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Abstract

Phthalates and BPA are known endocrine disruptors and exposure in pregnant mothers and
children is ubiquitous. We explored the relationship of prenatal and childhood exposures with
pubertal onset and sex hormones in boys (ages 8-14). Phthalate metabolites and BPA were
measured in maternal 3" trimester or childhood urine. Sex hormones DHEAS, estradiol, inhibin
B, SHBG, and total testosterone were measured in serum. Adrenarche and puberty were assessed
by pediatrician. Prenatal exposure to some phthalates was associated with decreased DHEAS and
inhibin B levels, and with increased SHBG. Prenatal exposure to most phthalates and BPA was
associated with greatly reduced odds of adrenarche (odds ratios [OR] = 0.12 to 0.65) and slightly
reduced odds of puberty (OR = 0.50 to 0.98). Childhood exposure was not associated with
adrenarche or puberty, but some phthalates and BPA were associated with increased SHBG levels
and decreased total and free testosterone levels.
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1. Introduction

Phthalates and bisphenol A (BPA) are high production chemicals used in a wide variety of
consumer products. Ubiquity in the environment leads to human exposure via ingestion of
contaminated food and drinking water, dermal absorption, and inhalation of contaminated
air.1'2 Hence, phthalate metabolites and BPA are highly detectable in urine samples of men,
women, and children worldwide.34

Both phthalates and BPA are classified as endocrine disruptors because of their ability to
disrupt hormone action through anti-androgenic and estrogenic mechanisms, respectively.>
A number of studies have examined the relationship between exposure to these compounds
and sex hormone levels in adult males.6 Recently the effects in preghant women have
received increased attention because of the potential consequences on child development.”
However, few studies have measured associations in children, and none have examined the
impact of prenatal exposures on sex hormone levels and timing of puberty. Therefore, our
objective was to examine the association between prenatal exposure to phthalate metabolites
and BPA, measured in maternal urine collected during the 3" trimester of pregnancy, and
sex hormone levels as well as the development of secondary sex characteristics in boys aged
8 to 14 years. Additionally, we examined the cross-sectional associations between exposures
measured in urine from boys at the same time as outcomes were assessed, which has not
been done previously for BPA.

2. Methods
2.1. Study population

Participants were selected from three cohorts of pregnant women originally recruited as part
of the Early Life Exposure in Mexico to Environmental Toxicants (ELEMENT) project.8-10
Recruitment differed slightly by cohort, however most of the study participants were
recruited during 3™ trimester prenatal visits at either maternity hospitals or the Mexican
Institute of Social Security in Mexico City from 1994 to 2004.%-10 Women were followed
throughout pregnancy and participated in postnatal visits, completing interview-
administered questionnaires and anthropometry, and providing biological samples. Research
protocols were approved by participating institutions (Mexico National Institute of Public
Health, National Institute of Perinatology, University of Michigan). In 2010, under the
University of Michigan Formative Children’s Environmental Health and Disease Prevention
Center, a subset of children (N=250) born to these mothers were recontacted via primary
caregivers and asked to participate in a follow-up study. Children who enrolled provided
urine and blood samples, questionnaires, anthropometry, and physician-assessed Tanner
stages for secondary sex characteristics. In the present analysis we included 118 boys who
had at least one urine sample available for exposure measurement, either from the mother
during the third trimester of pregnancy (N=107) or from the child himself at the time of
hormone measurement and Tanner staging (N=113).

2.2. Exposure assessment

Nine phthalate metabolites, including mono-(2-ethylhexyl) phthalate (MEHP), mono-(2-
ethyl-5-hydroxyhexyl) phthalate (MEHHP), mono-(2-ethyl-5-oxohexyl) phthalate
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(MEOHP), mono-(2-ethyl-5-carboxypentyl) phthalate (MECPP), mono-benzyl phthalate
(MBzP), mono-n-butyl phthalate (MBP), mono-isobutyl phthalate (MiBP), mono-ethyl
phthalate (MEP), and mono-carboxypropy! phthalate (MCPP), as well as total (free and
glucuronidated) BPA were measured by NSF International (Ann Arbor, MI, USA).
Phthalate metabolites were selected based on previously identified high detection in this
study populationl? and evidence for associations with altered sex hormone levels and
development.1! BPA was also selected for measurement based on previously demonstrated
endocrine disrupting activity,12 despite the fact that mechanisms may differ from those of
phthalates. Protocols for the high performance liquid chromatography/tandem mass-
spectrometry methods were similar to those utilized by the CDC and are described in detail
elsewhere.1013 |_evels below the limit of detection (LOD) were replaced with the LOD
divided by the square root of two.1# Urinary specific gravity, an indicator of urine dilution,
was measured at the time of sample analysis using a handheld digital refractometer
(ATAGO Company Ltd., Tokyo, Japan).

2.3. Hormone levels

Of boys with prenatal and/or childhood measurements, 117 had a serum sample available for
hormone analysis. Sex hormones were selected based on roles in two axes of sexual
maturation responsible for pubic hair (hypothalamic-pituitary-adrenal axis) and genital
(hypothalamic-pituitary-gonadal axis) development. Dehydroepiandrosterone sulfate
(DHEAS), estradiol, inhibin B, sex hormone-binding globulin (SHBG), and total
testosterone (Total T) were measured in each sample by the Clinical Ligand Assay Service
Satellite Laboratory (CLASS, University of Michigan School of Public Health, Ann Arbor,
MI). Active inhibin B was assayed using Gen Il ELISA (Beckman Coulter, Webster, TX).
Other hormones were measured using an automated chemiluminescent immunoassay (Bayer
Diagnostics ACS: 180). Free Testosterone (Free T) was calculated from Total T and SHBG
using equations described elsewhere.® Undetectable levels were replaced with the LOD
divided by the square root of two.1*

2.4. Tanner staging

Boys were evaluated by a trained pediatrician for Tanner stages and testicular volume. Pubic
hair stage was recorded as an indicator of adrenarche, and ranged from 1 (undeveloped) to 5
(fully developed).16 Pubic hair stage 1 represents no adrenarche, and presents with no
difference between the vellus of the pubis and the area over the abdomen.1” Pubic hair stage
>1, indicated by sparse to full pubic hair growth, represents adrenarche. Genital
development was recorded to indicate puberty, and also ranged from 1 (undeveloped) to 5
(fully developed). Genital stage 1, in which penis, testes, and scrotum are unchanged
compared to early childhood, represents no puberty, and stage >1, when gonads are
observed to be enlarged and changed in texture and color, indicates puberty.1” Right and left
testicular volume measured with an orchidometer (range 1-25 mL; N=114) was used as an
additional measure of puberty. For analysis, the larger volume of the right and left testicles
was used, although for most subjects (77%) no difference was observed. A cutoff of 3 mL
was used to denote no puberty (<3 mL) vs. puberty (>3 mL).18
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2.5. Statistical analysis

3. Results

Hormone distributions were examined using geometric means and selected percentiles, and
Spearman correlations were used to assess associations among hormone levels. Both crude
and adjusted linear regression models were created to examine the change in child hormone
level in association with either prenatal or childhood exposure. In crude models, In-
transformed urinary phthalate metabolite or BPA concentrations were used as predictors
with specific gravity included as a covariate. In adjusted models, child age and BMI Z-score
were additionally included as covariates. BMI was calculated as weight (kg)/(height [m])?
and converted to Z-score for age and sex based on World Health Organization child
reference curves.® Socioeconomic status was considered as a covariate but not included in
final models because of a lack of association with exposure in this study population. Use of
tobacco smoke during pregnancy was not included because of a low number of active
smokers in the ELEMENT study population (<4%), and because smoking was not expected
to be associated with phthalate or BPA exposure based on previous studies. We did not have
information on dietary intake either during pregnancy or childhood, which was a limitation
of our study.

Results for regression models are reported as percent change (%A4) in hormone level in
association with an interquartile range (IQR) increase in phthalate metabolite or BPA for
ease of interpretation. Due to the exploratory nature of our analysis and our relatively small
sample size, an alpha level of 0.10 was used to identify suggestive associations. As a
sensitivity analysis, we additionally examined associations between exposures and hormone
levels in children with no puberty (genital stage=1).

We also explored the impact of exposure to phthalates or BPA on adrenarche and puberty.
We did not have information on age at adrenarche or puberty, and hence were unable to
measure onset in association with exposure measures. However, we were able to
approximate this relationship by calculating odds of adrenarche and puberty after adjusting
for age which has been done previously in Russian boys.2? These models additionally
included specific gravity and BMI Z-score as covariates. Results are reported as odds of
adrenarche or puberty in association with an IQR increase in phthalate metabolite or BPA.
All analysis was performed using R version 2.15.2 (R Foundation for Statistical Computing,
Vienna, Austria).

Boys ranged in age from 8.10 to 14.4 years at the time of Tanner stage/testicular volume
assessment and sample collection. Prenatal and childhood exposure distributions have been
previously presented on a subset of this population (N=49 prenatal samples for boys, N=53
childhood samples for boys).10 Levels were similar in our expanded population
(Supplemental Tables 1 and 2). Spearman correlations between prenatal and childhood
exposure levels were weak (R < 0.25), as we reported previously.10

Geometric means and selected percentiles of hormone levels measured are presented in
Table 1. All measures were above the LOD except for 12 Total T levels. Spearman
correlations among hormones were weak to moderate (R=-0.42 to 0.63). Distributions of
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Tanner stages are shown in Table 2. For pubic hair, 94 boys (81.7%) were at Tanner stage 1
(no adrenarche). For genitalia, 57 boys (49.6%) were at Tanner stage 1 (no puberty).

Crude and adjusted associations between hormone levels and either prenatal or childhood
exposure levels were similar, but results from adjusted models had narrower confidence
intervals. Hence, adjusted analyses only are presented here. Associations between prenatal
exposures and sex hormones are presented in Table 3. Inverse associations were observed
between urinary phthalate metabolites and DHEAS and inhibin B, but effect estimates were
small. We observed positive associations between SHBG levels and phthalate metabolites,
particularly MEOHP, MBzP, MBP, and MCPP. However, no significant associations were
detected with estradiol, Total T, or Free T. Prenatal BPA exposure was not clearly
associated with any hormones measured.

In models where sex hormones were regressed on concurrent childhood exposures, the
strongest associations were between exposure levels and SHBG, Total T, and Free T (Table
4). Positive associations were observed between SHBG and all high molecular-weight
(HMW) metabolites, including the di-(2-ethylhexyl) phthalate (DEHP) metabolites MEHP,
MEHHP, MEOHP, and MECPP, as well as MBzP, and MCPP (%A = 7.77 to 11.6). Inverse
associations were observed between these same compounds and Total and Free T. BPA
exhibited a similar pattern; levels were positively associated with SHBG and inversely
associated with Total T and Free T. Low molecular-weight (LMW) phthalates measured
included MBP, MiBP, and MEP. For MiBP, inverse associations were observed with Total
T and Free T, although levels were not associated with SHBG. No significant associations
were detected between MBP or MEP and SHBG, Total T, or Free T. For the other hormones
measured, some associations were observed, but overall trends were not clear.

Because sex hormones may differ greatly in subjects with puberty vs. no puberty, we
performed a secondary analysis in which we examined the associations between prenatal or
childhood exposures in association with sex hormone levels in the subjects who were pre-
pubertal (genitalia Tanner stage = 1). Associations were similar to those observed in primary
analyses (data not shown). For models of prenatal exposure, some effect estimates for
SHBG shifted direction but confidence intervals were wide (p=0.30 to 0.95), potentially due
to small sample size (N=56). No significant associations were observed for Total T or Free
T. For models of childhood exposure, the notable effect estimates for SHBG were similar to
those from the primary analysis, and for Total T and Free T, associations with MEHP (%A =
-35.5, 95% CI = -60.9, 6.56) and MECPP (%A = -29.4, 95% CI = -57.8, 18.1), and also
BPA (%A = -34.0, 95% CI = -59.0, 6.37) were further from zero.

Prenatal exposure to all phthalate metabolites and BPA was associated with reduced odds of
adrenarche, most notably with MEHHP, MEOHP, and MBzP (Table 5). Reduced odds of
puberty were also observed in association with DEHP metabolites, MBzP, MBP, and MiBP.
Contrarily, DEHP metabolites as well as MiBP were associated with increased odds of
puberty modeled using testicular volume. Odds of adrenarche or puberty (based on genitalia
stage) and childhood exposure levels showed no clear patterns; however increased odds of
puberty (based on testicular volume) was observed in association MBP.
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4. Discussion

We examined associations between prenatal and childhood phthalate and BPA exposures
and sex hormone levels and pubertal onset in male children from Mexico City. We found for
the first time that prenatal exposure to phthalates as well as BPA may be linked to reduced
odds of adrenarche and puberty, although associations with sex hormone levels were less
clear. We further observed that while childhood exposure levels were more strongly
associated with hormone levels, particularly SHBG, Total T, and Free T, there were no clear
associations with pubertal onset.

4.1. Prenatal exposure

Evidence from animal studies suggests that prenatal exposure to phthalates may affect
hormone levels and pubertal development. Mechanisms are not certain, but phthalate
exposure in utero may cause altered reproductive tract formation, Sertoli cell development,
and/or testosterone synthesis resulting in observable developmental or hormonal changes
later in life.21-23 To our knowledge, no previous studies have examined the relationship
between prenatal exposure to phthalates and sex hormone levels or pubertal onset in males
during the peripubertal period. Several studies have examined other endpoints in relation to
prenatal exposures. For example, some of the seminal literature on phthalates reports effects
of prenatal exposure on reproductive tract development in male infants.24 In 2005 Swan et
al. published findings demonstrating that some phthalate metabolites measure in 34
trimester maternal urine were associated with decreased male infant anogenital distance at
approximately 1 year of age,2® and associations that have been replicated in other
studies.26:27

Some human studies have observed relationships between prenatal phthalate exposure and
altered neonatal sex hormone levels. Main and colleagues found that MEP and MBP
measured in breast milk collected 1-3 months postnatally were associated with increased
infant SHBG, and that MBP was also inversely associated with infant Free T.28 However,
another study measured phthalate metabolites in 3 trimester maternal urine samples and
detected no associations with Free T or estradiol levels in cord blood of 81 male infants.29
Although these studies are not directly comparable to ours, as we measured outcomes later
in childhood, we similarly observed evidence for anti-androgenic effects of prenatal
phthalate exposure in the forms of reduced odds of puberty based on genital development
and reduced odds of adrenarche based on pubic hair development. Notably, odds of puberty
based on testicular volume were generally greater than one. The explanation for this
incongruence is unclear but may involve the fact that testicular volume is an early indicator
of puberty,30 which is confirmed in this dataset by the fact that while few boys had entered
Tanner Stage >1 based on pubic hair (18.3%) or genital (50.4%) development, almost all
had based on testicular volume (85.1%).

We did not observe the expected concordant associations between prenatal exposure to
phthalates and sex hormones, such as decreased testosterone or increased SHBG. There are
several possible explanations. First, there may be more measurement error in continuous
hormone levels measured at one time point compared to the Tanner stages. Hormones
fluctuate greatly during the pubertal transition, so subtle shifts resulting from phthalate
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exposure may be difficult to detect, especially in our relatively small sample size. Second,
other hormones that we did not measure, such as aldosterone, might be more susceptible to
the long-term effects of phthalates. Two recent rat studies showed that 1) prenatal exposure
was associated with decreased adult testosterone levels, despite unaltered Leydig cell
populations,3! and that 2) the same exposure caused a decrease in aldosterone levels
secreted from the adrenal gland.32 The group hypothesized that changes in aldosterone
production and concurrent deleterious effects of phthalate exposure on testes
mineralocorticoid receptor expression were the roots of decreased testosterone levels.33 This
hypothesis may be consistent with our findings of reduced odds of adrenarche and puberty
in association with prenatal exposure. The lowest odds ratios we observed were for
associations between exposures and pubic hair stage. Odds ratios were also less than 1, but
with wider confidence intervals, in association with genital development. As pubic hair
development is more closely tied to adrenarche, and genital development with puberty,
prenatal phthalate exposure may be acting through the adrenal rather than the gonadal
axis.3* Further study in both animals and humans is necessary before firm conclusions can
be drawn.

While the hormonal effects of BPA are largely hypothesized to be estrogenic,3° exposure
may also have anti-androgenic effects as well.36-38 As with phthalates, no human studies of
BPA have examined associations between prenatal exposure and sex hormones in the
peripubertal period or puberty. One study observed an association between maternal
occupational BPA exposure and reduced AGD, although the males examined were of widely
varying ages.3? Animal evidence for a relationship between in utero BPA exposure and
AGD is conflicting.4041 Another study in humans found that BPA was positively correlated
with testosterone and inhibin B, but not other sex hormones, when both were measured in
umbilical cord blood.#2 Some rodent studies suggest that in utero exposure to BPA reduced
serum testosterone levels in offspring.#344 In the present analysis we were unable to detect
any associations between prenatal BPA exposure and male child hormone levels or odds of
adrenarche or puberty; however, despite wide confidence intervals, the odds ratio for
adrenarche was quite small. The variability in this estimate may be due in part to low
temporal stability of urinary BPA concentrations, which may increase measurement error.4>

4.2. Childhood exposure

Phthalates exposure during childhood may also impact sexual development and/or hormone
levels, although most evidence for this relationship comes from studies in humans. Rodent
studies of phthalate effects on fetal testes indicate that exposure may result in decreased
testosterone synthesis.*6-48 Studies have examined the relationship between phthalate
exposure during childhood in relation to sex hormones and indicators of puberty with
somewhat varying results. A cross-sectional case-control study of males with (N=40) and
without (N=21) gynecomastia detected no associations between phthalate levels in plasma
and sex hormones.*® The authors also measured testis volume and penis length and found no
associations with phthalate exposure, although, unlike our study, all subjects had entered
puberty.49 This study was limited by measurement of phthalates in plasma samples, which
are more susceptible to laboratory contamination issues and consequent measurement
error.29 Another cross-sectional study in 555 healthy boys ages 6-20 measured phthalate
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metabolites in urine samples and observed no association with serum testosterone or age at
pubertal onset.>!

A longitudinal study by Mouritsen and colleagues was recently published examining 84
boys during the transition to adolescence.?? Subjects ages 6-13 at enroliment were followed
for 5 years with urine and serum samples taken every 6 months for measurement of
phthalate metabolites and hormones, respectively. At age 11, males with elevated MBzP,
MBP, or MiBP levels had significantly decreased DHEAS levels, and at age 13 males with
elevated MBzP or summed DEHP metabolites had significantly decreased DHEAS and
testosterone, respectively.52 Our associations with DHEAS were unclear, but we did observe
similar decreases in Total T and Free T in association with DEHP metabolites. These
findings are consistent with results from cross-sectional studies of adult men, where DEHP
metabolites have been inversely associated with testosterone levels.53:54 Mouritsen et al.
also observed that age at pubertal onset was lower for males with elevated MBP levels.>2
We similarly observed increased odds of pubertal onset on the testicular volume scale, but
not on scales of pubic hair or genital development.

To our knowledge, the relationships between BPA exposure and reproductive hormone
levels have not been examined in boys during the peripubertal period. In adult males, several
studies have reported inverse associations between BPA and free androgen index (FAl), a
ratio of testosterone to SHBG.%>=57 Also, one of these studies observed inverse associations
between BPA and estradiol and inhibin B.5® Studies examining BPA and testosterone levels
in adults have shown both positive and inverse associations.5”-58 We observed similar
relationships between BPA levels and increased SHBG as well as decreased Total and Free
T.

5. Conclusions

Our study utilizes a longitudinal design to explore for the first time the relationship between
prenatal exposure to phthalates or BPA and both sex hormone levels and odds of adrenarche
and puberty in males during the peripubertal period. We observed that prenatal exposure to
several phthalate metabolites was associated with reduced odds of adrenarche and pubarche
and with slightly increased levels of SHBG in males ages 8 to 14. Additionally we observed
in cross-sectional analysis that childhood exposure to phthalates was associated with
increased SHBG levels and decreased testosterone levels. The same patterns were observed
in association with BPA exposure. These findings require confirmation in studies with a
larger sample size, but nevertheless provide evidence for both long and short term anti-
androgenic effects of phthalates and BPA in peripubertal boys.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

The present study was supported by grants P20 ES018171, PO1ES022844, and P30ES017885 from the National
Institute of Environmental Health Sciences, National Institutes of Health and Grant RD83480001 from the US
Environmental Protection Agency.

Reprod Toxicol. Author manuscript; available in PMC 2015 August 01.



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

1duosnuely Joyiny vd-HIN

Ferguson et al.

Abbreviations

BPA
ELEMENT
BMI
MEHP
MEHHP
MEOHP
MECPP
MBzP
MBP
MiBP
MEP
MCPP
LOD
DHEAS
SHBG
Total T
Free T
IQR
HMW
DEHP
Cl
LMW
AGD

References

Page 9

bisphenol A

Early Life Exposure in Mexico to Environmental Toxicants
body mass index

mono-(2-ethylhexyl) phthalate
mono-(2-ethyl-5-hydroxyhexyl) phthalate
mono-(2-ethyl-5-oxohexyl) phthalate
mono-(2-ethyl-5-carboxypentyl) phthalate
mono-benzyl phthalate

mono-n-butyl phthalate

mono-isobutyl phthalate

mono-ethyl phthalate
mono-carboxypropy! phthalate

limit of detection
dehydroepiandrosterone sulfate

sex hormone-binding globulin

total testosterone

free testosterone

interquartile range

high molecular-weight

di-(2-ethylhexyl) phthalate

confidence interval

low molecular-weight

anogenital distance

1. Meeker JD, Sathyanarayana S, Swan SH. Phthalates and other additives in plastics: human exposure
and associated health outcomes. Philos Trans R Soc Lond B Biol Sci. 2009; 364(1526):2097-2113.
[PubMed: 19528058]

2. Rochester JR. Bisphenol A and human health: A review of the literature. Reproductive toxicology.
2013; 42C:132-155. [PubMed: 23994667]

3. Wittassek M, Koch HM, Angerer J, Bruning T. Assessing exposure to phthalates - the human
biomonitoring approach. Molecular nutrition & food research. 2011; 55(1):7-31. [PubMed:

20564479]

4. Geens T, Aerts D, Berthot C, et al. A review of dietary and non-dietary exposure to bisphenol-A.
Food Chem Toxicol. 2012; 50(10):3725-3740. [PubMed: 22889897]

Reprod Toxicol. Author manuscript; available in PMC 2015 August 01.



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

1duosnuely Joyiny vd-HIN

Ferguson et al.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

Page 10

. Zoeller RT, Brown TR, Doan LL, et al. Endocrine-disrupting chemicals and public health

protection: a statement of principles from The Endocrine Society. Endocrinology. 2012; 153(9):
4097-4110. [PubMed: 22733974]

. Meeker JD. Exposure to environmental endocrine disrupting compounds and men’s health.

Maturitas. 2010; 66(3):236-241. [PubMed: 20347536]

. Sathyanarayana S, Barrett E, Butts S, Wang CW, Swan S. Phthalate Exposure and Reproductive

Hormone Concentrations in Pregnancy. Reproduction. 2013

. Gonzalez-Cossio T, Peterson KE, Sanin LH, et al. Decrease in birth weight in relation to maternal

bone-lead burden. Pediatrics. 1997; 100(5):856-862. [PubMed: 9346987]

. Hu H, Tellez-Rojo MM, Bellinger D, et al. Fetal lead exposure at each stage of pregnancy as a

predictor of infant mental development. Environmental health perspectives. 2006; 114(11):1730-
1735. [PubMed: 17107860]

Lewis RC, Meeker JD, Peterson KE, et al. Predictors of urinary bisphenol A and phthalate
metabolite concentrations in Mexican children. Chemosphere. 2013

Braun JM, Sathyanarayana S, Hauser R. Phthalate exposure and children’s health. Curr Opin
Pediatr. 2013; 25(2):247-254. [PubMed: 23429708]

Rochester JR. Bisphenol A and human health: a review of the literature. Reproductive toxicology.
2013; 42:132-155. [PubMed: 23994667]

Silva MJ, Samandar E, Preau JL Jr, Reidy JA, Needham LL, Calafat AM. Quantification of 22
phthalate metabolites in human urine. J Chromatogr B Analyt Technol Biomed Life Sci. 2007;
860(1):106-112.

Hornung RW, Reed L. Estimation of average concentration in the presence of nondetectable
values. Appl Occup Environ Hyg. 1990; 5:46-51.

Vermeulen A, Verdonck L, Kaufman JM. A critical evaluation of simple methods for the
estimation of free testosterone in serum. J Clin Endocrinol Metab. 1999; 84(10):3666-3672.
[PubMed: 10523012]

Marshall WA, Tanner JM. Variations in the pattern of pubertal changes in boys. Arch Dis Child.
1970; 45(239):13-23. [PubMed: 5440182]

Herman-Giddens ME, Wang L, Koch G. Secondary sexual characteristics in boys: estimates from
the national health and nutrition examination survey 111, 1988-1994. Arch Pediatr Adolesc Med.
2001; 155(9):1022-1028. [PubMed: 11529804]

Mouritsen A, Aksglaede L, Soerensen K, et al. The pubertal transition in 179 healthy Danish
children: associations between pubarche, adrenarche, gonadarche, and body composition. Eur J
Endocrinol. 2013; 168(2):129-136. [PubMed: 23093700]

WHO Reference 2007: Growth reference data for 5-19 years. 2007. http://www.who.int/
growthref/en/

Hauser R, Sergeyev O, Korrick S, et al. Association of blood lead levels with onset of puberty in
Russian boys. Environmental health perspectives. 2008; 116(7):976-980. [PubMed: 18629324]
Fisher JS, Macpherson S, Marchetti N, Sharpe RM. Human ‘testicular dysgenesis syndrome’: a
possible model using in-utero exposure of the rat to dibutyl phthalate. Human reproduction. 2003;
18(7):1383-1394. [PubMed: 12832361]

Shultz VD, Phillips S, Sar M, Foster PM, Gaido KW. Altered gene profiles in fetal rat testes after
in utero exposure to di(n-butyl) phthalate. Toxicological sciences: an official journal of the Society
of Toxicology. 2001; 64(2):233-242. [PubMed: 11719706]

Foster PM. Disruption of reproductive development in male rat offspring following in utero
exposure to phthalate esters. International journal of andrology. 2006; 29(1):140-147. discussion
181-145. [PubMed: 16102138]

Swan SH. Environmental phthalate exposure in relation to reproductive outcomes and other health
endpoints in humans. Environmental research. 2008; 108(2):177-184. [PubMed: 18949837]
Swan SH, Main KM, Liu F, et al. Decrease in anogenital distance among male infants with
prenatal phthalate exposure. Environmental health perspectives. 2005; 113(8):1056-1061.
[PubMed: 16079079]

Reprod Toxicol. Author manuscript; available in PMC 2015 August 01.


http://www.who.int/growthref/en/
http://www.who.int/growthref/en/

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

1duosnuely Joyiny vd-HIN

Ferguson et al.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Page 11

Ormond G, Nieuwenhuijsen MJ, Nelson P, et al. Endocrine disruptors in the workplace, hair spray,
folate supplementation, and risk of hypospadias: case-control study. Environmental health
perspectives. 2009; 117(2):303-307. [PubMed: 19270804]

Suzuki Y, Yoshinaga J, Mizumoto Y, Serizawa S, Shiraishi H. Foetal exposure to phthalate esters
and anogenital distance in male newborns. International journal of andrology. 2012; 35(3):236-
244. [PubMed: 21696396]

Main KM, Mortensen GK, Kaleva MM, et al. Human breast milk contamination with phthalates
and alterations of endogenous reproductive hormones in infants three months of age.
Environmental health perspectives. 2006; 114(2):270-276. [PubMed: 16451866]

Lin LC, Wang SL, Chang YC, et al. Associations between maternal phthalate exposure and cord
sex hormones in human infants. Chemosphere. 2011; 83(8):1192-1199. [PubMed: 21272909]

Biro FM, Lucky AW, Huster GA, Morrison JA. Pubertal staging in boys. The Journal of pediatrics.
1995; 127(1):100-102. [PubMed: 7608791]

Culty M, Thuillier R, Li W, et al. In utero exposure to di-(2-ethylhexyl) phthalate exerts both short-
term and long-lasting suppressive effects on testosterone production in the rat. Biology of
reproduction. 2008; 78(6):1018-1028. [PubMed: 18322279]

Martinez-Arguelles DB, Guichard T, Culty M, Zirkin BR, Papadopoulos V. In utero exposure to
the antiandrogen di-(2-ethylhexyl) phthalate decreases adrenal aldosterone production in the adult
rat. Biology of reproduction. 2011; 85(1):51-61. [PubMed: 21389346]

Martinez-Arguelles DB, Campioli E, Culty M, Zirkin BR, Papadopoulos V. Fetal origin of
endocrine dysfunction in the adult: The phthalate model. J Steroid Biochem Mol Biol. 2013

Buck Louis GM, Gray LE Jr, Marcus M, et al. Environmental factors and puberty timing: expert
panel research needs. Pediatrics. 2008; 121 (Suppl 3):S192-207. [PubMed: 18245512]
Alonso-Magdalena P, Ropero AB, Soriano S, et al. Bisphenol-A acts as a potent estrogen via non-
classical estrogen triggered pathways. Mol Cell Endocrinol. 2012; 355(2):201-207. [PubMed:
22227557]

Lee HJ, Chattopadhyay S, Gong EY, Ahn RS, Lee K. Antiandrogenic effects of bisphenol A and
nonylphenol on the function of androgen receptor. Toxicological sciences: an official journal of
the Society of Toxicology. 2003; 75(1):40-46. [PubMed: 12805653]

Kitamura S, Suzuki T, Sanoh S, et al. Comparative study of the endocrine-disrupting activity of
bisphenol A and 19 related compounds. Toxicological sciences: an official journal of the Society
of Toxicology. 2005; 84(2):249-259. [PubMed: 15635150]

Sohoni P, Sumpter JP. Several environmental oestrogens are also anti-androgens. The Journal of
endocrinology. 1998; 158(3):327-339. [PubMed: 9846162]

Miao M, Yuan W, He Y, et al. In utero exposure to bisphenol-A and anogenital distance of male
offspring. Birth Defects Res A Clin Mol Teratol. 2011; 91(10):867-872. [PubMed: 21987463]

Christiansen S, Axelstad M, Boberg J, Vinggaard AM, Pedersen GA, Hass U. Low-dose effects of
bisphenol A on early sexual development in male and female rats. Reproduction. 2014; 147(4):
477-487. [PubMed: 24298045]

Kobayashi K, Miyagawa M, Wang RS, Sekiguchi S, Suda M, Honma T. Effects of in utero and
lactational exposure to bisphenol A on somatic growth and anogenital distance in F1 rat offspring.
Industrial health. 2002; 40(4):375-381. [PubMed: 12502241]

Fenichel P, Dechaux H, Harthe C, et al. Unconjugated bisphenol A cord blood levels in boys with
descended or undescended testes. Human reproduction. 2012; 27(4):983-990. [PubMed:
22267833]

Tanaka M, Nakaya S, Katayama M, et al. Effect of prenatal exposure to bisphenol A on the serum
testosterone concentration of rats at birth. Human & experimental toxicology. 2006; 25(7):369—
373. [PubMed: 16898165]

Watanabe S, Wang RS, Miyagawa M, et al. Imbalance of testosterone level in male offspring of
rats perinatally exposed to bisphenol A. Industrial health. 2003; 41(4):338-341. [PubMed:
14620671]

Lassen TH, Frederiksen H, Jensen TK, et al. Temporal variability in urinary excretion of bisphenol
A and seven other phenols in spot, morning, and 24-h urine samples. Environmental research.
2013

Reprod Toxicol. Author manuscript; available in PMC 2015 August 01.



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

1duosnuely Joyiny vd-HIN

Ferguson et al.

46.

47.

48.

49.

50.

5L

52.

53.

54.

55.

56.

57.

58.

Page 12

Howdeshell KL, Wilson VS, Furr J, et al. A mixture of five phthalate esters inhibits fetal testicular
testosterone production in the sprague-dawley rat in a cumulative, dose-additive manner.
Toxicological sciences: an official journal of the Society of Toxicology. 2008; 105(1):153-165.
[PubMed: 18411233]

Lehmann KP, Phillips S, Sar M, Foster PM, Gaido KW. Dose-dependent alterations in gene
expression and testosterone synthesis in the fetal testes of male rats exposed to di (n-butyl)
phthalate. Toxicological sciences: an official journal of the Society of Toxicology. 2004; 81(1):
60-68. [PubMed: 15141095]

Mylchreest E, Sar M, Wallace DG, Foster PM. Fetal testosterone insufficiency and abnormal
proliferation of Leydig cells and gonocytes in rats exposed to di(n-butyl) phthalate. Reproductive
toxicology. 2002; 16(1):19-28. [PubMed: 11934529]

Durmaz E, Ozmert EN, Erkekoglu P, et al. Plasma phthalate levels in pubertal gynecomastia.
Pediatrics. 2010; 125(1):e122-129. [PubMed: 20008419]

Calafat AM, Koch HM, Swan SH, et al. Misuse of blood serum to assess exposure to bisphenol A
and phthalates. Breast Cancer Res. 2013; 15(5):403. [PubMed: 24083327]

Mieritz MG, Frederiksen H, Sorensen K, et al. Urinary phthalate excretion in 555 healthy Danish
boys with and without pubertal gynaecomastia. International journal of andrology. 2012; 35(3):
227-235. [PubMed: 22612475]

Mouritsen A, Frederiksen H, Sorensen K, et al. Urinary Phthalates from 168 Girls and Boys
measured twice a year during a 5 Year Period: Associations with Adrenal Androgen Levels and
Puberty. J Clin Endocrinol Metab. 2013

Joensen UN, Frederiksen H, Jensen MB, et al. Phthalate excretion pattern and testicular function: a
study of 881 healthy Danish men. Environmental health perspectives. 2012; 120(10):1397-1403.
[PubMed: 22832070]

Meeker JD, Calafat AM, Hauser R. Urinary metabolites of di(2-ethylhexyl) phthalate are
associated with decreased steroid hormone levels in adult men. J Androl. 2009; 30(3):287-297.
[PubMed: 19059903]

Meeker JD, Calafat AM, Hauser R. Urinary bisphenol A concentrations in relation to serum
thyroid and reproductive hormone levels in men from an infertility clinic. Environ Sci Technol.
2010; 44(4):1458-1463. [PubMed: 20030380]

Mendiola J, Jorgensen N, Andersson AM, et al. Are environmental levels of bisphenol a associated
with reproductive function in fertile men? Environmental health perspectives. 2010; 118(9):1286—
1291. [PubMed: 20494855]

Zhou Q, Miao M, Ran M, et al. Serum bisphenol-A concentration and sex hormone levels in men.
Fertility and sterility. 2013; 100(2):478-482. [PubMed: 23651625]

Galloway T, Cipelli R, Guralnik J, et al. Daily bisphenol A excretion and associations with sex
hormone concentrations: results from the INCHIANTI adult population study. Environmental
health perspectives. 2010; 118(11):1603-1608. [PubMed: 20797929]

Reprod Toxicol. Author manuscript; available in PMC 2015 August 01.



Ferguson et al. Page 13

Reprod Toxicol. Author manuscript; available in PMC 2015 August 01.



Page 14

Ferguson et al.

NIH-PA Author Manuscript

“uringo|B Buipuiq auowloy Xas ‘OGHS ‘a1e}|Ns aU0R1S0IPURIda0IPAYSP ‘SYIHA ‘UOIRIASD paepuels sluasaidal s

02T €LL 2t G90 120 010 (¥1'9) 520 (Ip/Bu) suosBISOISB ] 931
02, 0l 292 865 €12 TTT (oT9) £€T (7Ip/Bu) suoIBISOISE L
¥Zz 8ST I¥T GOT €9, €8b (ermeeL (n1owu) ogHs
€66 0S¢ G2 LT €0T 619 (g8'1T) S0T (wy/Bd) g uaryui
G€8 G7e 98 TO0Z L9T €€T (z5'1) 8°9T (w/6d) jo1pens3
9ze €T 62T 906 0TS 972€ (€T2) 518 (Tp/6r) SvaHa
XeN  pS6 w06  wSL  w0S G2 (AS 9IBW08D) UBSIA 11180 auUOWLIOH
SEIUERIER|
‘(LTT=N) SIeak $yT—8 pabe sAoq ul S[aAs] SUOWLIOY X8S WNJ3S JO suolnguisiq
T 9|qel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Reprod Toxicol. Author manuscript; available in PMC 2015 August 01.



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

1duasnuely Joyny Yd-HIN

Ferguson et al.

Table 2

Distributions of Tanner stages and testicular volume in boys (N=115).

Secondary sex characteristic Stage N (%)

Pubic hair

1 94 (81.7)
17 (14.8)
3(2.61)
1(0.87)

A wWwN

Genitalia

57 (49.6)
43 (37.4)
10 (8.70)
5 (4.35)

A W N P

Testicular volume (mL)

Prepubescent (<3 mL) 17 (14.9)
Pubertal onset (>3 mL) 97 (85.1)
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