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Abstract

Relatively little is known about the expression, localization and regulation of rat
testicular xenobiotic-metabolizing enzymes, including cytochrome P450s (CYP) and microsomal
epoxide hydrolase (mEH), which are involved in the metabolism of xenobiotics including drugs
and toxicants, and of endobiotics such as steroid hormones and prostaglandins. Suppression or
induction of these enzymes in testis may alter the magnitude of tissue exposure to xenobiotics
and endobiotics levels. In the present study, constitutive expression of various xenobiotic-
metabolizing enzymes (Study 1) and their regulation by 17p-estradiol benzoate (EB) (Study 2)
and an endocrine disrupting chemical, bisphenol A (BPA) (Study 3), were investigated in adult
rat testis. As shown in Study 1, immunoblot analysis of testicular microsomes prepared from
untreated rats revealed the presence of CYP1B1, CYP2Al, CYP17A1l, NADPH-cytochrome
P450 reductase (POR) and mEH, and absence of CYP1Al, CYP1A2, CYP2B1, CYP2EL,
CYP2D1, CYP2D2, CYP2C6, CYP2C7, CYP2C11, CYP2C12, CYP2C13, CYP3AL, CYP3A2,
CYP4Al, CYP4A2 and CYP4A3. Immunohistochemical analysis of tissue sections prepared
from frozen testis indicated that CYP1B1, CYP2A1 and CYP17A1 were localized in interstitial
cells, but not in seminiferous tubules, whereas mEH and POR were localized in both interstitial
cells and in seminiferous tubules. In Study 2, subcutaneous (sc) treatment of EB at 0.004, 0.04,
0.4 or 4 umol/kg once daily for 14 days suppressed testicular expression of CYP1B1, CYP2Al
and CYP17A1 at each of the dosages tested. EB also suppressed mEH and POR protein
expression at dosages > 0.04 umol/kg. In Study 3, administration of BPA at 400, 800 or 1600
umol/kg sc once daily for 14 days decreased testicular CYP1B1, CYP2A1, CYP17Al1, mEH and
POR protein expression at each of the dosages tested. EB and BPA did not produce a general

down-regulation of testicular protein expression because neither of these chemicals decreased
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calnexin protein (endoplasmic reticulum marker) levels. In summary, CYP1B1, CYP2Al,
CYP17Al1, mEH and POR were detected in rat testis and their expression was confined to
interstitial cells (CYP1B1, CYP2A1, CYP17Al, mEH and POR) and seminiferous tubules (mEH
and POR). Constitutive expression of these rat testicular enzymes was suppressed by exogenous

administration of 17p-estradiol and BPA.
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1. Introduction

Cytochrome P450 (CYP) enzymes are a large superfamily of enzymes involved in the
oxidative biotransformation of a variety of xenobiotics (foreign compounds) such as drugs and
environmental chemicals, and of endogenous compounds such as steroids and prostaglandins.
CYP enzymes function to structurally modify lipophilic substrates into more water soluble forms
and thereby enhancing their elimination from the body. In rats and other mammals, CYP
enzymes are highly expressed in liver and relatively expressed at much lower levels in
extrahepatic tissues including testis (Guengerich et al., 2006).

Testis is the male reproductive organ involved in the production of sex hormones and
spermatogenic cells. The expression and regulation of CYP enzymes in the testis is important,
because changes in CYP expression could indirectly disturb testicular functions. For example,
suppression of CYP expression in testis could lead to accumulation of drugs and endogenous
compounds within the testis and may cause testicular toxicity (Park et al., 1981). To date, only a
few CYP enzymes (CYP1B1, CYP2A1 and CYP2E1) have been reported to be present in rat
testis. As far as | am aware, no comprehensive study has been carried out on the expression of
other CYP enzymes in testis including those that are known to be highly expressed in the rat
liver (Seng et al., 1991; Jiang et al., 1998; Lee et al., 1980; Otto et al., 1992; Leung et al., 2009;
Sonderfan et al., 1989). Thus, the first study in this thesis was aimed at characterizing CYP
expression in rat testis using immunochemical methods.

The second study in this thesis is an extension of a previous study from our laboratory
(Leung et al., 2009). In this earlier work, exogenous administration of 17p-estradiol benzoate at
1.5 mg/kg for 14 days decreased CYP1B1 expression in Sprague-Dawley rat testis. The

experiments were designed to investigate the effect of treatment with varying dosages of 17f-
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estradiol benzoate on CYP expression and to determine the minimum dose that is required to
produce a suppressive effect on the expression of CYP1B1 and other drug metabolizing enzymes
in Sprague-Dawley rat testis.

There is a growing body of evidence suggest that human exposure to endocrine
disrupting chemicals and in particular to estrogenic compounds (xenoestrogens), may cause
reproductive abnormalities such as infertility and reduced sperm production (Vandenberg et al.,
2007). Bisphenol A (BPA) is a xenoestrogen that is widely used in the synthesis of plastics and
human exposure is common. BPA has been detected in approximately 95% of the US population
tested in their urine (Calafat et al., 2005). Due to the estrogenic nature of BPA, BPA may
produce similar effects on expression of testicular CYP enzymes as was observed with 173-
estradiol benzoate. The third study in this thesis was designed to investigate the effect of BPA at
varying dosages on testicular expression of CYP and other metabolizing enzymes in male
Sprague-Dawley rats.

As an introduction to the work described in this thesis, | will review the organization of
testis, the hormonal regulation of testicular function, and provide a current review on the
presence of xenobiotic-metabolizing enzymes in rat testis and their regulation by hormones. |
will also summarize the physiological role of estrogens in men and their role in regulation of
drug metabolizing enzymes. Finally, | will present an overview of the endocrine-disrupting

activity of BPA.



1.1 Organization of the Mammalian Testis

The testis plays an important role in the production of sperm and sex hormones including
testosterone and 17f-estradiol. Each testis is covered by a fibrous capsule of connective tissue
called tunica albugenia (Figure 1.1A). A cross-section of testis shows two major compartments,
the seminiferous tubules and the interstitium (Russell et al., 1990) (Figure 1.1B). The space
between the tubules is called the interstitium. The majority of cells present in the interstitial
space are Leydig cells. In general, there are three different populations of Leydig cells
(progenitor, immature and adult Leydig cells) present in adult rat testis. Among these, adult
Leydig cells are the predominant population. They are morphologically identified as round in
shape and contain a larger amount of smooth endoplasmic reticulum with few or no lipid
droplets when compared to immature and progenitor Leydig cells (Figure 1.1C). Lipid droplets
are characteristic of immature Leydig cells and are useful markers to identify Leydig cells from
other interstitial cells in immunohistochemical experiments. Leydig cells are the predominate site
for the de novo synthesis of steroid hormones, in particular, testosterone and estrogens, which are
essential for the maintenance of reproductive functions and male sexual characteristics (Roberts
and Zirkin, 1991).

Besides Leydig cells, the interstitium also contains blood capillaries, lymphatic vessels
and various immune cells such as macrophages, lymphocytes and mast cells. For this reason, the
interstitium acts as a first line immune-barrier that provides protection to the testis against the
pathogens in the bloodstream (Li et al., 2012).

The seminiferous tubule is another important compartment in the testis (Figure 1.1B).
The seminiferous tubules are the primary sites where production of germ cells takes place by the

process of spermatogenesis. Spermatogenesis is a complex and organized process. It involves 14



different steps, starting with spermatogonia at the basal germinal epithelium to formation of
mature sperm and released into the lumen. The whole process takes 40 to 60 days in rat (Russell
et al., 1990). Seminiferous tubules are highly convoluted and each tubule originates and ends at
the rete testis, which forms a duct system that connects to the epididymis (Figure 1.1). The outer
layer of the tubule is bound by lymphatic epithelium and peritubular myloid cells (Skinner et al.,
1991). This outer layer forms a basement membrane for the columnar Sertoli cells and the basal
germinal epithelium (Russell et al., 1990).

Sertoli cells have several functions in the testis. First, Sertoli cells are secretory cells and
responsible for the fluid filled tubular lumen (Skinner et al., 1991). Second, Sertoli cells act as
nursing cells and provide physical and nutritional support for spermatogenic cell development
(Vogl, 1988). Third, Sertoli cells form tight junctions with adjacent Sertoli cells. These tight
junctions are called the “blood-testis barrier” and form a physical barrier that protects
spermatogenic cells from exposure to xenobiotics and pathogens (Vogl et al., 1991; Skinner et
al., 1991; Russell et al., 1990). Finally, Sertoli cells are directly associated with the initial four

cycles of the spermatogenesis process (Russell et al., 1990).
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1.2 Hormonal Regulation of Testicular Functions

The functions of the testis, namely steroidogenesis and spermatogenesis, are regulated by
various hormones such as pituitary, hypothalamus and sex hormones. Together, these hormones
form a complex interdependent loop known as the hypothalamo-pituitary-testicular (HPT) axis
(Weinbauer and Nieschlag, 1995, de Krester, 1987). It starts with the production of hypothalamic
GnRH that regulates the secretion of gonadotropins, including LH and FSH, from the anterior
pituitary gland. In turn, LH acts on testis, in particular, on Leydig cells and stimulates the
synthesis and secretion of steroid hormones, testosterone and 17p-estradiol. Both of these two
hormones in turn regulate the release of GnRH from hypothalamus, and LH and FSH from the
pituitary through feedback inhibition mechanisms (Figure 1.2) (Weinbauer and Nieschlag, 1995;

de Krester, 1987).
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Figure 1.2  The hypothalamo-pituitary-testicular axis. Release of GnRH from the
hypothalamus activates the pituitary secretion of gonadotropins, LH and FSH, which act on the
testis and activate the production of testicular hormones (testosterone, estradiol and inhibin),
which in turn produce feedback inhibition at the pituitary and hypothalamus (adapted from
Weinbauer and Nieschlag, 1995).




The process of steroidogenesis is directly regulated by LH and 17B-estradiol. LH is a
positive regulatory hormone. It increases the synthesis of androgens, such as testosterone and
androstenedione, in Leydig cells by acting through LH receptors (Leung and Steele, 1992;
Roberts and Zirkin, 1991). In contrast, 17p-estradiol is a negative regulatory hormone. It reduces
androgen production in the Leydig cells by acting through estrogen receptors. Exogenous
administration of 17p-estradiol decreased serum testosterone levels in male hypophysectomized
(pituitary gland is removed) rats (Brinkmann et al., 1980). Also, studies with estrogen receptor-
knockout male mice confirmed that 17p-estradiol has direct effects on the testis and these effects
are mediated via estrogen receptors in the testis (Walker and Korach, 2004).

The process of spermatogenesis is regulated by testosterone, 17p-estradiol and FSH. 17p-
Estradiol exerts its effects on spermatogenic cells by acting through estrogen receptors, whereas
testosterone and FSH exert their effects by acting on Sertoli cell through androgen and FSH
receptors, respectively (de Krester, 1987). Activation of Sertoli cells by FSH causes the cells to
secrete a polypeptide hormone, inhibin, which in turn regulates the release of FSH from the
pituitary by feedback mechanism (Weinbauer and Nieschlag, 1995).

Taken together, 17p-estradiol could regulate the physiological functions of the testis by
acting directly on the testis through estrogen receptors or indirectly by affecting the
hypothalamo-pituitary-testicular axis. This suggests that exogenous administration of 17p-
estradiol or endocrine disrupting chemical such as BPA, could perturb the hypothalamo-
pituitary-testicular axis or exert directly on the testis through estrogen receptors, and thereby

cause reproductive abnormalities.



1.3 Xenobiotic-Metabolizing Enzymes

The xenobiotic-metabolizing enzymes are a diverse group of proteins that are involved in
the metabolism of a wide variety of xenobiotic (foreign) compounds including drugs,
environmental chemicals, and endogenous compounds such as cholesterol, steroid hormones and
prostaglandins. Based on the type of metabolism, these enzymes are divided into two groups,
Phase | and Phase II. Phase | enzymes typically catalyze oxidation, reduction and hydrolysis
reactions. The end products of these reactions have a modified chemical structure, when
compared with the parent compound, with an addition or removal of small functional groups
such as hydroxyl (-OH), methyl (-CHs) and carboxyl (-COOH) groups. Phase | category
enzymes include CYP, epoxide hydrolase (EH), flavin monooxygenase and other oxidative
enzymes.

Phase Il metabolism includes several types of conjugation reactions such as
glucuronidation, sulfation, and glutathione and amino acid conjugation, in which substrates
(including end products of Phase | metabolism) undergo addition of endogenous small molecules
as a conjugate and become more water soluble. The conjugative enzyme families include the
uridine 5"-diphospho-glycosyltransferases, glutathione S-transferases, sulfotransferases and N-
acetyltransferases (Guengirich 2009).

Among the Phase | and Phase Il enzymes, cytochrome P450 are the most important
xenobiotic-metabolizing enzymes, due to their versatile nature of their catalytic activity and their
broad range of substrate specificity (Guengirich 2009). To date, nearly 75% of the marketed

drugs are metabolized by CYP enzymes.



1.3.1 Cytochrome P450 Enzymes

All the CYP enzymes contain a heme prosthetic group (protoporphyrin IX) that is
attached to a single polypeptide chain (apoprotein) consisting of approximately 500 amino acids.
The iron atom in the heme prostetic group forms as a part of catalytic site of the CYP enzymes.
In the reduced state, the iron atom of the heme prosthetic group produces a unique spectrum with
maximum absorption at 450 nm when co-incubated with carbon monoxide. For this reason, the
enzymes were named as cytochrome P450 (“P” for pigment and 450 nm is wavelength) (Omura
and Sato, 1964).

CYP enzymes have been characterized in bacteria, fungi, plants, insects, birds and
mammals. In mammals, CYP enzymes are highly expressed in liver but are also found in
extrahepatic tissues including kidney, intestine, brain, lung, skin, adrenal, heart and gonads
(Pavek and Dvorak, 2008). At the cellular level, these enzymes are localized predominantly on
the smooth endoplasmic reticulum and to a lesser extent in mitochondria of mammalian cells
(Omura, 2006).

To date, 57 CYP enzymes have been identified in humans and 83 CYP enzymes have
been identified in rats. Based on amino acid sequence homology, the CYP enzymes have been
classified into 18 families and 43 subfamilies. CYP enzymes that share more than 40% amino
acid sequence homology are grouped into the same family, designated by an Arabic numeral
(e.g., CYPL, CYP2 and CYP3). Within a family, CYP enzymes that share more than 55% amino
acid sequence homology are grouped into the same subfamily, designated by a capital letter (e.g.,
CYP1A, CYP2B and CYP3A). The last number represents an individual enzyme within the

subfamily (e.g., CYP1AL) (Hasler, 1999; Hoffman et al., 2001; Nelson et al., 2004).



Hepatic CYP enzymes belonging to families 1, 2, and 3 are involved mainly in the
metabolism of xenobiotics including drugs, carcinogens and procarcinogens, and endobiotics like
steroid hormones and fatty acids (Table 1.1). Within these families, CYP1A, CYP2A, CYP2B,
CYP2C, CYP2D, CYP2E, CYP3A, subfamilies have been identified as major CYP enzymes

responsible for xenobiotic metabolism in the liver (Nelson et al., 1993; Sutter et al., 1994).

Table 1.1 List of CYP enzymes that belongs to CYP1, CYP2 and CYP3 family in humans
and rats (modified from Martignoni et al., 2006).

Family  Subfamily Human Rat
CYP1 A 1A1, 1A2 1A1, 1A2
B 1B1 1B1
CYpP2 A 2A6, 2A7, 2A13 2A1, 2A2, 2A3
B 2B6 2B1, 2B2, 2B3
C 2C8. 2C9. 2C19 gggs 2C7, 2C11, 2C12, 2C13, 2C22,
D 2D6 2D1, 2D2, 2D3, 2D4, 2D5, 2D18
E 2E1 2E1
CYP3 A 3A4, 3A5, 3A7, 3A43 3A1, 3A2, 3A9, 3A18, 3A62

1.3.1.1 Testicular Steroidogenic CYP Enzymes

The testis contains two types of CYP enzymes, steroidogenic CYP enzymes and the
xenobiotic-metabolizing CYP enzymes (Leung et al., 2009). The steroidogenic CYP enzymes are
responsible for the biosynthesis of testosterone and 17p3-estradiol in the testis (Shan et al., 1993)
using cholesterol as a starting material. These steroidogenic enzymes include CYP11Al
(cholesterol-side chain cleavage), CYP17Al (17, 20 lyase) and CYP19A1 (reviewed in
Sanderson, 2006; Payne and Hales, 2004). Hydroxysteroid dehydrogenase enzymes (HSD) are

not CYP enzymes, but are actively involved in the steroidogenesis. Leydig cells are the primary
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site for the de novo synthesis of steroids and also for the expression of steroidogenic CYP and
HSD enzymes. The steps involved in steroidogenic pathway have been clearly illustrated in
Figure 1.3.

CYP11ALl is primarily localized in the mitochondria, but not in the smooth endoplasmic
reticulum, where most of CYP enzymes are expressed. CYP11Al expression in the testis is
limited to Leydig cells only. CYP11ALl is involved in the conversion of cholesterol into
pregnenolone, which is a rate limiting and first step in the biosynthesis of steroids (Miller, 1988;
Sanderson, 2006; Payne and Hales, 2004; Guo et al., 2007) (Figure 1.3).

The HSD enzymes including 3p- and 17p-HSD are the most important enzymes in the
steroidogenesis process. 3p-HSD is involved in the conversion of pregnenolone to progesterone
(Figure 1.3). In rats, 4 different isoforms of 33-HSD (33-HSD1-4) are detected at mMRNA level
and their expression pattern is tissue specific (Simard et al., 1993). In the adrenal and ovary, all
forms of 33-HSD are found except 3p-HSD-3. In the testis, 3p-HSD-1&2 are detected (33-HSD-
1 is predominant), but not 3-HSD-3&4. In the testis, 3-HSD enzymes are primarily localized
in the Leydig cells (Simard et al., 1993; Payne and Hales, 2004). For this reason, 33-HSD protein
is used as a Leydig cell marker in the various histochemical experiments.

CYP17A1 is one of the critical enzymes in the steroidogenesis process. Functionally,
CYP17ALl involved in the catalysis of two reactions, 17a-hydroxylation of the C21 steroids,
pregnenolone or progesterone, followed by the cleavage of the C17-20 bond to produce the C19
steroids, dehydroepiandrosterone or androstenedione, respectively (Figure 1.3) (Fevold et al.,
1989; Nakajin et al., 1981; Payne and Hales, 2004). The weak androgen androstenedione is
further converted to testosterone by 17B-HSD. Further, testosterone and androstenediones are

converted into 17p-estradiol and estrone, respectively, in the presence of CYP19A1 (aromatase).
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In humans and rodents, CYP19A1 is predominantly expressed in adipose and brain and to a
lesser extent in skin, liver, testis and other organs (Yanase et al., 2001; Zhao et al., 2005). In rat

testis, it is expressed in all cell types including spermatogenic, Sertoli and Leydig cells (Levallet

etal., 1998).
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Figure 1.3  Schematic representation of various steps catalyzed by steroidogenic cytochrome P450 and hydroxysteroid dehydrogenase
enzymes in the biosynthesis of steroid hormones in the testis (modified from Payne and Hales, 2004). Steroidogenic enzymes are
highlighted in boxes and their respective reactions are denoted with similar color arrows.
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1.3.1.2 CYP Enzymes Involved in the Xenobiotic Metabolism

Little is known about the expression and physiological functions of Xxenobiotic-
metabolizing CYP enzymes that are present in the testis. Gene expression profiling of mouse and
human testicular tissue has shown the presence of several CYP mRNA transcripts such as
CYP1A1, CYP1B1, CYP2EL, CYP2R1, CYP2S1 and CYP2W1 (Choudhary et al., 2003; Bieche
et al., 2007), but the translation of these mMRNA transcripts into functional proteins has not been
described. Other studies reported the presence of CYP1B1, CYP2A1l and CYP2E1 mRNA and
protein in rat Leydig cells (Seng et al., 1991; Jiang et al., 1998; Lee et al., 1980; Otto et al., 2001;

Leung et al., 2009; Sonderfan et al., 1989). Further details of these enzymes are given below.

1.3.1.21  CYP1B Subfamily

In rats and humans, CYP1BL1 is the only reported member of the CYP1B subfamily.
CYP1BL1 is an extrahepatic CYP enzyme, highly expressed in steroidogenic tissues such as
adrenal, testes and ovary (Walker et al., 1995, Otto et al., 1992), and is expressed to a lesser
extent in steroid-responsive tissues, such as the breast, uterus and prostate (Bhattacharyya et al.,
1995; Brake et al., 1999; Sutter et al., 1994). In human liver, only CYP1B1 mRNA was observed
with no detectable levels of protein (Chang et al., 2003). Recent research reports suggest that
CYP1BL1 is up regulated in a variety of human cancers including breast, colon, lung, esophagus,
skin and brain (Gajjar et al., 1994).

To date, there is no information on the physiological role of CYP1B1 in testis.
Recombinant human CYP1BL1 is reported to catalyze the oxidation of various xenobiotics, such
as ethoxyresorufin, theophylline, caffeine and bufuoralol to their respective oxidative

metabolites, in vitro (Shimada et al., 1997). CYP1B1 can participate in the bioactivation of
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environmental procarcinogens such as benzo[a]pyrene to genotoxic metabolites and can play a
role in the testicular toxicity (Shimada et al., 1996, Archibong, 2008).

The expression of CYP1B1 in reproductive tissues is under complex endocrine
regulation. A study by Leung et al. (2009) revealed that testicular CYP1B1 protein expression is
developmentally and hormonally regulated in male rats. The highest expression was observed in
adult rats compared to pubertal and prepubertal rats. Testicular CYP1B1 expression was
positively regulated by pituitary hormones and negatively regulated by 17B-estradiol.
Hypophysectomy of male rats decreased testicular CYP1B1 expression by 90%, when compared
with intact and untreated male rats. Further, CYP1B1 levels were restored in hypophysectomized
rats following treatment with pituitary hormones, LH, FSH and prolactin. Maximum restoration
was observed with mixture of LH, FSH and prolactin than LH alone (Leung et al., 2009). More
recently, mechanism-based studies with MA-10 mouse Leydig cells and R2C rat Leydig cells
revealed that CYP1B1 induction by LH is concentration- and time-dependent, and mediated by

protein kinase A, but not by protein kinase C and G (Deb and Bandiera, 2011).

1.3.1.22 CYP2A Subfamily

The CYP2A subfamily includes three enzymes CYP2A6, CYP2A7 and CYP2A13 in
humans. Among these, CYP2AG is catalytically active in the metabolism of xenobiotics such as
coumarin, nicotine, cyclophosphamide and aflatoxin B1 (Guengerich, 1997). CYP2AG6 is highly
expressed in liver and its protein level accounts for up to ~4% of total hepatic CYP content
(Honkakoski and Negishi, 1997). In contrast, CYP2A7 and CYP2A13 expression levels are low

in liver. CYP2AL13 is predominantly expressed in the respiratory tract and plays a role in the
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bioactivation of aflatoxin B1 to carcinogenic metabolites (He et al., 2006; Martignoni et al.,
2006).

The CYP2A subfamily consists of three members CYP2A1, CYP2A2 and CYP2A3 in
rats. CYP2A1 and CYP2A2 are predominantly expressed in the liver, but their expression is
gender dependent, CYP2A1 and CYP2A2 are female and male dominant isoforms, respectively.
CYP2AL1 catalyzes the metabolism of testosterone to a 7a-hydroxylated metabolite. This reaction
is characteristic and is used as a catalytic marker for CYP2AL1 in rat hepatic microsomes (Ryan
and Levin, 1993). CYP2A2 is involved in the biotransformation of testosterone to 7a-, 16a-, 6f-
and predominantly 15a-hydroxylated metabolites.

CYP2A1 expression in rat liver is hormonally and developmentally regulated. Its highest
expression was observed at the prepubertal stage in both male and female rats, but CYP2A1l
protein levels gradually declined by approximately 50% in adult male rats, but not in adult
female rats (Waxman et al., 1985). Hormonal regulation of CYP2AL in rat liver is quite
complex. Studies with hypophysectomized animals revealed that hepatic expression of CYP2A1
is under the suppressive control of pituitary hormones in the adult male rats (Waxman et al.,
1989a). Hypophysectomy of adult rats resulted in elevated hepatic levels of CYP2AL in males,
but no effect was observed in females. Expression levels were increased in hypophysectomized
rats after administration of GH in a female specific secretion pattern, but expression levels were
reduced with administration of GH in a male specific secretion pattern (Waxman et al., 1989a;
Waxman and Chang, 1995). This could be a plausible reason for the gender-dependent
expression of CYP2A enzymes in rat liver. Neonatally castrated rats had increased hepatic-
expression of CYP2A1 level, but expression was reduced to normal levels after treatment with

testosterone. Conversely, estradiol treatment restored expression levels of CYP2AL in
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ovariectomized adult female rats, in which hepatic expression was decreased (Waxman et al.,
1989a). This suggests that hepatic expression of CYP2AL1 is negatively regulated by testosterone
in male rats, but positively regulated by estrogens in female rats.

Little is known about CYP2AL expression in rat testis. Sonderfan et al., (1989) first
reported the presence of CYP2AL in rat testis microsomes. Later in 1991, Seng and coworkers
reported that CYP2A1 was localized in the Leydig cells, and played an important role in the
metabolism of testosterone. It is not known, however, whether, if the CYP2A1 expression in rat

testis is regulated by hormones or affected by exposure to endocrine disrupting chemicals.

1.3.1.2.3  CYP2E Subfamily

CYP2EL1 is the only gene of the CYP2E subfamily in rats and humans. It is constitutively
expressed in liver and other extrahepatic tissues such as lung, intestine and other organs
(Martignoni et al., 2006). CYP2E1 was initially designated as the “membrane-bound ethanol-
oxidizing enzyme” due to its role in the metabolism of ethanol (Lierber et al., 1970). CYP2EL1 is
thought to play an important role in the conversion of acetone to acetol. Acetol is further
converted to glucose through the gluconeogenesis pathway (Koop and Casazza, 1985). However,
studies on Cyp2el-null mice have shown that CYP2E1l is not required for mammalian
development and physiological homeostasis (Lee at al., 1996).

CYP2E1 has been extensively studied because of its pivotal role in the metabolism of
toxic xenobiotics such as acetaminophen, azoxymethane and low molecular weight organic
compounds including, aniline, acrylamide, benzene, butanol and carbon tetrachloride

(Guengerich et al., 1991). For example, hepatic CYP2E1 mediated metabolism of acetaminophen
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and azoxymethane produce reactive intermediates that cause hepatotoxicity and colon cancer,
respectively (Jollow et al., 1973, Shone et al., 1991).

Due to the role of CYP2E1L in the bioactivation of toxic chemicals, it is important to
investigate the presence of CYP2EL in reproductive tissues. Little is known about the CYP2E1
expression in gonadal tissues. To date, only one study (Jiang et al., 1998) reported the presence

of CYP2EL1 at the mRNA and protein level in rat testis.

1.3.1.2.4 NADPH-Cytochrome P450 Oxidoreductase

NADPH-cytochrome P450 oxidoreductase (POR) is a membrane bound protein
expressed in the endoplasmic reticulum of all eukaryotic cells (Porter, 1991). In mammals, POR
is expressed in all tissues that have been tested, with the highest expression in liver (Ram and
Waxman 1992). POR is not involved in the metabolism of xenobiotics or endogenous hormones,
but it is an obligatory partner for CYP enzymes, including both steroidogenic and xenobiotic-
metabolizing CYP enzymes.

CYP enzymes convert lipophilic compounds to more water soluble metabolites by
addition of one oxygen atom. In order to carry out this catalytic reaction, CYP enzymes require
electrons from NADPH. However, microsomal CYP enzymes are not capable of receiving the
electrons directly from NADPH. CYP enzymes receive electrons via POR. As shown Figure 1.4,
POR contains two subunits, a flavin adenine dinucleotide (FAD) and a flavin mononucleotide
(FMN) (Porter and Kasper, 1985; Wang et al., 1997; Tee et al., 2011). Initially, the FAD moiety
receives electrons from the reduced form of NADPH and transfers the electrons to the FMN.

FMN then transfers the electrons to CYP enzymes. In this manner, POR participates and acts as
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Figure 1.4 Diagrammatic representation of the function of NADPH-cytochrome P450 oxidoreductase (POR). Electrons flow
from the reduced form of nicotinamide adenine dinucleotide phosphate (NADPH+H") to the flavin adenine dinucleotide (FAD)
moiety of POR, which is bound to the endoplasmic reticulum membrane. The FAD moiety undergoes conformational changes and
transfers the electrons to flavin mononucleotide (FMN). These electrons are essential for the catalytic activity of cytochrome P450
(CYP) enzymes, which convert lipophilic compounds (xenobiotics) to more water soluble metabolites by addition of an oxygen
atom (modified from Teen et al ., 2011).
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rate limiting factor in CYP-mediated catalytic activity. POR also serves as a cofactor for several
non-P450 enzymes, including heme oxygenase (Wilks et al., 1995), and fatty acid elongase (llan
et al., 1981). In rats, POR is highly expressed in liver, and, to a lesser extent in extrahepatic
tissues such as kidney, lung, adrenal and testis. POR expression in these tissues is regulated
mainly by the pituitary hormones (Waxman et al.,, 1989b; Ram and Waxman 1992).
Hypophysectomy of adult male rats resulted in decreased hepatic expression of POR by 85%,
when compared with intact male rats. Expression levels of POR in hypophysectomised rats were
restored to normal levels after treatment with thyroxin, and to a lesser extent with
Adrenocorticotropic hormone (Waxman et al., 1989b). In the same study, administration of
human chorionic gonadotropin to hypophysectomised rats had no effect on the reduced levels of
POR. Hypophysectomy decreased expression and activities of POR in kidney, lung, adrenal and
testis (Ram and Waxman 1992). This decrease in POR expression was restored to normal levels
in kidney, lung, adrenal, but not in testis, after administration of thyroxin to hypophysectomized
rats (Ram and Waxman 1992). No published reports are available on effect of steroid hormones

or of endocrine disrupting chemicals on the expression of POR in adult male rat testis.

1.3.2 Epoxide Hydrolase

Epoxide hydrolase (EH) is an important xenobiotic-metabolizing enzyme that is involved
in the hydrolysis of epoxides. Several forms of EH are present in mammals including cholesterol
EH, hepoxilin A; EH, leukotriene A4 EH, soluble EH (sEH) and microsomal EH (mEH). Among
these, microsomal EH (mEH) has been studied extensively due to its potential role in the

detoxification of drugs and environmental compounds (Arnand et al., 2005; Decker et al., 2009).
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In contrast, SEH and cholesterol EH are involved in the hydrolysis of endogenous compounds
such as cholesterol and unsaturated fatty acids (Decker et al., 2009).

In rats and humans, mEH is highly expressed in liver and is present at relatively low
levels in other extrahepatic tissues including intestine, lung, kidney and testis (Oesh et al., 1977,
de Waziers et al., 1990). mEH catalyzes the hydrolysis of epoxides to corresponding trans-
dihydrodiols, using water as a cofactor (Armstrong 1987; Oesch et al., 2000; Arand et al., 2005).
In general, epoxides that are formed during the metabolism of xenobiotics and endogenous
compounds and are highly unstable and often lead to the formation of reactive intermediates.
Due to their unstable nature, epoxides tend to react with nucleophilic cellular components such
as DNA, and produce localized tissue toxicity and mutagenesis resulting in cancer (Oesch et al.,
2000). For this reason, mEH is an important enzyme in the detoxification of reactive epoxide
intermediates that are produced via CYP enzymes. For example, oxidative metabolism of
styrene, an industrial chemical, by various hepatic CYP enzymes produce styrene-7,8-oxide,
which is a genotoxic epoxide metabolite. mEH catalyzes the hydrolysis of genotoxic styrene-7,8-
oxide to a less toxic metabolite, called phenyl glycol (Sumner and Fennell, 1994; Decker et al.,
2009). In this way, mEH acts as a detoxifying enzyme. In another example (Figure 1.5), CYP
mediated metabolism of benzo[a]pyrene, a polycyclic aryl hydrocarbon chemical, produces
optically active toxic epoxides (benzo[a]pyrene-7,8-oxide), which undergo hydrolysis to less

toxic dihydrodiols (benzo[a]pyrene-7,8-dihydrodiol) by mEH.
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Figure 1.5 Schematic representation of the interplay of testicular CYP enzymes and EH in the bioactivation of benzo[a]pyrene

(Levin et al., 1982).



mEH is expressed in interstitial cells and spermatogenic cells in rat testis (Ishii-Ohba et
al., 1984; Mukhtar et al 1978). Based on the reported catalytic activity studies using microsomes,
it is presumed that predominant expression could be in spermatogenic cells (Lee at al., 1980).

mEH expression levels are developmentally regulated in rat testis as mEH catalytic
activity levels increased from the prepubertal stage to the onset of puberty (45 days of age)
(Mukhtar et al., 1978). It has been reported that testicular mEH is regulated by pituitary and
gonadal hormones (Lee et al., 1980). Hypophysectomy of adult male rats decreased mEH
activity in testicular micrososmes, but activity levels were restored to normal in microsomes
prepared from LH-, FSH- and testosterone-treated hypophysectomized rats (Lee et al., 1980).
The effect of 17p-estradiol and estrogen-mimicking compounds such as Bisphenol A on

testicular mEH expression in intact male rats has not been explored.
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1.4 Overview of Estrogens

Estrogens are well recognized as female sex hormones. They are also found in men at
circulating levels that are higher than those in postmenopausal women (Janssen et al., 1998).
There are three forms of circulating estrogens, 17p-estradiol, estrone and estriol. Although all
three forms are biologically active, 17p-estradiol has highest affinity for estrogen receptors
(Weichman and Notides, 1980). Circulating levels of 17p-estradiol in men mostly (75-90%) arise
from brain and adipose tissue. A smaller extent (10-25%) is produced in the testes (Levine et al.,
1997). Estrogens are synthesized from androstenedione and testosterone, in the presence of
CYP19A1 (aromatase). In humans and rodents, CYP19A1 is predominantly expressed in adipose
tissues and brain, and to a lesser extent in the skin, liver, bone, ovary, placenta, testis and other
organs (Yanase et al., 2001; Zhao et al., 2005). The biosynthesis of estrogens is shown in Figure

1.6.
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Figure 1.6  Synthesis of estrogens. The circulating androgens, androstenedione and testosterone, are converted to estrone and 17f-
estradiol, respectively, in the presence of CYP19A1 (modified from Payne and Hales, 2004). Abbreviations: 173-HSD, 17p-hydroxysteroid
dehydrogenase; 33-HSD, 3B-hydroxystroid dehydrogenase; CYP19A1, cytochrome P450 19A1.
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1.4.1 Physiological Functions of Estrogens

Estrogens have pronounced role in various physiological functions in men such as
maintenance of bone health, cardiovascular function and neuroendocrinal functions (Rochera et
al., 2007; Sader and Gillies and McArthur, 2010). Estrogens are essential for normal bone
growth. Men with congenital aromatase deficiency or low levels of 17f-estradiol shown to
exhibit delayed bone maturation, continued and linear growth of bone, reduced mineralization of
bone and osteoporosis (Rochera et al., 2007). It has been reported that these men suffer from
metabolic syndrome disorder, which includes deposition of abdominal fat and insulin resistance
(Maffei et al., 2004; Rochira et al., 2007). Treatment with exogenous 17p-estradiol improves
bone health and glycemic control in these patients. Abnormalities those observed in men with
congenital aromatase deficiency were observed in aromatase gene knock-out mice (Fischer et al.,
1998; Murata et al., 2002).

Estrogens also play a role in spermatogenesis process. Men with congenital aromatase
deficiency and estrogen receptor gene knock-out mice have small testis and a great reduction in
sperm count and quality (reviewed in Akingbemi, 2005). This indicates that 17pB-estradiol is
essential for the normal development and functional maintenance of male reproductive organs.

Most of the effects of 173-estradiol are mediated through estrogen receptors (ERs). There
are two forms of ERs, ERa and ERp. These two forms belong to the steroidal nuclear receptor
family and are localized in cytosol. In rats, ERs are expressed in liver, brain, testis and other
tissues (Fischer et al., 1984; Azcoitia et al., 1999, Pelletier et al., 2000; Perez et al., 2003). In the
testis, ERa is mainly localized to Leydig cells and ERp is localized to Sertoli and spermatogenic

cells (Fisher et al., 1997; Saunders et al., 1998; Pelletier et al., 2000; Bois et al., 2010). Some
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studies also reported the presence of ERa in Sertoli and spermatogenic cells and ERp in Leydig

cells (Nakamura et al., 2010; Lucas et al., 2008).

1.4.2 Biotransformation of Estrogens

17B-Estradiol is mainly metabolized in the liver and to smaller extent in extrahepatic
tissues to water-soluble metabolites. 17f3-Estradiol is metabolized by two pathways; oxidation
and conjugation. In the conjugation pathway, 17p-estradiol or its metabolites undergoes
conjugation with sulfate and glucuronic acid to produce hydrophilic conjugates. Circulating 17p-
estradiol is always in dynamic equilibrium with estrone, thus estrone sulfate is the major
metabolite of 17p-estradiol that excreted in the urine (Tsuchiya et al., 2005).

Another major pathway of 17p-estradiol metabolism is oxidation (Figure 1.6). Studies by
Lee et al. (2001 and 2002) revealed that 2- and 4-hydroxyestradiols are the major oxidative
metabolites of 17p-estradiol after incubation with human hepatic microsomes. Similar results
were also observed with extrahepatic tissue homogenates, such as brain, pituitary and human

fetus (Ball and Knuppen, 1978).
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Figure 1.7  Schematic representation of various metabolic pathways of 17p-estradiol. 17p-Estradiol can be metabolized to 2- and 4-

hydroxyestradiol, which is further metabolized to 2- and 4-methoxyestradiol, respectively, by catechol-O-methyl transferases (COMT). To a
minor extent, 2- and 4-hydroxy metabolites can undergo redox cycling and produces reactive semiquinones and oxygen free radicals, which

cause DNA damage and localized tissue toxicity (adapted from Tsuchiya et al., 2005).
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A study by Lee et al. (2003) characterized the CYP enzymes responsible for the oxidative
metabolism of estradiol in the human liver microsomes and suggested that CYP1Al, CYP1AZ2,
CYP2A6, CYP2B6, CYP2C8, CYP2C9, CYP2C19 and CYP3A4 are mainly responsible for the
formation of the 2-hydroxy metabolite, whereas CYP1B1 is primarily responsible for the
formation of the 4-hydroxy metabolite (Lee et al 2003; Hayes et al., 1996).

These two metabolites are further converted to 2- and 4-methoxyestradiol, respectively,
by catechol-O-methyltransferase (COMT). To a lesser extent, 2- and 4-methoxyestradiol can
undergo redox-cycling to produce semiquinones and oxygen free radicals. Due to the slow
turnover of 4-hydroxyestradiol by COMT, more of the 4-hydroxyestradiol is converted to
semiquinones and oxygen free radicals, which are highly unstable and tend to react with
nucleophilic components of cellular components such as DNA and cause localized tissue toxicity
or carcinogenicity, in vivo and in vitro (Newbold and Liehr, 2000; Nutter et al., 1991; Nutter et

al., 1991).

1.4.3 Effect of 17p-Estradiol on CYP Expression

Studies with experimental animals suggest that 17p-estradiol plays an important role in
the regulation of CYP expression in liver and other extrahepatic tissues such as ovary and testis.
In rats, hepatic expression of sex-specific enzymes such as CYP2C7 and CYP2C11 is regulated
by 17p-estradiol (Waxman et al., 1985). CYP2C7 is female specific enzyme and its expression in
female rats is 2-3 folds higher than that of male rats. Hepatic CYP2C7 expression in female rats
is positively regulated by 17p-estradiol (Waxman et al., 1985). Administration of 17p3-estradiol
to ovariectomized rats restored the reduced level of CYP2C7 (Waxman et al., 1985). Similarly,

induction of CYP2C7 was observed in intact male rats after treatment with 17p-estradiol
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(Bandiera and Dworschak, 1992). CYP2C11 is a male specific enzyme and its expression in
male rats is negatively regulated by 17p-estradiol. Neonatal administration of 17p-estradiol
reduced the expression of CYP2C11 in male rats (Bandiera and Dworschak, 1992). In another
study, administration of 17p-estradiol to adult female rats decreased CYP2A1 expression and
increased CYP3AL expression in liver (Ickenstein and Bandiera, 2002).

17B-Estradiol has a suppressive effect on the expression of xenobiotic-metabolizing CYP
enzymes in rat testis. A study by Leung et al. (2009) demonstrated that testicular expression of
CYP1B1 is suppressed by 90% in adult rats that were treated with 17f3-estradiol benzoate at a
dosage of 1.5mg/kg, once daily, for 14 days. Another study by Deb et al. 2011 made similar
observations when neonatal and pubertal rats were administred with 17p-estradiol for 3 and 14
days, respectively. It has also been reported that 17p-estradiol elicits dose- and time-dependent
suppression of CYP1B1 expression at the mRNA level in MA-10 mouse Leydig cells in vitro

(Deb et al., 2011).

1.5 Endocrine-Disrupting Chemicals

The endocrine system, a complex network of various glands including pituitary, thyroid,
adrenal, testis and ovary and the hormones these glands secrete, plays critical roles in the
maintenance of physiological functions in the body. Endocrine-disrupting chemicals are either
man-made or of natural origin and can mimic the endogenous hormones, interfere with their
actions or disturb the entire endocrine network. According to the U.S. Environmental Protection
Agency (EPA), an endocrine-disrupting chemical was defined as “an exogenous agent that

interferes with synthesis, secretion, transport, metabolism, binding action, or elimination of
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natural blood-borne hormones that are present in the body and are responsible for homeostasis,
reproduction, and developmental process” (Kavlock et al., 1996).

A wide variety of molecules that are used for agricultural and industrial purposes have
been found to be endocrine disruptors. Example include the following synthetic chemicals used
as industrial solvents/lubricants and their byproducts (polychlorinated biphenyls, polybrominated
biphenyls, dioxins); chemicals used in plastics including bisphenol A and phthalates; chemicals
used as pesticides including methoxychlor, chlorpyrifos; pharmaceutical agents
(diethylstilbestrol); natural chemicals that are present in the human food and animal food (e.g.,
phytoestrogens such as genistein and coumesterol) (reviewed in Casals-casas and Desvergne,
2010).

In my research, | have chosen bisphenol A as a representative endocrine-disrupting

chemical to investigate its effects on testicular expression of xenobiotic-metabolizing enzymes.

1.5.1 Bisphenol A

Bisphenol A [2,2-(4,4-dihydroxydiphenol) propane] is a high volume industrial chemical.
The estimated production of bisphenol A (BPA) is nearly 8 billion pounds per day. The expected
growth in demand for BPA is 6-10% and approximately 100 tons may be released into the
atmosphere per year (Kavlock et al., 1996). BPA was first synthesized by A.P. Dianin in 1891. In
1936, BPA was rediscovered in a search for synthetic estrogens, but due to its weak estrogenic
activity and the discovery of diethylstibesterol (DES), which is a more potent estrogen, BPA was
abandoned from using as a synthetic estrogen (Dodds and Lawson, 1936). Later in 1957, BPA
was rediscovered as a starting material for plastics and commercial production was started in

US.A.
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BPA belongs to a class of endocrine-disrupting chemicals that bind to ER and mimic the
effects of endogenous 17p-estradiol. BPA produces adverse effects on estrogen-dependant
tissues by perturbing the homeostasis of endogenous hormones. For many years, it was thought
that BPA had no harmful effects on human health. However, in the past two decades, research
interest in BPA and its effects on human health have increased tremendously because of its
reported estrogenic activity in vitro and in vivo, and its ubiquitous presence in the environment
(reviewed in Vandenberg et al., 2007).

As an industrial chemical, BPA is a monomer and is used as a building block for the
synthesis of polycarbonate, epoxy, unsaturated polyester and polysulfone resins. BPA containing
plastic materials have a wide variety of applications, for example as a food contact layer of food
cans, as a packaging material to store food, beverages and other chemicals, and also as industrial
floorings, protective coatings and adhesives. BPA containing polycarbonates are widely used in
baby bottles, kitchen dishes and many other household appliances (reviewed in Vandenberg et
al., 2007; Vandenberg et al., 2009; Rubin, 2011).

Polymerization (a chemical reaction to form polymer) of BPA monomers with ester
bonds of diphenyl carbamate is a key step in the synthesis of polycarbonate plastics and epoxy
resins that are used in many products. These ester bonds are easily hydrolyzed in the presence of
acids, bases and also at higher temperatures (Welshons et al., 2006). Hydrolysis of ester bonds in
finished products such as baby bottles and containers leads to the leaching of BPA monomers out
of plastic and into the material contained in the bottle such as drinking water or food
(Vandenberg et al., 2007).

BPA has been detected everywhere in the environment, including drinking water, food

and vegetables, and also in human body fluids such as saliva and blood. Further, BPA levels
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were quantified using ELISA and HPLC in serum from healthy men (1.49 + 0.11 ng/ml) and
urine from healthy men (5.18 pg/l ), serum from non-pregnant women (2 £+ 0.8 ng/ml), serum
from pregnant women (1.5 £ 0.8 ng/ml), amniotic fluid from 15-18 weeks of gestation period
women (8.3 = 8.9 ng/ml) and serum from fetus (2.2 + 1.8 ng/ml), in saliva after application of
dental sealant (50 mg dental sealant implanted in humans and immediately collected saliva for
1hr, 90-931 pg of BPA detected) and vegetable food cans (4 - 23 ug of BPA recovered/can)
(Ikezuki et al., 2002; Olea et al., 1996; Brotons et al 1995; Calafat et al., 2005). The
concentrations of BPA that were detected in saliva (after application of dental sealants) and in
food cans were sufficiently high to exert estrogenic activity in vitro (Olea et al., 1996; Brotons et

al., 1995).

15.1.1 Chemical Structure and Receptor Binding Studies

Although BPA is structurally dissimilar to 17p-estradiol, the presence of two phenol
functional groups in its chemical structure allows BPA to bind to ER and to act as an agonist
(Figure 1.7). The two phenol groups are essential to bind and activate ERs. Based on results of
the saturation ligand-binding and the luciferase transactivation studies, BPA has 10 times higher
affinity for ERB than ERa (Kuiper et al., 1997; Kuiper et al., 1998). However, the relative
binding affinity and transactivation activity of BPA for ERa and ERp is 10,000 and 2 times
lower, respectively, when compared to 17p-estradiol. It was reported that BPA differentially
influences the co-activator recruitment of ERs. For example, recruitment of co-activator TIF2 by
the BPA/ERP complex is 500 times greater potent than BPA/ERa complex (Routledge et al.,
2000; and reviewed in Wetherill et al., 2007). Differences in ER binding affinity and co-activator

recruitment with BPA could lead to complex tissue-specific and cell-type specific response.
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Figure 1.8  Chemical structures of bisphenol A and 17p-estradiol (taken from Rubin, 2011).

1.5.1.2  Estrogenic Activities

The estrogenic activity of BPA was first reported by Dodds and Lawson in 1936, where
induction of vaginal cornification was observed in ovariectomized rats following exposure to
BPA at 85 mg/kg, three times daily, for 3 days. In 1993, Feldman and coworkers (Krishnan et
al., 1993) rediscovered the estrogenic property of BPA during an investigation to find the
estrogen binding protein in yeast. Surprisingly, they found estrogenic activity with yeast
conditioned culture medium in the absence of 17p-estradiol, where the culture medium was
prepared using distilled water autoclaved in polycarbonate flasks. Later they concluded that BPA
was responsible for the estrogenic activity that was observed with yeast conditioned culture
medium and that BPA was released from the polycarbonate culture flasks during autoclaving
into the distilled water. In the same study, they confirmed the estrogenic activity of BPA using
different methods such as competitive binding studies to ERs, induction of progesterone
receptors and proliferation of MCF-7 cells. These estrogenic actions were not observed in the
presence of tamoxifen, a partial ER antagonist. In another study (Ashby and Tinwell, 1998),
increased uterus weight was observed in immature rats after treatment with BPA at 400, 600 and

800 mg/kg per day for 3 days. Many later studies confirmed the estrogenic activity of BPA using
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the uterotrophic assay as an in vivo marker (Markey et al., 2001; Nagel et al., 2001; reviewed in
Richter et al., 2007). More recently, a study reported that BPA at a dose of 750 pug/mouse
stimulates uterine proliferation in an ERo dependent manner (Hewitt and Korach, 2011). It has
also been reported that BPA produced adverse effects on testis, epididymis, sperm and seminal
vesicles (reviewed in Richter et al., 2007).

The types of effect described above are mostly restricted to the reproductive system, but
BPA also has diverse effects on various other systems (Figure 1.8) including changes in
epigenetic modification that lead to the development of prostate cancer; perturbation of thyroid
hormone function, altered development and function of the central nervous system, changes in
body composition and body weight, altered glucose homeostasis and alteration in immune

system response (reviewed in Rubin, 2011).
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Figure 1.9  Overview of various putative effects of bisphenol A exposure (taken from Rubin,
2011).

1.5.1.3 Effects on Xenobiotic-Metabolizing Enzymes
Results from studies with experimental animals suggest that BPA is an estrogenic

chemical and that can alter the serum hormonal levels by perturbing the hypothalamo-pituitary
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axis and can directly bind to ERs in the target organs such as testis and ovaries. For example,
administration of BPA at 2.4, 10, 100 and 200 mg/kg/day for 15 days decreased serum LH,
testosterone and estradiol levels in male rats (Akingbemi et al., 2004). In another study, exposure
of male rats to BPA at 200 mg/kg/day for 4 weeks decreased serum LH, FSH, and testosterone
levels compared to vehicle-treated rats (Nakamura et al., 2010). Thoei et al. (2001) reported that
administration of BPA at 1mg/kg/day for 14 days increased serum prolactin and LH hormones
and decreased testosterone levels in male rats. The three studies suggest that BPA has a
suppressive effect on steroidogenesis in vivo. Suppression of steroidogenesis can be attributed to
decreased expression of steroidogenic enzymes including CYP17A1, CYP11Al and HSD. It is
known that expression of testicular xenobiotic-metabolizing CYP enzymes is influenced by
pituitary and gonadal hormones (Lee et al., 1980, Leung et al., 2009), so we hypothesize that
BPA, as an endocrine-disrupting chemical, can alter the expression of testicular xenobiotic-

metabolizing CYP enzymes. No reports are available on this aspect at present.
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1.6 Rationale

Suppression or induction of testicular xenobiotic-metabolizing CYP enzymes, in response
to various exogenous foreign compounds such as therapeutic drugs, environmental pollutants and
hormones could adversely affect the physiological function of the testis. In light of this, it is
essential to know about the expression of CYP enzymes and their regulation in testis. To date,
the presence of CYP1B1, CYP2Al and CYP2El enzymes (at the protein level) and their
regulation in rat testis have been reported (Seng et al., 1991; Jiang et al., 1998; Lee et al., 2007,
Otto et al., 2001, Leung et al., 2009; Sonderfan et al., 1989; Deb et al., 2010). However, no
comprehensive or systematic study of the expression and regulation of CYP and other
xenobiotic-metabolizing enzymes, at the protein level, in rat testis has been reported.

A previous study (Leung et al., 2009) had shown that testicular expression of CYP1B1
was regulated by pituitary and gonadal hormones in adult male rats. In the same study, testicular
expression of CYP1B1 was suppressed by more than 90% in adult male rats after administration
of 17B-estradiol benzoate at a dosage of 1.5 mg/kg body weight once daily for 14 consecutive
days. Results of this study indicate that circulating estrogens have a potential role in the
regulation of testicular CYP expression in adult male rats. As an extension of the study by Leung
et al.,(2009), | used a dose-response study with 17p-estradiol benzoate and assessed the testicular
expression of CYP and other xenobiotic-metabolizing enzymes to determine the minimum
dosage of 17B-estradiol benzoate that could produce a significant effect.

Knowing the suppressive effect of estrogens on the testicular expression of CYP enzymes
in adult male rats (Leung et al., 2009), | hypothesize that a similar risk could be associated with
the synthetic xenoestrogens such as BPA. BPA is ubiquitously present in the environment and

one of the chemicals that humans are highly exposed, to an extent where 95% of the US
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populations have detected BPA in their urine sample (Calafat et al., 2005). Based on results of
the various in vitro and in vivo studies (Krishnan et al., 1993; Thoei et al., 2001), it is accepted
that BPA could act as an estrogenic chemical and exerts some of its actions through estrogenic
receptors and also has suppressive control on the expression of steroidogenic enzymes in the rat
testis and adrenal (Akingbemi et al., 2004). However, it is not known, if BPA has the similar
effects as 17p-estradiol benzoate on the expression of xenobiotic-metabolizing enzymes in adult

male rat testis.
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1.7 Hypotheses

1.

Xenobiotic-metabolizing CYP enzymes, mEH and POR are expressed in rat testis
and their localization within the testis is cell type specific.

Administration of exogenous 17p-estradiol benzoate or an estrogenic chemical
such as bisphenol A will suppress expression of xenobiotic-metabolizing CYP,

mEH and POR enzymes in adult rat testes.

1.8 Specific Aims

1.

To detect, quantify and determine the cellular localization of various CYP and
other xenobiotic-metabolizing enzymes in adult Sprague-Dawley rat testis.

To determine the effect of 17p-estradiol benzoate on testicular expression of
xenobiotic-metabolizing CYP enzymes, mEH and POR in adult male Sprague-
Dawley rats.

To determine the effect of bisphenol A on the expression of testicular xenobiotic-

metabolizing CYP enzymes, mEH and POR in adult male Sprague-Dawley rats.
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2. Materials and Methods

2.1 Chemicals

Chemicals and reagents were obtained from the following sources:

BD Gentest (Woburn, MA, USA)

Rabbit anti-rat CYP1B1 serum; baculovirus-insect cell microsomes containing expressed rat
CYP enzyme (CYP1Al, CYP1A2, CYP1B1, CYP2C6, CYP2D1 and CYP2D2) coexpressed
with rat CYP oxidoreductase (BD Supersomes) were purchased from BD Biosciences (Oakville,

Ontario, Canada) (BD-Supersomes'™)

Bio-Rad Laboratories Inc. (Hercules, CA, USA)
Precision Plus Protein™ prestained dual color standards. A mixture of 10 recombinant proteins

(10-250 kDa)

Chemicon International Inc. (Temecula, CA, USA)
Rabbit anti-human/rat CYP2E1 serum; rabbit anti-rat CYP4A1/2/3 serum; rabbit anti-human/rat

P450-reductase serum

Daiichi Pure Chemicals Co., LTD (Tokyo, Japan)

Rabbit anti-human CYP 2D6 serum (cross react with rat species)

Fisher Scientific (Vancouver, BC, Canada)
Acrylamide 99.9%; N,N"-methylene-bis-acrylamide (Bis); sodium dodecyl sulphate, 2-
mercaptoethanol; N,N,N",N"-tetramethylethylenediamine (TEMED); tris (hydroxymethyl)

aminoethane (Tris base); p-nitro-blue tetrazolium chloride (NBT); 5-bromo-4-chloro-3-
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indolyphosphate p-toluidine salt (BCIP); bovine serum albumin (BSA); sodium chloride, sodium
phosphate; potassium dihydrogen phosphate; ACS grade methanol; dimethyl sufoxide (DMSO);
propylene glycol; concentrated hydrochloric acid; bromophenol blue; sodium chloride; sodium
phosphate; potassium dihydrogen phosphate; sucrose; sodium carbonate; sodium bicarbonate and

sucrose

Invitrogen Corporation (Camarillo, CA, USA)
Normal goat serum (protein concentration is not given in the product data sheet); normal goat

IgG (1gG concentration 1mg/ml)

Jakson Immuno Research Laboratory Inc. (West Grove, PA, USA)

Alkaline phosphatase-conjugated affinipure F(ab”), fragment goat anti-rabbit IgG (H+L)
(antibody concentration 0.6 mg/ml); alkaline phosphatase-conjugated donkey anti-sheep 1gG
(protein concentration 6.9 mg/ml); normal rabbit IgG (IgG concentration 11 mg/ml); normal

rabbit serum (protein concentration 60 mg/ml)

Pacific Milk Division (Vancouver, BC, Canada)

Skim milk powder

Santa Cruz Biotechnology, Inc. (Dallas, Texas, USA)
Rabbit anti-human 3p-HSD polyclonal 1gG (cross react with 3p-HSD isoforms 1-4 of rat origin);
goat anti-mouse CYP17A1 polyclonal IgG (cross react with CYP17A1 of rat origin); alkaline

phosphatase-conjugated swine anti-goat IgG (IgG concentration 0.6 mg/ml)
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Sigma-Aldrich Corporation (St. Louis, MO, USA)
Bisphenol A (white crystalline powder, assay purity >99%); 17pB-estradiol 3-benzoate (white
crystalline powder, assay purity >97%); alkaline phosphatase-conjugated swine anti-goat 1gG;

rabbit anti-human calnexin, polyclonal 1gG

VWR Scientific products (West Chester, PA, USA) and Pall Corporation (Pensacola, FL,
USA)

Nitrocellulose membrane (Bio Trace™ NT), pore size 0.2 pum, thickness 101.6 pm

Professor S.M Bandiera (Faculty of Pharmaceutical Sciences, University of British Columbia,
Vancouver, BC, Canada)

Purified rat EH protein; rabbit anti-rat CYP1A1 polyclonal IgG; rabbit anti-rat CYP1A2 serum;
rabbit anti-rat EH polyclonal 1gG; rabbit anti-rat CYP2B1 polyclonal 1gG (cross react with
CYP2B1, CYP2B2 and CYP2B3 of rat origin); purified rat CYP2B1 protein; rabbit anti-rat
CYP2C11 polyclonal 1gG (cross react with CYP2C6, CYP2C7, CYP2C11, CYP2C12 and
CYP13 of rat origin); rabbit anti-rat CYP3A polyclonal 1gG (cross react with CYP3A1 and
CYP3A2); purified rat CYP2C11 protein; testis microsomes prepared from individual untreated
adult Sprague-Dawely rats (Prepared by Grace Leung, June 2005, stored at -80°C); liver
microsomes prepared from individual untreated adult Long-Evans rats (Prepared by Claudio
Erratico, May 2009, stored at -80°C); pooled liver microsomes prepared from clofibrate (300
mg/kg/day for 7 days) treated Long-Evans rats (prepared by Stelvio Bandiera, December 1988,
stored at -80); pooled adrenal microsomes prepared from adult male Sprague-Dawely rats

(prepared by Subrata Deb, July 2006, stored at -80°C)
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Professor Paul E. Thomas (Rutgers, The State University of New Jersey, NJ, USA)
Purified rat liver cytochrome P450-oxidoreductase protein; sheep anti-rat CYP2A1 polyclonal

IgG (cross react with CYP2A2, Anderson et al., 1998); rabbit anti-human CYP2E1 serum

Professor A. Parkinson (University of Kansas Medical Center, KS, USA)

Purified rat liver CYP2AL1 protein

Professor A. Wayne Vogl (Life sciences institute, University of British Columbia, Vancouver,
BC, Canada)

Alexa fluor™ 488 goat anti-rabbit IgG (H+L) conjugate (concentration 2 mg/ml); Alexa fluor™
568 goat anti-rabbit IgG (H+L) conjugate (concentration 2 mg/ml); Alexa fluor™ 568 donkey
anti-goat 1gG (H+L) conjugate (concentration 2 mg/ml); Alexa fluor™ 568 donkey anti-sheep
IgG (H+L) conjugate (concentration 2 mg/ml). These chemicals are procured from Molecular

Probes Inc (Eugene, OR, USA)

2.2  Animals

Adult male Sprague-Dawley rats, 8-9 weeks of age, 250-300g of body weight, were
purchased from Charles River (Montreal, Canada). They were housed at the Animal Resource
Unit of the University of British Columbia (British Columbia, Canada). Rats were housed in
polycarbonate cages with corn-cob bedding, and had ad libitum access to food (Rodent
laboratory diet, No. 5001, PMI Feeds Inc., Richmond, IN) and water. The room was maintained
at 21°C with 35 - 45% relative humidity, and on a 12 h light dark cycle (6 a.m on and 6 p.m off).

Animals were allowed to acclimatize to these conditions for one week before starting the
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treatment. Animals were cared for in accordance with the guidelines of the Canadian Council on
Animal Care. Another set of adult male Sprague-Dawely rats for immunohistochemical analysis
were provided by Dr. Wayne Vogl. The animals were purchased from Charles River (Montreal,
Canada). Animals were housed and used in accordance with guidelines established by the
Canadian Council on Animal Care and according to protocols approved by the Animal Care

Committee of the University of British Columbia.

2.3 Animal Treatment and Tissue Collection
17p-Estradiol benzoate (EB) Study

Following one week of acclimatization, rats were randomly divided into 5 groups with 4
rats in each group, except for the vehicle group (n = 5). Rats were injected subcutaneously with
EB (0.004, 0.04, 0.4 or 4 umol/kg body weight) or an equal volume (1ml/kg body weight) of
vehicle (propylene glycol), once daily for 14 days. Rats were terminated by decapitation on the
morning following the last dose. Testes, adrenal and liver were harvested from each rat.

Propylene glycol was used as the solvent for preparing the EB solutions. A clear solution
was observed after mixing EB solutions at 4 pmol/ml with propylene glycol for one hour on a
magnetic stirrer. A large volume (30 ml) of EB solutions at 4 pumol/ml was prepared initially and
the remaining EB solutions at 0.004, 0.04 and 0.4 pmol/ml were made by diluting the higher
concentration with propylene glycol. All stock solutions were stored at room temperature in a
dark cabinet. All stock solutions were thoroughly mixed and preheated at 37°C for 30 min before

injecting to the animals.
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BPA Study

Rats were randomly divided into six groups with four rats in each group. Animals were
subcutaneously injected saline (0.9% NacCl), vehicle (propylene glycol) or BPA at 400, 800 or
1600 umol/kg body weight, once daily for 14 days. Rats were terminated by decapitation on the
morning following the last dose. Testes, adrenal and liver were harvested from each rat.

BPA was dissolved in propylene glycol. A clear solution was observed after mixing
thoroughly for four hours on magnetic stirrer. A large volume (6 ml) of BPA solutions was
prepared at higher concentration (1600 umol/ml) initially and the remaining BPA solutions (800
and 1600 pmol/ml) were made from the higher concentration (1600 pmol/ml) by diluting with
propylene glycol. All the stock solutions were prepared 16-18 hr before dosing and stored at
room temperature in a dark cabinet. The solutions were thoroughly mixed and preheated at 37°C
for 30 min before injecting the animals. Solubility limitations were observed at BPA
concentration beyond 1600 umol/ml. For this reason, 1600 umol/kg of BPA was chosen as the

highest BPA dosage for the present study.

2.4 Preparation of Testes Microsomes

Immediately after decapitation of animals, testes (both right and left testis of each animal)
were excised and homogenized with 20 ml of ice-cold 0.05M Tris buffer (pH 7.4) containing
1.15% KCI, using a Potter-Elvehjem glass mortar (Talboys Engineering Corp., Emerson NJ,
USA). The tissue homogenates were spun at 9,000g for 20 min at 5°C in a Beckman J2-21
centrifuge (Beckman Instrument, Palo Alto, CA, USA). The supernatants were collected and

further spun at 105,000g for 60 min at 5°C in Beckman LE-80 ultracentrifuge (Lu and Levin,

45



1972). The resulting pellet was suspended in freshly prepared, ice-cold 0.25 M sucrose and

stored at -80°C.

2.5 Determination of Total Protein Concentration

Total protein was measured by the method of Lowry et al., (1951) using bovine serum
albumin as the protein calibration standards. Testicular microsomal samples were diluted (1:20)
using distilled water and 100 pl was used for protein determination. Absorbance was measured at
750 nm using a microplate reader (model EL 309, BIO-TEK Instruments Inc.). Protein
concentrations were calculated from the slope and intercept values generated from the calibration

curve (absorbance versus protein concentrations) of the calibration standards.

2.6  Sodium Dodecyl Sulphate-Polyacrylamide Gel Electrophoresis

Discontinuous sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)
was performed according to the method of Laemmli, (1970) using a Hoefer SE 600 vertical slab
gel unit (Hoefer Scientific Instruments, San Francisco, CA, USA). The stacking gel is composed
of 3% acrylamide: N,N"-methylene-bis-acrylamide (Bis) (22.2%:0.6% w/w), 0.125 M Tris-HC1
(pH 6.8), 0.1% (w/v) SDS, 0.08% (w/v) ammonium persulphate, and 0.05% (v/v) N,N,N",N"-
tetramethylethylenediamine (TEMED). The separating gel was composed of 7.5%
acrylamide:Bis (22.2%:0.6% wi/w), 0.375 Tris-HC1 (pH 8.8), 0.1% (w/v) SDS, 0.042% (w/v)
ammonium persulphate, and 0.03% (v/v) TEMED. The electrophoresis buffer contained 0.1 M
Tris base, 0.767M glycine and 0.4% (w/v) SDS. Microsomal and standard protein samples were
diluted to appropriate concentrations with sample dilution buffer containing 0.062 M Tris-HC1

(pH 6.8), 1% (w/v) SDS, 0.001% (w/v) bromophenol blue, 10% (v/v) glycerol, and 5% (v/v)
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mercaptoethanol. The diluted samples were boiled for 2 min. A 20 ul of aliquot of each sample
and molecular weight marker were loaded (for the amount of protein, refer to Table 2.1) in to
each well in the stacking gel and subjected to electrophoresis under constant current of 12
mA/gel for approximately 1 h or until the dye front entered the stacking gel. The current was

then increased to 23 mA/gel for approximately 2 h.

47



Table 2.1  Amount of testicular microsomal protein loaded per lane for SDS-PAGE

Treatment group

Protein of interest

CYP1B1 CYP2A1 CYP1l7A1 EH POR Calnexin  3p-HSD
Study 2 (EB study)

Propylene glycol 10 20 20 10 40 20 80
0.004 umol/kg 10 20 20 10 40 20 80
0.04 umol/kg 20 80 80 20 80 20 80

0.4 umol/kg 20 80 80 20 80 20 80

4 umol/kg 20 80 80 20 80 20 80
Study 3 (BPA study)

Saline 10 20 20 10 40 20 80

Propylene glycol 10 20 20 10 40 20 80
400 pmol/kg 20 80 80 20 80 20 80

800 pumol/kg 20 80 80 20 80 20 80
1600 umol/kg 20 80 80 20 80 20 80
Values are presented as pg of total testicular microsomal protein
Note 1: In Study 1, for all the immunoblot experiments, unless otherwise mentioned, the amount of testicular microsomal

protein loaded was 20 pg/lane. In search for each protein of interest, a total of two immunoblot experiments were performed on

two different days.

Note 2: In Study 2 and 3, for each protein of interest, immunoblot experiments were performed three times on different
days. In the first immunoblot experiment, 20 pg of testicular microsomal protein per lane was loaded, after considering the
results the amount of testicular microsomal protein per lane was changed to values as reported in Table 2.1 for the remaining

experiments.
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2.7 Immunoblot Analysis

Testicular microsomal proteins that were resolved by SDS-PAGE were transferred
electrophoretically onto nitrocellulose membranes at a constant current of 0.4 A for 2 hr using a
Hoefer Transphor Apparatus (Model TE 52) (Towbin et al., 1979). After transfer, nitrocellulose
membranes were incubated overnight at 4°C with blocking solution consisting of 1% BSA, 3%
skim milk powder in PBS. The membranes were washed three times (10 min/wash) with wash
buffer (0.05% Tween in PBS). Then membranes were incubated at 37°C for a period of 2 h with
appropriate primary antibodies that were prepared in antibody dilution buffer (1% BSA, 3% skim
milk powder, 0.05% Tween in PBS) (For antibodies and dilution factors refer to Tables 2.1 and
2.2). For detection of CYP17Al and calnexin proteins, the nitrocellulose membranes were
incubated with appropriate primary antibodies at 4°C for overnight followed by incubation at for
2 h. Membranes were washed with wash buffer and then incubated with respective alkaline
phosphatase-conjugated secondary antibody at 37°C for 2h (For antibodies and dilution factors
refer to Tables 2.1 and 2.2). Membranes were washed with wash buffer for three times (10
min/wash). Finally, membranes washed with distilled water to remove excess wash buffer
contents and exposed to chromogenic substrate solution. Substrate solution (0.01% NBT,
0.005% BCIP in 0.1M Tris —HCI, 0.5 mM MgCl,, pH 9.5) was freshly prepared under dim light
and added to membranes as a substrate to alkaline phosphatase.

We used colorimetric detection to visualize the protein bands. Alkaline phosphatse
(conjugated to secondary antibodies) produced a dark purple color bands when it come in contact
with its chromogenic substrate (BCIP and NBT). The intensity of the color is dependent on
amount of protein loaded and incubation time (time allowed for color development) (Table 2.4).

Based on experience from several previous studies, our laboratory established that color
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development time for most of the CYP proteins is linear between 3-5 min. Immunoreactive
protein bands were quantified using a pdi 4200e scanning densitometer (Bio-Rad Laboratories,
Hercules, CA) as described previously (Ickenstein and Bandiera, 2002). In brief, the
immunoreactive band intensity was measured as contour quantity (CQ), calculated by the
software program as optical density x contour area (OD x mm?). The CQ values were divided by
CQ value of a purified standard that was included in each gel. CYP1B1, CYP2A1, mEH and
POR protein concentration in testicular microsomes were quantified by using their respective

recombinant or purified proteins as calibration standards (described in Results section).

2.8 Immunohistochemical Analysis

Tissue sections preparation

All the immumohistochemical experiments were performed in the laboratory of Dr.
Wayne Vogl, Life Sciences Institute, UBC. Rats were deeply anaesthetized with isofluorane and
then testis was excised immediately. Initially, testes were perfused with PBS (150 mM NacCl, 5
mM KCI, 0.8 mM KH,PO,, and 3.2 mM Na,HPO,, pH 7.4) for 2 min through the spermatic
arteries using a 26-gauge needle and then perfused with a fixative consisting of 3%
paraformaldehyde in PBS. Finally, testes were perfused with PBS for 30 min to remove excess
fixative. The perfusion-fixed testis was placed in a small amount of Optimal Cutting
Temperature compound (Sakura Finetek USA, Torrance, CA) and then frozen using liquid
nitrogen. Sections (5 pum thick) were cut from each testis using a cryostat. These tissue sections
were immediately placed onto ploy-L-lysine (poly-L-Lysine (Sigma-Aldrich, Oakville, ON,

Canada) coated glass slides and then submerged in cold acetone (-20°C) for 5 min. Slides were
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removed from acetone and allowed to air-dry. A water-repellent circle was drawn around each
tissue section with a Liquid Blocker Super Pap Pen (Cedarlane, Burlington, ON, Canada) to
retain liquid over the sections. Then tissue sections were allowed to air dry for 15 min and used

them for immunostaining as described below.

2.9 Immunostaining Procedure

Immunostaining and examination of tissue sections was performed as described in Young
et al., (2009). In brief, tissue sections were blocked with 5% normal goat serum prepared in
TPBS-BSA (0.5% of Tween-20 and 0.1% BSA dissolved in PBS) for 20 min. Blocking solution
was decanted and tissue sections were incubated at 4°C for overnight with appropriate primary
antibodies (Table 2.5) prepared in antibody dilution buffer containing 1% normal goat serum in
TPBS-BSA. Tissue sections were washed three times for 30 min with TPBS-BSA and then
incubated for 1 h at 37°C with secondary antibodies conjugated to fluorescent dyes (Alexa
Fluor™ 488 or 568), which were diluted to 1:100 in TPBS-BSA (Table 2.5). Following
incubation, tissue sections were washed with TPBS-BSA three times, 30 min/wash and then
coverslips were mounted on the tissue sections using vectashield (Vector Labs, Burlington, ON,
Canada) containing 4',6'-diamidino-2-phenylindole (DAPI). Procedures involved with secondary
antibody were performed under dim light to minimize the bleaching of fluorescent label from the
tissue sections. Immunostaining was examined and photographs were captured by using Zeiss
Axiophot microscope (Carls Zeiss Microimaging GmbH, Gottingen, Germany), using
appropriate fluorescence filters. As a staining control for the primary antibody, the primary

antibody was replaced with normal immunoglobulin or serum at the same concentration as
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shown in Table 2.5. All experiments were done at least in duplicate using tissue from different
animals.
2.10 Immunohistochemical Images Collection Procedure

Immunohistochemical images were collected using a computer that was connected to a
fluorescent microscope. Using appropriate wavelength filters, tissues sections were exposed to
fluorescent light for specific period of time, and separate images were collected for DAPI
staining and secondary antibody flurescent staining using Northern Eclipse (version 8) software.
The exposure time was kept constant for both experimental and control tissue sections. Collected
images (DAPI and antibody fluorescent staining) were merged using ImageJ 1.43m software

(National Institute of Health, USA).

2.11 Statistical Analysis

The differences in means of the different groups were analyzed by one-way or two-way
ANOVA and followed by the Newman-Keuls multiple comparison test (SigmaStat software
program, SPSS Inc., Chicago, IL). Mean differences with a p-value < 0.05 were considered to be

statistically significant.
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Table 2.2

Amount of primary and secondary antibodies used for immunoblot analysis

Primary antibody Secondary antibody
Protein . ) o
('to be detected) Name of the antibody | Dution/concentrations |\, e ¢ the antibody Dilution used for
used for incubations incubations
o Alkaline phosphatase-
CYP1Al Rabbit anti-rat CYP1A1 2 ug/ml conjugated-goat anti-rabbit 1:3000
polyclonal IgG e
. . Alkaline phosphatase- )
CYP1A2 Rabbit anti-rat CYP1A2 1:500 conjugated-goat anti-rabbit 1:3000
serum I9G
. . Alkaline phosphatase- i
CYP1B1 Rabbit anti-rat CYP1B1 1:1000 conjugated-goat anti-rabbit 1:3000
serum e
. Alkaline phosphatase- )
CYP2A1 Sheep anti-rat CYP2AL 20 pg/ml conjugated-donkey anti- 1:3000
polyclonal IgG sheep IgG
o Alkaline phosphatase- )
CYP2B1 Rabbit antirat C Y P24 4 ng/ml conjugated-goat anti-rabbit 1:3000
polyclonal IgG e
Lo Alkaline phosphatase- )
CYP2C6/7/11/12/13 Rabbit anti -rat CYP2C 25 ng/ml conjugated-goat anti-rabbit 1:3000
polyclonal IgG e
. . Alkaline phosphatase- )
CYP2D1/CYP2D2 Rabbit anti-human CYP 1:500 conjugated-goat anti-rabbit 1:3000
2D6 serum e
. . Alkaline phosphatase- )
CYP2E1 Rabbit anti-human/rat 1:1000 conjugated-goat anti-rabbit 1:3000
CYP2E1 serum I9G
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Table 2.3

Amount of primary and secondary antibodies used for immunoblot analysis

Primary antibody

Secondary antibody

Protein Dilutions/concent Dilutions
(to be detected) Name of the antibody rations used for Name of the antibody used for
incubation incubation
o Alkaline phosphatase-
CYP3A1/2 Rabbit anti- rat CYP 3A 50 pg/ml conjugated -goat anti-rabbit 1:3000
polyclonal IgG e
CYP4A1/A2/A3 | Rabbit anti-rat CYP4A1/2/3 serum 1:500 Alkaline phosphatase- 1:3000
’ conjugated-goat anti-rabbit 1gG
Goat anti-mouse CYP17 purified Alkaline phosphatase- 1:3000
CYPL7AL polyclonal IgG 2 ng/ml conjugated-swine anti-goat 1gG
- . Alkaline phosphatase- 1:3000
POR Rabbit anti-human/rat POR serum 1:5000 conjugated-goat anti-rabbit 1gG
o . Alkaline phosphatase-
EH Rapb_lt anti- rat epoxide hydrolase 20 pg/ml conjugated -goat anti-rabbit 1:3000
purified 1gG e
Rabbit anti-human 3p-HSD Alkaline phosphatase-
3B-HSD 2 ug/ml conjugated -goat anti-rabbit 1:3000
polyclonal IgG e
Calnexin Rabbit anti-human calnexin serum 1:10,000 Alkaline phosphatase- 1:3000

conjugated-goat anti-rabbit 1gG
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Table 2.4

Details of the experimental conditions for the immunoblot assay in Study 1

Testicular Color development time (min)
microsomal Timeatwhich | .
. Standard protein protein immunnoreactive . aximum
Protein time allowed
(amount loaded/lane) (amount band (color) for for the col
loaded/lane) | standard protein d?a:/elc? %c;e?,:;
(n=4) visualized P
cDNA-expressed rat CYP1A1
CYPIAL protein (0.25 pmol) 20 e 2 10
cDNA-expressed rat CYP1A2
CYP1A2 protein (0.1 pmol) 20 kg 3 5
cDNA-expressed rat CYP1B1
CYP1B1 protein (0.2 pmol) 20 ug 30 sec 3
Purified rat liver CYP2A1
CYP2AL protein (0.125 pmol) 20 ng 2 4
Purified rat liver CYP2B1
Cyp2Bl protein (0.125 pmol) 20 pe 3 10
cDNA-expressed rat CYP2C6
protein (0.25 pmol), CYP2C7
CYP2C6/7/11/ | protein (0.125 pmol), CYP2C12 20 2 7
12/13 protein (0.1 pmol), CYP2C13 HE
protein (0.25 pmol) and purified
rat liver CYP2C11 (0.2 pmol)
cDNA-expressed rat CYP2D1
CYP2D1/2D2 | protein (0.2 pmol), CYP2D2 20 pg 1 5
(0.1 pmol)
Hepatic microsomes prepared
CYP2EL from untreated rats (20 pg) 20 g 5 30
cDNA-expressed rat CYP3AL1
CYP3A1/2 and CYP3A2 protein (0.25 20 ug 1 5
pmol)
Hepatic microsomes (5 pg)
CYP4A1/A2/ | prepared from clofibrate treated
A3 (300 mg/kg for 7days) Long- 20-60 pg 30 sec 5
Evans rats
Adrenal microsomes prepared
CYPL7AL from untreated rats (20 pg) 20 g 3 5
Purified rat liver P450-reductase
POR protein (25 ng) 20-80 pg 3 5
Purified rat liver epoxide
MEH hydrolase protein (0.001 pg) 20-80 ug 30 sec 3
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Table 2.5 Amount of primary and secondary antibodies used for immunohistochemical analysis

Primary antibody

Secondary antibody

Protein . Concentration Dilution
(to be detected) Name of the antibody (or) Dilution used ki used for
(experimental/control) . . antibody : :
for incubation incubation
CYP1BL Rabbit anti-rat CYP1B1 serum. 1:100 Alexa Fluor™ 488 1:100
Normal rabbit serum 1:100 goat anti-rabbit 19G 1:100
Sheep anti-rat CYP2A1 polyclonal 80 pg/ml Alexa Fluor™ 568 1100
CYP2A1 19G donkey anti-sheep
Normal sheep IgG 80 ug/ml [o[€] 1:100
Goat anti-mouse CYP17 purified " ,
CYP17AL polyclonal 1gG 0.5 pg/ml g\leia Fluo_r 568 1:100
Normal goat 19G 0.5 pg/ml onkey anti-goat 19G 1:100
En Rabbit anti- rat EH purified 1gG 60 pg/ml Alexa Fluor™ 488 1:100
Normal rabbit IgG 60 pg/ml goat anti-rabbit 19G 1:100
POR Rabbit anti human /rat POR serum 1:500 Alexa F!uorm 568 1:100
Normal rabbit serum 1:500 goat anti-rabbit 1gG 1:100
Rabbit anti human 3p3-HSD _
3-HSD polyclonal 1gG 8 ng/ml Alexa Fluor™ 488 1100
Rabbit polyclonal IgG 8 ng/ml goat anti-rabbit 19G 1:100
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3. Results

The results of three studies (Study 1, 2 and 3) are presented. The aim of Study 1 is to
characterize the expression of various CYP and other xenobiotic-metabolizing enzymes, using
immunoblot and immunohistochemical analyses, in testes collected from untreated adult rats.
The results of this study provide information about the xenobiotic-metabolizing enzymes that are
constitutively expressed in rat testis and their cellular localization. The aim of Study 2 is to
determine the effect of treatment with 17p-estradiol benzoate (EB) on the protein expression of
xenobiotic-metabolizing enzymes (detected in Study 1) in adult rat testis. The aim of Study 3 is
to determine the effect of treatment with bisphenol A (BPA) on the protein expression of

xenobiotic-metabolizing enzymes (detected in Study 1) in adult rat testis.

3.1 Study 1: Immunochemical Characterization of CYP and Other Xenobiotic-

Metabolizing Enzymes in Rat Testis

3.1.1 Immunoblot Analysis

Immunoblot analysis was used to detect the protein expression of xenobiotic-
metabolizing enzymes (at basal levels) in rat testicular microsomes prepared from adult, male
untreated rats (n = 4). Testicular microsomal samples for these experiments were obtained from a
previous study by Leung et al. (2009) and were stored at -80°C in our laboratory. The expression
of following xenobiotic-metabolizing enzymes CYP1Al, CYP1A2, CYP1B1, CYP2Al,
CYP2B1, CYP2E1L, CYP2D1, CYP2D2, CYP2C6, CYP2C7, CYP2C12 CYP2C13, CYP3ALl,
CYP3A2, CYP4A1, CYP4A2, CYP4A3, POR and mEH was investigated. The expression of two

steroidogenic enzymes (CYP17A1 and 3B-HSD) was also investigated and these two proteins
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were served as reference proteins for the microsomes prepared from testis. As this is an
explorative study, the immunoblot experimental conditions (Table 3.1), such as the amount of
testicular microsomal protein, specificity and amount of antibodies used and color development
time (Table 3.1) were varied from one protein to another. Most of these experimental conditions
were drawn from previous studies from our laboratory (Leung et al., 2009; Deb et al., 2010;
Anderson et al., 1998).

Testicular microsomal samples were probed with rabbit anti-rat CYP1A1 polyclonal 1gG
to determine if CYP1A1 was expressed in rat testis. No immunoreactive protein band having the
similar electrophoretic mobility as CYP1ALl standard (~55 kDa) was detected in lanes containing
testicular microsomal samples. The protein band for the CYP1A1 standard was observed within
2 min after the immunoblot membrane was exposed to chromogenic substrate solution. The
protein band for CYP1A1 was not detected in testicular microsomes even when color reaction
time was extended up to 10 min to try to detect weak signals (Figure 3.1A).

To determine if CYPL1A2 was expressed in rat testis, testicular microsomes were probed
with CYP1AZ2 specific antibody. Protein band having similar electrophoretic mobility as the
CYP1A2 standard with molecular size of ~48 kDa was not detected in the lanes containing
testicular microsomal samples (Figure 3.1B).

To determine if CYP1B1 was expressed in rat testis, testicular microsomes were probed
with rabbit anti-rat CYP1B1 serum. A single protein band was reasily detected having similar
electrophoretic mobility as CYP1B1 standard (~55 kDa) in the lanes containing testicular
microsomal samples prepared from untreated rats (Figure 3.1C).

To determine if CYP2A1 was expressed in rat testis, testicular microsomes were probed

with sheep anti-rat CYP2A1 polyclonal IgG. A single protein band having the similar
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electrophoretic mobility as the CYP2A1 standard (~48 kDa) was detected (Figure 3.1D) in the

lanes containing testicular microsomal samples prepared from untreated rats.
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Figure 3.1  Representative  immunoblots of rat
testicular microsomes probed with antibodies against
CYP1Al, CYPl1lA2, CYP1B1 and CYP2Al in rat
testicular microsomes. The amount of testicular
microsomal protein used was 20 pg/lane for all the
immunoblots. For antibody details refer to Table 2.1 and
2.2. (A). Immunoblot of testicular microsomes probed
with rabbit anti-rat CYP1A1 polyclonal IgG. Lanes 1-4
contained testicular microsomes. Lane 5 contained cDNA-
expressed rat CYP1Al protein (0.25 pmol/lane). (B).
Immunoblot of testicular microsomes probed with rabbit
anti-rat CYP1A2 serum. Lanes 1-4 contained testicular
microsomes. Lane 5 contained cDNA-expressed rat
CYP1A2 protein (0.1 pmol/lane). (C). Immunoblot of
testicular microsomes probed with rabbit anti-rat CYP1B1
serum. Lanes 1-4 contained testicular microsomes. Lane 5
contained cDNA-expressed rat CYP1B1 protein (0.2
pmol/lane). (D). Immunoblot of testicular microsomes
probed with sheep anti-rat CYP2AL polyclonal IgG. Lanes
1-4 contained testicular microsomes. Lane 5 contained
purified rat liver CYP2A1l protein (0.125 pmol/lane).
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Rabbit anti-rat CYP2B1 polyclonal 1gG, which react with CYP2B1, CYP2B2 and
CYP2B3 (Ickenstein et al., 2001), was used to detect if CYP2B enzymes were expressed in rat
testis. The protein bands specific for any of the CYP2B isoforms were not detected in lanes
containing testicular microsomal samples, but strong protein bands (at molecular size ~50 kDa)
were detected in lanes containing standard CYP2B1 and rat liver microsomal samples. A non-
specific protein band, which has higher mobility than CYP2B1, was also detected in lane
containing liver microsomes. This band could be either CYP2B2 or CYP2B3 (Figure 3.2A).

For CYP2C proteins, the immunoblot contained testicular microsomes was probed with
rabbit anti-rat CYP2C polyclonal 1gG, which cross react with CYP2C6, CYP2C7, CYP2C11,
CYP2C12 and CYP2C13 (Bandiera et al., 1986). The protein bands specific for any of the
CYP2C isoforms were not detected in lanes containing testicular microsomal samples, but clear
bands were observed with the standard proteins with molecular size of ~50 kDa (Figure 3.2B).
The protein bands for standard CYP2C proteins were detected readily within 3 min of color
reaction time, but no protein bands were detecte for CYP2C proteins in testicular microsomes
ever after color reaction time was extended to 7 min.

Rabbit anti-human CYP2D6 serum, which can detect rat CYP2D1 and CYP2D2 (Anand
and Bandiera, 2008), was used to detect if CYP2D enzymes were expressed in rat testis. The
protein bands specific for CYP2D1 and CYP2D?2 isoforms were not detected in lanes containing
testicular microsomal samples, but clear protein bands (at molecular size ~50 kDa) were detected

in lanes containing standard CYP2D and rat liver microsomal samples (Figure 3.2C).
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Figure 3.2  Representative immunoblots of rat testicular microsomes probed with antibodies against CYP2B, CYP2C and
CYP2D in rat testicular microsomes. The amount of testicular microsomal protein used was 20 pg/lane for all the immunoblots. For
antibody details refer to Table 2.1 and 2.2. (A). Immunoblot of testicular microsomes probed with rabbit anti-rabbit CYP2B1
polyclonal IgG. Lanes 2-5 contained testicular microsomes. Lane 1 contained purified rat liver CYP2B1 protein. Lane 6 contained
rat liver microsomes 20 pg/lane. (0.125 pmol/lane) (B). Immunoblot of testicular microsomes probed with rabbit anti-rat CYP2C
polyclonal IgG. Lane 1 contained untreated rat liver microsomes 20 pg/lane. Lane 2 contained cDNA-expressed rat CYP2C6
protein (0.25 pmol/lane). Lane 3 contained CYP2C7 protein (0.125 pmol/lane). Lane 8 contained purified rat liver CYP2C11
protein (0.2 pmol/lane). Lane 9 contained CYP2C12 protein (0.1 pmol/lane). Lane 10 contained purified rat liver CYP2C13 protein
(0.25 pmol/lane). Lanes 4-7 contained testicular microsomes. (C). Immunoblot of testicular microsomes probed with rabbit anti-
human CYP2D6 serum. Lanes 1-4 contained testicular microsomes. Lanes 5 and 6 contained cDNA-expressed rat CYP2D1 protein
(0.2 pmol/lane) and CYP2D2 (0.1 pmol/lane), respectively. Lane 7 contained rat liver microsomes 20 pg/lane.
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Testicular microsomal samples were probed with rabbit anti-rat CYP2E1 serum to
determine if CYP2E1 was expressed in rat testis. The protein band for CYP2E1 (~55 kDa) was
not detected in lanes containing testicular microsomal samples, but clear protein band was
detected with the expected molecular size in the lanes containing rat liver microsomes, which
served as a positive control for the CYP2E1 protein (Figure 3.3A).

To determine if CYP3AL1 and CYP3A2 proteins are expressed in rat testis, testicular
microsomes were probed with rabbit anti-rat CYP3A polyclonal 1gG, which react with CYP3Al
and CYP3AZ2 proteins. The protein band specific for any of the CYP3A isoforms at ~55 kDa
was not detected in lanes containing testicular microsomes, but clear bands with molecular size
of ~55 kDa were detected in lanes containing standard CYP3A1, CYP3A2 and liver microsomal
samples (Figure 3.3B).

The CYP4A subfamily consists of three isoforms, CYP4Al, CYP4A2 and CYP4A3 in
rats. To detect these isoforms, liver microsomes prepared from clofibrate treated rats were loaded
as a positive control because clofibrate is a strong CYP4A inducer in rats (Aoyama et al., 1990).
Since these isoforms have different molecular sizes (CYP4Al molecular size ~51 kDa, 4A2
molecular size ~53 kDa and 4A3 molecular size ~55 kDa) they can be resolved by SDS-PAGE.
Immunoblots were incubated with rabbit anti-rat CYP4A1/2/3 serum for 2 hr at 37°C or 16 hr at
4°C. In both experiments, immunoreactive bands specific for any of the CYP4A enzymes were
not detected in the lanes containing testicular microsomal samples prepared from the untreated
rats. But the lanes containing liver microsomes prepared from rats treated with clofibrate were
shown three protein bands with the expected molecular size, which served as a positive control

(Figure 3.3C).
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Figure 3.3  Representative immunoblots of rat
testicular microsomes probed with antibodies
against CYP2E1, CYP3A and CYP4A in rat
testicular microsomes. For all the immunoblot
experiments, 20 ug of testicular microsomal
protein was loaded per lane. For antibody details
refer to Table 2.1 and 2.2. (A). Immunoblot of
testicular microsomes probed with rabbit anti-rat
CYP2E1 serum. Lanes 1-4 contained testicular
microsomes. Lane 5 contained rat liver
microsomes 20 pg/lane. (B). Immunoblot of
testicular microsomes probed with polyclonal
antibody against rat CYP3A proteins. Lane 1
contained untreated rat liver microsomes 20
pg/lane. Lanes 2-5 contained testicular
microsomes. Lanes 6 and 7 contained cDNA-
expressed rat CYP3Al and CYP3A2 protein
(0.25 pmol/lane), respectively. (C). Immunoblot
of testicular microsomes probed with polyclonal
antibody against rat CYP4A1/2/3. Lanes 1-4
contained testicular microsomes. Lane 5
contained liver microsomes (5 pg/lane) prepared
from clofibrate-treated (300 mg/kg for 7 days)
Long-Evans rats.
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To determine CYP17A1 expression in rat testis, testicular microsomes prepared from
adult rats were probed with goat anti-mouse CYP17Al 1gG. According to the information
provided by vendor (Santa Cruz biotechnology) this antibody also reacts with CYP17A1 of rat
origin. A single protein band with molecular size of ~55 kDa was detected in the testicular
microsmal samples. This band has similar electrophoretic mobility as protein band detected in
adrenal microsomal samples prepared from adult male rats, which served as positive control for
CYP17A1 (Figure 3.4C).

To determine if POR was expressed in rat testis, testicular microsomes were probed with
rabbit anti-rat POR serum. A single protein band having similar electrophoretic mobility as
standard POR with molecular size of ~72 kDa was detected in the lanes containing testicular
microsomal samples (Figure 3.4B).

Rabbit anti-human 3B-HSD polyclonal IgG was used to detect if 33-HSD enzymes were
expressed in rat testis. A single protein band with molecular size of ~55 kDa was detected in the
testicular microsmal samples. This band has similar electrophoretic mobility as 33-HSD protein
band observed in positive control sample (adrenal microsomes prepared from adult male rats)
(Figure 3.4D).

To determine if mEH was expressed in rat testis, testicular microsomes were probed with
rabbit anti-rat EH 1gG. A single protein band having similar electrophoretic mobility as standard
EH with molecular size of ~47 kDa was detected in the lanes containing testicular microsomal

samples prepared from untreated rats (Figure 3.4A).
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Figure 3.4  Representative immunoblots of rat
testicular microsomes probed with antibodies
against mEH, POR and CYP17ALl in rat testicular
microsomes. For all the immunoblot experiments,
20 pg of testicular microsomal protein was loaded
per lane. For antibody details refer to Table 2.1 and
2.2. (A). Immunoblot of testicular microsomes
probed with rabit anti-rat EH I1gG. Lanes 1-4
contained testicular microsomes. Lane 5 contained
purified rat liver epoxide hydrolase protein (0.001
pg/lane). Lane 6 contained rat liver microsomes 20
pg/lane. (B). Immunoblot of testicular microsomes
probed with rabbit anti-rat POR serum. Lanes 1-4
contained testicular microsomes. Lane 5 contained
purified rat liver POR protein (25 ng/lane). (C).
Immunoblot of testicular microsomes probed with
goat anti-mouse CYP17AL1 polyclonal IgG. Lanes
1-4 contained testicular microsomes. Lane 5
contained adrenal microsomes (20 pg/lane)
prepared from adult male rats. D). Immunoblot of
testicular microsomes probed with rabbit anti-
human 3B-HSD polyclonal IgG. Lanes 1-4
contained testicular microsomes. Lane 5 contained
adrenal microsomes (20 pg/lane) prepared from
adult male rats.
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In summary, CYP1B1, CYP2Al, POR, CYP17A1, 3B3-HSD and mEH were detected in
testicular microsomes isolated from adult rats. By comparison, CYP1Al, CYP1A2, CYP2B1,
CYP2E1L, CYP2D1, CYP2D2, CYP2C6, CYP2C7, CYP2C12 CYP2C13, CYP3Al, CYP3A2,
CYP4A1, CYP4A2 and CYP4A3 were not detectable in the same microsomal samples.

Basal expression levels of CYP1B1, CYP2Al, POR and mEH were measured by
immunoquantification using the respective recombinant or purified proteins as calibration
standards. As shown in Figure 3.5, the estimated ranges of basal protein levels in testicular
microsomes prepared from saline-treated rats (n = 4) were as follows, for CYP1B1, 52-76
pmol/mg; for CYP2AL, 3-5 pmol/mg; for POR, 6-7 ug/mg; and for mEH, 0.2-0.17 pg/mg of
testicular microsomal protein. Similarly, the estimated ranges of basal protein levels in testicular
microsomes prepared from propylene glycol-treated rats (n = 9) were as follows; for CYP1B1,
57-70 pmol/mg; for CYP2A1, 4-9 pmol/mg; for POR, 6-7 ug/mg; and for mEH, 0.18-0.28 ug/mg
of testicular microsomal protein. No difference was observed in basal protein expression of

CYP1B1, CYP2A1, POR and mEH between the saline and propylene glycol-treated groups.
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Figure 3.5 Immunoquantification of CYP1B1, CYP2A1, mEH and POR protein levels in testicular microsomes prepared

from adult male rats treated with either propylene glycol or saline. Data are expressed as mean + SD of three independent
experiments (n = 9 for the propylene glycol-treated group and n = 4 for the saline-treated group).



3.1.2 Immunohistochemical Analysis

Immunohistochemical analysis was performed to corroborate immunoblot results and to
determine the localization of CYP1B1l, CYP2Al, mEH, POR, CYP17Al1 and 3B-HSD
expression in rat testis. Immunohistochemical analysis was carried out as described in the
Materials and Methods section. CYP17A1 and 3B-HSD are steroidogenic enzymes that are
abundantly expressed in Leydig cells (Sakaue et al., 2002) and were used, in this study, as
Leydig cell markers. A strong immunoreactive fluorescent signal was observed for CYP1B1,
CY2A1, CYP17A1 and 3B-HSD in interstitial cells, which are comprised mainly of Leydig cells,
when compared with their respective controls (Figure 3.6 and 3.7). Fluorescent signal was not
detected in seminiferous tubules, which contain Sertoli and spermatogenic cells. Whereas for
mEH and POR, an immunoreactive fluorescent signal was detected across the testis including the
interstitial and seminiferous tubule portions, when compared to control tissue sections (Figure
3.8). Within the seminiferous tubule, a strong signal was observed in spermatogenic cells, but a
relatively low signal was observed in Sertoli cells. Summary of the results were shown in Table

3.1.
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Control Experimental

2 Normal rabbit serum

Figure 3.6 Immunohistochemical detection of CYP1B1 and CYP2A1 expression in adult rat
testis. Testis tissue cryosections were prepared and subjected to immunostaining as described in
the Materials and Methods section. Panels a and c are representative cryosections probed with
normal rabbit serum and normal goat 1gG, respectively. Panels b and d are representative
cryosections that were probed with anti-rat CYP1B1 and CYP2A1, respectively. For the
antibody concentrations refer to Table 2.5. Note that the above images are merged images of
antibody (either red or green fluorescent stain to show protein expression) and DAPI (blue stain
to show nuclei) treated cryosections. Arrowheads represent interstitial cell compartment, arrows
represent seminiferous tubules.
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Figure 3.7 Immunohistochemical detection of CYP17A1 and 3B-HSD expression in adult
rat testis. Testis tissue cryosections were prepared and subjected to immunostaining as described
in the Materials and Methods section. Panels a and ¢ are representative cryosections probed with
normal goat 1gG and normal rabbit serum, respectively. Panels b and d are representative
cryosections that were probed with anti-rat CYP17A1 and 3B-HSD respectively. For the
antibody concentrations refer to Table 2.5. Note that the above images are merged images of
antibody (pink fluorescent stain to show protein expression) and DAPI (blue stain to show
nuclei) treated cryosections. Arrowheads represent interstitial cell compartment, arrows represent
seminiferous tubules.
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Figure 3.8  Immunohistochemical detection of EH and POR expression in adult rat testis.
Testis tissue cryosections were prepared and subjected to immunostaining as described in the
Materials and Methods section. Panels a and c are representative cryosections probed with
normal rabbit IgG and normal rabbit serum, respectively. Panels b and d are representative
cryosections that were probed with anti-rat EH and POR respectively. For the antibody
concentrations refer to Table 2.5. Note that the above images are merged images of antibody
(pink or green fluorescent stain to show protein expression) and DAPI (blue stain to show nuclei)
treated tissue sections. Arrowheads represent interstitial cell compartment, arrows represent
seminiferous tubules.
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Table 3.1  Summary of immunohistochemical analyses of CYP1B1, CYP2A1, CYP17Al, mEH, 33-HSD and POR in

adult male rat testis

Immunohistochemistry outcome
Protein ) _ _ )
Presence of immunoreactive Presence of immunoreactive fluorescent
fluorescent signal in interstitial signal in seminiferous tubules/
cells spermatogenic cells

CYP1B1 + -
CYP2Al + -
CYP17A1 + -
mEH + +
POR + +
3B-HSD + -

+, positive; -, negative
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3.2 Study 2: 17p-Estradiol Benzoate Study

This study examined the effect of treatment with 17p-estradiol benzoate (EB) on various
parameters such as body weight, organ weights and testicular expression of CYP1B1, CYP2ALl,
CYP17A1, mEH, POR and 3B-HSD. Rats were treated with varying dosages of EB (0.004, 0.04,
0.4 and 4 pmol/kg) or an equal volume (1 ml/kg) of vehicle (propylene glycol), once daily for 14

days and were killed 24 hr after the last dose.

3.2.1 Effect of 17p-Estradiol Benzoate on Body and Organ Weights

Based on daily physical observation of the rats, all of the rats appeared to be healthy
during the entire study period. Animal body weights were recorded every morning before
treatment and on the day they were killed. The effect of treatment with EB on body weight from
day 1 to day 15 is presented in Figure 3.9A. EB decreased body weight in dose-dependent
manner. EB at highest dosage (4 umol/kg) decreased body weight on day 7 and the effect was
continued till day 15 when compared with the propylene glycol-treated group. EB at 0.04
umol/kg, decreased body weight on day 11 and the effect was continued till day 15. EB at a
dosage of 0.004 umol/kg decreased body weight on day 15 when compared with the propylene
glycol-treated group. As shown in Figure 3.9B, the body weight gain was decreased by 25%,
50%, 65% and 119% at 0.004, 0.04, 0.4 and 4 umol of EB/kg, respectively, when compared with
the propylene glycol-treated group.

No difference was found when liver, adrenal and testis weights (as a percent of body
weight) of EB-treated groups were compared with those of the control group (Figure 3.10A). EB
had no effect on absolute testis weight at any of the tested dosages, except at the highest dosage

(4 umol/kg), where EB decreased absolute testis weight by 20% when compared with propylene
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glycol-treated group (Figure 3.10B). EB decreased absolute liver weight in dose-dependent
manner. EB decreased absolute liver weight by 15%, 20% and 17% at 0.04, 0.4 and 4 pmol/kg
dosages, respectively. No difference was found when absolute adrenal weight of EB-treated

group compared with propylene glycol-treated group.
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Effect of varying dosages of EB on (A) body weight during the treatment period and on (B) body weight gain.
Body weight gain was calculated by subtracting the body weight on day 15 from the body weight on day 1 for each rat. Data are
expressed as mean = SD of the 4 rats per group, except for the propylene glycol-treated group (n = 5). *, significantly different
(p < 0.05) from propylene glycol-treated rats.
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Figure 3.10 Effect of treatment with varying dosages of EB on (A) absolute organ weights and on (B) organ weights as
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3.2.2 Effect of 17p-Estradiol Benzoate Treatment on Testicular Expression of CYP1B1,

CYP2A1, CYP17Al, mEH, POR and 3B-HSD proteins in Adult Male Rat Testis

3.2.2.1  Immunoblot Analysis of Testicular Microsomes Probed for CYP1B1

Immunoblots containing testicular microsomes from treatment groups, and standard
CYP1B1 (cDNA expressed protein) were probed with rabbit anti-rat CYP1B1 serum. A scanned
image of the immunoblot is shown in Figure 3.11. Darkly stained CYP1B1 protein bands were
detected in lanes containing testicular microsomal samples prepared from propylene glycol-
treated rats and rats treated with lowest dosage of EB (0.004 umol/kg). The staining intensity of
CYP1BL1 protein bands was gradually decreased with increasing dosages of EB.

A standard curve was constructed from three different concentrations of standard
CYP1B1 proteins to quantify the CYP1B1 protein levels in testicular microsomes. The
calculated mean slope from 3 experiments was 4.52 with a limit of quantitation of 0.01
pmol/lane. The interday variation (coefficient of variation) of slopes obtained from three
experiments was 4.84% (Table 3.3).

A bar graph summarizing the mean testicular CYP1B1 levels for each treatment group is
presented in Figure 3.12. Treatment with EB decreased testicular CYP1B1 protein levels by 15,
56, 70 and 80% at 0.004, 0.04, 0.4 and 4 umol of EB/kg dosages, respectively, when compared

with the propylene glycol-treated group (63 + 6.2 pmol of CYP1B1/ mg of microsomal protein).
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Figure 3.11 A representative immunoblot of rat testicular microsomes probed with rabbit anti-rat CYP1B1 serum. For
antibody details refer to Table 2.1. The color development reaction time was 3 min. The amount of testicular microsomal protein
loaded was 20 pg /lane. Lanes 1-3 contained testicular microsomal samples prepared from propylene glycol-treated rats. Lanes 4-
5 contained testicular microsomal samples prepared from rats treated with 0.004 umol/kg of EB. Lanes 9-10 contained testicular
microsomal samples prepared from rats treated with 0.04 umol/kg of EB. Lanes 11-12 contained testicular microsomal samples
prepared from rats treated with 0.4 umol/kg of EB. Lanes 13-14 contained testicular microsomal samples prepared from rats
treated with 4 umol/kg of EB. Lanes 6, 7 and 8 contained cDNA expressed rat CYP1B1 protein at 0.1, 0.2 and 0.4 pmol/lane,
respectively.
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Figure 3.12 Graphical representation of CYP1B1 protein content in testicular microsomes
prepared from adult male rats treated with EB or propylene glycol (vehicle). Data are expressed
as mean = SD of three individual experiments with 4 rats per group, except for the propylene
glycol-treated group (n = 5). *, significantly different (p < 0.05) from propylene glycol-treated
rats.

Table 3.2 Details of the calibration curve used for immunoquantitation of CYP1B1 protein
in rat testicular microsomes

Immunoblot CYP1BL1 standards Calibration 2
r Slope r
experiment (pmol/lane) curve
a 4.8 0.97
1 0.1,0.20r0.4 b 4.2 0.95
a 4.4 0.98
2 0.1,0.20r0.4 b 4.6 0.97
a 4.6 0.99
3 0.1,0.20r04 b 4.6 0.99
Mean 4.5
SD 0.22
% CV 48

Note: Three independent experiments were performed on different days. Each experiment included two
immunoblots with two calibration curves (a, b) to analyze all the samples in a single attempt.
Abbreviations: SD, standard deviation; % CV, coefficient of variation; r?, coefficient of determination.
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3.2.2.2 Immunoblot Analysis of Testicular Microsomes Probed for CYP2A1

Immunoblots containing testicular microsomes from treatment groups, and purified rat
liver CYP2A1 proteins were probed with sheep anti-rat CYP2AL1 polyclonal 1gG. A scanned
image of the immunoblot is shown in Figure 3.13. The staining intensity of CYP2AL1 protein
bands for microsomal samples prepared from propylene glycol-treated group was relatively
stronger compared to EB treated groups. Within EB treated groups, the staining intensity of
protein bands was decreased gradually with increasing EB dosage and lowest staining intensity
(below the limit of quantitation) was observed in lanes containing microsomes prepared from 0.4
and 4 EB umol/kg dosage groups.

A standard curve was constructed from four different concentrations of standard
CYP2ALl proteins to quantify the CYP2AL1 protein levels in testicular microsomes. The
calculated mean slope from 3 experiments was 4.0 with a limit of quantitation of 0.0625
pmol/lane. The interday variation (coefficient of variation) of slopes obtained from three
experiments was 9.3% (Table 3.4).

A bar graph summarizing the mean testicular CYP2A1 levels for each treatment group is
presented in Figure 3.14. EB treatment decreased testicular CYP2A1 protein levels by 48, 79, 97
and 98% at 0.004, 0.04, 0.4 and 4 umol/kg dosages of EB, respectively, when compared with the

propylene glycol-treated group (8.3 + 1.3 pmol/mg microsomal protein).
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Figure 3.13 A representative immunoblot of rat testicular microsomes probed with sheep anti-rat CYP2A1 polyclonal IgG.

For antibody concentrations refer to Table 2.1. The amount of testicular microsomal protein loaded was 20 pg/lane. The color
development reaction time was 4 min. Lanes 1-3 contained testicular microsomes prepared from propylene glycol-treated rats.
Lanes 4-5 contained testicular microsomes prepared from rats treated with 0.004 umol of EB /kg. Lanes 10-11 contained testicular
microsomes prepared from rats treated with 0.04 pmol of EB/kg. Lanes 12-13 contained testicular microsomes prepared from rats
treated with 0.4 pmol/kg of EB. Lanes 14-15 contained testicular microsomes prepared from rats treated with 4 pmol of EB/Kg.

Lanes 6, 7, 8 and 9 contained purified rat liver CYP2AL protein at 0.0625, 0.125, 0.25 and 0.35 pmol/lane, respectively.
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Figure 3.14  Graphical representation of CYP2AL protein content in testicular microsomes
prepared from adult male rats treated with EB or propylene glycol (vehicle). Data are expressed
as mean + SD of three individual experiments with 4 rats per group, except for the propylene
glycol-treated group (n = 5). *, significantly different (p < 0.05) from propylene glycol-treated

rats.
Table 3.3 Details of the calibration curve used for immunoquantitation of CYP2AL protein
in rat testicular microsomes
Immunoblot CYP2A1 standards Calibration 2
experiment (pmol/lane) curve Slope r
1 0.0625, 0.125, 0.25 a 4.7 0.95
or 0.35 b 4.0 0.88
2 0.0625, 0.125, 0.25 a 4.3 0.96
or 0.35 b 3.6 0.98
3 0.0625, 0.125, 0.25 a 3.9 0.91
or 0.35 b 3.8 0.92
Mean 4.0
SD 0.38
% CV 9.3

Note: Three independent experiments were performed on different days. Each experiment included two
immunoblots with two calibration curves (a, b) to analyze all the samples in a single attempt.

Abbreviations: SD, standard deviation; % CV, coefficient of variation; r?, coefficient of determination.
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3.2.2.3 Immunoblot Analysis of Testicular Microsomes Probed for CYP17A1

Immunoblots containing testicular microsomes from different treatment groups were
probed with goat anti-mouse CYP17A1 polyclonal IgG. A scanned image of the immunoblot is
shown in Figure 3.15. Due to lack of purified rat CYP17Al protein, adrenal microsomes
prepared from untreated rats were loaded on to the gel to serve as a positive control. The staining
intensity of CYP17A1 protein bands for microsomal samples prepared from propylene glycol-
treated group was much darker when compared to those of EB treated groups. Within EB treated
groups, the staining intensity of CYP17A1 protein bands was decreased gradually with
increasing EB dosages and weakly stained protein bands were detected in lanes containing
microsomes prepared from rat treated with highest dosage (4 umol/kg) of EB.

A standard curve for CYP17A1 was not generated due to lack of purified or recombinant
CYP17A1 protein. Hence, the relative level of CYP17A1 protein was presented as protein band
intensity per milligram of microsomal protein (Figure 3.16). Administration of EB suppressed
testicular CYP17A1 protein expression in a dose-dependent manner (Figure 3.14). EB decreased
the CYP17ALl protein levels by 44, 94 and 97% at 0.04, 0.4 and 4 pmol of EB/kg dosages,
respectively, when compared with propylene glycol-treated rats. However, there was no
difference in CYP17AL protein expression between rats treated with the lowest dosage of EB

and the propylene glycol-treated group.
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Figure 3.15 A representative immunoblot of rat testicular microsomes probed with polyclonal
goat anti-mouse CYP17Al1 IgG. For antibody concentrations refer to Table 2.3. The color
development reaction time was 4 min. The amount of testicular microsomal protein loaded was
20 pg/lane. Lanes 1-3 contained testicular microsomal samples prepared from propylene glycol-
treated rats. Lanes 4-6 contained testicular microsomal samples prepared from rats treated with
0.004 umol of EB/kg. Lanes 7-9 contained testicular microsomal samples prepared from rats
treated with 0.04 umol of EB/kg. Lanes 10-12 contained testicular microsomal samples prepared
from rats treated with 0.4 umol of EB/kg. Lanes 13-15 contained testicular microsomal samples
prepared from rats treated with 4 umol of EB/kg. Lanes 16-17 contained adrenal microsomal
samples prepared from untreated rats.
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Figure 3.16  Graphical representation of relative levels of CYP17Al protein content in
testicular microsomes prepared from adult male rats treated with EB or propylene glycol
(vehicle). Data are expressed as mean + SD of three individual experiments with 4 rats per
group, except for the propylene glycol-treated group (n = 5). *, significantly different (p < 0.05)
from propylene glycol-treated rats.
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3.2.2.4  Immunoblot Analysis of Testicular Microsomes Probed for mEH

Immunoblots containing testicular microsomes from treatment groups, and purified rat
liver EH protein were probed with rabbit anti-rat EH polyclonal 1gG. A scanned image of the
immunoblot is shown in Figure 3.17. Darker protein bands were observed with lanes containing
microsomal samples prepared from vehicle and lowest EB dosage group. The staining intensity
of protein bands was slightly decreased in lanes containing microsomal samples prepared from
groups treated with 0.04, 0.4 and 4 umol of EB/kg dosages, when compared with lowest EB
dosage or vehicle group.

A standard curve was constructed from three different concentrations of purified rat liver
EH proteins to quantify the mEH levels in testicular microsomes. The calculated mean slope
from 3 experiments was 15.2 with a limit of quantitation of 0.01 pg/lane. The interday variation
(coefficient of variation) of slopes obtained from three experiments was 3.32%.

A bar graph summarizing the mean testicular mEH levels for each treatment group is
presented in Figure 3.18. Treatment with EB decreased testicular mEH protein levels by 49, 64
and 67% at 0.04, 0.4 and 4 pmol of EB/kg dosages, respectively, when compared with the
propylene glycol-treated group (6.4 + 0.39 ug of mEH/ mg microsomal protein). However, there
was no difference in mEH protein expression between rats treated with the lowest dosage of EB

and the propylene glycol-treated group.
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Figure 3.17 A representative immunoblot of rat testicular microsomes probed with rabbit anti-rat EH polyclonal IgG.

For antibody concentrations refer to Table 2.3. The amount of testicular microsomal protein loaded was 20 pg/lane. The
color development reaction time was 2 min. Lanes 1-3 contained testicular microsomes prepared from propylene glycol-
treated rats. Lanes 4-5 contained testicular microsomes prepared from rats treated with 0.004 pmol of EB /kg. Lanes 9-10
contained testicular microsomes prepared from rats treated with 0.04 pmol of EB/kg. Lanes 11-12 contained testicular
microsomes prepared from rats treated with 0.4 umol/kg of EB. Lanes 13-14 contained testicular microsomes prepared from
rats treated with 4 umol of EB/kg. Lanes 6, 7, and 8 contained purified rat liver EH protein at 0.01, 0.05, and 0.1 pmol/lane,
respectively.
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Figure 3.18 Graphical representation of mEH protein content in testicular microsomes
prepared from adult male rats treated with EB or propylene glycol (vehicle). Data are expressed
as mean = SD of three individual experiments with 4 rats per group, except for the propylene
glycol-treated group (n = 5). *, significantly different (p < 0.05) from propylene glycol-treated
rats.

Table 3.4 Details of the calibration curve used for immunoquantitation of mEH protein in
rat testicular microsomes
Immunoblot EH standards Calibration Slope E
experiment (ng/lane) Curve P
1 0.01, 0.05 0r 0.1 A 16.0 0.93
B 15.5 0.92
2 0.01, 0.05 0r 0.1 A 14.7 0.86
B 15.2 0.90
3 0.01, 0.05 or 0.1 A 15.2 0.91
B 14.6 0.82
Mean 15.2
SD 0.50
% CV 3.32

Note: Three independent experiments were performed on different days. Each experiment included two
immunoblots with two calibration curves (a, b) to analyze all the samples in a single attempt.
Abbreviations: SD, standard deviation; % CV, coefficient of variation; r?, coefficient of determination.
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3.2.2.5 Immunoblot Analysis of Testicular Microsomes Probed for POR

Immunoblots containing testicular microsomes from treatment groups, and purified rat
liver POR protein were probed with rabbit anti-rat POR serum. A scanned image of the
immunoblot is shown in Figure 3.19. Darkly stained POR protein bands were detected with lanes
containing microsomal samples prepared from vehicle and lowest EB dosage group. The staining
intensity of POR protein bands was slightly decreased in lanes containing microsomal samples
prepared from rat groups treated with 0.04, 0.4 and 4 pmol of EB/kg dosage, when compared
with lowest EB dosage or vehicle group.

A standard curve was constructed from three different concentrations of purified rat liver
POR proteins to quantify the POR level in testicular microsomes. The calculated mean slope
from 3 experiments was 0.036 with a limit of quantitation of 6.25 ng/lane. The interday variation
(coefficient of variation) of slopes obtained from three experiments was 14% (Table 3.5).

A bar graph summarizing the mean testicular mEH levels for each treatment group is
presented in Figure 3.20. Exogenous administration of EB reduced POR protein levels by 53, 58
and 48% at 0.04, 0.4 and 4 umolof EB/kg dosages, respectively, when compared with the
propylene glycol-treated group (270 £ 2.5 ng/mg microsomal protein). However, there was no
difference in POR protein expression between rats treated with the lowest dosage of EB and the

propylene glycol-treated group.
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Figure 3.19 A representative immunoblot of rat testicular microsomes probed with rabbit anti-rat POR serum. For antibody
concentrations refer to Table 2.3. The color development reaction time was 5 min. Lanes 1-3 and 4-5 contained testicular
microsomal samples (40 pg of microsomal protein/lane) prepared from vehicle or 0.004 pumol of EB/kg treated rats,
respectively. Lanes 9-10 contained testicular microsomal samples (80 pg of microsomal protein/lane) prepared from rats
treated with 0.04 pmol of EB/kg. Lanes 11-12 contained testicular microsomal samples (80 pg of microsomal protein/lane)
prepared from rats treated with 0.4 pmol of EB/kg. Lanes 13-14 contained testicular microsomal samples (80 pg of
microsomal protein/lane) prepared from rats treated with 4 umol of EB/kg. Lanes 6, 7, and 8 contained purified rat liver POR
proteins at 6.25, 12.5, and 25 ng/lane, respectively.
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Figure 3.20 Graphical representation of POR protein content in testicular microsomes
prepared from adult male rats treated with EB or propylene glycol (vehicle). Data are expressed
as mean = SD of three individual experiments with 4 rats per group, except for the propylene
glycol-treated group (n = 5). *, significantly different (p < 0.05) from propylene glycol-treated

rats.
Table 3.5 Details of the calibration curve used for immunoquantitation of POR protein in
rat testicular microsomes
Immunoblot POR standards Calibration Slobe P2
experiment (ng/lane) Curve P
1 6.25, 12.5 or 25 A 0.029 0.87
B 0.031 0.96
2 6.25, 12.5 or 25 A 0.042 0.97
B 0.039 0.99
A
3 6.25,12.50r 25 0.037 0.94
B 0.038 0.96
Mean 0.036
SD 0.005
% CV 14

Note: Three independent experiments were performed on different days. Each experiment included two
immunoblots with two calibration curves (a, b) to analyze all the samples in a single attempt.

Abbreviations: SD, standard deviation; % CV, coefficient of variation; r?, coefficient of determination.

91



3.2.2.6  Immunoblot Analysis of Testicular Microsomes Probed for 3p-HSD

Immunoblots containing testicular microsomes from different treatment groups were
probed with rabbit anti-human 3B-HSD polyclonal 1gG. A scanned image of the immunoblot is
shown in Figure 3.21. Adrenal microsomes prepared from untreated rats were loaded on to the
gel to serve as a positive control. The staining intensity of the 3p-HSD protein bands was similar
in all lanes containing microsomes prepared from propylene glycol- and EB-treated rats.

A standard curve for 3f-HSD was not generated due to lack of purified or recombinant
3B-HSD protein. Hence, the relative level of 3B-HSD protein was presented as protein band
intensity per milligram of microsomal protein (Figure 3.22). The results indicate that there was
no difference in relative levels of 33-HSD protein between the propylene glycol- and each of the

EB-treated groups.
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Figure 3.21 A representative immunoblot of rat testicular microsomes probed with rabbit
anti-human 3B3-HSD polyclonal 1gG. For antibody concentrations refer to Table 2.3. The color
development reaction time was 7 min. The amount of testicular microsomal protein loaded was
20 ug/lane). Lanes 1-3 contained testicular microsomes prepared propylene glycol-treated rats.
Lanes 4-6 contained testicular microsomes prepared from rats treated with 0.004 pmol of EB/kg.
Lanes 7-9 contained testicular microsomes prepared from rats treated with 0.04 umol of EB/kg.
Lanes 10-12 contained testicular microsomes prepared from rats treated with 0.4 umol of EB/kg.
Lanes 13-15 contained testicular microsomes prepared from rats treated with 4 umol of EB/kg.
Lane 16 contained rat adrenal microsomes 20 pg/lane, used as a positive control for the 33-HSD
protein.
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Figure 3.22  Graphical representation of relative levels of 33-HSD protein content in testicular
microsomes prepared from adult male rats treated with EB or propylene glycol (vehicle). Data
are expressed as mean + SD of three individual experiments with 4 rats per group, except for the
propylene glycol-treated group (n = 5).
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3.2.2.7 Immunoblot Analysis of Testicular Microsomes Probed for Calnexin

Immunoblots containing testicular microsomes from different treatment groups were
probed with rabbit anti-human calnexin serum. A scanned image of the immunoblot is shown in
Figure 3.23. Liver microsomes prepared from untreated rats were loaded on to the gel to serve as
a positive control. The staining intensity of the immunoreactive protein bands was similar in all
lanes containing microsomes prepared from propylene glycol- and EB-treated rats.

A standard curve for calnexin was not generated due to lack of purified calnexin protein.
Hence, the relative level of calnexin protein was presented as protein band intensity per
milligram of microsomal protein (Figure 3.24). No significant difference was observed in

calnexin protein levels between the vehicle and each of the EB-treated groups.
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Figure 3.23 A representative immunoblot of rat testicular microsomes probed with rabbit anti-
human calnexin serum. The color development reaction time was 90 sec. For antibody
concentrations refer to Table 2.3. Lanes 1-3 contained testicular microsomes prepared propylene
glycol-treated rats. Lanes 4-6 contained testicular microsomes prepared from rats treated with
0.004 umol of EB/kg. Lanes 7-9 contained testicular microsomes prepared from rats treated with
0.04 umol of EB/kg. Lanes 10-12 contained testicular microsomes prepared from rats treated
with 0.4 pmol of EB/kg. Lanes 13-15 contained testicular microsomes prepared from rats treated
with 4 pumol of EB/kg. Lane 16 contained rat liver microsomes 20 pg/lane, used as a positive
control for the calnexin protein
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Figure 3.24  Graphical representation of relative levels of calnexin protein content in testicular
microsomes prepared from adult male rats treated with EB or propylene glycol (vehicle). Data
are expressed as mean + SD of three individual experiments with 4 rats per group, except for the
propylene glycol-treated group (n = 5).
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3.3 Study 3: BPA Study

This study examined the effect of treatment with BPA on various parameters such as
body weight, organ weights and testicular expression of CYP1B1, CYP2A1, CYP17A1, mEH,
POR and 3B-HSD is presented after the rats were treated with varying dosages of BPA (400, 800
and 1600 umol/kg) or an equal volume (1 ml/kg) of propylene glycol or saline (0.9% NacCl),

once daily for 14 days and were killed 24 hr after the last dose.

3.3.1 Effect of BPA on Body and Organ Weights

Based on daily physical observation of the rats, all of the rats appeared to be healthy
during the entire study period. Animal body weights were recorded every morning before
treatment and on the day they were killed. The effect of treatment with BPA on body weight
from day 1 to day 15 was presented in Figure 3.25A. Rats treated with BPA at 800 and 1600
umol/kg decreased body weight at day 15 when compared with the corresponding day body
weight of propylene glycol-treated rats. As shown in Figure 3.25B, BPA decreased body weight
gain by 54, 74 and 94% at 400, 800 and 1600 pumol/kg, respectively, when compared with
propylene glycol-treated rats.

Administration of BPA at 800 and 1600 pumol/kg dosages decreased absolute testis
weight by 27% and 38%, respectively, when compared with propylene glycol-treated rats (Figure
3.26B). Similarly, BPA decreased testis weight (as percent of body weight) by 20%, and 30% at
800 and 1600 umol/kg dosages, respectively, when compared with propylene glycol-treated rats
(Figure 3.26A). No difference was found when relative and absolute liver and adrenal weights of

BPA-treated groups were compared to those of the propylene glycol-treated group (Figure 3.26).
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Figure 3.25 Effect of varying dosages of BPA treatment on (A) body weight during the treatment period and on (B) body
weight gain. Data are expressed as mean + SD for 4 rats per group. *, significantly different (p < 0.05) from propylene glycol-
treated rats.
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Figure 3.26  Effect of treatment with varying dosages of BPA on (A) absolute weights of liver, testis and adrenal and on
(B) relative weights of liver, testis and adrenal (as percent of bodyweight). Data are expressed as mean + SD for 4 rats per
group. *, significantly different (p < 0.05) from propylene glycol-treated rats.



3.3.2 Effect of BPA Treatment on Testicular Expression of CYP1B1l, CYP2Al,

CYP17Al1, mEH, POR and 3p-HSD in Adult Male Rats

3.3.2.1  Immunoblot Analysis of Testicular Microsomes Probed for CYP1B1

Immunoblots containing testicular microsomes from different treatment groups, and
standard CYP1B1 (cDNA expressed proteins) was probed with rabbit anti-rat CYP1B1 serum. A
scanned image of immunoblot is shown in Figure 3.27. Relatively darker color protein bands
were detected in lanes containing microsomal samples prepared from saline- or propylene
glycol-treated rats than those of lanes containing microsomal samples of BPA. Within BPA
treated groups, the staining intensity of the CYP1B1 bands was decreased with increasing
dosages of BPA.

A standard curve was constructed from three different concentrations of standard
CYP1B1 proteins to quantify the CYP1B1 level in testicular microsomes (Table 3.7). The
calculated mean slope from 3 experiments was 4.9 with a limit of quantitation of 0.01 pmol/lane.
The interday variation [coefficient of variation (CV)] of slopes obtained from three experiments
was 11%.

A bar graph summarizing the mean testicular CYP1B1 levels for each treatment group is
presented in Figure 3.28. Administration of BPA to adult male rats had shown a decrease in
CYP1BL1 protein levels by 51, 87, and 89% at 400, 800 and 1600 umol/kg dosages, respectively,
when compared with the propylene glycol-treated (64 + 12 pmol of CYP1B1/mg microsomal
protein) and saline-treated rats (64 + 7.5 pmol of CYP1B1/mg microsomal protein). There was

no difference in CYP1B1 expression between the propylene glycol- and saline-treated groups.
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Figure 3.27 A representative immunoblot of rat testicular microsomes probed with rabbit anti-rat CYP1B1 serum. For
antibody details refer to Table 2.1. The color development reaction time was 3 min. The amount of testicular microsomal
protein loaded was 20 pg/lane. Lanes 1-2 contained testicular microsomal samples prepared from saline-treated rats. Lanes 3-4
contained testicular microsomal samples prepared from rats treated with propylene glycol-treated rats. Lanes 8-9 contained
testicular microsomal samples prepared from rats treated with 400 umol/kg of BPA. Lanes 10-11 contained testicular
microsomal samples prepared from rats treated with 800 umol/kg of BPA. Lanes 12-13 contained testicular microsomal
samples prepared from rats treated with 1600 umol/kg of BPA. Lanes 5, 6, and 7 contained cDNA expressed rat CYP1B1
protein at 0.1, 0.2 and 0.4 pmol/lane, respectively.

100



80 1

=
c o
L5 601
C —
oO®
o £
0
Q
= O 40 1
o IS
n o
FE 20
> 0
OE

RS

0 .
Saline Propylene  4qg 800 1600
glycol

Bisphenol A (umol/kg)

Figure 3.28 Graphical representation of CYP1B1 protein content in testicular microsomes
prepared from adult male rats treated with BPA, propylene glycol (vehicle) or saline. Data are
expressed as mean + SD for 4 rats per group. *, significantly different (p < 0.05) from propylene
glycol-treated rats.

Table 3.6 Details of the calibration curve used for immunoquantitation of CYP1B1 protein
in rat testicular microsomes

Immunoblot CYPiBI Calibration 2
. standards Slope r
experiment (pmol/lane) Curve
A 5.2 0.97
1 0.1,0.20r0.4 B 51 0.97
A 5.2 0.98
2 0.1,0.20r0.4 B 44 0.98
A 4.2 0.95
3 0.1,0.20r0.4 B 56 0.94
Mean 49
SD 0.52
% CV 11

Note: Three independent experiments were performed on different days to analyze each sample. Each
experiment included two immunoblots with two calibration curves (a, b) to analyze all the samples in a
single attempt. Abbreviations: SD, standard deviation; % CV, coefficient of variation; r?, coefficient of
determination..
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3.3.2.2  Immunoblot Analysis of Testicular Microsomes Probed for CYP2A1

Immunoblots containing testicular microsomes from treatment groups, and purified rat
liver CYP2A1 proteins were probed with sheep anti-rat CYP2A1 polyclonal 1gG. A scanned
image of immunoblot is shown in Figure 3.29. Relatively darker color immunoreactive bands
were detected in lanes containing microsomes prepared from saline- or propylene glycol-treated
rats than those of prepared from rats treated with varying BPA dosages. Within BPA treated
groups, the staining intensity of CYP2A1 bands was decreased gradually with from lanes
containing microsomal samples prepared from rats treated with lowest BPA dosage (400
umol/kg) to highest BPA dosage (1600 umol/kg).

A standard curve was constructed from four different concentrations of standard
CYP2AL1 proteins to quantify the CYP2A1 protein levels in testicular microsomes (Table 3.8).
The calculated mean slope from 3 experiments was 4.2 with a limit of quantitation of 0.0625
pmol/lane. The interday variation [coefficient of variation (CV)] of slopes obtained from three
experiments was 5.1%.

A bar graph summarizing the mean testicular CYP2A1 levels for each treatment group is
presented in Figure 3.30. Treatment with BPA decreased CYP2AL protein levels by 72, 92 and
92% at of 400, 800 and 1600 umol/kg dose levels, respectively, when compared with the vehicle
(3.5 £ 0.36 pmol/mg microsomal protein) or saline-treated rats (4.5 £ 1.1 pmol/mg microsomal
protein). No difference was observed in CYP2A1 expression between the propylene glycol- and

saline-treated groups.
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Figure 3.29 A representative immunoblot of rat testicular microsomes probed with sheep anti-rat CYP2AL polyclonal 1gG.
For antibody details refer to Table 2.1. The color development reaction time was 4 min. Lanes 1-3 and 4-5 contained testicular
microsomal samples (20 pg of microsomal protein per lane) prepared from saline or propylene glycol-treated rats, respectively.
Lanes 10-11 contained testicular microsomal samples (80 pg of microsomal protein per lane) prepared from rats treated with
BPA at 400 pmol/kg. Lanes 12-13 and 13-14 contained testicular microsomal samples (80 pg of microsomal protein per lane)
prepared from rats treated with BPA at 800 umol/kg. Lanes 13-14 contained testicular microsomal samples (80 pg of
microsomal protein per lane) prepared from rats treated with BPA at 1600 umol/kg. Lanes 6, 7, 8 and 9 contained purified rat

liver CYP2AL protein at 0.0625, 0.125, 0.25 and 0.35 pmol/lane, respectively.
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Figure 3.30 Graphical representation of CYP2AL protein content in testicular microsomes
prepared from adult male rats treated with BPA, propylene glycol (vehicle) or saline. Data are
expressed as mean + SD for 4 rats per group. *, significantly different (p < 0.05) from propylene
glycol-treated rats.

Table 3.7 Details of the calibration curve used for immunoquantitation of CYP2AL protein
in rat testicular microsomes
Immunoblot CYP2A1 standards Calibration 2
. Slope r
experiment (pmol/lane) curve
1 0.0625, 0.125, 0.25 a 3.9 0.98
or 0.35 b 4.3 0.92
5 0.0625, 0.125, 0.25 a 44 0.84
or 0.35 b 4.2 0.94
3 0.0625, 0.125, 0.25 a 4.4 0.78
or 0.35 b 4.2 0.79
Mean 4.2
SD 0.21
% CV 5.1

Note: Three independent experiments were performed on different days to analyze each sample.
Each experiment included two immunoblots with two calibration curves (a, b) to analyze all the
samples in a single attempt. Abbreviations: SD, standard deviation; % CV, coefficient of variation;
r?, coefficient of determination.
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3.3.2.3 Immunoblot Analysis of Testicular Microsomes Probed for CYP17Al

Immunoblots containing testicular microsomes from different treatment groups were
probed with goat anti-mouse CYP17A1 polyclonal 1gG. A scanned image of the immunoblot is
shown in Figure 3.31. Adrenal microsomes prepared from untreated rats were loaded on to the
gel to serve as a positive control. Relatively darker color CYP17A1 immunoreactive bands were
detected in lanes containing microsomes prepared from saline- or propylene glycol-treated rats
than those of lanes containing testicular microsomal samples prepared from rats treated with
BPA at lowest dosage. There was no CYP17A1 protein bands were detected in the lanes
containing microsomal samples prepared from rats treated with BPA at 400 pmol/kg and 1600
umol/kg.

A standard curve for CYP17A1 was not generated because of a lack of purified or
recombinant CYP17A1 proteins. Hence relative levels of testicular CYP17Al protein was
presented as protein band intensity per milligram of testicular microsomal protein (Figure 3.32).
BPA decreased CYP17A1 protein levels by 49% at 400 umol/kg dosage, but CYP17Al levels
were completely abolished and not detectable at 800 and 1600 umol/kg dosages, when compared
with propylene glycol- and saline-treated groups. There was no difference in CYP17A1 protein

expression between the propylene glycol- and saline-treated groups.
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Figure 3.31 A representative immunoblot of rat testicular microsomes probed with polyclonal
goat anti-mouse CYP17A1 IgG. For antibody details refer to Table 2.3. The color development
reaction time was 4 min. Lanes 1-3 and 4-6 contained testicular microsomal samples (20 pg of
microsomal protein per lane) prepared from rats treated with saline or vehicle, respectively.
Lanes 7-8 contained testicular microsomal samples (20 pug of microsomal protein per lane)
prepared from rats treated with 400 pmol of BPA/kg. Lanes 9-10 contained testicular
microsomal samples (80 pg of microsomal protein per lane) prepared from rats treated with 800
umol of BPA/kg. Lanes 11-12 contained testicular microsomal samples (80 pg of microsomal
protein per lane) prepared from rats treated with 1600 pmol of BPA/kg. Lanes 13 and 14
contained rat adrenal microsomes 20 pg/lane, used as a positive control for the CYP17A1 protein
detection. Lane 15 contained testicular microsomes prepared from pooled testis of untreated rats.
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Figure 3.32 Graphical representation of relative levels of CYP17Al protein content in
testicular microsomes prepared from adult male rats treated with BPA, propylene glycol
(vehicle) or saline. Data are expressed as mean £ SD for 4 rats per group. *, significantly
different (p < 0.05) from propylene glycol-treated rats.
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3.3.2.4  Immunoblot Analysis of Testicular Microsomes Probed for mEH

Immunoblots containing testicular microsomes from treatment groups, and purified rat
liver EH protein were probed with rabbit anti-rat EH polyclonal 1gG. A scanned image of the
immunoblot is shown in Figure 3.33. Relatively darker color protein bands were detected in
lanes containing microsomal samples prepared from saline- or propylene glycol-treated rats than
those of lane containing microsomal samples prepared from rats treated with varying BPA
dosages. Within BPA treated groups, the staining intensity of the immunoreactive bands was
decreased gradually from lanes containing microsomes prepared from rats treated with lowest
BPA dosage (400 umol/kg) to highest BPA dosage (1600 pmol/Kg).

A standard curve was constructed from three different concentrations of purified rat liver
EH proteins to quantify the mEH level in testicular microsomes (Table 3.9). The calculated mean
slope from 3 experiments was 15 with a limit of quantitation of 0.01 ug/lane. The interday
variation [coefficient of variation (CV)] of slopes obtained from three experiments was 6.4%

A Dbar graph summarizing the mean testicular mEH levels for each treatment group is
presented in Figure 3.36. BPA decreased the testicular mEH protein levels by 50, 67 and 67% at
400, 800 and 1600 pumol/kg dosages, respectively, when compared with vehicle (6.1 + 0.65
ug/mg microsomal protein) or saline (6.3 + 0.22 pg//mg microsomal protein) treated group.
There was no difference in mEH expression between the propylene glycol- and saline-treated

rats.
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Figure 3.33 A representative immunoblot of rat testicular microsomes probed with rabbit anti-rat EH polyclonal 1gG. For
antibody concentrations refer to Table 2.3. The color development reaction time was 2 min. Lanes 1-3 and 4-6 contained
testicular microsomal samples (10 pug of microsomal protein per lane) prepared from propylene glycol- and saline treated rats,
respectively. Lanes 10-11 contained testicular microsomal samples (20 ug of microsomal protein per lane) prepared from rats
treated with 400 umol of BPA/kg. Lanes 12-13 contained testicular microsomal samples (20 pg of microsomal protein per
lane) prepared from rats treated with 800 umol of BPA/kg. Lanes 14-15 contained testicular microsomal samples (20 pg of
microsomal protein per lane) prepared from rats treated with 1600 umol of BPA/kg. Lanes 7, 8 and 9 contained purified rat
liver EH protein at 0.01, 0.05, and 0.1 pmol/lane, respectively.
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Figure 3.34 Graphical representation of mEH protein content in testicular microsomes
prepared from adult male rats treated with BPA, propylene glycol (vehicle) or saline. Data are
expressed as mean + SD for 4 rats per group. *, significantly different (p < 0.05) from propylene

glycol-treated rats.

Table 3.8 Details of the calibration curve used for immunoquantitation of mEH protein in

rat testicular microsomes

Immunoblot EH standards Calibration )
i Slope r
experiment (ng/lane) curve
1 0.01, 0.05 or 0.1 a 15 0.82
b 16 0.85
2 0.01, 0.05 or 0.1 a 15 0.59
b 16 0.71
3 0.01, 0.05 or 0.1 a 15 0.91
b 13 0.72
Mean 15
SD 0.96
% CV 6.4

Note: Three independent experiments were performed on different days to analyze each sample. Each
experiment included two immunoblots with two calibration curves (a, b) to analyze all the samples in
a single attempt. Abbreviations: SD, standard deviation; % CV, coefficient of variation; r?, coefficient

of determination.
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3.3.2.5 Immunoblot Analysis of Testicular Microsomes Probed for POR

Immunoblots containing testicular microsomes from treatment groups, and purified rat
liver POR protein were probed with rabbit anti-rat POR serum. A scanned image of the
immunoblot is shown in Figure 3.35. Relatively darker color protein bands were detected in
lanes containing microsomal samples prepared from saline- or propylene glycol-treated rats than
those of lanes containing microsomal samples prepared from rats treated with varying BPA
dosages. Within BPA treated groups, the staining intensity of POR protein bands was decreased
gradually from lanes containing microsomes prepared from rats treated with lowest BPA dosage
(400 umol/kg) to highest BPA dosage (1600 umol/kg).

A standard curve was constructed from three different concentrations of purified rat liver
POR proteins to quantify the POR level in testicular microsomes (Table 3.10). The calculated
mean slope from 3 experiments was 0.037 with a limit of quantitation of 6.25 ng/lane. The
interday variation [coefficient of variation (CV)] of slopes obtained from three experiments was
22%

A bar graph summarizing the mean testicular POR levels for each treatment group is
presented in Figure 3.36. Administration of BPA decreased POR protein levels by 43, 66 and
67% at 400, 800 and 1600 pumol/kg dosages, respectively, when compared with propylene
glycol-treated (185 + 11 ng/mg microsomal protein) and saline-treated (183 *+ 15 ng/mg
microsomal protein) groups. There was no difference in POR protein levels between the

propylene glycol- and saline-treated rats.
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Figure 3.35 A representative immunoblot of rat testicular microsomes probed with rabbit anti-rat POR serum. For antibody
details refer to Table 2.3. The color development reaction time was 5 min. Lanes 1-2 and 3-4 contained testicular microsomal
samples (40 pg of microsomal protein/lane) prepared from propylene glycol- or saline-treated rats. Lanes 8-9 contained
testicular microsomal samples (80 pg of microsomal protein per lane) prepared from rats treated with 400 pumol of BPA/kg.
Lanes 10-11 contained testicular microsomal samples (80 pg of microsomal protein per lane) prepared from rats treated with
800 umol of BPA/kg. Lanes 12-13 contained testicular microsomal samples (80 pug of microsomal protein per lane) prepared
from rats treated with 1600 pmol of BPA/kg, respectively. Lanes 5, 6, and 7 contained purified rat liver P450-reductase
protein at 6.25, 12.5, and 25 ng/lane, respectively.
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Figure 3.36  Graphical representation of POR protein content in testicular microsomes
prepared from adult male rats treated with BPA, propylene glycol (vehicle) or saline. Data are
expressed as mean + SD for 4 rats per group. *, significantly different (p < 0.05) from propylene
glycol-treated rats.

Table 3.9 Details of the calibration curve used for immunoquantitation of POR protein in rat
testicular microsomes

Immunoblot POR standards Calibration )
i Slope r
experiment (ng/lane) curve
1 6.25, 12.5 or 25 a 0.038 0.96
b 0.037 0.93
2 6.25, 12.5 or 25 a 0.041 0.98
b 0.021 0.94
3 6.25, 12.5 or 25 a 0.0403 0.98
b 0.042 0.95
Mean 0.037
SD 0.0079
% CV 22

Note: Three independent experiments were performed on different days to analyze each sample.
Each experiment included two immunoblots with two calibration curves (a, b) to analyze all the
samples in a single attempt. Abbreviations: SD, standard deviation; % CV, coefficient of variation;
r?, coefficient of determination.
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3.3.2.6  Immunoblot Analysis of Testicular Microsomes Probed for 3g-HSD

Immunoblots containing testicular microsomes from different treatment groups were
probed with rabbit anti-human 3B-HSD polyclonal IgG. A scanned image of the immunoblot is
shown in Figure 3.37. Adrenal microsomes prepared from untreated rats were loaded on to the
gel to serve as a positive control. The staining intensity of protein bands was not affected in lanes
containing microsomal samples prepared from saline or vehicle or BPA treated (at 800 umol/kg)
groups, but the staining intensity was decreased in lanes containing microsomes prepared from
rats treated with highest BPA dosage (at 1600 umol/kg).

A standard curve for 33-HSD was not generated due to lack of purified or recombinant
3B-HSD protein. Hence the relative level of 3B-HSD protein was presented as protein band
intensity per milligram of microsomal protein (Figure 3.38). Administration of BPA decreased
3B-HSD protein expression by 48% at highest dosage (1600 umol/kg), but not at the remaining
dosages, when compared with propylene glycol- and saline-treated rats. There was no differenrce

in 3B-HSD expression between the propylene glycol- and saline-treated rats.
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Figure 3.37 A representative immunoblot of rat testicular microsomes probed with rabbit anti-
human 3B-HSD polyclonal 1gG. The amount of testicular microsomal protein loaded was 20
ug/lane. For antibody details refer to Table 2.3. The color development reaction time was 7 min.
Lanes 1-3 and 4-6 contained testicular microsomes prepared from rats treated with saline or
vehicle, respectively. Lanes 7-9 contained testicular microsomes prepared from rats treated with
400 pmol of BPA/kg. Lanes 10-12 contained testicular microsomes prepared from rats treated
with 800 pumol of BPA/kg. Lanes 13-15 contained testicular microsomes prepared from rats
treated with 1600 pmol of BPA/Kg. Lanes 16 were contained rat adrenal microsomes 20 pg/lane,
used as a positive control for the 33-HSD protein.
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Figure 3.38  Graphical representation of relative levels of 33-HSD protein content in testicular
microsomes prepared from adult male rats treated with BPA, propylene glycol (vehicle) or
saline. Data are expressed as mean + SD for 4 rats per group. *, significantly different (p < 0.05)
from propylene glycol-treated rats.
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3.3.2.7  Immunoblot Analysis of Testicular Microsomes Probed for Calnexin

Immunoblots containing testicular microsomes from different treatment groups were
probed with rabbit anti-human calnexin serum. A scanned image of the immunoblot is shown in
Figure 3.39. Liver microsomal samples prepared from untreated rats were loaded on to the gel to
serve as a positive control. The staining intensity of protein bands was similar in all the lanes
containing microsomal samples prepared from propylene glycol- or saline- or BPA-treated
groups

A standard curve for calnexin was not generated due to lack of recombinant or purified
calnexin protein. Hence, the relative level of calnexin protein was presented as protein band
intensity per milligram of microsomal protein (Figure 3.40). Administration of BPA had shown
no effect on protein expression of calnexin in testicular microsomes prepared from varying
dosages of BPA-treated rats. No difference was observed in calnexin protein levels bitween any

of the treatment groups.
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Figure 3.39 A representative immunoblot of rat testicular microsomes probed with rabbit anti-
human calnexin serum. The color development reaction time was 90 sec. For the antibody details
refer to Table 2.3. Amount of testicular microsomal protein loaded was 20 ug/lane Lanes 1-3 and
4-6 contained testicular microsomes prepared from rats treated with saline or vehicle,
respectively. Lanes 7-9 contained testicular microsomes prepared from rats treated with 400
umol of BPA/kg. Lanes 10-12 contained testicular microsomes prepared from rats treated with
800 umol of BPA/kg. Lanes 13-14 contained testicular microsomes prepared from rats treated
with 1600 umol of BPA/kg. Lane 15 containing testicular microsomes prepared from pooled
testis of untreated rats. Lane 16 contained rat liver microsomes 20 pg/lane, used as a positive
control for the calnexin protein.
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Figure 3.40  Graphical representation of relative levels of calnexin protein content in testicular
microsomes prepared from adult male rats treated with BPA, propylene glycol (vehicle) or
saline. Data are expressed as mean + SD for 4 rats per group.
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4. Discussion

4.1 Study 1: Immunochemical Detection of Various CYP and Other Xenobiotic-
Metabolizing Enzymes in Rat Testicular Microsomes
The focus of the Study 1 was to characterize the expression of CYP and other xenobiotic-

metabolizing enzymes at the protein level in rat testis.

CYP1B1

Previous studies reported that CYP1B1 protein was expressed in steroidogenic tissues
including adrenal cortex, ovary and testis (Bhattacharyya et al., 1995, Otto et al., 1992; Walker et
al., 1995; Leung et al., 2009; Deb et al., 2010). CYP1B1 was readily detected, by immunoblot
analysis, in rat testis microsomes in the present study. Basal expression of CYP1BL1 in testicular
microsomes prepared from propylene glycol- or saline-treated rats was determined to be 63 = 6
pmol or 64 + 12 pmol per mg of total testicular microsomal protein (mean + SD), respectively.
Basal expression of testicular CYP1B1 protein was previously reported to be 57 and 60 pmol per
mg of microsomal protein (Leung et al 2009; Deb et al., 2011). Although total CYP content in
testicular microsomes was not measured in this study, one can assume a total testicular CYP
content of 80 pmol per mg of microsomal protein (Leung et al., 2009). Thus, the basal level of
CYP1B1 (64 pmol) that determined in the present study represents 80% of the total CYP content
(as determined by CO difference spectrum) in the adult rat testis. This suggests that CYP1B1 is
abundantly expressed in adult rat testis.

CYP1B1 immunoreactivity was confined to interstitial cells, which are comprised mainly

of Leydig cells. No immunoreactivity was detected within the seminiferous tubules, which
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include spermatogenic and Sertoli cells. These results suggest that CYP1B1 expression in rat
testis is cell type specific and primarily localized in Leydig cells.

The abundant basal expression of CYP1B1 in testis may be of toxicological significance.
CYP1B1 is actively involved in the bioactivation of various toxic chemicals, in vitro and in vivo.
For example, human recombinant CYP1BL1 is able to convert polycyclic aromatic hydrocarbons
and various heterocyclic and aryl amines into toxic metabolites (Shimada et al., 1996). For
instance, CYP1B1 converted 7,12-dimethylbenz[a]anthracene (DMBA) to 1,2-epoxide-3,4-diol-
DMBA, which is a carcinogenic metabolite, in rat testicular microsomes, in vitro (Otto et al.,
1992). Moreover, formation of the carcinogenic metabolite of DMBA and formation of DNA-
DMBA adducts was observed in mouse testis, when CYP1B1 knockout mice and wild-type mice
were treated with DMBA at 200 pg/mice/day for 3 weeks. The levels of DNA adducts found in
testicular homogenate of CYP1B1 knockout mice were seven times lower than those observed in
wild-type mice (Buter et al., 2002). These studies suggest that CYP1B1 plays a role in the
development of testicular toxicity via bioactivation of environmental chemicals such as DMBA
and BaP (Georgellis et al., 1989). Because, CYP1B1 expression in rat testis is cell specific,

interstitial cells may be highly vulnerable to toxic insult mediated by CYP1B1 in testis.

CYP2Al

Using CYP2A1-specific polyclonal antibody, an immunoreactive protein band with
molecular size of approximately 48 kDa and similar electrophoretic mobility as the CYP2A1
protein standard was detected in testicular microsomes of adult rats. These results agree with
previous studies (Sonderfan et al., 1989 and Seng et al., 1991), in which CYP2A1 was detected

in rat Leydig cell homogenate by immunoblot analysis or measurement of CYP2A1-mediated
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activity namely, conversion of testosterone to 7-o hydroxytestosterone. In rats, the CYP2A
subfamily consists of three enzymes, CYP2A1, CYP2A2 and CYP2A3 (Martignoni et al., 2006),
which can be resolved by SDS-PAGE (Anderson et al., 1998). In the present study, we did not
detect any immunoreactive bands other than CYP2A1 in the testicular microsomal samples. This
indicates that CYP2A2 and CYP2A3 are either not constitutively expressed or are expressed at a
very low level in rat testis. Further studies are required to thoroughly investigate the possible
expression of CYP2A2 and CYP2A3 in rat testis.

Our study is the first to quantify basal expression of CYP2AL protein, which was
estimated to be 6 £ 3 pmol or 4 £ 1 pmol per mg of total testicular microsomal protein (mean =
SD) in testicular microsomes of rats treated with propylene glycol or saline, respectively. In
comparison to testicular CYP1B1 protein levels, CYP2A1 basal levels are very low. If one
assumes the total CYP content of testicular microsomes is 80 pmol /mg microsomal protein
(Leung et al., 2009), then the CYP2AL1 level (5 pmol) determined in the present study represents
approximately 6% of the total CYP content in adult rat testis.

Immunohistochemical analysis revealed that the cellular localization of CYP2AL is
similar to that of CYP1B1. CYP2A1 immunoreactivity was confined to interstitial cells, which
are comprised mainly of Leydig cells. Immunoreactivity for CYP2A1 was not detected in
seminiferous tubules. These results are in agreement with a previous study (Seng et al., 1996), in
which CYP2A1 immunoreactivity was detected in Leydig cells after immunohostochemical
analyses of tissue sections prepared from rat testis.

CYP2A1 may play a role in the maintenance of hormonal homeostasis in the testis.
CYP2AL is catalytically active in the metabolism of testosterone to 7a-hydroxytestosterone in rat

liver and testicular microsomes, in vitro (Sonderfan et al., 1989; Seng et al., 1996). Thus,
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changes in CYP2AL1 expression levels could affect testosterone levels and the physiological

function mediated by testosterone in testis.

CYP1A

Unlike CYP1B1 and CYP2A1, immunoreactive bands corresponding to CYP1A1 and
CYP1A2 were not detected in testicular microsomes from adult male rats. This result confirms
earlier reports of little or no expression of CYP1A1 mRNA or protein in homogenates of rat
primary Leydig cells or TM3 Leydig cells (immortalized mouse Leydig cells) or in rat testicular
microsomes (Chung et al., 2007; Korkalainen et al., 2004). A recent study (Deb et al., 2010)
from our laboratory also reported that CYP1A1 and CYP1A2 are not expressed constitutively in
rat testis or after treatment of rats with typical CYP1A inducers such as BaP and 2,3,7,8-

tetrachlorodibenzo-p-dioxin (TCDD).

CYP2B

In the present study, immunoreactive bands corresponding to CYP2B1 or CYP2B2 or
CYP2B3 proteins were not detected in microsomes prepared from adult rat testis. Conflicting
information is available about the expression of CYP2B enzymes in rat testis. Andric et al.
(2006) reported the presence of CYP2B1 mRNA in interstitial cells isolated from pooled rat
testis, whereas, Imaoka et al. (2005) did not detect CYP2B1 mRNA in rat testis. On the basis of
these two studies, it is possible that CYP2B1 mRNA is expressed at very low levels in rat testis,

but translation of MRNA into detectable protein is unlikely.
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CYP2D

Immunoreactive bands corresponding to CYP2D1 and CYP2D2 proteins were not
detected in testis microsomes from adult rats. These results are in agreement with a previous
study by Hirori et al. (1998), in which CYP2D2 and CYP2D3 mRNA was not detected in rat
testis. In the same study, CYP2D1, CYP2D4, CYP2D5 and CYP2D18 mRNAs were detected in
rat testis but the expression levels were relatively very low compared to liver, kidney and small
intestine. Although the primary antibody used in the present study is polyspecific and detected
recombinant CYP2D1 and CYP2D2 protein standards, it is not known whether the antibody was
able to detect CYP2D3, CYP2D4, CYP2D5 and CYP2D18 enzymes. Possible reasons for not
detecting any of the rat CYP2D enzymes are 1) CYP2D proteins are not expressed in rat testis, 2)
lack of specific antibodies and purified standards for CYP2D3, CYP2D4, CYP2D5 and
CYP2D18 and 3) the immunoblot method may not be sensitive enough to detect low levels of

CYP2D proteins.

CYP2E1

An immunoreactive protein band corresponding to CYP2E1 was not found in
microsomes prepared from adult rat testis. These results contradict two previous reports, in
which trace levels of CYP2E1 protein and mRNA were detected in testis from untreated rats or
from rats that were treated with pyridine or halothane (Jiang et al., 1998; Oropeza-Hernandez et
al., 2003). The amount of testicular microsomal protein (20 pg/lane) analyzed in the present
study was less than that used in the previous studies (40 pg/lane) (Jiang et al., 1998; Oropeza-
Hernandez et al., 2003). In addition, the authors used chemiluminesence detection, which might

be more sensitive for detecting a weak signal than the colorometric method used in the present

121



study. It is also possible that the antibody used in the previous studies was more sensitive than
the antibody used in the present study. Further studies are required to confirm the expression or

lack of expression of CYP2EL1 in rat testis.

CYP2C

In the present study, immunoreactive bands specific for CYP2C6, CYP2C7, CYP2C11,
CYP2C12 or CYP2C13 were not detected in the testis microsomes obtained from adult rats.
These results are in agreement with a previous study, in which no CYP2C11 protein or
functional activity was observed in the rat testicular microsomes (Seng et al., 1996). Thus, it is
less likely that CYP2C enzymes play a role in the detoxification or bioactivation of toxicants in

rat testis.

CYP3A and CYP4A

Immunoreactive bands corresponding to CYP3A1 and CYP3A2 were not detected in
microsomes prepared from adult male rat testis. Similarly, immunoreactive CYP4A proteins
(CYP4Al, CYP4A2 and CYP4A3) were not detected in rat testicular microsomes. To my
knowledge, there are no previous reports on the expression of CYP3A and CYP4A proteins in rat

testis.

CYP17A1 and 3p-HSD
CYP17Al1 and 3B-HSD are key enzymes responsible for the synthesis of androgens in
steroidogenic tissues such as adrenal, testis and ovary (Payne and Hales, 2004). In the present

study, these two enzymes were used as reference proteins for testicular microsomes and
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immunoreactive bands corresponding to CYP17A1 and 3B-HSD were detected in testicular
microsomes from adult rats. The expression of these enzymes in rat testis has been well studied
(Payne and Hales, 2004). Immunohistochemical analysis using specific antibodies for CYP17A1
and 3B-HSD suggests that CYP17A1 and 3B3-HSD expression was confined to interstitial cells,
which are mainly comprised of Leydig cells. Our results confirm the results of previous studies
(Fevold et al., 1989; Lee goasconge et al., 1991; Pelletier et al., 2001; Payne and Hales, 2004;
Simard et al., 1993), in which CYP17A1 expression was detected at the mRNA and protein level
in rat liver, stomach, testis, adrenal gland and ovary. It has been also reported that CYP17A1 was
developmentally regulated in these tissues (Vianello et al., 1997). 3B-HSD expression was
observed in the smooth endoplasmic reticulum of Leydig cells of rat testis (Majdic et al., 1995,
Haider and Servos, 1998). Because, CYP17A1 and 3B-HSD expression is Leydig cell specific,

most of the studies have used these two proteins as Leydig cell markers.

NADPH-cytochrome P450 oxidoreductase (POR)

POR is an obligatory partner for microsomal CYP enzymes and is involved in the transfer
of electrons from NADPH, which is a critical step in the catalytic cycle of CYP enzymes (Ram
and Waxman 1992). In the present study, POR protein was detected in testis microsomes from
adult male rats. These results are in agreement with previous studies (Waxman et al., 1989b;
Ram and Waxman 1992), in which POR was detected in rat testicular microsomes using
immunoblot analysis. Our study is the first to quantify basal expression of POR protein, which
was estimated to be 232 *+ 48.4 ug or 183 = 14.5 pmol per mg of total testicular microsomal
protein (mean + SD) in testicular microsomes of rats treated with propylene glycol or saline,

respectively.
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The present study is the first to report the localization and cellular distribution of POR in
rat testis. Unlike CYP1B1 and CYP2A1, immunoreactivity for POR was distributed across the
testis including interstitial cell and seminiferous tubules. In tubules, immunoreactivity was
observed in spermatogenic and Sertoli cells. This result is not surprising because CYP enzymes
are expressed in Leydig cells (CYP17A1, CYP1B1 and CYP2AL1), Sertoli cells (CYP19A1) and
spermatogenic cells (CYP19A1). As an obligatory partner of CYP enzymes, it was expected that
POR would be expressed in all cells in the testis.

POR plays an important role in testicular functions such as steroidogenesis and
spermatogenesis as a partner for CYP enzymes. Alteration in POR expression could cause
reproductive abnormalities by affecting the catalytic activities of CYP enzymes. It has been
reported that hepatic expression of POR is regulated by pituitary and thyroid hormones and
induced by various xenobiotics such as phenobarbital or pregnenolone-16a-carbonitrile (Taira et
al., 1980). However, it is unknown if the testicular POR expression is inducible by drugs such as

phenobarbital or pregnenolone-16a-carbonitrile.

Microsomal epoxide hydrolase (mEH)

Immunoreactive band corresponding to mEH was readily detected and the basal
expression of mEH protein levels were quantified to be 6.3 + 0.5 pug or 6.2 + 0.2 pmol per mg of
total testicular microsomal protein (mean + SD) in testicular microsomes of rats treated with
propylene glycol or saline, respectively. Immunoreactivity for mEH was detected across the
testis including interstitial cells and seminiferous tubules. In tubules, mEH immunoreactivity was
observed in spermatogenic and Sertoli cells. In spermatogenic cells, mEH immunoreactivity was
observed to be stage specific. The predominant flurescence was observed in later-stage
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spermatids. Based on the intensity of immunoreactive fluorescence, mEH appeared to be more
strongly expressed in seminiferous tubules than in the interstitium. Mukhtar et al. (1978)
reported that mEH activity in the spermatogenic cell fraction was two-fold greater than that of
similar fractions prepared from interstitial cells. Our results are in agreement with previous
studies, which found that mEH immunoreactivity was distributed across the testis in Wistar and

Holtzmn rats (Ishii-Ohba et al., 1984).

Summary

In summary, CYP1B1, CYP2A1, POR, and EH were detected in testicular microsomes
isolated from adult rats. By comparison, CYP1Al, CYP1A2, CYP2B1, CYP2ELl, CYP2D1,
CYP2D2, CYP2C6, CYP2C7, CYP2C12 CYP2C13, CYP3A1l, CYP3A2, CYP4Al, CYP4A2
and CYP4A3 were not detected in the same microsomal samples. CYP17Al and 3B-HSD were
detected as reference proteins in testicular microsomes. Immunohistochemical results suggest
that the protein expression pattern for CYP1B1, CYP2ALl and CYP17A1 is cell specific and is
primarily confined to interstitial cells, whereas POR and mEH expression occurred in interstitial

cells and in cells of the seminiferous epithelium.
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4.2 Study 2: 17p-Estradiol Benzoate Study

4.2.1 Effect of 17p-Estradiol Benzoate on Body and Organ Weights

Treatment with 17p-estradiol benzoate (EB) for 14 days decreased body weight gain in a
dose-dependent manner, but had no effect on relative liver weight, testes weight or adrenal
weight (as percent of body weight). Similarly, EB had no effect on absolute testes weight, except
at the highest dosage (4 pumol/kg), where BPA decreased testes weight by 20%, as compared
with the propylene glycol-treated rats. These results are in agreement with a previous study
(Nakamura et al., 2010), in which male rats were treated with EB at 10 and 100 pg/kg/day for 4
days/week for 6 weeks and decreased body weight was observed. The same study reported that
EB at 100 pg/kg decreased absolute testis weight, when compared with the control group. A
previous study from our laboratory also found a change in testis weight (unpublished data). Male
rats treated with EB at 1.5 mg/kg/day (4 pmol/kg) for 14 days had decreased body weight and
decreased absolute testes weight.

Earlier studies reported that 17p-estradiol exerts a suppressive effect on body weight
(Nunez et al., 1980; Sivelle et al., 1978; Palmer and Grey et al., 1986). This effect was attributed
to suppression of feeding behavior and was thought to be due to the action of 17p-estradiol on
periventricular or ventromedial nuclei in the hypothalamus (Nunez et al., 1980; Sivelle et al.,
1978; Palmer and Grey et al., 1986). A decrease in food intake (by 30% compared to day 1) was
observed in male rats that were injected with EB at 2 pg/animal for 3 days (Palmer and Grey et
al., 1986). Several studies proposed that the decrease in food intake is a consequence of 17p-
estradiol-produced anorexia (loss of appetite), which is attributed to different pathways. For

example, Rivera et al. (2012) found that 17p-estradiol increased the release of a specific
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neurotransmitter, 5-hydroxytryptamine, in the brain. Normally, 5-hydroxytryptamine secretion
during meals functions to control the amount of food ingested and decrease appetite. Therefore,
an increase in 5-HT levels may reduce appetite and food intake. Another pathway that leads to
loss of appetite is suppression of lipoprotein lipase activity. Lipoprotein lipase is highly
expressed in heart, muscle and adipose tissues (Mead et al., 2002). Lipoprotein lipase normally
converts triglyceride into free fatty acids and promotes the uptake of these fatty acids into tissues
(Mead et al., 2002). 17p-Estradiol is reported to suppress lipoprotein lipase activity in adipose
tissue (Gray and Greenwood, 1982; Nunez et al., 1980). This effect leads to increased
availability of triglycerides in the circulation, which serve as a metabolic energy source for

various physiological functions, thereby decreasing appetite and food intake.

4.2.2 Effect of 17p-Estradiol Benzoate on Testicular Expression of CYP1B1, CYP2A1,

CYP17A1, 3p-HSD, mEH and POR in Sprague-Dawley Rats

The present study is the first to report a dose-response suppression of CYP1B1, CYP2A1
and CYP17ALl protein expression in adult rat testis by exogenous administration of EB. EB also
reduced testicular expression of mEH and POR, but not in a dose-dependent manner. In contrast,
EB had no effect on 33-HSD and calnexin protein expression. This suggests that the suppressive
effect of EB on the expression of CYP1B1, CYP2Al, CYP17Al, mEH and POR was specific
and was not a result of a generalized decrease in testicular protein expression.

In the present study, maximum suppression of testicular CYP1B1 protein expression (by
80%) was observed at the highest dosage (4 pumol/kg). This finding is in agreement with a
previous study by Leung et al. (2009), in which a decrease in testicular CYP1B1 protein

expression (by more than 90%) was observed after adult male rats were treated with EB at a
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single dosage of 1.5 mg/kg (or 4 umol/kg) for 14 days. In another study (Deb et al., 2011), male
rats were treated with EB at 1.5 mg/kg for 3 days during the neonatal period or 11 days during
pubertal period. A decrease in expression of testicular CYP1B1 (by more than 90%) was
observed, when compared with propylene glycol-treated rats. It has also been reported that 17f3-
estradiol elicited dose- and time-dependent suppression of CYP1B1 expression at the mRNA
level in MA-10 mouse Leydig cells in vitro (Deb et al., 2011). The results of these in vitro and in
vivo studies suggest that the suppressive effect of EB on CYP1B1 protein expression in testis
may be regulated at the gene transcription level.

In the present study, testicular expression of CYP17A1 was suppressed by EB at each of
the dosages tested. Previous studies reported that EB had a suppressive effect on testicular
CYP17A1 mRNA and protein levels. For instance, Sakaue et al. (2001) reported that
intramuscular treatment with EB at various dosages ranging from 0.2 to 200 pg/kg for one day
decreased CYP17A1 mRNA expression in adult male rat testis. In another study, male rats were
treated with EB at 10 and 100 pg/kg/day for 4 days/week for 6 weeks, and a decrease in
CYP17A1 mRNA and protein levels was observed, when compared with the control group
(Nakamura et al., 2010). Taken together, the results suggest that the suppressive effect EB on
testicular CYP17A1 expression could be regulated at the transcriptional level, similar to
CYP1B1.

The constitutive expression of testicular CYP1B1, CYP2Al, CYP17Al, mEH and POR
exhibited differential sensitivity to the suppressive effect of EB. Among the enzymes tested,
CYP2A1 seemed to be highly sensitive because its expression was decreased by 48% at the
lowest dosage (0.004 umol/kg) of EB, and the suppressive effect is continued with increasing EB

dosage. Maximum suppression (greater than 97%) of CYP2A1 was observed at 0.4 umol/kg.
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CYP1B1 and CYP17A1 are the second most sensitive enzymes to the effects of EB. Maximum
suppression of CYP1B1 and CYP17A1 (by 80-95%) was observed at the highest EB dosage (4
umol/kg). Constitutive expression of mEH and POR was suppressed by 49-50% at a dosage of
0.4 umol/kg, but there was no further increase in suppression with increasing dosages of EB,
suggesting that mEH and POR are relatively less sensitive to the suppressive effect of EB, when
compared to CYP1B1, CYP2A1, and CYP17AL.

Possible reasons for the differential sensitivity of the CYP enzymes, mEH and POR to
the effects of EB include the cellular distribution pattern of the enzymes within testis and their
regulation by multiple hormones. CYP enzymes including CYP1B1, CYP2A1 and CYP17A1 are
expressed in Leydig cells, whereas mEH and POR are expressed in all cell types including
Leydig, Sertoli and spermatogenic cells. It is well-established that steroid synthesis in Leydig
cells is under the control of testosterone, 173-estradiol and the hypothalamo-pituitary axis (Payne
and Hales, 2004). Thus, Leydig cells may be more vulnerable than other cell types to
exogenously administered EB. CYP enzymes may be more sensitive than mEH and POR, as
their expression is confined to Leydig cells only. Another possible explanation is that testicular
expression of CYP1B1, CYP17ALl is regulated by LH, FSH, prolactin and 17p-estradiol in rats,
whereas hepatic expression of POR is regulated by thyroid and ACTH hormones. Thus,
exogenous administration of EB may not alter the serum levels of these regulatory hormones
equally, resulting in differential suppressive effects on different enzymes (Waxman et al., 1989b;
Leung et al., 2009; Denlinger and Vesell, 1989; Horsfield et al., 1992; Lee et al., 1980; Mukhtar
et al., 1978; Ram and Waxman, 1992; Waxman et al., 1989).

It is well known that testicular development and testicular functions are under the control

of complex endrocrine regulation, called the hypothalamo-pituitary-gonadal axis. Studies with
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hypophysectomized animals have shown that testicular expression of CYP enzymes, mEH and
POR is regulated by the pituitary hormones (Mukhtar et al., 1978; Ram and Waxman, 1992;
Waxman et al., 1989). The suppressive effect of 17B-estradiol on testicular expression of
CYP1B1, CYP2A1, CYP17A1, mEH and POR could be direct or indirect.

Indirect effects could be attributed to perturbing the hypothalamo-pituitary axis or to
producing anorexia. Exogenous administration of 17p-estradiol could cause stimulatory or
inhibitory (feedback) effects on the hypothalamo-pituitary axis (Robaire et al., 1979; Nakamura
et al., 2010; D’Souza et al., 2005; Goyal et al., 2001). The stimulatory and inhibitory effects are
determined by the dosages of 17p-estradiol administered, route of exposure and the exposure
time (Robaire et al., 1979). Three in vivo studies (Nakamura et al., 2010 D’Souza et al., 2005;
Goyal et al., 2001) were selected from the literature to illustrate the effect of treatment with
various dosages of 17B-estradiol on hormonal levels in male rats. The three studies are helpful in
determining the threshold dosages that produce inhibitory and stimulatory effects via the
hypothalamo-pituitary axis (Figure 4.1). The studies followed a treatment protocol that was
similar to that was used in our study, including route of administration (subcutaneous), duration
of treatment (10 to 24 day), animal model (adult male rats) and dosages (ranging from 5 to 1000
ug/kg/day), but they used different estrogens (17p-estradiol or diethylstilbesterol). The results of
these studies indicated that estrogen at dosages between 5 and 20 ug/kg (low dose category)
decreased serum LH levels (D’Souza et al., 2005; Goyal et al., 2001; Nakamura et al., 2010).
This could be due to a feedback inhibitory effect on the pituitary. Estrogen at dosages between
100 and 1000 pg/kg (high dose category) did not affect serum LH levels, but was accompanied
by a drastic decrease in testosterone levels (D’Souza et al., 2005; Goyal et al., 2001; Nakamura

et al., 2010). Estrogens are known to suppress testosterone synthesis in a dose-dependent manner
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regardless of the inhibitory or stimulatory effect on pituitary, in vitro and in vivo (Sakaue et al.,
2001; Brinkmann et al., 1980; D’Souza et al., 2005). Thus, the stimulatory effect of estrogens at
higher dosages on the pituitary is not directly attributed to estrogens, but could be attributed to
the lower serum levels of testosterone.

In light of the above discussion, the first two EB dosages (0.004 and 0.04 umol/kg/day,
equivalent to 1.5 and 15 pg/kg/day, respectively) used in the present study could be considered
as low dosages (i.e., below 20 pg/kg/day). So the suppressive effects associated with these two
doses could be primarily due to feedback inhibition of the hypothalamo-pituitary axis (decreased
serum levels of LH). Similarly, the remaining two dosages of EB (0.4 and 4 pmol/kg/day,
equivalent to 150 and 1500 ug/kg/day, respectively) used in the present study are in the high
dosage category (i.e., above 100 pg/kg), which means that these two dosages could elicit a
stimulatory effect on the hypothalamo-pituitary axis (serum LH levels were not affected). Thus,
the suppressive effect of EB at 0.4 and 4 umol/kg on CYPIB1, CYP2A1 and CYP17A1
expression is not due to a change in LH levels, but it could be the direct effect of 17p-estradiol

on Leydig cells.
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Schematic representation of possible direct and indirect effects of 17p-estradiol benzoate on the testis and on

testicular expression of CYP1B1, CYP17A1, CYP2A1, mEH and POR in adult male rats (adapted from D’Souza et al., 2005;
Goyal et al., 2001; Nakamura et al., 2010). Abbreviations: LH, leutinizing hormone; GnRH, gonadotropin releasing hormone.
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Several studies have reported that estrogens produce anorexia either by acting on brain or
by acting peripherally and affecting metabolism (Gray and Greenwood, 1982; Nunez et al., 1980;
Rivera et al., 2012). In any case, estrogens ultimately suppress appetite, which leads to a
decrease in daily food intake (Palmer and Grey, 1986). Malnutrition associated with a deficiency
of macronutrients (carbohydrate, protein and fat), micronutrients such as vitamins (A, B and E)
and minerals (zinc, magnesium and calcium) can affect protein expression of xenobiotic-
metabolizing enzymes and their activities in male rat liver (Campbell and Hayes, 1974; Anthony,
1973; Mao et al 2006; Hayes and Campbell, 1974; Mgbodile et al., 1973; Xu et al., 2001).
Several studies have reported that food restriction (malnutrition) or a protein-deficient diet could
cause significant suppression of hepatic CYP content and its functional activity in male rats
(Campbell and Hayes, 1974; Anthony, 1973; Mao et al 2006; Hayes and Campbell, 1974;
Mgbodile et al., 1973; Xu et al., 2001). It has also been reported that food restriction (for 15
days), starvation (for 7 days) or a zinc-deficient diet could perturb the hypothalamo-pituitary axis
and decrease serum testosterone, growth hormone and thyroid hormone levels in male rats
(Oritz-Caro et al., 1984; Dickerman et al., 1968). Thus, it is possible that decreased in food
intake as a consequence of treatment with 17p-estradiol produced anorexia, which partially
contributed to the suppressive effect of EB on testicular expression of CYP and other xenobiotic
metabolizing enzymes. However, there are no published reports on the effect of malnutrition on
expression of xenobiotic-metabolizing enzymes in rat testis.

Another possible explanation is a direct effect of EB on the expression of various
enzymes in the rat testis. ERa and ERp are present in rat testis in all cell types, including Leydig,
Sertoli and spermatogenic cells (Fisher et al., 1997; Saunders et al., 1998; Pelletier et al., 2000;

Bois et al., 2010; Lucas et al., 2008). Because CYP and other xenobiotic-metabolizing enzymes
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are primarily localized in Leydig, Sertoli and spermatogenic cells, it is possible that ERs may be
involved in the regulation of these enzymes. Sakaue et al. (2002) found that 173-estradiol could
suppress the expression of CYP17A1 and CYP11A1 mRNA in rat testis, without perturbing the
hypothalamo-pituitary axis. In another study, a decrease in CYP17A1 mRNA expression and
catalytic activity was observed in Leydig cells collected from hypophysectomized rats that had
been treated with 17p-estradiol for 7 days (Brinkmann et al., 1980). Since hypophysectomized
rats are do not have a pituitary gland, this study strongly suggests the direct effect of 17p-
estradiol on expression of testicular steroidogenic enzymes.

17B-Estradiol-mediated suppression of CYP1B1, CYP2Al, CYP17Al, EH and POR
protein expression in rat testis is likely the result of decreased mRNA gene expression. 17p3-
Estradiol has been shown to decrease CYP17A1 mRNA and CYP1B1 mRNA in rat Leydig cells,
in vitro (Brinkmann et al., 1980; Deb et al., 2011). Further, it was reported that suppression of
CYP1B1 mRNA expression may be due to epigenetic modifications, such as DNA methylation

(Alworth et al., 2002). However, the molecular mechanisms are yet to be discovered.

4.2.3  Clinical Implications of the Results

Usually, estrogens are not recommended for the treatment of healthy men, but they are
crucial for the treatment of congenital aromatase deficiency and also used as a component in the
hormonal therapy for sexual reversal in transgender and in prostate cancer patients (Rochira et
al., 2000; Hermann et al., 2002; Gearhart et al., 1981). Patients with congenital aromatase
deficiency lack endogenous estrogen synthesis, due to the absence of aromatase (CYP19A1),

which is essential for the synthesis of estrogens from androgens. These patients are diagnosed
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with abnormal bone growth with open ended epiphysis and abnormal glucose and lipid
metabolism (Gearhart et al., 1981).

The EB dosages that we used in the present study are quantitatively similar (when
converting to human equivalent dosages [HED]) to the 17B-estradiol doses that are used
clinically in the treatment of congenital aromatase deficiency disorder. Accoding to the
“guidance for industry” provided by Food and Drug Administration, the mathematical formula
used to calculate HED (mg/kg) = animal dosage (mg/kg) x 0.16. Many clinical studies (Rochira
et al., 2000, Hermann et al., 2002; Bilezikian et al., 1998) have used 17p-estradiol at various
clinical dosages such as 0.032, 0.135 or 12.5 pg/kg/day to treat the congenital aromatase
deficiency patients for a period of 2 years. These dosages are relatively similar, in terms of
amount, to the dosages used in (HED, 0.24, 2.4 and 24 pg/kg/day) the present study (0.004, 0.04
and 0.4 pmol/kg/day, respectively). Although the clinical dosages of 17p-estradiol provide the
minimum amount of endogenous estrogen required, it is possible that the clinical dosages may
produce similar adverse effects on human testicular expression of CYP and other xenobiotic-
metabolizing enzymes as we observed in the present study.

In certain disease conditions, such as obesity and obesity with myocardial infraction,
serum 17p-estradiol levels has been reported to be increased by 1.6 - to 2 - fold, when compared
with healthy and non-obese men (Vermeulen et al., 2002; Small et al., 1987). It has also been
reported that some anti-epileptic drugs such as phenytoin and carbamazepine increase serum
levels of 17B-estradiol, when compared with healthy or non-obese men (Murialdo et al., 1995).
Further, elevated levels of 17p-estradiol were positively correlated with sexual dysfunction in

epileptic patients (Murialdo et al., 1995).
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4.3 Study 3: BPA Study

Several studies have been reported the estrogenic effects BPA on reproductive organ
development and sexual function in male rats (Kato et al., 2006; Toyama and Yuasa, 2004;
Akingbemi et al., 2004; Schonfelder et al., 2004). In light of the suppressive effects of 17p-
estradiol benzoate on expression of various CYP and xenobiotic-metabolizing enzymes in rat
testis, we were interested in determining if BPA had similar effects. The present study is the first
to report the effects of BPA at three high dosages on expression of CYP1B1, CYP2A1,

CYP17A1, 3B-HSD, mEH and POR in adult rat testis.

4.3.1 Effect of BPA on Body and Organ Weights

Subcutaneous injection of BPA at 400, 800 and 1600 pumol/kg reduced body weight
(body weight gain) by 57-94%, when compared with saline- or propylene glycol-treated rats.
Previous studies reported a suppressive effect of BPA on body weight (Takahashi and Oishi,
2003; Yamasaki et al., 2002). For instance, male rats treated with BPA at 20 and 200 mg/kg/day
for 4 weeks decreased body weight gain by 20-30%, but no effect was observed when BPA was
administered at 2 mg/kg (Takahashi and Oishi, 2003). The suppressive effect of BPA on body
weight mediated centrally via the hypothalamus could be due to altered feeding behavior and
whole-body energy homeostasis, similar to 17p-estradiol. Accordingly, a study by Batista et al.
(2012) reported that administration of BPA to male mice at 100 pg/kg for 8 days decreased food
intake, locomotor activity and body heat production, when compared to propylene glycol-treated
animals.

BPA had no effect on relative liver weight or adrenal weight, but relative testis weight (as
percent of body weight) was decreased by BPA treatment at 800 and 1600 umol/kg. These
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results suggest that testis is one of the target organs for BPA. Previous studies reported decreased
relative weight of testis, epididymides and seminal vesicles in male rats that had been treated
with BPA at 200 mg/kg (~ 876 umol/kg) for 4 or 6 weeks (Nakamura et al., 2010; Takahashi and
Oishi, 2003). It has been reported that BPA decreased synthesis of sex hormones, and
specifically, testosterone in rat Leydig cells (Takahashi and Oishi, 2003; Tohei et al., 2001). The
decrease in serum testosterone levels may cause a reduction in testis weight (Robaire et al.,
1979). Overall, the present results suggest that effects of BPA on body and organ weights are

similar to those of 17p-estradiol.

4.3.2 Effect of BPA on Testicular Expression of CYP1B1, CYP2Al, CYP17Al, 3B-HSD,

mEH and POR in Sprague-Dawley Rats

Administration of BPA at 400, 800 and 1600 umol/kg decreased constitutive expression
of CYP1BI1, CYP2A1, CYP17A1, 3B-HSD, mEH and POR in testicular microsomes prepared
from adult rats. These dosages were selected on the basis of a study by Nakamura et al. (2010),
in which BPA at 200 mg/kg (~ 876 pmol/kg) decreased steroidogenesis by decreasing the
expression of CYP17A1 and other steroidogenic enzymes in adult male rats. In the present study,
BPA decreased protein expression of CYP1B1, CYP2ALl at each of the dosages tested and
maximum suppression was observed at the highest dosage of BPA (1600 umol/kg). CYP17Al
expression was completely abolished by BPA at dosages of 800 and 1600 umol/kg. In the case of
3B-HSD, a decrease in expression was observed at a BPA dosage of 1600 umol/kg, but not at
400 and 800 pmol/kg. Whereas for mEH and POR, the suppressive effect of BPA increased with
increasing dosages (400 and 800 umol/kg), but no further increase in suppression was observed

at the highest dosage of BPA (1600 umol/kg).
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At the lowest dosage (400 umol/kg), protein expression of the tested enzymes, except 33-
HSD, was decreased by approximately 50%, but this dosage is (400 umol of BPA/KQ) is
quantitatively 100 times greater than the highest dosage of 17p-estradiol benzoate tested (4
umol/kg). This suggests that BPA is producing an estrogenic effect, but is less potent than 17p-
estradiol, on protein expression of testicular CYP and xenobiotic-metabolizing enzymes. Several
studies have reported that steroidogenic enzymes such as CYP17Al and CYP11lAl are
susceptible to BPA, but this study is the first to report that testicular CYP1B1, CYP2A1, mEH
and POR are also vulnerable. In contrast, BPA had no effect on calnexin protein expression at
each of the dosages tested. Calnexin is a chaperone protein located in the endoplasmic reticulum.
For this reason, calnexin was used as an endoplasmic reticulum marker in the present study. It
functions as a component of the protein regulatory system that allows correct folding of proteins
and guides misfolded proteins to degradation (Kleizen and Braakman, 2004). Considering the
lack of effect of BPA on testicular expression of calnexin, the present study suggests that the
observed suppressive effect of BPA on testicular CYP and xenobiotic metabolizing enzymes was
specific and was not a result of a generalized decrease in testicular protein expression.

The results demonstrated that constitutive expression of testicular CYP and xenobiotic-
metabolizing enzymes exhibit differential sensitivity to BPA. CYP enzymes including CYP1B1,
CYP2A1 and CYP17A1 were more sensitive to BPA and maximum suppression (by 90% or
greater) was observed following treatment at a dosage of 1600 umol/kg. mEH and POR were
relatively less sensitive to BPA and maximum suppression (by 67%) was observed at 800
umol/kg.

Possible reasons for the differential sensitivity of CYP1B1, CYP2Al, CYP17Al, mEH

and POR to the effects of BPA are the cellular localization of the enzymes within testis and their
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regulation by multiple hormones. CYP enzymes including CYP1B1, CYP2A1 and CYP17A1 are
primarily expressed in Leydig cells, whereas mEH and POR are expressed in all cell types
including Leydig, Sertoli and spermatogenic cells. Previous studies reported that BPA acts
directly on Leydig cells and inhibits Leydig cell functions (Nanjappa et al., 2012; Akingbemi et
al., 2004). For example, a decrease in testosterone production by 25% was observed after
treatment of Leydig cells isolated from untreated rats with BPA at 0.01nM (Akingbemi et al.,
2004). In the same study, analysis of steroidogenic enzyme gene expression by RT-PCR
indicated that BPA reduced CYP17A1 expression, which was also suppressed by 17p-estradiol.
Thus, it is possible that CYP enzymes are more vulnerable than mEH and POR because their
expression is confined to Leydig cells only. Testicular expression of CYP1B1, CYP17A1 and
mEH protein and mRNA is regulated mainly by LH, FSH, prolactin, 17p-estradiol and
testosterone (Leung et al., 2009; Payne and Youngblood, 1995; Malaska and Payne; 1984; Lee et
al., 1980; Mukhtar et al., 1978). Hormonal regulation of CYP2A1 and POR expression in testis is
not known. BPA is an endocrine disrupting chemical. Several studies have reported alteration in
serum hormonal levels of LH, FSH, prolactin, thyroid stimulation hormone, 17p-estradiol and
testosterone after rats were treated with various dosages of BPA from 2.5 pg/kg to 200 mg/kg (
Tohei et al., 2001; Akingbemi et al., 2004; Nakamura et al., 2010). It has also been reported that
BPA is weak ligand for estrogen and thyroid hormone receptors and disrupts the physiological
functions mediated by 17p-estradiol and thyroid hormones (Nagel et al., 1997; Moriyama et al,
2002). Taken together, the endocrine-disruptive activity of BPA and alteration in serum hormone
levels may partially explain its differential effects on testicular expression of xenobiotic-

metabolizing enzymes.
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BPA is a xenoestrogen and exerts its estrogenic actions through binding and
transactivation of estrogen receptors. In rats, estrogen receptors are expressed in the pituitary,
hypothalamus, testis and other organs (Fischer et al., 1984; Azcoitia et al., 1999, Pelletier et al.,
2000). Thus, BPA could act on the pituitary and hypothalamus, and perturb the hormonal
regulation mediated by the hypothalamo-pituitary axis. Nakamura et al. (2010) found that
administration of BPA at 200 mg/kg/ day for 4 days/week for 6 weeks decreased serum LH,
testosterone levels and also decreased testicular expression of CYP17A1 and CYP11Al in male
rats. Higher dosages of BPA were used in the present study, but we presume that BPA at 800 and
1600 umol/kg doses (equivalent doses in mg/kg units are 183 and 365, respectively) could elicit
a similar inhibitory effect on the hypothalamus-pituitary axis and decrease serum LH levels. LH
is essential for Leydig cell development and is also a positive regulator for the expression of
CYP1B1, CYP17Al, mEH in Leydig cells (Leung et al., 2009; Malaska et al., 1984; Griffin et
al., 2010; Lee et al., 1980). Thus, decreased LH levels may directly produce a suppressive effect
on expression of xenobiotic metabolizing enzymes in rat testis.

Nakamura et al. (2010) also demonstrated that in male rats administrated BPA at 100
mg/kg, serum LH levels were not affected, but testicular expression of CYP17A1, CYP11A1 and
other steroidogenic enzymes was decreased. Other studies (Tohej et al., 2001; Herath et al.,
2004) have reported similar observations, with no change in serum LH levels when male rats
were administered with BPA at 1 or 3 mg/kg for 2 or 5 weeks. Taken together, results of the
studies suggest that BPA can exert its suppressive effect on enzyme expression by acting directly
on Leydig cells.

Another result that provides support for the direct effects of BPA on enzyme expression

in Leydig cells is the suppressive effect on 3B-HSD. Though 3B-HSD is highly expressed in
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Leydig cells and involved in steroidogenesis, its expression in testis is not under the control of
LH. Baker and his coworkers (2003) found that administration of human chorionic gonadotropin
hormone, a known LH receptor agonist, to gonadotropin-deficient male mice resulted in
increased CYP17A1 and CYP11A1 mRNA expression, but 33-HSD mRNA expression was not
affected. In the present study, BPA decreased 33-HSD protein expression at the highest dosage
tested (1600 umol/kg). This result is in agreement with the study by Nakamura et al. (2010), in
which male rats were administered BPA at 200 mg/kg/day for 4 days/week for 6 weeks, reduced
testicular expression of 3f-HSD. Thus BPA might have direct effects on enzyme expression in
rat testis via binding to estrogen receptors.

We cannot exclude the effect of food intake on the expression of testicular CYP and
xenobiotic-metabolizing enzymes. BPA is reported to decrease daily food intake similar to 17p-
estradiol. A decrease in food intake may have partially contributed to the suppressive of BPA on
testicular enzyme expression (refer Section 4.2.2).

Overall, BPA suppressed protein expression of testicular CYP1B1, CYP2Al, CYP17A1,
mEH and POR, similar to 17p-estradiol, but BPA is less potent in causing the suppressive
effects, compared with 17p-estradiol, in rats. Suppression of these enzymes could disturb the

homeostasis of xeno- and endobiotic metabolism in testis and may affect reproductive functions.
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4.4 Limitations

1.

In Study 2 and Study 3, we investigated the effects of EB and BPA on protein
expression of testicular enzymes, but we did not determine the catalytic functions of
these enzymes.

In this thesis we did not investigate mMRNA gene expression of the testicular enzymes.
Thus, it is not known whether expression of testicular enzymes was regulated at the
transcriptional level by EB and BPA.

In Study 2 and Study 3, we did not measure serum levels of testosterone, 17p3-
estradiol, LH or FSH. Due to lack of this information, we were unable to conclude
that whether EB or BPA had a positive or negative feedback effect on the
hypothalamo-pituitary axis.

In Study 2 and Study 3, we did not perform immunohistochemical analysis for
testicular xenobiotic-metabolizing enzymes. For this reason, we were unable to
determine the histological effects of EB and BPA on testicular enzyme expression, or
on Leydig cell number and volume.

To date, no studies are available in the literature related to the effect of BPA on
testicular xenobiotic-metabolizing enzymes, thus we tried high dosages to investigate
whether BPA could affect protein expression of xenobiotic-metabolizing enzymes in
rat testis. The BPA dosages that were used in Study 3 were selected based on a study
by Nakamura et al. 2010, in which BPA at 200 mg/kg (~ 876 umol/kg) suppressed
testicular expression of stroidogenic CYP enzymes (CYP17A1 and CYP11A1) in rat
testis. However, the BPA dosages that we used in Study 3 were not environmentally

relevant dosages. According to US Environmental Protection Agency guidelines
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(IRIS, 1998), the lowest observed adverse effect level for BPA dosage in mice was 50
mg/kg/day, but the BPA dosages that we used were 2- to 6-fold higher. Another study
reported that BPA, at approximately 2.4 pg/kg/day, is an environmentally relevant
dosage that is predicted to result in serum BPA levels that are close to those observed
in human serum (Nagel et al., 1997).

The route of administration (subcutaneous) that was used in Study 3 is not
environmentally relevant, because the major routes of exposure to endocrine
disrupting chemicals are oral and inhalation. We used a subcutaneous route to

administer EB and we followed same protocol for BPA.

4.5 Summary

1.

CYP1B1, CYP2A1, POR, and mEH were detected in testicular microsomes isolated
from adult rats. By comparison, CYP1Al, CYP1A2, CYP2B1, CYP2E1, CYP2D1,
CYP2D2, CYP2C6, CYP2C7, CYP2C12 CYP2C13, CYP3Al, CYP3A2, CYP4AL,
CYP4A2 and CYP4A3 were not detected in the same microsomal samples.
CYP17A1, 3B-HSD and calnexin were detected as reference proteins for testicular
microsomes

Immunohistochemical results suggest that expression of CYP1B1, CYP2A1,
CYP17A1 and 3B-HSD is cell type specific and is primarily confined to interstitial
cells, whereas expression of POR and mEH is distributed across the testis including
interstitial cells and seminiferous tubules.

Exogenous administration of EB suppressed protein expression of CYP1B1,

CYP17A1, CYP2A1, mEH and POR, but had no effect on 33-HSD and calnexin, in
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adult rat testis at each of the dosage tested, when compared with the propylene
glycol-treated rats.

Exogenous administration of EB decreased body weight gain, while no effect was
observed on relative testis weight (as percent of body weight) across the dosages
tested, when compared to control group.

Administration of BPA suppressed protein expression of CYP1B1, CYP17Al,
CYP2A1, mEH and POR, but had no effect on calnexin, in adult rat testis at each of
the dosage tested, when compared with saline- or propylene glycol-treated rats. BPA
suppressed protein expression of 33-HSD in rat testis at the highest dosage (1600
umol/kg), but not at the lower dosages (400 and 800 umol/kg).

Administration of BPA decreased body weight gain across the dosages tested, but
relative testis weight (as percent of body weight) was decreased at dosages of 800 and
1600 umol/kg, but not at the lowest dosage, when compared with vehicle or saline-

treated rats.

4.6 Conclusions

1.

Relatively few xenobiotic-metabolizing CYP enzymes were expressed, at protein
level, in rat testis when compared with liver, which is a central organ for xenobiotic-
metabolism in the body

The expression of xenobiotic-metabolizing CYP and other enzymes in rat testis is cell
type specific

Estrogen and estrogen-like chemicals produce down-regulation of xenobiotic-

metabolizing and steroidogenic enzymes in testis
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4.  Suppression of testicular xenobiotic-metabolizing enzymes expression can be used as

an in vivo marker to assess estrogenic activity

4.7 Future Directions

Several studies reported that diet has a pronounced role in the regulation of xenobiotic
metabolizing enzymes. Since EB and BPA were reported to suppress feeding behavior, it is
possible that decreased food intake might have partially contributed to the suppressive effect
observed with EB and BPA on testicular enzymes. Further studies with fasted animals may
provide further insights into the extent of role of decreased food intake in the EB and BPA
produced suppressive effects on testicular enzymes.

From the results of the present study, if the observed suppressive effects of EB and BPA
on testicular enzymes were due to their localized action on testis, then it is important to
understand the regulatory mechanisms at cellular level. Estrogen receptors may be the potential
source through which EB and BPA could regulate expression of testicular enzymes. Thus,
studies with estrogen receptor antagonist could help in determining the role of estrogen receptors
in the regulation of xenobiotic-metabolizing enzymes in rat testis.

BPA dosages that used in the present study were not environmentally relevant. Therefore,
it is unknown whether BPA at environmentally relevant dosages has suppressive effects on
expression of testicular xenobiotic-metabolizing enzymes in rat testis. Although, the BPA levels
are very low in the environment, but constant exposure of this chemical to humans for longer
duration may have adverse effects on expression of testicular enzymes. Thus, chronic treatment

of animals with environmental relevant dosages of BPA might help in determining the effects of
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BPA at environmental dosages on testicular expression of xenobiotic-metabolizing enzymes in

rats.
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Table 4.1

Summary of Study 1, Study 2 and Study 3

Effect of varying dosages of EB (0.004, 0.04, 0.4 and

Effect of varying dosages of BPA (400, 800 and

Protein of Localization in | 4 pmol/kg/day) treatment on testicular expression 1600 pmol/kg/day) treatment on testicular
interest testis of various enzymes when compared with propylene | expression of various enzymes when compared
glycol-treated rats with saline- or propylene glycol-treated rats
CYP1B1 Leydig cells suppressed across the dosages tested suppressed across the dosages tested
CYP2Al Leydig cells suppressed across the dosages tested suppressed across the dosages tested
) suppressed at 0.04, 0.4 and 4 umol of EB/kg dosages,
CYP17A1 Leydig cells suppressed across the dosages tested
but not at the lowest dosage (0.004 pmol/kg)
Leydig, Sertoli
and suppressed at 0.04, 0.4 and 4 umol of EB/kg dosages,
mEH ] suppressed across the dosages tested
Spermatogenic but not at the lowest dosage (0.004 pmol/kg)
cells
Leydig, Sertoli
and suppressed at 0.04, 0.4 and 4 umol of EB/kg dosages,
POR ) suppressed across the dosages tested
spermatogenic but not at the lowest dosage (0.004 pmol/kg)
cells
3B-HSD (Leydig ) no effect was observed except at the highest dosage
Leydig cells no effect was observed across the dosages tested
cell marker) (1600 pmol/kg)
Calnexin

(Endoplasmic

reticulum marker)

Not analyzed,

no effect was observed across the dosages tested

no effect was observed across the dosages tested

147




5. References

Akingbemi, B. T., Sottas, C. M., Koulova, A. I., Klinefelter, G. R., and Hardy, M. P. (2004).
Inhibition of testicular steroidogenesis by the xenoestrogen bisphenol A is associated with
reduced pituitary luteinizing hormone secretion and decreased steroidogenic enzyme gene
expression in rat Leydig cells. Endocrinology 145, 592-603.

Akingbemi, B. T. (2005). Estrogen regulation of testicular function. Reprod Biol Endocrinol 3,
51.

Alworth, L. C., Howdeshell, K. L., Ruhlen, R. L., Day, J. K., Lubahn, D. B., Huang, T. H.,
Besch-Williford, C. L., and vom Saal, F. S. (2002). Uterine responsiveness to estradiol and DNA
methylation are altered by fetal exposure to diethylstilbestrol and methoxychlor in CD-1 mice:
effects of low versus high doses. Toxicol Appl Pharmacol 183, 10-22.

Anderson, M. D., Bandiera, S. M., Chang, T. K., and Bellward, G. D. (1998). Effect of androgen
administration during puberty on hepatic CYP2C11, CYP3A, and CYP2AL expression in adult
female rats. Drug Metab Dispos 26, 1031-8.

Andric, N. L., Kostic, T. S., Zoric, S. N., Stanic, B. D., Andric, S. A., and Kovacevic, R. Z.
(2006). Effect of a PCB-based transformer oil on testicular steroidogenesis and xenobiotic-
metabolizing enzymes. Reprod Toxicol 22, 102-10.

Anthony, L. E. (1973). Effects of protein-calorie malnutrition on drug metabolism in rat liver
microsomes. J Nutr 103, 811-20.

Aoyama, T., Hardwick, J. P., Imaoka, S., Funae, Y., Gelboin, H. V., and Gonzalez, F. J. (1990).
Clofibrate-inducible rat hepatic P450s IVALl and IVA3 catalyze the omega- and (omega-1)-
hydroxylation of fatty acids and the omega-hydroxylation of prostaglandins E1 and F2 alpha. J
Lipid Res 31, 1477-82.

Arand, M., Cronin, A., Adamska, M., and Oesch, F. (2005). Epoxide hydrolases: structure,
function, mechanism, and assay. Methods Enzymol 400, 569-88.

Archibong, A. E., Ramesh, A., Niaz, M. S., Brooks, C. M., Roberson, S. I., and Lunstra, D. D.
(2008). Effects of benzo(a)pyrene on intra-testicular function in F-344 rats. Int J Environ Res
Public Health 5, 32-40.

Armstrong, R. N. (1987). Enzyme-catalyzed detoxication reactions: mechanisms and
stereochemistry. CRC Crit Rev Biochem 22, 39-88.

Azcoitia, |., Sierra, A., and Garcia-Segura, L. M. (1999). Localization of estrogen receptor beta-
immunoreactivity in astrocytes of the adult rat brain. Glia 26, 260-7.

Ball, P., and Knuppen, R. (1978). Formation of 2- and 4-hydroxyestrogens by brain, pituitary,
and liver of the human fetus. J Clin Endocrinol Metab 47, 732-7.
148



Bandiera, S., and Dworschak, C. (1992). Effects of testosterone and estrogen on hepatic levels of
cytochromes P450 2C7 and P450 2C11 in the rat. Arch Biochem Biophys 296, 286-95.

Batista, T. M., Alonso-Magdalena, P., Vieira, E., Amaral, M. E., Cederroth, C. R., Nef, S.,
Quesada, 1., Carneiro, E. M., and Nadal, A. (2012). Short-term treatment with bisphenol-A leads
to metabolic abnormalities in adult male mice. PLoS One 7, e33814.

Bhattacharyya, K. K., Brake, P. B., Eltom, S. E., Otto, S. A., and Jefcoate, C. R. (1995).
Identification of a rat adrenal cytochrome P450 active in polycyclic hydrocarbon metabolism as
rat CYP1B1. Demonstration of a unique tissue-specific pattern of hormonal and aryl
hydrocarbon receptor-linked regulation. J Biol Chem 270, 11595-602.

Bieche, I., Narjoz, C., Asselah, T., Vacher, S., Marcellin, P., Lidereau, R., Beaune, P., and de
Waziers, 1. (2007). Reverse transcriptase-PCR quantification of mRNA levels from cytochrome
(CYP)1, CYP2 and CYP3 families in 22 different human tissues. Pharmacogenet Genomics 17,
731-42.

Bilezikian, J. P., Morishima, A., Bell, J., and Grumbach, M. M. (1998). Increased bone mass as a
result of estrogen therapy in a man with aromatase deficiency. N Engl J Med 339, 599-603.

Bois, C., Delalande, C., Nurmio, M., Parvinen, M., Zanatta, L., Toppari, J., and Carreau, S.
(2010). Age- and cell-related gene expression of aromatase and estrogen receptors in the rat
testis. J Mol Endocrinol 45, 147-59.

Brake, P. B., Arai, M., As-Sanie, S., Jefcoate, C. R., and Widmaier, E. P. (1999). Developmental
expression and regulation of adrenocortical cytochrome P4501B1 in the rat. Endocrinology 140,
1672-80.

Brinkmann, A. O., Leemborg, F. G., Roodnat, E. M., De Jong, F. H., and Van der Molen, H. J.
(1980). A specific action of estradiol on enzymes involved in testicular steroidogenesis. Biol
Reprod 23, 801-9.

Brotons, J. A., Olea-Serrano, M. F., Villalobos, M., Pedraza, V., and Olea, N. (1995).
Xenoestrogens released from lacquer coatings in food cans. Environ Health Perspect 103, 608-
12.

Buters, J. T., Mahadevan, B., Quintanilla-Martinez, L., Gonzalez, F. J., Greim, H., Baird, W. M.,
and Luch, A. (2002). Cytochrome P450 1B1 determines susceptibility to dibenzo[a,l]pyrene-
induced tumor formation. Chem Res Toxicol 15, 1127-35.

Calafat, A. M., Kuklenyik, Z., Reidy, J. A., Caudill, S. P., Ekong, J., and Needham, L. L. (2005).
Urinary concentrations of bisphenol A and 4-nonylphenol in a human reference population.
Environ Health Perspect 113, 391-5.

Campbell, T. C., and Hayes, J. R. (1974). Role of nutrition in the drug-metabolizing enzyme
system. Pharmacol Rev 26, 171-97.

149



Casals-Casas, C., and Desvergne, B. (2010). Endocrine disruptors: from endocrine to metabolic
disruption. Annu Rev Physiol 73, 135-62.

Chang, T. K., Chen, J., Pillay, V., Ho, J. Y., and Bandiera, S. M. (2003). Real-time polymerase
chain reaction analysis of CYP1B1 gene expression in human liver. Toxicol Sci 71, 11-9.

Choudhary, D., Jansson, 1., Schenkman, J. B., Sarfarazi, M., and Stoilov, 1. (2003). Comparative
expression profiling of 40 mouse cytochrome P450 genes in embryonic and adult tissues. Arch
Biochem Biophys 414, 91-100.

Chung, J. Y., Kim, J. Y., Kim, Y. J., Jung, S. J., Park, J. E., Lee, S. G., Kim, J. T., Oh, S,, Lee, C.
J., Yoon, Y. D., Yoo, Y. H,, and Kim, J. M. (2007). Cellular defense mechanisms against
benzo[a]pyrene in testicular Leydig cells: implications of p53, aryl-hydrocarbon receptor, and
cytochrome P450 1A1 status. Endocrinology 148, 6134-44,

D'Souza, R., Gill-Sharma, M. K., Pathak, S., Kedia, N., Kumar, R., and Balasinor, N. (2005).
Effect of high intratesticular estrogen on the seminiferous epithelium in adult male rats. Mol Cell
Endocrinol 241, 41-8.

de Kretser, D. M. (1987). Local regulation of testicular function. Int Rev Cytol 109, 89-112.

de Waziers, 1., Cugnenc, P. H., Yang, C. S., Leroux, J. P., and Beaune, P. H. (1990). Cytochrome
P 450 isoenzymes, epoxide hydrolase and glutathione transferases in rat and human hepatic and
extrahepatic tissues. J Pharmacol Exp Ther 253, 387-94.

Deb, S., Kawai, M., Chang, T. K., and Bandiera, S. M. (2010). CYP1B1 expression in rat testis
and Leydig cells is not inducible by aryl hydrocarbon receptor agonists. Xenobiotica 40, 447-57.

Deb, S., and Bandiera, S. M. (2011). Regulation of cytochrome P450 1B1 expression by
luteinizing hormone in mouse MA-10 and rat R2C Leydig cells: role of protein kinase A. Biol
Reprod 85, 89-96.

Deb, S., Tai, J. K., Leung, G. S., Chang, T. K., and Bandiera, S. M. (2011). Estradiol-mediated
suppression of CYP1B1 expression in mouse MA-10 Leydig cells is independent of protein
kinase A and estrogen receptor. Mol Cell Biochem. 358, 387-395

Decker, M., Arand, M., and Cronin, A. (2009). Mammalian epoxide hydrolases in xenobiotic
metabolism and signalling. Arch Toxicol 83, 297-318.

Denlinger, C. L., and Vesell, E. S. (1989). Hormonal regulation of the developmental pattern of
epoxide hydrolases. Studies in rat liver. Biochem Pharmacol 38, 603-10.

Dickerman, E., Negro-Vilar, A., and Meites, J. (1969). Effects of starvation on plasma GH
activity, pituitary GH and GH-RF levels in the rat. Endocrinology 84, 814-9.

Dodds, E. C., and Lawson, W. (1936). Synthetic oestrogenic agents without the phenanthrene
nucleus. Nature 137, 996.

150



Fevold, H. R., Lorence, M. C., McCarthy, J. L., Trant, J. M., Kagimoto, M., Waterman, M. R,
and Mason, J. I. (1989). Rat P450(17 alpha) from testis: characterization of a full-length cDNA
encoding a unique steroid hydroxylase capable of catalyzing both delta 4- and delta 5-steroid-
17,20-lyase reactions. Mol Endocrinol 3, 968-75.

Fisher, B., Gunduz, N., Saffer, E. A., and Zheng, S. (1984). Relation of estrogen and its receptor
to rat liver growth and regeneration. Cancer Res 44, 2410-5.

Fisher, C. R., Graves, K. H., Parlow, A. F., and Simpson, E. R. (1998). Characterization of mice
deficient in aromatase (ArKO) because of targeted disruption of the cyp19 gene. Proc Natl Acad
Sci U S A 95, 6965-70.

Gajjar, K., Martin-Hirsch, P. L., and Martin, F. L. (2012). CYP1B1 and hormone-induced
cancer. Cancer Lett 324, 13-30.

Gearhart, J. P., Witherington, R., and Coleman, C. H. (1981). Subcutaneous estradiol pellet
implantation in management of advanced prostatic carcinoma. Urology 17, 44-8.

Georgellis, A., and Rydstrom, J. (1989). Cell-specific metabolic activation of 7,12-
dimethylbenz[a]anthracene in rat testis. Chem Biol Interact 72, 65-78.

Gillies, G. E., and McArthur, S. (2010). Estrogen actions in the brain and the basis for
differential action in men and women: a case for sex-specific medicines. Pharmacol Rev 62, 155-
98.

Gonzalez, F. J., Song, B. J., and Hardwick, J. P. (1986). Pregnenolone 16 alpha-carbonitrile-
inducible P-450 gene family: gene conversion and differential regulation. Mol Cell Biol 6, 2969-
76.

Goyal, H. O., Braden, T. D., Mansour, M., Williams, C. S., Kamaleldin, A., and Srivastava, K.
K. (2001). Diethylstilbestrol-treated adult rats with altered epididymal sperm numbers and sperm
motility parameters, but without alterations in sperm production and sperm morphology. Biol
Reprod 64, 927-34.

Gray, J. M., and Greenwood, M. R. (1984). Effect of estrogen on lipoprotein lipase activity and
cytoplasmic progestin binding sites in lean and obese Zucker rats. Proc Soc Exp Biol Med 175,
374-9.

Griffin, D. K., Ellis, P. J., Dunmore, B., Bauer, J., Abel, M. H., and Affara, N. A. (2010).
Transcriptional profiling of luteinizing hormone receptor-deficient mice before and after
testosterone treatment provides insight into the hormonal control of postnatal testicular
development and Leydig cell differentiation. Biol Reprod 82, 1139-50.

Guengerich, F. P., Kim, D. H., and Iwasaki, M. (1991). Role of human cytochrome P-450 IIE1 in
the oxidation of many low molecular weight cancer suspects. Chem Res Toxicol 4, 168-79.
Guengerich, F. P. (2006). Cytochrome P450s and other enzymes in drug metabolism and

151



toxicity. Aaps J 8, E101-11.

Guo, I. C., Shih, M. C., Lan, H. C., Hsu, N. C., Hu, M. C., and Chung, B. C. (2007).
Transcriptional regulation of human CYP11A1 in gonads and adrenals. J Biomed Sci 14, 509-15.

Haider, S. G., and Servos, G. (1998). Ultracytochemistry of 3beta-hydroxysteroid dehydrogenase
in Leydig cell precursors and vascular endothelial cells of the postnatal rat testis. Anat Embryol
(Berl) 198, 101-10.

Hasler, J. A. (1999). Pharmacogenetics of cytochromes P450. Mol Aspects Med 20, 12-24, 25-
137.

Hayes, J. R., and Campbell, T. C. (1974). Effect of protein deficiency on the inducibility of the
hepatic microsomal drug-metabolizing enzyme system. 3. Biochem Pharmacol 23, 1721-31.

Hayes, C. L., Spink, D. C., Spink, B. C., Cao, J. Q., Walker, N. J., and Sutter, T. R. (1996). 17
beta-estradiol hydroxylation catalyzed by human cytochrome P450 1B1. Proc Natl Acad Sci U S
A 93, 9776-81.

He, X. Y., Tang, L., Wang, S. L., Cai, Q. S., Wang, J. S., and Hong, J. Y. (2006). Efficient
activation of aflatoxin B1 by cytochrome P450 2A13, an enzyme predominantly expressed in
human respiratory tract. Int J Cancer 118, 2665-71.

Herath, C. B., Jin, W., Watanabe, G., Arai, K., Suzuki, A. K., and Taya, K. (2004). Adverse
effects of environmental toxicants, octylphenol and bisphenol A, on male reproductive functions
in pubertal rats. Endocrine 25, 163-72.

Herrmann, B. L., Saller, B., Janssen, O. E., Gocke, P., Bockisch, A., Sperling, H., Mann, K., and
Broecker, M. (2002). Impact of estrogen replacement therapy in a male with congenital
aromatase deficiency caused by a novel mutation in the CYP19 gene. J Clin Endocrinol Metab
87, 5476-84.

Hewitt, S. C., and Korach, K. S. (2011). Estrogenic activity of bisphenol A and 2,2-bis(p-
hydroxyphenyl)-1,1,1-trichloroethane (HPTE) demonstrated in mouse uterine gene profiles.
Environ Health Perspect 119, 63-70.

Hiroi, T., Imaoka, S., Chow, T., and Funae, Y. (1998). Tissue distributions of CYP2D1, 2D2,
2D3 and 2D4 mRNA in rats detected by RT-PCR. Biochim Biophys Acta 1380, 305-12.

Hoffman, S. M., Nelson, D. R., and Keeney, D. S. (2001). Organization, structure and evolution
of the CYP2 gene cluster on human chromosome 19. Pharmacogenetics 11, 687-98.

Honkakoski, P., and Negishi, M. (1997). The structure, function, and regulation of cytochrome
P450 2A enzymes. Drug Metab Rev 29, 977-96.

Horsfield, B. P., Reidy, G. F., and Murray, M. (1992). Studies on the developmental and adrenal
152



regulation of cytosolic and microsomal epoxide hydrolase activities in rat liver. Biochem
Pharmacol 44, 815-8.

Hu, G. X,, Lian, Q. Q., Ge, R. S., Hardy, D. O., and Li, X. K. (2009). Phthalate-induced
testicular dysgenesis syndrome: Leydig cell influence. Trends Endocrinol Metab 20, 139-45.

Ickenstein, L. M., and Bandiera, S. M. (2002). Persistent suppression of hepatic CYP2A1
expression and serum triiodothyronine levels by tamoxifen in intact female rats: dose-response
analysis and comparison with 4-hydroxytamoxifen, fulvestrant (IClI 182,780), and 17beta-
estradiol-3-benzoate. J Pharmacol Exp Ther 302, 584-93.

Ikezuki, Y., Tsutsumi, O., Takai, Y., Kamei, Y., and Taketani, Y. (2002). Determination of
bisphenol A concentrations in human biological fluids reveals significant early prenatal
exposure. Hum Reprod 17, 2839-41.

llan, Z., llan, R., and Cinti, D. L. (1981). Evidence for a new physiological role of hepatic
NADPH:ferricytochrome (P-450) oxidoreductase. Direct electron input to the microsomal fatty
acid chain elongation system. J Biol Chem 256, 10066-72.

Imaoka, S., Hashizume, T., and Funae, Y. (2005). Localization of rat cytochrome P450 in
various tissues and comparison of arachidonic acid metabolism by rat P450 with that by human
P450 orthologs. Drug Metab Pharmacokinet 20, 478-84.

Ishii-Ohba, H., Guengerich, F. P., and Baron, J. (1984). Localization of epoxide-metabolizing
enzymes in rat testis. Biochim Biophys Acta 802, 326-34.

Jiang, Y., Kuo, C. L., Pernecky, S. J., and Piper, W. N. (1998). The detection of cytochrome
P450 2E1 and its catalytic activity in rat testis. Biochem Biophys Res Commun 246, 578-83.

Jollow, D. J., Mitchell, J. R., Potter, W. Z., Davis, D. C., Gillette, J. R., and Brodie, B. B. (1973).
Acetaminophen-induced hepatic necrosis. Il. Role of covalent binding in vivo. J Pharmacol Exp
Ther 187, 195-202.

Kato, H., Furuhashi, T., Tanaka, M., Katsu, Y., Watanabe, H., Ohta, Y., and Iguchi, T. (2006).
Effects of bisphenol A given neonatally on reproductive functions of male rats. Reprod Toxicol
22, 20-9.

Kavlock, R. J., Daston, G. P., DeRosa, C., Fenner-Crisp, P., Gray, L. E., Kaattari, S., Lucier, G.,
Luster, M., Mac, M. J., Maczka, C., Miller, R., Moore, J., Rolland, R., Scott, G., Sheehan, D. M.,
Sinks, T., and Tilson, H. A. (1996). Research needs for the risk assessment of health and
environmental effects of endocrine disruptors: a report of the U.S. EPA-sponsored workshop.
Environ Health Perspect 104 Suppl 4, 715-40.

Kleizen, B., and Braakman, I. (2004). Protein folding and quality control in the endoplasmic
reticulum. Curr Opin Cell Biol 16, 343-9.

153



Koop, D. R., and Casazza, J. P. (1985). Identification of ethanol-inducible P-450 isozyme 3a as
the acetone and acetol monooxygenase of rabbit microsomes. J Biol Chem 260, 13607-12.

Korkalainen, M., Tuomisto, J., and Pohjanvirta, R. (2004). Primary structure and inducibility by
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) of aryl hydrocarbon receptor repressor in a TCDD-
sensitive and a TCDD-resistant rat strain. Biochem Biophys Res Commun 315, 123-31.

Krishnan, A. V., Stathis, P., Permuth, S. F., Tokes, L., and Feldman, D. (1993). Bisphenol-A: an
estrogenic substance is released from polycarbonate flasks during autoclaving. Endocrinology
132, 2279-86.

Kuiper, G. G., Carlsson, B., Grandien, K., Enmark, E., Haggblad, J., Nilsson, S., and Gustafsson,
J. A. (1997). Comparison of the ligand binding specificity and transcript tissue distribution of
estrogen receptors alpha and beta. Endocrinology 138, 863-70.

Kuiper, G. G., Lemmen, J. G., Carlsson, B., Corton, J. C., Safe, S. H., van der Saag, P. T., van
der Burg, B., and Gustafsson, J. A. (1998). Interaction of estrogenic chemicals and
phytoestrogens with estrogen receptor beta. Endocrinology 139, 4252-63.

Le Goascogne, C., Sananes, N., Gouezou, M., Takemori, S., Kominami, S., Baulieu, E. E., and
Robel, P. (1991). Immunoreactive cytochrome P-450(17 alpha) in rat and guinea-pig gonads,
adrenal glands and brain. J Reprod Fertil 93, 609-22.

Lee, I. P, Suzuki, K., Mukhtar, H., and Bend, J. R. (1980). Hormonal regulation of cytochrome
P-450-dependent monooxygenase activity and epoxide-metabolizing enzyme activities in testis
of hypophysectomized rats. Cancer Res 40, 2486-92.

Lee, S. S., Buters, J. T., Pineau, T., Fernandez-Salguero, P., and Gonzalez, F. J. (1996). Role of
CYP2EL1 in the hepatotoxicity of acetaminophen. J Biol Chem 271, 12063-7.

Lee, A. J., Kosh, J. W., Conney, A. H., and Zhu, B. T. (2001). Characterization of the NADPH-
dependent metabolism of 17beta-estradiol to multiple metabolites by human liver microsomes
and selectively expressed human cytochrome P450 3A4 and 3A5. J Pharmacol Exp Ther 298,
420-32.

Lee, A. J., Mills, L. H., Kosh, J. W., Conney, A. H., and Zhu, B. T. (2002). NADPH-dependent
metabolism of estrone by human liver microsomes. J Pharmacol Exp Ther 300, 838-49.

Lee, A. J,, Cai, M. X,, Thomas, P. E., Conney, A. H., and Zhu, B. T. (2003). Characterization of
the oxidative metabolites of 17beta-estradiol and estrone formed by 15 selectively expressed
human cytochrome p450 isoforms. Endocrinology 144, 3382-98.

Leung, P. C., and Steele, G. L. (1992). Intracellular signaling in the gonads. Endocr Rev 13, 476-
98.

Leung, G. S., Kawai, M., Tai, J. K., Chen, J., Bandiera, S. M., and Chang, T. K. (2009).
154



Developmental expression and endocrine regulation of CYP1B1 in rat testis. Drug Metab Dispos
37,523-8.

Levallet, J., Bilinska, B., Mittre, H., Genissel, C., Fresnel, J., and Carreau, S. (1998). Expression
and immunolocalization of functional cytochrome P450 aromatase in mature rat testicular cells.
Biol Reprod 58, 919-26.

Levin, W., Wood, A., Chang, R., Ryan, D., Thomas, P., Yagi, H., Thakker, D., Vyas, K., Boyd,
C., Chu, S. Y., Conney, A., and Jerina, D. (1982). Oxidative metabolism of polycyclic aromatic
hydrocarbons to ultimate carcinogens. Drug Metab Rev 13, 555-80.

Li, N.,, Wang, T., and Han, D. (2012). Structural, cellular and molecular aspects of immune
privilege in the testis. Front Immunol 3, 152.

Lieber, C. S. (1999). Microsomal ethanol-oxidizing system (MEOQOS): the first 30 years (1968-
1998)--a review. Alcohol Clin Exp Res 23, 991-1007.

Lucas, T. F., Siu, E. R., Esteves, C. A., Monteiro, H. P., Oliveira, C. A., Porto, C. S., and Lazari,
M. F. (2008). 17beta-estradiol induces the translocation of the estrogen receptors ESR1 and
ESR2 to the cell membrane, MAPK3/1 phosphorylation and proliferation of cultured immature
rat Sertoli cells. Biol Reprod 78, 101-14.

Maffei, L., Murata, Y., Rochira, V., Tubert, G., Aranda, C., Vazquez, M., Clyne, C. D., Davis,
S., Simpson, E. R., and Carani, C. (2004). Dysmetabolic syndrome in a man with a novel
mutation of the aromatase gene: effects of testosterone, alendronate, and estradiol treatment. J
Clin Endocrinol Metab 89, 61-70.

Majdic, G., Millar, M. R., and Saunders, P. T. (1995). Immunolocalisation of androgen receptor
to interstitial cells in fetal rat testes and to mesenchymal and epithelial cells of associated ducts. J
Endocrinol 147, 285-93.

Malaska, T., and Payne, A. H. (1984). Luteinizing hormone and cyclic AMP-mediated induction
of microsomal cytochrome P-450 enzymes in cultured mouse Leydig cells. J Biol Chem 259,
11654-7.

Mao, Z. L., Tam, Y. K., and Coutts, R. T. (2006). Effect of protein and calorie malnutrition on
drug metabolism in rat - in vitro. J Pharm Pharm Sci 9, 60-70.

Markey, C. M., Michaelson, C. L., Veson, E. C., Sonnenschein, C., and Soto, A. M. (2001). The
mouse uterotrophic assay: a reevaluation of its validity in assessing the estrogenicity of
bisphenol A. Environ Health Perspect 109, 55-60.

Martignoni, M., Groothuis, G. M., and de Kanter, R. (2006). Species differences between mouse,
rat, dog, monkey and human CYP-mediated drug metabolism, inhibition and induction. Expert
Opin Drug Metab Toxicol 2, 875-94.

155



Mead, J. R., Irvine, S. A., and Ramji, D. P. (2002). Lipoprotein lipase: structure, function,
regulation, and role in disease. J Mol Med (Berl) 80, 753-69.

Mgbodile, M. U., Hayes, J. R., and Campbell, T. C. (1973). Effect of protein deficiency on the
inducibility of the hepatic microsomal drug-metabolizng enzyme system. Il. Effect of enzyme
kinetics and electron transport system. Biochem Pharmacol 22, 1125-32.

Miller, W. L. (1988). Molecular biology of steroid hormone synthesis. Endocr Rev 9, 295-318.
Moriyama, K., Tagami, T., Akamizu, T., Usui, T., Saijo, M., Kanamoto, N., Hataya, Y.,
Shimatsu, A., Kuzuya, H., and Nakao, K. (2002). Thyroid hormone action is disrupted by
bisphenol A as an antagonist. J Clin Endocrinol Metab 87, 5185-90.

Mukhtar, H., Lee, I. P., Foureman, G. L., and Bend, J. R. (1978). Epoxide metabolizing enzyme
activities in rat testes: postnatal development and relative activity in interstitial and
spermatogenic cell compartments. Chem Biol Interact 22, 153-65.

Murata, Y., Robertson, K. M., Jones, M. E., and Simpson, E. R. (2002). Effect of estrogen
deficiency in the male: the ArKO mouse model. Mol Cell Endocrinol 193, 7-12.

Murialdo, G., Galimberti, C. A., Fonzi, S., Manni, R., Costelli, P., Parodi, C., Solinas, G. P.,
Amoretti, G., and Tartara, A. (1995). Sex hormones and pituitary function in male epileptic
patients with altered or normal sexuality. Epilepsia 36, 360-5.

Nagel, S. C., vom Saal, F. S., Thayer, K. A., Dhar, M. G., Boechler, M., and Welshons, W. V.
(1997). Relative binding affinity-serum modified access (RBA-SMA) assay predicts the relative
in vivo bioactivity of the xenoestrogens bisphenol A and octylphenol. Environ Health Perspect
105, 70-6.

Nagel, S. C., Hagelbarger, J. L., and McDonnell, D. P. (2001). Development of an ER action
indicator mouse for the study of estrogens, selective ER modulators (SERMs), and Xenobiotics.
Endocrinology 142, 4721-8.

Nakajin, S., Shively, J. E., Yuan, P. M., and Hall, P. F. (1981). Microsomal cytochrome P-450
from neonatal pig testis: two enzymatic activities (17 alpha-hydroxylase and c¢17,20-lyase)
associated with one protein. Biochemistry 20, 4037-42.

Nakamura, D., Yanagiba, Y., Duan, Z., Ito, Y., Okamura, A., Asaeda, N., Tagawa, Y., Li, C.,
Taya, K., Zhang, S. Y., Naito, H., Ramdhan, D. H., Kamijima, M., and Nakajima, T. (2010).
Bisphenol A may cause testosterone reduction by adversely affecting both testis and pituitary
systems similar to estradiol. Toxicol Lett 194, 16-25.

Nanjappa, M. K., Simon, L., and Akingbemi, B. T. (2012). The industrial chemical bisphenol A
(BPA) interferes with proliferative activity and development of steroidogenic capacity in rat
Leydig cells. Biol Reprod 86, 135, 1-12.

Nelson, D. R., Kamataki, T., Waxman, D. J., Guengerich, F. P., Estabrook, R. W., Feyereisen,
R., Gonzalez, F. J., Coon, M. J., Gunsalus, I. C., Gotoh, O., and et al. (1993). The P450

156



superfamily: update on new sequences, gene mapping, accession numbers, early trivial names of
enzymes, and nomenclature. DNA Cell Biol 12, 1-51.

Nelson, D. R., Zeldin, D. C., Hoffman, S. M. G., Maltais, L. J., Wain, H. M., and Nebert, D. W.
(2004). Comparison of cytochrome P450 (CYP) genes from the mouse and human genomes,
including nomenclature recommendations for genes, pseudogenes and alternative-splice variants.
Pharmacogenetics 14, 1-18.

Newbold, R. R., and Liehr, J. G. (2000). Induction of uterine adenocarcinoma in CD-1 mice by
catechol estrogens. Cancer Res 60, 235-7.

Nunez, A. A., Gray, J. M., and Wade, G. N. (1980). Food intake and adipose tissue lipoprotein
lipase activity after hypothalamic estradiol benzoate implants in rats. Physiol Behav 25, 595-8.

Nutter, L. M., Ngo, E. O., and Abul-Hajj, Y. J. (1991). Characterization of DNA damage
induced by 3,4-estrone-o-quinone in human cells. J Biol Chem 266, 16380-6.

Nutter, L. M., Wu, Y. Y., Ngo, E. O., Sierra, E. E., Gutierrez, P. L., and Abul-Hajj, Y. J. (1994).
An o-quinone form of estrogen produces free radicals in human breast cancer cells: correlation
with DNA damage. Chem Res Toxicol 7, 23-8.

Oesch, F., Glatt, H., and Schmassmann, H. (1977). The apparent ubiquity of epoxide hydratase
in rat organs. Biochem Pharmacol 26, 603-7.

Oesch, F., Herrero, M. E., Hengstler, J. G., Lohmann, M., and Arand, M. (2000). Metabolic
detoxification: implications for thresholds. Toxicol Pathol 28, 382-7.

Olea, N., Pulgar, R., Perez, P., Olea-Serrano, F., Rivas, A., Novillo-Fertrell, A., Pedraza, V.,
Soto, A. M., and Sonnenschein, C. (1996). Estrogenicity of resin-based composites and sealants
used in dentistry. Environ Health Perspect 104, 298-305.

Omura, T., and Sato, R. (1962). A new cytochrome in liver microsomes. J Biol Chem 237, 1375-
6.

Omura, T. (2006). Mitochondrial P450s. Chem Biol Interact 163, 86-93.

Oropeza-Hernandez, L. F., Quintanilla-Vega, B., Reyes-Mejia, R. A., Serrano, C. J., Garcia-
Latorre, E. A., Dekant, W., Manno, M., and Albores, A. (2003). Trifluoroacetylated adducts in
spermatozoa, testes, liver and plasma and CYP2E1 induction in rats after subchronic inhalatory
exposure to halothane. Toxicol Lett 144, 105-16.

Ortiz-Caro, J., Gonzalez, C., and Jolin, T. (1984). Diurnal variations of plasma growth hormone,
thyrotropin, thyroxine, and triiodothyronine in streptozotocin-diabetic and food-restricted rats.
Endocrinology 115, 2227-32.

Otto, S., Bhattacharyya, K. K., and Jefcoate, C. R. (1992). Polycyclic aromatic hydrocarbon
157



metabolism in rat adrenal, ovary, and testis microsomes is catalyzed by the same novel
cytochrome P450 (P450RAP). Endocrinology 131, 3067-76.

Palmer, K., and Gray, J. M. (1986). Central vs. peripheral effects of estrogen on food intake and
lipoprotein lipase activity in ovariectomized rats. Physiol Behav 37, 187-9.

Park, B. K., and Breckenridge, A. M. (1981). Clinical implications of enzyme induction and
enzyme inhibition. Clin Pharmacokinet 6, 1-24.

Pavek, P., and Dvorak, Z. (2008). Xenobiotic-induced transcriptional regulation of xenobiotic
metabolizing enzymes of the cytochrome P450 superfamily in human extrahepatic tissues. Curr
Drug Metab 9, 129-43.

Payne, A. H., and Youngblood, G. L. (1995). Regulation of expression of steroidogenic enzymes
in Leydig cells. Biol Reprod 52, 217-25.

Payne, A. H., and Hales, D. B. (2004). Overview of steroidogenic enzymes in the pathway from
cholesterol to active steroid hormones. Endocr Rev 25, 947-70.

Pelletier, G., Labrie, C., and Labrie, F. (2000). Localization of oestrogen receptor alpha,
oestrogen receptor beta and androgen receptors in the rat reproductive organs. J Endocrinol 165,
359-70.

Pelletier, G., Li, S., Luu-The, V., Tremblay, Y., Belanger, A., and Labrie, F. (2001).
Immunoelectron microscopic localization of three key steroidogenic enzymes (cytochrome
P450(scc), 3 beta-hydroxysteroid dehydrogenase and cytochrome P450(c17)) in rat adrenal
cortex and gonads. J Endocrinol 171, 373-83.

Perez, S. E., Chen, E. Y., and Mufson, E. J. (2003). Distribution of estrogen receptor alpha and
beta immunoreactive profiles in the postnatal rat brain. Brain Res Dev Brain Res 145, 117-39.
Porter, T. D., and Kasper, C. B. (1985). Coding nucleotide sequence of rat NADPH-cytochrome
P-450 oxidoreductase cDNA and identification of flavin-binding domains. Proc Natl Acad Sci U
SA82,973-7.

Porter, T. D. (1991). An unusual yet strongly conserved flavoprotein reductase in bacteria and
mammals. Trends Biochem Sci 16, 154-8.

Ram, P. A., and Waxman, D. J. (1992). Thyroid hormone stimulation of NADPH P450 reductase
expression in liver and extrahepatic tissues. Regulation by multiple mechanisms. J Biol Chem
267, 3294-301.

Richter, C. A., Birnbaum, L. S., Farabollini, F., Newbold, R. R., Rubin, B. S., Talsness, C. E.,
Vandenbergh, J. G., Walser-Kuntz, D. R., and vom Saal, F. S. (2007). In vivo effects of
bisphenol A in laboratory rodent studies. Reprod Toxicol 24, 199-224.

Rivera, H. M., Santollo, J., Nikonova, L. V., and Eckel, L. A. (2012). Estradiol increases the
anorexia associated with increased 5-HT(2C) receptor activation in ovariectomized rats. Physiol

158



Behav 105, 188-94.

Robaire, B., Ewing, L. L., Irby, D. C., and Desjardins, C. (1979). Interactions of testosterone and
estradiol-17 beta on the reproductive tract of the male rat. Biol Reprod 21, 455-63.

Roberts, K. P., and Zirkin, B. R. (1991). Androgen regulation of spermatogenesis in the rat. Ann
N Y Acad Sci 637, 90-106.

Rochira, V., Faustini-Fustini, M., Balestrieri, A., and Carani, C. (2000). Estrogen replacement
therapy in a man with congenital aromatase deficiency: effects of different doses of transdermal
estradiol on bone mineral density and hormonal parameters. J Clin Endocrinol Metab 85, 1841-
5.

Rochira, V., Zirilli, L., Madeo, B., Aranda, C., Caffagni, G., Fabre, B., Montangero, V. E.,
Roldan, E. J., Maffei, L., and Carani, C. (2007). Skeletal effects of long-term estrogen and
testosterone replacement treatment in a man with congenital aromatase deficiency: evidences of
a priming effect of estrogen for sex steroids action on bone. Bone 40, 1662-8.

Rochira, V., Madeo, B., Zirilli, L., Caffagni, G., Maffei, L., and Carani, C. (2007). Oestradiol
replacement treatment and glucose homeostasis in two men with congenital aromatase
deficiency: evidence for a role of oestradiol and sex steroids imbalance on insulin sensitivity in
men. Diabet Med 24, 1491-5.

Routledge, E. J., White, R., Parker, M. G., and Sumpter, J. P. (2000). Differential effects of
xenoestrogens on coactivator recruitment by estrogen receptor (ER) alpha and ERbeta. J Biol
Chem 275, 35986-93.

Rubin, B. S. (2011). Bisphenol A: an endocrine disruptor with widespread exposure and multiple
effects. J Steroid Biochem Mol Biol 127, 27-34.

Russell, L. D., Ettlin, R. A., Hikim, A. P. & Clegg, E. D (1990). Histological and
Histopathological Evaluation of the Testis.Cache River Press, Clearwater, Fl. pp 1-40.

Ryan, D. E. a. L., W (1993). Age- and Gender-Related Expression of Rat Liver Cytochrome
P450, in Born G.V.R., Cuatrecasas, P., and Herken, H. (eds.), Handbook of Experimental
Pharmacology, Springer-Verlag, Berlin, (105), pp. 461-476.

Sader, M. A., and Celermajer, D. S. (2002). Endothelial function, vascular reactivity and gender
differences in the cardiovascular system. Cardiovasc Res 53, 597-604.

Sakaue, M., Ishimura, R., Kurosawa, S., Fukuzawa, N. H., Kurohmaru, M., Hayashi, Y.,
Tohyama, C., and Ohsako, S. (2002). Administration of estradiol-3-benzoate down-regulates the
expression of testicular steroidogenic enzyme genes for testosterone production in the adult rat. J
Vet Med Sci 64, 107-13.

Sakaue, M., Ishimura, R., Kurosawa, S., Fukuzawa, N. H., Kurohmaru, M., Hayashi, Y.,
159



Tohyama, C., and Ohsako, S. (2002). Administration of estradiol-3-benzoate down-regulates the
expression of testicular steroidogenic enzyme genes for testosterone production in the adult rat. J
Vet Med Sci 64, 107-13.

Sanderson, J. T. (2006). The steroid hormone biosynthesis pathway as a target for endocrine-
disrupting chemicals. Toxicol Sci 94, 3-21.

Saunders, P. T., Fisher, J. S., Sharpe, R. M., and Millar, M. R. (1998). Expression of oestrogen
receptor beta (ER beta) occurs in multiple cell types, including some germ cells, in the rat testis.
J Endocrinol 156, R13-7.

Schonfelder, G., Friedrich, K., Paul, M., and Chahoud, I. (2004). Developmental effects of
prenatal exposure to bisphenol a on the uterus of rat offspring. Neoplasia 6, 584-94.

Seng, J. E., Leakey, J. E., Arlotto, M. P., Parkinson, A., and Gandy, J. (1991). Cellular
localization of cytochrome P45011A1L in testes of mature Sprague-Dawley rats. Biol Reprod 45,
876-82.

Seng, J. E., Gandy, J., Turturro, A., Lipman, R., Bronson, R. T., Parkinson, A., Johnson, W.,
Hart, R. W., and Leakey, J. E. (1996). Effects of caloric restriction on expression of testicular
cytochrome P450 enzymes associated with the metabolic activation of carcinogens. Arch
Biochem Biophys 335, 42-52.

Shan, L. X., Phillips, D. M., Bardin, C. W., and Hardy, M. P. (1993). Differential regulation of
steroidogenic enzymes during differentiation optimizes testosterone production by adult rat
Leydig cells. Endocrinology 133, 2277-83.

Shimada, T., Gillam, E. M., Sutter, T. R, Strickland, P. T., Guengerich, F. P., and Yamazaki, H.
(1997). Oxidation of xenobiotics by recombinant human cytochrome P450 1B1. Drug Metab
Dispos 25, 617-22.

Simard, J., Couet, J., Durocher, F., Labrie, Y., Sanchez, R., Breton, N., Turgeon, C., and Labrie,
F. (1993). Structure and tissue-specific expression of a novel member of the rat 3 beta-
hydroxysteroid dehydrogenase/delta 5-delta 4 isomerase (3 beta-HSD) family. The exclusive 3
beta-HSD gene expression in the skin. J Biol Chem 268, 19659-68.

Sivelle, P. C., McNeilly, A. S., and Collins, P. M. (1978). A comparison of the effectiveness of
FSH, LH and prolactin in the reinitiation of testicular function of hypophysectomized and
estrogen-treated rats. Biol Reprod 18, 878-85.

Skinner, M. K., J. N. Norton, B. P. Mullaney, M. Rosselli, P. D. Whaley & C. T. Anthony
(2991). Cell-cell interactions and the regulation of testis function. Ann N Y Acad Sci , 637, 354-
63.

Small, M., MacRury, S., Beastall, G. H., and MacCuish, A. C. (1987). Oestradiol levels in
diabetic men with and without a previous myocardial infarction. Q J Med 64, 617-23.

160



Sohn, O. S, Ishizaki, H., Yang, C. S., and Fiala, E. S. (1991). Metabolism of azoxymethane,
methylazoxymethanol and N-nitrosodimethylamine by cytochrome P450IIE1. Carcinogenesis
12, 127-31.

Sonderfan, A. J., Arlotto, M. P., and Parkinson, A. (1989). Identification of the cytochrome P-
450 isozymes responsible for testosterone oxidation in rat lung, kidney, and testis: evidence that
cytochrome P-450a (P45011A1) is the physiologically important testosterone 7 alpha-
hydroxylase in rat testis. Endocrinology 125, 857-66.

Sumner, S. J., and Fennell, T. R. (1994). Review of the metabolic fate of styrene. Crit Rev
Toxicol 24 Suppl, S11-33.

Sutter, T. R, Tang, Y. M., Hayes, C. L., Wo, Y. Y., Jabs, E. W., Li, X,, Yin, H., Cody, C. W.,
and Greenlee, W. F. (1994). Complete cDNA sequence of a human dioxin-inducible mRNA
identifies a new gene subfamily of cytochrome P450 that maps to chromosome 2. J Biol Chem
269, 13092-9.

Taira, Y., Greenspan, P., Kapke, G. F., Redick, J. A., and Baron, J. (1980). Effects of
phenobarbital, pregnenolone-16 alpha-carbonitrile, and 3-methylcholanthrene pretreatments on
the distribution of NADPH-cytochrome ¢ (P-450) reductase within the liver lobule. Mol
Pharmacol 18, 304-12.

Takahashi, O., and Oishi, S. (2003). Testicular toxicity of dietarily or parenterally administered
bisphenol A in rats and mice. Food Chem Toxicol 41, 1035-44.

Tee, M. K., Huang, N., Damm, I., and Miller, W. L. (2011). Transcriptional regulation of the
human P450 oxidoreductase gene: hormonal regulation and influence of promoter
polymorphisms. Mol Endocrinol 25, 715-31.

Tohei, A., Suda, S., Taya, K., Hashimoto, T., and Kogo, H. (2001). Bisphenol A inhibits
testicular functions and increases luteinizing hormone secretion in adult male rats. Exp Biol Med
(Maywood) 226, 216-21.

Toyama, Y., and Yuasa, S. (2004). Effects of neonatal administration of 17beta-estradiol, beta-
estradiol 3-benzoate, or bisphenol A on mouse and rat spermatogenesis. Reprod Toxicol 19, 181-
8.

Tsuchiya, Y., Nakajima, M., and Yokoi, T. (2005). Cytochrome P450-mediated metabolism of
estrogens and its regulation in human. Cancer Lett 227, 115-24.

Vandenberg, L. N., Hauser, R., Marcus, M., Olea, N., and Welshons, W. V. (2007). Human
exposure to bisphenol A (BPA). Reprod Toxicol 24, 139-77.

Vandenberg, L. N., Maffini, M. V., Sonnenschein, C., Rubin, B. S., and Soto, A. M. (2009).
Bisphenol-A and the great divide: a review of controversies in the field of endocrine disruption.

161



Endocr Rev 30, 75-95.

Vermeulen, A., Kaufman, J. M., Goemaere, S., and van Pottelberg, I. (2002). Estradiol in elderly
men. Aging Male 5, 98-102.

Vianello, S., Waterman, M. R., Dalla Valle, L., and Colombo, L. (1997). Developmentally
regulated expression and activity of 17alpha-hydroxylase/C-17,20-lyase cytochrome P450 in rat
liver. Endocrinology 138, 3166-74.

Walker, N. J., Gastel, J. A, Costa, L. T., Clark, G. C., Lucier, G. W., and Sutter, T. R. (1995).
Rat CYP1B1: an adrenal cytochrome P450 that exhibits sex-dependent expression in livers and
kidneys of TCDD-treated animals. Carcinogenesis 16, 1319-27.

Walker, D. M., Poirier, M. C., Campen, M. J., Cook, D. L., Jr., Divi, R. L., Nagashima, K.,
Lund, A. K., Cossey, P. Y., Hahn, F. F., and Walker, V. E. (2004). Persistence of mitochondrial
toxicity in hearts of female B6C3F1 mice exposed in utero to 3'-azido-3'-deoxythymidine.
Cardiovasc Toxicol 4, 133-53.

Wang, M., Roberts, D. L., Paschke, R., Shea, T. M., Masters, B. S., and Kim, J. J. (1997). Three-
dimensional structure of NADPH-cytochrome P450 reductase: prototype for FMN- and FAD-
containing enzymes. Proc Natl Acad Sci U S A 94, 8411-6.

Waxman, D. J., Dannan, G. A., and Guengerich, F. P. (1985). Regulation of rat hepatic
cytochrome P-450: age-dependent expression, hormonal imprinting, and xenobiotic inducibility
of sex-specific isoenzymes. Biochemistry 24, 4409-17.

Waxman, D. J., Morrissey, J. J., and LeBlanc, G. A. (1989a). Female-predominant rat hepatic P-
450 forms j (IIE1) and 3 (11A1) are under hormonal regulatory controls distinct from those of the
sex-specific P-450 forms. Endocrinology 124, 2954-66.

Waxman, D. J., Morrissey, J. J., and Leblanc, G. A. (1989b). Hypophysectomy differentially
alters P-450 protein levels and enzyme activities in rat liver: pituitary control of hepatic NADPH
cytochrome P-450 reductase. Mol Pharmacol 35, 519-25.

Waxman, D. J.,, and Chang, TKH. (1995). Hormonal regulation of liver cytochrome P450
enzymes, in Cytochrome P450: Structure, Mechanism and Biochemistry, 2nd ed.(Ortiz de
Montellano PR ed) pp 391-417, Plenum Press, New York.

Weinbauer, G. F., and Nieschlag, E. (1995). Gonadotrophin control of testicular germ cell
development. Adv Exp Med Biol 377, 55-65.

Welshons, W. V., Nagel, S. C., and vom Saal, F. S. (2006). Large effects from small exposures.
I1l. Endocrine mechanisms mediating effects of bisphenol A at levels of human exposure.
Endocrinology 147, S56-69.

Wetherill, Y. B., Akingbemi, B. T., Kanno, J., McLachlan, J. A., Nadal, A., Sonnenschein, C.,
162



Watson, C. S., Zoeller, R. T., and Belcher, S. M. (2007). In vitro molecular mechanisms of
bisphenol A action. Reprod Toxicol 24, 178-98.

Wilks, A., Black, S. M., Miller, W. L., and Ortiz de Montellano, P. R. (1995). Expression and
characterization of truncated human heme oxygenase (hHO-1) and a fusion protein of hHO-1
with human cytochrome P450 reductase. Biochemistry 34, 4421-7.

Xu, Z., Kawai, M., Bandiera, S. M., and Chang, T. K. (2001). Influence of dietary zinc
deficiency during development on hepatic CYP2C11, CYP2C12, CYP3A2, CYP3A9, and
CYP3A18 expression in postpubertal male rats. Biochem Pharmacol 62, 1283-91.

Yamasaki, K., Sawaki, M., Noda, S., Imatanaka, N., and Takatsuki, M. (2002). Subacute oral
toxicity study of ethynylestradiol and bisphenol A, based on the draft protocol for the "Enhanced
OECD Test Guideline no. 407". Arch Toxicol 76, 65-74.

Yanase, T., Mu, Y. M., Nishi, Y., Goto, K., Nomura, M., Okabe, T., Takayanagi, R., and
Nawata, H. (2001). Regulation of aromatase by nuclear receptors. J Steroid Biochem Mol Biol
79, 187-92.

Zhao, H., Tian, Z., Hao, J., and Chen, B. (2005). Extragonadal aromatization increases with time
after ovariectomy in rats. Reprod Biol Endocrinol 3,1-9.

Online Resources

http://www.fda.gov/downloads/Drugs/Guidances/UCMO078932.pdf

163



