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a b s t r a c t

The age of pubertal onset for girls has declined over past decades. Research suggests that endocrine
disrupting chemicals (EDCs) may play a role but exposure at multiple stages of development has not
been considered. We examined in utero and peripubertal exposure to bisphenol-A (BPA) and phthalates
in relation to serum hormones and sexual maturation among females in a Mexico City birth cohort. We
measured phthalate metabolite and BPA concentrations in urine collected from mothers during their
third trimester (n¼116) and from their female children at ages 8–13 years (n¼129). Among girls, we
measured concurrent serum hormone concentrations, Tanner stages for breast and pubic hair develop-
ment, and collected information on menarche onset. We used linear and logistic regression to model
associations between in utero and peripubertal measures of exposure with hormones and sexual
maturation, respectively, controlling for covariates. An interquartile range (IQR) increase in in utero
urinary mono-2-ethylhexyl phthalate (MEHP) was positively associated with 29% (95% CI: 9.2–52.6%)
higher dehydroepiandrosterone sulfate (DHEA-S), an early indicator of adrenarche, and 5.3 (95% CI: 1.13–
24.9) times higher odds of a Tanner stage 41 for pubic hair development. Similar relationships were
observed with other in utero but not peripubertal di-2-ethylhexyl phthalate (DEHP) metabolites. IQR
increases in in utero monobenzyl phthalate (MBzP) and monoethyl phthalate (MEP) were associated
with 29% and 25% higher serum testosterone concentrations (95% CI: 4.3–59.3; 2.1–54.1), respectively. In
addition, we observed suggestive associations between in utero and peripubertal MEP concentrations
and increased odds of having undergone menarche, and between peripubertal MnBP concentrations and
increased odds of having a Tanner stage 41 for both breast and pubic hair development. BPA was not
associated with in utero or peripubertal serum hormones or sexual maturation.

Our findings suggest in utero phthalate exposure may impact hormone concentrations during
peripubescence and timing of sexual maturation. Efforts to control phthalate exposure during pregnancy
should be of high priority.
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1. Introduction

Population trends since the mid-1900s show shifts in the age of
onset and progression of puberty in both boys and girls (Aksglaede
et al., 2009; Euling et al., 2008a). There is concern that in utero and
early life exposure to endocrine disrupting compounds (EDCs),
such as bisphenol A (BPA) and phthalates, could play a role in this
shift (Euling et al., 2008b; Meeker, 2012). Early onset of puberty is
an important public health issue since it is associated with
increased risk of psychological and social issues during adoles-
cence (Short and Rosenthal, 2008), as well as metabolic (Frontini
et al., 2003), cardiovascular (Lakshman et al., 2009), and
endocrine-related diseases or cancers (Apter et al., 1989; Gail
et al., 1989; Lacey et al., 2009) in adulthood. Exposure to phtha-
lates and BPA has been hypothesized to be associated with earlier
puberty in both boys and girls (Buck Louis et al., 2008; Mouritsen
et al., 2010; Schoeters et al., 2008).

Phthalates are used in a wide range of consumer products,
resulting in ubiquitous exposure (Silva et al., 2004; Teitelbaum
et al., 2008). In humans, studies of adults have linked phthalate
exposure with altered reproductive steroid (Meeker et al., 2009;
Pan et al., 2006; Sathyanarayana et al., 2014) and thyroid (Meeker
et al., 2007; Meeker and Ferguson, 2011) hormone concentrations,
although most studies to date have focused on men. Findings from
previous studies evaluating exposure to various phthalates and
sexual maturation in girls have not been consistent. In a cross-
sectional evaluation of sexual development among 1151 U.S. girls at
6–8 years of age, exposure to low molecular weight phthalates (sum
of monoethyl phthalate (MEP), mono-n-butyl phthalate (MnBP), and
mono-isobutyl phthalate (MiBP)) was weakly associated with a
higher prevalence of breast and pubic hair development (thelarche
and pubarche, respectively), while exposure to high molecular
weight phthalates (sum of mono-2-ethyl-5-carboxypentyl phthalate
(MECPP), mono-2-ethyl-5-hydroxyhexyl phthalate (MEHHP), mono-
2-ethyl-5-oxohexyl phthalate (MEOHP), mono-2-ethylhexyl phthalate
(MEHP), monobenzyl phthalate (MBzP), and mono-3-carboxypropyl
phthalate (MCPP)) was associated with lower prevalence of pubarche
(Wolff et al., 2010). In a recent 7-year follow-up of these participants,
high molecular weight phthalate metabolites measured at enroll-
ment were again associated with later pubic hair development
(Wolff et al., 2014). In a cross-sectional study of 725 Danish girls
aged 5–19 years, girls in the highest quartiles of urinary MBzP and
MnBP plus MiBP concentrations entered pubarche at significantly
later ages compared to girls in the lowest quartiles (Frederiksen et
al., 2012). Conversely, in a study evaluating in utero exposure among
121 Australian girls, di-2-ethylhexyl phthalate (DEHP) metabolite
concentrations in maternal serum during pregnancy were asso-
ciated with earlier age of menarche in female offspring (Hart et al.,
2014). Animal and in vitro studies have demonstrated that several
phthalates and/or their metabolites are anti-androgenic (Autian,
1973; Borch et al., 2006), estrogenic (Chen et al., 2014; Harris et al.,
1997), and associated with adverse reproductive and developmen-
tal effects in males (Foster, 2006), but studies examining expo-
sure related effects in females are limited. Recently, a study of
female rats found that both neonatal and prepubertal dibutyl
phthalate (DBP) exposure were associated with earlier pubertal
onset (Hu et al., 2013).

BPA is a high production chemical used in the manufacture of
polycarbonate plastics, epoxy resins, and thermal paper, and can
be measured in the urine of almost everyone tested (Calafat et al.,
2008). Human studies evaluating adult exposure to BPA have
reported associations between exposure, serum estradiol concen-
trations, and oocyte number among women undergoing in-vitro
fertilization (Ehrlich et al., 2012; Mok-Lin et al., 2010). However, no
human studies have evaluated associations between early life
exposure to BPA and sexual maturation. In animals, in utero and

perinatal BPA exposure have been linked to early puberty onset
(Adewale et al., 2009; Maffini et al., 2006).

To date there have been limited human studies to assess
associations between EDC exposure and sexual maturation. In
addition, previous studies have been primarily cross-sectional,
although in utero exposure may play an important role in later
development. Among studies that have looked at in utero exposure
to EDCs, few have examined the impacts of exposure on the tempo
of sexual maturation in girls. We examine phthalate and BPA
exposure during two potentially sensitive developmental time
points – in utero and peripubertal – in relation to serum hormone
concentrations and physical measures of puberty, defined by
breast development, and pubarche, defined by pubic hair devel-
opment, in girls.

2. Materials and methods

2.1. Study population

Our study population comprises a subset of participants from the Early Life
Exposure in Mexico to Environmental Toxicants (ELEMENT) project, a longitudinal
cohort study of pregnant women recruited from maternity hospitals in Mexico City
and their offspring. Our analysis includes women from the second and third of
three sequentially enrolled cohorts who were recruited from 1997 to 2004 during
their first trimester. Mothers were followed throughout pregnancy, and both
mothers and offspring were followed through postnatal visits as previously
described (Lewis et al., 2013). During their third trimester, mothers provided a
urine sample and completed interview-based questionnaires. In 2010, a subset of
male and female child participants, who were now 8–13 years of age, were re-
contacted to participate in follow-up studies (n¼250), and subsequently provided
spot urine samples, serum samples, anthropometry, and completed an interview-
based questionnaire. In the present analysis we included 132 female children who
had urinary phthalate metabolite and BPA measurements from their urine sample
collected at follow-up (n¼129) and/or their mother's urine sample collected during
her third trimester (n¼116). Urine samples were available from both in utero and
peripubertal time points for 113 mother/female child pairs. One participant who
did not have serum hormone measurements was only included in the sexual
maturation analyses. Research protocols were approved by the ethics and research
committees of the Mexico National Institute of Public Health and the University of
Michigan, and all participants provided informed consent prior to enrollment.

2.2. Urinary phthalate metabolites and BPA

Each mother provided a spot urine sample during her third trimester of
pregnancy study visit as a measure of in utero exposure to the child, and each
female child provided a spot urine sample during a follow-up study visit at 8–13
years of age as a measure of peripubertal exposure. Samples were collected in
commercially available urine containers, frozen at �80 1C, and analyzed at NSF
International (Ann Arbor, MI). Total (freeþglucuronidated) BPA and nine phthalate
metabolites, comprising MEP, MnBP, MiBP, MBzP, MCPP, MEHP, MEHHP, MEOHP,
and MECPP were measured in urine using isotope dilution–liquid chromatography–
tandem mass spectrometry (ID–LC–MS/MS) as previously described (Lewis et al.,
2013). Specific gravity (SG) was measured using a handheld digital refractometer
(Atago Co., Ltd., Tokyo, Japan) at the time of sample analysis. Values below the limit
of detection (LOD) were replaced with the LOD/√2 (Hornung and Reed, 1990).

2.3. Hormones

We measured total estradiol, total testosterone, inhibin B, and sex hormone-
binding globulin (SHBG) as biomarkers of puberty and breast development, and
dehydroepiandrosterone sulfate (DHEA-S) as a biomarker of adrenarche and pubic
hair development. We collected fasting serum samples from children during
follow-up visits at 8–13 years of age. Samples were sent to the Clinical Ligand
Assay Service Satellite (CLASS) Laboratory at the University of Michigan (Ann Arbor,
MI) for hormone analysis. DHEA-S, estradiol, SHBG, and total testosterone (Total T)
were measured using an automated chemiluminescent immunoassay (Bayer
Diagnostics ACS:180). Active inhibin B was assayed using Gen II ELISA (Beckman
Coulter, Webster, TX). Values below the limit of detection (LOD) were replaced with
the LOD/√2.
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2.4. Sexual maturation

We used Tanner staging as a measure of sexual maturation, where stage
1 indicates no development and stage 5 indicates full development (Marshall and
Tanner, 1969). Each child was examined according to a standardized protocol by a
trained pediatrician, who assessed Tanner stages in girls for puberty, as defined by
breast development, and pubarche, as defined by pubic hair growth. We also asked
girls if they had started having their period (menarche), using the interview-based
questionnaire.

2.5. Covariates

Trained staff measured each child's height and weight according to standard
protocols (Lohman et al., 1988), and we calculated age-specific BMI Z-scores based
on the World Health Organization child reference curves for age and sex (WHO,
2007). We collected information on child age and demographics via questionnaire.

2.6. Statistical methods

We calculated Spearman rank correlations among serum hormone concentra-
tions to account for outliers in non-transformed data. Serum hormone and urinary
phthalate metabolites and BPA were log-normally distributed, and were ln-
transformed prior to regression analyses.

We used linear regression to assess associations between ln-transformed
serum hormone concentrations and ln-transformed urinary phthalate metabolite
and BPA concentrations. Age and BMI Z-score were included in all models as
potential confounders, while urinary specific gravity was included to adjust for
urine dilution. We also created exposure categories by first correcting urinary
phthalate metabolite and BPA values for specific gravity using the following
equation: Pc¼P[(SGp�1)/(SGi�1)] where Pc is the SG-corrected phthalate meta-
bolite or BPA concentration (ng/mL), P is the measured phthalate metabolite or BPA
concentration, SGp is the median urinary specific gravity (mothers¼1.013,
girls¼1.017), and SGi is the individual's urinary specific gravity. SG-corrected
concentrations were then divided into tertiles and entered into models as
categorical predictors of ln-transformed serum hormone concentrations. Results
are presented as the percent change in hormone (95% confidence interval) per
interquartile range (IQR) increase for continuous predictors or compared to the
reference group for categorical predictors. We calculated p for trend by entering
phthalate or BPA tertile variables into models as continuous predictors. As a
sensitivity analysis, we restricted the above analyses to girls that had not yet
undergone menarche.

We used logistic regression to examine associations between urinary phthalate
metabolite or BPA concentrations and the odds of pubertal onset, defined by having
a Tanner stage 41 for breast development or self-report of having undergone
menarche, and the odds of pubarche, defined by having a Tanner stage 41 for
pubic hair development. Natural log-transformed metabolite concentrations were
entered into models as continuous predictors while controlling for age, BMI
Z-score, and urinary specific gravity. Results are presented as odds ratios (OR,
95% confidence interval), which express the change in odds of pubertal onset per
IQR increase in markers of exposure. All analyses were performed using SAS
version 9.3 (Cary, NC). Due to our relatively small sample size and the exploratory
nature of this analysis, we considered findings as statistically significant at pr0.05
and suggestive at pr0.10.

3. Results

3.1. Distributions and correlations

Distributions of serum hormone concentrations are presented
in Supplementary Table S1; geometric mean concentrations were
all within the normal range for this age group (Gardner and
Shoback, 2011). Consistent with typical hormonal changes during
puberty, girls who had undergone menarche (n¼30) had higher
serum estradiol, testosterone, DHEA-S, and inhibin B concentra-
tions, and lower serum SHBG concentrations, compared to girls
who had not (n¼101). Similarly, serum hormone concentrations
were correlated with one another in patterns that varied by
menarche status (Supplementary Table S2). Particularly among
participants that had not yet undergone menarche, estradiol,
inhibin B, and DHEA-S tended to be moderately and positively
correlated with one another, while SHBG was negatively correlated
with DHEA-S. With the exception of MEP, geometric mean con-
centrations of urinary phthalate metabolites and BPA in maternal

urine samples were lower than concentrations in peripubertal
urine samples (Table 1).

3.2. Covariates

Age was positively associated with serum estradiol, testoster-
one, DHEA-S, and inhibin B concentrations (Supplementary Table
S3), as well as increased odds of having a Tanner stage 41 for
either breast or pubic hair development or having undergone
menarche (Supplementary Table S4). BMI Z-score and age were
both negatively associated with serum SHBG concentrations, while
BMI Z-score was also negatively associated with inhibin B con-
centrations (Supplementary Table S3).

3.3. In utero phthalates, BPA and peripubertal hormones

An IQR increase in in utero, ln-transformed urinary MEHP
concentration was associated with a 29% (95% CI: 9%, 53%) increase
in DHEA-S concentration measured at 8–13 years, adjusting for
age, BMI Z-score, and urinary specific gravity (Table 2). Similar
associations were observed between in utero measurements of
other DEHP metabolites (MECPP, MEHHP, and MEOHP) and peri-
pubertal levels of DHEA-S. When we considered tertiles of SG-
corrected in utero urinary DEHP metabolites, we observed similar
positive associations with peripubertal DHEA-S (Fig. 1). In utero
MEHP and MECPP concentrations were also both positively asso-
ciated with serum inhibin B concentrations (Table 2, Fig. 1).

In utero MBzP and MEP concentrations were positively asso-
ciated with testosterone after adjustment for covariates. For
example, an IQR increase in in utero MBzP was associated with a
29% (95% CI: 4%, 59%) increase in serum testosterone concentra-
tions, and categorical analyses showed a monotonic increase in
testosterone by tertile of urinary MBzP (p for trend¼0.007)
(Fig. 2).

Urinary phthalate metabolite concentrations measured during
the mother's third trimester were not associated with peripubertal

Table 1
Distribution of maternal (in utero exposure) and peripubertal urinary phthalate
metabolites and BPA (mg/L, not adjusted for urine dilution).

LOD GM 5th 25th 50th 75th 95th

In utero (n¼116)
MEHP 1.0 5.0 o1.0 2.52 5.63 9.50 30.1
MEHHP 0.1 19.1 3.49 9.13 22.7 37.5 96.7
MEOHP 0.1 11.6 2.45 5.80 13.25 24.7 56.1
MECPP 0.2 30.9 6.12 15.1 35.4 58.1 138
MBzP 0.2 4.1 0.95 2.22 3.67 7.04 29.6
MnBP 0.5 54.3 7.06 26.4 54.2 119 606
MiBP 0.2 2.0 0.34 0.96 2.01 3.62 12.6
MCPP 0.2 1.0 o0.2 0.50 1.07 1.93 6.55
MEP 1.0 114 9.12 40.8 116 242 1900
BPA 0.4 0.78 o0.4 o0.4 0.70 1.42 4.06

Peripubertal (n¼129)
MEHP 1.0 5.8 o1.0 3.55 5.49 11.4 19.4
MEHHP 0.1 45.4 11.4 23.9 46.1 86.6 189
MEOHP 0.1 20.0 4.78 11.6 20.3 39 84.5
MECPP 0.2 61.8 14.8 36 67.1 111 213
MBzP 0.2 5.8 1.21 3.36 5.82 10.8 23.5
MnBP 0.5 108 18.3 59.4 109 224 615
MiBP 0.2 10.9 2.85 5.93 11.7 19.1 45
MCPP 0.2 2.2 0.44 1.06 2.45 3.93 13.7
MEP 1.0 97.5 15 32.2 82.9 243 1230
BPA 0.4 1.2 o0.4 0.583 1.3 2.57 5.82

LOD, limit of detection; GM, geometric mean.
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measures of serum estradiol or SHBG. In utero BPA measurements
were not associated with any peripubertal hormone concentrations.

3.4. Cross-sectional associations between peripubertal phthalates,
BPA and hormones

An IQR increase in urinary MBzP concentrations measured at 8–
13 years of age was associated with 14% (95% CI: 3%, 28%) higher
concurrently measured serum SHBG concentrations (Table 2). We
found a suggestive, but not statistically significant, positive relation-
ship between peripubertal MiBP and estradiol concentrations
(Table 2). Peripubertal measures of urinary phthalate metabolites
were not associated with concurrent serum testosterone, DHEA-S, or
inhibin B concentrations, and peripubertal BPA concentrations were
not associated with any concurrent serum hormone measurements.

3.5. Sensitivity analyses

Twenty of the 115 participants with in utero phthalate meta-
bolite and BPA measurements (17%) and 30 of the 128 participants
with peripubertal phthalate metabolite and BPA measurements
(23%) had undergone menarche. In sensitivity analyses we
restricted the hormone analysis to girls that had not yet under-
gone menarche, and our results did not materially change
(Supplementary Table S5).

3.6. Phthalates and BPA as predictors of sexual maturation

Forty-five girls had a Tanner stage 41 for breast development,
while 34 had a Tanner stage 41 for pubic hair development. An
IQR increase in in utero MEHP concentration was associated with
5.3 (95% CI: 1.13, 24.9) times higher odds of having a Tanner stage
41 for pubic hair development after adjustment for age, BMI Z-
score, and specific gravity (Table 3).

We observed suggestive associations between both in utero and
peripubertal MEP concentrations and increased odds of having
undergone menarche (Table 3). Suggestive associations were also

observed between peripubertal MnBP concentrations and increased
odds of having a Tanner stage 41 for both breast and pubic hair
development (Table 3). In utero BPA, peripubertal BPA, and peripu-
bertal DEHP metabolite measurements were not associated with
menarche status, breast development, or pubic hair development.

4. Discussion

To our knowledge, this is the first study to evaluate associations
of urinary phthalate metabolite and BPA concentrations measured
both during in utero development and peripubescence, with
hormone levels and measures of sexual maturation in girls. We
found that in utero measures of DEHP exposure were associated
with increased DHEA-S concentrations and increased odds of
pubic hair development, or pubarche, among girls 8–13 years of
age. DHEA-S is an adrenal hormone and an important indirect
precursor to both testosterone and estrogen. The rise in DHEA-S
and other androgens (adrenarche) is a precursor to pubarche, and
both processes are controlled by the hypothalamic–pituitary–
adrenal axis. Although puberty, defined by breast development
and reproductive maturity, is controlled by the distinctly separate
hypothalamic–pituitary–gonadal axis, adrenarche usually occurs
approximately 1–3 years prior to pubertal onset. We also found an
association between in utero measures of MBzP and increased
peripubertal testosterone, an indication of pubertal onset. In
contrast, we observed a positive association between concurrent
measures of MBzP and SHBG, which typically decreases during
puberty. Despite changing hormone profiles during peripubes-
cence, associations between markers of exposure and hormone
concentrations were unchanged when we restricted analyses to
girls that had not yet undergone menarche. Overall, these findings
suggest that in utero exposure to DEHP and possibly butylbenzyl
phthalate (BBzP and MBzP parent compound) may lead to earlier
onset of adrenarche and puberty, relationships that may not be
detected when measuring concurrent exposure.

Table 2
Percent change in ln-transformed hormone per IQR increase in urinary phthalate metabolite or BPA, adjusted for age, BMI Z-score, and specific gravity.

ln Estradiol ln Testosterone ln SHBG ln DHEA-S ln Inhibin B

%
Change

95% CI p-
value

%
Change

95% CI p-
value

%
Change

95% CI p-
value

%
Change

95% CI p-
value

%
Change

95% CI p-
value

In utero measures of urinary BPA and phthalate metabolites (n¼115)
ln MEHP 10.0 �4.5, 26.6 0.19 �7.2 �28.1, 19.9 0.57 �5.4 �15.7, 6.0 0.33 29.1 9.2, 52.6 0.003 22.5 0.9, 48.7 0.04
ln MEHHP 8.3 �6.1, 24.9 0.27 3.3 �20.2, 33.8 0.80 �3.2 �13.8, 8.7 0.58 19.2 0.3, 41.6 0.05 17.3 �3.7, 42.8 0.11
ln MEOHP 8.6 �6.4, 25.9 0.28 4.6 �20.1, 36.9 0.74 �4.8 �15.6, 7.4 0.42 23.5 3.3, 47.6 0.02 18.4 �3.6, 45.3 0.11
ln MECPP 11.8 �3.4, 29.3 0.13 0.4 �23.0, 30.9 0.98 �4.5 �15.1, 7.5 0.44 24.1 4.2, 47.9 0.02 22.5 0.3, 49.7 0.05
ln MBzP �2.7 �13.8, 9.7 0.65 28.9 4.3, 59.3 0.02 �1.7 �10.8, 8.4 0.73 0.0 �13.7, 15.9 1.00 0.4 �15.1, 18.6 0.97
ln MnBP 0.6 �12.0, 15.0 0.93 12.4 �11.6, 42.8 0.34 �1.4 �11.4, 9.9 0.80 18.8 1.2, 39.4 0.04 �1.7 �18.4, 18.3 0.85
ln MiBP 6.9 �7.0, 23.0 0.34 17.4 �8.6, 50.8 0.21 �0.4 �11.0, 11.5 0.95 19.5 1.0, 41.3 0.04 4.5 �13.9, 26.9 0.65
ln MCPP 3.6 �11.0, 20.6 0.65 7.0 �18.6, 40.7 0.62 �3.2 �14.4, 9.4 0.60 21.5 1.2, 45.8 0.04 12.1 �9.1, 38.3 0.28
ln MEP 1.1 �10.0, 13.6 0.85 25.5 2.1, 54.1 0.03 �4.1 �12.6, 5.4 0.38 10.8 �3.8, 27.6 0.15 7.9 �8.1, 26.8 0.35
ln BPA �4.4 �26.0, 23.5 0.73 2.0 �35.7, 61.8 0.93 �7.1 �24.4, 14.2 0.48 20.9 �11.4, 65.1 0.23 6.5 �25.3, 52.0 0.72

Peripubertal measures of urinary BPA and phthalate metabolites (n¼128)
ln MEHP �0.3 �13.3, 14.6 0.96 �4.1 �24.2, 21.4 0.73 2.7 �8.4, 15.3 0.64 �1.8 �16.6, 15.7 0.83 �0.7 �18.3, 20.7 0.94
ln MEHHP 4.5 �10.9, 22.5 0.59 4.8 �19.9, 37.2 0.73 2.6 �10.1, 17.0 0.70 �11.2 �26.3, 6.9 0.21 2.4 �18.1, 28.0 0.83
ln MEOHP 6.2 �8.7, 23.6 0.43 5.0 �18.7, 35.5 0.71 4.3 �7.9, 18.2 0.50 �10.1 �24.6, 7.3 0.24 8.6 �12.1, 34.2 0.44
ln MECPP 5.9 �8.7, 22.9 0.45 �10.0 �30.0, 15.7 0.41 3.6 �8.4, 17.1 0.57 �11.9 �25.9, 4.8 0.15 1.6 �17.5, 25.2 0.88
ln MBzP 3.3 �9.8, 18.2 0.64 15.7 �7.8, 45.2 0.21 14.4 2.6, 27.6 0.02 �10.6 �23.6, 4.7 0.16 1.4 �16.1, 22.5 0.89
ln MnBP 2.6 �10.5, 17.7 0.71 0.8 �20.0, 26.9 0.95 4.2 �6.9, 16.7 0.47 �3.3 �17.7, 13.5 0.68 �7.7 �23.7, 11.8 0.41
ln MiBP 14.2 �1.3, 32.2 0.07 7.5 �16.2, 37.9 0.57 4.9 �7.1, 18.5 0.44 �2.2 �17.7, 16.4 0.80 �2.7 �20.9, 19.7 0.79
ln MCPP �2.5 �15.0, 11.8 0.71 �10.1 �28.6, 13.2 0.36 9.2 �2.3, 22.1 0.12 �7.2 �20.9, 8.9 0.36 �7.0 �23.2, 12.6 0.45
ln MEP �3.8 �16.0, 10.1 0.57 17.0 �6.6, 46.7 0.17 3.8 �7.1, 16.0 0.50 �8.8 �22.1, 6.8 0.25 �14.0 �28.6, 3.7 0.11
ln BPA �5.0 �19.6, 12.2 0.54 10.7 �16.4, 46.7 0.47 �3.2 �15.6, 11.1 0.65 �1.9 �19.3, 19.3 0.85 15.9 �8.1, 46.2 0.21

CI, confidence interval.
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4.1. Comparisons with other studies

Overall, in utero and peripubertal metabolite concentrations in
our study population were similar to those previously reported in a
subset of our participants (Lewis et al., 2013). Comparisons of urinary
phthalate metabolite and BPA concentrations found in this

population have already been made with participants in the National
Health and Nutrition Examination Survey (NHANES) and other
similar populations (Lewis et al., 2013). Briefly, MEHP and MnBP
concentrations were higher in maternal urine samples from our
population (in utero exposure) than among adult female NHANES
participants during the same time period (1999–2004), while MBzP,

Fig. 1. Percent differences in serum hormone concentrations within the 2nd and 3rd tertiles of SG-corrected urinary DEHP metabolites compared to the 1st tertile adjusted
for age and age-specific BMI Z-score: A) in utero DEHP metabolites and peripubertal DHEA-S; B) peripubertal DEHP metabolites and DHEA-S C) in utero DEHP metabolites and
peripubertal inhibin B; D) peripubertal DEHP metabolites and inhibin B. p for trend: Panel A: MEHP¼0.018; MEHHP¼0.044; MEOHP¼0.13; MECPP¼0.059, Panel B:
MEHP¼0.69; MEHHP¼0.35; MEOHP¼0.27; MECPP¼0.27, Panel C: MEHP¼0.12; MEHHP¼0.21; MEOHP¼0.051; MECPP¼0.016, and Panel D: MEHP¼0.62; MEHHP¼0.22;
MEOHP¼0.84; MECPP¼0.27.

Fig. 2. Percent differences in serum hormone concentrations within the 2nd and 3rd tertiles of SG-corrected urinary MBzP and MEP concentrations compared to the 1st
tertile adjusted for age and age-specific BMI Z-score: A) in utero MBzP or MEP and peripubertal testosterone; B) peripubertal MBzP or MEP and testosterone. p for trend:
Panel A: MBzP¼0.007; MEP¼0.018 and Panel B: MBzP¼0.93; MEP¼0.15.
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MiBP, and MCPP concentrations were lower (CDC, 2013). Maternal
DEHP metabolite and MCPP concentrations were similar to those
reported in pregnant women in Israel, although women in the
current study had higher MnBP and lower MiBP and MEP concen-
trations (Berman et al., 2009). Maternal urinary BPA concentrations
were lower than those reported in pregnant Spanish women (Casas
et al., 2011), and adult female NHANES participants (CDC, 2013).
Compared to boys and girls ages 6–11 years participating in NHANES
2009–2010, female child participants in the current study had higher
urinary concentrations of DEHP metabolites, MnBP, and MEP, but
lower concentrations of MBzP and BPA (CDC, 2013).

In the only prior study to evaluate associations between in
utero phthalate exposure and sexual maturation in girls, investi-
gators reported that DEHP metabolite concentrations in maternal
serum during pregnancy were associated with earlier age of
menarche in female offspring reported at 14–16 years of age
(Hart et al., 2014). Although we did not observe an association
between in utero phthalate exposure and earlier age of menarche,
we found that DEHP metabolites were associated with earlier age
of adrenarche and pubarche. This difference may be explained by
the age of participants included in each study, since our study
population was 8–13 years of age, while the population studied by
Hart et al. was older and all participants had already undergone
menarche.

In a large cross-sectional study in the U.S., Wolff et al. (2010)
investigated associations between EDC exposures and sexual
maturation among 1151 girls aged 6–8 years with phthalate
exposures similar to those reported here. The authors reported
suggestive associations between the sum of urinary low molecular
weight phthalate metabolites (MEP, MnBP, and MiBP) and earlier
breast and pubic hair development measured one year later. This
finding is similar to the suggestive associations we observed
between peripubertal MEP and menarche, as well as peripubertal
MnBP and breast and pubic hair development, indicating con-
current exposure to these compounds may be related to earlier
pubertal onset and adrenarche. Conversely, Wolff et al. also

reported a significant negative association between high molecu-
lar weight phthalate metabolites (MECPP, MEHHP, MEOHP, MEHP,
MBzP, and MCPP) and prevalence of pubic hair development,
suggesting delayed adrenarche. In a recent follow-up of these
participants, high molecular weight phthalate metabolites mea-
sured at baseline (age 6–8 years) were again associated with later
pubic hair development over 7 years of observation (Wolff et al.,
2014). However, urinary phthalate metabolites were only mea-
sured at one point in time during early childhood, limiting the
authors' ability to account for in utero or concurrent exposure. We
did not observe similar associations between peripubertal DEHP
metabolites (components of the high molecular weight summary
measure by Wolff et al.) and either hormones or measures of
sexual maturation in our study population.

A cross-sectional study of 725 Danish girls at ages ranging from
6 to 19 years also examined associations between phthalate
exposure and sexual maturation (Frederiksen et al., 2012). This
study population had similar median DEHP metabolite concentra-
tions, but higher MiBP and MBzP, and lower MEP and MnBP
concentrations compared to our population. Researchers reported
that girls in the highest MBP (MnBPþMiBP) and MBzP quartiles
entered stage 2 of pubic hair development at a higher age
compared to those in the lowest quartiles, suggesting that expo-
sure is related to delayed adrenarche. However, they did not detect
associations between phthalate exposure and serum hormones or
breast development. This is in contrast to our findings, as we
observed positive, albeit only suggestive, associations between
peripubertal MnBP and the odds of having a Tanner stage 41 for
both breast and pubic hair development adjusting for age, sug-
gesting that exposure is related to earlier pubertal onset and
adrenarche.

A subset of 84 participants from the Danish study, comprised of
girls aged 6–13 years at first examination, was followed for five
years to examine longitudinal relationships between phthalate
exposure and sexual maturation (Mouritsen et al., 2013). Investi-
gators calculated geometric mean (GM) phthalate metabolite

Table 3
Change in t;he odds of having a Tanner stage >1 or having undergone menarche per IQR increase in ln-transformed urinary phthalate metabolite or BPA concentrations
adjusted for age, BMI Z-score, and specific gravity.

Menarche Breast development Pubic hair development

OR 95% CI p-value OR 95% CI p-value OR 95% CI p-value

In utero urinary metabolite measurements (n¼116)
ln MEHP 0.91 0.31, 2.73 0.87 0.86 0.34, 2.19 0.75 5.30 1.13, 24.95 0.03
ln MEHHP 1.62 0.54, 4.81 0.39 0.66 0.29, 1.54 0.34 2.66 0.80, 8.82 0.11
ln MEOHP 1.55 0.52, 4.63 0.43 0.73 0.31, 1.74 0.48 2.31 0.73, 7.31 0.16
ln MECPP 1.54 0.52, 4.57 0.43 0.76 0.32, 1.82 0.54 2.25 0.70, 7.17 0.17
ln MBzP 0.89 0.33, 2.38 0.82 1.88 0.82, 4.30 0.13 1.60 0.50, 5.06 0.43
ln MnBP 0.92 0.32, 2.62 0.87 0.97 0.42, 2.25 0.94 1.92 0.61, 6.04 0.26
ln MiBP 0.42 0.12, 1.50 0.18 0.70 0.25, 1.95 0.49 1.52 0.33, 6.89 0.59
ln MCPP 1.07 0.31, 3.68 0.91 1.26 0.46, 3.47 0.66 2.05 0.53, 7.92 0.30
ln MEP 2.66 0.91, 7.76 0.07 1.06 0.48, 2.35 0.89 2.02 0.72, 5.65 0.18
ln BPA 0.35 0.06, 2.18 0.26 2.04 0.39, 10.79 0.40 1.15 0.13, 10.38 0.90

Peripubertal measures urinary metabolites (n¼129)
ln MEHP 0.52 0.20, 1.34 0.18 1.37 0.55, 3.41 0.51 1.13 0.38, 3.37 0.83
ln MEHHP 1.32 0.45, 3.85 0.61 1.74 0.63, 4.85 0.29 1.41 0.36, 5.47 0.62
ln MEOHP 1.48 0.52 0.46 1.63 0.63, 4.24 0.32 1.39 0.39, 4.89 0.61
ln MECPP 1.22 0.44, 3.33 0.70 1.45 0.57, 3.69 0.43 1.22 0.35, 4.23 0.76
ln MBzP 2.80 0.86, 9.13 0.09 1.58 0.61, 4.06 0.35 3.13 0.70, 13.97 0.14
ln MnBP 1.21 0.47, 3.16 0.69 2.41 0.95, 6.06 0.06 2.64 0.85, 8.23 0.09
ln MiBP 1.31 0.37, 4.57 0.67 1.74 0.62, 4.83 0.29 2.45 0.57, 10.40 0.23
ln MCPP 0.95 0.37, 2.42 0.91 1.48 0.69, 3.18 0.31 1.63 0.62, 4.31 0.32
ln MEP 2.58 0.90, 7.39 0.08 1.55 0.60, 3.97 0.36 1.91 0.59, 6.21 0.28
ln BPA 0.44 0.14, 1.36 0.16 0.99 0.33, 2.96 0.99 0.68 0.20, 2.33 0.54

OR, odds ratio; CI, confidence interval.
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concentrations from urine samples repeatedly collected six
months apart for each individual as well as GMs for the study
population. They reported that girls whose individual MBP
(MnBPþMiBP) GM was above the group GM had lower levels of
DHEA-S at 13 years of age (n¼33), but not at 10 years of age
(n¼47). Since increased DHEA-S is a precursor to pubic hair
development, these findings are consistent with the larger Danish
study in which the highest quartile of MBP was associated with
delayed pubic hair development among girls (Frederiksen et al.,
2012).

However, since the associations with peripubertal exposure
measured in the current study and reported by Wolff et al. and
Frederiksen et al. are cross-sectional, reverse causation cannot be
ruled out. For example, the observed association in the present
study between peripubertal MEP concentrations and increased
odds of having undergone menarche could instead be a result of
increased use of personal care products that may contain DEP, the
MEP parent compound, such as lotions, deodorants, cosmetics, or
hair products, among girls that had already undergone menarche.
In contrast, when we considered in utero phthalate exposure, we
observed positive, much stronger associations, particularly
between DEHP metabolites and both DHEA-S concentrations and
pubic hair development.

4.2. Possible mechanisms

During in utero development the fetus is especially susceptible
to environmental exposures, which can potentially lead to adverse
health effects during childhood, adolescence, and adulthood. The
mechanism by which in utero phthalate exposure may specifically
impact sexual maturation, including adrenarche, in girls is
unknown. A recent study in male rats demonstrated that in utero
DEHP exposure was associated with a number of changes in gene
expression in the adrenal gland of prepubertal and adult rats
(Martinez-Arguelles et al., 2014) suggesting epigenetic changes.
However, in a similar study aldosterone, an adrenal hormone,
decreased among males and increased among females after in
utero DEHP exposure, so it is uncertain whether effects seen in
males are relevant to females (Martinez-Arguelles et al., 2013).

Regarding peripubertal exposure, evidence from a recent cross-
sectional study suggests that phthalate exposure may affect
secretion of kisspeptin (Chen et al., 2013), a neuropeptide thought
to initiate puberty. The authors reported that urinary MMP, MBzP,
and MnBP concentrations were associated with serum kisspeptin
concentrations, which was also positively associated with increas-
ing developmental phases of central precocious puberty among
girls 2.5–11.5 years of age. These findings are consistent with
observations from the current study, including suggestive associa-
tions between increased odds of having undergone menarche and
concurrently measured MBzP, and between increased odds of
breast or pubic hair development and concurrently measured
MnBP. These findings suggest that future studies should further
investigate potential links between phthalate exposure during
sensitive developmental time points, kisspeptin secretion, and
early onset of puberty.

Comparison of our findings to the animal literature is difficult
as there are conflicting findings regarding phthalate exposure and
sexual maturation. In a study of prepubertal rats, researchers
observed accelerated puberty, as determined by early vaginal
opening and first estrous cycle, and significantly increased cho-
lesterol, luteinizing hormone (LH) and estradiol after exposure to
DEHP via inhalation (Ma et al., 2006). The authors suggested that
DEHP may induce LH secretion by the pituitary, altering pubertal
development. Interestingly, kisspeptin secretion is thought to
induce LH release, suggesting a potential link with the mechanism
from the human study discussed above. However, Ma et al. did not

evaluate in utero exposure, and in a study of female rats with in
utero and lactational DEHP exposure via gavage, researchers
observed delayed vaginal opening and first estrous (Grande
et al., 2006). This contrast highlights the potential importance of
the timing, as well as other aspects of exposure such as route,
concentration, and dose regimen.

4.3. Strengths and limitations

A limitation of this study is that we only measured in utero
phthalate metabolite and BPA concentrations at one time point in
pregnancy, during the third trimester. Because urinary phthalates
metabolites and BPA can vary significantly during pregnancy (Braun
et al., 2012; Cantonwine et al., 2014; Meeker et al., 2013), one spot
urine may not adequately reflect in utero exposure. This is particularly
important if sensitive windows of exposure for reproductive develop-
ment occur earlier in pregnancy. In addition, the urine containers used
to collect maternal samples in this study were not specified as
phthalate or BPA free so sample contamination cannot be ruled out,
although typical urine containers have not been found to contain
these compounds. The peripubertal urine samples were collected
using the same polypropylene tubes used by the CDC NHANES, which
have been tested for phthalate and BPA contamination. We also
measured oxidative phthalate metabolites (MEHHP, MEOHP, and
MECPP) which can only be formed by enzymatic reactions and are
not potential contaminants.

Hormone concentrations among post-menarcheal girls were
also likely influenced by menstrual cycle phase at the time of
sample collection, potentially leading to outcome misclassification
among this group. However, when we restricted our analyses to
pre-menarcheal girls our associations between markers of expo-
sure and serum hormone concentrations did not materially
change. We also measured serum hormones using standardized
immunoassays rather than the gold standard LC/MS–MS due to
budget constraints. In addition, we measured total hormone
concentrations rather than the free hormone fractions which
may be more biologically relevant. Relationships between free
hormone concentrations and female sexual maturation should be
considered in future studies.

We did not have information on the girls' diet, a potential
confounder since diet may be associated with BPA and phthalate
exposure as well as timing of pubertal onset. The cross-sectional
design of our peripubertal analysis is also a limitation, since
multiple measurements during the pubertal transition to assess
longitudinal associations would be ideal. As a result of the
exploratory nature of these analyses, we also made a large number
of comparisons, increasing the likelihood of chance of significant
findings. An additional limitation is our relatively small sample
size, which resulted in substantial imprecision in some instances.
Only 30 girls in our study population had undergone menarche,
limiting our ability to assess associations within this subgroup. Our
future work is designed to address some of these limitations to
build on the compelling findings presented here.

The present study also has a number of strengths. We mea-
sured exposure both in utero and during peripubescence, and as a
result were able to compare changes in sexual maturation related
to exposure during the two developmental time points. To our
knowledge this is the first study to assess sexual maturation in
relation to both in utero and peripubertal phthalate and BPA
exposure, as most previous studies were either limited to cross-
sectional analyses or were not able to examine in utero exposure.
Our findings suggest that in utero exposure to phthalates may be
an important factor in female sexual maturation and that more
research is necessary to identify sensitive windows of exposure
during pregnancy.
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4.4. Conclusion

Our findings suggest that exposure to phthalates during in utero
development may impact circulating levels of sex hormones during
peripubescence as well as the timing of sexual maturation in girls. We
did not observe similar associations when looking at concurrent
measures of exposure, suggesting that EDC exposure during sensitive
windows of in utero development may have differential impacts on
female sexual maturation. Our work also indicates that although
efforts have been made to reduce phthalate and BPA exposure among
infants and children, efforts to control phthalate exposure during
pregnancy should also be of high priority.
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