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Abstract

Concerns exist regarding children’s exposure to bisphenol A (BPA) and other phenols because of
the higher sensitivity, compared to adults, of children’s developing organs to endocrine disruptors.
Several studies reported the urinary concentrations of these phenols in children, but data on levels
of these compounds in children’s serum are limited. We present here the total (free plus
conjugated) and free concentrations of BPA and seven other phenols in 24 pooled serum samples
prepared from individual specimens collected from 936 children 3—-11 years old who participated
in the 2001-2002 National Health and Nutrition Examination Survey. We detected
benzophenone-3, triclosan, 2,4-dichlorophenol, 2,5- dichlorophenol, and three parabens in at least
60% of the pools suggesting children’s exposure to these compounds or their precursors.
Conjugated phenols were the major species. However, although many previous studies have
shown widespread detection of BPA in children’s urine, we only detected total or free BPA in 3
and 2 pooled serum samples, respectively, at concentrations of 0.1-0.2 pug/L. The non-persistent
nature of BPA and the phenols examined and the likely episodic nature of the exposures to these
compounds (or their precursors) suggest that for general population biomonitoring of these non-
persistent phenols, urine, not serum or plasma, is the preferred matrix.
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Introduction

People are exposed to bisphenol A (BPA) and other environmental phenols (or their
precursors) through industrial pollution, pesticide use, food consumption, and use of
personal-care and consumer products. BPA, one of the high production-volume chemicals,
is used to manufacture polycarbonate plastic and epoxy resins, some dental sealants and
composites, and thermal receipt paper (1, 2). Other phenols include chlorophenols,
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sunscreen agents like 2-hydroxy-4-methoxybenzophenone (benzophenone-3), and
antimicrobial agents like triclosan and parabens. Chlorophenols, such as 2,4-dichlorophenol
and 2,5- dichlorophenol, are the metabolites of certain herbicides and disinfectants (or
fungicides) for industrial and indoor home use (3). Benzophenone-3 and triclosan are used
extensively in personal care and consumer products (4). Methyl-, ethyl-, and propyl
parabens are widely used in cosmetics, pharmaceuticals, and in food and beverage
processing (5).

Because of the extensive use of these environmental phenols (or their precursors) in
consumer and personal-care products, human exposure to these chemicals is widespread.
The urinary concentrations of these compounds or their metabolites have been used as
biomarkers of exposure. Specifically, data from the National Health and Nutrition
Examination Survey (NHANES), conducted by the Centers for Disease Control and
Prevention (CDC), have shown widespread exposure to select environmental phenols among
the U.S. general population, including children of school age (6-10).

Concerns exist for children’s exposure to certain environmental phenols because of the
higher sensitivity of children’s developing organs to exogenous hormones compared to
adults. Information on urinary concentrations of these environmental phenols among
children in the United States is readily available (6-14). However, although for non-
persistent chemicals, normally urine is the preferred biomonitoring matrix (15), data on the
circulating levels of these environmental phenols in children’s serum, which may be useful
for risk asseessment, are scarce. To address this gap, measuring the serum concentrations in
large populations of children is of scientific interest. However, biomonitoring is an
expensive effort, in part due to the high cost of the analytical measurements. One alternative
involves pooling of individual samples (16). In fact, a proper pooling design can allow the
estimation of the prevalence of exposure of a given population (16). In this study, we report
the free and total (free plus conjugated) concentrations of BPA, 2,4-dichlorophenol, 2,5-
dichlorophenol, benzophenone-3, triclosan, and methyl-, ethyl-, and propyl parabens, in 24
serum pools, prepared from 936 individual samples collected from 3-11 years old children
participating in 2001-2002 NHANES.

Materials and Methods

Preparation of the Pools

The sampling scheme for 2001-2002 NHANES was a complex multistage area probability
design. The institutional review board of the National Center for Health Statistics (NCHS)
of the CDC approved the study, and participation occurred only after obtaining informed
consent (17). To prepare the pools, we randomly selected 936 individual samples of 1049
with at least 500 L of serum which were collected from 2001-2002 NHANES participants
3-11 years of age, both sexes and, on the basis of self-reported data, belonging to three
major racial/ethnic groups: non-Hispanic blacks, non-Hispanic whites, and Mexican
Americans. These individual samples had been previously analyzed for cotinine, a marker of
environmental tobacco smoke at the CDC’s National Center for Environmental Health. With
assistance from NCHS’ statisticians, we categorized the 936 residual serum samples, stored
in polypropylene cryovials, into 12 demographic groups, each representing a combination of
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age (3-5 years and 6-11 years), sex, and race/ethnicity (Table 1). A detailed description of
the preparation of the pools, the available number of individual sera for each demographic
group, and the actual number of individual specimens used to prepare each pool have been
described before (18). For each demographic group, we prepared two pools in
polypropylene cryovials that included randomly selected 21 (3-5 years of age) or 57 (6-11
years of age) individual samples. After preparation, the serum pools were stored at or below
—20 °C until analysis. These pools, prepared in 2007, were analyzed for polyfluoroalkyl
compounds (PFCs) (19) and other persistent organic pollutants (unpublished results) before
we analyzed them for environmental phenols in 2012.

Laboratory Measurements

We measured the concentrations of BPA and environmental phenols using a modified on-
line solid phase extraction coupled to isotope dilution-high performance liquid
chromatography tandem mass spectrometry (on-line SPE-HPLC-MS/MS) method described
previously (20). We built the on-line SPE-HPLC-MS/MS system from several Agilent 1100
modules (Agilent Technologies, Wilmington, DE, USA) coupled with an API 5500 Q
Trap™ mass spectrometer (Applied Biosystems, Foster City, CA, USA) equipped with an
atmospheric pressure chemical ionization interface. Briefly, to estimate the concentrations of
free species, we added 50 pL of internal standard solution and 100 pL of serum into 850 uL
of 0.1 M formic acid in a 1.5 mL conical bottom autosampler vial. To determine the total
concentrations, we added 50 L of internal standard, 50 pL of 4-methylumbelliferyl
glucuronide/4-methylumbelliferyl sulfate/13C4-4-methylumbelliferone mixed standard (0.5
pg/mL), and 50 pL of H1 Helix Pomatia enzyme solution to 100 pL of serum in an
autosampler vial. After gentle mixing, the sample was incubated at 37 °C for 4 hours, and
then 750 pL of 0.1 M formic acid was added. We vortex-mixed and centrifuged all samples
—with or without enzyme treatment—hbefore the on-line SPE-HPLC-MS/MS analysis. To
ensure data accuracy and precision, we analyzed two high- and two low-concentration
quality control (QC) samples, along with two reagent blanks with the pooled serum samples.
We prepared the QC materials by spiking calf serum (Gibco, Grand Island, NY, USA) with
native target compounds as previously described (20). We prepared all of the samples using
the same procedure as described above but replaced the serum with the same volume of
standard stock solution (for the standards), QC serum (for the QCs), or HPLC grade H,O
(for the reagent blanks). We calculated the limit of detection (LOD) as 3Sg, where Sy is the
standard deviation as the concentration approaches zero (21). The LODs were 0.1 ug/L
(BPA, methyl paraben, ethyl paraben, 2,4-dichlorophenol), 0.2 pg/L (propyl paraben), 0.4
ug/L (2,5-dichlorophenol), 0.5 pg/L (benzophenone-3), and 1.1 ug/L (triclosan). We
calculated the mean conjugate % as the ratio of concentrations of conjugated (i.e., total
minus free) and total species for the pools with detectable total concentrations of the target
analytes as described before (22).

Statistical Analysis

We performed the statistical analyses by using SAS software (SAS Institute, Cary, NC,
version 9.1). For concentrations below the LOD, we used a value equal to the LOD divided
by the square root of 2 (23). When a pooled sample consists of equal volumes of individual
samples, the measured concentration of the pool should be equivalent to the arithmetic mean

Environ Sci Technol. Author manuscript; available in PMC 2015 November 02.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ye et al.

Results

Page 4

of the measured concentrations of the individual samples (18). However, because
concentrations of environmental chemicals in individual samples from the U.S. general
population tend to be log-normally distributed (10), the measured concentrations from the
pools are comparable to the arithmetic mean of the log normal concentrations (18) which
should be approximately Gaussian. Therefore, we used analysis of variance (ANOVA)
methods modified by the heterogeneity of the variance as described before (19). Because the
numbers of samples per pool differed by age group, we used separate ANOVA models for
each age group (3-5 years vs 6-11 years). As we did before for the analyses of the pooled
data for PFCs (19), in the initial ANOVA models, we included sex, race, and the interaction
between sex and race. In the models, we assumed that the measured concentrations in the
pools are independently and identically distributed. However, this distributional assumption
is unlikely because the individual serum used to make the pools was obtained from a
stratified multistage probability sample design. Therefore, to account for the potential
underestimation of variance associated with our analyses, we also computed adjusted
significance levels (Adj_ProbF) assuming design effects of 3.5 and 10 based on NCHS’s
recommendations. Then, we compared our “unadjusted” statistical results with those
obtained using these two conservative estimates of how large the design effect might be. We
considered analyses to be statistically significant when p < 0.05.

We detected triclosan, 2,4-dichlorophenol, 2,5-dichlorophenol, methyl paraben, and propyl
paraben in all of the 24 pools analyzed, benzophenone-3 and ethyl paraben in 15 of the
pools, and BPA in only three of them at total concentrations ranging from 138 pg/L (methyl
paraben) in one of the pools to 0.1 pug/L (BPA) in two of the pools (Table 1).

We detected the free species of benzophenone-3, methyl paraben, ethyl paraben, propyl
paraben, and BPA in some of the 24 serum pools, but we did not detect free species of
triclosan, 2,4-dichlorophenol, and 2,5-dichlorophenol in any of the pools (Table 2).
However, even though we detected the free species of parabens in all (methyl paraben) or
some (ethyl- and propyl parabens) of the pools, the free concentration ranges (0.4 to 7.8
ug/L (methyl paraben); <0.1 to 0.3 pug/L (ethyl paraben); <0.2 to 0.9 ug/L (propyl paraben))
were much lower than the total concentration ranges (1.6 to 138 pg/L (methyl paraben); <0.1
to 2.0 pug/L (ethyl paraben); 0.2 to 14.5 pg/L (propyl paraben)) (Tables 1 and 2). The mean
conjugate % and number of pools with detectable total concentrations were 33 % (BPA, 3
pools), 63 % (benzophenone-3, 15 pools), 88 % (methyl paraben, 24 pools), 98 % (propyl
paraben, 24 pools), 99 % (ethyl paraben, 15 pools), and 100% (triclosan, 2,4-dichlorophenol,
2,5-dichlorophenol, 24 pools).

In the ANOVA final models adjusted by the heterogeneity of the variance, race was the only
significant demographic factor for serum concentrations of triclosan and 2,5-dichlorophenol
in both age groups (Table 3). Race was also the only significant demographic factor for the
serum concentration of 2,4-dichlorophenol (for children aged 3-5 years) and methyl paraben
(for children aged 6-11 years) (Table 3). Both race and sex were significant demographic
factors for the propyl paraben serum concentration of children aged 3-5 years. However,
after we adjusted the F value by the two different design effects of 3.5 and 10, race and sex
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were no longer significant. The estimated least-squares means (LSMs) and associated 95%
confidence intervals (Cls) of triclosan, 2,4-dichlorophenol, 2,5-dichlorophenol, methyl
paraben, and propy! paraben concentrations for these demographic groups are given in Table
4 (data adjusted by the design effect are not shown). Of note, the fairly large standard error
term for 2,5-dichlorophenol among non-Hispanic black children (both age groups) resulted
in wide 95% Cls with negative low bounds (Table 4).

Discussion

The detection of total concentrations of triclosan, 2,4-dichlorophenol, 2,5-dichlorophenol,
methyl paraben, and propyl paraben in all pools examined suggest exposure to these
compounds among young children in the United States in the early 2000s. Of interest,
NHANES urinary data for triclosan, methyl paraben, propyl paraben and the two
dichlorophenols also suggest widespread exposure to these compounds or their precursors in
the U.S. general population at least since 2003 (10). Together these findings suggest that,
despite the non-persistent physicochemical characteristics (e.g., rapid metabolism in
humans) and the likely episodic nature of the exposures to triclosan, methyl paraben, and
propy! paraben or to the precursors of 2,4-dichlorophenol and 2,5-dichlorophenol, trace
concentrations of these chemicals are not only detectable in urine of young children (6-14),
but can also be detected in blood.

Even though the sensitivity of the analytical method (i.e., LOD) was very similar for all
parabens (0.1-0.2 pg/L), we detected total concentrations of ethyl paraben in fewer of 2/3 of
the serum pools but methyl paraben and propyl paraben in all of the pools (Table 1).
Compared with methyl- and propyl parabens, the usage of ethyl paraben as an antimicrobial
preservative in a variety of consumer products is much more limited (24). Interestingly, the
NHANES 2005-2006 biomonitoring urinary data on parabens showed that ethyl paraben
was detected in fewer of the participants 6 years of age and older examined (42.4%) than
methyl paraben (99.1%) or propyl paraben (92.7%) and also at lower concentrations (8). The
pooled serum data presented here also demonstrate that although we detected circulating
levels of ethyl paraben in children’s serum, it was at a lower frequency of detection and
lower concentrations than those of methyl- and propyl parabens (Table 1).

Benzophenone-3 is a commonly used sunscreen agent in a variety of cosmetic products (4).
Because of its extensive usage, we detected benzophenone-3 in the urine of 96.8% of
NHANES 2003-2004 participants 6 years of age and older with a geometric mean of 22.2
ng/g creatinine (7). We also detected benzophenone-3 in these children’s pooled sera from
all demographic groups except non-Hispanic blacks. The frequent detection and the
magnitude of the detected serum concentrations (mean: 0.5-5.9 ug/L) are in agreement with
widespread exposure of some children to this non-persistent sunscreen agent. Interestingly,
based on urinary concentrations of benzophenone-3 in NHANES participants (7), exposure
to this sunscreen agent appeared to be higher in females than in males and in non-Hispanic
whites compared to Mexican Americans and non-Hispanic blacks. The racial and sex
differences observed in these NHANES serum pools are in good agreement with those
reported before from the urinary benzophenone-3 concentrations of individual NHANES
participants (7, 10).
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Among the phenols examined, in recent years, BPA has attracted attention worldwide from
regulatory agencies, researchers and the general public. Scientific debate continues about the
existence of low-dose effects of BPA in animal studies and their potential implications for
human health (1, 2, 25-27). Because of the extensive use of BPA in consumer products,
exposure to BPA, assessed from the urinary concentrations of total BPA, among the general
population in the United States and abroad is widespread (9, 28-31). However, despite the
relatively low LOD for BPA (0.1 pg/L), we only detected total BPA in 3 of the 24 (13 %)
NHANES 2001-2002 serum pools with the highest concentration being 0.2 ug/L, compared
with a detection of over 90% and median concentrations ~ 3 pg/L in urine samples from
NHANES 2003-2004 (9).

These NHANES 2001-2002 serum results are in agreement with a previous study from our
laboratory in which we detected BPA in only 1 out of 15 adults’ serum samples (32), and
with two recent reports, from Germany (29) and the United States (33). In samples from the
German environment specimen bank collected between 1995 and 2009, the detection
frequency of total BPA was 12% in plasma (N =60) and >96% in 24-h urine (N = 600) (29).
Furthermore, the total BPA concentrations in plasma were much lower than in the urine with
maxima of 0.4 pg/L vs 34.5 pg/L, respectively (29). In serial samples collected
approximately hourly over a 24-h period from 20 adults after ingestion of BPA-containing
meals, total BPA was detected in only 17% of 320 serum samples but in 74% of 385 urine
samples (33). Furthermore, the total BPA serum concentrations were on average 42 times
lower than in urine, although the mean BPA daily exposure (0.27 ug/kg) in this group of
adults was higher than the 95th percentile of the aggregate exposure (from all routes) in the
general U.S. adult population obtained from NHANES biomonitoring urinary data (33, 34).
Our results, however, do not agree with several other studies in which total and free BPA
concentrations in blood, plasma, and serum were detected more frequently and at higher
concentrations (35) than we did in these children’s NHANES serum pools. Some of these
other studies relied on detection by enzyme-linked immunosorbent assays, which are not
specific enough and therefore inadequate for the quantitative determination of BPA in
biological samples (27), and/or involved specific adult populations (e.g., pregnant women at
delivery, patients undergoing medical treatment in hospital settings) with relatively small
sample sizes (35-38). We speculate that the relatively high detection frequency of BPA in
samples collected in hospitals might be related to the exposures to BPA from the medical
interventions (39-41). Of note, because pooling provides an average estimate (in this case
concentration) of all individual samples used to make the pools (16), the fact that most
NHANES pools had undetectable concentrations of BPA suggests that a large proportion of
the individual samples had BPA concentrations close to or below the LOD. Therefore, we
can’t rule out that the LOD of our multi-analyte method (0.1 pg/L) is inadequate for the
detection of BPA in blood and that by analyzing pools made from individual samples with
BPA concentrations that appear to be largely non-detectable or around the LOD, we may
have underestimated the frequency of detection of BPA compared to using the individual
samples. Nonetheless, our main findings of lower average concentrations of BPA in serum
than in urine would not change even if we had used a more sensitive method or individual
samples instead of pools. Taken together, these results suggest that blood or its products
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(serum/plasma) is an unfavorable matrix for the biomonitoring of BPA exposure in the
general population (29).

The phenols evaluated in this study or, in the case of the dichlorophenols, their parent
compounds, rapidly metabolize in the body after exposure through Phase | and/or Phase 11
biotransformations before excretion in the urine (5, 42-45). Both conjugated and free
species have been used as valid biomarkers of exposure to the parent compounds (6, 9, 46).
Because conjugation (i.e., Phase Il biotransformation) is considered to be a detoxification
process (47, 48), the presence of the unconjugated (i.e., free) species in circulation can be
taken to reflect exposure to the biologically active form of the compounds (35, 49-51). Of
note, even young children soon after birth appear to have some capacity to metabolize non-
persistent compounds to their corresponding conjugates, as suggested from studies on
exposure to BPA, triclosan, benzophenone-3, methyl- and propyl-parabens and phthalates in
premature infants (39, 52). Therefore, we also measured the free serum concentrations of
BPA and the other phenols in these pooled serum samples (Table 2).

To accurately measure the concentrations of the free species, one has to ensure the integrity
(i.e., stability of the biomarkers in the matrix, absence of noticeable external contamination)
of the biological sample during its handling and storage. Previous data suggest that the
conjugated species of several phenols in serum are much more stable than in urine (53, 54),
even under extreme conditions (e.g., stored at 37 °C for up to 30 days after collection) (53);
such conditions are unlikely to have been experienced by the samples used for the present
study. Moreover, for six of the phenols examined (no data exist for BPA and
benzophenone-3), conjugates appear to be the main species in serum (53). In good
agreement with these findings, we mainly detected the conjugates of triclosan, 2,4-
dichlorophenol, 2,5-dichlorophenol, and methyl-, ethyl-, and propyl parabens in the
children’s pooled sera (mean conjugate % ranged from 88 % to 100 %). By contrast, the
mean conjugate % was lower for BPA (33 %) and benzophenone-3 (63 %) than for the other
six phenols. Furthermore, the concentrations of free and total benzophenone-3 were similar
in some pools (e.g., Mexican American females 3-5 years of age: 8.9 ug/L vs 6.2 ug/L).
Similarly, in two of the three pools with detectable total BPA, the total and free
concentrations were the same (0.1 and 0.2 pg/L) but rather low at or slightly above the LOD.
The potential for trace level external contamination exists when the measured compound
(biomarker) is the actual compound present in the products/environment (27, 29, 55-57).
We speculate that the relatively high percentage of free benzophenone-3 and BPA in some
of these children pools might be due to the random contamination with BPA and/or
benzophenone-3 of the serum during its collection, processing, and/or during the pooling
procedure. Contamination with triclosan and the parabens may also have occurred, but its
impact might not be as evident as for BPA and benzophenone-3 because the serum
concentrations of triclosan and the methyl- and propyl parabens in the pools were higher
than those of BPA and benzophenone-3. Nonetheless, even if contamination with triclosan
and parabens occurred, the ranges of serum concentrations of these compounds was much
lower than the reported urinary concentrations in the general US population (10), thus
supporting that serum is not an adequate matrix for assessing exposure to these compounds.
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Our final models suggested that race was the only significant demographic factor for serum
concentrations of triclosan (for both age groups), 2,5-dichlorophenol (for both age groups),
2,4-dichlorophenol (for ages 3-5 years), and methyl paraben (for ages 6-11 years) (Table 3).
Both race and sex were significant demographic factors for serum concentrations of propyl
paraben for 3-5 year old children. The LSMs concentrations of triclosan and 2,5-
dichlorophenol (for both age groups), 2,4-dichlorophenol (for ages 3-5 years), methyl
paraben (for ages 6-11 years), and propyl paraben (for aged 3-5 years) in non-Hispanic
blacks were significantly higher than for the other ethnic groups (Table 4). Of interest,
compared with the other ethnics groups, non-Hispanic blacks also have the highest
geometric mean urinary concentrations of parabens among the general U.S. population (8).
The reason for the observed differences by race in serum concentrations (and presumably
exposures) of environmental phenols (or their precursors) among children is unclear, but we
speculate that lifestyle choices by race may play a role. Nevertheless, several factors must be
taken into consideration when interpreting these modeling results. By pooling across design
cells, we cannot assure that estimates based on the pooled samples are unbiased. Besides, the
ANOVA LSMs represent positively biased estimates of the central values of the 12
demographic groups (6 for children aged 3-5 years and 6 for children aged 6-11 years).
This additional positive bias, which we made no attempt to correct, arises from the inherent
bias associated with the measured concentrations of the pools (18). Among the different
ethnic groups, we observed the biggest standard errors among non-Hispanic blacks, which
likely contributed to the wider 95% Cls for this ethnic group compared to others. After
exposure, environmental phenols, like any other non-persistent compounds, have short half-
lives (~6-12 hours). Therefore, concentrations of these compounds in spot samples (urine or
serum/plasma) primarily reflect exposure(s) which occurred within a relatively short period
preceding sample collection (58) and there is considerable temporal variability of
concentrations in spot samples (59, 60). The variability of serum concentrations from spot
sampling plus the higher concentrations of some phenols in non-Hispanic blacks may have
contributed to the higher standard errors for this particular ethnic group.

In summary, although the degree of the exposure and the dominant exposure pathway(s) to
environmental compounds likely depend on the age and associated lifestyle of each person,
we found that exposure of 3-11 year old children to triclosan, benzophenone-3, methyl-,
ethyl-, and propyl parabens, and the precursors of 2,4-dichlorophenol and 2,5-
dichlorophenol, was prevalent in the United States in the early 2000s based on the detection
of these phenols in at least more than half of the NHANES 2001-2002 serum pools. A few
recent epidemiologic studies have suggested that prenatal and childhood exposure to some
of these phenols (or their precursors) may be associated with altered neurodevelopment,
obesity, and precocious puberty (11, 26, 61-64). Therefore, our findings confirming that
these chemicals not only are present in U.S. children’s urine (6-14), but also could circulate
in blood warrant additional research to further evaluate the potential effects on human health
upon exposure to these compounds (or their precursors).

Conjugated species of six of these chemicals were the major species in serum, as they are in
urine. On the other hand, even though BPA has been widely detected in U.S. children’s
urine (9-14), total BPA in these serum pools was only detected in 3 of the 24 pools and at
concentrations at or slightly above 0.1 pg/L. We detected BPA and the seven other
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environmental phenols at much lower concentrations and frequencies in serum than those
reported in urine. These findings support that urine, not serum or plasma, is a more
appropriate matrix for biomonitoring of these compounds in the general population.

Despite the fact that we used 936 individual serum samples to make the pools, our results
are based on the analyses of a limited number of pools. Furthermore, the pools only include
samples from children 3-11 years of age; additional studies should include even younger
children. Nonetheless, the widespread exposure to some of these environmental phenols
among these children highlights the need for continuing efforts to identify sources of human
exposure to these chemicals, especially among young children, and to study the
environmental distribution of these compounds.
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