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Abstract

Environmental exposures to many phenols are documented worldwide and exposures can be quite
high (>1 micromolar of urine metabolites). Phenols have a range of hormonal activity, but
knowledge of effects on child reproductive development is limited, coming mostly from cross-
sectional studies. We undertook a prospective study of pubertal development among 1239 girls
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recruited at three U.S. sites when they were 6-8 years old and were followed annually for 7 years
to determine age at first breast or pubic hair development. Ten phenols were measured in urine
collected at enrollment (benzophenone-3, enterolactone, bisphenol A, three parabens (methyl-,
ethyl-, propyl-), 2,5-dichlorophenol, triclosan, genistein, daidzein). We used multivariable
adjusted Cox proportional hazards ratios (HR (95% confidence intervals)) and Kaplan-Meier
survival analyses to estimate relative risk of earlier or later age at puberty associated with phenol
exposures. For enterolactone and benzophenone-3, girls experienced breast development 5-6
months later, adjusted HR 0.79 (0.64-0.98) and HR 0.80 (0.65-0.98) respectively for the 51 vs 15t
quintiles of urinary biomarkers (ug/g-creatinine). Earlier breast development was seen for
triclosan and 2,5- dichlorophenol: 4-9 months sooner for 51 vs 15t quintiles of urinary
concentrations (HR 1.17 (0.96-1.43) and HR 1.37 (1.09-1.72), respectively). Association of breast
development with enterolactone, but not the other three phenols, was mediated by body size.
These phenols may be antiadipogens (benzophenone-3 and enterolactone) or thyroid agonists
(triclosan and 2,5- dichlorophenol), and their ubiquity and relatively high levels in children would
benefit from further investigation to confirm these findings and to establish whether there are
certain windows of susceptibility during which exposure can affect pubertal development.

Keywords
phenols; breast development; puberty; environment

1. Introduction

During the past 20 years, a new generation of environmental contaminants has emerged,
including metabolites of chemicals used widely in commerce and derived from a variety of
sources (Wolff, 2006). Human exposure exists universally, as documented by detection of
urinary metabolites around the world (CDC, 2009; Moos et al., 2014; Philippat et al., 2012;
Engel et al., 2014; Nahar et al., 2012; Xue et al., 2015). Reported urinary biomarkers
include more than a dozen phenols, which may be a parent compound or metabolite,
including phytoestrogen polyphenols that are dietary in origin. Biological effects have been
seen in a variety of experimental models, potentially related to several hormonal
mechanisms in humans including thyroid agonists and obesogens (Witorsch and Thomas,
2010). Structural homology with agents of known function suggests that varying responses
exist for different phenols including possible mechanisms for common urinary phenols (Fig.
1). Several polyphenols resemble antiobesogens and aromatase inhibitors, and agents with a
chorophenol moiety are similar to thyroid hormone (Buzdar and Howell, 2001; Gross and
Staels, 2007; Okada-Iwabu et al., 2013).

Puberty is a reproductive milestone that signals the onset of maturity, and early puberty is
likely a risk for metabolic disease and breast cancer (Biro and Wolff, 2011; Bodicoat et al.,
2014). Action of environmental agents during puberty may be an indirect pathway to later
disease. In particular, hormonal effects of environmental agents are relevant to breast
development as well as changes in body size or obesity. Both earlier and later pubertal
milestones have been seen with a number of phenols, mainly in cross-sectional studies (Biro
and Wolff, 2011; Buttke et al., 2012). We reported previously on exposures to ten phenols
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among girls in the Breast Cancer and Environment Research Program (BCERP) Puberty
Study when girls in the cohort were <10 years of age (Wolff et al., 2010). In this new
analysis, we have investigated timing of pubertal onset across 7 years of follow-up, during
which stage 2 of breast or pubic hair was reached by >85% of girls. Thus, we can now
examine associations of exposures measured at enrollment in relation to actual ages for these
benchmarks across the window of development, and with respect to changes in body size
during this period.

2. Materials and Methods

2.1. Study design and data collection

The BCERP Puberty Study is a cohort that has followed girls enrolled starting in 2004. This
report includes data collected through 2012 (up to seven years’ follow-up). Study sites
included Icahn School of Medicine at Mount Sinai (MSSM) that recruited black or Hispanic
girls mainly from East Harlem in New York City; Cincinnati Children’s Hospital
(Cincinnati) recruited from the greater Cincinnati metropolitan area; and Kaiser Permanente
Northern California (KPNC) that recruited members of the KPNC Health Plan in the San
Francisco Bay Area. Eligible girls were 6-8 years of age without serious endocrine medical
conditions. Informed consent was obtained from parent or guardian administered by the
institutional IRBs. The Centers for Disease Control and Prevention (CDC) IRB approved the
urine specimen analysis, which had no personal identifiers. For this report, we used
demographic, anthropometric, and pubertal assessments and urinary phenol metabolites for
which complete protocols and analytic methods have been described previously along with
quality control measures (Biro et al., 2010; Wolff et al., 2010). As detailed there, we
obtained age at stage 2, the first appearance of breast (B2) or pubic hair (PH2) development
(vs stage 1, B1 or PH1, no development), as well as age- and sex-specific body mass index
percentiles (BMI1% at the last B1 or PH1 visit) calculated using the CDC growth charts
(CDC, 2000). Urine specimens collected at enrollment were analyzed using well-established
analytic methods at the CDC National Center for Environmental Health laboratory that were
available for 10 metabolites that represent several families of phenols (benzophenone-3,
enterolactone, bisphenol A, methyl-, ethyl-, propyl-parabens, 2,5-dichlorophenal, triclosan,
genistein, and daidzein). We summed the paraben metabolites based on molecular weight,
expressed as propyl paraben (molecular weight 180.2 g/mol). Phenols were detected in
>80% of samples except for butyl paraben (48%). Concentrations below the limit of
detection (LOD) were assigned the value LOD/V2. Concentrations (In-ug/L) were
normalized for urine dilution in linear models using In-creatinine as a covariate or, in models
with quintiles, using cutpoints based on creatinine-corrected biomarkers (Jg/g-creatinine).
There were 1170 girls with at least one exposure biomarker and pubertal stage information.
The urinary phenol assays were the same as those reported earlier (Wolff et al., 2010), with
a few analyses that were added at a later date; see Suppl Table 1 for a summary.

2.2. Statistical analyses

Analyses were performed with SAS (version 9.4; SAS Institute, Inc). We modeled relative
risk for age when girls advanced from B1 to B2 or PH1 to PH2 using Cox Proportional
Hazards models to compute Hazard ratios (HR) and 95% confidence intervals (Cl) in
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relation to phenol exposures. More details on the Cox methods and handling of censored
pubertal age values are given in (Wolff et al., 2014). We obtained adjusted median pubertal
ages for quintiles of urinary concentrations using survival function estimates from the
baseline survivor function of multivariable adjusted Cox models also previously described
(Wolff et al., 2014). We obtained p-trend for quintiles by including the natural log of the
median quintile urinary phenol concentrations as a continuous variable. The first and fifth
quintile medians approximated the 10" and 90™ percentile of concentrations in this cohort.
Potential confounders were selected based on biological plausibility in the exposure-puberty
pathway and knowledge of relationships among the variables (Table 1). We retained in the
final models covariates that altered the estimates by more than 10% or improved precision
of models, which were girl’s race/ethnicity and caregiver education. We did not include
study site as a confounder as it has no characteristic causally related to puberty and phenols
aside from the main covariates with which site was collinear (BMI1%, caregiver education,
and race) and because the study design variable, site, was intended to provide a range of
exposures. BM1% may be in the biological pathway, and thus inclusion in the model may
result in overadjustment. Also, the BMI trajectory, its consequent hormones, and pubertal
timing differ for girls with high and low BMI (Biro et al., 2014). Therefore, we investigated
the influence of BMI as a potential biological intermediate in four ways. We compared
models with and without adjusting for BMI1%; we evaluated BM1% as an effect modifier by
adding an interaction term to the model (phenol concentration x BMI1% dichotomized at the
median, or 715t percentile, which we also used to designate low- (leaner) and high- (heavier)
BMI girls); we tested whether BMI effects were stronger at younger ages (B2-age<120
months); and finally we undertook diagnostic mediation analyses to support the first three
approaches. The mediation analyses followed that described elsewhere (Burns et al., 2014)
using the R Package for Causal Mediation Analysis (Imai et al., 2010; Tingley D et al.,
2013) which allowed for a survival outcome of B2 age, and a linear mediator, BM1%.
Results were complementary to the other analyses, and are included in the supplemental
material with further annotation (Suppl Table 2). We conducted additional sensitivity
analyses to eliminate alternative explanations, including race, site, extremes of creatinine,
and length of time within the study; none of these explained the findings. In addition, to
explore whether exposures affected each other, we ran the model including all ten exposure
biomarkers (as continuous variables) with age-at-B2; HR estimates were very similar to
those for the individual biomarker models presented in Table 2.

3. Results

The BCERP cohort includes approximately equal numbers of black, Hispanic and white
girls, with few Asians. Concentrations of the four phenols that are the focus of this paper are
shown in Table 1 in relation to key characteristics (unadjusted). Adjusted geometric means
of all ten phenols differed by race/ ethnicity (except triclosan), education (except 2,5-
dichlorophenol and triclosan), season of urine collection (benzophenone-3, 2,5-
dichlorophenol), BMI1% (enterolactone only), as reported (Wolff et al., 2010).
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Urinary concentrations of four phenols were associated with age-at-B2 and two phenols with
age-at-PH2 in adjusted proportional hazards models (In-ug/L, continuous variable; Table 2).
Paraben concentrations were associated with earlier age-at-B2 and -PH2 in creatinine-only
adjusted models, but there was no association after further adjustment for race/ethnicity and
caregiver education (Table 2). No associations with pubertal ages were found for bisphenol
A or the two isoflavones (genistein and daidzein).

Benzophenone-3 and enterolactone, which may share certain mechanisms related to obesity
antagonists (Fig. 1), were associated with older age-at-B2 (Tables 2, 3). For each phenol, the
reduced risk for age at transition from B1 to B2 amounted to 5-6 months’ later age-at-B2
when comparing girls in the 5 vs 15t quintile of urinary concentrations (bottom of Table 3
and Fig. 2). Age-at-PH2 was also later for enterolactone with estimates similar to those for
age-at-B2 (approximately 20% reduced risk for the 51 vs 15t quintile; Fig. 3). Of note, the
concentration range across quintiles was wide for benzophenone-3 and enterolactone (200-
fold and 20-fold, respectively). Both urinary phenols had concentrations >5-micromolar in
the fifth quintile.

For the two possible thyroid agonists, 2,5-dichlorophenol and triclosan (Fig. 1), higher
concentrations of 2,5-dichlorophenol and triclosan were associated with younger age-at-B2.
Risks were greater for 2,5-dichlorophenol than triclosan (37% vs 17% increase in 5%
quintiles respectively), with significant trends for both. Similarly, age-at-B2 was 9 months
earlier for 2,5-dichlorophenol but only 4 months earlier for triclosan in the 5 quintile vs 15t
quintile (Table 3). Exposure effects are further illustrated in the survival curves for age-at-
B2 which are farther apart for 2,5-dichlorophenol quintiles than for triclosan (Fig. 2). 2,5-
Dichlorophenol (but not triclosan) was also associated with earlier age-at-PH2
(approximately 25% increased risk for the 5th vs 1st quintile; Fig. 3). The weaker
association of triclosan may be due to the smaller concentration range (70-fold for the
median of 5th vs 1st quintiles) compared with 2,5-dichlorophenol (130-fold, Table 3).

3.4.1—BMI adjustment attenuated enterolactone relationships with age-at-B2 and -PH2 but
did not alter associations of benzophenone-3, 2,5-dichlorophenol, or triclosan with pubertal
onset. The increasing dose-response of median ages with enterolactone quintiles, as
presented in Table 3, did not change upon BMI1% adjustment, but trends were no longer
significant. The accompanying HRs for enterolactone-B2 models were attenuated and the
Cls were wider, although the change in risk was small. Thus, for continuous enterolactone
with age-at-B2 the BMI-adjusted estimate moved toward the null by ~4%, with HR 0.98 (CI
0.93-1.04, not shown) vs. not-BMl-adjusted (shown in Table 2, HR 0.94, CI 0.90-0.99); Cls
closely overlapped. Similarly, the BMI1%-adjusted HR for PH2-age was 0.97 (0.92-1.03)
(continuous variables, In-pg/L, not shown, compared to the significant HR in Table 2).

3.4.2—Interactions (phenol xBMI1%) did not explain associations of phenol quintiles with
pubertal ages (Table 3). The two significant interactions for models using continuous urinary
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concentration (Table 2) were null in models with biomarker quintiles (Table 3). The
precision of estimates across phenol quintiles was better in the high- than low- BMI strata.
For example, the B2-ages declined with 2,5-dichlorophenol quintiles among all girls (p
trend=0.006, Table 3); the decline was similar among high-BMI (p=0.001) but not low-BMI
girls (p= 0.143; not shown). Similarly, among all girls the median age-at-B2 was 9 months
younger for 51 than 15t quintile of 2,5-dichlorophenol (Table 3), while in high-BMI girls,
median ages-at-B2 were 12 months younger but only 2 months younger in low-BMI (not
shown).

3.4.3—In secondary analyses we explored associations of the four phenols with B2-age
over a shorter interval after baseline, when the urinary phenol measurements were made. At
120 months (10 yr) the survival curves for age-at-B2 between exposure quintiles became
closer, as seen in the Kaplan-Meier plots for 51 vs 15t quintiles of four phenols (Fig. 2).
When we restricted models to this interval (age-at-B2 <120 mo), BMI adjustment no longer
altered any of the phenol associations with B2-age; estimates were not attenuated, and
precision was similar or better than those in Table 2 (not shown). In addition, the BMI
trajectory over this window differed markedly for leaner and heavier girls (<71% vs =71%
BMI) (Fig. 4). Heavier girls matured earlier and half had reached B2 by age 8.7 years,
whereas leaner girls developed one year later (12 months; Fig. 4). Notably, among heavier
girls pre-pubertal BM1% remained fairly constant over this interval (medians hover around
the 90th percentile, Fig. 4). But among leaner girls (<71%-BMI), median BMI1% decreased
from 65th to 34th percentile for age-at-B2 occurring between 72 and 132 months of age (6—
11 years, Fig. 4). Thus, in leaner girls, those who matured earlier had relatively higher BMI
%, e.g. lean girls maturing at 6—7 years had median BMI1% > 50 while at 10-11 years girls
median BMI% was <40. Among lighter-weight girls maturing after 132 months of age (11
years), there was a slight increase in BMI1%, viz. from median 24% at age 11 to 34% at age
12 years (Fig. 4). Finally, we undertook formal mediation analyses to determine if BMI were
in the pathway between exposure and B2. Enterolactone was the only phenol with an
indirect, or BMI-mediating, effect on age-at-B2 (i.e., indicating a pathway of enterolactone
— BMI —B2-age), but this mediation was much weaker among girls with B2 before 120
months (Suppl Table 2). For age-at-PH2, survival curves did not converge at later ages as
they did for B2-age (5% vs 15t quintiles of 2,5-dichlorophenol and enterolactone biomarkers;
Fig. 3). Age-at-PH2 associations with phenols were less influenced by BMI, possibly as
pubarche is governed more by androgen than by estrogen (Biro et al., 2014).

4. Discussion and Conclusions

In this prospective study, four phenols were found to be associated with onset of puberty.
For breast development, altered risk estimates of +20-40% were seen between the 90t vs
10t percentiles of urinary phenol concentrations. Age-at-B2 was 5-6 months later over this
exposure range for benzophenone-3 and enterolactone where a possible mechanism may be
their antiobesogenic properties. B2 occurred 4-9 months earlier for 2,5-dichlorophenol and
triclosan possibly related to thyroid regulation. These risks are smaller but similar in
magnitude to the two strongest risk factors for puberty, race/ethnicity and BMI. In our
cohort age-at-B2 was 9 months younger among black than white girls (Biro et al., 2014),
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and historically menarche has been earlier by approximately six months in black girls (Biro
and Wolff, 2011). Heavier girls experience B2 about 12 months earlier than leaner girls (Fig.
4) (Biro et al., 2013).

A benefit of longitudinal analyses was that we could examine exposures, B2-age and BMI
over 7 years of observation. We found stronger associations of phenols with B2 among
younger, heavier girls. Possibly the exposure window favored associations among girls who
matured nearer to the exposure measures, who were also higher BMI. Similarly, BMI-
exposure relationships may also differ at various moments in the pubertal window. Also,
statistical imbalance may exist for adjustment by BMI that we could not identify and may be
greater at later ages when there are very lean and very heavy girls. The markedly steep
trajectory of BMI% among leaner girls during the pubertal window suggests that
developmental pathways may differ over time (Fig. 4). In addition a bump in the BMI
trajectory late in puberty is similar to a reported upswing in estradiol around onset of B2
among low- BMI girls (Biro et al., 2014), offering a unique window of development for
girls with low BMI. If so, such a window offers an additional reasons why later B2-age
associations with exposure may be weaker, because a rise in endogenous estrogen among
lean girls at older ages may overwhelm any impact by less potent environmental hormone
modulators (Biro and Wolff, 2011; Witorsch and Thomas, 2010).

Our results suggest that enterolactone may have an indirect or mediating effect on the
association between enterolactone and pubertal onset that is more pronounced at earlier
ages. Younger girls who reached B2 had higher BMI, i.e., maybe favoring a pathway of
enterolactone — BMI —B2-age. Enterolactone is thought to inhibit aromatase formation of
estrogen in peripheral adipose (Buzdar and Howell, 2001), which might be more likely in
the earlier window. This result is consistent with our earlier analysis of this cohort where the
main finding was a strong inverse association of enterolactone with age-at-B2 among high-
BMI girls that we interpreted as attenuation of the BMI-effect on breast development
(enterolactone x BMI p-interaction <.001). At the time of that analysis, the median age of
the cohort was 8.5 yrs, when the influence of BMI on development was strong. In that cross-
sectional analysis of phenols few girls had reached B2 (26%) or PH2 (18%), and we used
prevalence ratios (PR) to estimate associations (Wolff et al., 2010). In the current analysis of
girls with urinary phenols, 84% of girls had reached stage PH2 and 88% were B2. Overall,
the 2010 cross-sectional findings are similar to the longitudinal results of this paper for B2
but not PH2, possibly due to the low frequency of PH2 in the 2010 data. In models with the
2010 data for phenols as continuous variables controlling for the same covariates, the PRs
for B2 (dichotomous outcome) were the same in terms of direction and significance as those
for the HR models in Table 2 (age-at-B2), while the PRs for PH2 were null (data not
shown). Other reports have found similar associations with phthalate exposure biomarkers
and pubertal onset using cross-sectional or longitudinal data (Wolff et al., 2010; Wolff et al.,
2014; Frederiksen et al., 2012).

In a recent review, we listed evidence for fourteen chemical and physical agents that have
been associated with either earlier or later puberty as well as with altered risk for breast
cancer (Biro and Wolff, 2011). Included were polyphenols such as enterolactone and
isoflavones. We observed no associations with puberty for the two isoflavone urinary
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biomarkers genistein and daidzein in either analysis of our cohort. Others have reported
delay of breast development by phytoestrogens in smaller cross-sectional studies (Wolff et
al., 2008; Bandera et al., 2011), and dietary phytoestrogen intake has also been associated
with delayed development (Mervish et al., 2013; Cheng et al., 2010). Associations have
been reported in cross-sectional data between urinary 2,5-dichlorophenol and earlier
menarche (Buttke et al., 2012). A possible reason for not observing associations with
parabens in our adjusted models is that we measured the parent phenols but not secondary
metabolites. Although the parent parabens are exposure-specific biomarkers, they may
represent a small proportion of the metabolized agents (Wang and Kannan, 2013). Bisphenol
A urinary concentrations were quite low compared to other phenols in this cohort,
comparable to the low levels seen in most reports, which may limit power to observe
associations. Among possible limitations, there is concern about using a single biomarker
for estimation of exposures to a chemical that is short-lived in the body and possibly
episodic in nature, but we and others have shown acceptable intra-individual variability over
more than a year and excellent ranking over time (Teitelbaum et al., 2008; Engel et al .,
2014; Calafat et al., 2015).

Finally, several phenol exposures reported in this study are very common worldwide, are
elevated in children, and urinary concentrations approach levels relevant to biologic activity
in experimental models (i.e. the top quintile of four biomarkers had a median concentration
in the range of 1-5 micromolar, Table 3). If associations with phenol xenobiotics are found
that alter risk by 20% for the rather inexact outcome of pubertal onset, then perhaps larger
effects on more subtle endpoints can be expected. Intermediate links between exposure and
puberty may involve adipogenesis or thyroid action, mechanisms that can be investigated
using physiologic biomarker measurements, hormones or genetic variants, or other methods
such as molecular homology and toxicology. Cofactors such as nutrition that are relevant for
the biological action of obesogens and thyroid agonists may also be of interest for further
research on these common phenols. Consideration may also be required to more precisely
ascertain when effective exposure may occur during the trajectory of pubertal development,
as the BMI-effect may be greater at older ages for low- than high-BMI girls.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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PHENOL AGENT STRUCTURE USE or ORIGIN STRUCTURAL BIOLOGIC
ANALOGS FUNCTION
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possible mechanistic parallels for converse associations with hormonal outcomes, including

adiponectin agonists or aromatase inhibitors. (Buzdar and Howell, 2001; Okada-Iwabu et

al., 2013). In addition, enterolactone is derived from lignans and both genistein and daidzein
are isoflavone phytoestrogens mainly found in soy products and legumes.
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Fig. 2.

Adjusted Kaplan-Meier curves for age-at-B2 in relation to 15t and 5% quintiles of four
urinary phenol biomarkers. See Table 3 for details. Median concentrations for the quintiles
are shown, and the vertical lines approximate the age-at-B2 at median survival.
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2,5-DICHLORPHENOL

1st quintile,
‘\ Median 112.5 mo

Adjusted Kaplan-Meier plots of age-at-PH2 by quintiles of urinary phenol biomarkers
(adjusted for race/ethnicity and caregiver education). For enterolactone age was later (HR
for 51 vs 15t quintile = 0.81 (0.66-0.99) p trend .039); for 2,5-DCP age was earlier HR=

1.24 (0.99-1.56), p-trend .013 (Table 3).
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Fig. 4.
BMI varies considerably during puberty among lean but not heavy girls. Shown is the

median BMI-percentile for heavier (=71%ile BMI, dashed line) and leaner girls (<71%-ile
BMI, dotted line) at the B2-visit-age (integer years). The median ages-at-B2 differed by 12
months between heavier and leaner girls in this sample, estimated from Kaplan-Meier
analyses. Thus the vertical lines at 8.7 and 9.7 years are when half of the girls had reached
B2 by that age. The slight upswing in median BMI1% for leaner girls from 11-13 years of
age is similar to the rising pattern of estrogen levels found among leaner girls by Biro et al.,
2014, suggesting a reciprocal relationship between BMI and estradiol among lean girls with
later age-at-B2.
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