INTERACTIONS AMONG ENDOCRINE-DISRUPTING CHEMICALS



CONCENTRATIONS OF BISPHENOL A AND ESTRADIOL ARE ELEVATED

BY EXPOSURE TO ENDOCRINE-DISRUPTING CHEMICALS

By TYLER POLLOCK, B.SC.

A Thesis Submitted to the School of Graduate Studies in Partial Fulfillment of the

Requirements for the Degree Doctorate of Philosophy

McMaster University © Copyright by Tyler Pollock, July 2017



Ph.D. Thesis — T. Pollock McMaster — Psychology, Neuroscience & Behaviour

McMaster University DOCTORATE OF PHILOSOPHY (2017)

Hamilton, Ontario (Psychology, Neuroscience & Behaviour)

TITLE: Concentrations of bisphenol A and estradiol are elevated

by exposure to endocrine-disrupting chemicals
AUTHOR: Tyler Pollock, B.Sc. (McMaster University)
SUPERVISOR: Professor Denys deCatanzaro

NUMBER OF PAGES: xxvi, 331



Ph.D. Thesis — T. Pollock McMaster — Psychology, Neuroscience & Behaviour

Abstract
Endocrine-disrupting chemicals (EDCs) are synthetic substances that perturb estrogen,
androgen, and thyroid systems, thereby impacting development, reproduction, behaviour,
and general health. People are concurrently exposed to numerous EDCs from diverse
sources, including consumer products, personal care products, medical devices, and
environmental media. | explored impacts of [1] triclosan (a synthetic biocide), [2] butyl
paraben and [3] propyl paraben (antimicrobial preservatives), and [4]
tetrabromobisphenol A (a flame retardant) on bisphenol A (BPA) and 17B-estradiol (E2)
concentrations in vivo. | developed a novel protocol that measured acute effects of these
four EDCs upon radiolabeled **C-BPA or *H-E2 in blood serum and tissues, and natural
E2 in urine. First | showed that BPA, the monomer of polycarbonate plastics, localizes to
the reproductive organs of female mice following low-dose dietary exposure.
Subsequently, | demonstrated that exposure to any one of the four EDCs elevated 4C-
BPA concentrations in blood serum, reproductive organs, and other peripheral tissues of
female and male mice. Such exposure also elevated concentrations of natural E2 in urine.
Finally, I showed that concurrent exposure to all four EDCs, in addition to diethylhexyl
phthalate (a plasticizer), can elevate concentrations of **C-BPA and E2 at much lower
doses than required when given alone. These data show that endocrine-disrupting
chemicals interact in vivo, and that they can modulate the toxicokinetics of BPA and
disrupt natural estrogen homeostasis. This is consistent with evidence that EDCs compete
for access to enzymes that are critical for their metabolism and estrogen regulation, such

as cytochrome p450, sulfotransferase, UDP-glucuronosyltransferase, and hydroxysteroid
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dehydrogenase. Given the detrimental reproductive and carcinogenic effects of
persistently elevated estrogen activity, the findings of these studies emphasize the
importance of further investigating adverse health outcomes of chemical mixtures.
Furthermore, studies of multiple chemicals should be considered when assessing risk and

determining regulatory exposure limits.
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Chapter 1

General Introduction
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The endocrine system

The endocrine system represents a collection of glands within an organism. These
glands secrete hormones that enter circulation, travel throughout the body, and regulate
functions of distant target organs (Nelson and Kriegsfeld 2017). In mammals, the major
glands of the endocrine system include the pineal gland, pituitary gland, adrenal gland,
pancreas, thyroid gland, ovaries, and testes. Secondary endocrine functions are features
of other organs, including the liver, kidney, stomach, heart, and bone. The hypothalamus,
located adjacent to the pituitary gland, acts as the neural control center of endocrine
signaling.

The endocrine system utilizes numerous hormones to govern many broad
functions. These functions include growth, development, reproduction, digestion,
metabolism, behaviour, and maintaining homeostasis in response to changing
environments (Nelson and Kriegsfeld 2017). Secreted hormones accomplish this by
acting on receptors, either membrane-bound or intracellular, in target tissues to initiate
downstream responses (Walters 1985). Proper functioning of all glands and hormones is
a feature of healthy individuals. This thesis will focus on sex steroid hormones given
their extensive study in the field of endocrine disruption by environmental toxicants

(Gore et al. 2015).

Sex steroid hormones

Sex steroid hormones include androgens, estrogens, and progestogens. Sex

steroids are small molecules that are metabolically derived from cholesterol through a
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series of enzymatic transformations (Miller 1988; Payne and Hales 2004). Sex steroids
are largely produced in the ovaries, testes, and adrenal glands, but they can also be
synthesized in small quantities in the liver, adipose, and elsewhere. These small lipophilic
molecules readily travel throughout the body, efficiently crossing cell membranes
unassisted and transported in blood by carrier proteins, known as sex hormone-binding
globulins (Anderson 1974). Sex steroid hormones broadly govern sexual differentiation,
sexual development, sexual behaviour, reproduction, fertility, and pregnancy, and they
are also involved in other processes such as immune function, learning, and memory
(Ruiz-Cortés 2012).

The physiological, behavioural, and other impacts of sex steroids are largely
accomplished via binding to receptors in target tissues (Walters 1985). Estrogens, such as
estrone (E1), 17B-estradiol (E2), and estriol (E3), activate estrogen receptors (ER).
Androgens, such as testosterone and dihydrotestosterone, activate androgen receptors,
and progesterone (P4) activates progestogen receptors. Binding results in the formation of
a receptor-ligand complex that can upregulate or downregulate gene transcription
(Walters 1985). Depending upon the specific sex steroid acting as the ligand, signaling
can be highly potent and prolonged, inducing significant changes in gene transcription
and protein synthesis lasting from hours to weeks (Ruiz-Cortés 2012).

Given the potent impacts of sex steroids, it is critical that their activity be tightly
controlled. This can be accomplished through several mechanisms, including regulation
of receptor expression, cofactors involved in transcription, and other molecular

messengers within cells (McDonnell and Norris 2002). Perhaps the most direct
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mechanism of controlling sex steroid activity is via regulation of biologically active
(unconjugated) sex steroid concentrations. Concentrations of sex steroids in the body are
tightly regulated by several enzymes, including 3B-hydroxysteroid dehydrogenase (3f-
HSD), 11B-hydroxysteroid dehydrogenase (11B-HSD), 17p-hydroxysteroid
dehydrogenase (17B-HSD), 17a-hydroxylase/17,20-lyase, aromatase (CYP19A1), steroid
sulfatase (STS), sulfotransferase (SULT), and UDP-glucuronosyltransferase (UGT)
(Hanukoglu 1992; Payne and Hales 2004). Some of these enzymes are responsible for
metabolizing sex steroids into their conjugated forms, which cannot bind steroid
receptors and are therefore considered biologically inactive.

Congenital abnormalities can result in reduced efficacy of one or more of these
enzymes from birth, thereby disrupting steroid concentrations and producing an array of
human disorders (White 1994). Androgen excess in females, known as
hyperandrogenism, is associated with elevated risk of type 2 diabetes, obesity, and
polycystic ovarian syndrome (Azziz et al. 2006). Androgen deficiency in males, known
as hypoandrogenism, can lead to reduced libido, gonad size, infertility, headaches, and
depression (Bhasin et al. 2010). P4 deficiency in females can also lead to reduced libido,
uterine bleeding, and infertility (Csapo et al. 1974). Disruption of androgen and P4
signaling can be problematic; however, the studies conducted in this thesis primarily

focus on actions of estrogens and estrogenic chemicals.
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Estrogen function and requlation

Estrogens are the smallest of the sex steroid hormones, located at the end of the
steroid biosynthetic pathway (Dumas and Diorio 2011; Payne and Hales 2004). Critical
for estrogen production is the cleavage of a methyl group from an androgen precursor,
converting either androstenedione to E1 or testosterone to E2 (Fig. 1). The enzyme
responsible for this step is CYP19A1 (Dumas and Diorio 2011; Payne and Hales 2004).
E3 is the major circulating estrogen during pregnancy and is produced in the liver and
placenta (Kota et al. 2013). E1, E2, and E3 are biologically active and can bind to ER,
with E2 showing the highest affinity and therefore being considered the most potent
natural estrogen (Kuiper et al. 1997).

Conventional ERa and ERJ are intracellular receptors that dimerize and localize
into the nucleus upon ligand binding. The ligand-receptor complex interacts with DNA
sequences known as estrogen response elements to upregulate or downregulate gene
transcription (Carroll et al. 2006; Klinge 2001). Whereas these effects occur on the order
of hours to days, more rapid estrogen actions, on the order of seconds to minutes, are
accomplished by membrane-associated receptors. One such membrane-associated
receptor is G protein-coupled estrogen receptor 1 (GPER) (Barton et al. 2017; Filardo and
Thomas 2005; Prossnitz et al. 2008). Unlike ERa and ERB, GPER does not localize into
the nucleus and directly bind DNA. Rather, signaling is achieved through intracellular
second messengers, including adenylyl cyclase and protein kinases (Filardo and Thomas

2005; Prossnitz et al. 2008).
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Concentrations of biologically active estrogens in circulation and tissues are
strictly maintained by actions of several enzymes (Fig. 1). Estrogen conjugates and
metabolites cannot bind ER, but instead function as storage reservoirs for estrogens in the
body or prepare estrogens for excretion by increasing their hydrophilicity (Reed et al.
2005). Such conjugates include estrone sulfate (E1S) and estradiol sulfate (E2S)
produced via interaction with SULT1A1 or SULT1E1 (Dumas and Diorio 2011).
Estradiol is glucuronidated by UGT1AL1 to form estradiol glucuronide (E2G). Sulfated
and glucuronidated estrogens can be converted back into their unconjugated, bioactive
forms via STS and B-glucuronidase (B-gluc) respectively. Hydroxylated metabolites
include 2-OH-E1, 4-OH-E1, 2-OH-E2, and 4-OH-E2 and are produced via interaction
with CYP1A1L, CYP1A2, or CYP1B1 (Dumas and Diorio 2011). These hydroxylated
metabolites can be sulfated or glucuronidated via interaction with SULT or UGT,
respectively, or can be methylated by catechol-O-methyltransferase (COMT) (Dumas and

Diorio 2011).
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Fig. 1 Synthesis and metabolism of estrogens. Adapted from Dumas and Diorio (2011).
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Strict regulation of estrogen concentrations and activity is of partcular importance
given the role of estrogens in critical biological functions, such as pregnancy, and human
diseases, such as cancer. Administration of small quantities of exogenous E2 around the
time of intrauterine implantation of fertilized ova (blastocysts) can terminate pregnancy
in mice (deCatanzaro et al. 2001). Hyperstimulation of the ovaries causing elevations in
endogenous E2 can likewise disrupt blastocyst implantation in mice (Fossum et al. 1989).
Women with a high serum E2:P4 ratio were less likely to become pregnant via in vitro
fertilization (Gidley-Baird et al. 1986). In addition to blocking implantation, high
estrogen levels can also directly damage the developing embryo (Valbuena et al. 2001).

Small but persistent elevations in estrogens are also implicated in hormone-
dependent cancers. Tumour growth is stimulated by estrogens, as the estrogen-ER
complex can upregulate factors that cause the cell to enter the cell cycle and undergo
proliferation (Ciocca and Fanelli 1997). Hormone-dependent cancers are most prevalent
in post-menopausal women; increased estrogen activity from hormone-replacement
therapy is associated with increased risk of breast, endometrial, and ovarian cancer
(Million Women Study Collaborators 2003, 2005, 2007). Therapeutic targets to combat
hormone-dependent cancers include enzymes responsible for estrogen production, such

as CYP19A1 and STS (Chumsri et al. 2011; Maltais and Poirier 2011).

Endocrine-disrupting chemicals

The Endocrine Society defines an endocrine-disrupting chemical (EDC) as “an

exogenous chemical, or mixture of chemicals, that interferes with any aspect of hormonal
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action” (Gore et al. 2015; Zoeller et al. 2012). The U.S. Environmental Protection
Agency (EPA) maintains a universe of approximately 10,000 unique chemicals as part of
the Endocrine Disruptor Screening Program (EDSP) (U.S. EPA 2012a, 2012b, 2017).
Chemicals included in the EDSP include environmental and drinking water contaminants,
pesticide active ingredients, and inert substances (U.S. EPA 2012b). These chemicals are
being screened for their potential to disrupt estrogen, androgen, and/or thyroid activities.

One of the most well-studied EDCs is bisphenol A (BPA), a monomer of
polycarbonate plastics and epoxy resins. Concern surrounding BPA as an EDC has led to
its replacement with other bisphenol analogues, such as bisphenol S, bisphenol F, and
bisphenol AF (Chen et al. 2016). Despite this, BPA is still present in many consumer
products, including plastic food storage containers, canned foods and beverages, and
thermal receipt paper (Ehrlich et al. 2014; VVandenberg et al. 2007). BPA can leach from
these and other products due to incomplete polymerization and exposure to heat (Al-
Hiyasat et al. 2004; Brotons et al. 1995; Krishnan et al. 1993). Leached BPA can be
ingested, inhaled, and absorbed through the skin; however, ingestion from contaminated
foods and beverages accounts for 85-95% of total BPA exposure in human adults (EFSA
2015). According to the 2011-2012 U.S. National Health and Nutrition Examination
Survey (NHANES), BPA was detected in 89.1% of individuals 6 years of age and older,
with total urinary concentrations ranging from 0.4 pg/L to 179.0 pug/L. The geometric
mean and 95th percentile urinary BPA concentrations were 1.5 ug/L and 9.4 pg/L

respectively (CDC 2015).
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BPA can bind to conventional nuclear ERo and ERB with approximately 3—4
orders of magnitude lower affinity than that of E2 (Kuiper et al. 1997; Molina-Molina et
al. 2013). BPA also shows high affinity for membrane-bound GPER with approximately
1-2 orders of magnitude lower affinity than that of E2 (Dong et al. 2011; Thomas and
Dong 2006). Furthermore, BPA shows high affinity for estrogen-related receptor y
(ERRY), which has no known endogenous ligands (Matsushima et al. 2007; Okada et al.
2008). As a result of its interaction with receptors, BPA has well-established estrogenic
effects (Rochester 2013; Seachrist et al. 2016; Ziv-Gal and Flaws 2016). BPA is broadly
associated with disruptions in female reproductive organ morphology, estrous cycling,
and blastocyst implantation (Berger et al. 2008, 2010; Ziv-Gal and Flaws 2016). BPA
may also promote breast and prostate tumour growth (Seachrist et al. 2016) and is
implicated in developmental and behavioural abnormalities in children (Rochester 2013).

The studies included in this thesis examined the capacity of certain EDCs to
modulate concentrations of BPA and natural E2 in vivo. Given the large number of
chemicals included in the EDSP, | established criteria for selection of EDCs to be
studied. The criteria for selection were as follows: [1] the chemical must be present in
consumer products to which people are frequently exposed; [2] the chemical must be
detectable in a considerable portion of the population or, in the absence of large-scale
biomonitoring data, likely to be present in a considerable portion of the population; [3]
the chemical must have evidence of estrogenic and/or antiestrogenic effects in vivo; and
[4] the chemical, or one of its major metabolites, must have in silico or in vitro evidence

of interaction with enzymes involved in the metabolism of BPA and E2. The five

10
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chemicals selected for inclusion in studies conducted as part of this thesis were triclosan,
butyl paraben (BP), propyl paraben (PP), tetrabromobisphenol A (TBBPA), and
di(2-ethylhexyl) phthalate (DEHP) (Fig. 2).

Triclosan is a synthetic biocide that inhibits bacterial fatty acid synthesis via
interaction with enoyl-acyl carrier protein reductases (Heath et al. 1999). Given its broad-
spectrum antibacterial properties, triclosan is added to many consumer and personal care
products, including soaps, cosmetics, toothpastes, household cleaners, and clothing (Fang
et al. 2010). Triclosan is present in a majority of the U.S population with highly variable
concentrations. According to the 2011-2012 NHANES, 72% of human urine samples
contained triclosan, with concentrations ranging from 2.3 to 3,830 pg/L and a mean of
12.5 pg/L (Han et al. 2016). Triclosan has also been detected in human blood serum
(Allmyr et al. 2008; Geens et al. 2009), blood plasma (Allmyr et al. 2006), breast milk
(Allmyr et al. 2006), adipose (Geens et al. 2012), and liver tissue (Geens et al. 2012).
Triclosan has estrogenic effects in rodent uterotrophic assays (Jung et al. 2012; Louis et
al. 2013; Stoker et al. 2010). High urinary triclosan levels in humans are associated with
reduced intrauterine implantation rate during in vitro fertilization procedures (Hua et al.
2017) and reduced weight, length, and gestational age of infants at birth (Etzel et al.
2017). Estrogenic effects of triclosan may arise from interactions with ER (Gee et al.
2008; Kim et al. 2014); however, triclosan can also disrupt metabolism of E2 and BPA

(James et al. 2010, 2015; Wang et al. 2004).

11
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Fig. 2 Chemical structures of E2, BPA, triclosan, TBBPA, BP, PP, DEHP, and MEHP.
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Parabens (p-hydroxybenzoic acid esters) are antimicrobial preservatives added to
personal care products, pharmaceuticals, foods, and beverages (Andersen 2008).
According to the 2005-2006 NHANES, PP and BP were detected in 92.7% and 47% of
human urine samples, with concentrations ranging from 0.2 to 7,210 ug/L and 0.2 to
1,240 ng/L respectively (Calafat et al. 2010). Parabens have also been detected in human
blood serum (Frederiksen et al. 2011; Ye et al. 2008b), breast milk (Ye et al. 2008a),
breast tumour tissue (Darbre et al. 2004), placental tissue (Jiménez-Diaz et al. 2011), and
seminal plasma (Frederiksen et al. 2011). Parabens have estrogenic effects in rodent
uterotrophic assays (Lemini et al. 2004; Routledge et al. 1998), can promote estrogenic
histological changes in the uterus (Lemini et al. 2004), and can disrupt male reproductive
parameters (Garcia et al. 2017; Oishi 2002a, 2002b; Zhang et al. 2016). Parabens are
known ER agonists (Blair et al. 2000; Byford et al. 2002; Gomez et al. 2005; Mansouri et
al. 2016; Miller et al. 2001; Watanabe et al. 2013), but their estrogenic effects could also
be due to inhibition of UGT, SULT, and/or CYP activities (Abbas et al. 2010; Ozaki et al.
2016; Prusakiewicz et al. 2007), thus disrupting natural estrogen homeostasis.

TBBPA is a flame retardant commonly incorporated into printed circuit boards
and plastic housings of consumer electronics (Colnot et al. 2014; Shaw et al. 2014).
Although TBBPA has not been assessed in NHANES, one study of 140 healthy adults in
China found that 89% of urine samples contained detectable TBBPA concentrations at up
to 88.4 pg/g creatinine (Ho et al. 2017). TBBPA has also been detected in human serum
(Cariou et al. 2008; Fujii et al. 2014), plasma (Ho et al. 2017), breast milk (Abdallah and

Harrad 2011; Fujii et al. 2014; Nakao et al. 2015), and adipose (Cariou et al. 2008;

13
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Johnson-Restrepo et al. 2008). In addition to estrogenic effects in rodent uterotrophic
assays (Kitamura et al. 2005), TBBPA also increased incidence of uterine tumours in rats
as part of a 2-year study by the U.S. National Toxicology Program (NTP) (NTP 2014).
Some studies have suggested that TBBPA is an ER agonist (Li et al. 2010; Olsen et al.
2003; Suzuki et al. 2013), whereas others showed no such evidence (Dorosh et al. 2011;
Hamers et al. 2006; Lee et al. 2012; Meerts et al. 2001; Miller et al. 2001; Molina-Molina
et al. 2013; Riu et al. 2011a, 2011b). Rather, TBBPA could disrupt natural estrogen
homeostasis (Wikoff et al. 2016) by inhibiting UGT, SULT, HSD, and/or CYP activities
(Ames 2013; Gosavi et al. 2013; Hamers et al. 2006; Harju et al. 2007; Kester et al. 2002;
NIH 2010).

DEHP is a plasticizer commonly used in products made of polyvinyl chloride,
including flooring, medical devices, and food packaging (Mariana et al. 2016; Zarean et
al. 2016). DEHP has estrogenic effects in rodent uterotrophic assays (Zacharewski et al.
1998), disrupted hypothalamic-uterine signaling via gonadotropin-releasing hormone
(Liu et al. 2016), and reduced endometrial receptivity and blastocyst implantation in mice
(Li et al. 2012). There is conflicting evidence regarding the capacity of DEHP to act as an
ER agonist (Blair et al. 2000; Mansouri et al. 2016; Takeuchi et al. 2005). However, a
single dose of 3-18 mg DEHP can elevate concentrations of dietary 1*C-BPA in male and
female mice (Borman et al. 2017). This finding could be attributed to inhibition of BPA
conjugation by mono(2-ethylhexyl) phthalate (MEHP), a major metabolite of DEHP
(Hanioka et al. 2012, 2016). Other metabolites of DEHP include mono(2-ethyl-5-

hydroxyhexyl) phthalate (MEHHP), mono(2-ethyl-5-oxohexyl) phthalate (MEOHP), and

14
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mono(2-ethyl-5-carboxypentyl) phthalate (MECPP). Whereas DEHP was not directly
assessed in the NHANES 2009-2010 project, MEHP, MEHHP, MEOHP, and MECPP
were detected in 56, 98, 96, and 100% of human urine samples with means of 2.0, 13.8,

8.7, and 20.4 ug/L, respectively (Zota et al. 2014).

Research objectives and overview

The first objective of this thesis was to establish the distribution of BPA in blood
serum and tissues of rodents following dietary exposure at doses lower than previously
studied. In research reported in Chapter 2, | measured the distribution of BPA in blood
serum, neural, and peripheral tissues of female rats and mice following single or repeated
dietary exposure at doses ranging from 0.5-50 pg/kg. | hypothesized that BPA would
localize to the reproductive organs of females following a single dietary dose and that
BPA would also accumulate there following repeated daily doses. This is consistent with
high ER expression in reproductive organs (Kuiper et al. 1997) and also with previous
studies examining the distribution of BPA in rodents at much higher doses (Kim et al.
2004; Kurebayashi et al. 2005).

The remaining objectives of this thesis were to assess the acute impact of EDCs,
administered either alone or as a mixture, on concentrations of dietary BPA and natural
E2 in rodents. Given evidence that the EDCs described above compete for enzymes
involved in the metabolism of BPA and E2, | hypothesized that exposure to these
chemicals would elevate concentrations of BPA in blood serum and tissues and E2 in

urine of mice. Whereas | expected that higher doses of a single chemical would elevate
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BPA and E2 concentrations, | also hypothesized that lower doses of multiple chemicals
would be sufficient to achieve similar effects. | implemented a novel protocol that
involved a single subcutaneous injection of one or multiple chemicals followed shortly
after by dietary administration of 1*C-BPA in peanut butter. | then measured radioactivity
in blood serum and tissues via liquid scintillation counting and E2 in urine via enzyme-
linked immunosorbent assay (ELISA). These techniques permitted rapid, low-cost
assessment of the capacity of EDCs to interact and disrupt natural estrogen homeostasis
in vivo.

Chapter 3 reports assessment of the impact of 0.2-18 mg triclosan on the
distribution of 5-50 pg/kg *C-BPA in female and male mice. Chapter 4 provides
evidence of the impact of 0.6—2 mg triclosan on the distribution of *H-E2 in cycling and
recently inseminated female mice, as well as the impact of 1-2 mg triclosan on urinary
concentrations of natural E2 in urine of cycling and recently inseminated female mice.
Chapter 5 reports research showing the impact of 1-9 mg PP or BP on the distribution of
50 pg/kg 1*C-BPA, as well as the impact of 3 mg PP or BP on natural E2 in urine of
female and male mice. Chapter 6 gives evidence of the impact of 1-27 mg TBBPA on
the distribution of 50 pg/kg **C-BPA, as well as the impact of 1 mg TBBPA on natural
E2 in urine of female and male mice. | also measured additive effects of TBBPA and
triclosan on the distribution of 50 pg/kg **C-BPA by administering sub-threshold (0.33
mg) doses of TBBPA and triclosan, given alone or in combination. Chapter 7 reports
assessment of potential interactions among a mixture of the above 4 EDCs, as well as

DEHP. To do so | administered 0.1 or 0.5 mg triclosan, PP, BP, TBBPA, DEHP, ora 0.5
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mg mixture containing 0.1 mg of all five chemicals, on the distribution of 50 pug/kg **C-
BPA. I also measured the impact of the 0.5 mg mixture containing 0.1 mg of all five
chemicals on natural E2 in urine of female and male mice. In Chapter 8, | summarize the
findings of Chapters 2—7, discuss the importance of these findings in the context of

human health and regulatory decision-making, and suggest areas of future research.

Chapter 2: Pollock T, deCatanzaro D 2014 Presence and bioavailability of bisphenol A
in the uterus of rats and mice following single and repeated dietary administration at low
doses Reproductive Toxicology 49 145-154.

Abstract: This research examined the distribution of low dietary doses of bisphenol A
(BPA). When female rats received 50 pg/kg *C-BPA orally, radioactivity was distributed
throughout the body, with especial presence in the uterus. Pre-treatment with estradiol or
the estrogen antagonist 1CI 182,780 significantly reduced radioactivity in the uterus. The
majority of BPA at the uterus was determined to be aglycone (receptor-active) via GC-
MS. Subsequently, mice given 0.5, 5, or 50 pg/kg *C-BPA showed more radioactivity in
the uterus than in other non-metabolic tissues. When female mice received 1, 7, or 28
daily doses of 50 pg/kg *C-BPA, then were measured 24 hours after the last dose,
significantly more radioactivity was detected in the uterus, liver, and kidney following
repeated doses. Collectively, these data provide evidence for the in vivo interaction of
BPA with estrogen receptors. They also indicate elevated presence of BPA in

reproductive tissues after repeated low doses.
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Chapter 3: Pollock T, Tang B, deCatanzaro D 2014 Triclosan exacerbates the presence
of *C-bisphenol A in tissues of female and male mice Toxicology and Applied
Pharmacology 278 116-123.

Abstract: Current human generations are commonly exposed to both triclosan (TCS), an
antimicrobial agent, and bisphenol A (BPA), the monomer of polycarbonate plastics and
epoxies. Both are readily absorbed into circulation and found distributed among diverse
tissues. Potential interactions between TCS and BPA are largely unstudied. We
investigated whether TCS exposure affects the distribution of ingested *C-BPA in select
tissues. CF-1 mice were each subcutaneously injected with TCS then orally administered
50 pg/kg *C-BPA. Females received 0, 0.2, 0.6, 1, 2, or 18 mg TCS (equivalent
respectively to 0, 6.3, 16.9, 30.1, 60.5, and 558.9 mg/kg). Males received 0, 0.2, 2, or 18
mg TCS (equivalent respectively to 0, 5.3, 53.4, and 415.0 mg/kg). Levels of
radioactivity were measured through liquid scintillation counting in blood serum and
brain, reproductive, and other tissues. Significantly elevated levels of radioactivity were
observed following combined TCS and *C-BPA administration, with minimally effective
TCS doses being tissue-dependent (Females: lungs, 0.6 mg; uterus, 1 mg; heart, muscle,
ovaries, and serum, 18 mg. Males: serum, 0.2 mg; epididymides, 2 mg). Subsequently,
we found that 2 or 6 mg TCS increased radioactivity in the ovaries and serum of females
orally given only 5 pg/kg **C-BPA. These data indicate that TCS can interact with BPA
in vivo, magnifying its presence in certain tissues and serum. The data are consistent with

evidence that TCS utilizes enzymes that are critical for metabolism and excretion of
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BPA. Further research should investigate the mechanisms through which these two

chemicals interact at environmentally-relevant doses.

Chapter 4: Pollock T, Greville LJ, Tang B, deCatanzaro D 2016 Triclosan elevates
estradiol levels in serum and tissues of cycling and peri-implantation female mice
Reproductive Toxicology 65 394-401.

Abstract: Triclosan, an antimicrobial agent added to personal care products, can
modulate estrogenic actions. We investigated whether triclosan affects concentrations of
exogenous and endogenous estradiol. Female mice were given injections of triclosan
followed by 1 uCi tritium-labeled estradiol. Mice given daily 2-mg triclosan doses (57.9
mg/kg/dose) showed significantly elevated radioactivity in tissues and serum compared to
controls. A single dose of 1 or 2 mg triclosan increased radioactivity in the uterus in both
cycling and peri-implantation females. We also measured natural urinary estradiol at 2—
12 h following triclosan injection. Unconjugated estradiol was significantly elevated for
several hours following 1 or 2 mg of triclosan. These data are consistent with evidence
that triclosan inhibits sulfonation of estrogens by interacting with sulfotransferases,
preventing metabolism of these steroids into biologically inactive forms. Elevation of
estrogen concentrations by triclosan is potentially relevant to anti-reproductive and

carcinogenic actions of excessive estrogen activity.
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Chapter 5: Pollock T, Weaver RE, Ghasemi R, deCatanzaro D 2017 Butyl paraben
and propyl paraben modulate bisphenol A and estradiol concentrations in female and
male mice Toxicology and Applied Pharmacology 325 18-24.

Abstract: People are routinely exposed to the antimicrobial preservatives butyl
paraben (BP) and propyl paraben (PP), as well as the monomer of polycarbonate plastics,
bisphenol A (BPA). These chemicals are reliably detected in human urine and potentially
interact. We investigated whether BP or PP exposure can modulate the concentrations of
14C-BPA and 17p-estradiol (Ez). Female and male CF1 mice were each given a
subcutaneous injection of oil containing 0 (vehicle), 1, 3, or 9 mg BP or PP, then given a
dietary supplement containing 50 pg/kg *C-BPA. Radioactivity was measured in tissues
through liquid scintillation counting. Significantly elevated *C-BPA concentrations were
observed following BP treatment in blood serum of both sexes, as well as the lungs,
uterus, and ovaries of females and the testes and epididymides of males. Treatment with
PP significantly elevated *C-BPA concentrations in the uterus only. In another
experiment, female and male CF1 mice were each injected with vehicle, 3 mg BP, or 3
mg PP, and E> was measured in urine 2-12 h later. Whereas PP did not affect E», BP
significantly elevated E> 6-10 h after injection in females and 8 h after injection in males.
These data indicate that BP and PP can alter the pharmacokinetics of BPA in vivo, and
that BP can modulate E> concentrations. These results are consistent with evidence that
parabens inhibit enzymes that are critical for BPA and E> metabolism, and demonstrate
the importance of considering concurrent exposure to multiple chemicals when

determining regulatory exposure limits.
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Chapter 6: Pollock T, Mantella L, Reali V, deCatanzaro D 2017 Influence of
tetrabromobisphenol A, with or without concurrent triclosan, upon bisphenol A and
estradiol concentrations in mice Environmental Health Perspectives in press.

Abstract: Background: Humans are commonly exposed to multiple environmental
chemicals, including tetrabromobisphenol A (TBBPA; a flame retardant), triclosan (an
antimicrobial agent), and bisphenol A (BPA; polycarbonate plastics). These chemicals
are readily absorbed and potentially interact. Objectives: We sought to determine whether
TBBPA, given alone or in combination with triclosan, can modulate the concentrations of
BPA and 17p-estradiol (E2). Methods: Female and male CF1 mice were each given a
subcutaneous injection of 0-27 mg TBBPA, with or without concurrent 0.33 mg
triclosan, followed by dietary administration of 50 pg/kg bodyweight *C-BPA.
Radioactivity was measured in blood serum and tissues through liquid scintillation
counting. In subsequent experiments, female and male CF1 mice were each given a
subcutaneous injection of 0 or 1 mg TBBPA, and E2 was measured in urine 2-12 h after
injection. Results: Doses as low as 1 mg TBBPA significantly elevated *C-BPA
concentrations in the uterus and ovaries of females; the testes, epididymides, vesicular-
coagulating glands, and preputial glands of males; and blood serum, heart, lungs, and
kidneys of both sexes. They also elevated urinary E2 concentrations. Lower doses of
TBBPA or triclosan that had no effect on their own elevated *C-BPA concentrations

when the two substances were given concurrently. Conclusions: These data indicate that
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TBBPA, triclosan, and BPA interact in vivo, consistent with evidence that TBBPA and

triclosan inhibit enzymes that are critical for BPA and E2 metabolism.

Chapter 7: Pollock T, Weaver RE, Ghasemi R, deCatanzaro D A mixture of five
endocrine-disrupting chemicals modulates concentrations of bisphenol A and estradiol in
mice.

Abstract: Most people in developed countries are exposed to multiple endocrine-
disrupting synthetic chemicals. We previously showed that a single dose of triclosan,
tetrabromobisphenol A (TBBPA), butyl paraben, propyl paraben, or di(2-ethylhexyl)
phthalate elevated concentrations of bisphenol A (BPA) in mice. Here we investigated
whether concurrent exposure to lower doses of these five chemicals could modulate
concentrations of bisphenol A (BPA) or the natural estrogen, 17-estradiol (E2). CF1
mice were injected subcutaneously with 0.1 or 0.5 mg of one chemical, or a 0.5 mg
mixture containing 0.1 mg of each of all five chemicals, then given a dietary supplement
containing 50 pg/kg 14C-BPA. The mixture elevated 14C-BPA concentrations in the
lungs, muscle, uterus, ovaries, kidney, and blood serum of female mice. When
administered alone, triclosan and TBBPA elevated 14C-BPA concentrations in the uterus,
ovaries, and blood serum. In another experiment, CF1 mice were injected subcutaneously
with the 0.5 mg mixture containing 0.1 mg of each chemical, then E2 was measured in
urine 2-12 h later. The mixture elevated E2 at 8 h after injection in female mice. No
treatments significantly altered concentrations of 14C-BPA or E2 in male mice. These

data show that these endocrine-disrupting chemicals interact in vivo, magnifying one
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another’s effects, consistent with inhibition of enzymes that are critical for estrogen
metabolism. These findings highlight the importance of considering exposure to multiple

chemicals when assessing health outcomes and determining regulatory exposure limits.

23



Ph.D. Thesis — T. Pollock McMaster — Psychology, Neuroscience & Behaviour

Chapter 2
Presence and bioavailability of bisphenol A in the uterus of rats and mice
following single and repeated dietary administration at low doses
Tyler Pollock and Denys deCatanzaro (2014)
Reproductive Toxicology, 49, 145-154
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Abstract

This research examined the distribution of low dietary doses of bisphenol A
(BPA). When female rats received 50 pg/kg 1*C-BPA orally, radioactivity was distributed
throughout the body, with especial presence in the uterus. Pre-treatment with estradiol or
the estrogen antagonist 1CI 182,780 significantly reduced radioactivity in the uterus. The
majority of BPA at the uterus was determined to be aglycone (receptor-active) via GC-
MS. Subsequently, mice given 0.5, 5, or 50 pg/kg *C-BPA showed more radioactivity in
the uterus than in other non-metabolic tissues. When female mice received 1, 7, or 28
daily doses of 50 pg/kg *C-BPA, then were measured 24 hours after the last dose,
significantly more radioactivity was detected in the uterus, liver, and kidney following
repeated doses. Collectively, these data provide evidence for the in vivo interaction of
BPA with estrogen receptors. They also indicate elevated presence of BPA in

reproductive tissues after repeated low doses.
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1. Introduction

Bisphenol A (BPA) is a known endocrine disruptor used as a monomer in the
production of polycarbonate plastics and epoxy resins. BPA is found in many household,
commercial, and medical products, including drinking bottles, food storage containers,
water pipes, dental sealants, thermal paper, and electronics [1]. Due to incomplete
polymerization during the manufacturing process and depolymerization caused by heat,
BPA can leach from products into the surrounding environment [2—6]. Given the
abundant production, use, and disposal of products containing BPA, it has been detected
in humans, wildlife, water treatment plants, and landfills [7—-10]. Several studies have
measured BPA levels in adult human serum ranging from undetectable to 1.6 ng/ml [11-
13] and in urine from undetectable to 149.0 ng/ml [14-17]. Over 90% of human urine
samples from the United States contain detectable BPA levels, suggesting widespread
exposure [14,17], and similar data have been found in other countries [18].

Ingestion of BPA through contaminated food and beverages is the primary route
of human exposure [1,8,19,20]. Adult daily dietary intake of BPA is estimated at 0.1—
0.37 pa/kg [21,22]. Accordingly, animal models involving BPA administered orally in
food represent human exposure most realistically. Compared to subcutaneous,
intraperitoneal, and intravenous injection, there is efficient first-pass hepatic elimination
of BPA following intragastric exposure via gavage [23-25]. However, ingestion of BPA
through dietary sources results in attenuated first-pass hepatic elimination and elevated
levels of BPA in serum compared to bolus intragastric administration [26]. Some

evidence indicates that dietary BPA exposure results in plasma BPA concentrations
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comparable to those measured following subcutaneous injection [27]. Inside the body,
BPA is metabolized by the enzymes UDP-glucuronosyltransferase (UGT) and
sulfotransferase (SULT), which are constitutively expressed in the liver of rodents and
humans [28-30]. Interaction of BPA with UGT or SULT produces one of several
conjugated forms, with BPA monoglucuronide being the primary form in both rats and
humans [25,31].

Despite metabolism and elimination of BPA with varying efficiency dependent
upon the route of exposure [25,32], some portion of the chemical remains unconjugated
[33]. Aglycone (unconjugated) BPA interacts with both estrogen receptors (ER) a and f3
[34-36]. In addition to conventional nuclear ER, aglycone BPA has high affinity for two
membrane-bound ER, GPR30 [37] and mERa [38], as well as an orphan nuclear
estrogen-related receptor, ERRy [39,40]. Although conjugated forms of BPA have been
considered to be biologically inactive due to their inability to compete with 17B-estradiol
(E2) for binding to ERa and ERP [41,42], recent evidence suggests that BPA metabolites
may interfere with rapid ER signalling through interactions with mERa [43]. BPA is
commonly referred to as a weak xenoestrogen, given that it possesses approximately
10,000-fold lower affinity for ERa and ER relative to E> [44,45]. However, some
studies have provided evidence for molecular mechanisms of BPA at low concentrations,
capable of producing cellular responses with comparable potency of E> [38,46]. The
interaction of BPA with non-genomic ER may be implicated in these mechanisms [47].
There are many reports of estrogenic effects of BPA at doses comparable to human

exposure levels [48], but such effects have been controversial [49-53].

27



Ph.D. Thesis — T. Pollock McMaster — Psychology, Neuroscience & Behaviour

A number of previous studies have examined the distribution of BPA in tissues of
laboratory rodents after a single administration [24,41,54-57]. Intragastric administration
to rats in doses ranging from 100 pg/kg to 100 mg/kg **C-BPA vyields radioactivity
throughout the body, with highest levels in the liver, kidney, stomach, and intestines
[41,55,56], clear presence in reproductive tissues, and much lower levels in the brain
[55,56]. Studies of the time course after a single gavage of 1*C-BPA indicated that
radioactivity largely dissipates within 24 hours, except in the liver and kidney [55,56].
Other studies [24,57] have focused on quantification of aglycone relative to total BPA in
various tissues. After i.v. injection of 100 ug/kg BPA, low levels of aglycone BPA have
been observed in the liver and serum, and greater levels of the aglycone form in the
uterus, ovaries, adipose, brain, and muscles [57].

The purposes of the present study were to determine the disposition of lower oral
doses of BPA than previously studied, to examine the potential for binding to receptors,
and to investigate the impact of repeated doses on bodily distribution. We first
administered a single oral dose of 50 pg/kg *C-BPA naturalistically and non-invasively
to female rats through a food supplement. A subset of rats also received either E; or ICI
182,780, a potent nonselective anti-estrogen, to shed light on ER binding. Having
observed strong effects at the uterus, we quantified the amount of aglycone versus total
BPA there through gas chromatographic-mass spectrometric (GC-MS) analysis. We
subsequently employed mice as they are more economical for multiple **C-BPA
administrations, and because analysis of specific brain tissues was not showing

substantial radioactivity, thus negating the advantage of using the larger species. We
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examined the distribution of lower doses (5 and 0.5 pg/kg) of **C-BPA in tissues of
female mice. Finally, we examined repeated doses of 50 pg/kg **C-BPA in female mice

to determine whether this impacted distribution of radioactivity.

2. Methods
2.1. Animals and housing

Rats aged 6-8 months were of Long-Evans strain and housed in polypropylene
cages measuring 44x23x20 cm. Mice aged 4 months were of CF-1 strain and housed in
polypropylene cages measuring 28x16x11 cm. All animals were obtained from Charles
River (Kingston, NY) and permitted ad libitum access to food (8640 Teklad Certified
Rodent Chow; Harlan Teklad, Madison, WI) and water, except where otherwise stated.
The colony was maintained at 21 °C with a reversed 14 h light:10 h darkness cycle, with
onset of darkness at 8 AM. This research was approved by the Animal Research Ethics
Board of McMaster University, conforming to the standards of the Canadian Council on
Animal Care.
2.2. Chemicals and materials

14C-BPA ([ring-[**C](U)]-BPA, in ethanol, 0.1 mCi/ml, 106 mCi/mmol) was
obtained from Moravek Biochemicals, Brea, CA. SOLVABLE solubilization cocktail,
Ultima Gold scintillation cocktail, and Midi-Vial scintillation vials were obtained from
PerkinElmer, Waltham, MA. Unlabelled BPA (>99% purity), 178-estradiol (>98%
purity), fulvestrant (ICI 182,780, >98% purity), toluene (anhydrous, 99.8% purity),

methanol (=99.9% purity), acetonitrile (=99.9% purity), dichloromethane (anhydrous,
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>99.8% purity), and B-glucuronidase (Type HP-2, from Helix pomatia, > 100,000
units/ml) were obtained from Sigma-Aldrich, St. Louis, MO.
N-methyl-N-trimethylsilyltrifluoroacetamide (MSTFA, >98.5% purity), propylsyringol-
de (ACS grade) and pyrene-dio (ACS grade) were obtained from Supelco Analytical,
Bellefonte, PA. Glacial acetic acid (>99.7% purity) and n-hexane (>99% purity) were
obtained from Caledon Laboratories, Georgetown, ON. Sodium acetate trihydrate (>99%
purity) was obtained from EMD Chemicals, Gibbstown, NJ. All reagents were of
analytical grade unless otherwise specified. Water (18.2 MQ/cm) was purified using a
Milli-Q ultrapure system (Millipore, Billerica, MA).
2.3. Experiment 1: Distribution of 1*C-BPA in cycling female rats

On the day prior to start of the experiment, isolated female rats with regular
estrous cycles were weighed and randomly assigned to one of four conditions: 1*C-BPA,
14C-BPA + E, 14C-BPA + ICI 182,780, or contamination control (n=5 per condition; see
Table S1). At the onset of darkness on the first and second day, females in the 1*C-BPA +
ICI 182,780 were injected subcutaneously with 0.10 ml peanut oil containing 300 pg ICI
182,780, whereas those in other conditions were untreated. At the onset of light on the
second day, each female was given 1 g peanut butter in a glass dish placed inside its cage.
Regular rodent chow was withheld overnight to ensure consumption of peanut butter and
prevent dietary neophobia. At the onset of darkness on the third day, all females received
a subcutaneous injection of 0.10 ml peanut oil; this contained 20 pg Ezin the 1*C-BPA +
E2 condition and 300 pg ICI 182,780 in the *C-BPA + ICI 182,780 condition. Three ICI

182,780 injections were given following procedures established elsewhere [58,59]. At 30
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min after injection, females in the **C-BPA, *C-BPA + Ez, and *C-BPA + ICI 182,780
conditions were administered 50 pg/kg **C-BPA in 1 g peanut butter. Females in the
control condition were administered the equivalent dose of ethanol in 1 g peanut butter.
Water and bedding were removed immediately prior to administration of *“C-BPA or
ethanol to prevent contamination of the peanut butter.

At 1 h following administration of **C-BPA or ethanol, each female was
anesthetized with isoflurane and blood was collected via cardiac puncture. The animal
was then perfused with 100 ml phosphate-buffered saline. Tissue samples were collected
and placed in pre-weighed 8 ml scintillation vials. Tissues taken include a sample of the
heart, lung, muscle from the hind leg, abdominal adipose, liver, and a cross-section of the
kidney encompassing both the cortex and medulla. Reproductive tissues included a
sample of the uterus (medial between the vaginal canal and the oviduct) and both ovaries.
Brain areas were taken for the contamination control and **C-BPA conditions only. Brain
areas included a sample of the cerebellum, hypothalamic region (posterior to the optic
chiasm and anterior to the pituitary stalk on the ventral brain surface), and amygdaloid
region (lateral to the hypothalamus beneath the surface of the cortex). Bilateral sections
of the olfactory bulbs, frontal cortex, striatum, and hippocampus were also collected
following published procedures [60]. Following tissue collection, vials were re-weighed
to determine the wet mass of each sample.

Female tissue samples were homogenized by adding 1 ml SOLVABLE to each
vial. Vials were then placed in a 50 °C water bath, swirled after 2 h, and then left in the

bath for an additional 2-3 h until completely dissolved. After removal from the bath and
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10 min of cooling, 5 ml Ultima Gold scintillation cocktail was added to each vial. Blood
samples were centrifuged at 1,500 g for 10 min and 10 pl serum was extracted and added
to scintillation vials containing 5 ml Ultima Gold. Tissue and serum vials were agitated
for 10 min to promote mixing of the sample and scintillation cocktail. Each vial was
stored in the darkness chamber in a TriCarb 2910 TR Liquid Scintillation Analyser
(PerkinElmer, Waltham, MA) with a high sensitivity option for 5 min to eliminate
background noise in the form of heat and luminescence. Following this interval,
radioactivity was measured for 5 min per vial, and final adjusted estimates for the amount
of radioactivity per sample in disintegrations per minute (DPM) were automatically
calculated by the accompanying Quanta-Smart software package. DPM was standardized
to the weight of the sample wet mass as DPM/g tissue, then converted to and reported as
equivalent ng BPA/g tissue or ng BPA/ml serum.
2.4. Experiment 2: Distribution of 1*C-BPA in inseminated female rats

Given BPA’s ability to alter uterine morphology [61] and disrupt intrauterine
implantation of fertilized ova [62,63], we replicated Experiment 1 using recently-
inseminated female rats, with 1*C-BPA intervention around the time of implantation.
Sexually naive female rats were each paired with a male rat aged 6-10 months, and their
hindquarters inspected three times daily for the presence of vaginal sperm plugs.
Following sperm plug detection, which marked gestation day 0, females were isolated,
weighed, and randomly assigned to one of four conditions as in Experiment 1 (n=5 per
condition; see Table S1). All other procedures were identical to those of Experiment 1,

with days 1-3 described above corresponding to gestation days 1-3.
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Table S1 Timing of treatments administered to cycling female rats (Experiment 1) and inseminated female rats (Experiment
2). Oil, E2, and ICI 182,780 were injected subcutaneously, whereas ethanol and **C-BPA were given in a dietary supplement of

peanut butter (PB). For inseminated female rats (Experiment 2), day 1 corresponded to gestation day 1.

Day 1 Day 2 Day 2 Day 3 Day 3 Day 3
8:00 AM 8:00AM 6:00PM 8:00AM 8:30AM 9:30AM
Contamination Control PB oil PB + ethanol tissues sampled
14C-BPA PB oil PB + 14C-BPA tissues sampled
14C-BPA + E2 PB E2 PB + 14C-BPA tissues sampled
14C-BPA + ICI 182,780 IC1182,780 ICI 182,780 PB IC1182,780 PB+14C-BPA tissues sampled
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2.5. Experiment 3: Quantification of aglycone versus total BPA in the uterus of female
rats
2.5.1. Sample collection

Isolated female rats were weighed, given a 1 g peanut butter supplement, and
regular rodent chow was withheld overnight. At the onset of darkness on the second day,
each female was administered 50 pg/kg unlabelled BPA in 1 g peanut butter (n=5). At 1 h
following administration of BPA, each female was anesthetized with isoflurane and
perfused with 100 ml phosphate-buffered saline. Whole uteri were extracted, split at the
midline, and each of two halves was placed in a separate pre-weighed 8 ml scintillation
vial. Vials were immediately re-weighed to determine the wet mass of each sample and
frozen at -20 °C.
2.5.2. Sample preparation, extraction, and derivatization

Samples were prepared following previously published procedures [64]. In brief,
uterine samples were homogenized in 2 ml of acetate buffer solution (0.1 M, pH 5.0).
One half of each uterus was treated with 2000 IU of B-glucuronidase to allow
quantification of total BPA (aglycone plus conjugated forms of BPA), whereas the other
half was untreated. All samples were thoroughly agitated and incubated at 37 °C for 18 h.
After cooling, samples were spiked with 10 pl of propylsyringol-de as recovery standard.
Following previously published procedures [65], 6 ml of n-hexane was added to each
sample. After shaking for 3 min, 2 ml of acetonitrile was added to the buffer solution.
After shaking for an additional 3 min, the aqueous phase was extracted. Acrodisc syringe

filters with GHP membrane (25 mm filtration area, 0.45 um pore size, Pall Corporation,
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Port Washington, NY) were conditioned with 5 ml acetonitrile prior to filtering the
sample extracts.

Agilent Bond Elut Plexa SPE cartridges (60 mg bed mass, 3 ml volume, Agilent
Technologies, Santa Clara, CA) were conditioned with 3 ml methanol and 3 ml water.
Sample extracts were resuspended using 17 ml water and passed through SPE cartridges
at a flow rate of 1-2 ml/min. Cartridges were then dried under vacuum for 10 min. BPA
and recovery standards were eluted with 5 ml of dichloromethane and 50 pl of toluene at
a flow rate of 1-2 ml/min. Eluents were then evaporated to 50 pl under a stream of
nitrogen. Finally, 40 pl of MSTFA and 10 ul of pyrene-dio were added as internal
standard to the reaction vial prior to derivatization. Vials were then sealed and heated at
60 °C for 30 min. Following derivatization, 1 pl of the reaction mixture was injected into
the GC-MS system.

2.5.3. Gas chromatography - mass spectrometry analysis

GC-MS analysis was conducted using a 6890 Agilent gas chromatograph (Agilent
Technologies, Santa Clara, CA) with a 5973 mass selective detector (MSD). The MSD
was operated in full-scan mode from m/z 100 to 500 for qualitative determination and in
selected ion-monitoring (SIM) mode for quantitative determination. Samples were
analyzed following previously published procedures [65]. Quantification of BPA in
uterine samples was calculated by comparison of peak intensity to 1 ng/pl BPA standard

using ChemStation software.
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2.5.4. Quality control for GC-MS analysis

Prior to sample analysis, these procedures were validated through recovery
studies with a range of spiked uterine samples taken from rats not administered BPA.
Recovery of BPA in uterine samples ranged from 71.7 to 83.5%, with a mean of 77.3%.
The limit of detection was estimated at approximately 1 ng/g for uterine samples. Five
blank vials were subjected to the same experimental procedure, except that they did not
contain uterine tissue, to ensure that no BPA was introduced from external sources, such
as reagents or laboratory equipment.
2.6. Experiment 4: Distribution of lower doses of *C-BPA in female mice

Isolated female mice were weighed and given a 1 g peanut butter supplement in a
glass dish placed inside their cage on the day prior to the start of the experiment. At the
onset of darkness on the first day, females were administered 0.5 pg/kg, 5 pg/kg, or 50
ug/kg *C-BPA in 0.2 g peanut butter (n=5 per condition; see Table S2). One additional
contamination control animal was administered the equivalent dose of ethanol in peanut
butter. At 1 h following administration of *C-BPA or ethanol, each female was
anesthetized with isoflurane and blood collected via cardiac puncture. Animals were then
perfused with 20 ml phosphate-buffered saline. Tissue samples were collected and placed
in pre-weighed 8 ml scintillation vials. Tissues taken include a sample of the heart, lung,
muscle from the hind leg, abdominal adipose, liver, a cross-section of the kidney
encompassing both the cortex and medulla, both ovaries, and the whole uterus. All other

procedures were identical to those of Experiment 1.
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Table S2 Timing of treatments administered to female mice in Experiment 4. Ethanol

and *C-BPA were given in a dietary supplement of peanut butter (PB).

Day 1 Day 1
8:00 AM 9:00AM
Contamination Control PB + ethanol tissues sampled
0.5 pg/kg C-BPA PB + 1“C-BPA tissues sampled
5 ug/kg *C-BPA PB + “C-BPA tissues sampled
50 ug/kg *C-BPA PB + “C-BPA tissues sampled
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2.7. Experiment 5: Distribution of 1*C-BPA in female mice following repeated exposure

At the onset of light on the day prior to the start of the experiment, isolated female
mice were weighed and randomly assigned to receive a single dose, 7 daily doses, or 28
daily doses of **C-BPA (n=5 per condition; see Table S3). For each condition, one
additional contamination control animal was assigned to receive the equivalent dose of
ethanol. At the onset of darkness on the first day, each female was administered 50 pg/kg
14C-BPA in 0.2 g peanut butter. At the onset of darkness on subsequent days, females
receiving multiple doses were each administered an additional dose of 50 pg/kg *C-BPA
in 0.2 g peanut butter. At 24 h after administration of the final dose of *C-BPA, each
female was anesthetized with isoflurane. All other procedures, including perfusion, blood
and tissue collection, sample processing, and scintillation counting were identical to those
of Experiment 4.
2.8. Statistical analyses

Data are presented as means + SE. The threshold for statistical significance (a
level) was set at p < 0.05. For planned comparisons between treatment conditions, data
were subject to analysis of variance, and significant effects were followed by Newman-
Keuls multiple comparisons. When equal doses of 4C-BPA were administered, we
focused statistical comparisons within each tissue across conditions. When doses of 4C-
BPA varied across treatment conditions, we conducted repeated measures analysis of

variance across tissues.
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Table S3 Timing of treatments administered to female mice in Experiment 5. Ethanol and **C-BPA were given in a dietary

supplement of peanut butter (PB).

Day 1 Day 2 Days 3-7 Day 8 Days 9-28 Day 29
8:00 AM 8:00AM 8:00AM 8:00AM 8:00AM 8:00AM
Single Dose PB + C-BPA tissues sampled

Contamination Control PB + ethanol  tissues sampled

7 Daily Doses PB + C-BPA PB + “C-BPA PB + “C-BPA tissues sampled
Contamination Control PB + ethanol ~ PB + ethanol PB + ethanol  tissues sampled

28 Daily Doses PB + “C-BPA PB +“C-BPA PB+“C-BPA PB+C-BPA PB + “C-BPA tissues sampled
Contamination Control PB + ethanol ~ PB + ethanol PB + ethanol  PB + ethanol PB + ethanol  tissues sampled
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3. Results
3.1. Experiment 1: Distribution and binding of **C-BPA in cycling female rats
Radioactivity from control animals not exposed to 1*C-BPA were at background
levels (0.00 — 0.08 ng BPA/Qg), indicating no external contamination. For all peripheral
tissues and serum (Fig. 1, Table 1), levels of radioactivity in animals treated with #C-
BPA alone were in a completely non-overlapping range from these controls. Analysis of
variance comparing the three conditions where animals were treated with 1*C-BPA
showed a significant effect of condition in the uterus, F(2,12) = 4.85, p = 0.028, and
serum, F(2,12) = 9.98, p = 0.003. Multiple comparisons indicated that significantly lower
levels of radioactivity were observed in the uterus of animals given Ez or ICI 182,780
pre-treatment, p < 0.05. Animals pre-treated with ICI 182,780 also showed significantly
lower levels of radioactivity in serum compared to that of animals given *C-BPA alone,
p < 0.01, and **C-BPA in combination with Ez, p < 0.05. Levels of radioactivity in all
brain areas showed some overlap with control values and were much lower than those of

peripheral tissues (Table 2).
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Fig. 1 Mean (+SE) concentration of radioactivity, expressed as ng BPA/g, in the heart,
lungs, muscle, adipose, uterus, and ovaries of cycling female rats following oral
administration of 50 pg/kg *C-BPA, given alone or in combination with injections of
either 17B-estradiol (Ez) or ICI 182,780 (Experiment 1). * differs from the 14C-BPA

condition, p < 0.05.
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Table 1 Mean (£SE) radioactivity in serum (ng BPA/mI) and the liver and kidney (ng
BPA/qg) of cycling female rats (Experiment 1) and inseminated female rats (Experiment
2) following oral administration of 50 pg/kg *C-BPA, given alone or in combination
with injections of either 17p-estradiol (Ez) or ICI 182,780. * differs from the 1*C-BPA

condition, p < 0.05; ** differs from the **C-BPA condition, p < 0.01.

14C-BPA +

14C-BPA 14C-BPA + E2 IC1 182,780

Expt. 1 Serum 12.03+1.93 8.54+2.49 0.78+0.27**
Liver 9.21+0.94 6.53+1.19 5.33+1.16
Kidney 1.42+0.14 1.43+0.25 1.45+0.25

Expt. 2 Serum 7.76+0.67 3.49+2.08* 1.13+0.41*
Liver 8.53+1.34 5.64+2.50 8.82+2.20
Kidney 2.02+0.22 1.21+0.43 1.40+0.09
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Table 2 Mean (£SE) radioactivity in the olfactory bulb, cerebellum, frontal cortex,
striatum, hippocampus, hypothalamus, and amygdala (ng BPA/g) of cycling female rats
(Experiment 1) and inseminated female rats (Experiment 2) following oral administration

of 50 pg/kg “C-BPA.

Experiment 1 Experiment 2

Olfactory Bulb 0.02+0.01 0.29+0.13
Cerebellum 0.03+0.01 0.11+£0.04
Frontal Cortex 0.00+0.00 0.13+0.06
Striatum 0.01+0.01 0.17+0.08
Hippocampus 0.02+0.01 0.17+0.10
Hypothalamus 0.03+0.02 0.25+0.09
Amygdala 0.00+0.00 0.22+0.11
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3.2. Experiment 2: Distribution and binding of *C-BPA in inseminated female rats
Radioactivity from control animals not exposed to 1*C-BPA were at background
levels (0.00 - 0.07 ng BPA/Q). For all peripheral tissues and serum (Fig. 2, Table 1),
levels of radioactivity in animals treated with **C-BPA alone were in a completely non-
overlapping range from these controls. Comparing the three conditions where animals
were treated with *4C-BPA showed significance in the uterus, F(2,12) = 82.56, p < 0.001,
and serum, F(2,12) = 6.88, p = 0.010. Multiple comparisons indicated that significantly
lower levels of radioactivity were observed in the uterus of animals given an E; or ICI
182,780 pre-treatment, p < 0.001. Animals pre-treated with E2 or ICI 182,780 also
showed significantly less radioactivity in serum compared to that of animals given 4C-
BPA alone, p < 0.05. Levels of radioactivity in all brain areas showed some overlap with

control values (Table 2).
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Fig. 2 Mean (+SE) concentration of radioactivity, expressed as ng BPA/g, in the heart,
lungs, muscle, adipose, uterus, and ovaries of inseminated female rats following oral
administration of 50 pg/kg *C-BPA, given alone or in combination with injections of
either 17B-estradiol (Ez) or ICI 182,780 (Experiment 2). + differs from the 1*C-BPA

condition, p < 0.001.
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3.3. Experiment 3: Quantification of aglycone versus total BPA in the uterus of female
rats

Table 3 shows the levels of aglycone and total (aglycone plus conjugated) BPA in
the uterus of each of five rats. For aglycone and total BPA, the mean = SE was 5.77 £
0.45 ng/g and 8.07 £ 0.69 ng/g of uterine tissue, respectively. For all five rats, the
majority of BPA present in the uterus was in aglycone form, with a range of 62.7 to 79.0
% and mean + SE of 71.9 + 3.4 % aglycone relative to total BPA. For all five blank

samples, BPA levels were below the limit of detection.
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Table 3 Aglycone and total BPA (ng/g) in uterine samples taken from cycling female rats
(n=5) given 50 pug/kg BPA, as determined by GC-MS analysis (Experiment 3). Percent

aglycone relative to total BPA is provided.

Aglycone BPA (nag/g) Total BPA (ng/q) % Aglycone

Subject 1 4.18 6.36 65.7
Subject 2 5.70 7.22 79.0
Subject 3 5.81 7.36 79.0
Subject 4 6.92 9.46 73.2
Subject 5 6.24 9.96 62.7
Mean (+SE) 5.77+0.45 8.07+0.69 71.9+3.4
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3.4. Experiment 4: Distribution of lower doses of 1*C-BPA in female mice

Radioactivity from control animals not exposed to 1*C-BPA were at background
levels (0.00 ng BPA/g). Data for *C-BPA-treated animals are shown (Fig. 3, Table 4).
Given the reliable pattern of radioactivity across peripheral tissues in both cycling and
inseminated female rats, we hypothesized that, for each dose of **C-BPA, levels of
radioactivity would be greater in the uterus of female mice than all other peripheral
tissues not directly involved in conjugation or excretion of ingested **C-BPA. Excluding
the liver, kidney, and serum from the analysis, there was a significant effect of tissue in
the 50 pg/kg condition, F(5,20) = 7.70, p < 0.001; the 5 pg/kg condition, F(5,20) = 7.65,
p < 0.001; and the 0.5 pg/kg condition, F(5,20) = 4.17, p = 0.009. Multiple comparisons
indicated that elevated levels of radioactivity were present in the uterus compared to the
heart, lung, muscle, adipose, and ovaries of animals administered 50 pg/kg *C-BPA, p <
0.01, as well as both 5 pg/kg and 0.5 pg/kg *C-BPA, p < 0.05. Levels of radioactivity in

all brain areas showed some overlap with control values (Table 4).

48



Ph.D. Thesis — T. Pollock McMaster — Psychology, Neuroscience & Behaviour

Fig. 3 Mean (+SE) concentration of radioactivity, expressed as ng BPA/g, in the heart,
lungs, muscle, adipose, uterus, and ovaries of female mice following oral administration
of 50, 5, or 0.5 pg/kg *#C-BPA (Experiment 4). * differs from all other tissues in the
figure at the same dose, p < 0.05; ** differs from all other tissues in the figure at the same

dose, p < 0.01.
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Table 4 Mean (£SE) radioactivity in serum (ng BPA/ml) and the liver, kidney, olfactory
bulb, cerebellum, frontal cortex, and hypothalamus (ng BPA/g) of female mice following
oral administration of 50, 5, or 0.5 pg/kg **C-BPA (Experiment 4). Given the complete

absence of radioactivity in the brain at the 5 pg/kg dose, brain tissues were not analyzed

for the 0.5 pg/kg dose.

50 pa/kg 5 pa/kg 0.5 pa/kg
Serum 7.78+2.08 1.79+0.42 0.06x0.06
Liver 52.73+£12.73 12.53+0.36 1.41+0.28
Kidney 18.13+5.21 5.80+0.77 0.80+0.09
Olfactory Bulb 0.03+0.02 0.00+0.00 N/A
Cerebellum 0.07+0.03 0.00+0.00 N/A
Frontal Cortex 0.01+0.01 0.00+0.00 N/A
Hypothalamus 0.03+0.03 0.00£0.00 N/A
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3.5. Experiment 5: Repeated exposure to 1*C-BPA in female mice

Radioactivity from control animals not exposed to 1*C-BPA were at background
levels (0.00 ng BPA/g), indicating no external contamination. Data for 1*C-BPA-treated
animals are shown (Fig. 4, Table 5). Comparing only those animals treated with *C-BPA
showed a significant effect of condition in the uterus, F(2,12) = 5.75, p = 0.018; ovaries,
F(2,12) = 4.27, p = 0.040; liver, F(2,12) = 26.68, p < 0.001; and kidney, F(2,12) = 28.64,
p < 0.001. In the uterus, multiple comparisons indicated that animals given 28 daily doses
showed greater radioactivity than animals administered 7 daily doses or a single dose, p <
0.05. In the ovaries, higher levels of radioactivity were found in animals given 28 daily
doses compared to animals administered a single dose, p < 0.05. For both the liver and
kidney, higher levels of radioactivity were found in animals given 7 or 28 daily doses
compared to those given a single dose, p < 0.001, while those given 28 daily doses
showed greater radioactivity than those given 7 daily doses, p < 0.05. Levels of

radioactivity in all brain areas showed some overlap with control values (Table 5).
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Fig. 4 Mean (+SE) concentration of radioactivity, expressed as ng BPA/g, in the heart,
lungs, muscle, adipose, uterus, and ovaries of female mice following oral administration
of a single dose, 7 daily doses, or 28 daily doses of 50 pg/kg *C-BPA (Experiment 5).
For all conditions, tissues were collected and analyzed for radioactivity 24 hours after the

final dose of 1*C-BPA. * differs from the single dose condition, p < 0.05.
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Table 5 Mean (£SE) radioactivity in serum (ng BPA/ml) and the liver, kidney, olfactory
bulb, cerebellum, frontal cortex, and hypothalamus (ng BPA/g) of female mice following
oral administration of a single dose, 7 daily doses, or 28 daily doses of 50 pg/kg “C-BPA
(Experiment 5). For all conditions, tissues were collected and analyzed for radioactivity

24 hours after the final dose of *C-BPA. + differs from the single dose condition, p <

0.001.
Single Dose 7 Daily Doses 28 Daily Doses
Serum 0.14+0.14 0.68+0.52 0.52+0.29
Liver 5.97+£1.85 20.77+1.89+ 27.60+2.60+
Kidney 3.58+0.78 7.84+0.44+ 10.35+0.66+
Olfactory Bulb 0.00+0.00 0.00+0.00 0.00+0.00
Cerebellum 0.00£0.00 0.00£0.00 0.00£0.00
Frontal Cortex 0.00£0.00 0.00£0.00 0.00+0.00
Hypothalamus 0.00£0.00 0.00£0.00 0.02+0.02
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4. Discussion

This research was designed to show distribution among tissues and bioavailability
of BPA at doses lower than in previously published studies, after naturalistic dietary
exposure. At these lower doses, levels in the uterus were substantially greater than
observed in other tissues, apart from circulating BPA in serum and organs involved in
metabolism (liver) and excretion (kidney). The doses used here are at or below the 50
pa/kg tolerable daily intake dose set by the United States Environmental Protection
Agency [66] and the European Food Safety Authority [67]. According to VVandenberg et
al. [52], a 50 pg/kg dose administered to rats is below the 400 pg/kg/day required to
produce levels comparable to human blood concentrations. The bioavailability of BPA
following oral consumption may be greater in humans than in rodents, given that humans
do not possess keratinized buccal epithelium, thus permitting transmucosal absorption
from the oral cavity [68].

When female rats received 50 pg/kg *C-BPA orally in Experiments 1 and 2,
radioactivity was distributed throughout the body. Among previous studies using a single
intragastric administration via gavage in rats, Snyder et al. [41] employed the much
higher dose of 100 mg/kg *C-BPA, while Kim et al. [55] examined doses of 0.1 to 100
mg/kg. Kurebayashi et al. [56] examined metabolic clearance of doses as low as 20
Mg/kg, but their lowest dose for tissue distribution was 100 pg/kg. Consistent with the
findings of the present study, this previous work found that **C-BPA was distributed
throughout the body and deposited in major organs, glands, and reproductive tissues of

males and females [55,56]. The highest levels of *C-BPA were detected in the stomach
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and intestines [41,55]; however, this finding is attributed to the metabolism and excretion
of ingested BPA, and does not reflect deposition or binding to receptors in these tissues.
Unlike these other studies which administered BPA via oral gavage, our administration
involved the more naturalistic and non-invasive method of administration through a food
supplement.

When females were treated with E- or the estrogen ICI 182,780 prior to 1*C-BPA
administration in Experiments 1 and 2, less radioactivity was observed in the uterus and
serum in comparison to females given *C-BPA alone. This effect was not significant in
other tissues. Inseminated females (Experiment 2) showed a somewhat stronger effect
than did cycling females (Experiment 1), likely due to greater homogeneity among
inseminated females in hormonal condition and uterine ER, resulting in reduced variance
among the females given *C-BPA alone. The especial presence of BPA observed in the
uterus is consistent with the abundance of ERa and ER in that organ [69,70], and it also
reflects the distribution of exogenous *H-E- observed following transdermal or nasal
absorption [71,72]. Given high affinity of E> for ER [44,45], and potent actions of ICI
182,780 in blockade of ER [58,59], reduced radioactivity in the uterus of 1*C-BPA-
treated females after pre-treatment with E2 or ICI 182,780 is consistent with in vivo
interaction of BPA with uterine nuclear (ERa, ERB) and/or membrane (GPR30, mER«)
ER. Nevertheless, binding factors in blood could also be involved given evidence in the
current study of an impact of E> or ICI 182,780 upon radioactivity in serum. Similar

strategies used in our laboratory have previously found that pre-treating females with E»
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can reduce uterine binding of *H-E; absorbed from cohabiting mice, despite potential
metabolism in both individuals [73].

Further evidence that radioactivity observed in the uterus reflects bioactive,
unconjugated BPA comes from the results of Experiment 3. As seen in Table 3, after
female rats received 50 pg/kg, the majority of BPA at the uterus was determined to be
aglycone (receptor-active) via GC-MS. We show that 71.9% of BPA in the uterus was
aglycone at one hour after dietary ingestion of 50 pg/kg BPA. Some evidence suggests
that B-glucuronidase activity intrinsic to tissues can result in unintended deconjugation
during sample storage and processing; this has been reported for the placenta and fetal
tissues [74], but its relevance to the uterus is not established. However, Doerge et al. [57],
using LC/MS/MS and taking precautions to avoid unintended deconjugation, examined
the relative distribution of aglycone and conjugated BPA at a number of organs. Their
measures at two hours after i.v. administration of 100 pg/kg BPA indicated that 50% of
BPA in the uterus was aglycone, whereas in the liver merely 2.5% was aglycone. Despite
employing the same dose of BPA in Experiments 1, 2, and 3, we observed greater levels
of total BPA in the uteri of rats in Experiment 3 compared to those of rats in Experiments
1 and 2. This finding could be due to different uteri sampling techniques used across
these experiments. In Experiments 1 and 2, a smaller medial section between the vaginal
canal and oviduct was taken to ensure complete solubilisation of the tissue, whereas the
whole uterus was collected in Experiment 3. It is also possible that rats encountered
environmental sources of BPA in addition to those of the experimental treatment, despite

our precautions to ensure that dosing vehicles were uncontaminated. This would be very
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unlikely to affect levels of radioactivity but could have had much more pronounced
effects on uterine BPA concentrations as measured through GC-MS. Nevertheless, the
data from Experiment 3 indicate that a substantial portion of the BPA localized to the
uterus remains unconjugated.

In Experiment 4, we found that female mice given 50 ug/kg *C-BPA showed
very similar results to those of female rats in Experiments 1 and 2. We also examined
doses that were much lower than those examined in any previous study investigating the
distribution of BPA. Mice given 0.5 or 5 pug/kg **C-BPA consistently showed greater
levels of radioactivity in the uterus than in other non-metabolic organs. Among animals
given 0.5 pg/kg *C-BPA, radioactivity was detected at levels above background in all
subjects in the uterus, liver, and kidney, unlike other peripheral tissues where almost all
animals showed undetectable levels. Radioactivity was also not detectable in brain tissues
below the 50 pg/kg dose. Although serum BPA levels in mice given 50 pg/kg *C-BPA
were higher than most reported human serum concentrations [1,11-13], the serum BPA
levels in mice given 5 and 0.5 pg/kg *C-BPA were well within the range of measured
human serum concentrations. To the best of our knowledge, these data are the first to
show distribution of BPA among tissues at doses comparable to those in which humans
are exposed.

When female mice in Experiment 5 received 1, 7, or 28 daily doses of 50 pg/kg
14C-BPA, then measured 24 hours after the last dose, significantly more radioactivity was
detected in the uterus, liver, and kidney following repeated doses. Previous studies

[24,41,55-57] have only focused on the metabolism and distribution of single doses of
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BPA, whereas repeated administration is more relevant to continuous human exposure.
Some may have assumed that because complete clearance of BPA is evident within 24 to
48 hours after a single dose, the effects of BPA will not be exacerbated by repeated
exposure. However, there was clearly a rise in radioactivity in the uterus after both 7 and
28 doses compared to the single dose. Furthermore, after 28 days of exposure, a
significant effect emerged in the ovaries. Interestingly, serum BPA levels did not change
following repeated doses, suggesting that elevations in tissue concentrations following
continuous exposure are independent from blood concentrations. When measured 24
hours after the final dose of 50 pg/kg *C-BPA, serum BPA levels were within the range
of reported human serum concentrations [1,11-13]. Some form of deposition or
accumulation in tissues is possible, as is reduced metabolic clearance after repeated
doses, consistent with the elevated levels in liver and kidney observed after repeated
exposure. Similar elevations in tissue concentrations following multiple doses have been
observed for other endocrine disruptors [75-77].

We have shown five lines of evidence that converge to indicate bioavailability of
environmentally-relevant doses of dietary BPA in female reproductive organs. We
consistently found that BPA is especially present in the uterus, where ER are abundant,
and that the majority of uterine BPA likely exists in the aglycone form. Moreover, lower
radioactivity in the uterus following concurrent exposure to E; or ICI 182,780 is
concordant with BPA interaction with ER in this tissue. We also show for the first time

that a single dose as low as 0.5 pg/kg reaches the uterus, and that daily exposure can
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elevate the presence of BPA in the uterus and ovaries over levels induced by a single
exposure.

The presence of BPA in female reproductive tissues does not necessarily imply
the existence of toxicological effects. Nevertheless, given the potency of very low doses
of natural E> [78-80], interference with its receptors and blood binding factors could set
the stage for perturbed biological functioning. A variety of adverse reproductive effects
of BPA have been observed in female laboratory rodents, including disruption of ova-
implantation [62,63,81], abnormal uterine morphology [61], and altered reproductive
tract development [82,83]. Although the doses for these effects greatly exceed doses
examined in the current study, other findings such as abnormal meiotic cell division of
oocytes in mice [84], advancement of pubertal development [85], and atypical maternal
behaviour [86] are clearly within this range. Several adverse effects of BPA upon human

reproductive health are known [87], however further research is clearly warranted.
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Abstract

Current human generations are commonly exposed to both triclosan (TCS), an
antimicrobial agent, and bisphenol A (BPA), the monomer of polycarbonate plastics and
epoxies. Both are readily absorbed into circulation and found distributed among diverse
tissues. Potential interactions between TCS and BPA are largely unstudied. We
investigated whether TCS exposure affects the distribution of ingested **C-BPA in select
tissues. CF-1 mice were each subcutaneously injected with TCS then orally administered
50 pg/kg *C-BPA. Females received 0, 0.2, 0.6, 1, 2, or 18 mg TCS (equivalent
respectively to 0, 6.3, 16.9, 30.1, 60.5, and 558.9 mg/kg). Males received 0, 0.2, 2, or 18
mg TCS (equivalent respectively to 0, 5.3, 53.4, and 415.0 mg/kg). Levels of
radioactivity were measured through liquid scintillation counting in blood serum and
brain, reproductive, and other tissues. Significantly elevated levels of radioactivity were
observed following combined TCS and *C-BPA administration, with minimally effective
TCS doses being tissue-dependent (Females: lungs, 0.6 mg; uterus, 1 mg; heart, muscle,
ovaries, and serum, 18 mg. Males: serum, 0.2 mg; epididymides, 2 mg). Subsequently,
we found that 2 or 6 mg TCS increased radioactivity in the ovaries and serum of females
orally given only 5 pg/kg *C-BPA. These data indicate that TCS can interact with BPA
in vivo, magnifying its presence in certain tissues and serum. The data are consistent with
evidence that TCS utilizes enzymes that are critical for metabolism and excretion of
BPA. Further research should investigate the mechanisms through which these two

chemicals interact at environmentally-relevant doses.
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Introduction

Triclosan (TCS) is an antimicrobial agent found in many household and consumer
products, including soaps, dish sponges, cosmetics, skin cleansers, deodorants,
toothpastes, and mouthwashes (Fang et al., 2010; Rodricks et al., 2010). Its bacteriostatic
effects derive from interactions with enoyl-acyl carrier protein reductase enzymes,
thereby inhibiting bacterial reproduction (Heath et al., 1999). This mechanism requires
that free TCS be directly added to such consumer products, which incidentally permits
rapid absorption of the chemical into the human body through the skin (Moss et al., 2000;
Queckenberg et al., 2010) and gastrointestinal tract (Sandborgh-Englund et al., 2006).
Although there are few published attempts to quantify human exposure, one study
estimated that the average daily intake of TCS in North Americans is 350 pg (Nazaroff et
al., 2012), which corresponds to 5 pg/kg for a 70 kg adult. TCS has been detected in
human urine (Calafat et al., 2008a; Geens et al., 2009), serum (Allmyr et al., 2008; Geens
et al., 2009), plasma (Allmyr et al., 2006), breast milk (Allmyr et al., 2006; Wang et al.,
2011; Ye et al., 2008), as well as adipose and liver tissue (Geens et al., 2012).

Despite the fact that TCS exposure is ubiquitous, its capacity to act as an
endocrine disruptor is not well studied. In vitro assays have shown that TCS binds to
conventional estrogen receptor (ER) subtypes, ERa and ERp, as well as the androgen
receptor (Gee et al., 2008). When administered concurrently with their endogenous
ligands, TCS inhibits the activity of these receptors (Gee et al., 2008; Henry and Fair,
2011), suggesting that TCS behaves in an antagonistic manner. However, in vivo

uterotrophic assays have found that TCS itself elicits estrogenic effects (Jung et al.,
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2012), and that TCS also potentiates the effects of ethinyl estradiol (Stoker et al., 2010).
These estrogenic effects are supported by evidence that TCS inhibits estrogen
sulfotransferases (James et al., 2010), thereby preventing metabolism of endogenous
estrone and 17B-estradiol into their biologically inactive forms. TCS has also been shown
to possess weak androgenic effects in fish (Foran et al., 2000) and anti-androgenic effects
in rats (Kumar et al., 2009).

Bisphenol A (BPA) is a synthetic monomer used in the production of
polycarbonate plastics and epoxy resins. BPA is found in numerous household and
medical products, including drinking bottles, food storage containers, water pipes, and
dental sealants (Vandenberg et al., 2007). BPA leaches out of these products into
surrounding media through incomplete polymerization and depolymerization facilitated
by exposure to heat (Biles et al., 1997; Krishnan et al., 1993). Ingestion of contaminated
foods and beverages is the primary route of human exposure (Chapin et al., 2008; Kang
et al., 2006; Vandenberg et al., 2007). Regulatory agencies have estimated adult daily
intake of BPA from contaminated food sources at 0.1-0.2 pug/kg (US Food and Drug
Administration, 2013) and 0.37 pg/kg (European Commission, 2002), which correspond
to 7-14 ug and 25.9 pg for a 70 kg adult, respectively. Using data collected from the
United States National Health and Nutrition Examination Survey (NHANES), estimates
of adult daily BPA intake from urinary output measures are much lower, with 50
percentiles ranging from 0.026-0.056 pg/kg and 95 percentiles ranging from 0.151—
0.289 pg/kg (Lakind and Naiman 2008, 2011; Lakind et al., 2012). These estimates

correspond to ranges of 1.82-3.92 pg and 10.57-20.23 g for a 70 kg adult, respectively.
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The majority of ingested BPA is conjugated by hepatic sulfotransferases and
UDP-glucuronosyltransferases (UGT) into several biologically inert forms (Hanioka et
al., 2008; Nishiyama et al., 2002), with a smaller portion remaining unconjugated
(Doerge et al., 2010). BPA has been detected in conjugated form in over 90% of adult
urine samples (Calafat et al., 2005; Calafat et al., 2008b; Yang et al., 2006; Ye et al.,
2005). BPA has also been measured in human serum (Sajiki et al., 1999; Teeguarden et
al., 2011; Yoshimura et al., 2002), breast milk (Ye et al., 2006, 2008), placental tissue
(Schonfelder et al., 2002), as well as adipose, brain, and liver tissue (Geens et al., 2012).
However, these tissues are known to contain significant B-glucuronidase activity (Doerge
et al., 2011; Moors et al., 2006); thus, potential deconjugation during sample storage and
processing may have artificially increased measures of unconjugated BPA in those
tissues.

BPA possesses estrogenic properties (Dodds and Lawson, 1936; Krishnan et al.,
1993) and is capable of interacting with both ERa and ERB (Gould et al., 1998; Kuiper et
al., 1998). BPA also has high affinity for the membrane-bound estrogen receptor, GPR30
(Dong et al., 2011), and an orphan nuclear estrogen-related receptor, ERRy (Matsushima
et al., 2007). We (Pollock and deCatanzaro, submitted) have shown that *C-BPA, given
orally to mice and rats at doses ranging from 0.5 to 50 ug/kg, distributes throughout the
body and is especially present and bioavailable in the uterus where ER are abundant.
Laboratory rodents exposed to BPA show altered embryonic and postnatal development
(Takai et al., 2001; Tsutsui et al., 1998), pubertal development (Howdeshell et al., 1999),

reproductive tract development (Kato et al., 2003; Suzuki et al., 2002), sexual
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differentiation of the brain (Kubo et al., 2001, 2003), sexual behavior (deCatanzaro et al.,
2013), fertility (Al-Hiyasat et al., 2002; Hunt et al., 2003), and maternal behavior
(Palanza et al., 2002). The high levels of BPA exposure required to produce some of
these effects, ranging from 1-1000 mg/kg (e.g. Kato et al., 2003; Kubo et al., 2001;
Suzuki et al., 2002), has led to calls for further investigations into effects at lower,
environmentally-relevant doses (Gray et al., 2004; vom Saal and Hughes, 2005). Some
studies have shown estrogenic effects of BPA at doses below the EPA reference dose of
50 pg/kg, ranging from 0.05-30 pg/kg (e.g. Al-Hiyasat et al., 2002; deCatanzaro et al.,
2013; Howdeshell et al., 1999; Hunt et al., 2003; Kubo et al., 2003; Palanza et al., 2002),
whereas others have failed to find such evidence (Cagen et al., 1999; Ryan et al., 2010;
Tyl et al., 2002).

Potential interactions between BPA and TCS are largely unstudied. Previous work
in this laboratory has demonstrated that either TCS or BPA can disrupt blastocyst
implantation in inseminated female mice (Berger et al., 2007, 2008, 2010; Crawford and
deCatanzaro, 2012). Whereas a minimum of 6.75 mg BPA (Berger et al., 2010) or 18 mg
TCS (Crawford et al., 2012) per day on days 1-5 of gestation was required to disrupt
implantation, concurrent administration of 9 mg TCS and 2 mg BPA could do so,
suggesting that these chemicals interact in vivo (Crawford and deCatanzaro, 2012).
Consistent with these findings, TCS can inhibit BPA metabolism in human liver fractions
(Wang et al., 2004). Here we provide evidence of in vivo interaction between BPA and
TCS by measuring the distribution of *C-BPA administered in either the presence or

absence of TCS throughout the bodies of adult mice. Compared to **C-BPA administered
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alone, we showed elevated levels of radioactivity in blood serum and select tissues of

male and female mice following administration of **C-BPA in the presence of TCS.

Materials and Methods
Animals and housing

Mice were housed in standard polypropylene cages measuring 28x16x11 cm with
wire tops allowing ad libitum access to food (8640 Teklad Certified Rodent Chow;
Harlan Teklad, Madison, WI) and water, except where otherwise stated. Females
(32.7+2.7 g) and males (40.5£4.6 g) aged 3-4 months were of CF-1 strain and obtained
from Charles River (Kingston, NY). The colony was maintained at 21 °C with a reversed
14 h light:10 h darkness cycle. This research was approved by the Animal Research
Ethics Board of McMaster University, conforming to the standards of the Canadian
Council on Animal Care.
Chemicals and materials

TCS (5-chloro-2-[2,4-dichlorophenoxy]phenol, >97% purity) was obtained from
Sigma-Aldrich, St. Louis, MO. **C-BPA ([ring-[**C](U)]-BPA, in ethanol, 0.1 mCi/ml,
106 mCi/mmol) was obtained from Moravek Biochemicals, Brea, CA. SOLVABLE
solubilization cocktail, Ultima Gold scintillation cocktail, and 8 ml Midi-Vial scintillation
vials were obtained from PerkinElmer, Waltham, MA.
Experimental design and dosing

At the onset of light on the first day of the experiment, animals were weighed,

individually housed, and each given 1 g peanut butter in a glass dish placed inside their
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cage. Regular rodent chow was withheld overnight to prevent dietary neophobia and
ensure consumption of peanut butter. At the onset of darkness on the second day of the
experiment, animals were randomly assigned to treatment conditions involving a single
sc injection of TCS dissolved in 0.05 ml peanut oil. Females received 0, 0.2, 0.6, 1, 2, or
18 mg TCS (n=10 per dose) and males received 0, 0.2, 2, or 18 mg TCS (n=10 per dose).
At 30 min after injection, each animal was orally administered 50 pg/kg **C-BPA in 0.2 g
peanut butter. Water and bedding were removed prior to peanut butter administration to
prevent contamination of the *C-BPA treatment. Table 1 provides TCS doses in mg/kg,
and *C-BPA doses in pg and pCi for each treatment condition. At 1 h after
administration of 1*C-BPA, each animal was anesthetized with isoflurane and blood was
collected via cardiac puncture. Each animal was then perfused with 20 ml phosphate-
buffered saline and tissues were collected and placed in pre-weighed scintillation vials.
Tissue samples taken include the heart, lung, muscle from the hind leg, abdominal
adipose, liver, and a cross-section of the kidney encompassing both the medulla and
cortex. Female reproductive tissues collected include the whole uterus and both ovaries,
whereas male reproductive tissues taken include one testis, one epididymis, and one
vesicular gland (seminal vesicle). Specific areas of the brain were sampled only for
animals that received 0 and 18 mg TCS (n=5 per dose). Brain areas collected include the
olfactory bulbs, a caudal portion of the cerebellum, bilateral sections of the frontal cortex,
and a portion of the hypothalamic region (posterior to the optic chiasm and anterior to the
pituitary stalk on the ventral surface of the brain). Following tissue collection, vials were

re-weighed to determine the wet mass of the sample.
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Table 1 Mean (£SD) TCS doses in mg/kg and BPA doses in pug and pCi for each

treatment condition.

Females

Males

BPA Dose

(hg/kg)
50

50
50
50
50
50

5
5
5

50
50
50
50

TCS Dose
(mg)
0
0.2
0.6
1
2
18

0.2

18

TCS Dose
(mg/kg)
0.0£0.0
6.3£0.5
169+1.2
30.1+2.0
60525

558.9 + 44.0

0.0+0.0
66.2+4.1
184.6 +14.8

0.0+0.0
5.3+20
534+20
415.0+61.5

82

BPA Dose

(%))
1.64 +0.16

1.59 +0.13
1.78 +0.13
1.67+0.11
1.66 £ 0.07
1.62+0.14

0.16 +0.01
0.15+0.01
0.16 £ 0.01

2.14+0.13
1.88 +0.09
1.88 £0.07
2.21+0.31

BPA Dose
(LCi)
0.76 £0.07
0.74 £ 0.06
0.83 £0.06
0.78 £0.05
0.77£0.03
0.75+0.06

0.08 +0.01
0.07+£0.01
0.08 £0.01

0.99 £ 0.06
0.87 £0.04
0.87 +0.03
1.03+0.14
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In a subsequent experiment, we administered a lower oral dose (5 pg/kg) of *4C-
BPA following sc injection of 0, 2, or 6 mg TCS. On the basis of stronger significance
trends observed in females than males with combinations of TCS and the 50 pg/kg *C-
BPA dose, this experiment was conducted only with females (n=10 per dose). Samples
were not taken for brain tissues. In all other respects, procedures were identical to those
described above.
Tissue processing for liquid scintillation counting

Following previously published procedures used in this laboratory (Guzzo et al.,
2012, 2013; Pollock and deCatanzaro, submitted), tissue samples were solubilized by
adding 1 ml SOLVABLE to each vial after re-weighing. Vials were then placed in a 50
°C water bath, agitated after 2 h, and left in the bath for an additional 2-3 h until
completely dissolved. After removal from the bath and 10 min of cooling, 5 ml Ultima
Gold scintillation cocktail was added to each vial. Vials were agitated again for 10 min to
promote mixing of the sample and scintillation cocktail. Each vial was stored in the
darkness chamber of a TriCarb 2910 TR Liquid Scintillation Analyser (PerkinElmer) for
5 min to eliminate background noise in the form of heat and luminescence. Following
this interval, radioactivity was measured for 5 min per vial, and final adjusted estimates
for the amount of radioactivity per sample in disintegrations per minute (dpm) were
automatically calculated by the accompanying Quanta-Smart software package. The dpm
measure was standardized to the weight of the sample wet mass as dpm/g tissue, then

converted to and reported as equivalent ng BPA/g tissue.
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Serum processing for liquid scintillation counting

Following collection, blood samples were stored in uncoated microtubes and held
in an upright position for at least 20 min to permit clotting. Following centrifugation at
1,500 g for 10 min, 10 ul serum was added to a scintillation vial containing 5 ml Ultima
Gold. Vials containing serum were agitated for 10 min to promote mixing of the sample
and scintillation cocktail. Measurement of radioactivity was performed as described
above and reported as equivalent ng BPA/ml serum.
Contamination control procedures

Five females and five males were injected sc with 0.05 ml peanut oil and
administered the equivalent dose of ethanol in 0.2 g peanut butter. All other details,
including anesthesia and perfusion protocols, blood and tissue collection, sample
processing, and scintillation counting were identical to those described above.
Introduction of these animals into the experimental design was spread throughout the
entire experiment to ensure that no external sources of radioactive contamination were
present.
Statistical analyses

Data are presented as means + SE. The threshold for significance was set at
p<0.05. Unless otherwise indicated, differences between treatments were analyzed by
analysis of variance (ANOVA) for each tissue, with Bonferroni adjustments to correct for
number of tissues. Significant ANOVA was followed by Newman-Keuls multiple

comparisons between all pairs of treatment combinations. Bartlett’s test showed equal
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variances across treatments for females and males. We focused statistical comparisons on

differences between treatments within each tissue rather than comparisons across tissues.

Results
Distribution of radioactivity in the presence of TCS in females given 50 pg/kg **C-BPA
Radioactivity was measured in the peripheral tissues of females who received a sc
injection of TCS followed by oral administration of 50 pg/kg *C-BPA (Figs. 1 and 2).
Comparisons were made between the six treatments for each of nine tissues, with the
Bonferroni-corrected threshold for nine comparisons being p<0.006. ANOVA produced
significant effects of treatment for the heart, F(5,54)=8.24, p<0.001; lung, F(5,54)=6.16,
p<0.001; muscle, F(5,54)=7.56, p<0.001; uterus, F(5,54)=7.20, p<0.001; ovaries,
F(5,54)=3.70, p=0.005; and serum, F(5,54)=9.63, p<0.001. Multiple comparisons
revealed that the 18 mg TCS group differed from the 0 and 0.2 mg TCS groups across all
tissues, and that the 18 mg TCS group also differed from the 0.6, 1, and 2 mg TCS groups
for the heart, muscle, and serum. Furthermore, the 0.6 and 1 mg TCS groups differed
from the 0 mg TCS group for the lung, and the 1 and 2 mg TCS groups differed from the

0, 0.2, and 0.6 mg TCS groups for the uterus.
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Fig. 1 Mean (+SE) concentration of radioactivity, expressed as ng BPA/g, in the heart,
lung, muscle, adipose, uterus, and ovaries of females following sc injection of 0, 0.2, 0.6,
1, 2, or 18 mg TCS and subsequent oral administration of 50 pg/kg **C-BPA. Difference

from 0 mg TCS treatment in the same tissue: * p < 0.05; ** p < 0.01
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Fig. 2 Mean (+SE) concentration of radioactivity in the liver and kidney (ng BPA/Q), as
well as serum (ng BPA/mI) of females following sc injection of 0, 0.2, 0.6, 1, 2, or 18 mg
TCS and subsequent oral administration of 50 pg/kg *4C-BPA. Difference from 0 mg

TCS treatment in the same tissue: ** p < 0.01
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Distribution of radioactivity in the presence of TCS in males given 50 pg/kg *C-BPA
Radioactivity was measured in the peripheral tissues of males who received a sc
injection of TCS followed by oral administration of 50 pg/kg *C-BPA (Figs. 3 and 4).
Comparisons were made between the four treatments for each of ten tissues, with the
Bonferroni-corrected threshold for ten comparisons being p<0.005. ANOVA vyielded
significant effects of treatment for the epididymides, F(3,36)=9.67, p<0.001; and serum,
F(3,36)=7.81, p<0.001. Although non-significant after Bonferroni correction, the heart,
F(3,36)=3.10, p=0.039; and lung, F(3,36)=4.77, p=0.007 approached significance.
Multiple comparisons revealed that the 0.2, 2, and 18 mg TCS groups differed from the 0
mg TCS group for serum. Furthermore, the 2 and 18 mg TCS groups differed from the 0

mg TCS group for the epididymides.
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Fig. 3 Mean (+SE) concentration of radioactivity, expressed as ng BPA/g, in the heart,
lung, muscle, adipose, testes, epididymides, and seminal vesicles of males following sc
injection of 0, 0.2, 2, or 18 mg TCS and subsequent oral administration of 50 pg/kg *C-

BPA. Difference from 0 mg TCS treatment in the same tissue: ** p < 0.01
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Fig. 4 Mean (+SE) concentration of radioactivity in the liver and kidney (ng BPA/Q), as
well as serum (ng BPA/mI) of males following sc injection of 0, 0.2, 2, or 18 mg TCS
and subsequent oral administration of 50 pg/kg **C-BPA. Difference from 0 mg TCS

treatment in the same tissue: * p < 0.05; ** p <0.01
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Distribution of radioactivity in the presence of TCS in the brain of females and males
Following sc injection of either 0 or 18 mg TCS and subsequent oral
administration of 50 pg/kg *C-BPA, radioactivity was measured in select brain areas of
female and male mice (Table 2). Uptake of radioactivity into the brain was much lower
than that of peripheral tissues, and statistically significant differences among conditions

were not observed.
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Table 2 Mean (£SE) concentration of radioactivity, expressed as ng BPA/g, in the brain tissues of females and males
following sc injection of either 0 or 18 mg TCS (n=5 per dose) and subsequent oral administration of 50 pg/kg *C-BPA.

Statistically significant differences between treatment conditions were not observed.

Olfactory Bulb Cerebellum Frontal Cortex Hypothalamus
Female
14C-BPA 0.000 + 0.000 0.029 + 0.007 0.034 £ 0.018 0.000 + 0.000
14C-BPA + 18 mg TCS 0.036 £+ 0.022 0.073 £ 0.007 0.020 £ 0.020 0.022 £ 0.022
Male
14C-BPA 0.118 £ 0.040 0.202 + 0.055 0.098 + 0.045 0.000 = 0.000
14C-BPA + 18 mg TCS 0.153+0.094 0.265 + 0.029 0.183 £ 0.029 0.000 + 0.000
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Distribution of radioactivity in the presence of TCS in females given 5 pg/kg **C-BPA
Radioactivity was evident in the peripheral tissues of females who received a sc
injection of TCS followed by oral administration of 5 pg/kg **C-BPA (Figs. 5 and 6), but
at substantially lower levels than were observed with females given 50 pg/kg *4C-BPA
described above. Trends toward increased radioactivity after either 2 or 6 mg TCS were
seen in most tissues. Planned orthogonal t-tests comparing the 2 and 6 mg TCS groups
with the 0 mg TCS group showed significance for the ovaries at both 2 mg TCS,
t(18)=2.37, p=0.014, and 6 mg TCS, t(18)=2.02, p=0.028, and for serum at 2 mg TCS,

t(18)=1.77, p=0. 045.
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Fig. 5 Mean (+SE) concentration of radioactivity, expressed as ng BPA/g, in the heart,
lung, muscle, adipose, uterus, and ovaries of females following sc injection of 0, 2, or 6

mg TCS and subsequent oral administration of 5 pg/kg *C-BPA. Difference from 0 mg

TCS treatment in the same tissue: * p < 0.05
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Fig. 6 Mean (+SE) concentration of radioactivity in the liver and kidney (ng BPA/Q), as
well as serum (ng BPA/mI) of females following sc injection of 0, 2, or 6 mg TCS and

subsequent oral administration of 5 pg/kg *C-BPA. Difference from 0 mg TCS treatment

in the same tissue: * p < 0.05
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Levels of radioactivity in contamination control animals

Five females and five males were exposed to the same experimental design as
treatment animals, except that these control animals received a non-radioactive peanut
butter supplement. Measures of radioactivity for these animals were at baseline for serum
(0 ng BPA/mI) and all tissues (0 ng BPA/g), except female adipose tissue (0.014 ng
BPA/g) and female liver tissue (0.014 ng BPA/g). Concentrations of radioactivity in
control animals were in a range entirely distinct from that of animals treated with 4C-

BPA, indicating no external sources of radioactive contamination.

Discussion

These data are the first to show that TCS potentiates the presence of *C-BPA in
specific tissues of adult female and male mice. Levels of radioactivity were elevated in
the heart, lungs, muscle, uterus, ovaries, and serum of females, as well as the
epididymides and serum of males, when *4C-BPA was administered in the presence of
TCS compared to *C-BPA administered alone. We administered TCS via sc injection, as
the prevalence of TCS in soaps likely leads to frequent percutaneous absorption
(Perencevich et al., 2001), albeit with the caveat that percutaneous absorption is
incomplete (Moss et al., 2000) and likely to be less efficient. We administered C-BPA
orally, given that ingestion of foods and beverages contaminated with BPA is the primary
route of human exposure (Chapin et al., 2008; Kang et al., 2006; VVandenberg et al.,
2007). We gave mice *C-BPA in peanut butter, as there is evidence that dietary BPA

exposure results in less extensive first-pass hepatic elimination and higher levels of BPA
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in serum compared to oral bolus administration (Sieli et al., 2011). The 30 min latency
between triclosan and **C-BPA administration, and the 1 h latency between *C-BPA
treatment and tissue collection, were chosen based on an effective paradigm used in
previous studies involving the administration of 1*C-BPA in the presence of 17p-estradiol
(Pollock and deCatanzaro, submitted).

The pattern of radioactivity across tissues observed in the present study is
consistent with the differential expression of ER in these tissues. We observed the
greatest impact of TCS administration on **C-BPA uptake, as evidenced by elevated
levels of radioactivity, in the uterus, ovaries, and lungs of females, and in the
epididymides of males. In females, the uterus and ovaries are characterized by high
expression of ERa and ER (Couse et al., 1997; Kuiper et al., 1997). In males, the
epididymides show moderate to high expression of both ER subtypes, whereas the testes
express much lower levels (Couse et al., 1997). Aside from reproductive tissues, other
peripheral tissues do not express significant levels of either ER subtype, except for ERa.
in the kidneys and ER in the lungs (Kuiper et al., 1997). Several brain areas possess
cells that express ER, including the pituitary, hypothalamus, olfactory bulbs, and cerebral
cortex (Couse et al., 1997); however, we observed much lower levels of radioactivity in
the brain than in peripheral tissues. One study showed that, following administration of
100 pg/kg 4C-BPA, approximately 95% of *C-BPA-derived radioactivity in plasma is
bound to protein (Kurebayashi et al., 2003). Accordingly, low levels of radioactivity
observed in brain tissues may indicate some difficulty of bound BPA in crossing the

blood-brain barrier. Overall, our findings are consistent with previous work measuring
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the distribution of radioactivity following oral administration of 50 pg/kg to 100 mg/kg
14C-BPA alone (Kim et al., 2004; Pollock and deCatanzaro, submitted). We found
through GC-MS that the majority of BPA reaching the uterus following oral
administration of 50 pg/kg is unconjugated and bioavailable, and that both exogenous
17B-estradiol and the anti-estrogen ICI 182,780 compete with **C-BPA at the uterus
(Pollock and deCatanzaro, submitted).

The observed exacerbation of *C-BPA uptake in the presence of TCS provides
clear evidence of an in vivo interaction between BPA and TCS. We believe that these
findings likely arise from inhibition of BPA conjugation by TCS actions at the enzymatic
level. In vitro, TCS is capable of non-competitively inhibiting BPA sulfonation through
sulfotransferase, as well as competitively inhibiting BPA glucuronidation through UGT
(Wang et al., 2004). Moreover, a large portion of the free TCS present in the human body
is localized within the liver (Geens et al., 2012). Taking these findings together, we
suggest that TCS interacts with hepatic conjugating enzymes and inhibits the metabolism
of ingested *C-BPA, thereby elevating levels of *C-BPA in circulation. This is
concordant with our finding that 1*C-BPA administered in the presence of TCS resulted
in significantly elevated radioactivity in serum.

Urinary measures from large samples of the U.S. population indicate widespread
exposure to both BPA and TCS, with much variance among individuals in both cases
(Calafat et al., 2008a, 2008b). Exposure to both substances is very common, but the
degree of concurrent exposure is likely quite variable among individuals as there are

different demographic correlates for the two substances. We observed that TCS clearly
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enhanced in vivo presence of radioactivity in serum and tissues of mice after a dose of 50
ug/kg C-BPA (the EPA reference dose), then replicated this with a dose of 5 ug/kg 4C-
BPA albeit with somewhat weaker effects. Whether these doses of BPA given to mice
represent doses to which humans are exposed and whether they disrupt healthy endocrine
functioning are matters of controversy, but a number of impacts of comparable doses of
BPA have been reported in laboratory rodents (cf. Richter et al., 2007; Teeguarden and
Hanson-Drury, 2013; Vandenberg et al., 2012). On the other hand, the doses of TCS that
we employed are arguably much higher than those to which humans are commonly
exposed. Relatively little is known about potential toxicity of TCS, even for high doses
that might be associated with occupational exposure. We have only examined single
acute doses and one temporal relationship between TCS and BPA exposure. Further
investigations should explore the combined effects of TCS and BPA with both acute and
chronic exposures at environmentally-relevant doses, with attention to mechanisms

through which these chemicals can interact.
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Abstract

Triclosan, an antimicrobial agent added to personal care products, can modulate
estrogenic actions. We investigated whether triclosan affects concentrations of exogenous
and endogenous estradiol. Female mice were given injections of triclosan followed by 1
MCi tritium-labeled estradiol. Mice given daily 2-mg triclosan doses (57.9 mg/kg/dose)
showed significantly elevated radioactivity in tissues and serum compared to controls. A
single dose of 1 or 2 mg triclosan increased radioactivity in the uterus in both cycling and
peri-implantation females. We also measured natural urinary estradiol at 2-12 h
following triclosan injection. Unconjugated estradiol was significantly elevated for
several hours following 1 or 2 mg of triclosan. These data are consistent with evidence
that triclosan inhibits sulfonation of estrogens by interacting with sulfotransferases,
preventing metabolism of these steroids into biologically inactive forms. Elevation of
estrogen concentrations by triclosan is potentially relevant to anti-reproductive and

carcinogenic actions of excessive estrogen activity.
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1. Introduction

Triclosan (CAS 3380-34-5) is a synthetic biocide designed to inhibit bacterial
reproduction by interacting with enoyl-acyl carrier protein reductase enzymes [1]. It is
added to many consumer and household products, including soaps, dish sponges,
cosmetics, deodorants, toothpastes, mouthwashes, clothing, and children’s toys [2—4].
Dermal contact with these products leads to rapid absorption of triclosan into the body
through the skin [5,6], while oral ingestion leads to uptake through the gastrointestinal
tract [7]. Based on the 2003-2004 U.S. National Health and Nutrition Examination
Survey (NHANES), 74.6% of the 2,517 human urine samples contained detectable levels
of triclosan, with concentrations ranging from 2.4 to 3,790 ug/L [8]. Detection frequency
of urinary triclosan in the U.S. population reached a peak between 2007-2008 at 80.8%,
but has since fallen to 72.0% as of 2011-2012 [9]. Similarly, mean urinary triclosan
concentrations in the U.S. population peaked in 2005-2006 at 18.8 pg/L but fell to 12.46
po/L as of 2011-2012 [9]. Triclosan has also been detected in human serum [10,11],
plasma [12], breast milk [12,13], and adipose and liver tissue [14].

Triclosan has known estrogenic effects, including stimulating breast and ovarian
cancer cell growth in vitro [15,16] and magnifying the effects of ethinyl estradiol in
rodent uterotrophic assays [17,18]. However, the mechanisms underlying these effects
are not well understood. Triclosan binds to both conventional estrogen receptor (ER)
subtypes, ERa and ERP [19,20]. Thus, exposure to triclosan may induce estrogenic
effects by directly activating ER. Triclosan also potently inhibits hepatic sulfotransferase

activity [21-23], thereby reducing sulfonation of endogenous estrogens such as E> and
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xenoestrogens such as bisphenol A (BPA) [23]. Thus, exposure to triclosan may
potentiate in vivo estrogenic effects by preventing metabolism of estrogens to their
biologically inactive forms.

Previous work in this laboratory demonstrated in vivo interactions between
triclosan and BPA. When mice were given a single dose of triclosan ranging from 0.2-18
mg, greater levels of *C-BPA were detected in serum and tissues including the heart,
lung, muscle, uterus, ovaries, and epididymides, than in animals given **C-BPA alone
[24]. Other studies indicated that either triclosan or BPA can disrupt blastocyst
implantation in inseminated female mice [25-29], and that doses of BPA or triclosan that
were insufficient on their own to have effects could disrupt implantation when the two
substances were given concurrently [29]. These findings are consistent with the notion
that triclosan inhibits BPA conjugation [23], permitting higher levels of BPA to interact
with ER in tissues such as the uterus.

Whereas BPA is a weakly estrogenic environmental chemical, E> is the most
potent natural estrogen. Any deviations from normal E2 levels might lead to adverse
health effects, as estrogen levels are tightly regulated and play critical roles in
development, fertility, and behavior [30]. Of especial importance to human health is the
consistent finding that elevated E», often through hormone-replacement therapy, is
associated with an increased risk of breast [31], endometrial [32], and ovarian [33]
cancers. Also, in inseminated females, minute elevations in estrogen activity can impede
blastocyst implantation, leading to pregnancy failure [30,34]. Given the fact that triclosan

exposure is ubiquitous, its potential capacity to modulate estrogen levels or activity in
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vivo is worthy of investigation. Here we investigated the impact of single or repeated
triclosan injections on concentrations of exogenous tritium-labeled estradiol (3H-Ez) and
endogenous urinary E». We hypothesized that a single injection of triclosan would elevate
3H-E; levels in reproductive tissues of cycling and peri-implantation female mice, and
that this effect would be more pronounced with repeated triclosan injections over
multiple days. We also hypothesized that triclosan administration would increase

endogenous E> concentrations as measured in urine.

2. Materials and Methods
2.1. Animals and housing

Female mice aged 3-5 months were of CF-1 strain and obtained from Charles
River (Kingston, NY). Animals were housed in standard polypropylene cages measuring
28x16x11 (Ixwxh) cm with wire tops allowing ad libitum access to food (8640 Teklad
Certified Rodent Chow; Harlan Teklad, Madison, WI) and water, except where otherwise
stated. The colony was maintained at 21 °C with a reversed 14 h light:10 h darkness
cycle. All procedures adhered to the standards of the Canadian Council on Animal Care
and were approved by the Animal Research Ethics Board of McMaster University.
2.2. Chemicals and materials

Triclosan (CAS 3380-34-5, 5-chloro-2-[2,4-dichlorophenoxy]phenol, >97%
purity) was obtained from Sigma-Aldrich, St. Louis, MO. SOLVABLE solubilization
cocktail, Ultima Gold scintillation cocktail, 8 ml midi-vial scintillation vials, and

[2,4,6,7-[3H](N)]-E2 (stock solution in ethanol, 1.0 uCi/ul, 81.0 Ci/mmol) were obtained
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from PerkinElmer, Waltham, MA. E2 and creatinine standards were obtained from
Sigma-Aldrich, Oakville, ON, Canada. E; antibodies and HRP conjugates were obtained
from the Department of Population Health and Reproduction at the University of
California, Davis, CA.
2.3. Experiment 1: Measurement of 3H-E in cycling females after repeated triclosan
doses

At the onset of darkness on the first day of the experiment, 21 cycling female
mice with regular estrous cycles were weighed (39.4 £ 5.6 g), individually housed, and
each given a subcutaneous (sc) injection of 0, 1, or 2 mg triclosan (corresponding to 0.0 +
0.0, 23.2 £ 2.5, or 57.9 + 3.9 mg triclosan/kg bodyweight, respectively) dissolved in 0.05
ml peanut oil (n=7 per dose). These injections were repeated at the same time on days 2
through 7, such that each mouse had a total of 7 injections of the same dose. We rotated
injection locations of triclosan among the neck, right flank, and left flank to prevent
irritation of the injection site. At 24 h after the final triclosan dose, each animal was given
an intraperitoneal (ip) injection of 1 puCi *H-E (corresponding to 3.36 ng E) in 9 pl
phosphate-buffered saline (PBS). At 1 h after *H-E, administration, each animal was
anesthetized with isoflurane and blood was collected via cardiac puncture. Each animal
was perfused with 15 ml PBS and tissues were collected in pre-weighed scintillation
vials. Tissue samples taken include the heart, lung, liver, superficial adductor muscle
from the hind leg, the whole uterus, both ovaries, and a cross-section of the kidney
encompassing both the medulla and cortex. Vials were re-weighed following tissue

collection to determine the sample wet mass.
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We administered triclosan via sc injection in all experiments, as the presence of
triclosan in personal care products can lead to transdermal absorption. Percutaneous
penetration is incomplete compared to sc injection; one estimate suggests that
transdermal absorption of triclosan is 6.3 + 1.1 % in humans and 22.8 £+ 4.6 % in rats
within 24 h [5]. The 1 and 2 mg triclosan doses were chosen based on the lowest effective
doses in a previous study showing an interaction between triclosan and “C-BPA [24].
3H-E, was given ip to facilitate systemic distribution of the steroid [35], and the 1 uCi
dose of 3H-E; represents just a small fraction of the animals’ endogenous E» [35,36].
Finally, the 24-h latency between triclosan injections and between the final triclosan
injection and ®H-E, administration, were chosen to exceed the 10.8+6.3 h terminal
elimination half-life of dermally administered triclosan [6].

Blood and tissue samples were processed for liquid scintillation counting
following previously published procedures used in this laboratory [24,37]. In brief, blood
samples were centrifuged at 1,500 g for 10 min and 10 pl serum was added to a
scintillation vial containing 5 ml Ultima Gold. Tissue samples were solubilized by adding
1 ml SOLVABLE to each vial and placing vials in a 50 °C water bath for 4-5 h until
completely dissolved. Following the addition of 5 ml Ultima Gold, vials were agitated to
promote mixing of the sample and scintillation cocktail. Each vial was stored in the
darkness chamber of a TriCarb 2910 TR Liquid Scintillation Analyzer (PerkinElmer) for
5 min to eliminate background noise in the form of heat and luminescence. Radioactivity
was measured for 5 min per vial and final adjusted estimates for the amount of

radioactivity per sample in disintegrations per minute (dpm) were automatically
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calculated by the accompanying Quanta-Smart software package. The dpm measures
were then reported as either dpm/mg tissue or dpm/pl serum. A reported concentration of
1 dpm/mg tissue or 1 dpm/ul serum is equivalent to 1.52 pg/g tissue or 1.52 pg/ml serum,
respectively.
2.4. Experiment 2: Measurement of 3H-E in cycling females after a single triclosan dose

At the onset of darkness, 20 cycling female mice were weighed (40.7 + 4.1 g),
individually housed, and each given a single sc injection of 0, 0.6, 1, or 2 mg triclosan
(respectively 0.0 £ 0.0, 14.6 £ 1.7, 23.6 + 2.9, or 53.9 £ 3.4 mg/kg) dissolved in 0.05 ml
peanut oil (n=5 per dose). At 30 min after triclosan administration, each animal was given
an ip injection of 1 pCi *H-E2 (3.36 ng E,) in 9 pl PBS. At 1 h after *H-E, administration,
each animal was anesthetized with isoflurane. All other procedures, including perfusion,
blood and tissue collection, sample processing, and scintillation counting were identical
to those of Experiment 1. The 30-min latency between triclosan and *H-E2 and the 1-h
latency between 3H-E, administration and tissue collection were chosen based on a
previous study demonstrating an interaction between triclosan and *C-BPA [24]. A 1-h
latency between 3H-E, administration and tissue collection permits systemic distribution
of *H-E> [38].
2.5. Experiment 3: Measurement of 3H-E in inseminated females after a single triclosan
dose

We examined the influences of triclosan upon peri-implantation inseminated
females given the potential relevance to blastocyst implantation failure. This should also

produce less within-condition variance as endogenous E> dynamics are less variable than
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among cycling females. Sexually naive females were each paired with a male mouse aged
5-6 months and their hindquarters were inspected four times daily for the presence of a
vaginal copulatory plug. Following detection of a copulatory plug, which marked
gestation day 0, females were weighed (28.5 £ 1.6 g) and individually housed. At the
onset of darkness on gestation day 3, females were each given a single sc injection of 0 or
2 mg triclosan (respectively 0.0 = 0.0 or 69.9 £ 3.0 mg/kg) dissolved in 0.05 ml peanut
oil. In Experiment 3A, each animal was given an ip injection of 1 uCi *H-Ez (3.36 ng E2)
in 9 ul PBS at 1 h after triclosan administration (n=10 per dose). In Experiment 3B, each
female was given ®H-E; at 7 h after triclosan administration (n=10 per dose). In both
Experiments 3A and 3B, each animal was anesthetized with isoflurane at 1 h after H-E;
administration. All other procedures, including perfusion, blood and tissue collection,
sample processing, and scintillation counting were identical to those of Experiment 1.
Here we also collected select brain areas including the olfactory bulbs, a caudal portion
of the cerebellum, a section of the cortex, and a portion of the hypothalamic region
(posterior to the optic chiasm and anterior to the pituitary stalk on the ventral surface of
the brain). Neural tissue samples were processed and measured for radioactivity as were
peripheral tissues in Experiment 1. We selected the 2 mg triclosan dose for use in peri-
implantation females, as this dose was most effective in Experiments 1 and 2. The 1- and
7-h latencies between triclosan and *H-E, administrations were chosen to determine
whether the effects of a single triclosan injection on 3H-E, concentrations persisted for

several hours after exposure. Neural tissue samples were collected for this experiment to

122



Ph.D. Thesis — T. Pollock McMaster — Psychology, Neuroscience & Behaviour

contrast female reproductive tissues with regions of the brain expressing high
concentrations of ER.
2.6. Experiment 4: Measurement of urinary E> in cycling females given triclosan

Twenty female mice were weighed (29.9 + 2.2 g) and individually placed in a
Plexiglas apparatus measuring 21x15x13 (Ixwxh) cm with a wire-mesh grid floor with
squares measuring 0.5 cm?. The wire-mesh grid floor was raised approximately 1 cm
above a Teflon-coated stainless-steel surface covered with wax paper, which permitted
non-invasive collection of urine. Mice were allowed to acclimate to the novel cages for 3
days prior to the start of the experiment. At the onset of darkness on the first day of the
experiment, each female received a single sc injection of 0.05 ml peanut oil. Given the
effects of a single triclosan exposure on *H-E> concentrations for up to 7 h in Experiment
3, urine was collected at 2, 4, 6, 8, 10, and 12 h post-injection. At the onset of darkness
on day two, each mouse received a sc injection of 1 or 2 mg triclosan (respectively 33.5 +
2.1 or 67.4 £ 5.8 mg/kg) dissolved in 0.05 ml peanut oil (n=10 per dose). Urine was once
again collected at 2, 4, 6, 8, 10, and 12 h post-injection.

All urine samples were placed into labeled vials and frozen at —20 °C at the time
of collection. Full procedures and validations for enzyme immunoassays for mouse urine
were previously reported [39]. Cross-reactivities for anti-Ez are: E2 100%, estrone 3.3%,
P4 0.8%, testosterone 1.0%, androstenedione 1.0%, and all other measured steroids
<0.1%. Urinary E> levels were considered with and without adjustment for urinary
creatinine, which corrects for differential hydration and urinary concentration among

animals, and reported as ng/mg creatinine and ng/ml urine, respectively.
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2.7. Experiment 5: Measurement of urinary Ez in inseminated females given triclosan

Thirty female mice were each paired with a male mouse and had their
hindquarters inspected as in Experiment 3. Following detection of a copulatory plug,
which marked gestation day 0, females were weighed (28.3 = 1.5 g) and placed in a
Plexiglas apparatus with a wire-mesh grid floor, then permitted to acclimate to the cages
for 3 days. At the onset of darkness on gestation day 3, each female received a single sc
injection of 0 or 2 mg triclosan (respectively 0.0 £ 0.0 or 71.0 + 3.7 mg/kg) dissolved in
0.05 ml peanut oil (n=15 per dose). Urine was collected at 2, 4, 6, 8, 10, and 12 h
post-injection. All other procedures, such as urine sample collection and storage, as well
as enzyme immunoassay measurements, were identical to those of Experiment 4.
2.8. Statistical analyses

All statistical analyses were performed using the R software environment [40].
Data are presented as mean + standard error (SE). A comparison-wise error rate of
o < 0.05 was employed for all statistical tests. In Experiment 1, differences between *H-
E> treatments were analyzed by univariate analysis of variance (ANOVA) for each tissue,
with Holm-Bonferroni adjustments to correct for the number of tissues [41]. Significant
effects in ANOVA were followed by pair-wise Newman-Keuls multiple comparisons.
Given that triclosan had especially strong influences in the uterus on the presence of *H-
E. in Experiment 1 and the presence of 1*C-BPA in a previous study [24], we focused
statistical comparisons on this tissue in subsequent experiments. In Experiments 2 and 3,
concentrations of 3H-E in the uteri of animals given triclosan were compared to those of

animals given an oil injection by two-tailed independent-samples t-test. In Experiments 4
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and 5, differences between urinary E> levels were analyzed by ANOVA comparing the
effect of treatment on the volume-based and creatinine-corrected urinary E;
concentrations. Significant effects in ANOVA were followed by t-tests at each urine
collection time point, with Holm-Bonferroni adjustments to correct for the number of

time points.

3. Results
3.1. Experiment 1: Measurement of *H-E in cycling females after repeated triclosan
doses

Radioactivity was measured in the peripheral tissues of cycling females that
received daily sc injections of triclosan followed by an ip injection of 1 puCi *H-E; (Fig.
1). The impact of triclosan on 3H-E> concentrations was most prominent in the
reproductive tissues of female; mice given 2 mg triclosan had mean radioactivity levels
that were 5.4 and 2.9 times higher than those of controls in the uterus and ovaries
respectively. Statistical comparisons were made among the three treatments for each of
eight tissues. ANOVA followed by Holm-Bonferroni correction produced significant
effects of treatment for the heart, F(2,18)=6.05, p=0.029; lung, F(2,18)=13.51, p=0.002;
muscle, F(2,18)=17.23, p<0.001; uterus, F(2,18)=12.02, p=0.002; ovary, F(2,18)=14.82,
p=0.001; and serum, F(2,18)=10.42, p=0.004. Multiple comparisons revealed that the 2
mg triclosan dose differed from the 0 and 1 mg triclosan doses for the lung, muscle,
uterus, ovary, and serum. The 2 mg triclosan dose also differed from the 1 mg triclosan

dose for the heart.
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Fig. 1 Mean (+SE) concentration of radioactivity (dpm/mg tissue or dpm/pl serum) in the
heart, lung, muscle, uterus, ovary, liver, kidney, and serum of cycling females following
7 daily sc injections of 0, 1, or 2 mg triclosan and subsequent ip injection of 1 pCi *H-Ez
(n=7 per dose) in Experiment 1. Unless otherwise noted, asterisks indicate that a
condition differs significantly from the 0 mg and 1 mg triclosan treatments in the same

tissue: ** p < 0.01; *** p < 0.001
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3.2. Experiment 2: Measurement of 3H-E in cycling females after a single triclosan dose
Radioactivity was measured in the peripheral tissues of cycling females that
received a single sc injection of triclosan followed by an ip injection of 1 pCi *H-E2 (Fig.
2). Unlike repeated injections over several days, a single exposure of triclosan did not
significantly modulate 3H-E2 concentrations in serum or peripheral tissues other than the
uterus. Although H-E> concentrations were greater in the uteri of mice given 2 mg
triclosan, the magnitude of elevation was less than that in Experiment 1; mean
radioactivity levels were 2.6 times (versus 5.4 times in Experiment 1) higher than those
of controls in the uterus. Statistical comparisons were made between the 0 mg triclosan
treatment and the 0.6, 1, or 2 mg triclosan treatments for the uterus. Two-tailed
independent-samples t-test of treatment effects showed that, compared to animals given 0
mg triclosan, the level of radioactivity in the uterus was significantly greater in animals
given 1 mg triclosan, t(8)=2.90, p=0.020, and in animals given 2 mg triclosan, t(8)=2.70,

p=0.027.
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Fig. 2 Mean (+SE) concentration of radioactivity (dpm/mg tissue or dpm/pl serum) in the
heart, lung, muscle, uterus, ovary, liver, kidney, and serum of cycling females following a
single sc injection of 0, 0.6, 1, or 2 mg triclosan and subsequent ip injection of 1 pCi *H-
E2 (n=5 per dose) in Experiment 2. Significant difference from 0 mg treatment in the

same tissue: * p <0.05
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3.3. Experiment 3: Measurement of 3H-E in inseminated females after a single triclosan
dose

Radioactivity was measured in the peripheral tissues of inseminated females on
gestation day 3 that received a single sc injection of triclosan followed by an ip injection
of 1 uCi 3H-E; (Fig. 3A and B). As in Experiments 1 and 2, the uterus showed the most
pronounced effects; mean radioactivity levels were 1.4 and 2.1 times greater respectively
at 1- and 7-h between triclosan and ®H-E; exposures. Statistical comparisons were made
between the 0 mg and 2 mg triclosan treatments for the uterus. Two-tailed independent-
samples t-test of treatment effects showed that, when females were given *H-Ez at 1 h
after injection of vehicle or triclosan (Experiment 3A), the level of radioactivity in the
uterus was significantly greater in animals given 2 mg triclosan, t(18)=2.46, p=0.024.
When females were given 3H-E; at 7 h after triclosan administration (Experiment 3B), the
level of radioactivity in the uterus was once again significantly greater in animals given 2

mg triclosan, t(18)=3.62, p=0.002.
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Fig. 3 Mean (+SE) concentration of radioactivity (dpm/mg tissue or dpm/pl serum) in the
olfactory bulb, cerebellum, cortex, hypothalamus, heart, lung, muscle, uterus, ovary,
liver, kidney, and serum of inseminated females on gestation day 3 following ip injection
of 1 uCi 3H-Ez at (A) 1 h or (B) 7 h after a single sc injection of 0 or 2 mg triclosan (n=10
per dose per time point) in Experiment 3. Significant difference from 0 mg treatment in

the same tissue: * p < 0.05
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3.4. Experiment 4: Measurement of urinary E> in cycling females given triclosan

Urinary E: levels of cycling females were measured the day prior and the day of a
single injection of triclosan (Fig. 4A-D). Generally, the effect of triclosan on urinary E>
concentrations was most prominent at around 610 h after injection. Repeated-measures
ANOVA produced significant effects of treatment for the creatinine-corrected 1 mg
triclosan dose, F(1,53)=11.66, p=0.001; the volume-based 2 mg triclosan dose,
F(1,53)=17.59, p<0.001; and the creatinine-corrected 2 mg triclosan dose, F(1,53)=26.09,
p<0.001. For the creatinine-corrected 1 mg triclosan dose, repeated-measures t-tests
followed by Holm-Bonferroni correction produced significant effects of treatment at 6 h
after injection, t(9)=3.66, p=0.032, and 10 h after injection, t(6)=2.59, p=0.041. For the
volume-based 2 mg triclosan dose, significant effects of treatment were observed at 6 h
after injection, t(9)=3.38, p=0.040, and 8 h after injection, t(9)=3.91, p=0.021. Similarly,
for the creatinine-corrected 2 mg triclosan dose, significant effects of treatment were
observed at 6 h after injection, t(9)=4.12, p=0.013, and 8 h after injection, t(9)=4.23,

p=0.013.
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Fig. 4 Mean (+SE) level of urinary E2 (ng E2 / ml urine and ng E2 / mg creatinine) before
and after a single sc injection of (A, B) 1 mg or (C, D) 2 mg triclosan in cycling females
(n=10 per dose) in Experiment 4. Significant difference from 0 mg treatment at the same

time point: * p < 0.05

60 - 60 -
A c
50 - 50 -
*
*
E 40 40
5
E 30 - 30 -
i
g 20 20 |
—0 mg triclosan —0 mg triclosan
10 - 10 1
—1 mg triclosan —2 mg triclosan
0 T T T T T 1 0
2 4 6 8 10 12 2 4 6 8 10 12
80 - 80 -
B D *
*
70 - 70 -
*
*
o 60 1 60 -
£
=
= 50 1 50 -
2
[+]
o> 40 40
£
o 30 4 30 -
w
=]
< 20 - —0 mg triclosan 20 - —0 mg triclosan
10 A —1 mg triclosan 10 A —2 mg triclosan
0 T T T T T 1 0 T T T T T 1
2 4 6 8 10 12 2 4 6 8 10 12
Hours After Injection Hours After Injection

133



Ph.D. Thesis — T. Pollock McMaster — Psychology, Neuroscience & Behaviour

3.5. Experiment 5: Measurement of urinary Ez in inseminated females given triclosan
Urinary E: levels of inseminated females on gestation day 3 were measured after
a single sc injection of 0 or 2 mg triclosan (Fig. 5A and B). The effect of triclosan on
urinary E» concentrations was evident throughout the 2-12 h collection window;
however, the effect was most prominent at around 10-12 h after injection. ANOVA
produced significant effects of treatment for the volume-based measures,
F(1,164)=27.87, p<0.001, and the creatinine-corrected measures, F(1,164)=59.25,
p<0.001. For the volume-based 2 mg triclosan dose, t-tests followed by Holm-Bonferroni
correction produced significant effects of treatment at 4 h after injection, t(27)=3.39,
p=0.013, and 10 h after injection, t(28)=2.92, p=0.034. For the creatinine-corrected 2 mg
triclosan dose, significant effects of treatment were observed at 2 h after injection,
t(28)=3.00, p=0.017; 4 h after injection, t(27)=3.35, p=0.010; 8 h after injection,
t(27)=2.90, p=0.017; 10 h after injection, t(28)=3.98, p=0.002; and 12 h after injection,

t(26)=4.09, p=0.002.
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Fig. 5 Mean (+SE) level of urinary E2 (A: ng E2 / ml urine, B: ng E2 / mg creatinine)

following a single sc injection of 0 or 2 mg triclosan in inseminated females on gestation

day 3 (n=15 per dose) in Experiment 5. Significant difference from 0 mg treatment at the

same time point: * p < 0.05; ** p < 0.01
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4. Discussion

To the best of our knowledge, these data are the first to show that triclosan
modulates the concentrations of exogenous and endogenous E: in vivo. We have shown
this using two strategies. First, we found enhanced uptake of *H-Ez in the uterus and
other tissues of female mice that received triclosan. Second, after triclosan
administration, we observed an elevation in endogenous E as reflected in urinary
measures. We measured urinary E> given evidence that enzyme immunoassay cannot
reliably quantify Ez in mouse serum due to extensive binding to carrying molecules in
blood [42]. Moreover, whereas previous evidence found very low concentrations of
estrogen conjugates in mouse urine [39], unconjugated E is abundant there and it
generally reflects systemic trends [39,43-46].

There are several potential mechanisms through which triclosan and E; could
interact, including actions at estrogen receptors, blood binding factors, and enzymes
involved in steroid metabolism. Although there is some evidence that triclosan can
interact with estrogen receptors, such action is competitive with binding of E2 [19,20].
That would suggest an opposite effect to the finding in our data that triclosan magnified
3H-E; presence in the uterus and other tissues. Similarly, competition for blood binding
factors would presumably reduce E> presence in serum and tissues. A strong possibility is
that our findings arise from triclosan’s actions on sulfotransferase. In in vitro human liver
fractions, low nM to M concentrations of triclosan can potently inhibit estrone and E:
sulfonation by non-competitively interacting with various sulfotransferase isoforms,

including SULT 1E1, 1B1, and 1Al [21,22]. Given that a considerable portion of
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triclosan present in the body is localized within the liver [14], we suggest that triclosan
may interact with hepatic sulfotransferases to inhibit the conjugation of exogenous and
endogenous Eo.

We found that triclosan magnified radioactivity in the heart, lungs, muscle, uterus,
ovaries, and blood serum of females given 3H-Ez. The chosen dose of 3H-E- represented
just a small fraction of the animals’ endogenous E> [35]. The interaction of triclosan with
exogenous *H-E, may be relevant to human estrogen supplementation, albeit with some
caveats. Whereas we injected 3H-E ip, human estrogen supplementation usually involves
E> derivatives such as ethinyl estradiol [47] administered via an oral pill, transdermal
patch, or vaginal ring [47]. However, triclosan can potentiate the estrogenic effects of
ethinyl estradiol in rats [17,18]. In all experiments involving *H-E2 administration, the
uterus showed the highest concentrations in vehicle-treated animals. In addition, we
observed the greatest impact of triclosan exposure on the uterus, with the 2-mg triclosan
dose elevating concentrations by 140 to 540% across experiments. Whereas repeated
triclosan doses increased concentrations of *H-E, in serum and most peripheral tissues,
only concentrations in the uterus were significantly elevated following a single triclosan
injection. The localization of *H-E; to the female reproductive tract is consistent with the
high expression of ERa and ER in these tissues [48,49]. In humans, higher household
incomes correlate with higher urinary triclosan concentrations [8] and greater use of
hormonal contraceptives [50]; study of the effects of triclosan on estrogen

supplementation in contraceptives and hormone-replacement therapy may be warranted.
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We also showed elevated levels of endogenous urinary E> following triclosan
administration. This effect was greater in recently inseminated females, spanning
between 2 and 12 h after triclosan injection in the creatinine-corrected measures,
compared to between 6 and 10 h in cycling females. This may be due to the reduced
variance in urinary E> measures among inseminated females. Even slight elevations in E
levels can lead to adverse health and reproductive outcomes in human and other
mammalian females. In humans, it is well established that persistently elevated E> levels
correlate with an increased risk of breast [31,51], endometrial [32], and ovarian cancer
[33]. In mice, elevated E> levels can disrupt pregnancy by preventing intrauterine
blastocyst implantation [45]. These data are also consistent with the finding that triclosan
can have estrogenic effects in the uterus, increasing uterine mass and expression of genes
upregulated by natural estrogens [52].

At doses as low as 1 or 2 mg triclosan, we showed elevated concentrations of
exogenous 3H-E; in reproductive tissues and natural E; in urine. The doses of triclosan in
the present study are arguably higher than those to which most humans are exposed.
Urinary measures from large samples of the U.S. population indicate widespread
exposure to triclosan [8,9], but there are few published attempts to quantify this exposure.
One study estimated that the average daily intake of triclosan in U.S. individuals is 350
Mg [53], which is equivalent to 5 pg/kg for a 70 kg adult. No estimate of occupational
exposure levels exists, which may be important considering the wide variance in human
urinary triclosan concentrations, where the highest measured concentration was nearly

300 times greater than the geometric mean [8].
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Our data are concordant with a mechanism whereby the non-competitive binding
of triclosan to sulfotransferase and/or other metabolic enzymes inhibits E2 metabolism.
Our data do not support interaction of triclosan with ER as an agonist or antagonist, or
interaction of triclosan with blood binding factors, which would produce opposing effects
to those observed here. A number of environmental chemicals and their metabolites with
chemical structures similar to that of triclosan have been shown to inhibit estrogen
sulfotransferase, including polychlorinated biphenyls [54,55], polyhalogenated
hydrocarbons [56], brominated flame retardants [57], and parabens [58]. Accordingly,
concurrent exposure to multiple toxicants might lead to summation or other interactions
of their effects. Given the potential carcinogenic and adverse reproductive influences of
excessive estrogenic activity, further research is needed on such interactions and indirect

estrogenic influences.
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Abstract

People are routinely exposed to the antimicrobial preservatives butyl paraben
(BP) and propyl paraben (PP), as well as the monomer of polycarbonate plastics,
bisphenol A (BPA). These chemicals are reliably detected in human urine and potentially
interact. We investigated whether BP or PP exposure can modulate the concentrations of
14C-BPA and 17p-estradiol (E). Female and male CF1 mice were each given a
subcutaneous injection of oil containing 0 (vehicle), 1, 3, or 9 mg BP or PP, then given a
dietary supplement containing 50 pg/kg *C-BPA. Radioactivity was measured in tissues
through liquid scintillation counting. Significantly elevated *C-BPA concentrations were
observed following BP treatment in blood serum of both sexes, as well as the lungs,
uterus, and ovaries of females and the testes and epididymides of males. Treatment with
PP significantly elevated *C-BPA concentrations in the uterus only. In another
experiment, female and male CF1 mice were each injected with vehicle, 3 mg BP, or 3
mg PP, and E> was measured in urine 2-12 h later. Whereas PP did not affect E;, BP
significantly elevated E> 6-10 h after injection in females and 8 h after injection in males.
These data indicate that BP and PP can alter the pharmacokinetics of BPA in vivo, and
that BP can modulate E> concentrations. These results are consistent with evidence that
parabens inhibit enzymes that are critical for BPA and E> metabolism, and demonstrate
the importance of considering concurrent exposure to multiple chemicals when

determining regulatory exposure limits.
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1. Introduction

Parabens (p-hydroxybenzoic acid esters) are used as antimicrobial preservatives
in cosmetics, personal care products, pharmaceuticals, foods, and beverages (Andersen,
2008). Their ubiquitous use is attributed to worldwide regulatory acceptance, broad
inertness, and low cost (Soni et al., 2005). Dermal exposure from cosmetics and personal
care products is the primary route of human exposure (Bt¢dzka et al., 2014), whereas
dietary consumption from foods, beverages, and pharmaceuticals is the secondary route
(Btedzka et al., 2014). Based on the 2005-2006 U.S. National Health and Nutrition
Survey (NHANES), methyl paraben (MP) and propyl paraben (PP) were detected in
99.1% and 92.7% of the population at concentrations of 1.0-17,300 pg/L urine and 0.2—
7,210 pg/L urine respectively (Calafat et al., 2010). Butyl paraben (BP) and ethyl paraben
(EP) were less common, being detected in 47% and 42.4% of the population at
concentrations of 0.2-1,240 pg/L urine and 1.0-1,110 pg/L urine respectively (Calafat et
al., 2010). Similar patterns were observed in NHANES data from 2007-2012 (CDC,
2015) and in other biomonitoring studies (Kang et al., 2016; Smith et al., 2012). Patterns
in urinary paraben concentrations were mostly concordant with human exposure
estimates; MP and PP were highest at 0.79-1.61 mg/kg/day and 0.34-0.80 mg/kg/day
respectively, whereas BP was lower at 0.002-0.02 mg/kg/day (Cowan-Ellsberry and
Robison, 2009).

Parabens have been identified as chemicals of concern after in vitro studies
demonstrated that they can bind estrogen receptor (ER) a and 3 (Blair et al., 2000; Byford

etal., 2002; Gomez et al., 2005; Miller et al., 2001; Watanabe et al., 2013). Affinity for
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ER is several orders of magnitude lower than that of 17p-estradiol (E2); BP is the most
potent with approximately 10,000-fold lower potency than E> (Routledge et al., 1998).
Concern has been raised after parabens were detected in human breast tumors (Darbre et
al., 2004) and evidence that they could increase proliferation of MCF-7 human breast
cancer cells in vitro (Charles and Darbre, 2013). In vivo studies have shown that parabens
can induce positive responses in rodent uterotrophic assays (Lemini et al., 2004;
Routledge et al., 1998), induce estrogenic histological changes in the uterus (Lemini et
al., 2004), and disrupt male reproductive parameters (Oishi, 2002a, 2002b; Zhang et al.,
2016). Parabens can interact with other environmental chemicals; one study showed that
BP and diethylhexyl phthalate could disrupt ovarian steroidogenesis, leading to
attenuated E» output, only when administered concurrently (Guerra et al., 2016).
Parabens can also inhibit enzymes involved in the metabolism of estrogens, including
sulfotransferase (SULT), cytochrome P450 (CYP), and UDP-glucuronosyltransferase
(UGT) (Dumas and Diorio, 2011). Parabens act as competitive inhibitors of SULT1Al
(Prusakiewicz et al., 2007) as well as numerous CYP (Ozaki et al., 2016) and UGT
(Abbas et al., 2010) isoforms. These actions could disrupt estrogen homeostasis and
thereby produce indirect estrogenic effects.

We previously demonstrated in vivo interaction of triclosan, an antimicrobial
agent found in personal care products, with bisphenol A (BPA) and E». Female mice
given 1-2 mg triclosan showed greater concentrations of exogenous *H-Ez in the uterus
and natural Ez in urine compared to vehicle-treated animals (Pollock et al., 2016).

Similarly, female and male mice given 0.6-18 mg triclosan showed greater
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concentrations of **C-BPA in blood serum and reproductive and other tissues (Pollock et
al., 2014). Blastocyst implantation in the uterus of inseminated females could also be
disrupted by approximately 200 mg BPA/kg/day, 523 mg triclosan/kg/day, or a lower
dose combination of 122 mg BPA/kg/day + 262 mg triclosan/kg/day for 3 days (Berger et
al., 2010, 2008, 2007; Crawford and deCatanzaro, 2012). These findings are consistent
with in vitro evidence that triclosan can non-competitively inhibit SULT and
competitively inhibit UGT activities towards BPA and E> (James et al., 2015, 2010;
Wang et al., 2004).

Humans are frequently exposed to multiple potential endocrine-disrupting
chemicals. Here we sought to determine the capacity of certain parabens to modulate the
pharmacokinetics of BPA and E: in vivo. We selected BP and PP for these studies, as the
Scientific Committee on Consumer Products of the European Commission stated that,
although MP and EP are considered safe, there is not yet sufficient data to complete a
safety assessment for BP and PP (SCCP, 2008; SCCS, 2013). In comparison to BP and
PP, BPA is a more established environmental estrogen (Rochester, 2013; Seachrist et al.,
2016; Ziv-Gal and Flaws, 2016), whereas E; is the most potent natural estrogen (Blair et
al., 2000; Kuiper et al., 1997). In rodents, BPA primarily undergoes phase Il conjugative
metabolism via interaction with UGT and SULT (Inoue et al., 2016; Kurebayashi et al.,
2010; Yalcin et al., 2016; Zalko et al., 2003). In addition to UGT and SULT, estrogen
concentrations are also regulated by phase | oxidative metabolism via CYP (Dumas and
Diorio, 2011). Given inhibitory actions of parabens on these enzymes (Abbas et al., 2010;

Ozaki et al., 2016; Prusakiewicz et al., 2007), we hypothesized that they would elevate
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BPA and E> concentrations in female and male mice. Here we measured the impact of BP
or PP injection on concentrations of dietary **C-BPA in blood serum and tissues of mice.
We also measured the impact of BP or PP injection on concentrations of urinary E», as E»
in mouse urine reliably reflects systemic trends in estrogen activity (deCatanzaro et al.,
2004, 2003, Thorpe et al., 2014, 2013) and can be collected non-invasively at multiple

time-points.

2. Materials and methods
2.1. Animals and housing

Female (28.4 £ 2.2 g) and male (38.9 + 5.1 g) CF1 mice aged 2.5-3.5 months
were obtained from Charles River (Kingston, NY). Diestrous females were selected for
use in experiments from a colony of mice with regular estrous cycles by vaginal cytology
using published procedures (Byers et al., 2012). Animals were housed in polypropylene
cages measuring 28x16x11 (Ixwxh) cm with ad libitum access to food (8640 Teklad
Certified Rodent Chow; Harlan Teklad, Madison, WI) and water, except where otherwise
stated. The colony was maintained at 21 °C with a reversed 14 h light:10 h darkness
cycle. All procedures adhered to the standards of the Canadian Council on Animal Care
and were approved by the Animal Research Ethics Board of McMaster University.
2.2. Chemicals and materials

BP (CAS 94-26-8, butyl 4-hydroxybenzoate, >99% purity), PP (CAS 94-13-3,
propyl 4-hydroxybenzoate, >99% purity), 17B-E2 (>98% purity), and creatinine standards

were obtained from Sigma-Aldrich, St. Louis, MO. **C-BPA ([ring-[**C](U)]-BPA, in
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ethanol, 0.1 mCi/ml, 60 mCi/mmol) was obtained from Moravek Biochemicals, Brea,
CA. SOLVABLE solubilization cocktail, Ultima Gold scintillation cocktail, 8 ml midi-
vial scintillation vials were obtained from PerkinElmer, Waltham, MA. 17B-E antibodies
and HRP conjugates were obtained from the Department of Population Health and
Reproduction at the University of California, Davis, CA.
2.3. Experimental design and dosing

This research followed previously published procedures used in this laboratory
(Pollock et al., 2016, 2014). Mice were weighed, individually housed, and each given a
dietary supplement of 1 g peanut butter. About 14-16 h later, beginning at the onset of
darkness (9:00 AM) on the following day, animals were assigned to treatment conditions
involving a single subcutaneous (sc) injection of paraben dissolved in 0.10 ml peanut oil
in the nape. In Experiment 1, diestrous females and males received 0 (vehicle), 1, 3, or 9
mg BP (n=10 per dose). In Experiment 2, diestrous females and males received vehicle,
1, 3 or 9 mg PP (n=10 per dose). Sequential assignment within each experiment ensured
that there was minimal overlap in treatment conditions among previously group-housed
animals from the same cage. Table 1 provides BP and PP doses in mg/kg and animal
weights in g for each treatment condition. At 30 min after injection, each animal was
given a dietary supplement of 50 pg/kg *C-BPA in 0.2 g peanut butter in a glass dish
placed inside its cage. Food, water, and bedding were removed to prevent contamination
of the 1*C-BPA treatment. At 1 h after 1*C-BPA administration, each animal was
anesthetized with isoflurane and blood was collected via cardiac puncture. Each animal

was perfused with 20 ml phosphate-buffered saline (PBS) and tissues were collected in
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pre-weighed scintillation vials. Tissue samples taken include the heart, lung, superficial
adductor muscle from the hind leg, abdominal adipose, liver, and a cross-section of the
kidney encompassing both the medulla and cortex. Female reproductive tissues taken
include the whole uterus and both ovaries, whereas male reproductive tissues taken
include one testis, one epididymis, one vesicular-coagulating (VC) gland, and one
preputial gland. Vials were re-weighed following tissue collection to determine the
sample wet mass.

In Experiment 3, mice were weighed and individually placed in a Plexiglas
apparatus measuring 21x15x13 (Ixwxh) cm with a wire-mesh grid floor. The cage was
raised approximately 1 cm above a Teflon-coated stainless-steel surface covered with
wax paper. Animals acclimated to the novel cages for 3 days prior to the start of the
experiment. At the onset of darkness on the fourth day, diestrous females and males
received a sc injection of vehicle, 3 mg BP (corresponding to 91.5 £+ 5.2 mg/kg for
females and 81.7 £ 2.6 mg/kg for males), or 3 mg PP (corresponding to 89.8 + 4.3 mg/kg
for females and 83.5 + 4.1 mg/kg for males) dissolved in 0.10 ml peanut oil (n=10 per
dose) in the nape. Urine was collected non-invasively at 2, 4, 6, 8, 10, and 12 h
post-injection. All urine samples were placed into labeled vials and frozen at —20 °C at

the time of collection.
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Table 1 Mean (£SD) BP and PP doses in mg/kg and animal weights in g for each

treatment condition. n = number of animals

BP Females

Males

PP Females

Males

n
10
10
10
10

10
10
10
10

10
10
10
10

10
10
10
10

BPA Dose Paraben Dose

(Ha/kg)
50
50
50
50

50
50
50
50

50
50
50
50

50
50
50
50

(mg)
vehicle
1
3

vehicle
1
3
9

vehicle
1
3
9

159

Paraben Dose Animal Weights

(mg/kg)

0.0+0.0
35.0 £ 2.0
103.3 9.4
310.0 £ 22.6

0.0+0.0
269+14
795+55
242.1+124

0.0+0.0
355+0.9
104.2 +6.1
323.7+32.0

0.0+0.0
25.0+4.6
759+ 126
239.0+40.3

9)
28.7+26
286+ 1.7
20.2+26
290.2+2.2

39.1+2.0
37.3+1.9
37.9+25
37.3+1.9

26.5+1.6
28.2+0.7
289+1.6
28.1+3.0

39.3+6.9
412+7.4
405+6.5
38.7+x7.2
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2.4. Blood and tissue processing for liquid scintillation counting

Blood and tissue samples were processed for liquid scintillation counting
following previously published procedures (deCatanzaro and Pollock, 2016; Pollock et
al., 2016, 2014; Pollock and deCatanzaro, 2014). Blood samples were centrifuged at
1,500 g for 10 min and 10 pl serum was added to a scintillation vial containing 5 ml
Ultima Gold. Tissue samples were solubilized by adding 1 ml SOLVABLE to each vial
and placing vials in a 50 °C water bath for 4-5 h until completely dissolved. Following
the addition of 5 ml Ultima Gold, vials were agitated to promote mixing of the sample
and scintillation cocktail. Each vial was stored in the darkness chamber of a TriCarb 2910
TR Liquid Scintillation Analyzer (PerkinElmer) for 5 min to eliminate noise in the form
of heat and luminescence. Radioactivity was then measured for 5 min per vial. The
amount of radioactivity per sample, in disintegrations per minute (dpm), was calculated
by the accompanying Quanta-Smart software package after correcting for sample
coloration, luminescence, and static, as well as subtracting background levels of
radiation. Frequent monitoring of all work surfaces and equipment ensured that
contamination of samples did not occur. The final dpm measures were then normalized to
the weight of the sample wet mass and reported as equivalent ng BPA/g tissue or ng
BPA/mI serum.
2.5. Measurement of urinary E;

Full procedures and validations for enzyme immunoassays for mouse urine were
previously reported (Muir et al., 2001). Cross-reactivities for anti-E; are: E2 100%,

estrone 3.3%, progesterone 0.8%, testosterone 1.0%, androstenedione 1.0%, and all other
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measured steroids <0.1%. Urinary E> levels were considered with and without correction
for urinary creatinine, which adjusts for differential hydration and urinary concentration
among animals, and reported as ng/mg creatinine and ng/ml urine, respectively.
2.6. Contamination control procedures

Ten diestrous females and ten males were injected sc with 0.10 ml peanut oil in
the nape and administered the equivalent dose of ethanol in 0.2 g peanut butter. All other
details, including anesthesia and perfusion, blood and tissue collection, sample
processing, and scintillation counting were identical to those described above. The
purpose of these negative control animals was to ensure that no external sources of
radioactive contamination were present.
2.7. Statistical analyses

All statistical analyses were performed using the R software environment (R Core
Team, 2016). A comparison-wise error rate of o < 0.05 was employed for all statistical
tests. Differences between *C-BPA treatments in animals given BP or PP were analyzed
by univariate analysis of variance (ANOVA) for each tissue, with Holm-Bonferroni
adjustments to correct for the number of tissues (Holm, 1979). Significant effects in
ANOVA were followed by pair-wise Newman-Keuls multiple comparisons. Differences
between urinary E> concentrations were analyzed by factorial ANOVA comparing the
effects of treatment and collection time-point (repeated measures). Significant main
effects or interaction in ANOVA were followed by pair-wise Newman-Keuls multiple

comparisons of treatment at each collection time-point.
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3. Results
3.1. Experiment 1: Measurement of 1*C-BPA in mice given BP

Radioactivity was measured in serum and tissues of diestrous females (Fig. 1) and
males (Fig. 2) that received a sc injection of BP followed by a dietary supplement of *4C-
BPA. Concentrations of **C-BPA in the liver and kidney are reported in Table 2. Pre-
treatment with BP induced a dose-dependent increase in serum and reproductive tissue
concentrations of 1*C-BPA in both sexes. Comparisons were made among the four
treatments for each of nine tissues in females. ANOVA followed by Holm-Bonferroni
correction produced significant effects of treatment for the lung, F(3,36)=5.15, p=0.028;
uterus, F(3,36)=35.35, p<0.001; ovaries, F(3,36)=10.29, p<0.001; kidney, F(3,36)=4.85,
p=0.031; and serum, F(3,36)=6.89, p=0.006. Multiple comparisons revealed that the
vehicle-treated group differed from the 1, 3, and 9 mg groups for the uterus. The vehicle-
treated group also differed from the 9 mg group for the lung, ovaries, kidney, and serum.
Comparisons were made among the four treatments for each of eleven tissues in males.
ANOVA followed by Holm-Bonferroni correction produced significant effects of
treatment for the testis, F(3,36)=4.88, p=0.044; epididymis, F(3,36)=7.05, p=0.007; and
serum, F(3,36)=7.82, p=0.004. Multiple comparisons revealed that the vehicle-treated
group differed from the 3 and 9 mg groups for the epididymis and serum, as well as the 9

mg group for the testis.
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Fig. 1 Mean (+SE) concentration of *C-BPA in the heart, lung, muscle, adipose, uterus,
ovaries, and serum of diestrous females following sc injection of vehicle, 1, 3, or 9 mg
BP and subsequent dietary administration of 50 pg/kg **C-BPA (n=10 per dose).

Difference from vehicle treatment in the same tissue: * p < 0.05; ** p < 0.01; + p < 0.001
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Fig. 2 Mean (+SE) concentration of 1*C-BPA in the heart, lung, muscle, adipose, testis,
epididymis, VC gland, preputial gland, and serum of males following sc injection of
vehicle, 1, 3, or 9 mg BP and subsequent dietary administration of 50 pg/kg *4C-BPA

(n=10 per dose). Difference from vehicle treatment in the same tissue: ** p < 0.01;
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Table 2 Mean (+SE) concentration of **C-BPA in the liver and kidney of diestrous

females and males following sc injection of BP or PP and subsequent dietary

administration of 50 pg/kg *C-BPA. Difference from vehicle treatment in the same

tissue: * p <0.05

BP Females
Males
PP Females
Males

Paraben Dose
(mg)
vehicle
1
3
9

vehicle

vehicle
1
3
9
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Liver
(ng BPA/Q)
16.7+3.1
28.6 + 3.6
25.9+29
27.7+3.6

20125
249+4.8
30.5+£6.5
40.0+9.3

18.7+1.6
222+23
23.2+3.0
24.7+3.8

27.5+4.0
28.0+3.0
242 +24
444 +11.8

Kidney
(ng BPA/g)
10.2+2.0
11.2+1.9
125+ 15
252 +56"

33.1+£59

53.0+7.2

50.7+7.3
62.3+14.6

124+20
149+15
10.1+1.3
110+15

52.6+8.9
53.2+6.3
48.4+ 3.2
57.6+7.9
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3.2. Experiment 2: Measurement of 1*C-BPA in mice given PP

Radioactivity was measured in serum and tissues of diestrous females (Fig. 3) and
males (Fig. 4) that received a sc injection of PP followed by a dietary supplement of *4C-
BPA. Concentrations of **C-BPA in the liver and kidney are reported in Table 2. Pre-
treatment with PP selectively elevated 1*C-BPA concentrations in the uterus of females.
Comparisons were made among the four treatments for each of nine tissues in females.
ANOVA followed by Holm-Bonferroni correction produced significant effects of
treatment for uterus, F(3,36)=2.55, p=0.006. Multiple comparisons revealed that the
vehicle-treated group differed from the 9 mg group for the uterus. Comparisons were
made among the four treatments for each of eleven tissues in males. Minor elevations in
14C-BPA concentrations were observed in certain tissues for the 9 mg PP group, such as

the epididymides and serum; however, these effects were not statistically significant.
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Fig. 3 Mean (+SE) concentration of **C-BPA in the heart, lung, muscle, adipose, uterus,
ovaries, and serum of diestrous females following sc injection of vehicle, 1, 3, or 9 mg PP
and subsequent dietary administration of 50 pg/kg **C-BPA (n=10 per dose). Difference

from vehicle treatment in the same tissue: + p < 0.001
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Fig. 4 Mean (+SE) concentration of 1*C-BPA in the heart, lung, muscle, adipose, testis,
epididymis, VC gland, preputial gland, and serum of males following sc injection of
vehicle, 1, 3, or 9 mg PP and subsequent dietary administration of 50 pg/kg **C-BPA

(n=10 per dose).
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3.3. Experiment 3: Measurement of urinary Ez in mice given BP or PP

Urinary E> concentrations of diestrous females (Fig. 5) and males (Fig. 6) were
measured after sc injection of vehicle, BP, or PP. Concentrations of E; are reported for
uncorrected (ng E2/ml urine) and corrected (ng E2/mg creatinine) measures. In females,
ANOVA on uncorrected measures showed a significant main effect of collection time-
point, F(5,135)=8.53, p<0.001, and a significant interaction, F(10,135)=3.00, p=0.002.
ANOVA on creatinine-corrected measures showed significant main effects of treatment,
F(2,27)=4.53, p=0.020, and collection time-point, F(5,135)=10.14, p<0.001, and a
significant interaction, F(10,135)=4.22, p<0.001. Multiple comparisons revealed that
vehicle-treated females differed from BP-treated females at 6, 8, and 10 h after injection
for both the uncorrected and corrected measures. In males, ANOVA on uncorrected
measures showed a significant main effect of collection time-point, F(5,105)=2.30,
p=0.049. ANOVA on creatinine-corrected measures also showed a significant main effect
of collection time-point, F(5,105)=2.72, p=0.024. Multiple comparisons revealed that
vehicle-treated males differed from BP-treated males at 8 h after injection for both the

uncorrected and corrected measures.
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Fig. 5 Mean (+SE) concentration of urinary Ez, expressed as ng E2 / ml urine and ng E2 /
mg creatinine, following sc injection of vehicle, 3 mg BP, or 3 mg PP in diestrous
females (n=10 per dose). Difference from vehicle treatment at the same time point:

*p < 0.05; ** p < 0.01
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Fig. 6 Mean (+SE) concentration of urinary Ez, expressed as ng E2 / ml urine and ng E2 /
mg creatinine, following sc injection of vehicle, 3 mg BP, or 3 mg PP in males (n=10 per

dose). Difference from vehicle treatment at the same time point: * p < 0.05; ** p < 0.01
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3.4. Radioactivity in contamination control animals

Ten diestrous females and ten males were exposed to the same experimental
design as in Experiments 1 and 2, except that these negative control animals received a
non-radioactive peanut butter supplement. Measures of radioactivity for these animals
were at baseline for serum (0 ng BPA/ml) and all tissues (0 ng BPA/g), except the liver of
two males (0.03 and 0.04 ng BPA equivalent/g), the liver of one female (0.10 ng BPA
equivalent/g), and the kidney of another female (0.04 ng BPA equivalent/g). Measures of
radioactivity in control animals were in a range entirely distinct from that of animals

treated with 4C-BPA, indicating no external sources of radioactive contamination.

4. Discussion

These data demonstrate in vivo modulation of the pharmacokinetics of BPA by PP
and BP, as well as an effect of BP on excreted endogenous E». There are numerous
potential mechanisms through which parabens, BPA, and E> could interact. These
mechanisms include direct actions at ER, transport proteins in blood, or enzymes
involved in steroid metabolism. Relative to E,, BPA and BP show about 10,000-fold
lower affinity in vitro for ERa, while PP shows about 30,000-fold lower affinity (Miller
et al., 2001; Routledge et al., 1998). However, direct actions of BP or PP at ER would
likely result in an opposite effect to that observed in our data, as these actions would be
competitive with binding of 1*C-BPA. Indeed, pre-treatment with Ez or the ER antagonist
ICI 182,780 reduced *C-BPA concentrations in the uteri of rats (Pollock and

deCatanzaro, 2014). Similarly, actions of BP or PP on transport proteins in blood would
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likely be competitive with 4C-BPA, thereby limiting its distribution and reducing *4C-
BPA concentrations in serum and tissues. Actions of BP and PP on metabolic enzymes
are sufficient to explain the observed elevation of **C-BPA concentrations in serum and
tissues and E» concentrations in urine. The major metabolite of BPA is the
monoglucuronide conjugate produced via UGT (Kurebayashi et al., 2010; Zalko et al.,
2003). Other metabolites formed in smaller quantities include the monosulfate conjugate
produced via SULT and glucuronide/sulfate diconjugates (Inoue et al., 2016;
Kurebayashi et al., 2010; Yalcin et al., 2016; Zalko et al., 2003). Urinary metabolite
profiles of parabens vary, with MP being primarily sulfated (63%) and BP being
primarily glucuronidated (87%) (Moos et al., 2016). Parabens are competitive inhibitors
of SULT1A1 (Prusakiewicz et al., 2007) and numerous UGT isoforms, including
UGT1A1, UGT1A8, UGT1A9, UGT2B7, UGT2B15, and UGT2B17 (Abbas et al.,
2010). In addition to SULT and UGT, estrogen concentrations are regulated by CYP and
hydroxysteroid dehydrogenase (HSD) (Dumas and Diorio, 2011). Whereas parabens
were shown to be inactive towards 17B-HSD4 (NIH, 2010), they could competitively
inhibit CYP1AL, CYP1A2, CYP2B, CYP3A, CYP2C, and CYP2EL (Ozaki et al., 2016).
Given the established inhibitory actions of parabens on UGT, SULT, and CYP, we
suggest that these enzymes play critical roles in the mechanisms underlying our findings.
These data show that BP markedly elevates concentrations of **C-BPA in serum
and select tissues, such as the lungs, uterus, ovaries, testes, and epididymides. The
localization of 1*C-BPA is consistent with the profile of tissues with moderate to high

ERo and ERP expression (Kuiper et al., 1997). The impact of 1-9 mg BP on **C-BPA
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concentrations is also consistent with that previously shown for 0.6-18 mg triclosan
(Pollock et al., 2014). In contrast, pre-treatment with 9 mg PP only magnified
concentrations of **C-BPA in the uterus. Measures of radioactivity reflect total BPA,
including both conjugated and unconjugated species. Phase 11 metabolism of BPA occurs
at one or both of the hydroxyl groups located on either end of the molecule (Zalko et al.,
2003). Conjugation would not influence measures of radioactivity, as the **C-BPA used
in these studies is labeled within the phenolic rings. We have previously shown that,
following dietary administration of 50 pg/kg BPA, the majority of BPA in the uterus of
female rats is unconjugated (Pollock and deCatanzaro, 2014). We administered *C-BPA
in a dietary supplement, as ingestion of BPA from food, beverages, and indoor dust
accounts for 85-95% of total exposure in adult humans (EFSA, 2015). Since the present
study involves acute exposure, we did not quantify concentrations of 1*C-BPA in urine or
feces. Elsewhere (Kurebayashi et al., 2005), only 1% of the total dose was present in
urine of male and female rats during the initial 4 h after oral administration of 100 pg/kg
14C-BPA. The majority of **C-BPA was located in the stomach, intestines, and liver
during the first hour after oral administration (Kim et al., 2004). By 168 h after exposure,
female rats had excreted 34% of the total dose in urine and 64% in feces, whereas male
rats excreted 10% in urine and 88% in feces (Kurebayashi et al., 2005).

We also showed elevated concentrations of E> in urine following BP, but not PP,
administration. This effect was most pronounced in females around 6-10 h after injection
and in males around 8 h after injection. The impact of 3 mg BP on urinary E> in females

is consistent with that previously shown for 1-2 mg triclosan (Pollock et al., 2016). The
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discrepancy between effects of BP and PP on urinary E> is concordant with evidence that
BP is a more potent inhibitor of SULT and CYP activity (Ozaki et al., 2016;
Prusakiewicz et al., 2007). The discrepancy between males and females may be due to
metabolic differences; male rodents excrete subcutaneously-injected BP more rapidly and
completely than do female rodents (Aubert et al., 2012). Measures of urinary E; generally
reflect systemic trends in estrogen activity (deCatanzaro et al., 2004, 2003; Muir et al.,
2001; Thorpe et al., 2014, 2013). Whereas estrogen conjugates are predominant in
circulation and act as a storage reservoir (Reed et al., 2005), unconjugated E; is primarily
excreted in mouse urine (Muir et al., 2001). Unlike blood, urine can also be collected
non-invasively at multiple time-points. Our demonstration that parabens can elevate
endogenous E> is important because minor but persistent elevations in E2 can contribute
to adverse health and reproductive outcomes in mammals. Increased E> can disrupt
intrauterine blastocyst implantation and lead to pregnancy failure (Thorpe et al., 2013). In
humans, increased estrogen activity from hormone-replacement therapy correlates with
increased risk of breast, endometrial, and ovarian cancers (Million Women Study
Collaborators, 2007, 2005, 2003).

We administered BP and PP via sc injection, as the presence of parabens in
cosmetics and personal care products leads to dermal absorption (EI Hussein et al., 2007;
Guo and Kannan, 2013). Aubert et al. (2012) found that sc injection produces more rapid
systemic availability of parabens than does dermal absorption. They found maximum
plasma concentrations of 614 and 1,033 ng/ml for BP and PP respectively 8 h after

dermal administration of 100 mg/kg to female rats. In contrast, maximum plasma BP
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concentration following sc injection was 12,190 ng/ml and occurred 4 h after exposure.
In the current study, we examined a relatively short (30-min) latency between BP or PP
and *C-BPA administration, which was also effective in a similar study of triclosan
(Pollock et al., 2014). Skin permeability of parabens is inversely related to lipophilicity,
with MP being the most permeable and parabens with longer side-chains, such as PP and
BP, being less permeable (EI Hussein et al., 2007; Pedersen et al., 2007). Following
dermal administration of 100 mg/kg BP or PP to rats, around half of the total dose was
unabsorbed and recovered from the application site (Aubert et al., 2012). Dermal
metabolism in rodents may also contribute to lower uptake of parabens following topical
application compared to sc injection (Harville et al., 2007; Prusakiewicz et al., 2006).
However, rodent studies may not accurately reflect dermal absorption in humans, as
esterase activity in rodent skin microsomes is 2—-3 orders of magnitude greater than that in
human skin microsomes (Harville et al., 2007; Prusakiewicz et al., 2006). We have only
examined the capacity of parabens to alter the pharmacokinetics of BPA acutely via one
route of exposure; future studies should explore repeated administrations and other
exposure routes.

The doses of BP and PP administered in the present study are greater than typical
exposure levels in the general public. Aggregate exposure estimates for MP, EP, PP, and
BP from cosmetics and personal care products range from 1.26 to 4.13 mg/kg/day
(Cowan-Ellsberry and Robison, 2009). However, exposure estimates rarely account for
other sources of exposure, such as from foods, beverages, and pharmaceuticals (Btedzka

et al., 2014). Published exposure estimates also may not accurately convey occupational
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exposure levels. This is important considering the wide variance in urinary paraben
concentrations, where the highest measured value of PP, for example, was over 900 times
greater than the geometric mean (Calafat et al., 2010). Evidence of phase | and II
metabolic enzyme inhibition has been demonstrated for numerous other environmental
chemicals and their metabolites, including tetrabromobisphenol A (Gosavi et al., 2013;
Harju et al., 2007; NIH, 2010), phthalates (Ozaki et al., 2016), polychlorinated biphenyls
(Kester et al., 2000; Wang and James, 2007), and polyhalogenated aromatic
hydrocarbons (Kester et al., 2002). Given the potential adverse health outcomes of
persistently heightened estrogenic activity, these findings demonstrate the need to
consider studies of multiple toxicants when determining regulatory exposure limits for

endocrine-active chemicals.
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Abstract

Background: Humans are commonly exposed to multiple environmental chemicals,
including tetrabromobisphenol A (TBBPA,; a flame retardant), triclosan (an antimicrobial
agent), and bisphenol A (BPA; polycarbonate plastics). These chemicals are readily
absorbed and potentially interact.

Obijectives: We sought to determine whether TBBPA, given alone or in combination with
triclosan, can modulate the concentrations of BPA and 17p-estradiol (E2).

Methods: Female and male CF1 mice were each given a subcutaneous injection of 0-27
mg TBBPA, with or without concurrent 0.33 mg triclosan, followed by dietary
administration of 50 pg/kg bodyweight *C-BPA. Radioactivity was measured in blood
serum and tissues through liquid scintillation counting. In subsequent experiments,
female and male CF1 mice were each given a subcutaneous injection of 0 or 1 mg
TBBPA, and E2 was measured in urine 2-12 h after injection.

Results: Doses as low as 1 mg TBBPA significantly elevated *C-BPA concentrations in
the uterus and ovaries of females; the testes, epididymides, vesicular-coagulating glands,
and preputial glands of males; and blood serum, heart, lungs, and kidneys of both sexes.
They also elevated urinary E2 concentrations. Lower doses of TBBPA or triclosan that
had no effect on their own elevated *C-BPA concentrations when the two substances
were given concurrently.

Conclusions: These data indicate that TBBPA, triclosan, and BPA interact in vivo,
consistent with evidence that TBBPA and triclosan inhibit enzymes that are critical for

BPA and E2 metabolism.
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Introduction

Tetrabromobisphenol A (TBBPA; CAS 79-94-7) is the most-produced flame
retardant, with global use over 170,000 tons/year (Health Canada 2013). Approximately
80% of TBBPA is used in reactive applications, where it is covalently bound to the
polymer of epoxy resins for printed circuit boards in electronics equipment (Colnot et al.
2014; Shaw et al. 2014). The remaining 20% of TBBPA is used in additive applications,
where it is physically blended with rather than chemically bound to the polymer, as in
plastic housing for electronics equipment (Colnot et al. 2014; Shaw et al. 2014). Both
reactive- and additive-treated products release TBBPA into the environment (Malkoske et
al. 2016; Shaw et al. 2014). TBBPA has been detected in soil and sediment (Lee et al.
2015; Wang et al. 2015a; Zhu et al. 2014), surface and waste water (Kim et al. 2016;
Xiong et al. 2015), and air and indoor dust (La Guardia and Hale 2015; Ni and Zeng
2013; Wang et al. 2015b; Wu et al. 2016b). Non-occupational TBBPA exposure in
humans occurs via inhalation and ingestion of dust, as well as dermal contact with dust
and free (unreacted) TBBPA in consumer products (Abdallah 2016; Knudsen et al. 2015).
TBBPA is bioavailable in humans, as evidenced by its detection in human serum (Cariou
et al. 2008; Fujii et al. 2014), plasma (Ho et al. 2017), breast milk (Abdallah and Harrad
2011; Fujii et al. 2014; Nakao et al. 2015), and adipose tissue (Cariou et al. 2008;
Johnson-Restrepo et al. 2008).

The potential for TBBPA to act as an endocrine disrupting chemical is not well
understood. Mechanisms of endocrine disruption by TBBPA could include actions on

estrogen, androgen, glucocorticoid, and/or thyroid hormone receptors (Beck et al. 2016;
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Hamers et al. 2006; Huang et al. 2013). Considering evidence of estrogenic actions, some
studies found that TBBPA binds to estrogen receptor (ER) o in in vitro assays (Li et al.
2010; Olsen et al. 2003; Suzuki et al. 2013), whereas other studies found that TBBPA
failed to bind ERa in in vitro assays (Dorosh et al. 2011; Hamers et al. 2006; Lee et al.
2012; Meerts et al. 2001; Miller et al. 2001; Molina-Molina et al. 2013; Riu et al. 2011a,
2011b) and molecular modeling (Zhuang et al. 2014). More recent work has examined
indirect mechanisms of estrogenicity whereby TBBPA disrupts estrogen homeostasis
(Honkisz and Wojtowicz 2015; Lai et al. 2015; Sanders et al. 2016; Wikoff et al. 2016).
One proposed mechanism is that TBBPA inhibits the metabolism of 17p-estradiol (E2),
thus increasing its bioavailability, via interactions with conjugating enzymes (Lai et al.
2015; Sanders et al. 2016; Wikoff et al. 2016). These enzymes include estrogen
sulfotransferase (SULT), UDP-glucuronosyltransferase (UGT), cytochrome p450 (CYP),
and 17pB-hydroxysteroid dehydrogenase (178-HSD) (Dumas and Diorio 2011; Wikoff et
al. 2016). Another proposed mechanism is that TBBPA enhances E2 secretion via actions
on aromatase (CYP19) expression (Honkisz and Wéjtowicz 2015).

We previously demonstrated in vivo interactions among bisphenol A (BPA), E2,
and triclosan (CAS 3380-34-5), an antimicrobial agent found in soaps and cosmetics.
Compared to vehicle-treated animals, male and female mice given a single dose of 0.6—
18 mg triclosan showed greater concentrations of **C-BPA in blood serum and
reproductive and other tissues (Pollock et al. 2014). Similarly, female mice given a single
dose of 1-2 mg triclosan showed greater concentrations of exogenous 3H-E2 in the uterus

and natural E2 in urine than did vehicle-treated animals (Pollock et al. 2016). Blastocyst
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implantation in inseminated female mice can be disrupted by high doses of BPA (Berger
et al. 2007, 2008, 2010; Borman et al. 2015) and triclosan (Crawford and deCatanzaro
2012); lower doses of each substance that were insufficient on their own disrupted
implantation when combined (Crawford and deCatanzaro 2012). Whereas triclosan alone
was ineffective in a uterotrophic assay of weanling rats, elevated uterine weight occurred
following concurrent triclosan and ethinyl estradiol exposure (Stoker et al. 2010). These
findings are consistent with evidence that triclosan is conjugated by SULT, UGT, and
CYP (Wu et al. 2016a) and can inhibit the activity of SULT and UGT toward other
substances, including BPA and E2 (James et al. 2010, 2015; Wang et al. 2004).

As humans are routinely exposed to multiple potential endocrine-disrupting
chemicals, it is important to investigate these chemicals’ capacity to interact with each
other and endogenous steroids in vivo. Here we undertook to measure the interactions of
TBBPA, triclosan, and BPA. Whereas evidence of direct ER activation of TBBPA and
triclosan is weak, BPA is a more established environmental estrogen (Rochester 2013;
Seachrist et al. 2016; Ziv-Gal and Flaws 2016). Based on the proposed disruption of
estrogen homeostasis via inhibitory actions of TBBPA on conjugating enzyme activity
(Lai et al. 2015; Sanders et al. 2016; Wikoff et al. 2016), we hypothesized that TBBPA
would elevate BPA concentrations in female and male mice, and that this effect would be
greatest in serum and estrogen-binding reproductive tissues. We hypothesized that
actions of TBBPA would be additive with those of triclosan, consistent with evidence
that triclosan also inhibits activity of conjugating enzymes (James et al. 2010; Wang et al.

2004). We tested these hypotheses by comparing the impact of TBBPA injection, either
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alone or in combination with triclosan, on concentrations of *C-BPA in serum and
tissues. We also hypothesized that TBBPA could elevate endogenous levels of E2, the
most potent natural estrogen (Kuiper et al. 1997), testing this by measuring the impact of

TBBPA injection on urinary E2.

Methods
Animals and housing

Female (30.5 £ 2.5 g) and male (40.2 + 3.6 g) CF-1 mice aged 3—4 months were
obtained from Charles River (Kingston, NY). In order to standardize timing within the
cycle at an easily detected point where estrogen levels are moderate and relatively stable
(Miller and Takahashi 2014), we selected diestrous females for use in experiments. These
females were identified from a colony of mice with regular estrous cycles by vaginal
cytology using published procedures (Byers et al. 2012). Animals were housed in
polypropylene cages measuring 28x16x11 (Ixwxh) cm with ad libitum access to food
(8640 Teklad Certified Rodent Chow; Harlan Teklad, Madison, WI) and water, except
where otherwise stated. The colony was maintained at 21 °C with a reversed 14 h light:10
h darkness cycle. All animals were treated humanely and with regard for alleviation of
suffering. All procedures adhered to the standards of the Canadian Council on Animal
Care and were approved by the Animal Research Ethics Board of McMaster University

(Protocol 14-02-03).
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Chemicals and materials

Triclosan (5-chloro-2-[2,4-dichlorophenoxy]phenol, >97% purity), 3,3',5,5'-
TBBPA (4,4'-isopropylidenebis[2,6-dibromophenol], >97% purity), 17B-E2 (>98%
purity), and creatinine standards were obtained from Sigma-Aldrich, St. Louis, MO. C-
BPA ([ring-[**C](U)]-BPA, in ethanol, 0.1 mCi/mL, 106 mCi/mmol) was obtained from
Moravek Biochemicals, Brea, CA. SOLVABLE solubilization cocktail, Ultima Gold
scintillation cocktail, 8 mL midi-vial scintillation vials were obtained from PerkinElmer,
Waltham, MA. E2 antibodies and HRP conjugates were obtained from the Department of
Population Health and Reproduction at the University of California, Davis, CA.
Experimental design and dosing

This research followed previously published procedures in this laboratory
(Pollock et al. 2014, 2016). In brief, mice were weighed, individually housed, and each
given a dietary supplement of 1 g peanut butter. About 14-16 h later at the onset of
darkness on the following day, animals were randomly assigned to treatment conditions
involving a single subcutaneous (sc) injection of TBBPA and/or triclosan dissolved in
0.05 mL peanut oil. In Experiment 1, diestrous females and males received vehicle, 1, 3,
9, or 27 mg TBBPA (n = 7 per dose). In Experiment 2, diestrous females (n = 7 per dose)
and males (n = 6 per dose) received a single sc injection of vehicle, 0.33 mg TBBPA,
0.33 mg triclosan, or 0.33 mg TBBPA + 0.33 mg triclosan. Table 1 provides TBBPA and
triclosan doses in mg/kg for each treatment condition. At 30 min after injection, each
animal was given a dietary supplement of 50 pg/kg *C-BPA in 0.2 g peanut butter. Food,

water, and bedding were removed to prevent contamination of the 1*C-BPA treatment. At
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1 h after 1*C-BPA administration, each animal was anesthetized with isoflurane and
blood was collected via cardiac puncture. Each animal was perfused with 20 mL
phosphate-buffered saline (PBS) and tissues were collected in pre-weighed scintillation
vials. Tissue samples taken include the heart, lung, superficial adductor muscle from the
hind leg, abdominal adipose, liver, and a cross-section of the kidney encompassing both
the medulla and cortex. Male reproductive tissues taken include one testis, one
epididymis, one vesicular-coagulating (VC) gland, and one preputial gland. Female
reproductive tissues taken include the whole uterus and both ovaries. Vials were re-
weighed following tissue collection to determine the sample wet mass; no significant
changes in tissue weights were observed (data not shown).

In Experiment 3, mice were weighed and individually placed in a Plexiglas
apparatus measuring 21x15x13 (Ixwxh) cm with a wire-mesh grid floor raised
approximately 1 cm above a Teflon-coated stainless-steel surface covered with wax
paper. Animals acclimated to the novel cages for 3 days prior to the start of the
experiment. At the onset of darkness on the fourth day, diestrous females and males
received a sc injection of vehicle or 1 mg TBBPA (corresponding to 33.8 £ 3.7 mg
TBBPA/Kkg for females and 23.4 + 2.4 mg TBBPA/Kkg for males) dissolved in 0.05 mL
peanut oil (n=15 per dose). Urine was collected non-invasively at 2, 4, 6, 8, 10, and 12 h
post-injection. All urine samples were placed into labeled vials and frozen at —20 °C at

the time of collection.

198



Ph.D. Thesis — T. Pollock McMaster — Psychology, Neuroscience & Behaviour

Table 1 Mean (£SD) TBBPA and triclosan doses in mg/kg for each treatment condition.
n = number of animals

BPA TBBPA TBBPA Triclosan  Triclosan
Dose Dose Dose Dose Dose

(Mg/ko) (mg) (mg/kg) (mg) (mg/kg)

=]

Experiment 1

Females 7 50 0 0.0+£0.0
7 50 1 32.7+2.2
7 50 3 95.5+4.38
7 50 9 291.3+£22.2
7 50 27 860.8 £ 67.2
Males 7 50 0 0.0+£0.0
7 50 1 24614
7 50 3 76.7+1.9
7 50 9 221.5+9.6
7 50 27 686.4 £ 26.5
Experiment 2
Females 7 50 0 0.0+£0.0 0 0.0+£0.0
7 50 0 0.0+£0.0 0.33 11.4+£0.6
7 50 0.33 109+£0.6 0 0.0+£0.0
7 50 0.33 10.8+0.8 0.33 10.8+0.8
Males 6 50 0 0.0+£0.0 0 0.0+£0.0
6 50 0 0.0+£0.0 0.33 84+0.6
6 50 0.33 9.6+0.5 0 0.0+£0.0
6 50 0.33 8.0+£05 0.33 8.0+£05
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We administered triclosan and TBBPA via sc injection to mimic dermal
absorption of triclosan from personal care products (Fang et al. 2014; Queckenberg et al.
2010) and free (unreacted) TBBPA from dust and consumer products (Abdallah 2016;
Knudsen et al. 2015). However, percutaneous penetration is incomplete compared to sc
injection; up to 70% of dermally applied TBBPA is absorbed through rat skin (Knudsen
et al. 2015) and up to 85% of dermally applied triclosan is absorbed through mouse skin
(Fang et al. 2014). We administered *C-BPA in a dietary supplement to mimic ingestion
of BPA from dust, food, and beverages, which accounts for approximately 85-95% of
total exposure in adults (EFSA 2015). Dietary BPA exposure leads to less efficient first-
pass hepatic metabolism and higher serum BPA concentrations than oral bolus (Sieli et
al. 2011). The 30-min latency between TBBPA and *C-BPA administration and the 1-h
latency between *C-BPA treatment and tissue collection were chosen based on an
effective paradigm used in previous studies (Pollock et al. 2014, 2016). We selected 1-27
mg of TBBPA in Experiment 1 to establish the impact of a wide range of TBBPA
exposures on tissue concentrations of C-BPA. To investigate potential additive effects
of TBBPA and triclosan in Experiment 2, we selected 0.33 mg such that the quantity of
either substance was below the lowest effective dose of triclosan (0.6 mg) required to
elevate 1*C-BPA concentrations (Pollock et al. 2014). When both substances were given
concurrently, the combined quantity (0.66 mg) was greater than the lowest effective dose
of triclosan used previously (Pollock et al. 2014). We selected 1 mg TBBPA for
Experiment 3 as this dose was sufficient to modulate *C-BPA concentrations in

Experiment 1. We measured urinary E2 as there are very low concentrations of estrogen
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conjugates in mouse urine (Muir et al. 2001), whereas unconjugated E2 is abundant in
urine and reflects systemic trends (deCatanzaro et al. 2003, 2004; Muir et al. 2001;
Thorpe et al. 2013, 2014).
Blood and tissue processing for liquid scintillation counting

Blood and tissue samples were processed for liquid scintillation counting
following previously published procedures (deCatanzaro and Pollock 2016; Pollock et al.
2014, 2016; Pollock and deCatanzaro 2014). Blood samples were centrifuged at 1,500 g
for 10 min and 10 pL serum was added to a scintillation vial containing 5 mL Ultima
Gold. Tissue samples were solubilized by adding 1 mL SOLVABLE to each vial and
placing vials in a 50 °C water bath for 4-5 h until completely dissolved. Following the
addition of 5 mL Ultima Gold, vials were agitated to promote mixing of the sample and
scintillation cocktail. Each vial was stored in the darkness chamber of a TriCarb 2910 TR
Liquid Scintillation Analyzer (PerkinElmer) for 5 min to eliminate noise in the form of
heat and luminescence. Radioactivity was then measured for 5 min per vial. The amount
of radioactivity per sample, in disintegrations per minute (dpm), was automatically
calculated via Quanta-Smart software by subtracting background radiation, which is
continually monitored by the scintillation counter. Frequent cleaning and monitoring of
all work surfaces and equipment ensured that contamination of samples did not occur.
The final dpm measures were then normalized to the weight of the sample wet mass and

reported as equivalent ng BPA/g tissue or ng BPA/ml serum.
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Measurement of urinary E2

Full procedures and validations for enzyme immunoassays for mouse urine were
previously reported (Muir et al. 2001). Cross-reactivities for anti-E2 are: E2 100%,
estrone 3.3%, progesterone 0.8%, testosterone 1.0%, androstenedione 1.0%, and all other
measured steroids <0.1%. Urinary E2 levels were considered with and without
adjustment for urinary creatinine, which corrects for differential hydration and urinary
concentration among animals, and reported as ng E2/mg creatinine and ng E2/ml urine
respectively.
Statistical analyses

All statistical analyses were performed using the R software environment (R Core
Team 2016). A comparison-wise error rate of o < 0.05 was employed for all tests.
Differences between treatments in Experiment 1 were analyzed by univariate analysis of
variance (ANOVA) for each tissue, with Holm-Bonferroni adjustments to correct for the
number of tissues (Holm 1979). Significant effects in ANOVA were followed by pair-
wise Newman-Keuls multiple comparisons. Differences between treatments in
reproductive tissues and serum of animals in Experiment 2 were analyzed by t-test.
Differences between urinary E2 concentrations of animals in Experiment 3 were analyzed
by factorial ANOVA comparing the effects of treatment and collection time-point
(repeated measures). Significant main effects or interaction in ANOVA were followed by
pair-wise Newman-Keuls multiple comparisons of treatment at each collection time-
point. Data from each experiment for individual animals are provided in supplemental

Tables S1-S6.
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Results
Experiment 1: Measurement of *C-BPA in mice given TBBPA

This experiment was designed to determine the impact of TBBPA on the
distribution of BPA. Radioactivity was measured in tissues and serum of diestrous
females (Figure 1, Table S1) and males (Figure 2, Table S2) that received a sc injection
of TBBPA followed by a dietary supplement of 1*C-BPA. Concentrations of 1*C-BPA in
the liver and kidney are reported in Table 2. Pre-treatment with TBBPA induced a dose-
dependent increase in concentrations of 1*C-BPA in serum and most tissues of both sexes.

Comparisons were made among the five treatments for each of nine tissues in
females. ANOVA followed by Holm-Bonferroni correction produced significant effects
of treatment for the heart, F(4,30)=12.47, p<0.001; lung, F(4,30)=11.14, p<0.001;
muscle, F(4,30)=4.23, p=0.024; uterus, F(4,30)=11.92, p<0.001; ovary, F(4,30)=16.97,
p<0.001; kidney, F(4,30)=8.19, p<0.001; and serum, F(4,30)=20.41, p<0.001. Multiple
comparisons revealed that the vehicle-treated group differed from the 3, 9, and 27 mg
groups for the heart, lung, uterus, ovaries, kidney, and serum. The vehicle-treated group
also differed from the 27 mg group for the muscle.

Comparisons were made among the five treatments for each of eleven tissues in
males. ANOVA followed by Holm-Bonferroni correction produced significant effects of
treatment for the heart, F(4,30)=8.35, p<0.001; lung, F(4,30)=7.31, p=0.002; testis,
F(4,30)=11.13, p<0.001; epididymis, F(4,30)=13.76, p<0.001; VC gland, F(4,30)=4.43,
p=0.020; preputial gland, F(4,30)=6.98, p=0.002; liver, F(4,30)=4.61, p=0.020; kidney,

F(4,30)=8.06, p=0.001; and serum, F(4,30)=18.32, p<0.001. Multiple comparisons
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revealed that the vehicle-treated group differed from the 1, 3, 9, and 27 mg groups for the
heart, epididymis, VC gland, kidney, and serum. The vehicle-treated group also differed
from the 1 mg group for the liver; the 3, 9, and 27 mg groups for the testis; the 9 and 27

mg groups for the lung; and the 27 mg group for the preputial gland.
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Figure 1 Mean (+SE) concentration of 1*C-BPA in the heart, lung, muscle, adipose,
uterus, ovaries, and serum of diestrous females following sc injection of vehicle, 1, 3, 9,
or 27 mg TBBPA and subsequent dietary administration of 50 pg/kg **C-BPA (n=7 per
dose). Difference from vehicle treatment in the same tissue: ** p < 0.01; + p < 0.001. See

supplemental Table S1 for individual animal data.
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Table S1 Concentrations of *C-BPA (ng BPA/g tissue or ng BPA/ml serum) in samples from individual female mice in

Experiment 1. See Figure 1 for summary data.

subject

© 00 N oo 0o~ WDN P

T e e e ~ S~ N S S
© © O N O Ul A W N P O

treatment
vehicle
vehicle
vehicle
vehicle
vehicle
vehicle
vehicle

1 mg TBBPA
1 mg TBBPA
1 mg TBBPA
1 mg TBBPA
1 mg TBBPA
1 mg TBBPA
1 mg TBBPA
3 mg TBBPA
3 mg TBBPA
3 mg TBBPA
3 mg TBBPA
3 mg TBBPA
3 mg TBBPA

heart
0.233
0.147
1.261
0.183
0.000
0.128
0.000
2.034
0.764
0.459
1.878
0.730
0.633
1.347
2.713
1.788
1.493
2.285
1.245
2.181

lung

0.756
0.332
3.995
0.126
0.511
0.359
0.647
4.231
0.902
1.812
5.850
1.204
1.503
4.136
6.155
6.819
1.698
8.005
1.976
6.654

muscle
0.256
0.195
0.911
0.176
0.811
0.172
0.325
5.485
0.970
0.518
1.192
0.503
0.505
0.997
6.685
1.498
1.047
2.041
1.753
2.802

adipose
0.379
1.532
1.095
0.175
0.822
0.090
0.239
0.816
0.532
0.452
1.371
0.522
0.451
4.868
1.783
2.278
0.950
1.286
1.835
3.114

206

uterus
0.714
0.821
3.221
0.997
1.851
0.662
1.040
3.297
2.023
3.503
8.467
2.806
3.463
5.125
14.669
6.641
3.923
13.462
12.161
7.500

ovaries
0.531
0.293
1.984
0.577
1.105
0.477
1.030
2.505
1.791
0.676
4.634
1.663
2.772
4.312
6.707
4.970
1.480
7.648
3.675
4.625

serum
2.619
2.231
7.858
2.813
4.754
1.649
3.298
15.522
9.216
7.761
20.761
8.052
11.059
18.820
33.275
24.156
15.716
39.484
20.276
21.246

liver
14.492
14.925
46.350
21.861
22.258
23.611
23.465
13.831
27.640
14.325
36.859
8.178
18.365
44,707
33.406
43.598
17.674
40.873
17.192
41.064

kidney
20.002
5.902
41.408
12.428
15.145
12.656
15.356
48.964
18.695
12.424
50.288
23.856
61.063
54.380
109.144
86.539
26.952
74.118
41.307
101.291
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21
22
23
24
25
26
27
28
29
30
31
32
33
34
35

3 mg TBBPA
9 mg TBBPA
9 mg TBBPA
9 mg TBBPA
9 mg TBBPA
9 mg TBBPA
9 mg TBBPA
9 mg TBBPA
27 mg TBBPA
27 mg TBBPA
27 mg TBBPA
27 mg TBBPA
27 mg TBBPA
27 mg TBBPA
27 mg TBBPA

1.638
2.079
3.750
2.021
3.107
0.448
2.248
2.814
4.885
4.671
3.194
2.098
4.697
2.681
1.399

4.966
3.617
7.949
8.209
6.468
1.563
7.262
4.595
10.177
9.545
9.938
4.560
7.407
8.071
5.527
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1.269
1.319
1.880
1.568
2.713
0.525
1.611
1.733
2.670
2.599
2.397
6.956
3.302
4.614
1.664

1.279
5.006
1.893
1.325
2.314
0.402
1.162
2.781
1.993
2.808
2.006
1.517
2.635
3.120
1.177

207

5.353
9.393
18.772
10.749
12.837
3.262
7.786
13.668
14.628
8.923
11.502
8.496
14.077
11.633
7.313

6.290
4.613
10.800
6.721
10.383
1.482
6.151
8.052
11.818
8.213
11.144
6.157
11.845
9.926
6.382

21.828
22.701
36.574
33.081
42.880
8.149

29.783
34.925
54.036
73.147
46.566
28.425
47.730
40.357
32.208

59.635
25.973
12.205
17.347
12.686
5.629

17.196
11.989
12.048
15.307
12.811
20.882
10.826
13.673
31.332

53.445
43.602
69.998
56.750
78.885
14.552
33.353
40.494
92.587
93.068
44,859
82.683
69.078
50.591
108.990
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Figure 2 Mean (+SE) concentration of 1*C-BPA in the heart, lung, muscle, adipose,
testis, epididymis, VC gland, preputial gland, and serum of males following sc injection
of vehicle, 1, 3, 9, or 27 mg TBBPA and subsequent dietary administration of 50 pg/kg
14C-BPA (n=7 per dose). Difference from vehicle treatment in the same tissue: * p <

0.05; ** p < 0.01; + p < 0.001. See supplemental Table S2 for individual animal data.
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Table S2 Concentrations of *C-BPA (ng BPA/g tissue or ng BPA/ml serum) in samples from individual male mice in

Experiment 1. See Figure 2 for summary data.

subject

1

A WN

10
11
12
13
14
15
16
17
18
19

treatment
vehicle
vehicle
vehicle
vehicle
vehicle
vehicle
vehicle

1 mg TBBPA
1 mg TBBPA
1 mg TBBPA
1 mg TBBPA
1 mg TBBPA
1 mg TBBPA
1 mg TBBPA
3 mg TBBPA
3 mg TBBPA
3 mg TBBPA
3 mg TBBPA
3 mg TBBPA

heart
1.169
1.569
0.834
0.666
0.938
1.028
1.493
2.325
3.979
6.112
4.657
2.553
3421
2.023
7.381
4713
3.524
3.517
2412

lung
0.829
2.227
3.146
1.617
2.553
1.213
3.907
3.969
6.309
10.701
9.239
5.174
6.136
3.911
12.555
4779
6.835
3.331
6.002

McMaster — Psychology, Neuroscience & Behaviour

muscle
1.087
2.807
1.036
0.970
0.634
0.278
1.546
2.096
2314
4.757
3.295
1.157
2.529
1.505
12.308
7.599
2.885
2.572
2.495

adipose
1.241
2.936
0.059
0.317
1.078
0.305
0.649
1.424
1.181
3.057
1.001
0.689
0.911
1.235
1.732
2.007
2.655
4.350
1.287

testis
1.362
0.947
0.934
0.753
0.792
0.581
1.197
1.584
2.895
4.804
2.105
2.506
1.624
2.569
3.496
2.541
3.744
3.366
2.373

209

epididymis
3.319
1.635
1.831
1.403
2.169
1.040
2.955
3.362
6.618
11.653
5.653
5.147
4.655
4.187
7.496
5.550
6.306
5.715
5.060

ve gland

0.539
0.356
0.402
0.467
0.488
0.334
0.596
0.954
1.614
4.653
1.356
3.328
0.734
0.850
2.444
2.001
1.960
1.146
1.372

preputial
gland

1.217
0.844
0.778
0.782
1.004
1.315
1.406
4.221
5.145
7.196
2.458
1.780
1.908
1.546
7.114
7.505
5.092
2.668
3.106

serum
12.321
8.634

6.306

4.948

8.052

7.276

10.089
21.634
29.589
57.722
25.417
17.074
21.634
16.201
36.865
28.037
28.328
25.126
26.484

liver
1.579
36.468
47.520
37.128
71.052
28.491
56.068
77.870
66.537
115.109
64.794
59.108
63.770
44.343
91.564
47.050
37.688
73.148
40.360

kidney
104.289
85.704
60.633
55.155
91.289
62.586
72.679
156.518
168.217
306.214
231.410
96.774
159.988
172.363
230.441
125.754
285.433
193.642
182.337
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20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35

3 mg TBBPA
3 mg TBBPA
9 mg TBBPA
9 mg TBBPA
9 mg TBBPA
9 mg TBBPA
9 mg TBBPA
9 mg TBBPA
9 mg TBBPA
27 mg TBBPA
27 mg TBBPA
27 mg TBBPA
27 mg TBBPA
27 mg TBBPA
27 mg TBBPA

27 mg TBBPA

4.395
5.945
3.812
4.851
7.867
2.956
7.176
5.689
3.134
5.811
2.102
5.770
3.918
4.133
5.040
6.222

11.305
19.762
9.131
18.681
31.588
8.358
19.503
8.084
8.069
16.816
5.145
19.305
17.371
13.946
13.711
20.516
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3.316
6.114
3.908
2.994
21.440
3.182
4.468
3.439
2.824
4.356
4918
2.575
6.504
6.327
6.003
6.146

1.808
2.663
2.175
6.323
6.666
2.998
3.039
2.836
1.549
28.070
4.474
2.679
3.649
2.314
8.433
1.730

4.399
10.167
3.978
5.007
6.576
8.632
6.566
5.137
5.303
5.369
3.612
3.687
8.060
5.303
6.266
5.094

210

10.074
17.992
9.557

14.255
15.864
15.398
16.988
11.235
9.901

14.042
9.962

10.918
24.125
10.309
14.702
12.035

1.858
1.217
1.217
2.055
2.364
1.413
2.169
3.901
1.202
4.134
1.668
2.023
1.969
1.679
1.979
2.652

4.280
5.735
3.519
5.444
6.286
5.384
9.234
7.172
3.838
7.580
11.778
27.806
19.657
3.410
7.696
7.163

43.462
66.842
55.103
56.558
71.401
50.544
78.968
54.812
41.230
64.125
45.305
51.999
75.282
36.574
86.050
54.424

29.104
40.124
66.452
47.082
58.241
49.095
54.223
9.637

48.975
42.254
17.530
38.747
25.281
26.231
22.313
17.900

125.799
210.936
361.260
144.859
265.302
279.520
206.125
373.746
225.949
166.300
117.205
292.201
122.526
220.041
155.858
73.806
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Table 2 Mean (+SE) concentration of **C-BPA in the liver and kidney of diestrous

females and males following sc injection of TBBPA and/or triclosan and subsequent

dietary administration of 50 pg/kg “C-BPA. Difference from vehicle treatment in the

same tissue: * p <0.05; ** p < 0.01; + p<0.001

Experiment 1
Females

Males

Experiment 2

Females

Males

TBBPA Dose
(mg)

vehicle
1
3
9
27

vehicle
1
3
9
27

vehicle
0
0.33
0.33

vehicle
0
0.33
0.33

Triclosan Dose
(mg)

0.33

0.33

0.33

0.33

211

Liver

(ng BPA/Q)

23.9+4.0
234 +51
36.2+5.7
147+24
16.7+ 2.7

39.8+8.3
70.2+8.4"
51.3+8.5
47.7+6.8
271.2+3.7

259+23
208+2.9
247+2.4
38.2+53

39.1+4.4
43.7+2.7
38.6+3.8
452+4.2

Kidney
(ng BPA/g)

176 +4.3
385+74
704 £11.7°
48.2 +8.3"
774 +£8.9"

76.0+6.9
184.5+25.1™
193.5+21.5"
265.3 £31.1°
164.0 + 27.5"

153+29
140+1.38
16.7+3.4
195+14

86.2+12.0
1146 +9.0
106.1 +24.9
119.6 £ 20.1
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Experiment 2: Measurement of **C-BPA in mice given TBBPA and/or triclosan

This experiment was designed to determine whether actions of TBBPA or
triclosan on the distribution of BPA would be additive when the two substances are given
concurrently. Radioactivity was measured in the tissues of diestrous females (Figure 3,
Table 2, Table S3) and males (Figure 4, Table 2, Table S4) that received a sc injection of
TBBPA and/or triclosan followed by a dietary supplement of **C-BPA. Triclosan and
TBBPA showed a greater impact on **C-BPA concentrations in serum and reproductive
tissues when administered concurrently. Tests between treatment conditions in females
revealed that the vehicle-treated group differed from the group given 0.33 mg TBBPA +
0.33 mg triclosan for the uterus, t(12)=4.13, p=0.001; ovaries, t(12)=2.66, p=0.021; and
serum, t(12)=4.02, p=0.002. Tests between treatment conditions in males revealed that
the vehicle-treated group differed from the group given 0.33 mg TBBPA + 0.33 mg
triclosan for the testis, t(10)=2.63, p=0.025; epididymis, t(10)=2.96, p=0.014; and serum,

t(10)=2.89, p=0.016.
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Figure 3 Mean (+SE) concentration of 1*C-BPA in the heart, lung, muscle, adipose,
uterus, ovaries, and serum of diestrous females following sc injection of vehicle, 0.33 mg
triclosan, 0.33 mg TBBPA, or 0.33 mg triclosan + 0.33 mg TBBPA and subsequent
dietary administration of 50 pg/kg “C-BPA (n=7 per dose). Difference from vehicle
treatment in the same tissue: * p < 0.05; ** p < 0.01. See supplemental Table S3 for

individual animal data.

5 050 pg/kg 14C-BPA + vehicle e
050 pgkg 14C-BPA + 0.33 mg triclosan - -
@50 pgkg 14C-BPA +0.33 mg TBEBPA L 12
4 1 W50 pgikg 14C-BPA +0.33 mg triclosan + 0.33 mg TBBPA
10
m E
2 =
o @
2 3 L g 2
o™ * E
= S
g a
< - 6
o 2 E
0 o
=]
= L 4 g:'
- I
H ﬁ“ i
u T T T r’-Li T T T - D

Heart Lung Muscle Adipose Uterus Ovaries Serum

213



Ph.D. Thesis — T. Pollock

McMaster — Psychology, Neuroscience & Behaviour

Table S3 Concentrations of C-BPA (ng BPA/g tissue or ng BPA/ml serum) in samples from individual female mice in

Experiment 2. See Figure 3 for summary data.

subject

© 00 N oo 0o~ WDN P

T e e e ~ S~ N S S
© © O N O Ul A W N P O

treatment
vehicle

vehicle

vehicle

vehicle

vehicle

vehicle

vehicle

0.33 mg triclosan
0.33 mg triclosan
0.33 mg triclosan
0.33 mg triclosan
0.33 mg triclosan
0.33 mg triclosan
0.33 mg triclosan
0.33 mg TBBPA
0.33 mg TBBPA
0.33 mg TBBPA
0.33 mg TBBPA
0.33 mg TBBPA
0.33 mg TBBPA

heart
1.465
0.759
0.538
0.868
0.601
0.000
0.453
0.132
0.516
0.148
0.579
0.635
0.617
0.536
0.000
0.626
0.882
0.814
0.176
0.000

lung

2.592
0.879
3.006
1.329
1.461
1.702
0.254
0.000
0.000
2.469
1.200
1.192
1.571
0.596
1.196
2.553
2.315
1.203
0.346
1.008

muscle
0.524
0.211
0.589
0.073
0.265
0.216
0.000
0.301
0.504
0.222
0.388
0.213
0.198
0.346
0.338
0.575
0.573
0.396
0.093
0.209

adipose
0.542
0.696
0.189
0.292
0.413
0.355
0.419
0.000
0.198
0.073
0.000
0.291
0.596
0.152
0.173
0.929
0.746
0.301
0.084
0.318

214

uterus
1532
1.039
1.825
2.350
1.474
0.962
1.376
2.887
1.891
2.171
1.441
2.305
1.252
2.719
1.710
2.915
3.545
2.409
1.231
1.220

ovaries
2.080
0.533
0.497
1.835
1.165
0.193
0.643
1.662
0.941
0.000
1.050
1.090
1.252
0.910
0.634
1.932
1.965
1.630
0.579
0.584

serum
4.321
1.728
2.247
5.185
3.975
2.247
4.494
3.457
4.148
6.049
3.975
3.457
5.531
7.086
4.366
7.470
9.895
8.343
2.619
3.395

liver
26.792
30.316
23.445
33.970
23.524
14.611
28.452
23.044
15.987
25.801
17.753
23.692
7.854
31.244
15.903
26.636
33.009
25.970
23.517
17.324

kidney
26.353
8.934

6.661

19.218
22.231
8.161

15.426
5.680

19.251
16.546
14.310
12.377
11.453
18.175
6.350

32.733
21.659
18.890
9.131

10.829
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21

22

23

24

25

26

27

28

0.33 mg TBBPA
0.33 mg triclosan +
0.33 mg TBBPA
0.33 mg triclosan +
0.33 mg TBBPA
0.33 mg triclosan +
0.33 mg TBBPA
0.33 mg triclosan +
0.33 mg TBBPA
0.33 mg triclosan +
0.33 mg TBBPA
0.33 mg triclosan +
0.33 mg TBBPA
0.33 mg triclosan +
0.33 mg TBBPA

0.449

0.440

0.829

0.000

0.715

2.052

1.092

0.691

McMaster — Psychology, Neuroscience & Behaviour

0.599

2.951

2.509

2.041

0.603

3.170

1.383

2.619

0.218

0.704

1.123

0.467

0.810

0.924

1.309

0.508

0.224
0.384
1.014
0.000
0.236
0.804
0.717

0.500
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2.013

4.760

4.256

2.049

3.481

3.990

6.153

2.277

0.924

2.703

1.879

1.469

0.561

3.379

2.520

2.985

5.239

11.234

12.617

4.148

6.049

17.110

13.135

9.160

30.714

37.155

36.702

28.661

26.228

68.444

33.899

36.367

17.478

21.435

20.542

16.589

15.123

25.667

16.770

20.263
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Figure 4 Mean (+SE) concentration of 1*C-BPA in the heart, lung, muscle, adipose,
testis, epididymis, VC gland, preputial gland, and serum of males following sc injection
of vehicle, 0.33 mg triclosan, 0.33 mg TBBPA, or 0.33 mg triclosan + 0.33 mg TBBPA
and subsequent dietary administration of 50 pg/kg **C-BPA (n=6 per dose). Difference
from vehicle treatment in the same tissue: * p < 0.05. See supplemental Table S4 for

individual animal data.
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Table S4 Concentrations of *C-BPA (ng BPA/g tissue or ng BPA/ml serum) in samples from individual male mice in

Experiment 2. See Figure 4 for summary data.

subject treatment heart lung muscle adipose testis epididymis  vc gland gli':rrm)(;J el serum liver kidney
1 vehicle 0.954 1.805 0.706 0.756 1.177 2.670 0.787 0.899 5.627 33.196 103.295
2 vehicle 0.000 0.290 0.746 0.410 0.331 0.738 0.127 0.322 2.522 44.756 28.465
3 vehicle 0.729 1.460 0.920 0.630 0.898 1.723 0.421 1.070 4172 31.384 99.608
4 vehicle 1.875 2.794 1.365 0.384 1.460 2.864 1.055 1.798 11.156 58.312 102.791
5 vehicle 1.380 2.843 0.897 2.112 1.295 2.636 0.778 2.753 12.612 31.391 101.167
6 vehicle 0.844 2.225 0.722 0.474 1.164 1.910 0.405 0.869 6.694 35.281 82.090
7 0.33 mg triclosan 1.025 1.940 0.586 0.416 0.935 1.602 0.371 0.618 7.179 39.631 83.463
8 0.33 mg triclosan 1.675 4478 0.981 0.707 1.585 2.851 1.036 1.870 15.425 49.332 140.371
9 0.33 mg triclosan 1.004 3.197 0.642 0.554 1.172 2.835 0.656 1.252 10.962 47.466 108.249
10 0.33 mg triclosan 0.804 2.310 0.497 0.762 1.472 1.753 0.629 1.072 8.246 44112 139.079
11 0.33 mg triclosan 0.977 3.206 0.673 0.945 1.388 2.357 0.456 1.030 10.962 32.561 113.152
12 0.33 mg triclosan 1.708 3.460 0.771 0.687 1.526 2977 0.674 2.026 15.522 48.991 103.206
13 0.33 mg TBBPA 5.320 6.956 3.751 1.963 2.735 6.527 1.419 3.895 29.298 52.339 221.056
14 0.33 mg TBBPA 2.079 2.291 1.009 0.647 0.952 1.725 0.604 1.940 8.343 25.711 84.042
15 0.33 mg TBBPA 0.847 2.861 0.563 6.646 0.994 2.306 0.482 0.772 7.664 39.399 54.852
16 0.33 mg TBBPA 1.221 3.495 1.460 1.056 1.355 2974 0.434 1.438 13.873 37.835 124.415
17 0.33 mg TBBPA 0.862 2.929 1.806 1.168 1.104 1.975 0.385 1.068 9.119 32.319 82.666
18 0.33 mg TBBPA 1.341 2.772 1.482 0.830 1.582 2.939 0.954 2.566 8.731 43.761 69.741
0.33 mg triclosan +
19 0.33 mg TBBPA 3.865 2.626 1.556 0.617 2.345 4851 0.631 6.153 29.201 43.514 128.778
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0.33 mg triclosan +

20 0.33 mg TBBPA 0.970 3.129 0.556 0.896 1.439 2.519 0.396 1.062 9.216 30.350 82.468
0.33 mg triclosan +

21 0.33 mg TBBPA 1.840 4.104 1.008 0.681 1.904 3.909 1414 2.961 16.201 46.155 130.209
0.33 mg triclosan +

22 0.33 mg TBBPA 1.501 6.808 2.675 0.928 1.160 2.967 0.771 2.265 12.127 62.852 73.814
0.33 mg triclosan +

23 0.33 mg TBBPA 1.263 4.004 0.609 0.340 1.345 2.869 0.718 1.804 14.843 43.861 94.303
0.33 mg triclosan +

24 0.33 mg TBBPA 2.930 3.585 2.617 1.900 2.336 4234 1.488 3.501 17.462 44.307 208.099
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Experiment 3: Measurement of urinary E2 in mice given TBBPA

This experiment was designed to determine the impact of TBBPA on endogenous
E2. Urinary E2 concentrations of diestrous females (Figure 5, Table S5) and males
(Figure 6, Table S6) were measured after a sc injection of vehicle or TBBPA.
Concentrations of E2 are reported for uncorrected (ng E2/ml urine) and corrected (ng
E2/mg creatinine) measures. In females, ANOVA on uncorrected measures showed a
significant main effect of collection time-point, F(5,100)=17.26, p<0.001, and a
significant interaction, F(5,100)=2.62, p=0.029. ANOVA on creatinine-corrected
measures showed significant main effects of treatment, F(1,20)=17.12, p<0.001, and
collection time-point, F(5,100)=6.98, p<0.001, and a significant interaction,
F(5,100)=4.04, p=0.002. Multiple comparisons revealed that the vehicle-treated females
differed from the TBBPA-treated ones at 8 h after injection for the corrected measures, as
well as at 10 and 12 h after injection for both the uncorrected and corrected measures. In
males, ANOVA on uncorrected measures showed significant main effects of treatment,
F(1,12)=8.18, p=0.014, and collection time-point, F(5,60)=2.87, p=0.022, but no
significant interaction. ANOVA on corrected measures showed only a significant main
effect of collection time-point, F(5,60)=4.86, p<0.001. Multiple comparisons revealed
that the vehicle-treated males differed from the TBBPA-treated ones at 2 and 4 h after
injection for both the uncorrected and corrected measures, as well as at 10 h after

injection for the uncorrected measures.
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Figure 5 Mean (+SE) concentration of urinary E2, expressed as ng E2/ml urine and ng
E2/mg creatinine, following sc injection of vehicle or 1 mg TBBPA in diestrous females
(n=15 per dose). Significant difference from vehicle treatment at the same time point:

*p<0.05; ** p<0.01; + p<0.001. See supplemental Table S5 for individual animal

data.
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Table S5 Concentrations of E2 (ng E2/ml urine or ng E2/mg creatinine) in samples from
individual female mice in Experiment 3. Blank entries are due to insufficient urine. See

Figure 5 for summary data.

subject hours after treatment  treatment E2 (ng/ml urine) E2 (ng/mg creatinine)
1 2 vehicle 12.543 17.967
2 2 vehicle 25.221 34.770
3 2 vehicle 11.801 19.573
4 2 vehicle 9.086 18.391
5 2 vehicle 18.558 20.884
6 2 vehicle 29.576 40.774
7 2 vehicle

8 2 vehicle 15.080 21.186
9 2 vehicle 25.573 28.778
10 2 vehicle 7.905 14.780
11 2 vehicle 13.085 24.463
12 2 vehicle 5.376 17.707
13 2 vehicle 9.321 14.792
14 2 vehicle 8.181 25.791
15 2 vehicle 10.648 19.414
16 2 TBBPA

17 2 TBBPA 14.016 35.142
18 2 TBBPA 17.544 35.508
19 2 TBBPA 14.685 25.508
20 2 TBBPA 19.969 33.885
21 2 TBBPA 15.769 31.060
22 2 TBBPA 12.473 26.718
23 2 TBBPA 14.815 25.140
24 2 TBBPA

25 2 TBBPA

26 2 TBBPA

27 2 TBBPA 8.5633 14.821
28 2 TBBPA 15.769 32.820
29 2 TBBPA 14.642 17.843
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30 2 TBBPA 7.233 32.588
1 4 vehicle 11.932 18.935
2 4 vehicle 26.574 37.335
3 4 vehicle 15.350 29.447
4 4 vehicle 14.138 28.616
5 4 vehicle 23.633 25.805
6 4 vehicle 26.761 47.609
7 4 vehicle 34.698 40.280
8 4 vehicle

9 4 vehicle 23.091 33.044
10 4 vehicle 23.621 22.198
11 4 vehicle 13.826 29.167
12 4 vehicle 8.276 23.810
13 4 vehicle 12.445 21.742
14 4 vehicle 14.472 22.520
15 4 vehicle 17.064 24.920
16 4 TBBPA 26.481 31.234
17 4 TBBPA 18.686 39.419
18 4 TBBPA 20.364 42.960
19 4 TBBPA 13.259 26.406
20 4 TBBPA 15.361 23.392
21 4 TBBPA 15.309 31.367
22 4 TBBPA 33.276 64.467
23 4 TBBPA 23.266 40.649
24 4 TBBPA

25 4 TBBPA 26.106 43.475
26 4 TBBPA 34.417 25.064
27 4 TBBPA 19.572 41.288
28 4 TBBPA 15.464 37.009
29 4 TBBPA 24.074 31.886
30 4 TBBPA 9.624 16.815
1 6 vehicle 22.326 33.286
2 6 vehicle 28.939 49.349
3 6 vehicle 18.554 28.255
4 6 vehicle 24.074 28.683
5 6 vehicle 21.592 24.496
6 6 vehicle 21.199 33.725
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6 vehicle 32.051 28.972

6 vehicle 12.251 15.644

6 vehicle 26.938 38.548
10 6 vehicle 26.881 30.774
11 6 vehicle 23.478 31.786
12 6 vehicle 19.941 33.027
13 6 vehicle 20.073 20.207
14 6 vehicle 20.756 31.995
15 6 vehicle 21.037 27.915
16 6 TBBPA 15.725 28.165
17 6 TBBPA 18.294 36.434
18 6 TBBPA 23.091 29.487
19 6 TBBPA 18.686 24.749
20 6 TBBPA 16.602 24.753
21 6 TBBPA 16.716 26.012
22 6 TBBPA 17.123 33.173
23 6 TBBPA 23.073 41.290
24 6 TBBPA
25 6 TBBPA 13.298 23.798
26 6 TBBPA 43.498 45.863
27 6 TBBPA 24.316 40.275
28 6 TBBPA 19.104 42.088
29 6 TBBPA 21.615 23.924
30 6 TBBPA 15.786 35.965
1 8 vehicle 27.883 29.871
2 8 vehicle 12.767 25.593
3 8 vehicle 19.941 24.510
4 8 vehicle 28.934 36.232
5 8 vehicle 18.254 18.657
6 8 vehicle 24.402 28.424
7 8 vehicle 36.754 21.649
8 8 vehicle 10.692 19.661
9 8 vehicle 28.826 32.444
10 8 vehicle 20.411 22.592
11 8 vehicle 42.238 37.941
12 8 vehicle 16.436 20.203
13 8 vehicle 16.283 23.992
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14 8 vehicle 26.114 29.391
15 8 vehicle 18.733 21.821
16 8 TBBPA 20.275 27.450
17 8 TBBPA 27.679 48.238
18 8 TBBPA 32.791 34.036
19 8 TBBPA 18.078 28.526
20 8 TBBPA 15.497 22.833
21 8 TBBPA 13.900 22.465
22 8 TBBPA 7.243 13.695
23 8 TBBPA 20.756 23.762
24 8 TBBPA 77.704 84.324
25 8 TBBPA 21.863 48.263
26 8 TBBPA 37.558 49.729
27 8 TBBPA 38.362 52.911
28 8 TBBPA 27.222 56.333
29 8 TBBPA 22.918 30.344
30 8 TBBPA 26.004 61.508
1 10 vehicle 22.423 18.553
2 10 vehicle 22.342 33.618
3 10 vehicle 21.170 25.026
4 10 vehicle 30.123 33.235
5 10 vehicle 24.672 19.915
6 10 vehicle 32.502 40.597
7 10 vehicle

8 10 vehicle 13.293 25.889
9 10 vehicle 22.423 20.332
10 10 vehicle 22.101 25.225
11 10 vehicle 44.462 53.517
12 10 vehicle 26.103 32.001
13 10 vehicle 16.532 23.794
14 10 vehicle 22.423 20.615
15 10 vehicle 29.304 35.272
16 10 TBBPA 45.261 50.782
17 10 TBBPA 35.421 63.389
18 10 TBBPA 33.990 40.912
19 10 TBBPA 34.553 38.122
20 10 TBBPA 32.502 41.378
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21 10 TBBPA 21.942 30.908
22 10 TBBPA 40.558 92.621
23 10 TBBPA 31.346 41.504
24 10 TBBPA 61.584 59.079
25 10 TBBPA 41,991 47.114
26 10 TBBPA 29.886 50.740
27 10 TBBPA 36.622 69.286
28 10 TBBPA 35.568 52.330
29 10 TBBPA 32.370 29.760
30 10 TBBPA 28.825 57.220
1 12 vehicle 21.735 18.126
2 12 vehicle 27.419 41.866
3 12 vehicle 20.326 18.852
4 12 vehicle 27.419 28.198
5 12 vehicle 20.540 19.051
6 12 vehicle 26.003 25.935
7 12 vehicle

8 12 vehicle 21.504 22.825
9 12 vehicle 29.621 25.673
10 12 vehicle 20.904 30.510
11 12 vehicle 26.497 37.838
12 12 vehicle 29.971 31.309
13 12 vehicle 17.031 26.005
14 12 vehicle 39.067 41.467
15 12 vehicle 16.002 23.355
16 12 TBBPA 29.621 52.498
17 12 TBBPA 25.905 44,715
18 12 TBBPA

19 12 TBBPA

20 12 TBBPA 43.324 54.773
21 12 TBBPA 42.574 55.964
22 12 TBBPA 55.096 60.419
23 12 TBBPA 24.498 30.391
24 12 TBBPA

25 12 TBBPA 33.374 43.016
26 12 TBBPA

27 12 TBBPA 35.778 47.031
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28 12 TBBPA 26.298 42.097
29 12 TBBPA 20.326 32.538
30 12 TBBPA 20.904 45.602
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Figure 6 Mean (+SE) concentration of urinary E2, expressed as ng E2/ml urine and ng
E2/mg creatinine, following sc injection of vehicle or 1 mg TBBPA in males (n=15 per
dose). Significant difference from vehicle treatment at the same time point: * p < 0.05; **

p <0.01; + p <0.001. See supplemental Table S6 for individual animal data.

50 - 50 -
40 - o 40 - T —
c
£ £ .
5 30 A . * 3 30 -
E T o
ol 20 1 E 20
2 o
10 - —vehicle ? 10 - —yehicle
—1 mg TEEPA —1 mg TEBPA
D L] L) L] T L) L] D L] L] L] L] L] L]
2 4 6 8 10 12 2 4 6 8 10 12
Hours After Injection Hours After Injection

227



Ph.D. Thesis — T. Pollock McMaster — Psychology, Neuroscience & Behaviour

Table S6 Concentrations of E2 (ng E2/ml urine or ng E2/mg creatinine) in samples from
individual male mice in Experiment 3. Blank entries are due to insufficient urine. See

Figure 6 for summary data.

subject  hours after treatment treatment  E2 (ng/ml urine) E2 (ng/mg creatinine)
1 2 vehicle

2 2 vehicle 13.914 19.683
3 2 vehicle 14.921 21.531
4 2 vehicle 17.969 22.342
5 2 vehicle

6 2 vehicle 15.341 16.505
7 2 vehicle 6.118 12.629
8 2 vehicle 16.277 22.153
9 2 vehicle 12.993 18.749
10 2 vehicle 15.677 28.300
11 2 vehicle 23.027 25.539
12 2 vehicle 18.931 22.015
13 2 vehicle

14 2 vehicle 20.229 33.184
15 2 vehicle 23.350 25.897
16 2 TBBPA 22.631 37.126
17 2 TBBPA 24.354 28.321
18 2 TBBPA 23.761 45.160
19 2 TBBPA 26.630 30.476
20 2 TBBPA 25.054 28.672
21 2 TBBPA

22 2 TBBPA 32.070 33.023
23 2 TBBPA 14.876 21.465
24 2 TBBPA 25.323 28.086
25 2 TBBPA

26 2 TBBPA 12.149 20.883
27 2 TBBPA

28 2 TBBPA 16.536 22.505
29 2 TBBPA 35.191 42.292
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30 2 TBBPA 19.056 20.201
1 4 vehicle

2 4 vehicle

3 4 vehicle 15.532 29.520
4 4 vehicle 14.428 20.016
5 4 vehicle 20.571 24.722
6 4 vehicle 16.328 23.098
7 4 vehicle 8.500 20.486
8 4 vehicle

9 4 vehicle 11.838 25.925
10 4 vehicle 13.305 28.276
11 4 vehicle 25.780 29.041
12 4 vehicle 12.084 28.109
13 4 vehicle 7.822 24.535
14 4 vehicle 6.809 23.398
15 4 vehicle 27.555 34.238
16 4 TBBPA 26.060 45.890
17 4 TBBPA 14.516 26.879
18 4 TBBPA

19 4 TBBPA 22.476 31.180
20 4 TBBPA 16.074 28.306
21 4 TBBPA

22 4 TBBPA

23 4 TBBPA 33.162 48.779
24 4 TBBPA 26.669 44,708
25 4 TBBPA 17.311 29.712
26 4 TBBPA 25.004 39.181
27 4 TBBPA

28 4 TBBPA 17.563 26.373
29 4 TBBPA 37.842 46.223
30 4 TBBPA 27.107 43.421
1 6 vehicle

2 6 vehicle 13.523 24.997
3 6 vehicle 22.748 35.646
4 6 vehicle 16.702 29.366
5 6 vehicle 21.306 40.422
6 6 vehicle
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6 vehicle 11.966 17.969

6 vehicle 39.950 39.982

6 vehicle 12.323 16.757
10 6 vehicle 15.618 36.330
11 6 vehicle 31.904 36.493
12 6 vehicle 10.337 24.848
13 6 vehicle 9.807 20.798
14 6 vehicle 8.691 28.503
15 6 vehicle 25.612 48.592
16 6 TBBPA 14.373 24.670
17 6 TBBPA 9.227 22.181
18 6 TBBPA 26.778 37.843
19 6 TBBPA 25.924 39.757
20 6 TBBPA 14.572 25.010
21 6 TBBPA
22 6 TBBPA 19.756 30.957
23 6 TBBPA 28.244 45.241
24 6 TBBPA 23.378 34.388
25 6 TBBPA 22.837 32.920
26 6 TBBPA 14,774 31.330
27 6 TBBPA 18.895 35.847
28 6 TBBPA 30.706 35.690
29 6 TBBPA 21.614 34.799
30 6 TBBPA 20.810 38.919
1 8 vehicle 14.315 35.338
2 8 vehicle 26.305 35.724
3 8 vehicle 24.671 42.690
4 8 vehicle 13.889 43.584
5 8 vehicle 32.975 57.059
6 8 vehicle 11.149 15.758
7 8 vehicle 24.769 41.818
8 8 vehicle 13.796 32.889
9 8 vehicle 20.270 50.039
10 8 vehicle 26.412 26.529
11 8 vehicle 14.658 53.211
12 8 vehicle 6.386 48.587
13 8 vehicle
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14 8 vehicle 21.047 46.950
15 8 vehicle 24.868 29.203
16 8 TBBPA

17 8 TBBPA 47.769 68.918
18 8 TBBPA

19 8 TBBPA 16.427 16.500
20 8 TBBPA 20.119 42.170
21 8 TBBPA

22 8 TBBPA 17.017 36.778
23 8 TBBPA 26.954 49.087
24 8 TBBPA 22.546 28.398
25 8 TBBPA 13.172 30.357
26 8 TBBPA 24.188 30.465
27 8 TBBPA

28 8 TBBPA 25.573 38.495
29 8 TBBPA 28.198 44.370
30 8 TBBPA

1 10 vehicle

2 10 vehicle

3 10 vehicle 14.123 39.028
4 10 vehicle 19.243 26.655
5 10 vehicle 18.217 38.183
6 10 vehicle 21.780 41.860
7 10 vehicle 17.762 40.938
8 10 vehicle

9 10 vehicle 16.149 35.262
10 10 vehicle 22.566 50.850
11 10 vehicle

12 10 vehicle 11.742 40.822
13 10 vehicle 10.231 25.502
14 10 vehicle 6.584 32.519
15 10 vehicle 18.008 48.305
16 10 TBBPA

17 10 TBBPA 7.309 13.310
18 10 TBBPA 17.509 60.406
19 10 TBBPA 42.615 64.148
20 10 TBBPA 13.259 23.529
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21 10 TBBPA

22 10 TBBPA 19.675 30.958
23 10 TBBPA

24 10 TBBPA

25 10 TBBPA 18.425 31.457
26 10 TBBPA 22.803 35.492
27 10 TBBPA

28 10 TBBPA 34.841 50.856
29 10 TBBPA 29.729 36.575
30 10 TBBPA 39.323 54.040
1 12 vehicle 20.567 21.866
2 12 vehicle 22.332 34.758
3 12 vehicle 27.486 45.816
4 12 vehicle 27.486 39.306
5 12 vehicle

6 12 vehicle 31.118 39.669
7 12 vehicle 20.637 34.400
8 12 vehicle 27.896 27.195
9 12 vehicle 22.024 37.602
10 12 vehicle 31.844 63.619
11 12 vehicle 22.409 34.879
12 12 vehicle 12.736 24.742
13 12 vehicle

14 12 vehicle 15.312 48.454
15 12 vehicle 23.786 44.969
16 12 TBBPA 30.413 45.333
17 12 TBBPA 17.377 24.356
18 12 TBBPA 24.559 44.066
19 12 TBBPA 34.025 35.637
20 12 TBBPA 26.206 32.814
21 12 TBBPA

22 12 TBBPA 40.308 44.886
23 12 TBBPA 23.786 47.520
24 12 TBBPA 51.933 52.070
25 12 TBBPA 18.607 32.557
26 12 TBBPA 25.549 48.303
27 12 TBBPA
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28 12 TBBPA 31.844 47.466
29 12 TBBPA 33.364 32.983
30 12 TBBPA 17.598 32.084
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Discussion

These data show that TBBPA greatly magnifies concentrations of BPA in serum
and tissues, and that it elevates urinary concentrations of E2. When animals received an
oral dose of 1*C-BPA, radioactivity was greater in serum, reproductive tissues, and
elsewhere in female and male mice that were pre-treated with 1-27 mg TBBPA.
Radioactivity was also greater in serum and reproductive tissues of mice given 0.33 mg
TBBPA + 0.33 mg triclosan. Urinary E2 concentrations were elevated in animals given 1
mg TBBPA. Our novel findings that TBBPA modulates E2 and BPA concentrations
underscore a concern (Osimitz et al. 2014) that molecular modeling and in vitro studies
may not address biological activity in vivo.

There are several potential mechanisms through which TBBPA, triclosan, BPA,
and E2 could interact. These include direct actions at ER, transport proteins in blood, and
enzymes involved in steroid synthesis and metabolism. There is conflicting evidence
regarding direct binding to ER of TBBPA (Lee et al. 2012; Li et al. 2010; Molina-Molina
et al. 2013; Suzuki et al. 2013) and triclosan (Gee et al. 2008; Henry and Fair 2013;
Stoker et al. 2010). Insofar as there is such binding, actions of TBBPA or triclosan would
be competitive with binding of 1*C-BPA, producing an opposite effect to that observed in
Experiments 1 and 2. Similarly, competition for transport proteins in blood would
presumably reduce *C-BPA concentrations in serum and tissues. Our findings in
Experiments 1 and 2 are much more consistent with competition among TBBPA,
triclosan, and *C-BPA for metabolic enzymes. Enzymes of particular interest are those

involved in phase 1l metabolism, including UGT and SULT (Dumas and Diorio 2011,
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Wikoff et al. 2016). The major metabolite of BPA in rodents is the monoglucuronide
conjugate resulting from interaction with hepatic UGT 2B1 and potentially other
isoforms (Inoue et al. 2001; Kurebayashi et al. 2010; Yokota et al. 1999; Zalko et al.
2003). Other metabolites of BPA in rodents include the monosulfate conjugate resulting
from interaction with SULT 1ALl (Yalcin et al. 2016; Zalko et al. 2003), as well as the
diglucuronide (Zalko et al. 2003), disulfate (Yalcin et al. 2016), and glucuronide/sulfate
(Inoue et al. 2016) diconjugates. Sulfate and glucuronide conjugates of TBBPA
(Borghoff et al. 2016) and triclosan (Fang et al. 2014) are also observed in rodents.
TBBPA can inhibit the activity of SULT 1E1 and SULT 1A1 (Gosavi et al. 2013;
Hamers et al. 2006; Harju et al. 2007; Kester et al. 2002) and reduce expression of genes
in the liver that encode SULT 1E1 and SULT 2A1 (Sanders et al. 2016). Triclosan can
inhibit sulfonation and glucuronidation of BPA in human liver fractions (Wang et al.
2004). Our findings in Experiment 3 can be explained by competition between TBBPA
and E2 for metabolic enzymes. In addition to phase Il metabolism described above, phase
I metabolism involving CYP and 17B-HSD is important for estrogen metabolism (Dumas
and Diorio 2011; Wikoff et al. 2016). TBBPA can inhibit CYP 2C9 and CYP 3A4
activities (Ames 2013) and 17p-HSD4 activity (NIH 2010) in human liver fractions.
TBBPA can reduce expression of genes in the liver that encode 173-HSD, but increase
expression of genes that encode certain CYP isoforms (Sanders et al. 2016). Our findings
in Experiment 3 can also be explained by actions of TBBPA on enzymes involved in
steroid synthesis. One study found TBBPA upregulates aromatase expression and activity

in human choriocarcinoma cells for up to 72 h in vitro (Honkisz and Wojtowicz 2015).
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The latency of TBBPA actions on E2, up to 8-12 h in females, could be attributed to
increased E2 biosynthesis.

We found that TBBPA magnified concentrations of C-BPA in the heart, lungs,
kidneys, and blood serum of mice, as well as the uterus and ovaries of females and the
testes, epididymides, VC glands, and preputial glands of males. The impact of 1-27 mg
TBBPA on *C-BPA concentrations in tissues and serum is consistent with that
previously shown for 0.6-18 mg triclosan (Pollock et al. 2014), except that TBBPA
appears to have larger effects. This is especially evident in males, as pre-treatment with
triclosan elevated *C-BPA concentrations in only the epididymides and blood serum
(Pollock et al. 2014). The greatest impact of TBBPA on *C-BPA concentrations was in
the lungs, reproductive tissues, kidneys, and blood serum. The localization of *C-BPA to
the lungs and reproductive tissues is consistent with the high expression of ERa and ERf}
in these tissues (Couse et al. 1997; Kuiper et al. 1997). Of the tissue samples collected,
the highest concentrations of 1*C-BPA were in the liver and kidney. This is consistent
with previous studies of the distribution of BPA at doses ranging from 0.5 to 100,000
pa/kg (Kim et al. 2004; Kurebayashi et al. 2005; Pollock and deCatanzaro 2014). These
organs are involved in the metabolism and excretion of ingested BPA, and radioactivity
in these tissues does not necessarily reflect tissue deposition of 1*C-BPA. Concentrations
of 1*C-BPA were greater in males than females in most non-reproductive tissues and
blood serum. In vehicle-treated animals in Experiment 1, average *C-BPA
concentrations of males were greater than those of females for the heart (394%), lungs

(230%), muscle (294%), adipose (152%), serum (228%), liver (167%), and kidney
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(433%). This is consistent with the distribution of 100 pug/kg BPA in certain tissues of
male and female rats (Kurebayashi et al. 2005), and may be explained by differences in
BPA metabolism, as evidenced by sex- and tissue-specific expression of numerous UGT
isoforms (Buckley and Klaassen 2007).

Greater concentrations of urinary E2 following TBBPA administration were most
evident in females around 8-12 h post-injection, but were also observed in males around
2-4 h post-injection. This discrepancy in latency between males and females may be
influenced by differences in the metabolism of TBBPA and/or estrogen synthesis. The
rate of TBBPA glucuronide production is faster in male rat liver fractions (Zalko et al.
2006), whereas aromatase expression is greater in the ovaries than in the testes (Golovine
et al. 2003). Taken together, this may hasten the influence of TBBPA on E2
concentrations in males but result in greater effects of TBBPA on E2 concentrations in
females. Slight but persistent elevations in E2 can lead to adverse reproductive and health
outcomes in mammals. In mice, heightened E2 levels can prevent intrauterine blastocyst
implantation and cause pregnancy failure (Thorpe et al. 2013). In humans, elevated E2
from hormone-replacement therapy correlates with increased risk of breast, endometrial,
and ovarian cancer (Million Women Study Collaborators 2003, 2005, 2007).

Data from the 2011-2012 U.S. National Health and Nutrition Examination Survey
(NHANEYS) indicated that 72% of human urine samples contain detectable triclosan
concentrations ranging from 2.3 to 3,830 ug/L (Han et al. 2016). Although NHANES
does not report TBBPA concentrations in urine, TBBPA was detected in 93% of plasma

samples and 89% of urine samples in a study of 140 healthy adults in China (Ho et al.
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2017). Some published reports have estimated daily TBBPA exposure levels in the range
of 3.2E-7 to 1.95E-4 mg/kg/day (Health Canada 2013; NTP 2014; Wikoff et al. 2015).
However, these exposure estimates are derived from concentrations of TBBPA in
environmental media and may not account for all exposure pathways. Furthermore,
interactions among chemicals may influence their distribution, metabolism, and
excretion, as evidenced in our data. One study suggested that disruption of homeostatic
control of TBBPA and estrogen conjugation is unlikely in humans since the doses
required to produce uterine tumors in rodents are orders of magnitude greater than
exposure estimates in humans (Borghoff et al. 2016). However, our data show clear in
vivo interaction between TBBPA and triclosan, indicating that it is not appropriate to
consider only one chemical in isolation. Inhibition of enzymes involved in estrogen
metabolism has been shown for a number of environmental chemicals and their
metabolites, including parabens (Ozaki et al. 2016; Prusakiewicz et al. 2007), phthalates
(Ozaki et al. 2016), polychlorinated biphenyls (Kester et al. 2000; Wang and James
2007), and polyhalogenated aromatic hydrocarbons (Kester et al. 2002). Given the
potential adverse reproductive and carcinogenic outcomes of persistently elevated
estrogenic activity, these findings demonstrate the importance of considering multiple

toxicants when determining regulatory exposure limits.
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Abstract

Most people in developed countries are exposed to multiple endocrine-disrupting
synthetic chemicals. We previously showed that a single dose of triclosan,
tetrabromobisphenol A (TBBPA), butyl paraben, propyl paraben, or di(2-ethylhexyl)
phthalate elevated concentrations of bisphenol A (BPA) in mice. Here we investigated
whether concurrent exposure to lower doses of these five chemicals could modulate
concentrations of bisphenol A (BPA) or the natural estrogen, 17-estradiol (E2). CF1
mice were injected subcutaneously with 0.1 or 0.5 mg of one chemical, or a 0.5 mg
mixture containing 0.1 mg of each of all five chemicals, then given a dietary supplement
containing 50 pug/kg **C-BPA. The mixture elevated *C-BPA concentrations in the
lungs, muscle, uterus, ovaries, kidney, and blood serum of female mice. When
administered alone, triclosan and TBBPA elevated *C-BPA concentrations in the uterus,
ovaries, and blood serum. In another experiment, CF1 mice were injected subcutaneously
with the 0.5 mg mixture containing 0.1 mg of all five chemicals, then E2 was measured
in urine 2-12 h later. The mixture elevated E2 at 8 h after injection in female mice. No
treatments significantly altered concentrations of *C-BPA or E2 in male mice. These
data show that these endocrine-disrupting chemicals interact in vivo, magnifying one
another’s effects, consistent with inhibition of enzymes that are critical for estrogen
metabolism. These findings highlight the importance of considering exposure to multiple

chemicals when assessing health outcomes and determining regulatory exposure limits.
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Introduction

Recent evidence has shown that concurrent exposure to other common endocrine-
disrupting chemicals (EDCs) can magnify the presence of bisphenol A (BPA, the
monomer of polycarbonate plastics) in reproductive tissues and blood serum. Mice were
exposed to varied doses of one of several EDCs then given 50 pg/kg *C-BPA.
Administration of a single dose of 0.6-18 mg triclosan, a biocide found in soaps and
other household products, elevated BPA concentrations in blood serum and tissues
(Pollock et al. 2014). Similar effects were found with exposure to 1-27 mg
tetrabromobisphenol A (TBBPA, a flame retardant found in consumer electronics)
(Pollock et al. 2017a). Such effects have also been found following exposure to either 1—
9 mg butyl paraben (BP) or 9 mg propyl paraben (PP), antimicrobial preservatives found
in personal care products, pharmaceuticals, and foods (Pollock et al. 2017b). These
effects were also observed after exposure to 3—18 mg di(2-ethylhexyl) phthalate (DEHP,
a plasticizer found in flooring, medical devices, and food packaging) (Borman et al.
2017b). Lower doses of 0.33 mg triclosan or 0.33 mg TBBPA were ineffective on their
own, but a concurrent dose of 0.33 mg triclosan + 0.33 mg TBBPA was sufficient to
elevate concentrations of 1*C-BPA (Pollock et al. 2017a). Some of these substances can
also alter concentrations of the powerful natural estrogen, 17p-estradiol (E2). Elevated
urinary concentrations of E2 were observed in mice following a single dose of 1-2 mg
triclosan (Pollock et al. 2016), 1 mg TBBPA (Pollock et al. 2017a), or 3 mg BP (Pollock
et al. 2017b). Exposure to 0.6—2 mg triclosan prior to administering 3H-E2 elevated

radioactivity in the uterus, ovaries, and serum of females.
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Disruption of estrogen homeostasis by EDCs could mediate the impact of these
chemicals on blastocyst implantation in the uterus of inseminated females. Implantation
is very sensitive to fluctuations in estrogen levels, being disrupted by very small
elevations in E2 (deCatanzaro 2015; Gidley-Baird et al. 1986; Ma et al. 2003; Thorpe et
al. 2013). Implantation can be disrupted in mice by daily doses of 18 mg triclosan
(Crawford and deCatanzaro 2012), 36 mg DEHP (Borman et al. 2017a), or 6.75 mg BPA
(Berger et al. 2007, 2008, 2010; Borman et al. 2015) on days 1 to 4 of gestation. Lower
doses of 9 mg triclosan + 4 mg BPA or 27 mg DEHP + 3 mg BPA, which are ineffective
on their own, disrupted implantation when given concurrently (Borman et al. 2017a;
Crawford and deCatanzaro 2012). Estrogenic actions of common EDCs potentially have
great importance for human health, considering that small elevations above optimal
endogenous levels can be damaging to female fertility (Gidley-Baird et al. 1986; Ma et al.
2003; Thorpe et al. 2013) and are implicated in hormone-dependent cancers (Million
Women Study Collaborators 2003, 2005, 2007).

These findings are consistent with evidence that these chemicals compete with
each other and natural estrogens for access to metabolic enzymes. Enzymes involved in
EDC and natural estrogen metabolism include sulfotransferase (SULT), UDP-
glucuronosyltransferase (UGT), cytochrome p450 (CYP), and hydroxysteroid
dehydrogenase (HSD) (Dumas and Diorio 2011). Given that BPA is an established EDC
with estrogenic activity (Rochester 2013; Seachrist et al. 2016; Ziv-Gal and Flaws 2016),
it is especially concerning that the potency of BPA in inducing biological effects may be

greatly modulated by the presence of other EDCs. As humans are commonly exposed to
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combinations of some or all of the EDCs mentioned above, it is important to consider
their interactions in determining potential toxicological effects.

The current study was designed to test the influences of concurrent exposure to
multiple EDCs, using lower doses that better reflect human exposures. We investigated
the capacity of PP, DEHP, BP, triclosan, and TBBPA, either alone or as a mixture, to
modulate concentrations of BPA and E2. We hypothesized that the effects of each
chemical in the mixture would be additive, consistent with a mechanism whereby
chemicals compete for access to metabolic enzymes. We tested this hypothesis by
measuring the impact of PP, DEHP, BP, triclosan, or TBBPA injection, either alone or as
a mixture, on concentrations of *C-BPA in female and male mice. We also hypothesized
that the mixture of chemicals could elevate natural E2. We tested this hypothesis by
measuring the impact of a mixture of PP, DEHP, BP, triclosan, and TBBPA injection on

urinary E2 concentrations.

Methods
Animals and housing

Female (31.4 £ 3.3 g) and male (39.1 + 3.1 g) CF-1 mice aged 2.5-4 months were
obtained from Charles River (St. Constant, QC). Diestrous females were selected for use
in experiments, as this is an easily detected point in the cycle where estrogen levels are
relatively stable (Miller and Takahashi 2014). Females were identified from a colony of
mice by vaginal cytology using published procedures (Byers et al. 2012). Animals were

housed in polypropylene cages measuring 28x16x11 (Ixwxh) cm with ad libitum access
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to food (8640 Teklad Certified Rodent Chow; Harlan Teklad, Madison, WI) and water,
except where otherwise stated. The colony was maintained at 21 °C with a reversed 14 h
light:10 h darkness cycle. All procedures adhered to the standards of the Canadian
Council on Animal Care and were approved by the Animal Research Ethics Board of
McMaster University.
Chemicals and materials

Triclosan (CAS 3380-34-5, 5-chloro-2-[2,4-dichlorophenoxy]phenol, >97%
purity), 3,3",5,5'-TBBPA (CAS 79-94-7, 4,4'-isopropylidenebis[2,6-dibromophenol],
>97% purity), BP (CAS 94-26-8, butyl 4-hydroxybenzoate, >99% purity), PP (CAS 94-
13-3, propyl 4-hydroxybenzoate, >99% purity), DEHP (CAS 117-81-7, di(2-ethylhexyl)
phthalate, >99% purity), E2 (CAS 50-28-2, >98% purity), and creatinine standards were
obtained from Sigma-Aldrich, St. Louis, MO. *C-BPA ([ring-[**C](U)]-BPA, in ethanol,
0.1 mCi/mL, 60 mCi/mmol) was obtained from Moravek Biochemicals, Brea, CA.
SOLVABLE solubilization cocktail, Ultima Gold scintillation cocktail, 8 mL midi-vial
scintillation vials were obtained from PerkinElmer, Waltham, MA. E2 antibodies and
HRP conjugates were obtained from the Department of Population Health and
Reproduction at the University of California, Davis, CA.
Experimental design and dosing

This research followed previously published procedures in this laboratory
(Borman et al. 2017b; Pollock et al. 2014, 2016, 2017a, 2017b). Mice were weighed,
individually housed, and each given a dietary supplement of 1 g peanut butter. About 14—

16 h later, at the onset of darkness on the following day (8:00 AM), animals were
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randomly assigned to treatment conditions involving a single subcutaneous (sc) injection
of vehicle, one of the 5 chemicals, or a mixture of all 5 chemicals dissolved in 0.05 mL
peanut oil. In Experiment 1, diestrous females and males received vehicle, 0.1 mg PP, 0.1
mg DEHP, 0.1 mg BP, 0.1 mg triclosan, 0.1 mg TBBPA, or a 0.5 mg mixture containing
0.1 mg of each of all 5 chemicals (n = 10 per dose). In Experiment 2, diestrous females
and males received vehicle, 0.5 mg PP, 0.5 mg DEHP, 0.5 mg BP, 0.5 mg triclosan, 0.5
mg TBBPA, or a 0.5 mg mixture containing 0.1 mg of each of all 5 chemicals (n = 10 per
dose). A dose of 0.1 mg corresponded to 3.4 £ 0.2 mg/kg in females and 2.6 + 0.1 mg/kg
in males, while a dose of 0.5 mg corresponded to 15.4 + 1.6 mg/kg in females and 12.7 £
1.2 mg/kg in males. At 30 min after injection, each animal was given a dietary
supplement of 50 pg/kg *C-BPA in 0.2 g peanut butter. Food, water, and bedding were
removed to prevent contamination of the *C-BPA treatment. At 1 h after *C-BPA
administration, each animal was anesthetized with isoflurane and blood was collected via
cardiac puncture. Each animal was perfused with 20 mL phosphate-buffered saline (PBS)
and tissues were collected in pre-weighed scintillation vials. Tissue samples taken
included the heart, lung, superficial adductor muscle from the hind leg, abdominal
adipose, liver, and a cross-section of the kidney encompassing both the medulla and
cortex. Female reproductive tissues taken included the whole uterus and both ovaries.
Male reproductive tissues were one testis, one epididymis, one vesicular-coagulating
(VC) gland, and one preputial gland. Vials were re-weighed following tissue collection to

determine the sample wet mass.
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In Experiment 3, mice were weighed and individually placed in a Plexiglas
apparatus measuring 21x15x13 (Ixwxh) cm with a wire-mesh grid floor raised
approximately 1 cm above a Teflon-coated stainless-steel surface covered with wax
paper. Animals acclimated to the novel cages for 3 days prior to the start of the
experiment. At the onset of darkness on the fourth day, diestrous females and males were
injected sc with vehicle or a 0.5 mg mixture containing 0.1 mg of each of all 5 chemicals
dissolved in 0.05 mL peanut oil (n = 15 per dose). The 0.5 mg mixture corresponded to
16.1 + 1.4 mg/kg in females and 13.2 + 0.8 mg/kg in males. Urine was collected non-
invasively at 2, 4, 6, 8, 10, and 12 h post-injection. All urine samples were placed into
labeled vials and frozen at —20 °C at the time of collection.

Blood and tissue processing for liquid scintillation counting

Blood and tissue samples were processed for liquid scintillation counting
following previously published procedures (deCatanzaro et al. 2014; deCatanzaro and
Pollock 2016; Greville et al. 2017). Blood samples were centrifuged at 1,500 g for 10 min
and 10 pL serum was added to a scintillation vial containing 5 mL Ultima Gold. Tissue
samples were solubilized by adding 1 mL SOLVABLE to each vial and placing vials in a
50 °C water bath for 4-5 h until completely dissolved. Following the addition of 5 mL
Ultima Gold, vials were agitated to promote mixing of the sample and scintillation
cocktail. Each vial was stored in the darkness chamber of a TriCarb 2910 TR Liquid
Scintillation Analyzer (PerkinElmer) for 5 min to eliminate noise in the form of heat and
luminescence. Radioactivity was then measured for 5 min per vial. The amount of

radioactivity per sample, in disintegrations per minute (dpm), was automatically
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calculated via Quanta-Smart software by subtracting background radiation, which is
continually monitored by the scintillation counter. Frequent cleaning and monitoring of
all work surfaces and equipment ensured that contamination of samples did not occur.
The final dpm measures were normalized to the weight of the sample wet mass and
reported as equivalent ng BPA/g tissue or ng BPA/ml serum.
Measurement of urinary E2

Full procedures and validations for enzyme immunoassays for mouse urine were
previously reported (Muir et al. 2001). Cross-reactivities for anti-E2 are: E2 100%,
estrone 3.3%, progesterone 0.8%, testosterone 1.0%, androstenedione 1.0%, and all other
measured steroids <0.1%. Urinary E2 levels were considered with and without
adjustment for urinary creatinine, which corrects for differential hydration and urinary
concentration among animals, and reported as ng E2/mg creatinine and ng E2/ml urine
respectively.
Statistical analyses

All analyses were performed using the R software environment (R Core Team
2017), with a comparison-wise error rate of a < 0.05 for all tests. Differences among
treatments in Experiments 1 and 2 were analyzed by univariate analysis of variance
(ANOVA) for each tissue, using false discovery rate adjustments to correct for the
number of tissues (Benjamini and Hochberg 1995). Significant effects in ANOVA were
followed by pair-wise Newman-Keuls multiple comparisons. Differences between

urinary E2 concentrations of animals in Experiment 3 were analyzed by factorial

264



Ph.D. Thesis — T. Pollock McMaster — Psychology, Neuroscience & Behaviour

ANOVA comparing the effects of treatment and collection time-point (repeated

measures), followed by Newman-Keuls comparisons at each time-point.

Results
Experiment 1: Measurement of 4C-BPA in mice given 0.1 mg of each chemical
Pre-treatment with the mixture elevated concentrations of *C-BPA in serum and
certain tissues of females (Figure 1), but not of males (Figure 2). Concentrations of 4C-
BPA in the liver and kidney are reported in Table 1. Comparisons were made among the
seven treatments for each of nine tissues in females. ANOVA using false discovery rate
adjustment produced significant effects of treatment for the lung, F(6,63)=6.21, p<0.001,;
muscle, F(6,63)=5.07, p<0.001; uterus, F(6,63)=6.26, p<0.001; ovaries, F(6,63)=2.89,
p=0.023; kidney, F(6,63)=4.13, p=0.002; and serum, F(6,63)=8.45, p<0.001. Multiple
comparisons revealed that the mixture treatment differed from all other treatments for the
lung, muscle, and serum. The mixture treatment differed from all treatments except
TBBPA for the uterus, and the TBBPA treatment differed from the vehicle treatment for
the uterus. The mixture treatment also differed from the vehicle and BP treatments for the
ovaries and from the vehicle treatment for the kidney. Comparable effects were not
observed in males. Comparisons among the seven treatments for each of eleven tissues in

males showed no statistically significant differences.
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Figure 1 Mean (+SE) concentration of 1*C-BPA in the heart, lung, muscle, adipose,
uterus, ovaries, and serum of diestrous females in Experiment 1. Animals received sc
injection of vehicle, 0.1 mg PP, 0.1 mg DEHP, 0.1 mg BP, 0.1 mg triclosan, 0.1 mg
TBBPA, or a 0.5 mg mixture containing 0.1 mg of all five chemicals followed by dietary
administration of 50 pg/kg **C-BPA (n=10 per dose). Significant differences among

treatments within each tissue are denoted by unique letters.
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Figure 2 Mean (+SE) concentration of 1*C-BPA in the heart, lung, muscle, adipose,
testes, epididymides, VC glands, preputial glands, and serum of males in Experiment 1.
Animals received sc injection of vehicle, 0.1 mg PP, 0.1 mg DEHP, 0.1 mg BP, 0.1 mg
triclosan, 0.1 mg TBBPA, or a 0.5 mg mixture containing 0.1 mg of all five chemicals

followed by dietary administration of 50 pg/kg **C-BPA (n=10 per dose).
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Table 1 Mean (+ SE) concentration of 1*C-BPA in the liver and kidney of diestrous
females and males following sc injection of PP, DEHP, BP, triclosan, TBBPA, or a
mixture of all five chemicals and subsequent dietary administration of 50 pug/kg *C-BPA.

Difference from vehicle treatment in the same tissue: + p < 0.001
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Chemical

Experiment 1
Females vehicle
PP
DEHP
BP
triclosan

TBBPA
mixture

vehicle
PP
DEHP
BP
triclosan
TBBPA
mixture

Males

Experiment 2
Females vehicle
PP
DEHP
BP
triclosan
TBBPA

mixture

Vehicle
PP
DEHP
BP
Triclosan
TBBPA
Mixture

Males

McMaster — Psychology, Neuroscience & Behaviour

Dose (mg)

0.0
0.1
0.1
0.1
0.1
0.1

5x0.1

0.0
0.1
0.1
0.1
0.1
0.1
5x0.1

0.0
0.5
0.5
0.5
0.5
0.5
5x0.1

0.0
0.5
0.5
0.5
0.5
0.5
5x0.1
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Liver
(ng BPA/g)

29.6+2.2
57.8+14.2
494 +73
64.9+ 175
38.3+3.4
52.3+11.5

55.3+6.7

45.0+3.5
46.3+5.7
443 +6.7
27.8+2.1
46.0+7.4
446 £6.7
43.7+3.0

36.8+4.3
39.1+7.1
39.8+7.8
49.6 + 8.7
65.7+9.9
61.6 +11.0
529+4.1

404+34
52.3+6.7
47.0+£3.5
36.8 +4.7
59.1+8.5
47.8+9.0
46.5+4.2

Kidney
(ng BPA/g)

151+15
26.9+23
26.0 +3.7
246 +4.5
21.3+2.6
27.3+3.3

374+42°

81.3+11.1
101.7 £ 27.6
92 +15.7
89.9+12.7
79.8+8.8
79.8+9.0
115.5+9.7

243 +5.1
20.1+3.5
30.1+6.7
226+2.8
37.1+56
51.4+14.0
32.7+34

67.0+8.7

79.8 +16.6
76.3+11.6
71.8+9.0
1258+ 15.1
79.6 +18.9
949+908
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Experiment 2: Measurement of **C-BPA in mice given 0.5 mg of each chemical
Radioactivity in diestrous females (Figure 3) was elevated in serum and
reproductive tissues by pre-treatment with triclosan, TBBPA, or the mixture.
Comparisons among the seven treatments for each of nine tissues in females showed
significant effects of treatment for the uterus, F(6,63)=7.24, p<0.001; ovaries,
F(6,63)=5.94, p<0.001; and serum, F(6,63)=7.41, p<0.001. Multiple comparisons
revealed that the mixture, triclosan, and TBBPA treatments differed from the vehicle, PP,
DEHP, and BP treatments for the uterus. The mixture treatment differed from the vehicle,
PP, and DEHP treatments for the serum. The triclosan and TBBPA treatments differed
from the vehicle, PP, DEHP, and BP treatments for the ovaries and serum. Comparable
effects were once again not seen in males (Figure 4). Comparisons among the seven
treatments for each of eleven tissues in males showed no statistically significant

differences.
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Figure 3 Mean (+SE) concentration of 1*C-BPA in the heart, lung, muscle, adipose,
uterus, ovaries, and serum of diestrous females in Experiment 2. Animals received sc
injection of vehicle, 0.5 mg PP, 0.5 mg DEHP, 0.5 mg BP, 0.5 mg triclosan, 0.5 mg
TBBPA, or a 0.5 mg mixture containing 0.1 mg of all five chemicals followed by dietary
administration of 50 pg/kg **C-BPA (n=10 per dose). Significant differences among

treatments within each tissue are denoted by unique letters.
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Figure 4 Mean (+SE) concentration of 1*C-BPA in the heart, lung, muscle, adipose,
testes, epididymides, VC glands, preputial glands, and serum of males in Experiment 2.
Animals received sc injection of vehicle, 0.5 mg PP, 0.5 mg DEHP, 0.5 mg BP, 0.5 mg
triclosan, 0.5 mg TBBPA, or a 0.5 mg mixture containing 0.1 mg of all five chemicals

followed by dietary administration of 50 pg/kg **C-BPA (n=10 per dose).

Ovehicle
00.5mg PP

5 2 0.5 mg DEHP
m0.5mg BP L 12

4 11 m0.5 mg triclosan
& &
e 2®

m0.5mg TBBPA
-\e
& © A&

m 0.5 mg mixture
) < .
& K\ o

)
N
“ W i
0 T T T T T r
\“0"& p&qogg «&@g &
< o«

F 14

ng BPA per g tissue
ng BPA per ml serum

& o

&
E W a)e‘\"

272



Ph.D. Thesis — T. Pollock McMaster — Psychology, Neuroscience & Behaviour

Experiment 3: Measurement of urinary E2 in mice

Concentrations of E2 are reported for uncorrected (ng E2/ml urine) and corrected
(ng E2/mg creatinine) measures. In females (Figure 5), there were no statistically
significant main effects or interaction for uncorrected measures; however, corrected
measures showed a significant main effect of treatment, F(1,26)=4.58, p=0.042. Multiple
comparisons revealed that the vehicle-treated females differed from the mixture-treated
ones at 8 h after injection for the corrected measures. In males (Figure 6), ANOVA
showed a significant main effect of collection time-point on uncorrected measures,
F(5,70)=9.48, p<0.001, and on corrected measures, F(5,70)=12.05, p<0.001. For both
uncorrected and corrected measures, main effect of treatment and interaction did not

reach statistical significance.
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Figure 5 Mean (+SE) concentration of urinary E2, expressed as ng E2/ml urine and ng
E2/mg creatinine, of diestrous females in Experiment 3. Females received sc injection of
vehicle or a 0.5 mg mixture containing 0.1 mg of all five chemicals (n=15 per dose).

Significant difference from vehicle treatment at the same time-point: * p < 0.05
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Figure 6 Mean (+SE) concentration of urinary E2, expressed as ng E2/ml urine and ng
E2/mg creatinine, of males in Experiment 3. Males received sc injection of vehicle or a

0.5 mg mixture containing 0.1 mg of all five chemicals (n=15 per dose).
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Discussion

These data demonstrate in vivo modulation of BPA concentrations by a mixture of
five EDCs. When animals were given a dietary supplement containing “C-BPA, pre-
treatment with a 0.5 mg mixture containing 0.1 mg of each of PP, DEHP, BP, triclosan,
and TBBPA increased radioactivity in blood serum, reproductive organs, and other
tissues of female mice. These data show a clear in vivo interaction among these
chemicals, as most were ineffective when given alone. When each chemical was given
alone at the 0.1 mg dose, only TBBPA elevated radioactivity significantly, and only in
the uterus. At the 0.5 mg dose, triclosan alone or TBBPA alone elevated radioactivity in
the uterus, ovaries, and serum. Effects of triclosan, TBBPA, and especially the mixture
were pronounced in reproductive organs that contain high ER expression (Couse et al.
1997; Kuiper et al. 1997). Concentrations of **C-BPA were greatest in the liver and
kidney, consistent with previous studies of the distribution of 0.5-100,000 pg/kg BPA
(Kim et al. 2004; Kurebayashi et al. 2005; Pollock and deCatanzaro 2014). These organs
are involved in the metabolism and excretion of ingested BPA and do not necessarily
reflect tissue deposition.

The findings of Experiments 1 and 2 are consistent with previous studies of the
effects of PP, DEHP, BP, triclosan, or TBBPA on the toxicokinetics of BPA (Borman et
al. 2017b; Pollock et al. 2014, 2017a, 2017b). However, much higher doses, ranging from
0.6 to 27 mg, were required to elevate BPA concentrations significantly when animals
were pre-treated with a single chemical. Here, the data indicate additive effects of lower

doses of these five chemicals that collectively magnify concentrations of BPA, and they
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suggest common mechanisms of action. The most plausible mechanisms involve
competition among these chemicals for access to metabolic enzymes. BPA is primarily
metabolized by phase Il conjugative enzymes, including UGT and SULT (Hanioka et al.
2008; Pritchett et al. 2002; Zalko et al. 2003). BPA monoglucuronide is the major
metabolite of BPA and results from interaction with UGT (Hanioka et al. 2008;
Kurebayashi et al. 2010; Zalko et al. 2003). Other metabolites include the monosulfate
conjugate produced by SULT (Yalcin et al. 2016), as well as various diconjugates (Inoue
et al. 2016; Yalcin et al. 2016; Zalko et al. 2003). Production of glucuronide and sulfate
conjugates has been shown for TBBPA (Borghoff et al. 2016), triclosan (Fang et al.
2014), and parabens (Moos et al. 2016). Glucuronide (Frederiksen et al. 2007; Ito et al.
2005; Silva et al. 2003), but not sulfate (Witzmann et al. 1996), conjugates have been
shown for MEHP, a major metabolite of DEHP (Hanioka et al. 2012, 2016). UGT and
SULT activities towards other substrates are inhibited by triclosan (James et al. 2010,
2015; Wang et al. 2004), parabens (Abbas et al. 2010; Prusakiewicz et al. 2007), and
TBBPA (Gosavi et al. 2013; Hamers et al. 2006; Harju et al. 2007; Kester et al. 2002).
Interestingly, the potency with which each chemical can inhibit phase Il metabolic
enzyme activity generally corresponds to the capacity with which these chemicals can
modulate BPA concentrations in serum and reproductive organs of female mice, in the
order TBBPA = triclosan > BP > DEHP = PP.

Urinary E2 concentrations of female mice were also elevated by the mixture of
five EDCs. We measured E2 in urine because it can be collected non-invasively at

multiple time-points and generally reflects systemic estrogen trends (deCatanzaro et al.
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2003, 2004; Muir et al. 2001; Thorpe et al. 2014). Data of Experiment 3 are consistent
with previous studies showing that higher doses (1-3 mg) of BP, triclosan, or TBBPA
each increased E2 in urine at 6-12 h after injection (Pollock et al. 2016, 2017a, 2017b).
Here, the mixture containing lower doses (0.1 mg) of all 5 chemicals elevated E2 in urine
at 8 h after injection. These data are consistent with a mechanism of action whereby
EDCs can disrupt estrogen homeostasis by blocking access to metabolic enzymes (Lai et
al. 2015; Sanders et al. 2016; Wikoff et al. 2016) and/or increasing E2 biosynthesis
(Honkisz and Wojtowicz 2015). In addition to phase Il conjugative enzymes described
above, phase | enzymes, including cytochrome p450 (CYP) and hydroxysteroid
dehydrogenases (HSD), are important for estrogen regulation (Dumas and Diorio 2011).
Triclosan (Wu et al. 2017), parabens (Ozaki et al. 2016), MEHP (Choi et al. 2012, 2013),
and TBBPA (Ames 2013) are substrates and inhibitors of CYP. TBBPA can also inhibit
173-HSD4 activity (NIH 2010). Given the 8-h latency between treatment with the
chemical mixture and elevation of E2 concentrations, this effect could also be explained
by increased E2 biosynthesis rather than, or in addition to, reduced E2 metabolism.
Triclosan (Honkisz et al. 2012) and TBBPA (Honkisz and Wojtowicz 2015) upregulate
aromatase protein expression and increase E2 secretion in JEG-3 human choriocarcinoma
cells in vitro. Parabens upregulate aromatase gene and protein expression and increase E2
secretion in MCF-7 human breast cancer cells in vitro (Wrébel and Gregoraszczuk 2013).
The combined effects of triclosan, TBBPA, PP, and BP on E2 secretion could elevate E2

concentrations in vivo.
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The five chemicals incorporated into the mixture were chosen based on their
inclusion in the EPA’s Endocrine Disruptor Screening Program (EDSP) (U.S. EPA 2012)
and their ubiquitous presence in consumer products. As a result, these chemicals are
present at detectable levels in most people. Based on the 2011-2012 U.S. National Health
and Nutrition Examination Survey (NHANES), 72% of human urine samples contain
detectable triclosan concentrations ranging from 2.3 to 3,830 pg/L with a mean of 12.5
ug/L (Han et al. 2016). Based on the 2005-2006 U.S. NHANES, PP was detected in
92.7% of human urine samples with concentrations ranging from 0.2-7,210 ug/L and a
mean of 7.9 pg/L (Calafat et al. 2010). Consistent with less prevalent use in consumer
products (Bt¢dzka et al. 2014), BP was detected in 47% of human urine samples with
concentrations ranging from 0.2—1,240 pg/L and a mean of 0.90 pg/L in females (Calafat
et al. 2010). Whereas DEHP was not assessed, several of its metabolites were included in
the 2009-2010 U.S. NHANES. MEHP, mono(2-ethyl-5-hydroxyhexyl) phthalate
(MEHHP), mono(2-ethyl-5-oxohexyl) phthalate (MEOHP), and mono(2-ethyl-5-
carboxypentyl) phthalate (MECPP) were detected in 56, 98, 96, and 100% of human
urine samples with means of 2.0, 13.8, 8.7, and 20.4 ng/L, respectively (Zota et al. 2014).
Although TBBPA is not assessed in the U.S. NHANES, a recent study of 140 adults in
China found that TBBPA is present in 89% of urine samples with concentrations up to
88.4 ng/g creatinine and a mean of 0.2 pg/g creatinine (Ho et al. 2017).

The ability of EDCs to disrupt natural estrogen homeostasis is of importance
considering that slight but persistent elevations in E2 can contribute to adverse

reproductive and other health outcomes in mammals. Increased E2 can lead to pregnancy
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failure by disrupting intrauterine blastocyst implantation (deCatanzaro 2015; Gidley-
Baird et al. 1986; Ma et al. 2003; Thorpe et al. 2013). In humans, higher serum E2 in the
first trimester is associated with increased risk of low birth weight (Hu et al. 2014).
Heightened estrogen activity from hormone-replacement therapy is associated with
increased risk of breast, endometrial, and ovarian cancers (Million Women Study
Collaborators 2003, 2005, 2007). Our findings demonstrate the importance of studies of
multiple toxicants to elucidate the adverse health and reproductive outcomes of chemical
mixtures. Exposure to numerous chemicals could potentially have adverse effects at
doses that are much closer to human exposure than previously assumed. Thus, studies of
multiple EDCs should be considered when conducting quantitative risk assessment and

determining regulatory exposure limits.
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Chapter 8

General Discussion
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Contributions of this work to the field

The findings presented in this thesis contribute several key advancements to the
field of toxicology. For the first time, | demonstrated that very low doses of dietary BPA,
as low as 1/100" of the oral reference dose, can bind to ER in the uterus and that BPA
accumulates there with repeated exposures. | also developed a novel protocol that
efficiently examined interactions among EDCs in bodily fluids and tissues of rodents.
Whereas in vitro or in silico work can establish the capacity of chemicals to bind a
purified receptor or inhibit metabolic enzyme activity towards a specific substrate, in vivo
work is required to demonstrate that chemicals actually possess biological activity.

| have demonstrated that diverse chemicals can elevate concentrations of BPA
and E2 in vivo. These effects are most pronounced in the reproductive organs and blood
serum, and can be induced by administration of a single chemical or multiple chemicals
given concurrently at lower doses. Thus, exposure to numerous chemicals could
potentially have adverse effects at doses that are much closer to human exposure than
previously assumed. Given established endocrine-disrupting effects of BPA, it is
especially concerning that these effects could be amplified by the presence of other
chemicals. These findings also show that chemicals can produce strong estrogenic effects
by indirectly disrupting estrogen and xenoestrogen metabolism. This alternative
mechanism is especially important for chemicals that have low affinity for ER, such as
triclosan and TBBPA, which might otherwise be overlooked when assessing endocrine-

disrupting effects.
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Summary of results

In Chapter 2, | showed that BPA distributes throughout the bodies of female
rodents. Dietary administration of 50 pg/kg **C-BPA to cycling female Long-Evans rats
distributed into blood serum and throughout peripheral tissues, including the heart, lungs,
muscle, adipose, uterus, ovaries, liver, and kidneys. Except for the liver and kidneys,
which are involved in metabolism and excretion, levels of radioactivity were greatest in
the uterus. Consistent with BPA binding to ER in the uterus, radioactivity was
significantly reduced by pre-treatment with either E2 or the ER antagonist 1CI 182,780.
Radioactivity was also detected in some brain areas, including the olfactory bulb,
cerebellum, striatum, hippocampus, and hypothalamus; however, concentrations were 2—
3 orders of magnitude lower than those measured in peripheral tissues. Given high
variance for measures in cycling females, especially in reproductive organs, | replicated
the above experiment in recently inseminated females on gestation day 3. Levels of
radioactivity were once again greatest in the uterus and significantly diminished by pre-
treatment with E2 or IC1 182,780. One notable difference from the cycling females was
that levels of radioactivity in inseminated females were higher in neural tissues.

Measures of radioactivity represent total BPA, including unconjugated and
conjugated forms. Given that only unconjugated BPA can bind to ER, | quantified
concentrations of unconjugated and total BPA in the uterus using gas chromatography-
mass spectrometry (GC-MS). Five cycling female rats were each administered a dose of
50 pg/kg unlabelled BPA. On average, 71.9% of BPA (5.77 of 8.07 ng BPA/g uterine

tissue) was unconjugated. Notably, there was a difference in mean concentrations of total
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BPA in females given 50 pg/kg **C-BPA measured via liquid scintillation counting (1.97
ng/g) and those given 50 pg/kg unlabelled BPA measured via GC-MS (8.07 ng/g).
Contamination of BPA from equipment and solvents in GC-MS procedures was ruled out
via measurement of blank samples. Thus, the only explanation for this striking difference
is due to BPA exposure from external sources, such as food, water, bedding, and dust.
Given low concentrations of BPA in neural tissues, we opted to use mice for

cost-efficiency. Dietary administration of 50 ug/kg 1*C-BPA to cycling female CF-1 mice
distributed into blood serum and throughout peripheral tissues, including the heart, lungs,
muscle, adipose, uterus, ovaries, liver, and kidneys. Concentrations of BPA were once
again greatest in the uterus and approximately 2—3 orders of magnitude lower in brain
areas such as the olfactory bulbs, cerebellum, cortex, and hypothalamus. BPA
accumulated in the uterus, ovaries, liver, and kidney following 7 or 28 repeated daily
doses. Distribution of BPA was dose-dependent, with dietary administration of 5 pg/kg
14C-BPA producing BPA concentrations that were approximately 3—7 times lower than
those observed following exposure to 50 pg/kg. Concentrations of BPA were still highest
in the uterus relative to other peripheral tissues, whereas BPA was not present in any
neural tissue samples. Only the uterus, liver, and kidney showed detectable BPA
concentrations following dietary administration of 0.5 ug/kg *4C-BPA.

In Chapter 3, | provided evidence that triclosan can modulate concentrations of
BPA in mice. These studies were inspired by previous research showing that BPA and
triclosan could disrupt blastocyst implantation when given concurrently at lower doses

than those required when each chemical was given alone (Crawford and deCatanzaro
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2012). Here, animals were injected with a single dose of 0.2-18 mg triclosan followed by
dietary administration 50 pg/kg **C-BPA. Elevated concentrations of BPA were observed
in blood serum and peripheral tissues, but not neural tissues, of female and male mice.
Similar elevations were observed in blood serum and ovaries of animals treated with 2-6
mg triclosan followed by 5 pg/kg 1*C-BPA.

In research presented in Chapter 4, | demonstrated that triclosan can elevate
concentrations of exogenous *H-E2 and natural urinary E2 in cycling and recently
inseminated female mice. Assessing the impact of triclosan on exogenous *H-E2 is
relevant to human estrogen supplementation, as in hormonal contraceptives and
hormone-replacement therapy. Daily injections of 2 mg triclosan for 7 days elevated 3H-
E2 concentrations in the heart, lungs, muscle, uterus, ovaries, and blood serum of cycling
females. A single injection of 1 or 2 mg triclosan elevated *H-E2 concentrations in the
uterus of cycling females or increased E2 in urine at 6-10 h after injection. Similarly, a
single injection of 2 mg triclosan elevated uterine 3H-E2 in recently inseminated females
on gestation day 3 or increased E2 in urine at 2—-12 h after injection.

In data presented in Chapter 5, | showed that BP and PP can alter distribution of
dietary *C-BPA, and that BP can modulate natural urinary E2 concentrations in mice. A
single injection of 9 mg BP was required to elevate BPA concentrations in the lungs,
ovaries, kidneys, and blood serum of diestrous females, whereas 1-9 mg BP was
sufficient to increase BPA concentrations in the uterus. A single dose of 9 mg BP
elevated concentrations of BPA in the testes of males, whereas 3-9 mg BP increased

BPA concentrations in the epididymides and blood serum. 3 mg BP also increased natural
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E2 in urine at 6-10 h after injection in diestrous females and at 8 h after injection in
males. Relative to BP, PP was a much weaker chemical, consistent with in vitro potency
of metabolic enzyme inhibition (Ozaki et al. 2016; Prusakiewicz et al. 2007). A single
injection of 9 mg PP elevated BPA concentrations in the uterus of diestrous females, but
had no effect on BPA concentrations in males or urinary E2 of either sex.

In Chapter 6, I provided evidence that TBBPA can elevate concentrations of
dietary *C-BPA and natural E2 in mice. A single dose of 3-27 mg TBBPA increased
BPA concentrations in the heart, lung, muscle, uterus, ovaries, kidneys, and blood serum
of diestrous females. A single dose of 1-27 mg TBBPA elevated BPA concentrations in
the heart, lung, testes, epididymides, seminal vesicles, preputial glands, kidneys, and
blood serum of males. Urinary E2 concentrations were increased by 1 mg TBBPA at 8—
12 h after injection in diestrous females and at 2-10 h after injection in males. In
Chapter 6, | provided evidence that TBBPA and triclosan have additive effects in their
capacity to modulate concentrations of dietary 1*C-BPA. Whereas a single dose of 0.33
mg of either TBBPA or triclosan produced no effects, concurrent exposure to both 0.33
mg TBBPA and 0.33 mg triclosan elevated BPA concentrations in the uterus, ovaries,
and blood serum of diestrous females, as well as the testes, epididymides, and blood
serum of males.

In Chapter 7, | demonstrated that lower doses of a mixture of 5 EDCs, including
triclosan, BP, PP, TBBPA, and DEHP, could disrupt concentrations of dietary *C-BPA
in tissues and E2 in urine of diestrous female, but not male, mice. A single dose of 0.1 mg

TBBPA elevated BPA concentrations in the uterus, whereas 0.5 mg TBBPA or 0.5 mg
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triclosan produced similar effects in the uterus, ovaries, and blood serum. BP, PP, and
DEHP had no such effects at 0.1 or 0.5 mg alone. However, a single dose of the 0.5 mg
mixture containing 0.1 mg of all 5 chemicals elevated BPA concentrations in the lungs,
muscle, uterus, ovaries, kidneys, and blood serum. The 0.5 mg mixture also increased

natural E2 in urine at 8 h after injection.

Differences between sexes in EDC modulation of BPA and E2 concentrations

Table 1 shows the lowest dose of each chemical, administered alone or as a
mixture, that was sufficient to elevate 1*C-BPA concentrations in tissues and blood serum
of female and male mice. This table includes the impact of DEHP on dietary *C-BPA
that was assessed in another study conducted in this laboratory (Borman et al. 2017).
Table 2 shows the fold increase in **C-BPA concentrations in the uterus, epididymides,
and blood serum of mice given 1 mg of each chemical relative to vehicle controls. Only
the blood serum, uterus, and epididymides were selected for inclusion in this table, as all
four chemicals (triclosan, BP, PP, and TBBPA) produced significant effects there. Data
for DEHP are not included in this table, as 3 mg was the lowest dose studied (Borman et
al. 2017). As evidenced by data in Tables 1 and 2, EDCs have varying impacts in their

capacity to modulate BPA concentrations in vivo.
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Table 1 Lowest dose (in mg), administered via a single subcutaneous injection, that
significantly elevated concentrations of dietary **C-BPA in tissues and blood serum of

female and male mice. Blank entries indicate the highest dose assessed was ineffective.

Triclosan

+
Females Triclosan BP PP TBBPA DEHP2 TBBPAP Mixturebe
Heart 18 3
Lungs 0.6 9 3 0.1
Muscle 18 9 18 0.1
Adipose
Uterus 0.5 1 9 0.1 18 0.33 0.1
Ovaries 0.5 9 0.5 18 0.33 0.1
Liver
Kidneys 9 3
Blood Serum 0.5 9 0.5 18 0.33 0.1

Triclosan

+
Males Triclosan BP PP TBBPA DEHP2 TBBPAP Mixturebe
Heart 1
Lungs 9
Muscle
Adipose
Testes 9 3 0.33
Epididymides 2 3 1 18 0.33
Seminal Vesicles 1
Preputial Glands NAd 9
Liver
Kidneys 1
Blood Serum 0.2 3 1 9 0.33

4Data from Borman et al. (2017).

bData represents the dose of each chemical administered concurrently.
®Mixture contains triclosan, BP, PP, TBBPA, and DEHP in equal proportions.
Tissue was not assessed (NA).
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Table 2 Fold increase in **C-BPA concentrations in the uterus, epididymides, and blood
serum of mice administered 1 mg of each chemical relative to vehicle controls. All

animals were fed a peanut butter dietary supplement containing 50 pg/kg **C-BPA.

Females Triclosan BP PP TBBPA
Uterus 3.25 2.35 1.32 3.08
Blood Serum 2.33 1.67 1.34 2.19
Males

Epididymides 2.65% 1.64 1.08 2.88
Blood Serum 2.38% 1.63 1.13 2.43

4Data corresponds to 2 mg triclosan, as 1 mg triclosan was not assessed in males.
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Females were affected to a greater extent, both in terms of the variety of tissues
impacted and the doses required, than were males. This was especially evident in
peripheral tissues shared by both sexes, such as the heart, lungs, muscle, and kidneys.
Whereas effects of EDCs on BPA concentrations were observed for triclosan, BP,
TBBPA, DEHP, and the mixture of five chemicals in at least some of these tissues in
females, only TBBPA produced effects in these tissues in males. Except for the mixture
of five chemicals in males, BPA concentrations were consistently elevated by EDCs in
blood serum and reproductive organs of both sexes. As evidenced in Table 2, exposure to
1-2 mg triclosan, 1 mg BP, 1 mg PP, or 1 mg TBBPA affected blood serum of males and
females to a similar extent. In reproductive organs, however, females required lower
doses of most chemicals to achieve statistical significance relative to vehicle controls.
Elevations in 1*C-BPA concentrations in the uterus were of greater magnitude than those
in the epididymides. Comparing data between males and females given the same dose of
triclosan, BP, PP, or TBBPA may not be meaningful, as doses were given per animal
rather than per kg body weight, as done for 1*C-BPA. When doses were calculated based
on body weight, females received a higher dose than did males (see Tables 3.1, 5.1, 6.1,
and 7.1). For example, 1 mg TBBPA corresponded to an average of 32.7 mg/kg in
females but only 24.6 mg/kg in males. In addition to dose discrepancies, differences in
BPA concentrations between sexes may also be explained by receptor and metabolic
variations. The uterus and ovaries of females and epididymides of males highly express
ERa, whereas only the reproductive organs of females highly express ERP (Kuiper et al.

1997). Metabolism of BPA and other EDCs is impacted by sex- and tissue-specific
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expression of numerous UGT isoforms (Buckley and Klaassen 2007); males show faster
metabolic rates for certain chemicals, such as TBBPA (Zalko et al. 2006).

Interestingly, no statistically significant effects were observed in the liver or
adipose of either sex. Given that the liver is highly involved in metabolism of toxicants,
competition among EDCs and BPA there should permit some of the ingested BPA to
avoid conjugation (Sieli et al. 2011; Wang et al. 2004). Unconjugated BPA may deposit
in the liver to some extent, but can also enter circulation and distribute throughout tissues
of rodents (Kim et al. 2004; Chapter 2). Small lipophilic molecules such as BPA are
traditionally thought to deposit and accumulate in adipose. This was not the case for
acute studies assessing the impacts of EDCs on BPA concentrations (Chapters 3—7) nor
was it the case for daily BPA exposures up to 28 days (Chapter 2). A study in humans
detected BPA in adipose (Wang et al. 2015); however, samples were obtained from
patients undergoing liposuction surgery that may have higher exposure to BPA than the
general population (Wang et al. 2012).

Similar to BPA concentrations, EDCs modulate natural E2 concentrations in urine
of females to a greater extent than that of males. A single dose of 1 mg TBBPA or 3 mg
BP elevated urinary E2 in both female and male mice; however, the magnitude of
elevations was greater in females. Furthermore, the mixture of five chemicals only
increased E2 concentrations in urine of females. Direct comparisons between sexes
cannot be made for other chemicals, as impacts on E2 were not assessed for triclosan in
males or DEHP in either sex, and 3 mg PP showed no significant effects in either sex.

The latency of EDC actions on urinary E2 occurs up to 12 h after injection. As such,
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these findings could be attributed to disruption of estrogen metabolism and/or increased
E2 biosynthesis. Higher magnitude of effects in females could be attributed to greater
aromatase expression in the ovaries than in the testes (Golovine 2003). Aromatase
expression can also be increased in response to certain EDCs, such as TBBPA (Honkisz

and Wojtowicz 2015), leading to increased E2 output.

Implications for requlatory decision-making

The oral reference dose for BPA is 50 pg/kg/day and was last revised by the U.S.
EPA in 1988 (U.S. EPA 1988). The reference dose for BPA was derived from the lowest
observed adverse effect level (LOAEL) of 50 mg/kg/day in a two-year study (NTP 1982).
In this study, rats fed diets containing 50 or 100 mg BPA/kg bodyweight/day showed
reduced body weights relative to controls (NTP 1982). Doses below 50 mg/kg/day were
not assessed. The LOAEL was divided by an uncertainty factor of 1000, which was
meant to account for uncertainty associated with chronic exposures, sensitive
populations, and extrapolation from animal doses to humans (U.S. EPA 1988). Health
Canada established a provisional tolerable daily intake (TDI) of 25 pg/kg/day for BPA in
1996, which was later maintained in 2008 on the basis that it still provided a sufficient
margin of safety (Health Canada 2008).

Effects of BPA at doses lower than the oral reference dose prompted some
researchers to recommend updated risk assessments to reflect these more recent findings
(Vandenberg et al. 2012; vom Saal and Hughes 2005; vom Saal and Welshons 2006;

Welshons et al. 2003, 2006). While incorporating all available data is important for
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assessing risk, most of these studies still only addressed adverse health outcomes
following exposure to a single chemical. The findings of studies conducted as part of this
thesis demonstrate that toxicokinetics of one EDC can be modulated by co-exposure to
other EDCs. Effects of EDCs may be additive or synergistic, producing adverse health
outcomes at lower doses when co-exposed. Indeed, concurrent exposure to triclosan and
BPA can block intrauterine implantation of fertilized ova and disrupt pregnancy
(Crawford and deCatanzaro 2012), while concurrent exposure to BP and DEHP can
disrupt ovarian steroidogenesis, leading to attenuated E2 output (Guerra et al. 2016). It is
insufficient to solely consider studies assessing effects of a single chemical for the
purposes of assessing risk. Studies investigating effects of exposure to multiple toxicants

should be considered when conducting guantitative risk assessments.

Future directions

The experiments reported in this thesis investigated the unidirectional capacity
with which certain EDCs could modulate concentrations of dietary *C-BPA.
Measurement of radioactivity via liquid scintillation counting permitted rapid, cost-
effective quantification of BPA in blood serum and tissues of mice. Other radiolabeled
toxicants are not commercially available and must be custom synthesized at a high cost
for low quantities. Other toxicants could also be measured via GC-MS or similar
procedures at a high cost per sample, as done in Chapter 2 for unlabeled BPA. One
limitation of this thesis is that the capacity of chemical mixtures to modulate the

toxicokinetics of other constituents of the mixture was not assessed. These data would
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have been particularly interesting for experiments conducted in Chapter 7, when
triclosan, BP, PP, TBBPA, and DEHP were administered concurrently. Another
limitation of this thesis is that these experiments only examined the capacity of EDCs to
modulate concentrations of BPA at one time-point and via one route of exposure. Future
studies could more broadly investigate the potential for EDCs to modulate the
toxicokinetics of other EDCs, at various time-points and via other routes of exposure.
Given that humans are routinely exposed to many potential EDCs (U.S. EPA
2017b), more toxicological research should focus on assessing effects of exposure to
chemical mixtures. Toxicological studies examining effects of a single chemical are
particularly useful for determining each chemical’s mechanism of action. However,
studies of multiple EDCs are necessary to determine potential disruption of endocrine
functions. Given that there are over 10,000 unique chemicals included in the EDSP (U.S.
EPA 2012a, 2012b), assembling chemical mixtures to be studied may be challenging.
One approach for selecting constituents of chemical mixtures could be to use
high-throughput in vitro or in silico data to determine which EDCs are the most potent.
These data would permit researchers and risk assessors to prioritize certain chemicals for
evaluation in costly and time-consuming in vivo studies. One example of such data is the
Collaborative Estrogen Receptor Activity Prediction Project (CERAPP), which used
computational modeling to evaluate 32,464 chemicals for ER-related activity (Mansouri
etal. 2016; U.S. EPA 2017a). Of these chemicals, 4,001 were identified as high priority

actives, some of which might be candidates for further study (Mansouri et al. 2016).
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Another approach for selecting constituents of chemical mixtures could be to use
NHANES data to determine which EDCs are reliably detected, perhaps at high
concentrations, in the same individuals. Although not all potential EDCs are assessed in
NHANES, the 2011-2012 project quantified a variety of chemicals, including
environmental phenols (BPA, triclosan, and benzophenone-3), parabens (methyl, ethyl,
propyl, and butyl), phthalates and phthalate metabolites, pesticides (dichlorophenol), and
polyaromatic hydrocarbons (phenanthrene, naphthalene, fluorene, and pyrene). Many of
these chemicals are included in the EDSP universe of chemicals (U.S. EPA 2012a).
Studies of chemical mixtures that best resemble human exposures would likely be a

priority for risk assessors and regulatory agencies.

Conclusion

The data presented in this thesis provide novel insight into interactions among
EDCs, as well as their capacity to disrupt natural estrogen homeostasis. Persistently
elevated estrogenic activity can impede sexual development, perturb fertility, and
promote tumour growth. Thus, continued investigation into interactions among toxicants,
especially the adverse health outcomes of exposure to estrogenic substances, is needed.
Consideration of alternative mechanisms of estrogenic actions, such as impacts on
metabolic enzyme activity, may facilitate understanding of the endocrine-disrupting
effects of certain chemicals. Cumulative effects may redefine how we quantify and
manage risks of toxicants. It is critical that studies of multiple substances be considered

when assessing risks to humans and wildlife and determining regulatory exposure limits.
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