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Abstract

Human exposure to bisphenol A (BPA) is widespread. Animal studies have demonstrated that BPA
can alter endocrine function, but human studies are limited. For the present study, we measured
urinary BPA concentrations and serum thyroid and reproductive hormone levels in 167 men recruited
through an infertility clinic. BPA was detected in 89% of urine samples with a median (range) of 1.3
(<0.4 - 36.4) ng/mL. In multivariable regression models adjusted for potential confounders, BPA
concentrations in urine collected on the same day as a blood sample were inversely associated with
serum levels of inhibin B and estradiol:testosterone ratio (E:T) and positively associated with
follicle-stimulating hormone (FSH) and FSH:inhibin B ratio. Because BPA is metabolized quickly
and multiple urine measures may better reflect exposure than a single measure, we also considered
among a subset of the men the BPA concentrations in repeated urine samples collected weeks or
months following serum sample collection. In these analyses, the effect estimates remained consistent
for FSH and E,:T but were somewhat weakened for inhibin B; in addition, we observed inverse
relationships between urinary BPA and free androgen index (ratio of testosterone to sex hormone
binding globulin), estradiol, and thyroid stimulating hormone. Our results suggest that BPA exposure
may be associated with altered hormone levels in men, but these findings need to be substantiated
through further research.

INTRODUCTION

The monomer bisphenol A (BPA, 2,2-bis-(4-hydroxyphenyl)-propane; CAS Registry N.
80-05-7), synthesized as a synthetic estrogen in 1936 (1), is used to manufacture several
polymeric materials that can be found in a wide variety of consumer products. These products
include polycarbonate plastic baby and water bottles, epoxy resins which may be used as the
lacquer lining of food and beverage cans, and some dental sealants and composites (2). As a
result of dietary and other sources, there is widespread general population exposure to BPA.
BPA was recently detected in 93% of urine samples from a reference population of 2517 US
residents as part of NHANES 2003-2004 (3).

Hundreds of animal and in vitro studies have been conducted on the endocrine effects of BPA
(4). While BPA has been known to possess estrogenic activity since the 1930’s, there is
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evidence that BPA is also an anti-androgen (5) that suppresses aromatase (6) and can alter
thyroid hormone signaling (5,7) and prolactin release (8,9). Concerns surrounding BPA-
induced health effects are heightened by the observation that the endocrine-modulating ability
of BPA may occur at concentrations that are much lower than those currently measured in the
general population (10). Human studies of BPA exposure and endocrine function are limited
to small studies that have reported altered levels of gonadotropins or testosterone in relation
to BPA concentrations in urine or serum (11-13). The present study was undertaken to assess
the relationship between urinary BPA concentrations and serum thyroid and reproductive
hormone levels in adult men.

Subjects were recruited from an ongoing study on the relationship between environmental
agents and reproductive health. Participating men were partners in subfertile couples seeking
treatment from the Vincent Andrology lab at Massachusetts General Hospital (MGH). The
study was approved by the Human Studies Institutional Review Boards of the MGH, Harvard
School of Public Health, the Centers for Disease Control and Prevention, and the University
of Michigan. After the study procedures were explained and all questions answered, subjects
signed an informed consent. Men between the ages of 18 to 55 years without post-vasectomy
status who presented to the Andrology Laboratory were eligible to participate. Of those
approached, approximately 65% consented. Most men that declined to participate in the study
cited lack of time on the day of their clinic visit as the reason for not participating.

A single spot urine sample was collected from each subject (n=167) on the day of their clinic
visit in a sterile polypropylene cup. Because BPA is metabolized and excreted from the body
rapidly, and a single urinary measure likely reflects an individual’s exposure in the hours to
days leading up to urine sample collection (14), a second and third urine sample were collected
from a subset of men (n=75 and n=4, respectively). These samples were generally collected
between one week and two months following the original sample collection at a follow-up
clinic visit. After measuring specific gravity (SG) using a handheld refractometer (National
Instrument Company, Inc., Baltimore, MD, USA), each urine sample was divided in aliquots
and frozen at —80°C. Samples were shipped on dry ice overnight to the CDC, where the total
urinary concentration of BPA (free plus conjugated species) was measured using online solid-
phase extraction (SPE) coupled to isotope dilution—high performance liquid chromatography
(HPLC) - tandem mass spectrometry (MS/MS) on a system constructed from several HPLC
Agilent 1100 modules (Agilent Technologies, Wilmington, DE) coupled to a triple quadropole
API1 4000 mass spectrometer (Applied Biosystems, Foster City, CA) (15). First, 100 uL of
urine was treated with B-glucuronidase/sulfatase (Helix pomatia, H1; Sigma Chemical Co., St.
Louis, MO) to hydrolyze the BPA-conjugated species. BPA was then retained and concentrated
on a C18 reversed-phase size-exclusion SPE column (Merck KGaA, Germany), separated from
other urine matrix components using a pair of monolithic HPLC columns (Merck KGaA), and
detected by negative ion-atmospheric pressure chemical ionization-MS/MS. The limit of
detection (LOD) for BPA in a 0.1-mL urine sample was 0.4 pg/L. Low-concentration (~ 4
ug/L) and high-concentration (~ 20 pg/L) quality control materials, prepared with pooled
human urine, were analyzed with analytical standards, reagent blanks, and unknown samples
(15). For the presentation of the distribution of exposure levels, BPA concentrations were
corrected for urine dilution by SG using the following formula: P, = P[(1.024 — 1)/SG — 1)],
where P is the SG-adjusted phthalate metabolite concentration (ng/ml), P is the measured BPA
concentration, and SG is the specific gravity of the urine sample.

Environ Sci Technol. Author manuscript; available in PMC 2011 February 15.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 3

Serum hormones

One non-fasting blood sample was drawn between the hours of 9 am and 4 pm on the same
day and time that the first urine sample was collected. Blood samples were centrifuged and the
resulting serum was stored at —80 °C until hormone analysis at the MGH Reproductive
Endocrinology Laboratory. Serum testosterone, estradiol, sex hormone binding globulin
(SHBG), inhibin B, follicle stimulating hormone (FSH), luteinizing hormone (LH), prolactin,
free T4, total T3 and thyroid stimulating hormone (TSH) were measured using sensitive
immunoassay methods described previously (16). The free androgen index (FAI was calculated
as the molar ratio of total testosterone to SHBG. Free testosterone was also estimated using
published methods (17). The testosterone:LH ratio, a measure of Leydig cell function, was
calculated by dividing testosterone (nmol/L) by LH (IU/L). The ratios of FSH to inhibin B
(FSH:inhibin B) and estradiol to testosterone (E,:T) were also calculated as measures of Sertoli
cell function and aromatase activity, respectively.

Statistical analysis

Data analysis was performed using SAS version 9.1 (SAS Institute Inc., Cary, NC, USA).
Descriptive statistics on subject demographics were tabulated, along with the distributions of
urinary BPA concentrations and serum reproductive hormone levels. For BPA concentrations
or hormone levels below the LOD, an imputed value equal to one-half the LOD was used. In
preliminary data analysis, hormone and BPA concentrations were stratified by demographic
categories to investigate the potential for confounding. Multivariable linear regression was
used to explore relationships between urinary BPA and hormone concentrations. Serum
concentrations of inhibin B, testosterone, free testosterone and estradiol closely approximated
normality and were used in statistical models untransformed, while the distribution of FSH,
LH, SHBG, prolactin, TSH, and all calculated hormone ratios were positively skewed and
transformed by the natural logarithm for statistical analyses. Urinary BPA concentrations were
also In-transformed. Inclusion of covariates was based on statistical and biologic considerations
(18). Specific gravity was included as a continuous variable in all models to adjust for urinary
dilution. Age and BMI were also modeled as continuous variables, while race was categorized
into four groups: white, African American, Hispanic, and other. Smoking status (current versus
former or never smoker), the timing of collection of blood/urine samples by season (winter vs.
spring, summer or fall) and by time of day (9:00 am — 12:59 pm vs. 1:00 pm — 4:00 pm) were
considered for inclusion in the models as dichotomous variables. To improve interpretability,
the regression coefficients were back transformed and expressed as a change in the dependent
variable (i.e., serum hormone levels) for an interquartile range (IQR) increase in urinary BPA
concentrations.

Four models were constructed: 1) using only urinary BPA concentrations from a single urine
sample collected on the same day as the serum sample; 2) using the geometric mean urinary
BPA concentration for each participant, where between one and three values were used to
calculate each individual’s geometric mean (i.e. the geometric mean for men with only one
value was equal to that single value); 3) using the geometric mean BPA concentration among
only participants that contributed BPA data from at least two urine samples; and 4) using only
the single urinary BPA measure collected on the same day as the serum sample among men
with BPA data from at least two urine samples. The reason for including approach 4) was to
assess the utility of collecting subsequent urine samples by comparing effect estimates between
approaches 3) and 4). In a sensitivity analysis, the multivariable models were rerun after
excluding men with highly concentrated or highly dilute urine samples (SG above 1.03 or
below 1.01) (19). Models were also rerun using specific gravity-corrected BPA concentrations
rather than using uncorrected urinary BPA concentrations but including specific gravity as a
covariate. Finally, we assessed non-linear relationships between BPA concentrations and
hormones by regressing the serum hormones levels on quartiles of urinary BPA concentrations.
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After excluding nine men reporting use of medications that alter hormone levels (e.g., propecia,
finasteride, cabergoline, clomid, GnRH, testosterone, or prednisone taper) and four men
missing data on specific gravity, serum hormone levels and urinary BPA concentrations were
available from 167 men. Of these men, a second urine sample was collected at a later date from
75 of them, and a third urine sample was collected from 4 men. Therefore, the total number of
urine samples collected was 246. The time lapsed between the collection of consecutive urine
samples ranged from 3 to 75 days, with a mean of 31 days and median (25™, 75t percentile)
of 29 (27,34) days. Most men were white (86%) and did not currently smoke (89%). The mean
(SD) age and BMI were 37 (5.3) years and 27 (4.6), respectively. The distribution of urinary
BPA concentrations for the 167 urine samples collected on the same day as the serum sample,
along with the distribution of serum hormone levels, are available in the Supporting
Information (Tables S1 and S2, respectively). Among all urine samples analyzed in the study,
BPA was detected in 218 samples (89%). The geometric mean and median (251", 75t
percentile) BPA concentrations were both 1.3 ng/mL (0.7, 2.4 ng/mL), with a maximum
concentration of 36.4 ng/mL. Among the 74 men from whom 2 urine samples were collected,
BPA concentrations in the two samples were weakly correlated (Spearman r = 0.17; p-value
= 0.14). Stratifying by the median duration between samples (29 days) made only a subtle
difference (Spearman r = 0.20 for samples collected < 29 days apart, r = 0.16 for sample
collected > 29 days apart).

FAI and prolactin were inversely associated with age (both Spearman correlation coefficients
=-0.2; p-values <0.05). BMI was inversely associated with inhibin B, testosterone, and SHBG,
but positively associated with FSH:inhibin B ratio, estradiol, FAI, E,:T ratio, and free T4 (all
p-values <0.05). Current smokers had significantly lower median prolactin (p<0.05) and
suggestively higher median free T3 and TSH levels (p-values = 0.06) than non-smokers.
Median prolactin and free T4 levels were higher in samples collected in the afternoon compared
to samples collected in the morning (p-values <0.05). Serum samples collected in the winter
had median inhibin B and SHBG concentrations that were lower than those collected in spring,
summer or fall. Samples collected in the winter also had a suggestively lower median
concentration of SG-corrected BPA (1.3 ng/mL) than samples collected in spring, summer or
fall (1.8 ng/mL, p=0.06). Finally, median uncorrected BPA concentration was higher among
men whose urine sample was collected in the afternoon (1.4 ng/mL) versus men providing the
urine sample in the morning (1.1 ng/mL; p<0.05), though this difference was not statistically
significant (p=0.1) when comparing SG-corrected concentrations (1.7 ng/mL vs. 1.6 ng/mL).

All linear regression analysis results in Table 1 were adjusted for specific gravity, age, BMI,
smoking status, and season and time of day blood/urine samples were collected. Crude
regression results (not shown) were similar to the adjusted results presented in Table 1. In the
adjusted models using only urinary BPA concentrations measured in the single urine sample
collected on the same day as the serum sample (statistical approach 1, first column of regression
coefficients in Table 1), there was a positive association between urinary BPA and serum FSH
and a suggestive inverse association between BPA and inhibin B, where an IQR increase in
BPA was associated with a 1.23 IU/L increase in FSH (95% confidence interval (CI) 1.10 to
1.40 1U/L; p-value = 0.0005) and a 16.8 pg/mL decrease in inhibin B (95%CI —33.8 to +0.22
pg/mL; p-value = 0.053). For the median level of FSH (7.75 1U/L) and inhibin B (156 pg/mL),
this represents a 23.3% (95%CI 10.3% to 39.5%) increase in FSH and a 10.7% decrease (95%
Cl—21.6% to +0.1%) in inhibin B for an IQR increase in BPA (IQR 0.7 to 2.4 ng/mL). Urinary
BPA was also positively associated with the FSH:inhibin B ratio and inversely associated with
the E,:T ratio, where an IQR increase in BPA was associated with a 39.5% (95% CI 10.4% to
76.3%) increase in FSH:inhibin B ratio and a 12.7% decline (95%CI —21.8% to —1.2%) in
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E,:T ratio. In sensitivity analyses, effect estimates from the multivariable models were similar
when including only men with SG > 1.01 and <1.03 were included (n=137; results not shown).

To assess the robustness of the associations between urinary BPA concentrations and serum
hormone levels, and potential non-linear relationships, we divided BPA concentrations into
quartiles. There was a positive dose-response trend between urinary BPA concentration
quartiles and serum FSH levels (Figure 1A; p for trend = 0.002) and an inverse trend between
urinary BPA quartiles and inhibin B (Figure 1B; p for trend = 0.04). There was a positive trend
between urinary BPA quartiles and FSH:inhibin B ratio (Figure 1C; p for trend = 0.01) and a
suggestive inverse trend between urinary BPA quartiles and E2:T ratio (Figure 1D; p for trend
=0.06).

Results from the multivariable regression models using geometric mean BPA concentrations
from multiple urine samples per participant, when available, differed somewhat from the
models using only urine samples collected on the same day as the serum samples (Table 1,
second and third columns of regression coefficients). When including all 167 subjects in this
analysis (Table 1, approach 2, second column of regression coefficients), the inverse
association between urinary BPA and the E,: T ratio remained similar and an inverse association
between BPA and TSH was observed. The positive associations between BPA and FSH and
FSH:inhibin B ratio also remained but were somewhat weakened, while the inverse association
between BPA and inhibin B became less evident. When including only men (n=75) that
contributed at least two urine samples in this analysis (Table 1, approach 3, third column of
regression coefficients), the inverse relationship between urinary BPA and the E,:T ratio
remained consistent. There were also inverse relationships between urinary BPA and FAI,
estradiol, and TSH, as well as a positive relationship between BPA and SHBG. In these analyses
an IQR increase in urinary BPA was associated with 11.1% (95%CI1 —20.1% to —2.3%), 13.4%
(—27.0% to +0.2%), and 21.9% (—39.8% to +1.2%) declines in FAI, estradiol, and TSH,
respectively. The relationships between urinary BPA and FSH, inhibin B and the FSH:inhibin
B ratio were no longer statistically significant in this subset of participants. However, if among
these same 75 men with at least 2 urine samples, we only used the sample collected on the
same day as the serum sample (Table 1, approach 4, fourth column of regression coefficients),
there were significant positive associations with FSH, FSH:inhibin B ratio, and SHBG, and
inverse associations with inhibin B and E,:T ratio. The inverse associations with FAI and
estradiol were statistically suggestive, while the inverse association with TSH was not.

DISCUSSION

In the present study, when using spot urine samples collected on the same day as a blood sample,
urinary BPA concentrations were associated with serum levels of FSH, inhibin B, FSH:inhibin
B ratio, and E,:T ratio. When one or two subsequent urine samples collected in the weeks or
months following the collection of the serum sample were taken into consideration, the
associations involving FSH and inhibin B weakened, but the inverse relationship with E2:T
ratio remained consistent. In these analyses involving multiple urine samples, we also found
associations between urinary BPA concentrations and SHBG, FAI, estradiol, and TSH. Based
on our report of temporal within-individual variability in urinary BPA concentrations (14), the
use of multiple urinary BPA measures may reflect an individual’s exposure level over time
more adequately than a single measure. Therefore, while the subsequent urine samples were
collected weeks or months after the collection of the serum samples used for hormone level
measurement, we included these urine samples in the analysis. However, because multiple
urinary BPA concentrations were not available for all participants, the additional samples were
collected outside of the exposure time window likely to be of most interest (i.e. days or weeks
leading up to measurement of serum hormone levels as opposed to after hormone levels were
measured), and the number of samples and the time interval between their collection varied
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among the men with multiple BPA measures, we analyzed the data using four different
approaches, as presented in Table 1.

The interpretation of the differences in effect estimates and confidence intervals between
approaches 3) and 4) needs to be done cautiously because of the small sample size. Also,
because of the large number of comparisons made some of the observed associations may be
chance findings. Overall, the magnitude and direction of the effect estimates for both
approaches were similar, though there were large differences in the magnitude of estimates for
inhibin B (which also results in differences for the FSH:Inhibin B ratio). From a comparison
of these analyses it is not possible to determine why there are differences in effect estimates.
However, based on these results and our earlier work on urinary temporal variability in urinary
BPA concentrations, we recommend collecting more than one sample per person to better
estimate exposure, preferably within the most relevant time window of interest (e.g. prior to
serum collection for the measurement of hormones as opposed to after serum collection).

Despite the variable findings obtained with these different statistical analysis approaches, our
findings can be compared with the in vitro, animal, and limited human data on BPA exposure
and endocrine function. In humans, serum BPA concentrations were associated with increased
androgen levels, but not estradiol, LH, or FSH levels, among women in two small studies (n=41
and n=74) (12,13). In a study of 42 male workers exposed to bisphenol A diglycidyl ether and
mixed organic solvents and 42 male matched control workers, urinary BPA was inversely
associated with plasma FSH levels, but not LH or free testosterone (11). These reports are
inconsistent with our observation of a positive association between urinary BPA and FSH.
However, our finding, along with the inverse association between BPA and inhibin B and the
positive association between BPA and FSH:inhibin B ratio, may be consistent with animal and
in vitro studies showing reduced testicular inhibin levels (20) and adverse effects on Sertoli
cell function and sperm production in relation to BPA exposure (21-31). FSH and inhibin B
are the two hormones most highly predictive of semen quality, where elevated levels of FSH
and/or low levels of inhibin B are associated with poorer semen quality (16,32,33). FSH, a
gonadotropin produced and secreted by the anterior pituitary, acts on Sertoli cells in the
seminiferous tubules to initiate spermatogenesis. In addition to nurturing and protecting
developing germ cells during spermatogenesis, Sertoli cells also produce and secrete inhibin
B, a protein hormone, which then exerts negative feedback on the anterior pituitary to inhibit
FSH secretion (34,35). Thus, BPA may be associated with adverse effects on the Sertoli cells
or their FSH receptors to alter inhibin B production. This may, in turn, through reduced negative
inhibin B feedback lead to increased pituitary FSH production and secretion, potentially
resulting in reduced sperm production and semen quality. However, additional studies,
including human studies with larger sample sizes and measures of semen and sperm quality,
are needed to further examine this hypothesis.

Our finding of an inverse association between urinary BPA and the serum E,:T ratio using all
four statistical analysis approaches is also consistent with previous reports. Since estradiol is
produced through the aromatization of testosterone, a reduction in the E,:T ratio is considered
a marker for declined aromatase activity. BPA has been shown to suppress aromatase in rat
Leydig cells (29), rat ovarian granulosa cells (36), and placental JEG-3 cells (37,38). While
our findings are consistent with BPA suppression of aromatase activity, an alternative
explanation for a decreased E,:T ratio may involve differential effects of BPA exposure on
testosterone and estradiol metabolism.

When considering multiple urinary BPA measures from individual participants, we found
inverse associations between BPA and FAI, estradiol, and TSH. With regards to a reduced
FAI, BPA has demonstrated anti-androgenic activity in a number of studies (5,6,20,29,39—
43), although it was also found to be a strong SHBG ligand (44). The inverse association with
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circulating estradiol in this analysis was also consistent with a study involving both in vivo and
in vitro experiments of rats and rat Leydig cells that reported declines in Leydig cell estradiol
biosynthesis and circulating levels estradiol following environmentally relevant doses of BPA;
these effects were attributed to BPA-induced inhibition of Leydig cell aromatase activity
(29). Finally, perhaps consistent with our finding of an inverse relationship between BPA and
TSH, with no corresponding positive association between BPA and free T4 or total T3, is a
recent report showing that BPA suppresses TSH release from amphibian pituitary in a manner
that is independent of both the thyroid hormone feedback mechanism and BPA’s estrogenic
activity (9).

This study has several limitations. First, the present study is cross-sectional in nature due to
the availability of only a single hormone measure from each participant, as well as only one
urine sample from over half of the men. Thus, we cannot rule out reverse causation to explain
our findings. For example, hormonal status could be associated with altered BPA metabolism
and result in associations between hormone levels and urinary BPA concentrations (45). If this
were the case, information on predictors of altered BPA metabolism would also be of great
interest given the broad range of health concerns surrounding BPA exposure. Another
limitation is the likelihood of exposure measurement error due to the high within-individual
temporal variability in BPA exposure and the availability of multiple BPA measures from only
a subset of participants. However, measurement error would be expected to be non-differential,
which would tend to reduce the ability to detect associations between exposure and outcome.
In addition, when using broad exposure categories (e.g. quartiles as presented in Figure 1), a
single measure may adequately predict an individual’s exposure category over a longer period
of time such as several months (14). Finally, because the present study was conducted among
men recruited through an infertility clinic our ability to generalize the results to the general
population may be limited. However, because to date no evidence exists that men from an
infertility clinic are differentially affected by BPA exposure we expect our results to be
generalizable.

In conclusion, human exposure to BPA may be associated with alterations in circulating
hormone levels. Additional studies assessing the relationship between BPA exposure and
endocrine function and downstream clinical implications are needed. These studies should be
designed to utilize BPA exposure biomarkers from multiple time points in the exposure time-
window that is most relevant to the health outcomes of interest.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Adjusted regression coefficients for a change in hormone or hormone ratio associated with
increasing quartiles of BPA (n=167). Adjusted for specific gravity, age, BMI, current smoking
status, and season and time of day of blood/urine sample collection. A) FSH; B) inhibin B; C)
FSH:inhibin B ratio; D) estradiol:testosterone (E,:T) ratio.
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