Powell
2007). We chose to measure first trimester EDC concentrations because this marks a critical
period in epigenetic reprogramming, and early gestation is a particularly vulnerable window
of development, as demonstrated by results of the Dutch Hunger Winter Study (Schulz
2010). Our rationale to focus on H19 and IGF2 was based on several factors. IGF2 and H19
are two reciprocally critical imprinted genes implicated in fetal and embryonic growth.
Notably, IGF2 may be implicated in the placental supply of maternal nutrients (Constancia
et al. 2002). Prior in vivo studies have demonstrated that BPA exposure is linked to aberrant
DNA methylation of H19 and IGF2, suggesting that these genes may be particularly
susceptible to EDC exposure (Susiarjo et al. 2013; Chao et al. 2012). However, it is likely
that other genes and pathways are affected by prenatal EDC exposure, and this should be
explored in future studies.

Overall, we found larger degrees of shared variance among the urinary concentrations of
phthalate biomarkers than of phenols. We found several strong, statistically significant
correlations between concentrations of individual phthalate metabolites, but weaker linear
associations between individual phenols. Our results are in agreement with a recent study
also found that several phthalates and phenols were significantly correlated with one another
(Tefre de Renzy-Martin et al. 2013) Not surprisingly, considering they originate from the
same parent compound, the concentrations of individual DEHP biomarker metabolites
correlate very strongly with each other, which is in agreement with prior studies (Meeker et
al. 2009b; Frederiksen et al. 2010; Becker et al. 2004). The oxidized metabolites of DEHP
(MEHHP, MECPP, MEOHP) aggregate closer with each other than with the simple
monoester MEHP. MEHP is a primary bioactive metabolite, whereas MEHHP, MECPP, and
MEOHP are secondary metabolites. The longer half-lives of the oxidized metabolites likely
contribute to these aggregation patterns (Koch et al. 2006). Importantly, it has been
previously proposed that MEHP may be a good indicator of phase | biotransformation
(Meeker et al. 2012). Also, MnBP and MiBP, the metabolites of DnBP and DiBP,
aggregated very closely together. Considering DnBP and DiBP are isomers and are often
used interchangeably in products, exposure to these compounds is likely concurrent,
contributing to the close aggregation of their metabolites in our study population.

Compared to the phthalates, the individual correlations between the phenols are weaker. In
agreement with a prior study reporting a high correlation between the urinary concentrations
of PrPB and MePB (Ye et al. 2006), we observed that the parabens correlated fairly well
with each other, but PrPB and MePB exhibited stronger correlation and aggregation with
each other than with BuPB. Parabens are frequently found in combination in cosmetic
products, although some parabens are used more frequently than others. For example, one
study reported BuPB was generally present in fewer cosmetic products (16%) than PrPB
(38%) and MePB (98%) (Rastogi et al. 1995). This likely contributes to the observed major
determinants in variation among the various parabens we examined, along with contributing
to why BuPB has a lower GM in our study population compared to PrPB and MePB.
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Overall, our exposure data assessment suggests concurrent exposure to several phthalates
and phenols. However, due to the lack of interaction between phthalates and phenols
together, we analyzed DNA methylation and allele-specific expression with additive
phthalate and phenol groupings, separate from one another. It has been suggested that
grouping subjects into exposure quintiles or categories may reduce exposure
misclassification due to within-subject variability (Adibi et al. 2008). In our study, we used a
continuous summative measurement of specific EDC categories of compounds with similar
characteristics, which have demonstrated shared variation, such as HWM phthalates. We
propose the use of additive measurements better represents the shared variability of these
compounds, and may help to reduce exposure misclassification bias.

Our results suggest that epigenetic modifications in the placenta following EDC exposure
may be sexually dimorphic and EDC class-specific. We observed several statistically
significant sex interactions for phenols and IGF2DMR2 methylation values, and phthalates
and IGF2DMRO0 methylation values. Interestingly, we found male placenta samples more
susceptible to altered IGF2DMR2 DNA methylation following certain phenol exposures,
and female placenta samples were more susceptible for altered IGF2DMRO DNA
methylation following certain phthalate exposures. These preliminary data suggest that
phenols and phthalates may have differential effects on placenta imprinting methylation.
The placenta largely determines the environment to which the developing fetus is exposed,
and placental growth responds to maternal influences, such as nutrition and environmental
exposures. How the placenta responds to these maternal influences may be sex-specific, as is
the case in pre-eclamptic pregnancies (Anway et al. 2005; Kundakovic et al. 2013).

Our findings suggest that prenatal exposure to these EDCs alter methylation levels in the
placenta, thereby potentially affecting placenta or fetal programming during development.
Several prior studies have suggested that prenatal exposure to toxicants is associated with
small differences in placenta DNA methylation. For example, smoking and alcohol during
pregnancy have been associated with altered placenta DNA methylation in humans (Suter et
al. 2011; Wilhelm-Benartzi et al. 2012). Prenatal exposure to chlorpyrifos-methyl has been
found to decrease placenta H19 methylation by approximately 6% in rodents (Shin et al.
2012). To our knowledge, ours is the first study to evaluate how prenatal exposure to
multiple phthalates and phenols correlates with methylation in human extra-embryonic
tissue. Prenatal BPA exposure and DNA methylation of imprinted loci in placenta has been
examined in one rodent study (Susiarjo et al. 2013). Briefly, Susiarjo et al exposed pregnant
mice to BPA examined DNA methylation of the H19/1gf2 ICR via pyrosequencing in
embryos and placenta. Embryos, but not placentas, from BPA-exposed mice had
significantly lower methylation (51.6% in non-exposed controls vs. 42.3% in BPA-exposed)
of H19/1gf2 ICR. We found that individual urinary concentrations of phthalate metabolites,
and not phenols, were associated with differences in DNA methylation for H19 and IGF2.
We believe there are several factors contributing to differences found in our study compared
to Susiarjo et al. We used human samples that included measurements of several prenatal
EDCs, rather than focusing on a single compound. We also examined DNA methylation at
term rather than during embryogenesis, and were not able to measure methylation in
embryonic tissue. However, the two studies revealed notable similarities, e.g. both studies
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did not observe changes in birth weight. Prior research has shown that disruption of one of
the IGF-11 alleles reduces body weight in mice, but it is possible that body weight at a later
stage of development may be affected (DeChiara et al. 1990). Interestingly, both studies
observed that allelic expression data was not highly correlated with observed methylation
changes. Our observations on LOI also correlate with one prior study that investigated the
prevalence of LOI of H19 and IGF2 at birth. Rancourt et al. found LOI of IGF2 in 22% of
individuals in the cord blood but 0% in placenta. Furthermore, LOI status did not correspond
to aberrant methylation levels or with changes in overall gene expression (Rancourt et al.
2013). These findings contribute to the increasing body of evidence on the lack of
correlation between DNA methylation and overall or allele-specific expression (Weaver et
al. 2010).

Our study adds to the evidence that prenatal exposure, particularly to EDCs, influences
DNA methylation in the placenta. Perturbed IGF2/H19 methylation in placenta indicates
that the developing fetus may be exposed to an adverse gestational environment. We did not,
however, observe adverse birth outcomes in associated with prenatal EDC exposure. It is
likely that at birth is not the appropriate timing for assessment of adverse responses to in
utero exposure to EDCs. Adverse gestational conditions may have implications for health
later in life. The concern over perturbations during early growth has been reinforced by a
number of studies that have associated adult diseases, such as hypertension, heart disease,
type 2 diabetes, and obesity with in utero and early postnatal stressors, including maternal
caloric restriction, prenatal stress, and chemical exposure (Eubig et al. 2010; Markham and
Koenig 2011; Roseboom et al. 2011). Our study reveals new evidences for altered DNA
methylation following prenatal EDC exposure. These changes may be adaptive or adverse,
and it is possible that they may linked to a predisposition for adverse health outcomes during
puberty or adulthood. Our results may also serve as a backdrop for future studies to examine
other epigenetic alterations following EDC exposure. Future studies should also be
conducted to assess development outcomes later in life, including metabolic diseases.

The mechanisms of how phthalates and phenols exert epigenetic effects are still under
investigation. To date, BPA has been the most well characterized EDC in its ability to exert
its effects through estrogen receptors (ERs). MEHP has also been shown to suppress
estradiol production in the ovary in a receptor-mediated pathway (Lovekamp-Swan and
Davis 2003). It is possible that methylation changes following EDC exposure are elicited
through altered cell signaling, potentially via estrogen receptor signaling. Prior research has
also demonstrated that Bisphenol A exposure can induce the generation of reactive oxygen
species. Increased oxidative stress has been associated with problems during pregnancy,
such as pre-eclampsia. A recent study identified a novel mechanism for oxidative stress to
promote altered imprinting through canonical NF-xB signaling (Yang et al. 2014). We
propose that prenatal exposure to EDCs introduces an adverse gestational environment,
which results in aberrant methylation. This adverse gestational environment may be elicited
through increased oxidative stress, which in turn can affect imprinting gene methylation.

A limitation of our study was the use of a single spot urine measurement. Several prior
studies evaluated the correlations of select phthalate and phenol biomarker concentrations in
pregnant women and women of reproductive age at different time points (Adibi et al. 2008;
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Peck et al. 2010; Braun et al. 2012). Reproducibility in biomarker measurements varies
considerably depending on the chemical. While BPA has a fairly low intraclass correlation
coefficient (ICC), other phenols have higher reproducibility (Philippat et al. 2013; Meeker et
al. 2013; Braun et al. 2011). One study suggested that while paraben levels were more
variable during pregnancy than before pregnancy, a single urine measurement may
reasonably represent a person's exposure over several months and a single urine
measurement during pregnancy may suitably represent gestational exposure (Smith et al.
2012). Reproducibility in phthalate biomarker measurements also varies depending on the
study and chemical (Adibi et al. 2008) (Irvin et al. 2010). However, a considerable strength
of our study was the measurement of EDC exposure during the first trimester, which
represents the critical window of exposure for inducing aberrant genomic imprinting. EDC
exposure outside of this window did not induce epigenetic changes in embryonic or extra-
embryonic tissue in mice (Susiarjo et al. 2013).Since humans are exposed to a wide variety
of chemicals simultaneously, prior studies have suggested more comprehensive
measurements of several phthalates and phenols for epidemiological studies (Kim et al.
2013). A strength of our study was the measurement of several phthalates and phenols, as
well as the statistical modeling using additive biomarker measurements to characterize body
burden. An additional strength of our study was the considerable sample size, thereby
increasing precision and possibly accuracy of our results.

5. Conclusions

In summary, our work has demonstrated that prenatal exposure to phthalates and phenols
may perturb methylation of the imprinting genes H19 and IGF2 in the placenta. Prenatal
exposures to HMW and DEHP metabolite phthalates were associated with aberrant
imprinting of H19 in male newborns. Importantly, DNA methylation alterations following
prenatal phthalate and phenol exposure may be sexually dimorphic, and are specific to the
EDC chemical class. Consistent with prior research, we did not observe correlations
between methylation and allele-specific expression nor with birth outcomes. Future studies
should be conducted to further elucidate the mechanisms of prenatal EDC exposure on
epigenetic modifications in extraembryonic and embryonic tissues.
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A. Phthalates

Compound MEOHP MEHP MEHHP MECPP MnBP MCPP MCOP MiBP MBzP MEP MCNP

Spearman Rho between Actual log(Level) of Compound and log(Level) Predicted by:
All Other Compounds ).523 0.354*  0.350* 0.290* 0.287* 0.247*  0.123  -0.056
Grouped by MW{ 443*  0.348* 0.194 0.295* 0.182
Among DEHP
Metabolites

Most Predictive for
Each 0.306*

Most Predictive
Overallf 0.370*  0.147  0.193

*p<0.05 Bonferroni-adjusted; {Molecular weight; tIncludes metabolites that were >2 most predictive subsets: MnBP, MCOP, MCPP,
MEHHP, MEOHP, MiBP

B. Phenols

2,5-
PrPB MePB  BuPB  DCP BP-3 TCS BPA DCP
Spearman Rho between Actual log(Level) of Compound and log(Level)

Compound

Predicted by:
All Other Compounds - 0.361*  0.165 0.059  0.046  0.044  0.041
Grouped by Paraben (Yes/No) 0.277* 0.154 0.03 0 0.128
Most Predictive for Each 0.377*  0.282* 616%
Most Predictive Overall 0.054 0.13 0.118 0.281*

*p<0.05 Bonferroni-adjusted; ; fIncludes metabolites that were >2 most predictive subsets: DCP, 2,5-DCP, BuPB,
BPA, MePB

Figure 1. Summary of Spearman Correlation Coefficients Values for Predicted (A) Phthalates
and (B) Phenols Concentrations
We calculated the spearman correlation coefficient between the actual and predicted

concentrations of phthalate metabolites (A) and phenols (B) For phthalates, we calculated
these values between each individual metabolite and the following groups of metabolites:
across all other compounds, grouped by molecular weight (high vs low), DEHP metabolites,
the compounds that are the most predictive for the individual phthalate, and the most
predictive compounds overall. For phenols, we calculated these values between each
individual phenol and the following groups of phenols: across all other compounds, grouped
by paraben status, the compounds that are the most predictive for the individual phenol, and
the most predictive compounds overall. Increased red shading refers to increased values for
spearman correlation coefficient.
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Figure 2. Comparison of H19, IGF2DMR2, and IGF2DMRO0 DNA Methylation and Additive
Maternal Phthalate Urine Concentrations

Shown are the correlations between A) H19, B) IGF2DMRO, and C) IGF2DMR2 placental
DNA methylation with additive phthalate biomarker measurements. Phthalates were
categorized into Yphthalates, DEHP metabolites, low molecular weight compounds, and
high molecular weight compounds. A Wald test was performed to identify if sex had a
significant interaction with methylation. If it did not, the overall association between EDC
and methylation was reported independently, and if it was, the association was reported
separately for males and females. (*p<0.05)
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Figure 3. Comparison of H19, IGF2DMR2, and IGF2DMRO0 DNA Methylation of the Placenta
and Additive Maternal Phenol Urine Concentrations

Shown are the correlations between A) H19, B) IGF2DMRO, and C) IGF2DMR2 placental
DNA methylation with additive phenol biomarker measurements. Phenols were categorized
into Xphenols, additive parabens, and additive non-parabens. A Wald test was performed to
identify if sex had a significant interaction with methylation. If it did not, the overall
association between EDC and methylation was reported independently, and if it was, the
association was reported separately for males and females. (*p<0.05)
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Characteristics of Study Participants Used to assess Association between H19 and IGF2

Methylation and EDC Burden

Characteristics

Pre-pregnancy BMI™ (kg/m?), Mean (SD) | 25.45 (5.74)

Maternal Age (yrs), Mean (SD) 32.91 (5.01)
Ethnicity

White non-Hispanic, N (%) 126 (70.39)
Hispanic or Latino, N (%) 25 (14.00)
Asian/Pacific-Islander, N (%) 5(2.79)
Black/African-American, N (%) 23(12.85)
Infant Sex

Female, N (%) 94 (51.93)
Male, N (%) 85 (46.96)
Smoke During Pregnancy

No, N (%) 174 (97.21)
Yes, N (%) 5(2.79)
Maternal Conditions (chart abstracted)

Gestational Diabetes, N (%) 10 (5.59)

Pregnancy-Induced Hypertension, N (%) 8 (4.47)

Preeclampsia, N (%) 1(0.56)

Mode of Delivery (nmiss=4)

Spontaneous, N (%) 37 (20.67)
Induced, N (%) 28 (15.64)
Caesarean Section, N (%) 110 (61.45)

Neonatal Characteristics

Gestational Age (wks), Mean (SD) 39.01 (1.24)
Birth Weight (g), Mean (SD) 3471.63 (456.44)
Birth Length (cm), Mean (SD) 49.45 (2.37)

*
BMI=Body Mass Index
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Association between H19, IGF2DMR2, and IGF2DMRO Placenta DNA Methylation and

Maternal Phthalate and Phenol Metabolites Urine Concentrations

Change in Methylation per log(mol/L) (95% CI) 1

IFG2 DMRO

IFG2 DMR2

-0.150 (-0.575, 0.274)

-0.217 (-0.786, 0.351)

-0.548 (-1.197, 0.101)

-0.142 (-0.454, 0.170)

0.195 (-0.193, 0.583)

0.099 (-0.369, 0.567)

-0.028 (-0.493, 0.438)

-0.381 (-0.825, 0.063)

0.322 (-0.218, 0.863)

0.112 (-0.187, 0.412)

0.141 (-0.227, 0.509)

0240 (-0.276, 0.756)

0.174 (-0.082, 0.431)

0.060 (-0.294, 0.413)

0.050" (-0.484, 0.584)

-0.161 (-0.429, 0.108)

-0.406™T (-0.78, -0.032)

0.121 (-0.343, 0.584)

-0.081 (-0.320, 0.158)

-0.321% (-0.647, 0.004)

0.033 (-0.389, 0.455)

0.092 (-0.117, 0.302)

-0.233" (-0.542, 0.076)

-0.004 (-0.405, 0.397)

-0.088 (-0.335, 0.159)

-0.349™ (-0.684, -0.014)

0.049 (-0.387, 0.485)

-0.278 (-0.573, 0.016)

-0.350" (-0.673, -0.027)

-0.266 (-0.707, 0.175)

-0.138 (-0.539, 0.262)

-0.185 (-0.73, 0.359)

-0.543 (-1.221, 0.134)

0.173 (-0.145, 0.492)

0.046 (-0.307, 0.399)

-0.207 (-0.709, 0.295)

0.002 (-0.225, 0.229)

0.087 (-0.204, 0.378)

-0.089 (-0.436, 0.258)

0.094 (-0.105, 0.294)

0.091 (-0.150, 0.332)

-0.188T (-0.499, 0.122)

0.157 (-0.018, 0.333)

0.001 (-0.211, 0.213)

0.061 (-0.23, 0.351)

0.091 (-0.275, 0.457)

-0.182 (-0.681, 0.316)

-0.098 (-0.935, 0.74)

0.093 (-0.190, 0.375)

0.015 (-0.322, 0.351)

-0.0841 (-0.563, 0.394)

0.079 (-0.133, 0.290)

-0.077 (-0.322, 0.167)

-0.302 (-0.677, 0.074)

0.089 (-0.103, 0.280)

-0.096 (-0.298, 0.106)

0.0027 (-0.303, 0.307)

¢Adjusted for maternal age, smoking status, and infant sex.

p<0.05 for interaction by infant sex.

<
T
o
>
>
c H19
—+
= Phthalates
Q
MnBP
<
Q MBzP
2
o MCNP
=) McOP
©
— MCPP
MECPP
MEHHP
MEHP
MEOHP
<
T MEP
1
U -
MiBP
>
> Phenols
S
g DCP
=i 2,5-DCP
<
) BuPB
>
(= BP-3
(%2}
= BPA
-9'- MePB
PrPB
TCS
*
zZ p<0.05 for compound.
II t
o)
>
>
=
—+
>
o
=
<
QD
>
C
(%2}
(@]
="
o
—

Environ Res. Author manuscript; available in PMC 2015 August 01.

Coeff=Coefficient, CI=Confidence Interval



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuely Joyny Yd-HIN

LaRocca et al.

Table 3

Page 24

Comparison of H19, IGF2DMR2, and IGF2DMRO Placenta DNA Methylation and Maternal Phthalate and

Phenol Metabolite Urine Concentrations for Categories with Significant Interactions by Sex of Infant.

Estimated change in methylation per log(mol/L) increase in metabolite.

IFG2 DMRO*

Phthalates | Males Coeff (CI) Females Coeff (Cl)
MECPP 0.071 (-0.381, 0.523) -0.925° (-1.528, -0.323)
MEHHP 0.005 (-0.395, 0.405) -0.689” (-1.217, -0.160)
MEHP 0.120 (-0.350, 0.591) -0.593" (-1.004, -0.181)
IFG2 DMR2*

Phthalates | Males Coeff (CI) Females Coeff (Cl)
MCPP 0.618 (-0.008, 1.244) -0.584 (-1.382, 0.214)
Phenols

BuPB -0.522* (-0.894, -0.151) | 0.110 (-0.338, 0.557)
MePB -0.645 (-1.259, -0.031) | 0.440 (-0.239, 1.118)
TCS -0.386 (-0.841, 0.069) 0.232 (-0.169, 0.633)

t

Adjusted for maternal age, smoking status, and sex of infant.

*
p<0.05 within sub-group.

Coeff=Coefficient, CI=Confidence Interval
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Prevalence of LOI and ROI for H19 and IGF2

H19

Normal Imprinting n (%)

Relaxation of Imprinting n (%) | Loss of Imprinting n (%)

72 (85%)

10 (12%) 3 (3%)

IGF2

Normal Imprinting n (%)

Relaxation of Imprinting n (%) | Loss of Imprinting n (%)

74 (100%)

0 (0%) 0 (0%)
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LaRoccaet al.
Table 5
Relative deviation from allele-specific expression of H19 associated with an increase in
EDC burden
Relative Deviation in Allele-specific Expression per log(xmol/L) (95% CI) ¥
Phthalates
HMW 1.0197 (0.957, 1.084)
LMW 0.976 (0.924, 1.031)
DEHP 1.018% (0.963, 1.075)
SPhthalates 0.991 (0.923, 1.064)
Phenols
Parabens 0.965 (0.917, 1.016)

Non-Parabens

1.012 (0.974, 1.05)

> Phenols

0.991 (0.94, 1.044)

t

Adjusted for maternal age, smoking status, and infant sex.

*
p<0.05 for compound.

Tp<0.05 for sex interaction.

Coeff=Coefficient, CI=Confidence Interval
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Table 6
Significant effect modification by sex on the impact of EDC burden on the relative
deviation from allele-specific expression and overall expression of H19

Relative Deviation in Allele-specific Expression per log(mol/L) (95% CI) 1

Phthalates Males Females
HMW 1.107* (1.016, 1.207) 0.945 (0.873, 1.023)
DEHP 1.096™ (1.011, 1.188) 0.959 (0.895, 1.028)

Change in Expression (ACt) per log(mol/L) (95% CI) 1

Phthalates

Males Females

Y Phthalates

-0.324% (-0.627, -0.021) 0.053 (-0.112, 0.218)

t

Adjusted for maternal age, smoking status, and infant sex.

p<0.05 within sub-group.

Coeff=Coefficient, CI=Confidence Interval
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Association between H19, and IGF2 gene expression and Additive Maternal Phthalate

LaRocca et al.
Table 7

and Phenol Metabolites Urine Concentrations
Change in Expression (ACt) per log(mol/L) (95% CI) 1
H19 IGF2

Phthalates

HMW -0.033 (-0.171, 0.106) -0.105 (-0.298, 0.089)

LMW -0.081 (-0.243, 0.081) -0.023 (-0.281, 0.236)

DEHP -0.035 (-0.156, 0.087) -0.133 (-0.311, 0.046)

Y Phthalates -0.118T (-0.303, 0.067) -0.118 (-0.406, 0.17)

Phenols

Parabens 0.099 (-0.016, 0.215) 0.096 (-0.089, 0.282)

Non-Parabens

0.061 (-0.034, 0.156)

0.024 (-0.106, 0.155)

> Phenols

0.112 (-0.003, 0.227)

0.090 (-0.089, 0.268)

¢Adjusted for maternal age, smoking status, and infant sex.

*
p<0.05 for compound.

+

p<0.05 for sex interaction.

Coeff=Coefficient, CI=Confidence Interval
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