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ABSTRACT
REPRODUCTIVE AND GENOMIC EFFECTS OF GESTATIONAL AND
LACTATIONAL EXPOSURE TO ESTROGENIC ENDOCRINE DISRUPTORS IN
MALE MICE
By

Mark Raymond Fielden

There is extensive concem and debate regarding the degree to which
human populations are being adversely affected from exposure to estrogenic
endocrine disrupting (EED) chemicals in the environment. It has been proposed
that the reported increase in the incidence of human reproductive tract
abnommalities and the decrease in sperm quality are due to increased exposure
to estrogenic chemicals during development. This hypothesis is supported by an
increased incidence of clinical abnormalities in the reproductive tract of human
males exposed to the estrogenic drug diethyistilbestrol in utero, and adverse
effects on testicular development and sperm quality in laboratory animals
exposed to EEDs. Despite the evidence, the mechanism(s) of action of EEDs
are unclear. A comprehensive strategy was used in order to assess the effects
of gestational and lactational exposure to both weak (polychlorinated biphenyis;
Aroclor 1242), and potent (diethyistilbestrol;, DES) estrogenic chemicals on
testicular development, sperm count and motility, and sperm fertilizing ability in
vitro in both early (postnatal day (PND) 105) and middle-aged mice (PND315).

In order to identify molecular pathways affected by exposure to DES, testicular



gene expression was assessed using cDNA microarrays and real-time PCR on
PND21, 105 and 315. Exposure to Aroclor 1242 caused no adverse effects on
testis weight or sperm count and motility, however, sperm fenilizing ability in vitro
was significantly decreased in almost all PCB-exposed groups in both early and
middle-aged mice. By contrast, exposure to DES caused a persistent decrease
in the number of Sertoli cells, and modest but significant decreases in testis
weight and sperm count. Sperm fertilizing ability in vitro was also significantly
decreased on PND105 and 315. A cDNA microarray enriched for genes
expressed in the mouse testis was constructed and used to identify differentially
expressed genes in the testis of DES-exposed male offspring. Real-time PCR
was used to verify alterations in the expression level of selected genes. The
results demonstrate that adverse effects on testicular development and sperm
quality were associated with transient and latent changes in testicular gene
expression. Changes in the expression of genes involved in steroidogenesis,
estrogen signaling, lysosomal function and testicular development were
observed, suggesting multiple mechanisms by which developmental exposure to
EEDs may disrupt testicular development and sperm quality. These results also
demonstrate that effects on sperm fertilizing ability in vitro can not be predicted
based on alterations in testicular development, or sperm count and motility.
Early exposure to EEDs can also cause latent, and perhaps irreversible, effects

on the male reproductive system, even long after the cessation of exposure.
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CHAPTER 1

RATIONALE, HYPOTHESIS AND AIMS

Rationale

Studies have shown that selected xenobiotics and natural products can
bind to the estrogen receptor (ER) and elicit estrogenic responses in a number of
in vitro assays and in vivo models. Currently, there is considerable debate
regarding the degree to which human populations are being adversely affected
from exposure to estrogenic endocrine disruptors (EEDs). Despite contradictory
re-analyses of epidemiology studies, a mechanistically feasible hypothesis has
been proposed that suggests the increased incidence of development disorders
of the male reproductive tract and the decrease in sperm quality is due to
increased exposure to estrogenic chemicals in utero. This hypothesis is
supported by 1) reproductive tract abnomalities and decreased fertility observed
in wildlife populations residing in areas contaminated with high levels of EEDs, 2)
clinical abnommalities in the reproductive tract of human males exposed to the
estrogenic drug diethyistilbestrol in utero, and 3) adverse effects on testicular
development and sperm quality in laboratory animals exposed to EEDs. Despite
the evidence, the mechanisms of action of EEDs are currently unclear.
Furthermore, it is not known whether adverse effects induced by developmental
exposure to EEDs persist to later stages of life. Therefore, to estimate the risk of

exposure to EEDs on reproductive health in humans, a more detailed



mechanistic understanding of how developmental exposure to EEDs causes

adverse effects on male reproductive health is needed.

Hypothesis:
Gestational and lactational exposure to estrogenic endocrine disruptors
causes long-term alterations in testicular development and sperm quality as a

result of transient and latent changes in testicular gene expression.

Aims:

1. Determine the effects of both weak (polychlorinated biphenyls: i.e. Aroclor
1242) and potent (diethyistilbestrol) EEDs on murine testicular
development and sperm quality following gestational and lactational
exposure.

2. Develop cDNA microarrays and analytical methods for large-scale
quantitative analysis of testicular gene expression in mice.

3. Apply cDNA microarrays and real-time PCR to examine testicular gene
expression in affected mice in order to establish associations between
changes in gene expression and effects on testicular development and

sperm quality.



CHAPTER 2

THE ROLE OF ESTROGEN IN SPERMATOGENESIS AND THE EFFECTS OF
ESTROGENIC ENDOCRINE DISRUPTORS

Introduction

As early as 1974, Nelson and Bunge (1) suggested that the quality of
human semen has declined over the past 50 to 60 years. In 1992, Carisen et al.
(2) published a meta-analysis of 61 studies that revealed a significant decrease
in sperm concentration and seminal volume between 1938 and 1990 (from 113 x
10%ml in 1940 to 55 x 10%ml in 1990). While the results of this study were
criticized by several authors for methodological reasons (3,4), subsequent
studies from other laboratories have confirmed the results of Carlsen et al. (5,6).
In contrast, studies published in 1996 found no decline in sperm counts within
France (7) or the U.S. (8), and significant geographical differences have been
detected within the U.S. (9) and between Scandinavian countries (10,11), which
further confound the interpretation of the results. The incidence of testicular
cancer has also increased 2 to 4 % per year during the same time period (12,13).
Incidences of male reproductive tract malformations, such as cryptorchidism
(undescended testes) and hypospadias (genital malformations), also appear to
be slightly increasing (14).

It was recognized that these effects were similar to those observed in

humans and experimental animals exposed to exogenous estrogens during fetal



life. This led Sharpe and Skakkebaek (15) to hypothesize that fetal exposure to
exogenous estrogenic chemicals was compromising male reproductive health,
including sperm quality and reproductive tract development. This chapter will
review the mechanism of action of estrogen and the estrogen receptor (ER),
spermmatogenesis and testicular steroidogenesis, and the function of estrogen
and the ER in spermatogenesis. Estrogenic endocrine disruptors (EEDs) will be
discussed, and the effects of the EED diethyistilbestrol (DES) on testicular
development and sperm quality in humans and rodent data will be reviewed.
Mechanism of action of estrogen

Endogenous estrogen (i.e. 17B-estradiol (E2)) influences the growth,
differentiation, development and function of several target tissues involved in
reproduction, cardiovascular performance, bone maintenance, homeostasis and
behavior. Many of these processes are modulated as a result of estrogen
receptor (ER)-mediated expression of estrogen responsive genes (reviewed in
(16) and illustrated in Figure 1). There are two isoforms of the ER, termed ERa
and ERB, which are encoded for by two genes. The ER functions as a ligand-
inducible DNA-binding transcription factor. Upon binding of ligand, the ER
undergoes a conformational change to an activated form, presumably by
dissociation of associated chaperone proteins such as Hsp90, Hsp70 and other
proteins. The activated form of the ER dimerizes and binds to palindromic
estrogen response elements (ERE) in the genome to stimulate transcription of

target genes. In addition to the formation of ERa and ERB homodimers, an

ERo/B heterodimer can also form in vitro and in vivo (17). Gene transcription
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Figure 1. Estrogen receptor-mediated mechanism of action of estrogenic
endocrine disruptors. ER: estrogen receptor, L: ligand, hsp: heat shock protein,
?: other associated protein(s), ERE: estrogen response element.



stimulated by the ERE-bound, liganded-ER is believed to occur via interaction
with coactivator proteins and subsequent recruitment of basal components of the
transcription initiation complex and RNA polymerase Il (18). In addition to ERE-
mediated effects on gene expression, the ER can also activate gene transcription
through an AP-1 site and the corresponding Fos/Jun complex bound to the AP-1
site (19). The transactivation activity of ERa and ERB can also be influenced by
this interaction. For example, E2 activates transcription via ERa. and an AP-1
site, whereas E2 inhibits transcription via ERB and an AP-1 site (20). In addition
to ligand-induced effects on transcription, the ER can also be activated in a
ligand-independent manner via phosphorylation by growth factor-induced
signaling cascades (21). Effects on other proteins, such as the heat shock
protein complex, corepressors and/or coactivators, may also play a role in ligand-
independent ER activation.

Like other nuclear receptors, the ER is composed of six modular domains,
designated A to F from the amino terminal start site to the carboxy terminal end
of the protein (16). A schematic representative of the structural and functional
domains of ERa and ERB is shown in Figure 2. The highly variable A/B region
contains the ligand-independent activation function (AF-1) that activates
transcription constitutively and in a cell- and gene-specific manner via interaction
with coactivators. The highly conserved C domain contains two zinc-fingers that
recognize the ERE, and also function in dimerization and nuclear translocation.

The D domain is a flexible hinge region that separates the DNA binding domain
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Figure 2. Schematic representation of the modular structure of the human
estrogen receptor alpha and beta. The domains are labeled A through F for the
human ERa and ERB. The numbers on the right indicate the length of the
peptide in amino acids. The numbers within the domains indicate the percent

amino acid identity between ERa and ERB. Adapted from (16).



(DBD) from the ligand binding domain (LBD). The LBD consists of domains E
and F, and functions in nuclear translocation, hsp90 binding, and dimerization.
The LBD also contains the ligand-dependent activation function (AF-2) that
modulates transcription via interaction with coactivators or corepressors (22).
The function of the F domain is unclear, but has been shown to influence ligand
binding and interaction with coactivators (23).
Spermatogenesis and testicular steroidogenesis

The testis is a complex organ composed of three major cell types: Leydig
cells, Sertoli cells and germ cells. The Sertoli cells and germ cells are contained
within the seminiferous tubules, which separate sperm from the interstitial
compartment that contains the venous and lymphatic system, in addition to the
Leydig celis (Figure 3). Sertoli cells are highly specialized cell types that extend
from the basal lamina to the luminal surface of the seminiferous tubules. In
addition to providing a structural scaffold to sequester developing sperm, the
Sertoli cells secrete a number of proteins and nutrients that regulate the initiation
and progression of spermatogenesis. Sertoli cells also form tight junctional
complexes that provide a blood-testis barrier to protect germ cells from
immunological attack. The principal function of the Leydig cell is to produce
testosterone from cholesterol precursors (Figure 4). Steroidogenesis begins with
the import of cholesterol into the cell via SR-B1 (for esterified cholesterol) or
CD36 (for free cholesterol). Cholesterol can also be synthesized de novo via the

sterol response element binding protein (SREBP).



Figure 3. Schematic representation of a cross-sectional view of the testis and
the seminiferous tubules. Only spermatozoa are shown within the seminiferous
tubules. Venous system is not shown, but is within the interstitial space. The
Sertoli cells create basal and adluminal compartments by virtue of tight juctional
complexes, which separate the immune system from the germ cells undergoing
meiosis in the adluminal compartment.
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Figure 4. Steroidogenic pathway in the Leydig cells of the testis. De novo
synthesized cholesterol, or free (Free chol.) and esterified cholesterol (HDL) from
outside the cell, is transported across the mitochondrial membrane by Star
(Steroidogenic acute regulatory protein) where it is converted to pregnenolone by
P450scc (Cytochrome P450 side chain cleavage enzyme), the rate limiting step
in the steroidogenic pathway. A series of enzymatic reactions convert
pregnenolone to testosterone. SR-B1: scavenger receptor B1, CD36: CD36
antigen, 3B-HSD: 3B-hydroxysteroid dehydrogenase, 17B-HSR: 178-
hydroxysteroid reductase, ERo: estrogen receptor o, AR: androgen receptor,
SREBP: sterol response element binding protein, 5aR: Sa-reductase. Note that
17,20-lyase is the same enzyme as the 17a-hydroxylase.
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Cholesterol is transported through the mitochondrial membrane via the
steroidogenic acute regulatory protein (Star). Cholesterol is then cleaved by the
P450 side chain cleavage enzyme (P450scc) to form pregnenolone, where it is
sequentially converted into testosterone. Smaller amounts of
dihydrotestosterone (DHT) and E2 are also produced by testicular and
extragonadal conversion of testosterone by S5a-reductase and aromatase
enzymes, respectively.

Spermatogenesis is the process whereby diploid germ cells develop into
haploid spermatozoa, which subsequently travel to the epididymis where they
gain motility and the ability to fertilize an egg. Primordial germ cells, or
spermatogonia, are the stem cell population that can divide many times by
mitosis (spermatocytogenesis), thereby maintaining a large reserve pool of germ
cells that can ultimately commit to meiosis and become haploid spermatozoa.
Immature spermatogonia precursors (type Ag) progressively differentiate into
more mature spermatogonia (type Ap, and B). After entering meiosis, each
preleptotene spermmatocyte undergoes two reductive divisions to form four
haploid round spemmatids (spermatogenesis). The final process involves
differentiation of round spermatids to elongated spermatozoa (spermiogenesis),
which are characterized by compacted DNA, a flagellum for motility, and an
acrosome for oocyte penetration. The whole process of gametogenesis, from the
spermatogonia stage to the spermatozoa stage, occurs from the basal to the

adluminal compartment of the seminiferous tubules. The spemmatozoa are
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released into the lumen of the seminiferous tubule and travel to the epididymis,
where they undergo further maturation and gain the ability to fertilize an egg.
Role of estrogen in spermatogenesis

Estrogen has long been viewed as a female sex steroid, although it has
been known for some time that E2 binding sites have been detected in the fetal,
neonatal and adult reproductive tract of the male (24,25). Prenatal or neonatal
exposure to estrogen impairs normal development and function of the male
reproductive tract (26). Low doses of estrogen to adult male rats can also lower
serum luteinizing hormone (LH) and testosterone levels, and decrease accessory
tissue weights (i.e. epididymis, seminal vesicle) and testicular sperm count (27).
These studies indicated estrogen plays a role in regulating development and
function of the male reproductive tract, however, it was not until recently that the
role of ERa and ERP in spermatogenesis was confirmed.

With the cloning of both isoforms of the ER (28,29), and the generation of
antibodies, the ontogeny and cell-specific expression pattem of both ER isoforms
have been established within the testis and other tissues of the male
reproductive tract in a variety of species (30). In the mouse, the expression of
ERo mRNA and protein appears to be confined to the Leydig cells throughout
early development -and adulthood-(30). The expression of mousa,{é;l;:é/ mRNA

9 /
_has been detected in the fetal and neonatal testis (30), but not in the gj:lz testis

(31). By contrast, immunoreactivity of ERB has been detected in Le ;q’_cells
l\/}

and elongated spermatids of adult mice (32), as well as spermatocytes of the

developing testis (30). Furthermore, ERB has been detected in Sertoli cells and
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spermatagonia of neonatal and adult rats (33). Additional differences in the
ontogeny and cell-specific expression pattem of ERo. and ERB have been
reported between mouse and rat, and other species (34-36). These differences
in mRNA and protein localization may be due to differences in species, strain,
antibodies or methods of detection. The discrete expression pattem of the ER in
the testis of all mammalian species examined supports a crucial role of the ER in
spermatogenesis or reproductive tract development. Conclusive evidence,
however, would not come until the generation of ER knockout mice.

The reproductive tract of male mice homozygous for a mutation in the
ERa gene (:ERKO mice) appears anatomically normal, however, the mice are
infertile (37). The testes of adult tERKO mice are smaller and the seminiferous
tubules are degenerate and atrophic. This disruption does not appear until
approximately 20 days of age, and appears to further deteriorate with age.
Nonetheless, spermatogenesis_progresses_nommally in prepuburtal and young
adult tERKO mice, and similar numbers of cauda epididymal_sperm are_present

until 10 weeks of age. Despite the appearance of nommal spermatogenesis,
epididymal sperm from 8 to 16 week old cERKO mice are Mﬁand
ineffective at fertilizing eggs in vitro. Subsequent studies established that
disru'p»ﬁt.)n bf ERa leads to dil¢(a5§9n of the rete testis and efferent ductules in the
head of the epididymis, which results in accumulation of fluid in the seminiferous
tubules, dilution of sperm, and infertility (38). Thus, ERa regulates genes

involved in reabsorption of fluid for concentrating sperm in the efferent-duets-and

head of the epididymis. These observations led to the discovery that ERo

15



regulates expression of the sodium/hydrogen exchange-3 protein, which is
necessary for fluid reabsorption in the efferent ducts (39). To determine whether
ERa is required by somatic or germ cells of the male reproductive tract, germ
cells from aERKO mice were transplanted into wild-type mice depleted of germ
cells by busulfan treatment (40). Recipient mice sired heterozygous offspring,
which when mated, produced cERKO mice with the same phenotype as
originally reported for tERKO mice. These results indicate that ERa is required
by the somatic cells of the reproductive tract in order to support the production of
sperm that are capable of fertilization. By contrast to cERKO mice, mice
homozygous for a mutation in the ERB gene (BERKO) exhibit no apparent
reproductive tract or behavioral abnormalities and are as fertile as wild-type mice
(41). Despite the expression of ERP in the testis, the functional importance of
ERp is unknown.

Although ERa expression in the somatic cells of the male reproductive
tract is required for fertility, the role of E2 in spermatogenesis and fertility was
until recently unclear. The aromatase enzyme, which converts testosterone to
E2, is known to be expressed within the somatic and germ cells of the testis (42),
thus raising speculation that local E2 synthesis is required for spermatogenesis.
Male mice homozygous null for the aromatase gene (ArKQ) were originally
reported to be fertile with histologically normal testes at 9 weeks of age (43).
However, subsequent examination of older ArKO mice revealed that they
develop progressive infertility between. 4.5. months .and 1. year (44).

Spermatogenesis in ArKO mice is arrested at early spermatogenic stages, with
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increased apoptosis and a loss of round and elongated spermatids. Early germ
cells and Sertoli cells were normal, and Leydig cells were hypertrophic, likely as
a result of increased LH levels. The infertility of ArKO mice is believed to be due
_tg Ele iAmpairm’ent» Qf, rggnq spermatids to differentiate into mature spermatazoa.
Collectively, gene knockout experiments have demonstrated that local estrogen
synthesis and action within the male reproductive tract is crucial for the
development of spermatozoa that are capable of fertilizing oocytes.
Estrogen endocrine disruptors

Laboratory experiments have demonstrated adverse effects on
reproductive tract development and fertility in animals exposed to exogenous
estrogenic chemicals during perinatal (in utero and neonatal) development (45).
In addition to exogenous estrogens, other chemicals that mimic or inhibit the
action of androgen have also been observed to disrupt the male reproductive
system in laboratory animals (46,47). These chemicals have collectively been
termed endocrine disruptors. An endocrine disruptor can be defined as an
exogenous agent that elicits adverse health effects in an intact organism or its
progeny, secondary to changes in endocrine function (48). A considerable
amount of attention has been given to the large number of exogenous chemicals
that can mimic or inhibit the action of estrogens. These chemicals are commonly
referred to as estrogenic endocrine disruptors (EEDs), and encompass a diverse
group of compounds including naturally occurring products (mycotoxins,

isoflavones), environmental pollutants (polychlorinated biphenyls, polyaromatic

hydrocarbons), phamaceuticals (synthetic estrogens and antiestrogens),
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pesticides (o,p-DDT, dieldrin) and industrial chemicals (bisphenol A, octylphenol)
(Figure 5).

Changes in endocrine function may result from chemicals that interfere
with receptor binding, secretion, synthesis, transport, or elimination of hormones
necessary for normal function and homeostasis of reproduction, development
and/or behavior. Possible human health effects include breast cancer and
endometriosis in women, prostate and testicular cancer in men, as well as
abnomal sexual development, reduced fertility, immune suppression and
neurobehavioral effects. The greatest concem over EEDs is that exposure
during critical periods of development may lead to adverse effects on
reproductive health at later stages of development. The allegation that EEDs can
adversely affect human reproductive health is contentious due to the relatively
weak potency and low level of exposure to EEDs in comparison to dietary
derived phytoestrogens, and the relatively high dose of EEDs necessary to cause
adverse effects in laboratory animals (49-51).

In response to the concem over EEDs, the Safe Drinking Water Act
Amendment and the Food Quality Protection Act were introduced, which require
the United States Environmental Protection Agency (US EPA) to test all
chemicals for estrogenic, androgenic and thyroid-like activity. It was the opinion
of the US EPA's Science Policy Council that, with a few exceptions (i.e. DES), a
causal relationship between exposure to specific EEDs and adverse health

effects in humans has not been established (51). It was recommended,
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Figure 5. Structures of endogenous and exogenous estrogens with
endocrine disrupting activity. Examples include A) endogenous estrogens, B)
naturally occurring products, C) environmental pollutants, D) pharmaceuticals,
E), pesticides (o,p-DDT, dieldrin) and F) industrial chemicals.
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however, that new epidemiologic and laboratory studies be undertaken in order
to better define the scope of the problem, to develop and validate short-term
screening studies in an effort to elucidate the mechanisms of action of EEDs, and
to develop predictive biomarkers indicative of an adverse effect (51,52).
Diethyistilbestrol and its effects on human males exposed in utero

Diethyistilbestrol (DES) is a non-steroidal synthetic estrogen that was
administered to pregnant women to prevent miscarriages in the late 1940’s and
1950’s. It has been estimated that at least 2 million people between 30 and 45
years of age have been exposed to DES in utero (53). It has also been used to
suppress lactation, control menopausal symptoms, treat breast and prostate
cancer, and as an abortificient (54). Its use was terminated in 1971 when it was
concluded that prenatal exposure to DES causes vaginal and cervical clear-cell
adenocarcinoma in female offspring following otherwise normal pubertal
development (55,56). Since then, females exposed to DES in utero were found
to have an increased incidence of infertility, miscarriage, preterm delivery and
fetal or infant death (53,57,58). Although an increase in the incidence of
reproductive tract abnomalities have been noted, the effect of prenatal DES
exposure on male fertility is equivocal.

Table 1 summarizes the clinical observations of human males exposed in
utero to DES. The dose (1.4 to 17.9 g total dose during pregnancy) and timing of
DES administration to pregnant women were highly variable. Thus, it is difficult
to establish the minimum dose or critical period of exposure necessary to induce

adverse health effects in male or female offspring. There was widespread use of
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Table 1. Summary of the non-malignant clinical observations in human males exposed
to diethyistilbestrol in utero.

- - DES - DES+
Stud
udy Clinical Finding (Number of subjects)
Dieckmann cohort Epididymal cysts, hypotrophic 6.1 % (168) 25.1 % (163)
(65) testes, and capsular induration
Ejaculate volume < 1.5 mi 0 % (25) 26 % (39)
Severely pathological semen 0 % (25) 28 % (39)
SF Bay area cohort  Urogenital abnormalities 8 % (24) 13 % (24)
(66)
Severe pathological change in 20 % (24) 17 % (24)
sperm (Eliasson score > 10)
Sperm density (< 10%/ml) 17 % (24) 9 % (24)
Dieckmann cohort Cryptorchidism 0.3 % (307) 5.5 % (308)
(67)
Urogenital abnormalities 7.8 % (51) 31.5% (51)
Severe pathological change in 8 % (51) 18 % (51)
sperm (Eliasson score > 10)
Seattle cohort Cryptorchidism 0 % (29) 8 (51)
(68)
Urogenital abnormalities 4 % (51) 35 % (51)
Severe pathological change in 0 % (51) 21 % (51)
sperm (Eliasson score > 10)
Dieckmann cohort Urogenital abnormalities 5 % (241) 27 % (253)
(61)
LA cohort Cryptorchidism 0.9% (111) 1.3 % (225)
(69,70)
Difficulty passing urine 1.8% (111) 12.9 % (225)
Hypospadias or penile stenosis
Rochester cohort Hypospadias 1.1 % (274) 0 % (265)
(71)
Testes anomalies® 1.1 % (274) 3.0 % (265)
Epididymal cysts 5.1 % (274) 6.9 % (262)
Capsular induration 0 % (274) 0 % (262)
Semen analysis® - (95) - (110)

 Includes agenesis, atrophy, cryptorchidism persisting for one year.
® No significant differences between control and DES-exposed.
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the dosing regime recommended by Smith et al. (59). As a result, most human
data are related to the high dose regimens. The results of clinical findings
demonstrate a strong correlation between DES exposure and urogenital
abnormmalities (Table 1). The effects on sperm quality are less conclusive,
however, and effects on fertility have been suspected but not thoroughly studied.
Using a sperm penetration assay, 14 of 17 DES-exposed men and 2 of 12 non-
exposed men had scores of less than 14 % and therefore qualified as infertile
(60). The most recent fertility study on DES-exposed men found no impairment
of fertility by any measure, or any reported decline in sexual behaviors (61).
However, measures of human male fertility, such as age at the birth of their first
child, average number of children, medical diagnosis of a fertility problem, length
of time to conception, or whether they had ever impregnated a woman, are
indirect measures of sperm function and quality. Other behavioral, social, and
environmental factors could influence these measures.

In addition to infertility, an association between DES exposure and
testicular cancer has also been suspected (62-64). Case-control studies,
however, have been inconsistent. Recently, a large study of 3613 DES-exposed
and unexposed individuals found no increased relative rate for overall cancers
between DES-exposed and unexposed men, or even versus national cancer
rates (72). However, the relative rate of testicular cancer in DES-exposed men
was 3.05 (95% CI = 0.65 to 22.0) times greater than unexposed men (95 % Cl =
0.82 to 4.20) and the general population rate. The authors of this study conclude

that these results are compatible with chance occurrence, and it is unlikely that
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DES exposure plays a causative role in the increased rate of testicular cancer
observed in developing countries over the past 60 years (13). However, DES-
exposed men are not yet 50 years old, and adverse effects on fertility or cancer
may manifest themselves at later stages of life. Further monitoring of this
exposed population will be required in order to confirm or refute the equivocal
clinical findings.
The effect of in utero exposure to diethyistilbestrol on testicular
development and sperm quality in laboratory animals

Because of the high potency of DES as an estrogen agonist, and the
availability of human clinical data from DES-exposed males, DES has become a
prototypical EED and has been widely used for characterizing the effects of
exposure to estrogens on male reproductive tract development (73). In 1975,
McLachlan (74) reported that prenatal exposure of male mice to high doses of
DES (100 pg/kg matemal body weight) during gestation resulted in 60 % of the
mice being sterile. This was likely due to the fact that 75 % of the mice had
reproductive abnommalities, including cryptorchidism, hypoplastic and fibrotic
testes, and epididymal cysts. Reproductive abnormalities, however, were not
observed in lower dose groups (10, 1, 0.01 pg/kg). Subsequent studies have
demonstrated that prenatal exposure of male mice to DES (2100 pg/kg matemal
body weight) causes sterility and a number of reproductive tract abnomalities,
including enlarged and cystic Mallerian remnants, inhibition of gubemaculum
development and cryptorchidism, sperm granulomas, hypotrophic testes and

epididymides, epididymal cysts of embryonic female origin, and tumors of the
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rete testis and interstitial cells (75-80). These lesions likely contribute directly to
sterility since adverse effects on fertility at lower doses (<100 pg/kg) or doses
that do not cause reproductive tract abnormalities have not been described. For
example, gestational and lactational exposure of rats to 50 pg/l DES in drinking
water (~8.6 pg/kg/day) caused a small but significant decrease in testis and
epididymis weight and testicular and epididymal sperm counts (81). Sharpe et al.
have also observed small but significant decreases in testes weight and daily
sperm production in rats exposed through gestation and lactation to 100 pg/l
DES in drinking water (82). However, these results were not confirmed in repeat
studies (83). In any event, it is unclear whether gestational and lactational
exposure to DES, or other EEDs, can adversely effect male fertility at non-
teratogenic doses since changes in sperm production or organ weights do not
adequately predict sperm quality (84,85).

The size of the testis, the number of Sertoli cells, and germ cell production
in adulthood are highly correlated with the number of Sertoli cells produced
during the perinatal period, which is positively controlled by FSH (86-88). FSH
secretion is inhibited by E2 in the pituitary via aromatization of testosterone
produced in the testis. Therefore, Sharpe and Skakkebaek (15) have
hypothesized that in utero exposure to exogenous estrogens can decrease adult
sperm counts as a result of feedback inhibition of gonadotropin secretion during
the perinatal growth phase (Figure 6). This hypothesis is supported by studies
demonstrating that neonatal treatment of rats with DES or gonadotropin releasing

hormone (GnRH) antagonists can cause a decrease in Sertoli cell number and
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sperm production in adulthood (89-91). There is also evidence that perinatal
exposure to DES can inhibit testosterone production and/or action. For example,
in utero exposure of mice to DES reduces testicular expression of 17a-
hydroxylase/C17,20 lyase, a key enzyme in testosterone production (92).
Neonatal and post-pubertal exposure to DES has also been shown to induce
long-term decreases in testosterone production (91,93,94). However, the unique
morphological abnormalities induced by DES, in contrast to GnRH antagonists
(91), suggests that DES is acting through other mechanisms, in addition to the
inhibition of gonadotropin secretion (Figure 6). Due to the role of the ER as a
transcription factor, it is expected that DES may cause alterations in testicular
gene expression. Therefore, determining estrogen responsive genes in the testis
may lead to an enriched molecular understanding of how estrogen affects
spermatogenesis, and how exposure to DES, and potentially other EEDs, may

disrupt testicular development and compromise sperm quality.
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Figure 6. Hommonal regulation of spermatogenesis in the testis. Follicle
stimulating hormone (FSH) secreted by the pituitary stimulates proliferation of
Sertoli cells during the perinatal growth phase. The number of Sertoli cells
produced ultimately dictates the number of germ cells the testis can suppont, and
sperm count in adulthood. Luteinizing hormone (LH), also secreted from the
pituitary, stimulates steroidogenesis in the Leydig cells. Testosterone (T)
regulates Masculinization of the Wolffian ducts and the extemal genitalia. T can
also be aromatized to 17B-estradiol (E2) and inhibit gonadotropin (FSH/LH)
secretion in the pituitary in a negative feedback loop. Locally synthesized E2 is
also thought to regulate spermatogenesis in a paracrine and/or intracrine
manner. Diethyistilbestrol (DES) could potentially alter cellular function in the
pituitary, Sertoli cell, Leydig cell or germ cell.
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CHAPTER 3

THE USE AND CHALLENGES OF DNA MICROARRAYS IN PREDICTIVE AND
MECHANISTIC TOXICOLOGY"

Introduction

DNA microarrays have quickly emerged as the premier tool for enabling
genome-wide analysis of mRNA expression (Figure 1). With microarrays, the
level of mMRNA expression for hundreds to tens of thousands of transcripts can be
measured simultaneously in a single experiment. By contrast, Northem blot and
reverse transcriptase — polymerase chain reaction (RT-PCR) methods allow for
the quantitation of only a few genes at most in any one experiment. With
knowledge of gene expression in cells, tissues, organs or whole organisms under
a variety of physiological and pathological states, new understanding of the
molecular basis of physiology, disease and toxicity can be acquired. As a result,
these new technologies are influencing drug discovery and preclinical safety in
the biotechnology and pharmaceutical industry. Toxicologists are also promoting
genomic expression technologies as a superior altemnative to traditional rodent
bioassays to identify and assess the safety of chemicals, including potential
EEDs and drug candidates (95,96). Ultimately, toxicogenomics (the

interdisciplinary field of genomics, bioinformatics and toxicology) is expected to

' Portions of this chapter have been published in Fielden M.R. and Zacharewski T.R. (2001)
Challenges and limitations of gene expression profiling in mechanistic and predictive toxicology.
Toxicological Sciences. 60: 6-10.
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Figure 1. Overview of microarray methodologies for highly parallel quantitation of
gene expression. In this technique, an entire total or polyA+ RNA population
from a tissue source of interest is reverse transcribed with an oligo(dT) primer in
the presence of A) radiolabeled nucleotides to generate a complex labeled cDNA
probe, such that the abundance of individual mRNA transcripts is reflected in the
cDNA product. The labeled probes are then hybridized to an excess amount of
double-stranded denatured target cDNA arrayed on a solid support, such as a
nylon membrane. The arrayed cDNA contains previously cloned and partially
sequenced genes and expressed sequences from a cDNA library. The
microarrays are washed to remove unbound probe before being scanned on a
phosphorimager to detect and quantitate radioisotopic signal intensity. The
intensity of the hybridization signal is proportional to the abundance of cDNA
derived from the mRNA population. Two microarrays (e.g. control and test) can
then be compared to determine the presence and relative abundance of
hundreds to thousands of mMRNA transcripts in a single hybridization experiment.
B) An altemative method, made popular by Patrick Brown and colleagues, is
based on competitive hybridization of fluor-labeled probes to cDNA arrayed at
high density on glass slides (97,98). In this method, control and test mRNA
samples are reverse transcribed in the presence of an oligo(dT) primer and one
of two modified nucleotides that fluoresce at a characteristic wavelength (e.g.
Cy3-dCTP or Cy5-dCTP). The control and test fluor-labeled cDNA probes are
mixed and compete for hybridization to their complementary sequence arrayed
on the glass slide. After unbound probe is washed off, the microarray is scanned
with a laser scanning confocal microscope. The relative fluorescent signal at
each wavelength is proportional to the mRNA abundance in each sample. The
relative abundance of mMRNA is represented by a ratio of the fluorescent intensity
at each wavelength, which indicates the fold change in gene expression in the
test sample relative to the control.
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accelerate drug development and aid risk assessment for drugs, agrochemicals,
and industrial chemicals. It has been proposed that each chemical that acts
through a particular mechanism of action will induce a unique and characteristic
gene expression profile under a given set of conditions (96). Microarray
experiments applied to tumor samples, for example, have demonstrated the
potential of gene expression profiling to accurately classify disease phenotypes
based on gene expression alone (99-101). Therefore, it is expected that gene
expression profiling can be used to classify chemicals by the similarity of their
expression profiles compared to expression profiles obtained from known
chemicals with defined mechanisms of action. Although many cell-based assays
allow for the rapid identification of chemicals that can act through a known target
or pathway, large-scale comparison of gene expression profiles has the potential
to determine mechanisms of action of uncharacterized chemicals without prior
knowledge of potential targets or toxicities. Due to the various mechanisms by
which chemicals can disrupt the endocrine system, screening for a mechanism of
action, based on expression profiles, rather than screening against a single
activity provides a more comprehensive assessment of the potential for EEDs to
disrupt the endocrine system.
Pairwise-conditional expression analysis

Since changes in gene expression following chemical exposure can
precede and/or follow toxicity, gene expression profiling using microarrays has
been recognized as a valuable tool to monitor the totality of effects on gene

expression and thus potentially explain the molecular basis of toxicity (96,102).
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In the simplest experimental case, the RNA population of a control sample is
compared to a test sample. In these instances, the interest is in determining
what genes are significantly changed and how they are changed following
treatment.

In evaluating the significance of differential gene expression in microarray
experiments comparing two RNA populations, an ad hoc threshold is usually
applied to indicate the level of differential expression needed to be deemed
significant. This threshold level is often chosen on the basis of observed
variability in control versus control hybridization experiments. For example, a
gene that does not differ in expression between two samples will have a
theoretical expression ratio of one. In practice however, the observed expression
ratios for > 95 % of the genes in a control versus control experiment typically
range from 0.5- to 2-fold, due to experimental error. As a result, threshold values
ranging from t+ 1.5- to 3-fold are typically applied, depending on the variability in
the system. This would result in many genes below the threshold level being
disregarded and more confidence given to genes with the highest level of
differential expression. This empirical method of determining significant changes
in gene expression is in contrast with statistical methods of estimating
significance levels (i.e. p values) for differential expression where genes are
ranked in order of confidence. In order to estimate p values, replicate
experimental data is required to estimate experimental error on a gene by gene
basis, since some genes exhibit more variabilty than others. In single

experiments without replication, it is common practice to assume that a subset of
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genes do not change in expression, regardless of treatment. The variability in
measurement of these control or “housekeeping” genes can then be used as a
basis for estimating experimental error for the rest of the population of genes,
thus allowing for significance levels to be calculated for the remaining genes
(103). Selection of housekeeping genes are often based on historical or
empirical evidence (98), however, many so called housekeeping genes have
been observed to violate the assumption of constancy (104,105). Nonetheless,
this method is advantageous when replication is not possible for logistical or
technical reasons, such as with tumor biopsies. In order to overcome any
assumptions regarding the distribution of ratio measurements and constancy of
housekeeping gene expression, estimating experimental error is best achieved
empirically by measuring the variation in gene expression, on a gene by gene
basis, across replicate control samples (106). In many cases, results of
microarray experiments are not replicated, or are measured only in duplicate. It
is important to realize that pooling of samples reduces the number of replicates
to one and precludes estimation of experimental error. Pooling samples is
advantagéous and sometimes necessary when RNA is limited due to small tissue
size, although advances in cDNA labeling technologies have overcome many of
the requirements for large amounts of starting material making pooling
unnecessary. Ultimately, the number of replicates required will depend on the
variability of gene expression in the model system and the acceptance rate of
false positives. In addition to significance testing, other factors must be

considered when analyzing changes in gene expression. One must make a
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distinction between the magnitude of differential expression and the significance
level associated with a change in gene expression, since without formal proof,
there is no way to conclude that a 10-fold change in steady state mRNA level is
any more biologically relevant than a 2-fold change. In fact, the value of fold
changes themselves can be an inaccurate representation of the underlying
changes. For example, if a gene is expressed at an arbitrary level of 50
transcripts per cell, a 2-fold induction would correspond to a net gain of 50
transcripts per cell. However, a 2-fold repression would correspond to only a net
loss of 25 transcripts. A loss of 50 transcripts would correspond to an infinite
fold-repression. Therefore, net increases or decreases in transcript abundance
may need to be considered when interpreting the biological significance of an
observed change. In the absence of robust statistical analysis of the data,
confidences must rely on secondary verification of gene expression changes
using altemative methods, such as RT-PCR or Northem blots. Finally, when
trying to interpret the biological relevance of changes in mRNA, one must
concede that mRNA levels do not always reflect protein abundance or activity.
Biomarkers are mechanistically-based experimental endpoints that are
designed to efficiently detect and characterize chemical exposures. Biomarkers
have been frequently used to detect and characterize xenobiotics for hormone-
like activity. For example, an early biomarker that was developed for detecting
estrogen exposure in vivo is the egg yolk protein, vitellogenin (107). This protein
is nomally expressed in female oviparous vertebrates in response to

endogenous circulating estrogen. Its detection in male oviparous vertebrates,



however, is diagnostic of exogenous estrogen exposure since males do not
normally express vitellogenin due to their low levels of endogenous estrogen.
Both vitellogenin mRNA and protein have been used to detect chemicals with
estrogenic activity in vivo and in cultured hepatocytes (108-112). Many
biochemical, hormonal and physiological endpoints are also used to screen for
potential EEDs in rodents, including agonists and antagonists of estrogen,
androgen, progesterone, dopamine and thyroid hormones (113).

Despite the wide use of screening assays for EEDs, they remain costly,
time consuming, and only identify a limited spectrum of biological activities. By
contrast, molecular biomarkers such as mRNA provide a more rapid and
sensitive marker that can detect a wider variety of biological activities.
Microarrays provide a powerful tool to identify a larger number of molecular
biomarkers of exposure to EEDs and other xenobiotics. The first example of
microarrays being used to study hormonal gene regulation in vivo was by Feng et
al. (114), who used fluor-based microarrays to study hepatic gene expression in
hypothyroid mice treated with or without thyroid hormone (T3). Hypothyroid mice
were used to provide a model system with low levels of endogenous T, thus
increasing the sensitivity to detect subtle changes in gene expression in
response to T treatment. They were able to verify changes in the expression of
genes previously known to be affected by Ts, as well as identify many novel
genes that were both positively (14 genes) and negatively (41 genes) regulated
by Ts. This approach could also be utilized for other hormone agonists and

antagonists. With new knowledge of biomarkers of exposure to a large number
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of hormone agonists and antagonists, higher throughput assays can now be
utilized to screen chemicals for a number of potential endocrine modulating
activities in vivo. To increase their predictive value, these biomarkers must be
validated in other tissues or other in vivo and in vitro model systems. In addition,
the establishment of potential biomarkers should be correlated to adverse
physiological effects, since changes in gene expression do not always imply
toxicity.

Microarray-based screening is also valuable when studying xenobiotics
with unknown mechanisms of action, since identifying novel biomarkers
associated with toxicity can often give valuable insight into mechanisms of action
and may explain pathogenesis. For example, Holden et al. (115) used
radiolabel-based microarrays to discover genes associated with hepatotoxicity.
In their model system, cultured human hepatoma cells (HepG2) were exposed to
carbon tetrachloride (CCl,) for 8 hours. Gene expression was compared to cells
treated with dimethyl formamide, a chemical not implicated in hepatotoxicity,
rather than vehicle solvent. While 47 genes were changed in expression,
interleukin-8 (IL-8) was further studied by northern blot and ELISA. The increase
in both IL-8 mRNA and protein expression was found to correspond to the time-
dependent decrease in cell viability, thus implicating IL-8 in hepatotoxicity.
However, it is unclear whether IL-8-induction causes cell damage, or is induced
in response to cell damage. Therefore, it would be of interest to determine if the
response of IL-8 is specific to CCls or if its expression is associated with other

hepatotoxicants. Microarrays have also been used for identifying human genes
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responsive to other physical and chemical stresses, such as irradiation-induced
apoptosis (116,117), DNA-damaging agents and anti-inflammatory drugs (118),
metals, and combustion by-products (119-121).

Ultimately, one would like to use biomarkers to monitor exposure in
human populations; however, transcriptional responses to chemical stressors in
human cells are complicated by cellular heterogeneity and genotype, which
present further challenges to interpreting gene expression changes in human
populations. Another potential drawback of gene-based biomarkers is their lack
of specificity, since genes are often regulated by more than one signaling
pathway, and failure of a biomarker to respond to exposure does not necessarily
indicate absence of effect. Having multiple markers of exposure that are
correlated with adverse effects, in addition to replication and secondary
verification of microarray results, are vital for identifying robust predictive
biomarkers of EEDs and other xenobiotics.

Multi-conditional expression analysis

Measuring changes in gene expression over time or across increasing
doses provides information on the kinetics and coordination of gene expression
during the dynamic processes of cellular homeostasis. Analyzing gene
expression data across multiple samples can also reveal underlying similarities
among different conditions, thus producing correlates of gene behavior that can
be used to predict and diagnose cellular responses to exogenous chemicals. In
order to extract ordered subsets of information from disordered sets of multi-

conditional gene expression data, a number of multivariate methods have been
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applied. The most common method for clustering multi-conditional gene
expression data is hierarchical clustering, which was made popular by the work
of Eisen et al. (122). Principal component analysis (123) and partitioning
methods, such as k-means clustering (124) and self-organizing maps (SOMs)
(125) have also been applied to multi-conditional gene expression data sets. In
general, these methods attempt to find order among disordered data sets by
grouping similar objects together. Grouping genes based on similarity of
expression across multiple conditions is desirable for a number of reasons. For
example, two genes of similar expression characteristics may be coordinately
regulated and therefore involved in a similar function and/or under the same
regulatory control. In addition to grouping genes, samples can be clustered
based on the expression of all genes on the microarray. Gene expression
profiles induced by chemicals that share a similar mechanism of action can be
correlated under certain conditions (Figure 2) (106,118,126). Therefore, it should
be possible to predict a potential mechanism of action for a chemical of
undefined toxicity based on correlated expression to chemicals of known
mechanism. This approach can be used to identify potential EEDs based on
large-scale comparison of expression profiles induced by chemicals of known
mechanism, such as estradiol, testosterone, T3, and other hormones that
modulate the endocrine system. The overall process of hierarchical cluster
analysis begins with defining the objects to be clustered by a measure of
similarity. The Pearson correlation coefficient is a common metric that quantifies

how well two variables vary together.
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Figure 2. Hierarchical cluster analysis of genes and samples. A) This
hypothetical data set demonstrates how hierarchical clustering of both genes,
across the horizontal axis, and samples (i.e. array experiments), along the
vertical axis, illustrates the relationship between gene expression and different
experimental conditions. Each column represents a gene and each row is a
single microarray experiment measuring gene expression for 100 genes. In this
example, each of the nine rows represent an experiment comparing an untreated
sample to a sample treated with one of nine different chemical, including 8
chemicals of known mechanism (labeled A to H) and one chemical of unknown
mechanism. Genes are hierarchically clustered to indicate the similarity between
genes in their expression profile across the nine samples. The length of each
branch indicates the relative similarity between branches of the tree. Likewise,
the samples are also hierarchically clustered to indicate similarity in expression
profile induced by each of the nine chemicals. From the sample dendrogram in
A, the expression profile induced by the unknown sample appears most similar to
the expression profile induced by chemicals D and E. Note that the similarity
between the unknown and chemicals D and E are the same, since both D and E
can be reordered about their common node. Therefore, the unknown chemical
may act with a similar mechanism of action as D and E. The pink colored branch
of the tree is highlighted in B. B) A close up of a cluster within the dendrogram
indicates the genes within that cluster and their pattemn of expression across the
nine samples. C) The color hue and intensity represents the fold change in gene
expression, as indicated in the color bar. Green indicates repression of gene
expression in the test sample relative to the control sample. Red indicates
induction of gene expression in the test sample relative to the control sample.
Black indicates no change (i.e. ratio of 1) and grey indicates no data point
available for that gene on its respective array.
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The correlation coefficient r is always between —1 and 1, where 1 indicates an
identical profile, 0 indicates the two profiles are independent, and —1 indicates
the profiles are inversely related. The advantage of this statistic is that it
captures similarity in shape without emphasis on magnitude as it is invariant to
scale. Correlation measures are often transformed into Euclidean distances prior
to clustering. This transformation accounts for similarity with all other genes,
rather by than a single pairwise comparison. It is also less sensitive to random
fluctuations in expression measurement such that two genes that exhibit poor
pairwise correlation may still be similar by virtue of their correlation with all other
genes. A matrix of pairwise distances is clustered and visualized using a
dendrogram, which is similar to a phylogenetic tree. To begin clustering, each
object (i.e. gene or sample) is represented by a single cluster. The two most
similar objects are then merged into a new pseudo-object. A new distance
measure is calculated for the pseudo-object and merged with the next most
similar object. This process is repeated in an iterative fashion until only one
pseudo-object remains, which represents the root of the tree. By the process of
clustering, objects are organized into branches, such that branches of the tree
that are adjacent are more closely related, and the length of the tree branch
reflects the degree of similarity between objects. Finally, the branches of the tree
are ordered and colored to indicate graphically the nature of the relationships
within and between the branches (Figure 2).

Both the genes and the experimental conditions can be hierarchically

clustered in a two-dimensional dendrogram. In this manner, treatment conditions
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that induce similar expression profiles across all genes on the microarray are
closer together on the tree in the first dimension, and presumably mechanistically
related, while genes that are similar in expression profile across all conditions are
closer together on the tree in the other dimension, and perhaps functionally
related. This approach can be used identify treatment conditions and to illustrate
relationships between multiple conditions and gene expression so that subsets of
genes, rather than a single biomarker, can be used as predictors of cellular
response to EEDs and other xenobiotics.

Hierarchical clustering has been suggested to be inappropriate for gene
expression data since phylogenetic trees, or dendrograms, are best applied to
situations of true hierarchical descent, such as evolution. However, gene
expression does not follow a hierarchy but rather is characterized by distinct
mechanisms. When hierarchical clustering is applied, the data is forced into
associations at some level, regardless of the relationship between the data. As
two branches of the tree are joined into one, they become less similar and
eventually meaningless. As an altemative to imposing a hierarchical descent on
the data, partitioning methods, such as SOMs and k-means clustering, can divide
data set into similar, but distinct groups. Hierarchical clustering can then be
applied to each partitioned set of genes.

One of the first applications demonstrating the utility of gene expression
profiling to characterize mechanisms of toxicity was by Marton et al. (126). Using
cDNA microarrays containing essentially every open reading frame (ORF) in the

yeast genome (6000+), Marton et al. were able to show that the gene expression
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profile induced by the immunosuppressant FK506 was highly correlated with the
expression profile induced by the mechanistically similar immunosuppressant
cyclosporin A. These expression signatures were not, however, correlated with
the expression profile induced by other unrelated drugs. These experiments
demonstrate the principle that chemicals can induce characteristic and unique
gene expression profiles. Therefore, expression profiles may be used to identify
and classify unknown chemicals with respect to mechanism of action. The use of
yeast as a model system allowed Marton et al. to also verify the drug target (i.e.
calcineurin) by correlating the expression profile of the immunosuppressants to
the expression profile induce by genetic disruption of the target protein. It was
also demonstrated that off-target effects exist for FK506 since a distinct profile of
gene expression was produced in a calcineurin mutant strain treated with the
immunosuppressant. Although the toxicity of FK506 is primarily mechanism-
based, these effects point to potential causes of unwanted side effects.

The studies by Marton et al. support the use of expression profiling to
distinguish mechanisms of action of unknown EEDs, even in simple model
systems. However, a large reference database of expression profiles induced by
a number of diverse hormones and other EEDs of known mechanism is required.
The utility of this approach has been demonstrated in yeast. Using a
‘compendium’ of yeast expression profiles from over 300 diverse mutants and
chemical treatments, Hughes et al. (106) were able to identify a previously
unknown drug target for the commonly used topical anesthetic dyclonine. This

was accomplished by matching gene expression profiles caused by
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uncharacterized perturbations (e.g. gene disruption or chemical inhibition) with a
large set of reference profiles corresponding to disturbances of known cellular
pathways. Hierarchical clustering and correlation measures were used to match
similar expression profiles. When the dyclonine-induced expression profile was
compared to the compendium, it was found to be correlated (r = 0.82) with the
profile resulting from genetic disruption of the ergosterol pathway, specifically
erg2. The human gene with the greatest sequence similarity to the erg2 protein
was found to be the sigma receptor, which is known to bind a number of
neuroactive drugs and other inhibitory compounds that target both erg2p and the
sigma receptor. Despite the use of yeast as a model system, a potential
mechanism of action for dyclonine can be inferred for mammalian systems.

Gene expression profiling could also be extended to identify regulatory
motifs, such as hormone response elements, that govem the response to
hormones and other EEDs. For example, Gasch et al. (127) used yeast to
identify regulatory motifs that play a role in the transcriptional response to a
variety of physical and chemical perturbations, including heat shock, osmotic
shock, nitrogen and amino acid depletion, oxidative stress, and others. When
the gene expression profiles induced by a panel of environmental stresses were
compared by hierarchical clustering, a set of ~900 genes were found to show a
similar response to almost all of the environmental changes. Their regulation,
however, was dependent on many signaling systems that acted in a condition-
specific and gene-specific manner, rather than being controlled by a single

stress-sensing pathway. To determine what factors govemed the response to



stress, the promoters of subclusters of stress-responsive genes were analyzed
for common regulatory elements. It was found that many stress-responding
genes contained Msn2 and/or Msn4p binding sites. By examining the expression
profile of yeast mutants null for msn2 msn4, or over expressing MSN2 or MSN4,
it was determined that these transcription factors play a role in regulating
expression of a subset of responsive genes following environmental stress.
Other responsive genes were not affected by MSN2/4 and are thought to be
under control of other independent signaling pathways. These elaborate set of
studies demonstrate the complexity at which cells can detect and respond to
unique forms of physical and chemical stressors, and underscores the utility of
transcriptional responses to diagnose cellular perturbations and decipher the
mechanisms of action of chemicals.
Challenges and limitations of gene expression profiling in mechanistic and
predictive toxicology

Toxicogenomics is expected to accelerate drug development and aid risk
assessment. Recent experiments applied to cancer genetics have demonstrated
the potential of gene expression profiling to accurately classify disease
phenotypes (100,128), thus lending hope that expression profiling may classify
and thus predict phenotypes of toxicity. Despite these expectations, it is still
uncertain how gene expression profiling experiments will ultimately contribute to
our understanding of toxicity and allow us to realize the full potential of this new
technology. Although there has been much review and hyperbole surrounding

the potential applications of toxicogenomics, these novel and unverified
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approaches to toxicological problems require an awareness of the constraints of
the methodology in order to design and interpret gene expression profiling data.
Pennie et al. (129) have also discussed the possibilities and caveats of gene
expression profiling in the context of mechanistic and predictive toxicology and
have addressed the certainty, biological relevance, and the need for validation of
microarray data. The purpose of this review chapter is to illustrate the current
constraints of gene expression profiling in mechanistic and predictive toxicology,
and to stress how current experimental designs may confound accurate
interpretation of genome-scale data. The limitations described are not intended
to discourage the application of gene expression profiling technologies to
mechanistic or predictive toxicology, but rather guide experiments that will
produce more interpretable and useful data.
Gene expression profiling in mechanistic toxicology —a hypothesis
generating tool

There is a certain degree of faith that gene expression profiling will reveal
the mechanisms of action of chemicals and drugs despite the inherent limitation
of genomic and proteomic experiments which measure single endpoints (i.e.
RNA or protein levels), albeit for thousands of genes at a time. Consider the
many experiments and endpoints that have been employed to explain the
mechanism of action of some previously characterized chemicals and drugs. Itis
understood that mechanisms of action are far more complex and affect more
than simply the levels of cellular macromolecules. Many toxicants affect enzyme

activity, DNA integrity, redox status, membrane integrity, and other processes
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that are not amenable, as yet, to genome-wide measurements. Although
alterations in the above processes are likely to indirectly affect the expression of
genes and proteins, the question remains how do we extrapolate a mechanism of
action from the one endpoint. Similarly, predictive toxicology attempts to infer the
potential mechanism(s) of action of an unknown agent on the basis of correlation
to large databases of activity or expression profiles (106,128,130).

Can mechanisms of action be determined or predicted from gene
expression profiling? To answer this question we need to first define what is
meant by a mechanism of action, since the term is often used with many
connotations. The mechanism of action of a chemical or drug is described by the
series of molecular events following interaction of a chemical with its cellular
target(s) and the subsequent alteration(s) in target function that precedes a
cascade of cellular events that ultimately leads to the observed effect. The
challenge of trying to determine the mechanism of action from measuring steady
state mRNA or protein levels is that many toxicants and drugs initiate toxicity by
binding to proteins and/or altering macromolecules (although with exceptions, as
noted below) and not by directly inducing gene expression or altering gene
product stability or tumover. For example, the mechanism of action of
acetominophen (APAP)-induced hepatocellular necrosis is due to cytochrome
P450-catalyzed activation of APAP to the electrophilic NAPQI intermediate,
leading to arylation and thiol oxidation of cellular proteins. These events in tum
lead to non-specific and/or undefined alterations in protein function and

subsequent changes in nuclear and organelle structure and function leading to
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irreversible cell injury and oncotic necrosis (131). The mechanism of action of
APAP has been delineated through many detailed chemical and biochemical
experiments that could not have been revealed through observation of gene
expression changes alone.

This is a limited view of the complete spectrum of toxic effects initiated by
APAP as it has been observed to cause chromosomal aberrations, apoptotic
DNA fragmentation, unscheduled DNA synthesis, oxidative stress, altered
calcium homeostasis and inhibition of cell proliferation (132); and references
therein). The fact that multiple cellular signaling pathways may converge to alter
the expression of the same gene products also makes it difficult to identify the
affected pathway from observing gene expression changes. The above
arguments illustrate the point that most chemicals and drugs will act through
multiple mechanisms of action that will depend on dose, timing and duration of
exposure, and cell phenotype. Each individual mechanism represents an
initiating event which is by itself inadequate to drive progression of toxicity, but
that together act in concert to cause cell injury and/or death. Although gene
expression would be expected to be altered as a result of APAP exposure, the
changes in gene expression will reflect secondary outcomes due to primary
upstream events starting with the interaction of APAP with its target protein(s).
Therefore, our ability to define the mechanism of action of a compound using
gene expression profiling technologies will be highly limited in resolution. In the
best case scenario, gene expression changes in cellular perturbation

experiments will lead to many new testable hypotheses that will require
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subsequent molecular and biochemical experiments to reveal and confirm
precise mechanisms of action.

Ultimately, being able to define the mechanisms of organismal toxicity will
depend on our understanding of cellular and tissue level effects and how they are
related to the molecular changes in target cells. Since changes in gene
expression do not necessarily imply toxicity, gene expression profiling
experiments need to be integrated into larger studies that examine multiple
endpoints at the molecular, cellular, tissue and physiological levels in the context
of the whole organism. As noted (129), this creates a further challenge in trying
to integrate knowledge at all levels of biological organization and highlights the
need for an interdisciplinary approach in mechanistic toxicology.

In some instances of toxicity, a direct and primary response affecting gene
expression and subsequent initiation of toxicity, due likely to a receptor-mediated
pathway, may be used to explain the mechanism of action of chemicals,
including nongenotoxic carcinogens or endocrine disruptors. This will be
particularly true for therapeutics and drug candidates as it has been estimated
that close to 50% of marketed drugs act through receptors (133). These
observations will of course be complicated by parallel mechanisms of toxicity
which may or may not be receptor-mediated, yet may augment the receptor-
mediated events. The challenge will be to distinguish the therapeutic affects
from the pathological changes. This will require establishing time-dependent
relationships between dose and toxicity, which may or may not be linear. Where

alterations in gene expression precede or coincide with toxicity, our ability to
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understand the mechanism of action will be limited to our understanding of the
pathways that regulate transcription of the affected genes and their kinetics of
expression. This is currently a major limitation in understanding why a particular
gene or cluster of genes is observed to be up- or down-regulated, since only a
small fraction of the estimated 100,000+ human genes have been studied at the
level of transcriptional regulation. Combining the identification of gene regulatory
elements with expression profiles in microarray experiments (134) represents an
industrious approach to begin to understand what transcription factors and
upstream signaling molecules are goveming the observed response in gene
expression following chemical or drug exposure.

Gene expression profiling has possibly a greater potential to reveal modes
of action through the analysis of secondary responses and/or the series of
contingent regulatory events induced by chemical or drug exposure. The mode
of action of a chemical or drug can be described, in part, by a fundamental
obligatory step directing toxicity, or adverse cell fate, be it reversible cell injury,
apoptotic or oncotic necrosis, or malignant transformation. Farr and Dunn (102)
have noted that organismal manifestations of toxicity can be explained by
combinations of a limited number of cellular outcomes from a limited number of
cell and/or tissue types. Furthermore, multiple mechanisms of action may
converge at common points to trigger the same molecular response. If this is
true, then the number of possible modes of action will be limited to the number of
molecular responses that can drive the obligatory step towards a discrete cellular

outcome. It follows then that gene expression profiles cannot be used as an
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explanation or predictor of toxicity unless correlated with a toxic endpoint. Again,
this underscores the need to integrate genomic experiments with experiments
examining effects at higher levels of biological organization that are intended to
assess toxicity in the context of the whole organism. By understanding the gene
expression changes that direct a unique cellular outcome (i.e. the mode of
action), we can begin to use gene expression profiles to explain and potentially
predict toxicity.

Predictive toxicology - fact or fiction?

It has been proposed that each chemical that acts through a particular
mechanism of action will induce a unique and diagnostic gene expression profile
under a given set of conditions (96). Indeed, proof-of-principle experiments in S.
cerevisiae have revealed that the response to inhibitory compounds mimics the
loss of function of its target or pathway for at least 6 compounds (106,126) and
references within). For example, genetic disruption of calcineurin in S. cerevisiae
resulted in a gene expression profile highly correlated with the expression profile
of wild-type cells treated with FK506 or cyclosporin, antagonists of the calcineurin
signaling pathway. To estimate the significance of the relationship, the FK506-
treatment profile was compared to more than 40 randomly selected deletion
strains or drug-treated cells and found to be uncorrelated (126). Whether
predictive pattems in gene expression can be observed in mammalian systems
remains to be shown, although preliminary studies suggest they can (135,136).
Therefore, there is significant potential for chemicals and drugs to be classified

based on the similarity of their induced gene expression profile by comparison
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with expression profiles induced by chemicals or drugs with known mechanism of
action using multivariate statistical methods and correlation metrics. In some
cases, however, their classification may be limited to the affected signaling or
metabolic pathway rather than by target protein in the pathway. By extension of
this observation, gene expression profiles are anticipated to produce knowledge
of a subset of commonly regulated genes that can be used as biomarkers to
predict modes of action.

While it has been pointed out that the number of possible pattems of
differential gene expression, even when expressed as binary variables, is
enomous (102), subtle differences in the number and magnitude of gene
expression changes have proven to be sufficient to classify expression profiles
into distinct clusters when applied to S. cerevisiae (106). The utility of this
approach, however, may be lost when outside the context of a large database, or
compendium, of expression profiles since subtle changes in relative expression
level (i.e. less than 2-fold) are usually considered unreliable in isolation (106).
Based on gene expression profiles of yeast mutants, it has been estimated that
there exists 300 to 700 distinct full genome transcriptional pattems from a full set
of 5000 yeast deletion mutants profiled under a single condition (106). Although
this was a crude prediction, an extrapolation to mammalian systems may predict
substantially more distinct transcriptional pattems under a single condition.
Classifying transcriptional responses into distinct diagnostic clusters may prove
more problematic if responses under different conditions do not extrapolate

under different conditions. For example, transcriptional responses may differ
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between one target cell to another, from cell culture to in vivo conditions, or from
rodent models to humans. Thus, the predictive power of gene expression
profiing may be limited to the model system employed and the prototypical
compound with known mechanisms used to generate the diagnostic expression
profile. As yet there is no published data to support that predictive expression
profiles will extrapolate to other tissues or in vivo settings.
The challenge of interpreting gene expression data

Currently, there is a significant knowledge gap in our understanding of the
molecular events that govern toxicologically relevant outcomes. In any event, the
changes in gene expression directing cell fate will reflect, in part, an active
physiological response that is non-toxic. These responses may include, but are
not limited to, host-defense responses (e.g. acute phase proteins, cytokines,
DNA repair enzymes), adaptive responses (e.g. hyperplasia, metaplasia,
hypertrophy, atrophy), and regenerative or protective responses (proliferation,
differentiation). In addition, there will be secondary responses following toxicity
that will reflect pathology as a result of disturbances in cell function. These
responses are likely to be idiosyncratic and diverse across cell types due to the
interaction of pathological responses with the physiological mechanisms of
detoxification and repair that are cell-specific. Again, the challenge then lies in
differentiating the physiological responses from the diagnostic pathological
changes in light of confounding experimental artifacts inherent in the model

system and the experimental design.
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Consider, for example, an experiment designed to measure time- or dose-
dependent changes in gene expression following an ECs, dose of a cytotoxic
chemical in cultured cells. When administering a dose that kills half the cell
population, the measured response (i.e. mMRNA or protein level) in the affected
culture will be a combination of multiple factors, including the gene expression
changes in dying cells due to treatment, adaptive changes in surviving cells due
to treatment, and normal responses in living cells due to adjacent necrotic cells.
This would be particularly relevant in vivo since necrosis can induce a
regenerative or inflammatory response in some populations of unaffected or
resistant cell types. The heterogeneous responses are likely to be highly
dependent on the tissue- or cell-type affected, again highlighting the limitation of
extrapolating one model system to another. Measuring gene expression
changes following sublethal exposure concentrations may be more likely to
reveal treatment-induced changes that initiate toxicity before heterotypic cellular
responses obscure interpretation. This will require a complete characterization of
the full dose- and time-response relationship including a qualitative description of
cellular changes as correlates.

Artifactual complications may also apply to other classes of chemicals,
particularly chemicals that act through receptor-mediated pathways since
receptor expression is usually restricted to discrete cell types. Subsequent
changes in paracrine signaling may have dramatic effects that could lead to
misinterpretation of gene expression profiles in cultured cells. This would also be

particularly relevant in vivo where cellular complexity plays a dominant role in



adaptation and defense, or when target tissues are affected secondary to primary
targeting of a proximal endocrine gland, such as the pituitary or thyroid.
Furthermore, when analyzing gene expression profiles from whole tissues as part
of a whole animal toxicology study, the relevant gene expression changes in the
specific cell types targeted by chemical or drug may be masked or diluted by the
benign changes in surrounding cell types. For example, consider the cell-type
specific toxicity of alloxan or streptozotocin on the B cells of the pancreas and the
fact that the B cells represent less than 2 % of the pancreatic cell population.
The ability to detect changes in gene expression within 2 % of an RNA sample
derived from whole pancreas is likely below the limits of sensitivity of current
genomic profiling platforms. Compensatory changes in other, more abundant,
cell types may also negate any changes in the targeted cell and could even result
in the opposite conclusion regarding message or protein abundance. Being able
to measure gene expression profiles in individual targeted cells or cell types, by
using laser capture microdissection for example, would be more desirable in
these instances (137,138). However, prior knowledge of the target tissues
and/or cell types from pathology studies is typically required for this level of
investigation. This would preclude its utility in higher throughput predictive
assays that are currently desired, but would prove useful for mechanistic studies.
Reducing the number of observations (i.e. gene expression profiles) and
correlating them with a binary response (i.e. apoptosis, DNA damage) may allow
for the identification of a more robust set of predictive markers with utility in

higher throughput systems. Realization of such a scenario will be heavily
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dependent on the standards of known modes of action that are available, the
reproducibility of the model system, statistical robustness of the data and the
application of multivariate methods of analysis to reduce the data set into a
comprehensible and manageable number of components for purposes of
classification.

Other limitations to consider arise when adverse cellular or tissue
functions are observed in the absence of discrete cellular outcomes, such as cell
injury or death. In these instances, subtle changes in cell function, such as
reduced responsiveness to endocrine signals or altered secretion or production
of signaling molecules, will be more difficult to observe since relevant changes
may be transient, posttransiational and/or in non-target organs. Many endocrine
disruptors will likely fall into this category. Perhaps the greatest source of
complexity and variability in gene expression profiling experiments in vivo stems
from non treatment-related phenomena, or intrinsic variability, which is difficult, if
not impossible to control and reproduce. Normal fluctuations in gene expression
will occur as a result of differences in age, gender, temperature, light, diet and
hormonal status. While age, gender, and the extemal environment can be tightly
controlled within experiments, comparisons between laboratories using similar
treatment protocols may be more challenging when environmental factors are not
strictly adhered to. Differences in nutritional or hydration status, time of last
meal, hormonal fluctuations during estrus, and seasonal and light-induced
changes in hormone levels are more difficult to control within experiments. Such

intrinsic variation is likely to interact with timing, duration and frequency of
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treatments to alter the observed response in gene expression. Like any
experiment designed to test a hypothesis, there must be sufficient replication to
assure certainty in the experimental results.

The expectations that toxicogenomics will enable us to define
mechanisms of action and predict toxicity of unknown agents are supported by
recent studies in lower eukaryotes. However, our current ability to define a
mechanism of action or accurately predict toxicity in mammalian systems is still
in its infancy. Incorporating genomic experiments into larger studies designed to
assess effects at higher levels of biological organization is a must if one is to
begin to understand and predict organismal outcomes and possibly incorporate
gene expression data into mechanism-based risk assessment. The progression
of expression profiling into whole animal studies also presents a higher level of
complexity that challenges are understanding of biological systems and the
interpretation of what changes in gene expression are relevant. It is expected
that experience and interdisciplinary collaborations will continue to advance the
utility of gene expression profiling in mechanistic and predictive toxicology,
however, continued discussion, debate, and the sharing of knowledge and data

is vital for toxicogenomics to move rapidly ahead.
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CHAPTER 4

EFFECTS OF GESTATIONAL AND LACTATIONAL EXPOSURE TO AROCLOR
1242 ON SPERM QUALITY AND /N VITRO FERTILITY IN EARLY ADULT AND
MIDDLE-AGED MICE?

ABSTRACT

The objective of this study was to examine the effects of gestational and
lactational exposure to Aroclor 1242 (0, 10, 25, 50, and 100 mg/kg-bw). Doses
were administered to C57BL6 female mice orally every two days from two weeks
before mating, during mating, and through gestation until postnatal day 21. Male
B6D2F1 offspring were examined for anogenital distance, organ development,
epididymal sperm count, sperm motility, and in vitro fertility at 16 and 45 weeks of
age. Stomach samples of pups nursing from PCB-treated mothers in the 50
mg/kg dose group were analyzed for PCBs and chlorobiphenylols by high
resolution gas chromatography coupled with low resolution mass spectrometry.
It was estimated that the nursing pups were exposed to 0.2, 0.6, 1.2, and 2.4
mg/kg/d total PCBs in the 10, 25, 50, and 100 mg/kg dose groups, respectively.
This exposﬁre level approaches the maximum FDA recommended levels for

PCBs in food and breast milk. The composition of the PCBs in the stomach

2 published in Fielden M.R., Halgren R.G., Tashiro C.H.M., Yeo B.R., Chittim B., Chou K.,
Zacharewski T.R. (2001) Effects of gestational and lactational exposure to Aroclor 1242 on sperm
quality and in vitro fertility in early adult and middle-age mice. Reproductive Toxicology. 15: 281-
292.
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samples was different from the parent mixture, as there was a higher proportion
of heavily chlorinated congeners, as well as chlorobiphenylols. Anogenital
distance at weaning, and liver, thymus, and testes weight at 16 and 45 weeks of
age were not affected by PCB exposure. Epididymal sperm velocity and linearity
were significantly increased in the 25 mg/kg dose group at 16 weeks of age.
Sperm count was increased by 36% in this dose group (P = 0.06). By 45 weeks
of age, average sperm count in this dose group was similar to that of controls.
With the exception of the 50 mg/kg dose group at 16 weeks of age, sperm
fertilizing ability in vitro was significantly decreased in all PCB-exposed groups at
16 and 45 weeks of age. These results suggest that fertility in the adult mouse is
susceptible to developmental exposure to Aroclor 1242 and is independent of

testis weight or epididymal sperm count.
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INTRODUCTION

Polychlorinated biphenyls (PCBs) are a class of lipophilic, persistent
synthetic chemicals that exist as complex mixtures in environmental and human
matrices, including blood, adipose tissue, breast milk, and fetal tissue (139).
PCBs are considered potential endocrine disruptors, among many other effects,
due to their ability to act as estrogens, antiestrogens and goitrogens (reviewed in
(140)). There is concem that exposure to PCBs and other organohalogens may
impair male fertility (141). Recent epidemiological evidence suggests that
prenatal exposure to PCBs and polychlorinated dibenzofurans can cause
adverse effects on semen quality (142). There have also been numerous, but
inconsistent, reports of adverse effects on male reproduction following prenatal
or postnatal exposure to PCBs in laboratory rodents. These effects include
alterations in testis weight, seminal vesicle weight, ventral prostate weight,
reduced serum testosterone levels, and impaired fertility (143-149).

The effects of developmental exposure to PCBs on testis weight and
fertility in laboratory rodents depend on the test congener or mixture, the dosage,
the developmental stage during exposure, and the age of the animal at the time
of examination, as well as species and strain. For example, Sager (143)
previously showed that male Holtzman rats exposed to Aroclor 1254 through
early lactation (from birth to day 9) exhibited decreased fertility at 18 weeks of
age and increased testis weight at 23 weeks of age. The decreased fertility was

not accompanied by a decrease in epididymal sperm count or changes in sperm
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morphology or motility, but rather a decline in the ability of sperm to fertilize eggs
(144,146). Cooke et al. (147) demonstrated that neonatal exposure (from birth to
day 25) of Sprague-Dawley rats to Aroclor 1254 and 1242 increased testis weight
and daily sperm production at 19 weeks of age. These effects appear to be due
to PCB-induced hypothyroidism since thyroxine replacement attenuated the
increase in testis weight and sperm production in Aroclor 1242-treated rats (147).
In contrast to the reduced fertility of Aroclor 1254-exposed pups reported by
Sager et al. (143,144,146), all Aroclor 1242-treated pups successfully
impregnated females (147). These PCB-induced effects on sperm production
and fertility also appear to be independent of changes in serum FSH or
testosterone concentration, testicular histopathology, or sperm morphology or
motility (146,147).

Previous studies investigating the reproductive effects of developmental
exposure to PCBs in rodents have focused on effects in early adulthood, while
few studies have addressed whether rodents at later stages of adulthood exhibit
the same effects or recover to control levels. Previous studies have observed
that neonatal exposure of male B6D2F1 mice to Aroclor 1254 does not adversely
affect sperm fertilizing ability in vitro until 45 weeks of age (150). Therefore, the
objectives of this study were to determine if gestational and lactational exposure
of B6D2F1 mice to Aroclor 1242 can cause alterations in organ development and
sperm quality and fertility in young adult (16 weeks of age) male offspring and to
determine if the effects persisted into middle age (45 weeks of age). To estimate

lactational exposure, stomach samples from pups nursing on PCB-treated
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mothers in the 50 mgkg dose group were analyzed for PCBs and
chlorobiphenylols (OH-PCBs) using high resolution gas chromatography (HRGC)

coupled with low resolution mass spectrometry (LRMS).
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MATERIALS AND METHODS

Animals

C57BL6 female and DBA/2 proven breeder male mice were obtained from
Charles River Laboratories (Raleigh, NC) and housed in polycarbonate cages
with cellulose fiber chips (Aspen Chip Laboratory Bedding, Northeastem
Products, Warrensberg, NY) as bedding and maintained in a humidity (30 to 40
%) and temperature (232C) controlled room on a 12-h light-dark cycle. All mice
receiving PCB treatment were housed in a HEPA-filtered rack in the same room.
All animals were given free access to deionized water and rodent feed (Harlen
Teklad 22/5, Madison, WI).
FO Treatment

Fourteen-week-old C57BL6 female mice (FO) were randomly assigned to
treatment groups, and treated for two weeks prior to mating, and throughout
mating, gestation, and lactation until offspring were weaned on postnatal day
(PND) 21 (Figure 1A). Treatment was by gavage every other day with 0.1 ml
com oil (CPC Intemnational Inc., Englewood Cliffs, NJ) with or without Aroclor
1242 (S. Safe, Texas A&M, College Station, TX) for a nominal dose of 0 (n=16),
10 (n=9), 25 (n=10), 50 (n=11), and 100 (n=11) mg Aroclor 1242 per kg matemal
body weight. There was a 1-d interruption of treatment on the day of parturition
(PND 0). The dose of test chemical was adjusted to body weight for each mouse

before daily dosing.
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Figure 1. Treatment schedule for FO mice and necropsy schedule for F1 male
offspring. A) FO C57BL6 mice were dosed by gavage every other day with 0.1
mL of com oil with or without Aroclor 1242 for a nominal dose of 0, 10, 25, 50
and 100 mg/kg of matemal body weight. FO mice were treated for two-weeks
prior to mating with a DBA/2. Treatment continued throughout a maximum ten-
day mating period, and through gestation and lactation until PND 21 when the
pups were weaned.. B) Male offspring were weaned on PND 21 and housed with
same-sex littermates. F1 males were split into two groups and necropsied at 16
or 45 weeks of age. Males were examined for testis weight, sperm count and
motion analysis, and in vitro fertilizing ability (IVF).
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For mating, each female C57BL6 was paired for ten days with a DBA/2
proven breeder male mouse. Previous studies have shown that B6D2F1 pups
are a suitable model system for in vitro fertilization (IVF) studies since B6D2F1
pups are very responsive to superovulation and control eggs exhibit high
fertilization rates in vitro (148). One or two females were housed per male per
cage during the mating period. Females were housed individually for the
duration of the study following the ten-day mating period. Females not
conceiving or giving birth to live young were euthanized. Offspring were weaned
on PND 21 and housed with same sex littermates. At this point, the F1 males
from each litter were randomly split into two groups for assessment of sperm
count and motion analysis and in vitro fertilizing ability (IVF) at either 16 or 45
weeks of age (Figure 1B). F1 females were superovulated within a week of
weaning and assessed for oocyte fertilizing ability in vitro (data not shown). The
mothers were terminated on PND 21.

Reproduction and necropsy |

FO body weight was recorded daily and liver and thymus weights were
recorded on PND 21. The number of live pups bom was recorded on the day of
birth (PND 0). Litter weight was recorded on PND 1. Pup survival and sex ratio
for each litter were recorded on PND 21. On PND 21, body weights were
recorded and male anogenital distance (AGD; the length of the perineum from
the base of the sex papilla to the proximal end of the anal opening) was
measured using vemier calipers to an accuracy of 0.8 mm. Body, liver, thymus,

and testis weights of F1 mice were measured at necropsy at 16 and 45 weeks of
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age. In addition, randomly selected female F1 mice were sacrificed on PND 4 or
5 from the control (n=1), 50 (n=4), and 100 (n=1) mg/kg dose groups. Whole
stomachs were collected and individually frozen at —20 2C in amber vials for
subsequent PCB congener analysis.
HRGC/LRMS analysis of PCBs and chlorobiphenylols in pup stomach
samples

Individual stomach samples, consisting of both stomach contents and
tissue, were transferred to glass culture tubes containing 6 mL of concentrated
hydrochloric acid. The tube was capped and sonicated for 20 min and allowed to
stand ovemight to complete the digestion. The resulting digestate was extracted
3 times with hexane and the extracts combined. For PCB analysis, aliquots of
the hexane extracts were spiked with mass-labeled ('3Cy2) PCBs and then
washed with concentrated sulfuric acid (3 ml) followed by HPLC-grade water (3
ml) and finally 0.1 M aqueous potassium carbonate (0.5 ml). The hexane
extracts were then concentrated to 100 pl with solvent exchange into nonane and
analyzed by high resolution gas chromatography coupled with low resolution
mass spectrometry (HRGC/LRMS) as described below. For analysis of
chlorobiphenylols (OH-PCBs), aliquots of the hexane extracts were first spiked
with mass-labeled ('3C;2) OH-PCBs and then washed with HPLC-grade water (3
mL). The hexane extracts were then concentrated to 100 pl with solvent
exchange into toluene and analyzed by HRGC/LRMS as described below.

Analysis of PCBs in the stomach extracts was performed using a Hewlett

Packard 5890 HRGC coupled to a Hewlett Packard 5970 mass selective detector
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(MSD). The MSD was operated in the selected ion monitoring (SIM) mode. The
ions monitored were those in the molecular ion clusters of mono- through
decachlorobiphenyl and their '*C;, analogues. The capillary column used was a
30 m DB-5 column (J&W Scientific; 0.25 mm i.d., 0.25 pm film thickness) with
splitless injection (250 2C). The HRGC oven temperature program was as
follows: initial temperature = 1002C; initial time = 10 min; temperature program =
102C/min; final temperature = 3202C; final time = 4 min.

Analysis of OH-PCBs in the stomach extracts was performed using a
Hewlett Packard 5890 series Il HRGC coupled to a VG 70SE high resolution
mass spectrometer (HRMS). The HRMS was operated in the EI/SIR mode at
10000 resolution. The ions monitored were those in the molecular ion clusters of
the native and mass-labeled OH-PCBs from dichloro to pentachlorobiphenylols.
The capillary column used was a 60 m DB-5 column (J&W Scientific) with the
injector port at 2502C and source temperature at 300°C. The HRGC oven
temperature program was as follows: initial temperature = 100 2C; initial time = 7
min; temperature program = 102C/min; final temperature = 320°C; final time =
11.2 min.

The data was corrected for recovery of the '3C,z-labelled PCB and OH-
PCB surrogates. Recoveries of the '*Cyz-labelled PCB surrogates ranged from
64% to 123%. Recoveries of the '3Cyz-labelled OH-PCB surrogates ranged from
54% to 125%. A 4-point calibration curve was used with the native PCBs (71
individual congeners) ranging in concentration from 0.01 ng/pl to 0.25 ng/pl. The

13C,,-labelled PCB surrogates were at 0.125 ng/ul in each calibration solution.
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The PCB surrogates used were PCB 3, 15, 28, 52, 70, 77, 101, 105, 118, 126,
138, 153, 156, 167, 169, 170, 178, 180, 189, 194, 206, 209. For the OH-PCBs, a
4-point calibration curve was used containing one OH-PCB per congener group
(Cl. =Cls) and one '*Cy-labelled OH-PCB surrogate per congener group. The
native OH-PCBs in the calibration solutions ranged from 5§ pg/pl to 500pg/pl with
the surrogates at 50 pg/ul in each calibration solutioh. The '3C;z-labelled OH-
PCB surrogates used were 3',4'-dichloro-4-['3Cy]biphenylol, 2',4’,5'-trichloro-4-
['3Ciz)biphenylol, 2',3',4’,5'-tetrachloro-4-['*C2)biphenylol, and 2',3,4',5,5'"
pentachloro-4-[*Cz]biphenylol.
Sperm count and motion analysis

Cauda epididymal sperm were collected from F1 males at 16 and 45
weeks of age by excising both epididymides and piercing with a 25 gauge needle
in a 1-ml organ culture dish (Becton Dickinson, Franklin Lakes, NJ) containing 1
mL Brinster's BMOC-3 medium (Gibco/BRL, Grand Island, NY), a capacitation
supporting medium, supplemented with 3 pg/ml penicillin and 3 pg/mi
streptomycin (Gibco/BRL). Sperm suspensions were incubated at 37°C in a
humidified 5 % CO. air environment for 30 min before sperm concentration and
motion analysis and 60 min before insemination (see below). Spemm
suspensions (20 pl) were placed on a 20 um deep counting chamber and
analyzed using a CellSoft computer-assisted digital image analysis system
(CASA; CRYO Resources Inc.). A minimum of 100 cells were analyzed from
each animal to determine concentration, motility, velocity, linearity, mean

amplitude of lateral head (ALH) displacement and beat/cross frequency. Motility
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is expressed as the percentage of sperm that move faster than 20 pm/s. Velocity
is defined as the average distance (um) traveled by motile sperm in 1 s. Linearity
is the ratio of the straight to actual distance traveled, averaged over all sperm.
ALH displacement is a measure of the lateral movement of the sperm head from
a computer-caiculated mean of its track. The beat/cross frequency (Hz) is the
numbers of beats (or crosses) per second. Every time the sperm cell crosses the
computer-calculated curval mean, the computer counts that crossing as one
beat. All measurements for each animal were performed in duplicates and the
average recorded.
In vitro fertilization assay

The in vitro fertilizing ability of sperm from 16- and 45-week-old F1 male
mice was assessed by inseminating oocytes collected from untreated 3-week-old
B6D2F1 female mice that were superovulated with 10 IU pregnant mare’s serum
gonadotropin (PMSG) (Sigma, St. Louis, MO) followed 48 h later with 10 U
human chorionic gonadotropin (HCG; Sigma). Fourteen to 16 h later the oocytes
from each female were collected from the proximal oviducts. Oocytes from each
mouse were incubated in a 1 ml organ culture dish in Brinster's BMOC-3 medium
supplemented with penicillin and streptomycin. Epididymal sperm from each F1
male was used to inseminate oocytes from two females with a final sperm
concentration of 3 x 10* sperm per dish. This concentration of sperm achieves
slightly less than maximum fertilization in naive B6D2F1 mice, thus increasing
the assay sensitivity in detecting changes in sperm fertilizing ability (unpublished

data). Due to practical considerations, it was not possible to pool and distribute
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oocytes from all females to inseminate a fixed number of oocytes per male, since
oocytes were contained with a cumulus mass and oocyte collection was
coordinated with sperm collection and CASA analysis for consistency among
inseminations. Following insemination, oocytes were incubated at 372C under a
humidified 5 % CO, environment. Following a 24 h incubation, 50 pl of 35 yM
bisbenzimide stain (Sigma) was added to the petri dish. The oocytes were
incubated with stain for at least 30 min before being examined using a Nikon
Optophot fluorescent microscope equipped with a 100-W mercury bulb, 365/10
nm excitation filter, 400 nm dichromic mirror and 400 nm barrier filter. Oocytes
were counted and scored as fertilized if the eggs were at the 2-cell stage or at
the 1-cell stage containing two pronuclei and a second polar body. Oocytes were
also evaluated for fragmentation and degeneration.
Statistical analysis

All data analysis was performed using SAS version 7 (SAS Inc., Cary,
NC). For the analysis of F1 data, the litter was considered the experimental unit.
FO data and F1 litter mean data were analyzed for normality using the Shapiro-
Wilk test. Evidence for non-nomality was declared at the p<0.01 level of
significance. Non-nomal data was analyzed by nonparametric one-way ANOVA
using the NPAR1WAY procedure of SAS. Comparisons between control and
treated groups were made with the Kruskal-Wallis test. Normal data were
analyzed using a one-way ANOVA as implemented in the MIXED procedure of
SAS containing fixed effect of dose. When body and organ weights and

anogenital distance of F1 mice were analyzed, litter size was included as a
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covariate. Organ weights were analyzed as both absolute weight and as a
percentage of body weight. AGD was analyzed as absolute length and as a ratio
to the cube root of body weight (151). Comparisons between treatment groups
were computed on least squares means. The effect of treatment on discrete
data (fecundity, sperm IVF data) was analyzed using Generalized Estimating
Equations as implemented in the GENMOD procedure of SAS. The level of

significance was o < 0.05. P values less 0.1 are also reported.
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RESULTS

Analysis of lactational exposure to PCBs and chlorobiphenylol metabolites

The stomachs of 4 randomly selected F1 female mice in the 50 mg/kg
dose group were dissected at 4 or 5 d of age and analyzed for PCBs, as well as
di-, tri-, tetra-, and pentachlorobiphenylols (OH-PCBs) by HRGC/LRMS (Table 1-
3). One stomach was also dissected from an F1 female in the com oil control
group to determine the level of background PCB and chlorobiphenylol
contamination. Seventy individual PCB congeners and total PCBs were
quantitated and compared to the congener and total PCB profile of Aroclor 1242
in order to estimate the level of lactational PCB exposure and to determine if the
congener profile of PCBs was altered through matemal metabolism and
lactational transfer. The 50-mg/kg dose group was selected in order to ensure
detectable levels of PCBs and OH-PCBs in the stomach samples. Detection
limits and quantitation of the 70 congeners was based on the height of individual
peaks exceeding a 3:1 signal to noise threshold. Total PCBs and subtotals for
each structural class were calculated from an integration of the chromatograph,
rather than by summation of the 70 individual congeners that were examined
(Table 1). The average total PCB content of the stomach samples from the 50-
mg/kg dose group was 8659 + 3312 ng/g. Assuming that the milk made up
approximately 90% of the weight of the stomach sample and nursing pups

consume an estimated 0.5 g of milk per day (0.25 g milk/g body weight), it is
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estimated that the nursing pups were exposed to 0.24, 0.6, 1.2, and 2.4 mg/kg/d
total PCBs in the 10, 25, 50, and 100 mg/kg dose groups, respectively. These
estimates are based on linear extrapolations from the 50 mg/kg group. Indeed,
analysis of total PCB concentration in one stomach sample from the 100 mg/kg
dose group was approximately twice that of the 50 mg/kg sample (data not
shown) and there were no detectable PCBs in the com oil control stomach
sample. The limit of detection for the com oil control sample ranged from 3 to 20
ng/g.

There were very little di-CBs and no detectable mono-CBs in the stomach
samples, which is similar to human breast milk (152). The detection limit for the
stomach samples ranged from 5 to 20 ng/g for the mono-CBs and 10 to 50 ng/g
for the di-CBs. The total amount of each PCB structural class was calculated as
a percentage of the total PCBs in the sample based on the average congener
concentrations in Table 1. The relative proportion of structural classes of PCBs
within the stomach samples was slightly different than of the parent Aroclor
mixture and of PCBs found in human breast milk (Table 2; (150)). For example,
the predominant structural class of PCBs in the parent mixture was 50.9% tri-
CBs, whereas the stomach sample consisted of 20.8% tri-CBs, which more
closely resembles the percent of tri-CBs in human breast milk (14.6%) (152).
The predominant structural class of PCBs in the stomach sample was tetra-CBs
(55.1%), followed by penta (22.2%) and tri-CBs (20.7%). There was
considerably less di-CBs in the stomach sample (0.9%) in comparison to the

parent mixture (11.8%). Both the stomach samples
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and parent mixture had relatively low to no detectable levels of hexa- to deca-
CBs. In contrast, the human breast milk sample consisted of primarily hexa-CBs
(34 %) and roughly equivalent amounts of tri-, tetra-, penta-, and hepta-CBs
(14.6 to 18.9%). Human breast milk also had no detectable mono- or di-CBs
(152).

The relative abundance of OH-PCBs parallels the relative abundance of
the non-hydroxylated congeners, however the total amount of OH-PCBs
represents only about 5% of the total PCBs + OH-PCBs in the 50 mg/kg sample
(Table 3). The predominate OH-PCBs were tri- and tetrachlorobiphenyiols,
which represented at least 74% of the total OH-PCBs detected. Penta-CBs
represented about 20% of the total OH-PCBs in the stomach samples. The
identities of the OH-PCBs were not determined, however, there were on average
33.8 + 10 different OH-PCBs species per sample based on the number of unique
peaks identified in the chromatograms. The majority of the peaks were found to
be tri- (14 £ 3.9) and tetra-OH-CBs (16.8 + 5.2 peaks).

Reproductive performance of FO generation

Exposure of FO female C57BL6 mice to Aroclor 1242 prior to mating and
through gestation and lactation did not significantly affect body weight gain or
liver weight (Table 4). Although body weights in the 25 mg/kg dose group were
significantly different (p<0.05) from control mice prior to dosing, the difference
was not apparent by the mating period. There was a decrease (p=0.0523) in
average body weight in the 50 mg/kg dose group on PND 21, however weight

gain was not affected. There was approximately a 50% increase (p<0.05) in
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thymus weight and percent thymus weight in the 25 mg/kg matermnal dose group
(p<0.05) on PND 21. There were no other significant changes in thymus weight
in the PCB-treated groups.

Only 5 of 11 (45.5 %) females in the 100 mg/kg dose group gave birth to
live young. Due to the low fecundity in the control group (10/16, 62.5 %), there
was no significant difference in fecundity when compared to controls (p>0.1).
However, when fecundity in the 100 mg/kg dose group was compared to the 10
mg/kg dose group, the decrease in fecundity was significant (p<0.05). Four
mothers in the 100 mg/kg dose group showed no evidence of conception, while
one mother appeared pregnant based on weight gain on day 16 after the initial
pairing with a male, there was no parturition. However, uteri from these mice
were not examined for implantation scars so it is unclear if conception had
occurred. One mother in the 100 mg/kg group gave birth to stillbom pups. Two
of three pups in one litter died on PND 1, while the third pup died on PND 6. The
remaining 4 litters survived to PND 21; however, one mother died on PND 20
from unknown causes and the pups were subsequently removed from the study.
Due to the small number of litters remaining in the 100 mg/kg dose group, no
conclusions regarding treatment-related effects in F1 males could be determined
with confidence, although the results are presented.

There was no significant difference between treatment groups in the
number of days to parturition from the initiation of pairing with a male (p>0.1).
There was a decrease in litter size (6.0 = 1.1 vs 7.6 = 0.3, p<0.01) in the 100

mg/kg dose group, although no difference in litter weight was detected (p>0.1).

84



There was a small decrease in average pup weight (p=0.077). There were no
significant differences in pup survival, however there was a smaller proportion of
females in the 100 mg/<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>