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Abstract

Phthalates with potential adverse health effects are being replaced by other phthalates or phthalate
alternatives. Little is known about temporal trends of phthalate exposure in pregnant women in the
U.S. We quantified 16 metabolites of 8 phthalates and di(isononyl) cyclohexane-1,2-dicarboxylate
(DINCH) in 656 urine samples collected from 192 California pregnant women in 2007-2013
during their 214 and 3" trimesters of pregnancy who participated in the MARBLES (Markers of
Autism Risk in Babies — Learning Early Signs) study. We used multiple regression to estimate
least square geometric means of phthalate biomarker concentrations and annual percent changes
over the study period. Biomarker concentrations of diethyl phthalate (DEP) and three phthalates
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with known toxicity and adverse health effects (i.e., butyl benzyl phthalate [BBzP], dibutyl
phthalate [DBP], di(2-ethylhexyl) phthalate [DEHP]) decreased while those of di-isobutyl
phthalate [DiBP], di-isononyl phthalate [DiNP], and di-n-octyl phthalate [DOP] increased in
California pregnant women during our study period. To understand broad social forces that may
influence temporal trends and geographic variations in phthalate exposure across countries, we
compared our phthalate biomarker concentrations with those of other populations. We observed a
factor of 2 differences in exposure across countries for some phthalate biomarkers and between
pregnant and non-pregnant women for DEP.
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1. Introduction

Phthalates are synthetic chemicals widely used in personal care products (e.g., cosmetics,
perfumes, lotions), consumer products (e.g., electronics, toys, food packaging, food
containers), indoor residential materials (e.g., polyvinyl chloride (PVC) flooring, shower
curtains), and medical devices.1-3 High molecular weight (HMW) phthalates such as di(2-
ethylhexyl) phthalate (DEHP) and butyl benzyl phthalate (BBzP) are primarily used in PVC
flooring, food packaging, and food containers, whereas low molecular weight (LMW)
phthalates such as diethyl phthalate (DEP) and dibutyl phthalate (DBP) are primarily used in
personal care products.? Because of widespread use of products and materials containing
phthalates, biomarkers of exposure to these chemicals, namely phthalate metabolites in
urine, are widely detected in most of the U.S. general population.*

Prenatal exposure to phthalates is of increasing health concern. Phthalates may cross the
placental barrier as some of their biomarkers are detected in cord blood.> Moreover, in
laboratory animal studies, DEHP, DBP, BBzP, di-isononyl phthalate (DiNP), di-isodecyl
phthalate (DiDP), and di-n-octyl phthalate (DOP) can produce reproductive and
developmental toxicity.5 7 In addition, DEHP,8 DBP,® 10 and BBzP1! have neurotoxic and
neurobehavioral toxicity. In humans, higher prenatal metabolite concentrations of DEHP
were associated with increased risk of attention-deficit/hyperactivity disorder (ADHD)2 and
other neurobehavioral problems.13-16 Higher prenatal metabolite concentrations of BBzP
and DEHP were associated with increased scores of autistic traits among children at 3 to 4
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years of age.1” Furthermore, having PVC flooring (a source of certain phthalates) in a
parent’s bedroom during pregnancy and child’s first year was associated with increased risk
of autism spectrum disorder (ASD).1 These findings support that higher prenatal exposure
to these phthalates may result in adverse health effects in pregnant women and their
offspring.

With increasing concern over toxicity and potential adverse health effects associated with
exposure to six phthalates (i.e., DEHP, DBP, BBzP, DiNP, DiDP, DOP) during pregnancy
and early childhood, both the European Union (EU)19-21 and the U.S. federal government?2
enacted similar regulations for those phthalates in the mid- to late 2000’s. The U.S.
Consumer Product Safety Commission (CPSC) also made recommendations to either ban,
impose an interim ban, or allow the continued use of phthalates and phthalate substitutes in
children’s toys, childcare products, and in products used by women of childbearing age.23
Since these regulations were enacted or recommendations were made by the CPSC, DEHP
appeared to have been replaced with other chemicals such as DiNP, DiDP, di-2-propylheptyl
phthalate (DPHP), di(isononyl) cyclohexane-1,2-dicarboxylate (DINCH), dioctyl
terephthalate (DOTP), and di(2-ethylhexyl) terephthalate (DEHTP);1: 24-30 DBP appeared to
have been replaced with di-isobutyl phthalate (DiBP) until regulations restricted uses of
DiBP.31-34 phthalate content in other products is not subject to legislative oversight in the
United States,3> but DEP use appeared to have been reduced in cosmetics after consumer
advocates campaigned for the removal of phthalates from personal care products.38 Thus, as
part of an effort to understand whether these regulations, recommendations, and campaigns
resulted in reductions in pregnant women’s phthalate exposure, temporal trends of pregnant
women’s phthalate exposure were examined in Sweden,3” Mexico City,3® and Puerto Rico.
39 However, little is known about temporal trends of phthalate exposure in pregnant women
in the U.S.

Phthalate exposure is multifactorial. Thus, this current study did not delve into sources or
factors of phthalate exposure but explored broader social forces that may account for
temporal trends in pregnant women’s phthalate exposure and explain differences in those
trends across countries. We focused on pregnant women because they may have different
exposure profiles for some phthalates from non-pregnant women, potentially due to changes
in their daily routines or lifestyle after being pregnant. Studies showed that exposures in
pregnant women were lower than those in non-pregnant women for some phthalates that are
commonly used in fragrance or hair spray.49-42 Sources and patterns of pregnant women’s
phthalate exposure may differ across countries and regions, partially because of differences
in socioeconomic status or regulatory status.*3-4> Thus, comparing pregnant women’s
phthalate exposure across countries may help identify differences in exposure patterns over
time and help understand broad social forces that influence temporal trends and geographic
variations in phthalate exposure.

For the present study, we quantified metabolite concentrations of 8 phthalates (i.e., DEP,
DiBP, DBP, BBzP, DEHP, DOP, DiNP, DiDP) and DINCH to examine temporal trends of
biomarker concentrations among 192 California pregnant women during 2007-2013. We
compared our measured biomarker concentrations with those of three pregnancy cohorts in
Sweden,3” Mexico City38 and Puerto Rico,39 as well as those of pregnant and non-pregnant
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women in the U.S. National Health and Nutrition Examination Survey (NHANES). As the
comparison demonstrated different patterns in temporal trends, we discussed implications in
terms of broad social forces that may have played a role in temporal trends of phthalate
exposure in the United States.

Methods

2.1. Study population

To examine temporal trends of phthalate exposure in California pregnant women, this study
included women participating in MARBLES (Markers of Autism Risk in Babies — Learning
Early Signs). MARBLES is a cohort study that began in 2006 and enrolls women who are
pregnant with a child who has a first degree relative with ASD and thereby is at elevated risk
(~20%) for developing ASD.*6 MARBLES families are primarily recruited by beginning
with lists of children receiving services for autism through the California Department of
Developmental Services, as well as from other studies, by self- or provider referrals, and
various clinics. Eligibility is then determined based on the mother’s pregnancy status or
pregnancy planning. Details of study design, recruitment, eligibility, sample size, exposure
data, and developmental diagnosis are available elsewhere.4’

For the present study, we selected 192 mothers who provided first morning voids (FMVs)
and/or 24-hour urine samples during pregnancy collected from January 2007 to December
2013. Five samples collected in January 2014 were also included in a batch of 2013. Among
192 mothers, 11 mothers participated in the study for two different pregnancies and one
mother participated for three different pregnancies over four years. All urine samples
included in the present study were collected from a total of 205 unique pregnancies.

This study was approved by the institutional review boards for the State of California and
the University of California Davis (UC Davis). The analysis of blinded specimens by the
Centers for Disease Control and Prevention (CDC) laboratory was determined not to
constitute engagement in human subjects research. Participants provided written informed
consent before collection of any data.

2.2. Urine sample collection

The details of urine sample collection from MARBLES mothers and methods for pooling
multiple urine samples are available in our previous studies.*%: 48 Briefly, each woman in the
MARBLES study collected three FMVs (taken one week apart) and one 24-hour urine
sample in each trimester and placed samples collected prior to the day of her visit in their
home refrigerator or freezer. Samples were returned to the laboratory at UC Davis, thawed,
aliquoted, and then stored at —80 °C at the UC Davis biorepository, ensuring long-term
stability of phthalate metabolites.4® Although almost all of the mothers included in the
current study provided urine samples during the 2"d and 3" trimesters, only 72 mothers
provided urine samples during the 15t trimester and most of them provided a single urine
sample. Thus, a total of 1,053 urine samples collected during the 2" and 3" trimesters were
used in the current study. To reduce analytical costs, for mothers who provided three or more
urine specimens within a trimester, we selected the first FMV as an individual sample and
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pooled all remaining samples for that trimester. After pooling, 656 samples from 205
pregnancies remained for analysis. The type and number of urine samples collected and
analyzed in this study are summarized in the Supporting Information (see Figure S1).

2.3. Urinary metabolite quantification

We shipped the urine samples in 2 mL aliquots to CDC for chemical analysis. At CDC, we
quantified the urinary concentrations for 14 metabolites of 8 phthalates and 2 metabolites of
DINCH using online solid phase extraction coupled with high-performance liquid
chromatography with isotope dilution-tandem mass spectrometry as described elsewhere.%0
The metabolites were: monoethyl phthalate (MEP), monoisobutyl phthalate (MiBP),
monohydroxyisobutyl phthalate (MHiBP), mono-+butyl phthalate (MBP),
monohydroxybutyl phthalate (MHBP), monobenzyl phthalate (MBzP), mono-2-ethylhexy!l
phthalate (MEHP), mono-2-ethyl-5-hydroxyhexyl phthalate (MEHHP), mono-2-ethyl-5-
oxohexyl phthalate (MEOHP), mono-2-ethyl-5-carboxypentyl phthalate (MECPP), mono-3-
carboxypropy! phthalate (MCPP), mono-isononyl phthalate (MNP), mono-carboxyisooctyl
phthalate (MCOP), mono-carboxyisononyl phthalate (MCNP), cyclohexane-1,2-
dicarboxylic acid, and monohydroxy isononyl ester (MHINCH), and cyclohexane-1,2-
dicarboxylic acid, monocarboxy isooctyl ester (MCOCH).

In this study, depending on the analyte and quality control (QC) concentration, the average
relative percent difference (RPD) of 59 repeated measures of these QCs was 2.6-8.5%. In
addition, the laboratory analyzed 51 blind duplicates for quality assurance. Replicate
analyses for individual pairs of duplicate samples showed good agreement: average RPD
was 7% (range: 4%-15%, depending on the analyte). The limits of detection (LODs) varied
between 0.2 and 1.2 nanograms per milliliter (ng/mL), depending on the analyte. For
concentrations below the LOD, we used instrumental-reading concentrations without
substituting values as there seems to be less bias with this approach than using an imputation
method that assigns the same value (e.g., LOD/2) to all non-detectable concentrations.51: 52

2.5. Correction for urinary dilution

We measured specific gravity (SG) in each analyzed sample (either individual or pooled)
using a digital handheld refractometer (Atago Co., Ltd., Tokyo, Japan) at UC Davis. Urinary
phthalate metabolite concentrations were corrected for urinary dilution®3 54 using the
following formula: Csg = C [(1.012 — 1)/(SG — 1)], where Cgg is the SG-corrected
metabolite concentration (in ng/mL), C is the measured metabolite concentration in urine (in
ng/mL), 1.012 is the median SG of all analyzed samples, and SG is the specific gravity of
each sample.5®

2.6. Statistical analysis

We conducted all statistical analyses using R version 3.6.1. Based on a literature review, we
selected a priorisix candidate population characteristics that may influence phthalate
exposure of our study population: race/ethnicity (non-Hispanic white, Hispanic, others), age
at delivery (<35 years, >35 years), education (less than college, bachelor, graduate or
professional), pre-pregnancy body mass index (BMI) (underweight/normal, overweight,
obese), homeownership (yes, no), and parity (1, >1).38:39.56 After confirming that our
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biomarker concentrations also differed for some phthalates by these population
characteristics (refer to results in Supporting Information and Table S1), we included them
as covariates in the regression model.

Because of the high correlations among the four DEHP metabolites measured (0.84-0.99
among four DEHP metabolites, Table S2), we computed the sum of DEHP metabolites
(DEHP = MEHP + MEHHP + MEOHP + MECPP) in all statistical analyses, instead of
urinary concentrations of individual DEHP metabolites. For the same reason (r=0.90
between MiBP and MHiBP; 0.84 between MBP and MHiBP), we also computed the sums
of DBP and DiBP metabolites (XDBP = MBP + MHBP and ~DiBP = MiBP + MHiBP,
respectively) and used ZDBP and ZDiBP in regression analyses. We did not compute the
molar sums of these three phthalates because there was no statistically significant difference
between sums in ng/mL and molar sums. For MNP and two DINCH metabolites with less
than 50% of detection frequency, we did not perform further statistical analyses.

For ZDEHP, ZDBP, ZDiBP and 5 other metabolites, we tested significant changes in
concentrations over time using multiple regression with adjustment for the selected
covariates. We used ‘Ismeans’ function in R to estimate the least square mean (LSM), which
is the mean of In[C] for each sampling year. We used natural log-transformed phthalate
biomarker concentrations as the outcome variable in the regression models to account for
skewed distributions. Thus, we computed the least square geometric mean (LSGM) of
phthalate biomarker concentrations for each sampling year as exp(LSM), with 95%
confidence intervals (Cls) as exp(LSM + 1.97-SE| gp), Where SE| s\ is the standard error of
the LSM.36 To construct Cls, we used a critical value of 1.97 from the ¢distribution, based
on the number of the samples and the number of the selected covariates. To examine the
relative concentration changes over our study period, we computed average annual percent
changes of phthalate biomarker concentrations using a formula [exp() — 1] x 100% with
95% Cls as [exp(B + 1.97-SEg) — 1], where { is the time-related regression coefficient and
SEg is the standard error of the time-related regression coefficient. To test for monotonic
trends in biomarker concentrations over the sample collection period, we performed the
Mann-Kendall test and computed the Kendall’s tau correlation coefficient (t) between
sampling dates and biomarker concentrations. An alpha of 0.05 was used as the criterion for
statistical significance.

We computed geometric means (GMs) of MARBLES pregnant women as well as
NHANES’s pregnant and non-pregnant women (20-50 years of age).* For pregnant women
in Sweden, we obtained LSGMs during 2007-2010 from the Swedish Environmental
Longitudinal, Mother and child, Asthma and allergy (SELMA) cohort.37 For pregnant
women in Mexico City, we used GMs during 2007-2010 provided from the Programming
Research in Obesity, Growth, Environment and Social Stressors (PROGRESS) cohort.38 For
pregnant women in Puerto Rico, we used GMs during 2011-2017 from the Puerto Rico
Testsite for Exploring Contamination Threats (PROTECT) cohort.39 Sampling time, sample
size, a participants’ age range, and GMs or LSGMs of phthalate biomarker concentrations
for each cohort are available in Table S3.

Environ Sci Technol. Author manuscript; available in PMC 2021 June 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shin et al.

Page 7

3. Results

3.1. Population characteristics

The average age of the participating women at delivery was 34.5 years old, ranging from
20.5 to 49.2 years old (Table 1). The women included in the study were 54% non-Hispanic
white, 23% Hispanic, and 23% others (5% black, 14% Asian, and 3% multiracial).
Approximately half of the women were normal or underweight (52%) and did not have a
bachelor’s degree or a higher degree (49%). Summary statistics of other characteristics are
available in Table 1.

3.2. Biomarker concentrations

Six metabolites were detected in all samples: MEP, MEHHP, MEOHP, MECPP, MCOP, and
MCNP (Table 2). Except for MHBP (82%), MEHP (83%) and MNP (50%), the other five
phthalate metabolites were detected in more than 90% of the samples. Two metabolites of
DINCH were detected in less than 20% of the samples: 19.5% for MHINCH and 5.3% for
MCOCH. The highest median of SG-corrected metabolite concentrations was observed for
MEP (23.7 ng/mL), followed by MECPP, MCOP, MBP, and MEHHP (18.4, 13.3, 12.6, and
11.5 ng/mL, respectively).

3.3. Temporal trends of phthalate biomarker concentrations in California pregnant

women

After adjusting for the selected covariates, the LSGMs of MEP, MBzP, ZDBP, and ZDEHP
in California pregnant women decreased over the study period [percent change per year
(95% Cl): —10.8% (-14.8%, —6.7%); —3.4% (=7.4%, —0.8%); —3.4% (—6.4%, —0.2%);
-18.8% (—22.0%, —15.4%), respectively] (Figure 1). In contrast, LSGMs of ZDiBP, MCPP,
and MCOP increased [percent change (95% CI): 3.8% (0.7%, 7.0%); 4.7% (0.1%, 9.5%);
13.7% (8.1%, 19.6%), respectively]. For MCNP, we did not observe a clear time trend (p-
value = 0.16).

Temporal trends of unadjusted concentrations from the Mann-Kendall trend test were similar
to those of adjusted phthalate biomarker concentrations (i.e., LSGMSs). Urinary
concentrations of MEP (= = -0.13, p-value <0.01), ZDBP (x = -0.06, p-value = 0.02), and
ZDEHP (T =-0.27, p-value <0.01) decreased over the study period (see Figure S2). On the
other hand, urinary concentrations of ZDiBP (t = 0.05, p-value = 0.03) and MCOP (t =
0.14, p-value <0.01) increased. We did not observe any clear temporal trend among the other
biomarkers.

3.4. Temporal trends of phthalate biomarker concentrations in all studied populations

Overall, temporal trends in GM concentrations of California pregnant women’s phthalate
biomarkers were comparable to those of both NHANES’s pregnant and non-pregnant
women (Figure 2). For MBP, MBzP, ZDEHP, MCPP, and MCOP, GM concentrations in
California pregnant women varied within a factor of 2 of those in NHANES’s pregnant and
non-pregnant women during most of the NHANES cycles. Compared to NHANES’s
pregnant and non-pregnant women, GM concentrations in California pregnant women were
lower for MEP and higher for ZDEHP, MCPP, and MCOP during most of the NHANES
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cycles. GM concentrations in NHANES’s pregnant women were consistently lower than
those in NHANES’s non-pregnant women for all biomarkers during most of the NHANES
cycles.

For MBzP, GM concentrations in Swedish pregnant women were at least 2 times higher than
those in pregnant women in other countries during the same study period. For MBP, GM
concentrations in pregnant women in Sweden and Mexico City were 2 to 3 times higher than
those in pregnant women in other countries during the same study period. For MCNP, GM
concentrations in California pregnant women were at least 3 times higher than those in
pregnant women in Sweden and Mexico City during the same study period. For MEP, MiBP,
MBP, and ZDEHP, GM concentrations tended to be higher in Puerto Rico pregnant women
than those in California pregnant women and NHANES’s pregnant women during the same
study period.

4. Discussion

In the mid- to late 2000’s, regulations were enacted for six phthalates (i.e., DEHP, DBP,
BBzP, DiNP, DiDP, DOP) in the U.S. to reduce phthalate exposure during pregnancy and
early childhood.22 However, little is known about temporal trends of phthalate exposure in
pregnhant women in the U.S. In this study, we used multiple urine samples collected from the
MARBLES study to examine temporal trends of California pregnant women’s phthalate
biomarker concentrations. We observed decreased GM concentrations for MEP, MBzP,
2DBP, and ZDEHP in California pregnant women over the study period, which appear to be
responses to regulations or advocacy campaigns related to the parent compounds of these
biomarkers in California. On the other hand, we observed increased GM concentrations for
2DiBP, MCPP, and MCOP over the study period, which suggest that the parent compounds
of these biomarkers may have been used as substitutes for DBP or DEHP in California.
When comparing our phthalate biomarker concentrations with those in pregnant women in
Sweden, Mexico City, Puerto Rico, and NHANES’s pregnant and non-pregnant women,
California pregnant women had a few times lower or higher GM concentrations for some
biomarkers during the same study period. We also observed that GM concentrations in
NHANES’s pregnant women were consistently lower than those in NHANES’s non-
pregnant women for all biomarkers during most of the NHANES cycles. Together, this
current study highlights a need to examine various factors affecting pregnant women’s
phthalate exposure.

Overall, the decreasing trends of MEP (a metabolite of DEP), MBzP (a metabolite of BBzP),
2DBP (sum of individual DBP metabolites) and ZDEHP (sum of individual DEHP
metabolites) in California pregnant women were consistent with those in both NHANES’s
pregnant and non-pregnant women. However, California pregnant women had consistently
lower MEP concentrations than NHANES’s pregnant and non-pregnant women during the
same study period. Because phthalates in cosmetics have been a target of advocacy
campaigns,3® and California has been centered on the advocacy campaign,®’: %8 California
pregnant women may have used phthalates-free cosmetics more often than those in other
states. During 2007-2010, Shu et al. observed a decreasing trend of DEHP metabolites only
from Swedish pregnant women37 and Wu et al. observed a decreasing trend of a DEP
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metabolite only from pregnant women in Mexico City.38 Results of these two studies should
be interpreted with caution because temporal trends were examined using samples collected
during a short period of time. For example, the limited finding of Shu et al. might result
from a relatively short sample collection period (i.e., 2.5 years) because Gyllenhammar et al.
observed decreasing trends of metabolites of DEP, DBP, BBzP, and DEHP in Swedish non-
pregnant women during 2009-2014.59 It is likely that because regulations of these three
phthalates were not enacted in Mexico during their study period, Wu et al. did not observe
decreasing trends of metabolites of BBzP, DBP and DEHP. While DEHP metabolite
concentrations consistently decreased after 2009 among all included cohorts, only MCOP (a
metabolite of DiNP) concentrations increased among the cohorts in the U.S. and Sweden
during 2007-2014. It is likely that DiNP was one of the primary DEHP replacements in the
U.S. and European countries during this period.59 DiBP is a known substitute of DBP until
regulations restricted uses of DiBP.31-34 However, we observed no clear relationship in
temporal trends between major DiBP and DBP metabolites among included study cohorts.
DBP metabolites relatively consistently decreased over the study period, whereas DiBP
metabolites fluctuated. The decreasing trends in biomarker concentrations of DEP, BBzP,
YDBP and ZDEHP in this study were also consistent with those in other U.S. studies38: 39 as
well as outside the United States during a similar study period.27-2%: 59,61 Qverall, the
decreasing trends in biomarkers of DEP, BBzP, DBP and DEHP among studies in the U.S.
and other European countries may result, at least in part, from the efforts of reducing
exposure to phthalates via legislative activities or advocacy campaigns.3®

Comparison of phthalate biomarker concentrations among pregnancy cohorts allowed us to
observe that the magnitude and temporal trends of phthalate biomarker concentrations varied
across countries during the same study period. For example, compared to California
preghant women, pregnant women in Sweden and Mexico City had higher MBP
concentrations and lower MCNP (a major metabolite of DiDP and a minor metabolite of
DPHP) concentrations. In addition, Swedish pregnant women had higher MBzP
concentrations than California pregnant women. It is likely that regulatory status or sources
of exposure to BBzP, DBP, and DiDP in Sweden and Mexico were different from those in
the United States. Although Puerto Rico is a territory of the United States, we observed that
concentrations of MEP, ZDiBP, ZDBP, and ZDEHP were higher in pregnant women in
Puerto Rico than those in California pregnant women and NHANES’s women. A median
household income in Puerto Rico in 2017 was slightly above $20,000, while median
household incomes in California and the entire United States in 2017 were above $70,000
and $60,000, respectively (www.census.gov). Thus, the significant difference in household
incomes between Puerto Rico and other U.S. states may contribute to the different sources
(e.g., type and number of personal care products containing DEP, DiBP, and DBP) and
patterns (e.g., frequency of personal care product use or time spending indoors with vinyl
flooring containing DEHP) of exposure to DEP, DiBP, DBP, and DEHP. Additionally, the
marketing of products in Puerto Rico may differ from the mainland due to stringent
restrictions on commercial shipments to Puerto Rico.

Strengths of this study include a relatively long sample collection period (i.e., 7 years), and
comparison of phthalate biomarker concentrations with other pregnancy cohorts from
various regions within and outside the United States, including pregnant and non-pregnant
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women in NHANES. We observed that samples collected during a relatively long collection
period are needed to overcome the time lag between regulation changes and removal of
regulated phthalates from products that women use. Comparison of phthalate biomarker
concentrations over time across pregnancy cohorts allowed us to observe the potential effect
of differences in regulations and sources on exposure to phthalates across countries or within
the United States. In addition, from the comparison of phthalate biomarker concentrations
within NHANES between pregnant women and non-pregnant women, lower GM
concentrations were consistently observed in pregnant women for all biomarkers during
most of the NHANES cycles. This may be additional evidence that phthalates are being
transferred to fetus crossing the placental barrier or pregnant women have different
metabolism of phthalates from non-pregnant women.>

Some limitations should be noted. First, apart from the fact that California is at the forefront
of efforts to protect human health from chemical exposure,%2 biomarker concentrations
measured in the pregnant women of this study may not represent other populations or
pregnancy cohorts in the United States. Compared to NHANES’s pregnant women and non-
pregnant women, MARBLES pregnant women had two to three times lower MEP
concentrations, respectively. Because the pregnant women in this study already had a child
with ASD, some may have been aware of concerns about products with phthalates and hence
may have reduced their use of cosmetics or personal care products that may contain
endocrine disrupting chemicals such as phthalates.53 Second, given the primary focus of this
paper on understanding time trends in phthalate metabolite concentrations and how they
differ across populations worldwide, we did not comprehensively examine whether sources
such as the use of products containing phthalates and diet affected our measured metabolite
concentrations. Further studies are needed to investigate how diet and product use affected
phthalate biomarker concentrations. Third, this study did not examine differences in
phthalate biomarker concentrations across pregnancy cohorts with respect to population
characteristics (e.g., race/ethnicity, BMI, education), pregnancy stage (e.g., 15t, 2"d or 3rd
trimesters), type of samples (e.g., spot or first morning voids), or dilution correction method
(e.g., specific gravity, creatinine). It has been reported that DEHP metabolism may be
influenced by the pregnancy stage,54 but urine samples of four pregnancy cohorts included
in this current study were collected at different trimesters of pregnancy. In addition, because
biological elimination half-lives of phthalates are on the order of hours,5° phthalate
metabolite concentrations in first morning voids may differ from those in other spot samples.
Among four pregnancy cohorts included in this current study, one study used creatinine and
the other three used SG to correct for urinary dilution. Although the correlation coefficient
between creatinine and SG for all urine samples collected during pregnancy was 0.89%6 and
both creatinine- and SG-corrected phthalate biomarker concentrations were within a factor
of 1.5 each other,5% some differences between creatinine- and SG-corrected phthalate
biomarker concentrations would be expected. Thus, future research may need to ascertain
which factor is the most important in explaining these differences in phthalates exposure
between pregnant and non-pregnant women or among cohorts.

Future biomonitoring studies may need to include all phthalate replacements and other non-
phthalate plasticizers with similar use or functions in consumer products or indoor
residential materials. For example, because DEHP is being phased out, we suspect upward
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trends in exposure to DEHP replacements, including some that were not measured in this
study such as DPHP, DOTP, DEHTP, acetyl tributyl citrate (ATBC), and bis(2-ethylhexyl)
adipate (DEHA). Based on 2016 U.S. Environmental Protection Agency’s Chemical Data
Reporting database (https://www.epa.gov/chemical-data-reporting), most of these
replacements were produced in or imported to the United States in the amount of >1 million
pounds (or 453.6 tonnes) per year in 2015. Among them, DiDP, DPHP, and DINCH
metabolite concentrations increased in Swedish pregnant women during 2007-2010,37 and
DEHTP metabolite concentrations increased in pregnant women in Puerto Rico during
2011-201739 and in Mexico City during 2007-2010.38 U.S. NHANES also showed an
increasing trend of DINCH metabolite concentrations during 2011-2016.% 67 Other than the
eight phthalates and DINCH targeted in our study, three non-phthalate plasticizers that have
replaced DEHP (i.e., DOTP, ATBC, and DEHA) were widely detected in California
residential indoor dust.®® Because the median dust concentration of DOTP (35.7 pg/g of
dust) was similar to that of DEHP (39.1 pg/g of dust), exposure to DOTP is also likely in
California residents. Moreover, DEHP and parent compounds of non-phthalate plasticizers
were widely detected in German surface water and DINCH and DPHP water concentrations
increased from 2005/2006 to 2017 in all samples analyzed.5® Therefore, future
biomonitoring studies may benefit from including biomarkers of additional DEHP
replacements that are globally produced in high volumes.”®

From this study, we observed that biomarker concentrations of DEP and three phthalates
with known toxicity and adverse health effects (i.e., BBzP, DBP, DEHP) decreased while
those of replacement phthalates (i.e., DiBP, DOP, DiNP) increased in California pregnant
women during 2007-2013, which appear to reflect regulations or campaigns in California in
the mid- to late 2000’s. Moreover, comparison across a broad set of cohorts enabled us to
infer the potential effect of differences in broad social forces on phthalate exposure. Because
there are various factors affecting pregnant women’s exposure to phthalates and phthalate
alternatives, further studies are needed to comprehensively investigate those factors to
provide insights in designing targeted intervention for susceptible populations. In the
absence of transparency from manufacturers, characterizing temporal exposure trends of
phthalates and phthalate alternatives will enable the prioritization of chemicals with an
increasing trajectory over time so that further epidemiological and toxicological studies can
be conducted to ensure the health and well-being of pregnant women and their offspring.
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Refer to Web version on PubMed Central for supplementary material.
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Figurel.

Temporal trends and percent change per year with 95% confidence intervals (Cl) in
measured SG-corrected phthalate biomarker concentrations [ng/mL] in 656 urine samples
collected from California pregnant women during 2007-2013. Biomarker concentrations
were adjusted for SG, sampling year, race/ethnicity, pre-pregnancy body mass index (BMl),
education, and age at delivery. Data points represent LSGMs (least square geometric means
or adjusted geometric means) and error bars represent 95% Cls. Error bars in red and blue,
respectively, represent decreasing and increasing trends that were statistically significant,
while those in black represent no statistically significant trend. MCPP is a metabolite of
DOP and other parent compounds, MCOP is a metabolite of DiNP, and MCNP is a
metabolite of DiDP and DPHP.
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Geometric means (GMs) of biomarker concentrations [ng/mL] among different study
cohorts from 2007 to 2017. All GMs were corrected for dilution either using specific gravity
or creatinine. Only non-pregnant women aged 20 to 50 years were included in U.S.
(NHANES): Non-pregnant women. The least square geometric means were used in the
SELMA study and their model adjusted for urinary creatinine, age, body weight, smoking
status, education and sampling season. For consistency across study cohorts, GMs for the
sum of DEHP metabolites (XDEHP) were calculated by adding GMs [ng/mL] of individual
DEHP metabolites. Phthalate metabolite concentrations for NHANES’s pregnant women
were only available in a small sample size (range: 18 to 26 pregnant women), depending on
the NHANES cycle, and hence comparisons with NHANES’s pregnant women should be
interpreted cautiously. MCPP is a metabolite of DOP and other parent compounds, MCOP is
a metabolite of DiNP, and MCNP is a metabolite of DiDP and DPHP.

Environ Sci Technol. Author manuscript; available in PMC 2021 June 28.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Shin et al. Page 19

Table 1.

Characteristics of study population (r7=192 mothers from 205 unique pregnancies) included in the current
study.

Characteristics® n %
Race/ethnicity
White (non-Hispanic) 110 54%
Hispanic 47 23%
other ? 48 23%
Pre-pregnancy BM1
Normal/ underweight 106 52%
Overweight 49  24%
Obese 49  24%
Education
Less than college degree 100 49%
Bachelor’s degree 76  37%
Graduate or professional degree 29  14%

Ageat delivery

< 35 years 110 54%

2 35 years 95  46%
Homeowner ship

Yes 80 39%

No 119 58%
Parity

0of 2 1%

1 84 41%

>1 113 55%

Number of urine samples collected during 2" and 3'd trimesters

1-3 56 27%
4-6 75 3%
7-12 74 36%

a - . . . . . .
Eleven mothers participated in the study for two different pregnancies and one mother participated for three different pregnancies over four years.
The missing values for pre-pregnancy body mass index (BMI), homeownership, and parity are approximately 0.5%, 3%, and 3%, respectively.

blncludes Black (23%), Asian (63%), and multiracial (15%).

One of them has an identical twin sister with an autistic child, and the other mother has multiple siblings with autism. These two mothers were
included in the current study because they have high-risk ASD genetic factors.
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Distribution of uncorrected and specific gravity-corrected metabolite concentrations of phthalates and DINCH
[ng/mL] in 656 urine samples collected from 205 pregnancies.

Uncorrected SG-corrected
Per centiles Per centiles
LOD %
Parent Metabolite [ng/mL] detect 5 50th g5th 5th 50th g5th
DEP MEP 1.2 100 4.4 231 2232 5.7 23.7 1941
DiBP MiBP 0.8 98 15 7.2 31.2 21 7.4 25.0
MHiBP 0.4 97 0.6 2.6 11.0 0.8 2.6 9.3
DBP MBP & 0.4 99 2.4 12.6 495 35 12.6 41.2
MHBP 0.4 82 <LOD 11 45 <LOD 11 3.7
BBzP MBzP 0.3 99 0.8 6.4 39.6 1.2 6.4 33.6
DEHP MEHP 0.8 83 <LOD 2.6 26.1 <LOD 2.6 28.0
MEHHP 0.4 100 1.8 121 136.2 2.6 115 1073
MEOHP 0.2 100 15 9.3 88.5 2.2 9.3 80.2
MECPP 0.4 100 4.0 19.2 158.4 5.6 184 1629
DOP, others MCPP b 0.4 92 <LOD 18 149 <LOD 1.7 13.4
DiNP MNP 0.9 50 <LOD 0.9 9.4 <LOD 0.9 8.3
MCOP 0.3 100 2.1 134 175.2 3.0 13.3 1499
DiDP MCNP c 0.2 100 0.6 2.8 26.4 0.9 2.7 25.0
DINCH MHINCH 0.4 53 <LOD <LOD 0.94 <LOD <LOD 1.37
MCOCH 0.5 19.8 <LOD <LOD 048 <LOD <LOD 0.73

aMBP is also a minor metabolite of BBzP.

bMCPP is also a minor metabolite of DBP and a non-specific metabolite of several high molecular weight phthalates, including DBP, DiNP, DiDP,

and di-7-pentyl phthalate (DnPeP).

DMCNP is also a minor metabolite of di-2-propylheptyl phthalate (DPHP).

Abbreviation: limit of detection (LOD), diethyl phthalate (DEP), di-isobutyl phthalate (DiBP), dibutyl phthalate (DBP), benzyl butyl phthalate
(BBzP), di(2-ethylhexyl) phthalate (DEHP), di-n-octyl phthalate (DOP), di-isononyl phthalate (DiNP), di-isodecyl phthalate (DiDP), di(isononyl)
cyclohexane-1,2-dicarboxylate (DINCH), monoethyl phthalate (MEP), monoisobutyl phthalate (MiBP), monohydroxyisobutyl phthalate (MHiBP),
mono-+butyl phthalate (MBP), monohydroxybutyl phthalate (MHBP), monobenzyl phthalate (MBzP), mono-2-ethylhexyl phthalate (MEHP),
mono-2-ethyl-5-hydroxyhexyl phthalate (MEHHP), mono-2-ethyl-5-oxohexy!l phthalate (MEOHP), mono-2-ethyl-5-carboxypentyl phthalate

(MECPP), mono-3-carboxypropyl phthalate (MCPP), mono-isononyl phthalate (MNP), mono-carboxyisooctyl phthalate (MCOP), mono-

carboxyisononyl phthalate (MCNP), cyclohexane-1,2-dicarboxylic acid, and monohydroxy isononyl ester (MHiNCH), and cyclohexane-1,2-
dicarboxylic acid, monocarboxy isooctyl ester (MCOCH).

Environ Sci Technol. Author manuscript; available in PMC 2021 June 28.



	Abstract
	Graphical Abstract
	Introduction
	Methods
	Study population
	Urine sample collection
	Urinary metabolite quantification
	Correction for urinary dilution
	Statistical analysis

	Results
	Population characteristics
	Biomarker concentrations
	Temporal trends of phthalate biomarker concentrations in California pregnant women
	Temporal trends of phthalate biomarker concentrations in all studied populations

	Discussion
	References
	Figure 1.
	Figure 2.
	Table 1.
	Table 2.

