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Abstract

However, evidence from human studies is limited.

in each age group.

Background: Animal studies suggest that bisphenol A (BPA) may perturb pubertal development in females.

Methods: This was a cross-sectional study to investigate the association between BPA exposure and pubertal
development in school-aged girls. A total of 655 girls aged 9-18 years were selected from three schools in
Shanghai, from May to June 2011. We collected one single spot urine sample from each girl. Urine BPA
concentrations were measured by modified high-performance liquid chromatography and categorized according to
LOD and the median of those above LOD. Pubertal development status was assessed by using Tanner staging, and
age at menarche was collected as a milestone for mid-puberty. Modified Poisson regression was used to estimate
adjusted prevalence ratios (PRs) and 95% confidence intervals (Cls).

Results: After adjustment for potential confounders, girls with detected BPA were more likely to have delayed
menarche, a mid-puberty event, compared with girls with undetectable BPA; the prevalence ratios (PR) were 0.73 (0.
56, 0.95) for those with moderate BPA(LOD-median) and 0.72 (0.52, 0.99) for those with high BPA(>median),
respectively. Girls aged 9-12 years with detected BPA were more likely to have reached pubic hair stage 2, the
indicator of pubarche; while among girls aged >15 years, those with detected BPA were less likely to have reached
pubic hair stage 5, the late stage of pubic hair development.

Conclusions: BPA exposure was associated with alterations in the timing of pubertal development. Results in the
present study should be interpreted with caution because of its cross-sectional nature and the limited sample size
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Background

Puberty is a life stage with rapid physiological changes,
including growth spurt and maturation of the gonads
and the brain. Variations in pubertal timing and progres-
sion have been related to several antecedents, including
genetic and environmental stressors [1]. Particularly, pu-
bertal development has been reported to be accompan-
ied with high vulnerability of the neuroendocrine system
to environmental factors, which may lead to long-term
effects on subsequent development [1]. One of the
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environmental stressors to developing children is bisphe-
nol A (BPA) [2, 3]. BPA is a plasticizer, which is exten-
sively used in resin-based and polycarbonate plastic
products, including dental sealants and containers for
foods and beverages. BPA can leach from a variety of
consumer products and lead to wide spread human
exposure [4].

Animal studies have shown that BPA acts as an endo-
crine disruptor with both estrogenic and anti-androgenic
effects [2, 5]. The endocrine disrupting properties of
BPA have also been demonstrated in human studies.
These studies suggest that BPA is associated with in-
creased risk of obesity [6], polycystic ovarian syndrome
[7], recurrent miscarriage [8] and male infertility [2]. As
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pubertal growth is a hormone-dependent process [9], it
is, therefore, plausible that chemicals with endocrine dis-
rupting effects, like BPA, may induce altered pubertal
maturation tempo. BPA is suggested to disrupt the key
hormones responsible for sexual maturation [10]. Stud-
ies in mice have indicated that BPA exposure is associ-
ated with accelerated vaginal opening [3, 11, 12], but
delayed vaginal opening [13] and testicular descent [14]
have also been reported.

Pubertal development in humans involves both
adrenarche and gonadarche, two independent pro-
cesses. Adrenarche is induced by adrenal androgens,
which are responsible for the initiation of pubic hair
growth, as well as other pubertal events including
acne, oily skin, deepened voice and adult-type body
odor. Gonadarche refers to the reactivation of the
hypothalamic-pituitary, and is characterized by the ap-
pearance of breast tissue. Longitudinal studies have
shown that the pubertal development for girls may start
with breast tissue appearance (thelarche) or pubic hair
growth (pubarche), or concordant maturation of breasts
and appearance of pubic hair [15, 16].

A few studies have explored the effect of BPA expos-
ure on pubertal development in girls, but most of them
used menarche age as the only endpoint for pubertal de-
velopment assessment [17-19]. However, as mentioned
above, breast development and the presence of pubic
hair are known to be the early markers of pubertal mat-
uration, while the onset of menarche occurs approxi-
mately 2 years after breast development. In addition,
earlier pubertal onset may not necessarily be followed by
an earlier age of menarche [20] due to the compensatory
delay, which indicates both earlier and later events of
pubertal development should be included to examine
the effect of exogenous endocrine disrupting chemicals
like BPA.

In the present study, we examined the profile of pu-
bertal development in relation to BPA exposure among
school-aged girls using menarche and Tanner stages,
through which puberty onset and progression were
evaluated.

Methods

The present study was an ancillary study to a large na-
tional study of pubertal development and health of ado-
lescents in schools in Jiading District, Shanghai, China,
which had already collected anthropometric measures
and information related to pubertal development. The
current study added collection of urine samples. There-
fore, participants were not aware of the specific hypoth-
esis of the study. A detailed description of our study has
been published elsewhere [6]. The following are brief de-
scriptions of the study elements relevant to the present
study.
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Study population

In 2011, the largest elementary, middle, and high schools
in the study area (Jiading District, Shanghai) were se-
lected, respectively. All girls from grades 4 through
12(aged from 9 to 18 years) were considered eligible for
the study. We randomly selected four classes from each
grade(i.e. elementary, middle, and high school) and
about 80 girls from each grade were recruited (there
were approximately 20 girls in each class). Overall, 743
girls were eligible for our study. Among them, ten girls
(1.3%) refused to participate, 72 girls did not provide
urine specimens, and urine samples of six girls were ac-
cidentally damaged during transportation. Finally, 655
girls (88.2%) were included in the analyses.

In-person data collection

All girls completed a self-administered questionnaire, in
which the following informations were collected:1)
demographic characteristics, including age, school and
residence. In addition, a 1-5 rating scale (poor to good)
was used for self-evaluation of household income. Those
who reported 1-3 were categorized as middle and
below, and 4-5 were categorized as upper middle and
highest. 2) Self-evaluated sleeping quality (poor, normal,
good) and dietary patterns. A food frequency question-
naire was utilized to ascertain the frequency of food in-
take per week, including soy bean food (soy bean or soy
bean products, such as soy bean milk, tofu, etc.), vegeta-
bles, fruits, junk food(food that have little nutritional
value but plenty of calories, salt, and fats, like fried fast
food and sugary carbonated beverages. The girls were
asked to self-evaluate whether they have an unbalanced
diet (yes/no). 3) Time spent on sports activity were col-
lected and classified as 230 min/day and <30 min/day. 4)
Girls’ current depression status was evaluated by using
the published Children’s Depression Inventory (CDI).

BPA measurements

We collected one single spot urine sample from each
participating girl. We measured urinary concentrations
of total BPA (free plus conjugated species) through
modified high-performance liquid chromatography
(HPLC) as described by He et al. [21]. The recom-
mended value for the Limit of Detection (LOD) is three
times the standard deviation of replicate measurements
of a blank or low-level sample [22]. The LOD of BPA in
the present study was 0.31 pg/L, which is comparable to
the published LOD [4, 23]. Adjustment for creatinine
was performed as urine BPA level divided by creatinine
level to account for urine volume.

Pubertal development assessment
Pubertal development was measured by Tanner staging,
according to internationally accepted criteria, through
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visual inspection by the same trained physician [24].
Tanner staging provides separate scales for pubic hair
and breast development. Pubic hair and breast develop-
ment was determined as 1(pre-puberty), 2(onset), 3(on-
going), 4(nearly complete) or 5 (complete and adult-like)
[25]. Height and weight were measured while barefoot
and clad only in light underwear, according to the
National Health and Nutrition Examination Survey
(NHANES) [26].

Statistical analysis

All analyses were conducted using STATA 12.0 (Stata
Corp., LP, College Station, TX). Demographic character-
istics of girls were tabulated according to their urine
BPA level, which was categorized into three groups by
LOD(0.31 pg/L) and the median of those above
LOD(3.75 pg/gCr). This categorization can provide lar-
ger sample size when examining the effect of BPA at
higher and lower exposure level compared with other
categorization alternatives. We did not examine pubertal
stages as ordinal categorical variables since the pubertal
development did not follow a linear velocity, largely due
to the growth spurt. Instead, we tabulated the percent-
age of girls who reached pubertal milestones across BPA
exposure level at the relevant age. We examined associa-
tions between BPA exposure and different milestones
(present or absent) representing the onset of pubertal
development, as indicated by breast development stage 2
and above(B2+) and pubic hair stage 2 and above(PH2
+), mid-puberty, as indicated by menarche, and late pu-
berty, as indicated by breast development stage 5 (B5)
and pubic hair stage 2 (PH5). Inclusion of Tanner Stage
5 in the analysis would provide information on BPA’s ef-
fect on pubertal progression. Modified Poisson regres-
sion with robust error variance was used to estimate
adjusted prevalence ratios (PRs) and 95% confidence in-
tervals (Cls), since the outcomes (pubertal stages) were
not rare and thus odds ratios were not likely compatible
with risk estimate.

We did not provide PR for each age due to the small
sample size; instead, girls were grouped by age according
to their relevance to the outcome examined. For ex-
ample, when we examined BPA’s effect on pubertal on-
set, we only included girls younger than 12 years, since
almost all girls beyond 12 years reached Tanner stage 2
and thus no valid comparison can be performed. While
in the analysis of menarche, we restricted our analyses in
girls who were aged less than 14 years of age, since all
participants older than 14 reported to have experienced
menarche, and the longer since menarche, the less indi-
cative of the current exposure to BPA for the exposure
at menarche.

The following characteristic were adjusted in the Pois-
son regression models as potential confounders
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according to previous literature [19, 27-29]: age,
BMI(>25, 18.5-24.9, or <18.5), household income (mid-
dle and below, or upper middle and highest), sleep qual-
ity (good, normal, or poor), unbalanced diet (yes or no),
sports activity (230 min/day, or < 30 min/day), and de-
pression scores (categorized by median: >10, or <10).

Results

The mean age of 655 participants was 12.9 + 2.7 years,
which was younger than the 88 girls who were not in-
cluded in the analysis (15.8 + 2.4 years).

The median urinary BPA concentration was 1.24
(interquartile range: LOD-4.80) pg/gCr in girls. About
60% of the urinary samples had concentrations of BPA
above LOD (0.31 pg/L). The median BPA concentration
level among those with detected BPA was 3.75 ug/gCr,
which was used as the cut-point of higher and lower
BPA exposure.

Table 1 shows the characteristics of participating girls
according to urine BPA level. Urine BPA levels were
comparable with regard to school categories, residence,
household income, BMI, sleep quality, sports activity,
dietary pattern (unbalanced diet; junk food intake, vege-
table intake, fruit intake, soybean food intake), and de-
pression status. Girls aged 11-12 and 15-16 had higher
urinary BPA, but no clear pattern was observed with re-
gard to the distribution of BPA across age.

All girls reported to have experienced menarche at
age 14 (Table 2). The following analyses on BPA and
menarche were thus conducted among girls aged
<14(n = 383), since the comparison of menarche occur-
rence across BPA exposure is not feasible among girls
aged >14. All girls reached thelarche(breast develop-
ment stage 2 and above, B2+) at age 12. With regard to
pubic hair development, the percentage of girls who
had reached pubarche (pubic hair stage 2 and above,
PH2+) was 92.5% for girls at age 12. At age 14, all girls
reached PH2+. We therefore chose girls aged <12 for
the analysis of BPA and puberty onset, since most of
the girls aged =12 had reached puberty onset (100% for
thelarche and 92.5% for pubarche). For the same rea-
son, analyses on puberty progression(breast develop-
ment stage 2, B5; pubic hair stage 5, PH5) were
conducted among girls aged >13.

A total of 383 girls who were less than 14 years old
were analyzed with regard to the association between
BPA exposure and menarche. Compared with girls with
undetected BPA, girls with moderate (LOD-median) and
high (>median) BPA were less likely to have experienced
menarche, PRs(95%CI) were 0.73 (0.56, 0.95) and 0.72
(0.52, 0.99), respectively, indicating that BPA exposure
was associated with delayed age at menarche(Table 3).
Analyses by age also show that girls with moderate and
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Table 1 Characteristics of Participating Girls According to BPA Table 1 Characteristics of Participating Girls According to BPA

Level Level (Continued)
Characteristic N BPA level(%) Vegetable intake
<LOD  LOD-Median®  >Median Not everyday 187 348 326 326
Al 05 397 302 301 Everyday 464 M4 293 293
Age (years) Missing 4 750 250 00
9-10 162 438 290 2722 Fruit intake
12 160363 28 356 Not everyday 281 392 320 288
13-14 124379 395 226 Everyday 372 403 29.0 30.7
15-16 137 299 336 365 Missing 5 00 00 1000
17-18 72 597 153 250 Soy bean food intake
School Not everyday 483 410 296 294
Elementary 171 433 28.1 287 Everyday 172 360 320 320
Middle school 286 371 336 294 “The median BPA concentration level among those with detected BPA
High school 198 404 273 323 was 3.75 ug/gCr
Re:j:;@ o 354 3 s high BPA had lower numbers who had reached menar-
che at ages 11, 12 and 13 years (data not shown).
Urban 490 404 294 302 Among girls aged less than 12 years, those with mod-
Missing 66 409 318 273 erate BPA were more likely to have reached PH2+ after
Household income adjustment for potential confounders (PR: 1.48; 95%ClI:
Middle and below 479 390 297 313 0.76, 2.88). Analyses by age also showed that those with
Upper middle and highest 174 414 316 270 moderate BPA consistently had higher percentages of
Missing ) 00 500 00 those who experienced PH2+ at the age of 9, 10 and
- 11 years(data not shown). However, among girls aged
as e 3 o . more than‘13 years, those with moderate and high BPA
were less likely to have reached PH5, PRs(95%CI) were
185-25 30 367 297 36 0.73(0.44, 1.21) and 0.76 (0.46, 1.25), respectively (Table
225 39 462 282 256 4). Analyses by age also showed a similar pattern at the
Sleep quality age of 13, 14, 15, and 16 years (data not shown). A simi-
Bad 35 457 257 286 lar, but less typical association, was observed for breast
Normal 194 407 314 278 development (Table 5).
Good 392 385 306 309 . .
Missing 34 412 235 353 DISCU.SSIOI‘I . .
Sports activty In this cross-sectional study of sch.ool—agec.l girls, we
found that BPA exposure was associated with delayed
< 30 min/day 4% 394 317 289
>30 min/day 217 410 263 327 Table 2 Percentage of Girls in the Examined Pubertal Stage,
Missing 12250 500 250 by Age
Unbalanced diet Age Menstrual B2+ B5 PH2+ PH5
No 349 413 300 286 n%) n%) n(%) ne%) ne%)
Ves 6 387 308 305 9 3(39) 60760)  0(00) 4(50) 00.0)
Missing 0 325 975 400 10 2025) 75004)  0(0.0) 10022 000)
Depression scores 1 25(31.3) 78075  3(38) 35438 0(0.0)
<10 272 368 204 338 12 51(64.6) 80(100.0) 12(15.0) 74(92.5) 0(0.0)
=10 305 403 33.1 266 13 51(78.5) 65(100.0) 19(29.2) 63(96.9) 7(10.8)
Missing 78 474 218 308 14 59(100.0) 59(100.0) 18(30.5) 59(100.0) 6(10.2)
Junk food intake 15 63(100.0) 63(100.0) 26(41.3) 63(100.0) 20(31.8)
< 5 days/week 484 392 304 304 16 74(100.0) 73(100.0) 32(43.8) 73(100.0) 22(30.1)
25 days/week 165 406 291 303 17 63(100.0) 63(100.0) 43(68.3) 63(100.0) 27(42.9)

Missing 6 500 500 00 18 9(100.0) 9(100.0) 7(77.8) 9(100.0) 5(55.6)
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Table 3 Urine BPA Level in Relation to Menarche
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Table 5 Urine BPA Level in Relation to Breast Development

Age(years) BPA level N % Adjusted PR? Age(years) BPA level N % Adjusted PR?
9-13 Breast Stage 2 or higher
<LOD 153 373 1(ref) 9-11
LOD-median 114 325 0.73 (0.56, 0.95) <LOD 107 85.1 1(ref)
>median 116 32.8 0.72 (0.52, 0.99) LOD-median 69 94.2 0.99 (0.89, 1.10)
?Adjusted for age, BMI, household income, sleep quality, sports activity, >median 66 864 0.91 (0.80, 1.04)
unbalanced diet, and depression score
Breast Stage 5
13-18
menar.chfe,‘ an indicator of mid-puberty. We also found a <LOD 130 515 e
non-significant tendency that BPA exposure was associ- _
I . . . LOD-median 106 34.0 0.85 (0.62 1.15)
ated with earlier pubic hair onset, and delayed progres-
>median 96 438 0.85 (0.63, 1.15)

sion of pubic hair development.

The association between BPA exposure and delayed
menarche found in the present study was consistent
with a previous study based on NHANES data, which
reported moderate BPA exposure was associated with
delayed menarche, although the association was non-
significant [19]. Timing of menarche is influenced by
many factors, including genetic background, ethnicity,
obesity, nutrition and physical activity. In the last few
decades, more and more studies have recognized EDCs,
including dioxins, phthalates, organohalogens and PCBs,
as important contributors influencing the timing of me-
narche, although the findings have not always been con-
sistent. In the present study, we did not observe a
stronger association among girls with high BPA expos-
ure compared with those with moderate exposure, which
is consistent with the report of the nonmonotonic dose—
response effect of EDCs, including BPA [30]. The onset
of menarche occurs approximately 2 years after breast
development. In studies carried out in Spain, the United
States, and Greece, early maturing girls were found to
present a compensatory delay in pubertal progression
[31-33]. These observations were consistent with our
finding that those with high BPA exposure were more

Table 4 Urine BPA Level in Relation to Pubic Hair Development

Agel(years) BPA level N % Adjusted PR
Pubic hair Stage 2 or higher
9-11
<LOD 107 14.0 1(ref)
LOD-median 69 232 148 (0.76, 2.88)
>median 65 277 1.17 (060, 2.25)
Pubic hair Stage 5
13-18
<LOD 130 339 1(ref)
LOD-median 106 189 0.73 (044, 1.21)
>median 9 24.0 0.76 (046, 1.25)

?Adjusted for age, BMI, household income, sleep quality, sports activity,
unbalanced diet, and depression score

®Adjusted for age, BMI, household income, sleep quality, sports activity,
unbalanced diet, and depression score

likely to reach pubic hair onset earlier while having a
later menarche age and pubic hair stage 5.

The association of BPA exposure with early pubic hair
onset, although not statistically significant, is consistent
with the effect observed on other estrogen-like endo-
crine disruptors such as phthalates [1]. It was reported
that pubertal hair development may rely on adrenal an-
drogens, chiefly dehydroepiandrosterone (DHEA) [34],
while breast development is more likely to be attributed
to the effect of estrogen [35]. Higher BPA has been
found to be associated with increased DHEA levels in
both pre-adolescent girls and adult females [36, 37],
which provides a potential underlying mechanism for
the present finding. The result is also in line with the
finding that BPA exposure is associated with polycystic
ovarian syndrome [7], an abnormality characterized by
the presence of hyper androgenism [38].

Although both breast development and presence of
pubic hair are known to be early markers of pubertal
maturation, breast development is more likely to be con-
founded by excess adiposity [39], which may also con-
tribute to the non-significant association between BPA
exposure and breast development.

It has been reported that prenatal growth is sensitive
to extrogenous EDCs exposure. Our study suggests that
pubertal development may also be sensitive to adverse
effects of BPA [2]. Perinatal BPA exposure is associated
with fetal growth as well as the growth pattern after
birth, including pubertal growth. The present study is
limited by the fact that perinatal exposure was not col-
lected and thus its contribution to pubertal develop-
ment, as well as its interaction with peripubertal
exposure, cannot be evaluated. Longitudinal studies
examining both perinatal and peripubertal BPA exposure
are needed to clarify the effect.

The study has several strengths. First, we utilized both
menarche and Tanner Staging, a well-validated tool for
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the assessment of pubertal stage, which provides more
information than most studies with menarche as the
only endpoint. Second, we were able to control for many
potential confounders including depression status, sports
activity strength, and dietary pattern.

Our study also has limitations. First, the cross-
sectional design limited our ability to examine a causal
relationship due to difficulties with temporality. Second,
the sample size in each age group was small and the
power to detect a difference, if it existed, was limited.
Around 12% of girls were not included in the analysis
due to refusal or loss of urine samples. As the study was
an ancillary study to a national survey, eligible girls were
unaware of the specific hypothesis of the study, thus se-
lection bias is less likely to be a problem. Third, we col-
lected only one single spot urine to reflect the BPA
exposure. BPA is metabolized relatively rapidly, [40].
One single urine BPA measurement may not reflect
average BPA exposures. Although girls may be exposed
to BPA via oral ingestion, inhalation and dermal absorp-
tion, the predominant source of exposure was likely
through diet. Since dietary patterns were relatively
steady, the BPA level obtained in the present study was
likely representative of the average BPA exposure level.
Fourth, recall error or bias may exist for reporting retro-
spective events such as age at menarche. Since the par-
ticipants were not aware of the specific hypothesis of the
study, this recall error was likely to be non-differential
misclassification, thereby potentially diluting the associa-
tions [41]. Lastly, the study was also limited by the low
proportion of girls with detectable BPA(around 60%), al-
though the rate was similar to two other Chinese studies
with similar LOD (0.31pg/L) [21, 42].

Conclusions

We observed that BPA exposure was associated with
earlier pubertal onset and delayed pubertal progression,
although prospective studies are needed to warrant the
association.

Abbreviations
BMI: Body mass index; BPA: Bisphenol A; Cls: Confidence intervals; LOD: LIMIT
of detection; PRs: Prevalence ratios

Acknowledgements
We thank the collaborating schools for their contribution to this study.

Funding

The present study was supported by National Natural Scientific Foundation
of China (81,501,318, 21,628,701), Science and Technology Commission of
Shanghai Municipality (15ZR1435100, 16ZR1430100), Shanghai Municipal
Health and Family Planning Commission (201540363), and Key Lab. of
Reproduction Regulation of NPFPC.

Availability of data and materials
The datasets used in the current study are available from the corresponding
authors on reasonable request.

Page 6 of 7

Authors’ contributions

MHM was involved in the study design and data analysis and drafted the
manuscript. ZLW and XQL contributed to the statistical analysis. WY and DKL
conceived and designed the study and contributed to the interpretation and
preparation of the manuscript. HL and HT undertook the data collection. ZJZ
conducted the BPA assay. All authors critically revised the manuscript and
approved the final manuscript. WY is the guarantor.

Ethics approval and consent to participate

The study was approved by the committees for protection of human
subjects at Shanghai Institute of Planned Parenthood Research and School of
Public Health, Fudan University. The study was conducted according to the
Declaration of Helsinki. Parents of all girls were sent a consent form with a
detailed description of the study before the study was carried out. Parents
were asked to inform teachers if they did not want their children to
participate in the study. All girls were also informed by their teachers of the
study purpose, processes and voluntary nature of participation in advance,
and reminded again at the time of data collection.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details

'Key Laboratory of Reproduction Regulation of NPFPC, SIPPR, IRD, Fudan
University, 779 Old Humin Road, Shanghai 200237, China. School of Public
Health, Fudan University, Shanghai 200032, China. *The National Centre for
Register-based Research, Aarhus university, 8000 Aarhus, Denmark. 4School of
Public Health, Key Laboratory for Public Health Safety, Fudan University,
Shanghai 200032, China. 5Departr‘nem of Child and Adolescent Health,
School of Public Health, Fudan University, Shanghai 200032, China. ®Division
of Research, Kaiser Foundation Research Institute, Kaiser Permanente,
Oakland, CA 94612, USA.

Received: 10 January 2017 Accepted: 20 July 2017
Published online: 27 July 2017

References

1. Roy JR, Chakraborty S, Chakraborty TR. Estrogen-like endocrine disrupting
chemicals affecting puberty in humans-a review. Med Sci Monit. 2009;15(6):
RA137-45.

2. Chapin RE, Adams J, Boekelheide K, Gray LE Jr, Hayward SW, Lees PS,
Mclntyre BS, Portier KM, Schnorr TM, Selevan SG, et al. NTP-CERHR expert
panel report on the reproductive and developmental toxicity of bisphenol
A. Birth Defects Res B Dev Reprod Toxicol. 2008;83(3):157-395.

3. Howdeshell KL, Hotchkiss AK, Thayer KA, Vandenbergh JG, vom Saal FS.
Exposure to bisphenol A advances puberty. Nature. 1999;401(6755):763-4.

4. Calafat AM, Ye X, Wong LY, Reidy JA, Needham LL. Exposure of the U.S.
population to bisphenol A and 4-tertiary-octylphenol: 2003-2004. Environ
Health Perspect. 2008;116(1):39-44.

5. Lee HJ, Chattopadhyay S, Gong EY, Ahn RS, Lee K. Antiandrogenic effects of
bisphenol A and nonylphenol on the function of androgen receptor.
Toxicol Sci. 2003;75(1):40-6.

6. Li DK, Miao M, Zhou Z, Wu C, Shi H, Liu X, Wang S, Yuan W. Urine
bisphenol-A level in relation to obesity and overweight in school-age
children. PLoS One. 2013;8(6):265399.

7. Kandaraki E, Chatzigeorgiou A, Livadas S, Palioura E, Economou F,
Koutsilieris M, Palimeri S, Panidis D, Diamanti-Kandarakis E. Endocrine
disruptors and polycystic ovary syndrome (PCOS): elevated serum levels of
bisphenol A in women with PCOS. J Clin Endocrinol Metab. 2011,96(3):
E480-4.

8. Sugiura-Ogasawara M, Ozaki Y, Sonta S, Makino T, Suzumori K. Exposure to
bisphenol A is associated with recurrent miscarriage. Human Reprod
(Oxford, England). 2005;20(8):2325-9.



Miao et al. Environmental Health (2017) 16:80

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31

32.

33.

Albin AK, Niklasson A, Westgren U, Norjavaara E. Estradiol and pubertal
growth in girls. Horm Res Paediatr. 2012;78(4):218-25.

Rasier G, Toppari J, Parent AS, Bourguignon JP. Female sexual maturation
and reproduction after prepubertal exposure to estrogens and endocrine
disrupting chemicals: a review of rodent and human data. Mol Cell
Endocrinol. 2006;254-255:187-201.

Honma S, Suzuki A, Buchanan DL, Katsu Y, Watanabe H, Iguchi T. Low dose
effect of in utero exposure to bisphenol A and diethylstilbestrol on female
mouse reproduction. Reprod Toxicol. 2002;16(2):117-22.

Nah WH, Park MJ, Gye MC. Effects of early prepubertal exposure to
bisphenol A on the onset of puberty, ovarian weights, and estrous cycle in
female mice. Clin Exp Reprod Med. 2011;38(2):75-81.

Ashby J, Tinwell H. Uterotrophic activity of bisphenol A in the immature rat.
Environ Health Persp. 1998;106(11):719-20.

Nagao T, Saito Y, Usumi K, Kuwagata M, Imai K. Reproductive function in
rats exposed neonatally to bisphenol A and estradiol benzoate. Reprod
Toxicol. 1999;13(4):303-11.

Biro FM, Huang B, Daniels SR, Lucky AW. Pubarche as well as thelarche may
be a marker for the onset of puberty. J Pediatr Adolesc Gynecol. 2008,21(6):
323-8.

Schubert CM, Chumlea WC, Kulin HE, Lee PA, Himes JH, Sun SS. Concordant
and discordant sexual maturation among U.S. children in relation to body
weight and BMI. J Adolesc Health. 2005;37(5):356-62.

Wolff MS, Britton JA, Boguski L, Hochman S, Maloney N, Serra N, Liu Z,
Berkowitz G, Larson S, Forman J. Environmental exposures and puberty in
inner-city girls. Environ Res. 2008;107(3):393-400.

Buttke DE, Sircar K, Martin C. Exposures to endocrine-disrupting chemicals
and age of menarche in adolescent girls in NHANES (2003-2008). Environ
Health Perspect. 2012;120(11):1613-8.

McGuinn LA, Ghazarian AA, Joseph Su L, Ellison GL. Urinary bisphenol A and
age at menarche among adolescent girls: evidence from NHANES 2003—
2010. Environ Res. 2015;136:381-6.

Biro FM, Greenspan LC, Galvez MP, Pinney SM, Teitelbaum S, Windham GC,
Deardorff J, Herrick RL, Succop PA, Hiatt RA, et al. Onset of breast
development in a longitudinal cohort. Pediatrics. 2013;132(6):1019-27.

He Y, Miao M, Herrinton LJ, Wu C, Yuan W, Zhou Z, Li DK. Bisphenol A levels
in blood and urine in a Chinese population and the personal factors
affecting the levels. Environ Res. 2009;109(5):629-33.

EPA. EPA revised assessment detection and quantitation approaches. 2004.
https://nepis.epa.gov/Exe/ZyPDF.cgi/901R0400.PDF?Dockey=901R0400.PDF.
Centers for Disease Control and Prevention. Fourth National Report on
Human Exposure to Environmental Chemicals. [http://www.cdc.gov/
exposurereport/pdf/FourthReport.pdf]. Accessed 26 July 2017.

Marshall WA, Tanner JM. Variations in pattern of pubertal changes in girls.
Arch Dis Child. 1969,44(235):291-303.

Bordini B, Rosenfield RL. Normal pubertal development: part II: clinical
aspects of puberty. Pediatr Rev. 2011,32(7):281-92.

National Health and Nutrition Examination Survey. Anthropometry
Procedures Manual [http://www.cdc.gov/nchs/data/nhanes/nhanes_07_08/
manual_an.pdf]. Accessed 26 July 2017.

Stroud CB, Davila J: Pubertal Timing. 2016.

Rogol AD, Clark PA, Roemmich JN. Growth and pubertal development in
children and adolescents: effects of diet and physical activity. Am J Clin
Nutr. 2000;72(2 Suppl):5215.

Knutson KL. The association between pubertal status and sleep duration
and quality among a nationally representative sample of U. S. adolescents.
Am J Hum Biol. 2005;17(4):418-24.

Mallozzi M, Bordi G, Garo C, Caserta D. The effect of maternal exposure to
endocrine disrupting chemicals on fetal and neonatal development: a
review on the major concerns. Birth Defects Res C Embryo Today. 2016;
108(3):224.

Pantsiotou S, Papadimitriou A, Douros K, Priftis K, Nicolaidou P, Fretzayas A.
Maturational tempo differences in relation to the timing of the onset of
puberty in girls. Acta Paediatr. 2008,97(2):217-20.

Marti-Henneberg C, Vizmanos B. The duration of puberty in girls is related
to the timing of its onset. J Pediatr. 1997;131(4):618-21.

Biro FM, McMahon RP, Striegel-Moore R, Crawford PB, Obarzanek E,
Morrison JA, Barton BA, Falkner F. Impact of timing of pubertal maturation
on growth in black and white female adolescents: the National Heart, Lung,
and Blood Institute Growth and Health Study. J Pediatr. 2001;138(5):636-43.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Page 7 of 7

Williams RH, Wilson JD, Foster DW, Kronenberg HM, Larsen PR. Williams
textbook of endocrinology. 9th ed. Philadelphia: Saunders; 1998.

Mouritsen A, Aksglaede L, Soerensen K, Hagen CP, Petersen JH, Main KM,
Juul A. The pubertal transition in 179 healthy Danish children: associations
between pubarche, adrenarche, gonadarche, and body composition. Eur J
Endocrinol. 2013;168(2):129-36.

Lee HA, Kim YJ, Lee H, Gwak HS, Park EA, Cho SJ, Kim HS, Ha EH, Park H.
Effect of urinary bisphenolA on androgenic hormones and insulin resistance
in preadolescent girls: a pilot study from the Ewha Birth & Growth Cohort.
Int J Environ Res Public Health. 2013;10(11):5737-49.

Galloway T, Cipelli R, Guralnik J, Ferrucci L, Bandinelli S, Corsi AM, Money C,
McCormack P, Melzer D. Daily bisphenol A excretion and associations with
sex hormone concentrations: results from the INCHIANTI adult population
study. Environ Health Perspect. 2010;118(11):1603-8.

Azziz R, Carmina E, Dewailly D, Diamanti-Kandarakis E, Escobar-Morreale HF,
Futterweit W, Janssen OE, Legro RS, Norman RJ, Taylor AE, et al. The
androgen excess and PCOS society criteria for the polycystic ovary
syndrome: the complete task force report. Fertil Steril. 2009,91(2):456-88.
Rosenfield RL, Lipton RB, Drum ML. Thelarche, pubarche, and menarche
attainment in children with normal and elevated body mass index.
Pediatrics. 2009;123(1):84-8.

Volkel W, Colnot T, Csanady GA, Filser JG, Dekant W. Metabolism and
kinetics of bisphenol A in humans at low doses following oral
administration. Chem Res Toxicol. 2002;15(10):1281-7.

Rothman KJ, Greenland S, Lash TL. Modern epidemiology. 3rd ed.
Philadelphia: Lippincott Williams & Wilkins; 2008.

Engel LS, Buckley JP, Yang G, Liao LM, Satagopan J, Calafat AM, Matthews
CE, Cai Q, Ji BT, Cai H, et al. Predictors and variability of repeat
measurements of urinary phenols and parabens in a cohort of shanghai
women and men. Environ Health Perspect. 2014;122(7):733-40.

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal

* We provide round the clock customer support

e Convenient online submission

e Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BiolMed Central



https://nepis.epa.gov/Exe/ZyPDF.cgi/901R0400.PDF?Dockey=901R0400.PDF
http://www.cdc.gov/exposurereport/pdf/FourthReport.pdf
http://www.cdc.gov/exposurereport/pdf/FourthReport.pdf
http://www.cdc.gov/nchs/data/nhanes/nhanes_07_08/manual_an.pdf
http://www.cdc.gov/nchs/data/nhanes/nhanes_07_08/manual_an.pdf

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Study population
	In-person data collection
	BPA measurements
	Pubertal development assessment
	Statistical analysis

	Results
	Discussion
	Conclusions
	Abbreviations
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

