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Preface

 

The first edition of 

 

Endocrine Disruptors: Effects on Male and Female Reproductive
Systems

 

 was published by CRC Press LLC in 1999. In the last five years, there has
been tremendous progress in this field both from the academic perspective as well
as the new emerging clinical manifestations of the endocrine disruptors, or “gender
benders” as they are popularly called. Several previously unknown risks of the
endocrine disruptors are being unfolded as research progresses. To name a few,
recently estrogen replacement therapy has been shown to increase the incidence of
endometrial cancer, novel androgens of anthropogenic origin in the environment
were discovered in 2001, and the incidence of infertility, impotency, and neoplasms
has shown to increase in men and women. The endocrine-disrupting environmental
chemicals, both naturally occurring and man-made, have affected fish, wildlife, and
humans, and have been implicated in causing feminization of male birds, alligators,
and fish. The first edition was very well received and appreciated both by the
scientific community as well as by the general public, and is on the best-selling list
of CRC Press. Due to these pressing reasons, it became imperative to write the
second edition of the book updating the knowledge and new insights gained during
the last five years. 

An alarming concern has been raised among the scientific community, policy
makers, and the general public regarding the reproductive and health hazards of the
endocrine-disrupting environmental chemicals. “Each man in this room is half the
man his grandfather was.” These were the words quoted during a Congressional
hearing reporting the startling and controversial finding of a serious decline in the
quality and quantity of human spermatozoa. Various reports have revealed a decline
in sperm concentrations of healthy men from 113 

 

×

 

 10

 

6

 

/ml in 1938 to 66 

 

×

 

 10

 

6

 

/ml
in 1990. Recently (2000), meta-analysis of 101 studies published during 1934–1996
indeed confirmed the declining trend in semen parameters in the United States and
Europe, decreasing by 50% over the past 50 years. Although available data may be
considered insufficient to deduce worldwide conclusions, the fact remains that infer-
tility and erectile dysfunction (ED) are on the rise in the United States and other
parts of the world. Similar concerns have been reported for women with an increased
incidence of infertility, premature ovarian failure (POF), polycystic ovarian syn-
drome (PCOS), endometriosis, spontaneous abortions, early menopause, birth
defects, and other postnatal structural and functional abnormalities. These findings
have led scientists and environmentalists to believe that the human species is
approaching a fertility crisis, while others think that the available data is insufficient
to deduce worldwide conclusions. The topic of gonadotoxicity remains a real chal-
lenge and concern to almost everyone, both men and women. It has been the subject
of a number of reviews, with a myriad of environmental agents now being classified
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as reproductive hazards. However, the database for establishing safe exposure levels
and risk assessment for such outcomes remains limited.   

The rise in infertility and erectile dysfunction, and teratogenic effects is not the
only indication that the human population is at risk. A marked increase in the
incidence of cancers associated with the reproductive systems in men (prostate/tes-
ticular) and women (breast/endometrial/ovarian) is also an associated/causative fac-
tor of these exposures. The tissues/organs associated with the reproductive systems
are the most sensitive to these toxicants’ exposure, making breast cancer one of the
most prevalent and leading causes of death in women, and prostate cancer the leading
cause of death in men. These deleterious effects have been attributed to environ-
mental toxicants, many of which act as “estrogens.” The “estrogen hypothesis” has
inspired a number of debates and investigations. The list of potential estrogenic
chemicals continues to grow, although it is not known what exact levels and com-
binations may be hazardous to the reproductive functions, including the development
of carcinogenic potentials. Besides, several synthetic man-made chemicals termed
endocrine disruptors/imposters/gender benders exert a variety of toxic effects on the
gonads and on sexual and reproductive function and behavior, in addition to carci-
nogenic effects. Over 50 such hormone impostors, referred to as persistent organic
pollutants (POP), have been identified, the most common of which are organochlo-
rines (DDT, PCBs) and dioxins. 

The increasing incidence of gonadotoxicity and carcinogenesis is an escalating
concern not only to andrologists, urologists, reproductive endocrinologists, biolo-
gists, gynecologists, and oncologists, but also to environmentalists and the public
at large. The second edition of the book is timely and unique and covers recent
advances in the pertinent and controversial topics from epidemiology to etiology,
concluding with future directions. The contributors are leading authorities in their
fields, making the book an interesting treatise. At this time, there is no other scien-
tifically creditable and comprehensive book available on this topic containing such
updated recent information.

The book is divided into two main sections. The first section deals with the
effects of various environmental toxicants including dietary toxicants on the female
reproductive system, with special emphasis on effects and mechanism(s) of their
action on the sex differentiation during development, fertility, ovotoxicity, and fetal
and embryonic development, and on breast cancer. This section is comprised of eight
chapters written by eminent scientists who are experts in the field of female endo-
crinology and carcinogenesis. The first chapter elegantly discusses the effects and
mechanism(s) of action of endocrine disruptors on the hypothalamus–pitu-
itary–gonadal axis and provides an overview of how the disruption of this axis can
lead to various reproductive dysfunction and health abnormalities. This chapter
specifically focuses on the effects of disruption of nongenomic steroid actions on
gametes and serotonergic pathways controlling reproductive neuroendocrine func-
tion by environmental toxicants (P. Thomas and I. Khan). The second chapter
describes how the environmental estrogens, such as diethylstilbestrol (DES), influ-
ence the development of the female reproductive system (R. Newbold and
W. Jefferson). The third chapter focuses on the toxicants that destroy ovarian follicles
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resulting in POF, an early menopause. POF can cause an increased risk of osteoporo-
sis, cardiovascular disease, and ovarian cancer (P. Devine and P.B. Hoyer). The
fourth chapter describes how the environmental toxicants (

 

p

 

,

 

p

 

’-DDE and HCB)
affect fetal and embryonic development (M. Edelbrock, M. Fernstrom, and
K. Williams). The fifth chapter describes the estrogenic compounds called phy-
toestrogens that are present in plants, especially soy products, and thus can disrupt
the endocrine milieu through dietary sources (H. Patisaul and P. Whitten). The sixth
chapter discusses the effects and mechanisms of estrogens and xenoestrogens on the
development of breast cancer (A. Soto and C. Sonnenschein). The seventh chapter
reviews the genomic and nongenomic novel mechanisms of action of xenoestrogens
through the estrogen receptor (ER)-dependent and ER-independent pathways
(R. Bigsby, M. Mercado-Feliciano, and J. Mubiru). The last chapter in this section
focuses on the effects and mechanisms of action of 2,3,7,8-tetrachlorodibenzo-

 

p

 

-
dioxin (TCDD) and related environmental antiestrogens on tumorigenesis and breast
cancer (S. Safe). 

The second section of this book deals with the effects of endocrine disruption
by various environmental toxicants on the male reproductive system, focusing on
male fertility and development of benign prostate hyperplasia (BPH) and prostate
cancer. This section includes five chapters. The first chapter describes the effects of
endocrine disruptors on male fertility and discusses controversial issues regarding
the global decline in fertility of men (S. Sikka, M. Kendirci, and R. Naz). The second
chapter elegantly describes the effects and mechanism(s) of action of androgenic
compounds and antiandrogens on sex differentiation and testicular function including
androgen biosynthesis (E. Gray Jr., W. Kelce, and associates). This chapter describes
how antiandrogens have the potential to alter male sexual differentiation and repro-
ductive development, whereas the androgenic substances can masculinize and
defeminize females. The third chapter in this section deals with the effects of
endocrine disruptors (antiestrogens as well as antiandrogens) on ED in men
(S. Sikka, M. Kendirci, and R. Naz). Fifty-two percent of men 40 to 70 years old
experience some degree of ED, affecting 20 to 30 million men in the United States.
The fourth chapter describes the role of natural and man-made estrogens in prostate
development, discussing the opposite effects of low and high doses of estrogenic
chemicals (C. Richter, B. Timms, and F. vom Saal). The last chapter in this section
focuses on the effects of environmental metal ions on the development of BPH and
prostate cancer (S.-M. Ho). 

The second edition of the book is a unique and comprehensive treatise,
offering up-to-date information on a topic that has become a major concern among
the scientific community and general public. The authors of this book are expert
investigators who are pioneers in their fields and have presented the data in a
dynamic manner that undoubtedly establishes this edition as a model source of
recent, updated, cutting-edge, authentic, vital, and viable scientific information.
In conclusion, it is a must-have book. If you liked the first edition, you will love
the second one.  
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1.1 INTRODUCTION

 

Over the last decade there has been a heightened awareness and concern among the
scientific community, policy makers, and general public over the reproductive haz-
ards of endocrine-disrupting environmental chemicals, particularly xenobiotic
estrogens (xenoestrogens), to fish, wildlife, and humans [1, 2]. Feminization of male
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Disruption of Nongenomic Steroid Actions

 

5

 

birds, alligators, and fish and the production of the estrogen-induced yolk precursor,
vitellogenin, in male freshwater fish have been reported after environmental exposure
to xenoestrogens such as 

 

o,p

 

′

 

-DDT and Kepone, and to kraftmill effluent and sewage
containing nonylphenols [1, 3–5]. In humans, estrogenic effects of Kepone were
detected in male workers at a pesticide manufacturing plant [1]. Xenoestrogens have
also been implicated in the apparent increase in breast cancer, one of the leading
causes of death in women [6], and in the purported decrease in average sperm counts
in semen samples collected from men over the past 50 years [7]. However, to date
clear evidence of direct effects of endocrine-disrupting chemicals on human health
at levels measured in the general population is lacking [8].

Extensive research over the past decade has identified a rapidly growing list of
environmental contaminants that disrupt reproductive processes in vertebrates, prima-
rily by exerting estrogenic or antiestrogenic actions [1, 8–10]. Most of these estrogenic
xenobiotics, such as DDT and its isomers, PCBs and their hydroxylated metabolites,
Kepone, methoxychlor metabolites, and nonylphenol and bisphenyl A are considered
to exert their estrogenic effects primarily by binding to nuclear estrogen receptors [8,
9, 11–15]. However, the genomic actions of estrogens can also be influenced by other
signaling mechanisms (receptor cross-talk) such as growth factors [16, 17]. Dioxin
(2,3,7,8-tetrachlorodibenzo-

 

p

 

-dioxin, TCDD) and related dibenzo-

 

p

 

-dioxins, dibenzo-
furans, and PCBs are thought to induce antiestrogenic effects indirectly by binding to
the arylhydrocarbon receptor (AhR) [18] and subsequent interference of estrogen
receptor binding to DNA response elements [19]. 

However, there is recent evidence that AhR ligands can also exert estrogenic
effects and that the agonist-activated AhR/Arnt heterodimer associates with estrogen
receptors, resulting in recruitment of unliganded estrogen receptor and co-activator
p300 to estrogen-responsive gene promoters and subsequent activation of transcrip-
tion [20]. In addition, a variety of xenobiotic compounds are capable of binding to
nuclear androgen and progesterone receptors [14, 21]. For example, vinclozolin
metabolites and the DDT analog p,p

 

′

 

-DDE, are effective competitors of androgen
binding to vertebrate androgen receptors and have antiandrogenic actions in mam-
mals [14, 21–23].

Although interference with the genomic actions of steroid hormones is consid-
ered to be the principal mechanism of endocrine disruption by many xenobiotics,
chemicals could potentially act via different mechanisms at other sites on the hypo-
thalamus–pituitary–gonadal axis to disrupt reproductive function [24, 25]. Monoam-
inergic and amino acid neurotransmitter pathways in the hypothalamus modulate
the synthesis and secretion of gonadotropin releasing hormone (GnRH), which in
turn regulates the secretion of gonadotropins from the pituitary. Therefore, neuro-
pharmacological and neurotoxic chemicals that alter hypothalamic neurotransmitter
function [15, 26–28] could influence GnRH secretion [29] and secondarily alter
gonadotropin secretion, resulting in disruption of the reproductive cycle. Alterna-
tively, chemicals could exert direct effects on GnRH neuronal activity [30]. In
addition, direct actions of heavy metals have been demonstrated at the pituitary to
alter gonadotropin secretion [31, 32] and at the gonadal level to disrupt steroido-
genesis [15, 33]. Xenobiotics could also potentially interfere with nongenomic
actions of steroids mediated by binding to steroid membrane receptors on oocytes
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and sperm plasma membranes [34, 35] or interfere with binding of catecholestrogens
to catecholamine receptors in the brain [36]. 

This chapter discusses some nontraditional sites and mechanisms of chemical
interference with hypothalamus-pituitary-gonadal function, identified in a well-char-
acterized vertebrate model of reproductive endocrine toxicology, the Atlantic croaker
(

 

Micropogonias undulatus

 

). The characteristics of maturation-inducing steroid
receptors on plasma membranes of oocytes and sperm and their physiological roles
in the final maturation of gametes are described. New information on the cloning,
sequencing, and characterization of these progestin membrane receptors, the first
information on the identity of any steroid membrane receptor, is briefly summarized.
Data indicating that they are unrelated to nuclear steroid receptors, but instead have
features of G-protein coupled receptors, will be described. Evidence of binding of
xenoestrogens to the membrane receptors and disruption of final gamete maturation
is presented, and the potential susceptibility of steroid membrane receptors to inter-
ference by lipophilic xenobiotic estrogens is discussed. 

In addition, some mechanisms of endocrine disruption by neurotoxic chemicals
are described. Studies showing that a PCB mixture, Aroclor 1254, and lead, both of
which are neurotoxic, can disrupt neuroendocrine function and gonadotropin secre-
tion in croaker by inducing a decline in hypothalamic serotonin concentrations are
reviewed. Evidence is presented that chronic Aroclor 1254 treatment causes a
decrease in the activity of tryptophan hydroxylase (TPH), the rate limiting enzyme
in serotonin synthesis that is associated with reduced hypothalamic levels of the
enzyme. Preliminary studies suggest that the labile TPH protein undergoes peroxi-
dative damage after exposure to the PCB mixture, resulting in the formation of
malondialdehyde adducts and loss of enzymatic activity. 

 

1.2 NONGENOMIC ACTIONS OF STEROIDS

 

The classic model of hormone action for all known classes of steroids and many
xenoestrogens involves diffusion or transport of the steroid or xenoestrogen across
the plasma membrane, its binding to intracellular receptors in target cells, activation
of the receptor, and tight association of the hormone-receptor complex and associated
proteins to specific nuclear binding sites, resulting in alteration of gene transcription
[9, 37]. However, convincing evidence has recently been obtained by many different
laboratories using a wide variety of animal and cell models that many steroid effects
are too rapid to be explained by the classic genomic mechanism and that steroids
can also act at the cell surface to induce rapid intracellular responses by binding to
membrane-bound receptors [38–40]. Alterations in ion fluxes and intracellular con-
centrations of calcium and other ions have been observed within 1 min of steroid
addition and activation of second messengers within a few minutes [41, 42]. 

Moreover, these rapid, cell-surface initiated steroid actions often do not involve
alterations in gene transcription (nongenomic). The importance of nonclassical ste-
roid actions has become more widely appreciated in the past few years as many
additional rapid, nongenomic actions of steroids have been reported in a wide range
of tissues and cell types. For example, estrogen causes rapid prolactin release from
pituitary cell lines [43], rapid release of intracellular calcium in rat granulosa cells
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[44], and short-term electrophysiological changes in various brain regions [45].
Progesterone also induces rapid effects such as calcium influx into human sperm
[41, 46, 47] and dopamine release from the corpus striatum [48], whereas glucocor-
ticoids have been shown to cause rapid electrophysiological effects on mammalian
neurons [49], behavioral effects [50], and lysis of lymphoma cells [51]. Steroid
membrane receptors have been positively identified in many tissues where rapid
nongenomic steroid effects have been observed (38–40). Specific plasma membrane
receptors for estrogens have been identified in rat pituitary, liver, and uterine tissues
[52, 53] and in fish testes [54]; for glucocorticoids in liver, brain, and lymphoma
cells [50, 55, 56]; for progesterone in rat brain and sperm membranes [57, 58] and
in fish oocyte and sperm membranes [59, 60]; and for androgens in endothelial cells
and in fish ovaries [61, 62]. 

 

1.2.2 E

 

NDOCRINE

 

 D

 

ISRUPTION

 

 

 

OF

 

 N

 

ONGENOMIC

 

 S

 

TEROID

 

 
A

 

CTIONS

 

 

 

Recent studies have shown that nongenomic steroid actions, such as genomic ones,
are susceptible to interference by xenoestrogens at environmentally realistic con-
centrations [34, 54, 63–69]. Therefore, xenoestrogens and other environmental chem-
icals have the potential to influence a broad range of critical physiological and
pathological processes in animals by this mechanism, including many processes that
until now have been thought to be exclusively influenced by genomic steroid mech-
anisms. For example, hormone secretion appears to be susceptible to chemical
disruption by this mechanism. Xenoestrogens have been shown to influence rapid
estrogen-induced changes in the secretion of insulin [66], androgens [54], and
prolactin [69], resulting in endocrine disturbances. 

Evidence that nongenomic steroid actions, like genomic ones, are susceptible
to interference by xenoestrogens was first obtained in a fish model [34, 70]. The
observation that several xenoestrogens blocked the induction of oocyte maturation
(OM) of Atlantic croaker oocytes 

 

in vitro

 

 by the maturation-inducing steroid (20

 

β

 

-S)
provided initial evidence for this mechanism of endocrine disruption [34]. Oocytes
that fail to mature are incapable of fertilization. Inhibition of OM was also observed

 

in vivo

 

 after 2 weeks’ exposure to low, realistic concentrations of water-soluble
fractions of fuel oil and Aroclor 1254 and after injection of Kepone [71]. Similar
antagonistic actions of xenoestrogens on progestogen induction of OM 

 

in vitro

 

 by
a nongenomic mechanism were subsequently confirmed in an amphibian model,

 

Xenopus

 

 [65]. Xenoestrogens, such as nonylphenol and 

 

o,p

 

′

 

-DDT, can mimic the
nongenomic action of estrogens, causing calcium influx into rat smooth muscle cells
[68]. 

Moreover, evidence has recently been obtained for interference of a nongenomic
steroid action in humans. A xenoestrogen, genestein, disrupts the acrosome reaction
in human sperm, a process induced by progesterone [72]. However, xenoestrogen
interactions with the steroid membrane receptors thought to mediate these actions
were not investigated or could not be demonstrated, so the mechanism of interference
with these nongenomic steroid actions remained unclear.
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Disruption of a nongenomic steroid action by a xenobiotic chemical binding to
a steroid membrane receptor was first demonstrated for the maturation-inducing
steroid (MIS) receptor mediating OM in a teleost model, the spotted seatrout [73].
Several xenoestrogens that antagonize MIS (17,20

 

β

 

-trihydroxy-4-pregnen-3-one,
20

 

β

 

-S) stimulation of sperm motility in Atlantic croaker are also effective compet-
itors for 20-S binding to the sperm membrane receptor [35]. Xenoestrogens have
also been shown to mimic the rapid, nongenomic actions of estrogens by binding
to estrogen membrane receptors. Several xenoestrogens display relatively high bind-
ing affinities for the membrane estrogen receptor in Atlantic croaker testes, similar
to their binding affinities for the nuclear estrogen receptor in this species [54, 74],
and also mimic the inhibitory actions of estrogens on testicular androgen production
[54]. In rats, the nongenomic action of a xenoestrogen, bisphenol A, on insulin
secretion was associated with its binding to the membrane estrogen receptor [66].

It is concluded from these studies that rapid, nongenomic steroid actions are
likely susceptible to disruption by xenobiotic chemicals via interference with recep-
tor binding. Most of the evidence to date for this mechanism of endocrine disruption
has been obtained for gamete maturation in fish models. Therefore, progestin induc-
tion of oocyte and sperm maturation, the membrane progestin receptors that mediate
these nongenomic actions, and their interference by xenoestrogens are discussed in
subsequent sections in greater detail.

 

1.2.3 O

 

OCYTE

 

 M

 

ATURATION

 

 

 

IN

 

 F

 

ISH

 

 

 

AND

 

 A

 

MPHIBIANS

 

 

 

1.2.3.1 Role of Oocyte Progestin Membrane Receptors

 

The nongenomic actions of progestin maturational steroids (MIS) on OM in amphib-
ians and fishes and the roles of receptors on the oocyte plasma membrane as
intermediaries in progestin action have been widely recognized for nearly two
decades [75, 76] and currently are the most thoroughly characterized models of
membrane receptor-mediated steroid action. The discovery that steroids could induce
meiotic maturation of amphibian and teleostean oocytes in simple 

 

in vitro

 

 incubation
systems stimulated intensive research on the natural MISs in these vertebrate groups
and their mechanisms of action [75, 77]. It was shown that the amphibian MIS,
progesterone, was ineffective in inducing OM when microinjected in 

 

Xenopus laevis

 

and 

 

Rana pipiens

 

 oocytes [78, 79], but it was effective when applied externally
bound to beads or in a polymer form [80, 81]. Identical results were obtained with
the teleostean MIS, 17, 20-dihydroxy-4-pregnen-3-one (17, 20

 

β

 

-P) in goldfish
oocytes [82]. 

Moreover, inhibitors of transcription did not prevent 17,20

 

β

 

-P-induced final OM
in teleosts, which supports the concept that the action of the MIS is nongenomic
[77]. The finding that increases in cyclic AMP levels by pharmacological agents
block MIS stimulation of OM 

 

in vitro

 

 also suggests that the action of the MIS is
nongenomic and instead involves a second messenger signal transduction pathway
[77]. A decrease in cyclic AMP is required for MIS induction of final oocyte
maturation in rainbow trout and spotted seatrout, which is mediated by activation
of a pertussis toxin-sensitive inhibitory G-protein in the signal transduction pathway
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across the oocyte plasma membrane to the cytoplasm [77, 83]. A cytoplasmic factor,
named maturation-promoting factor, composed of cdc 2 kinase and cyclin B, is
formed and is the intracellular mediator of OM [77]. 

Direct evidence for the presence of a membrane receptor for the MIS and its
involvement in final OM was first obtained in amphibians, 

 

Xenopus 

 

[76, 84, 85] and

 

Rana 

 

[86], primarily using photoaffinity labeling with the synthetic progestin,
R5020. The existence of a high-affinity (K

 

d

 

 = 10

 

–9

 

M) progesterone receptor in the
plasma membrane of 

 

Xenopus

 

 oocytes has since been confirmed using a membrane
filtration technique [87], although it was found that the ligand used in earlier studies,
R5020, recognizes a different binding site than the natural MIS.

 

1.2.3.2 Characteristics of Ovarian MIS Membrane Receptors 
in Fishes

 

The first convincing evidence for the existence of a high-affinity (K

 

d

 

 = 10

 

–9

 

M),
low-capacity (10

 

–3 

 

– 10

 

–12

 

 mol/g ovary) membrane receptor for the teleost MIS
was obtained in spotted seatrout (

 

Cynoscion nebulosus) 

 

ovaries for 17, 20, 21-
trihydroxy-4-pregnen-3-one (20

 

β

 

-S), the natural MIS in this species [59, 88].
Subsequently, specific binding of the salmonid MIS, 17,20

 

β

 

-P, 

 

and R5020 to
ovarian and oocyte membrane preparations has been reported in brook trout and
rainbow trout and in yellowtail [89, 90, 91] and for the perciform MIS, 20

 

β

 

-S, in
striped bass [92]. The membrane receptor for the MIS in spotted seatrout ovaries
shows the greatest steroid specificity, only structurally similar C21 steroids have
similar binding affinities [59, 93], whereas most other MIS membrane receptors
investigated to date also show significant binding to androgens and estrogens [87,
89, 90]. A close correlation has been demonstrated between the receptor binding
affinities of steroids for the MIS membrane receptor in spotted seatrout ovaries
and their agonist and antagonist activities in 

 

in vitro 

 

OM bioassays. The presence
of hydroxyl groups at both the 17 and 20 positions on the progesterone nucleus
appears to be essential for agonist activity in the seatrout OM bioassay, whereas
hydroxyls at both the 20

 

β

 

 and 21 positions are required for high-binding affinity
for the receptor [93]. The presence of hydroxyls at all three positions (17

 

α

 

, 20,
and 21 positions, i.e., 20-S) results in greatest affinity for the receptor and the
most potent induction of oocyte maturation in the bioassay. The action of 20

 

β

 

-S
is rapid: 1-min exposure to 20

 

β

 

-S is sufficient to induce OM, which is consistent
with its rapid rate of association with the receptor. 

Figure 1.1 shows the effects of incubating follicle-enclosed seatrout oocytes with
the MIS (20

 

β

 

-S) in the presence of two steroids with high relative binding affinities
(RBAs) for the receptor, but lacking maturation-inducing activity, 20

 

β

 

, 21-dihydroxy-
4-pregnen-3-one (20

 

β

 

,21-P) and pregnenolone. Germinal vesicle breakdown (GVBD,
i.e., disappearance of the nucleus) was used as the end point in the OM bioassay [94].
Induction of GVBD by 1-min exposure to 5 nM and 50 nM 20

 

β

 

-S was inhibited by
coincubation with 300 nM 20, 21-P, which has hydroxyls on the 20 and 21 positions
of the progesterone nucleus (RBA 50%) and 300 nM pregnenolone, which has a
hydroxyl on the 3

 

β

 

 position (RBA 96%). Other steroids that displaced 50% or more
of the bound, tritiated 20

 

β

 

-S from its receptor at a concentration of 300 nM also
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significantly inhibited 20

 

β

 

-S-induced GVBD [93]. Only one other steroid, 17, 20

 

β

 

-P,
caused significant induction of OM after 1-min exposure; but its potency was much
lower than that of 20

 

β

 

-S, which is consistent with its low RBA (< 1.0%). These
studies demonstrate that the 1-min GVBD 

 

in vitro 

 

bioassay with seatrout oocytes is
highly specific for the natural MIS, 20

 

β

 

-S. No other steroids are capable of inducing
GVBD at physiological concentrations. The ability of the bioassay to detect antago-
nism of MIS action by other steroids also indicates its potential for examining the
consequences of interference of 20

 

β

 

-S action on the oocyte membrane receptor by
xenobiotic chemicals.

 

1.2.3.3 Xenoestrogen Binding to the Ovarian MIS Membrane 
Receptor in Fish

 

Although a broad range of xenobiotic organic compounds have been shown to disrupt
early development as well as endocrine and reproductive functions in vertebrates by
binding to nuclear steroid receptors, little information is currently available on
whether these organic compounds can also bind to steroid membrane receptors and
disrupt steroid action at the level of the plasma membrane. Xenobiotic interactions
with steroid membrane receptors cannot be predicted from their affinities for nuclear
receptors because their steroid ligand specificities differ, especially for synthetic
antihormones [95]. For example, the steroid specificity of the nuclear progestogen
receptor in seatrout ovarian tissue, which mediates 20

 

β

 

-S induction of ovulation,
differs considerably from that of the seatrout ovarian 20

 

β

 

-S membrane receptor [59,
93–96, 97]. 

The development of a reliable filter assay for the 20

 

β

 

-S membrane receptor and
the availability of large amounts of starting material (seatrout ovaries weigh up to
1 kg) has permitted detailed investigations of the interactions of xenobiotics with
steroid membrane receptors to be conducted. The displacement of 5 nM 

 

3

 

H-20

 

β

 

-S

 

FIGURE 1.1

 

Effects of coincubating 20

 

β

 

,21-dihydroxy-4-pregnen-3-one (20

 

β

 

,21-P) and
pregnenolone (P5) with 20

 

β

 

-S for 1 min. on subsequent final maturation of spotted seatrout
oocytes 

 

in vitro

 

. % GVBD: percentage of oocytes that completed germinal vesicle breakdown.
Asterisks denote treatments significantly different from corresponding 20

 

β

 

-S treatment alone
(N = 6).
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by the organochlorines Kepone, methoxychlor, 

 

o,p

 

′

 

-DDD, and 

 

o,p

 

′

 

-DDE over a
broad range of concentrations (1 nM – 1 mM) was investigated in competition assays.
The organochlorines were added to the assay buffer dissolved in ethanol (final
concentration 1%), which did not affect receptor binding. The ovarian membrane
preparations were incubated with the organochlorines and 

 

3

 

H-20

 

β

 

-S for 30 min at
4ºC before separation of bound from free by filtration through glass microfiber filters.
All the organochlorines displaced the 

 

3

 

H-20

 

β

 

-S in a concentration-dependent manner
[73]. Displacement curves for 

 

o,p

 

′

 

-DDD and Kepone are shown in Figure 1.2.
Significant displacement of 20

 

β

 

-S was observed with 

 

o,p

 

′

 

-DDD at a concentration
of 100:M. Kepone had a lower binding affinity in this assay, although in several
other receptor assays binding affinity was tenfold higher [73]. To determine if this
decrease in 

 

3

 

H-20

 

β

 

-S binding is due to disruption of the plasma membrane and loss
of binding sites, membrane preparations were incubated with 

 

o,p

 

′

 

-DDD, Kepone,
or buffer alone for 30 min and subsequently washed thoroughly four times to remove
any of the compounds prior to conducting the 20

 

β

 

-S receptor assay. It was found
that prior exposure to these compounds did not alter the [

 

3

 

H]-20

 

β

 

-S binding capacity
of the membrane receptor preparation, thereby indicating that they did not destroy
binding sites and that the inhibition of receptor binding is reversible.

To determine whether inhibition of binding by Kepone was competitive, Scat-
chard plot analyses of 

 

3

 

H 20

 

β

 

-S binding were performed in the presence of Kepone
[73, 98]. Different concentrations of Kepone (0.2, 1, and 10:M) altered the K

 

D

 

 value
of 

 

3

 

H-20

 

β

 

-S binding to the receptor without changing the B

 

max

 

, which suggests that
the binding is competitive. However, Scatchard analysis with other organochlorines
suggests that xenobiotic binding to the receptor is often noncompetitive. Recent
studies indicate that a broad range of xenobiotic organic compounds, including many

 

FIGURE 1.2

 

Competition by the xenoestrogens 

 

o,p

 

′

 

-DDD and Kepone for 

 

3

 

H-20

 

β

 

-S bind-
ing to the spotted seatrout ovarian MIS membrane receptor. Binding is expressed as a
percentage of total binding (binding suppressed by 300 nM 20

 

β

 

-S).

120

100

80

60

40

20

0

20β-S
o,p'-DDD
Kepone

Competitor concentration [M]

[3 H
]-

20
β-

S
 b

o
u

n
d

 [
%

]

10-9 10-8 10-7 10-6 10-5 10-4 10-3 10-2

 

2281_C001.fm  Page 11  Friday, October 22, 2004  8:01 AM

© 2005 by CRC Press



 

12

 

Endocrine Disruptors: Effects on Male and Female Reproductive Systems

 

that are estrogenic, are capable of displacing 

 

3

 

H-20

 

β

 

-S from the membrane receptor.
Estrogenic hydroxylated PCB congeners such as 2

 

′

 

,5

 

′

 

-PCB-3-OH cause 50% dis-
placement of 20

 

β

 

-S from the receptor at a concentration of 10:M, similar to their
affinities for the seatrout hepatic nuclear estrogen receptor (unpubl. obs.). Nonylphe-
nol and the mycotoxin estrogen, zearalenone, diethylstilbestrol, and several other
synthetic estrogens and antiestrogens have tenfold higher relative binding affinities
for the receptor, causing significant displacement in the high nanomolar concentra-
tion range. Estradiol has a similar binding affinity, displacing 13% of 

 

3

 

H-20

 

β

 

-S at
a concentration of 300 nM [93]. We conclude therefore that the seatrout progestin
membrane receptor is susceptible to interference by a variety of xenoestrogens.

 

1.2.3.4 Xenoestrogen Interference with MIS Induction of 
Oocyte Maturation

Bioassays of OM were conducted with xenoestrogens that bound to the seatrout
receptor to determine whether they displayed agonist activities or antagonized the
actions of 20β-S. Ovarian tissue from Atlantic croaker, a closely related species
belonging to the same family as seatrout, was used for the in vitro bioassays.
Approximately 50 follicle-enclosed oocytes were preincubated for 9 hours in culture
medium in the presence of gonadotropin to induce maturational competence, that
is, the ability of oocytes to undergo final maturation in response to the MIS [94,
99]. One critical component of this process induced by the periovulatory surge in
gonadotropin secretion is upregulation of the oocyte membrane MIS receptor
[99–102]. The culture medium was removed at the end of the preincubation period
and replaced with fresh medium containing either 20β-S alone or 20β-S in combi-
nation with various concentrations of Kepone or o,p′-DDD (dissolved in ethanol,
final concentration 0.1%), and the “primed” oocytes were incubated for an additional
12 hours to allow them to complete final maturation. Dissolution of the nucleus or
germinal vesicle (germinal vesicle breakdown) was scored by visual examination
under low-power magnification at the end of the incubation.

Nearly all of the oocytes had completed GVBD after incubation in 29 or 290
nM 20β-S alone (Figure 1.3), the lipid globules in the ooplasm had fused, and the
oocytes were fully hydrated. Maturation of the majority of the oocytes in response
to 290 nM 20β-S was inhibited by exposure to 100:M Kepone or o,p′-DDD for 12
hours [34]. Maturation was abnormal and arrested at early stages in most of the
oocytes. The oocytes in the xenoestrogen-exposed groups that completed GVBD
had an abnormal appearance; incomplete clearing of the ooplasm, hydration, and
oil droplet formation were often observed [34]. The inhibition of GVBD by Kepone
and o,p′-DDD in response to 290 nM 20β-S was concentration dependent, significant
inhibition occurring at concentrations of 1 and 10 nM (Figure 1.3). Almost identical
concentration-response relationships were observed when seatrout oocytes were
incubated with these xenoestrogens (results not shown). The two xenoestrogens did
not act as agonists on GVBD at any of the concentrations tested. A variety of other
organochlorine xenoestrogens including methoxychlor, DDT derivatives, and
hydroxylated PCBs also inhibited GVBD of croaker and seatrout oocytes in a
concentration-dependent manner (unpublished observation).
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FIGURE 1.3 Concentration-dependent effects of Kepone and o,p′-DDD on 20β-S-induced GVBD of primed Atlantic croaker oocytes in vitro. Oocytes
were exposed for 12 h to both xenobiotics in the presence of 290 nM 20β-S or for 5 min in the presence of 29 nM 20β-S, or 20β-S alone (clear bars).
Bars represent means ± S.E.M. of six observations. Asterisks denote means significantly different from controls (p < 0.05, Tukey’s HSD test). (From
Ghosh, S. and Thomas, P., Mar. Environ. Res. 39, 159, 1995. With permission.)
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The finding that some of the oocytes underwent GVBD even at the highest
Kepone and o,p′-DDD concentrations tested (100:M) suggests that the xenobiotics
are not merely toxic to the oocytes but instead may antagonize the actions of 20β-S.
Association of 20β-S with the membrane receptor is rapid with a t∫ of less than 2
min [59]. Consequently, incubation of maturationally competent croaker oocytes
with 20β-S for 1 to 5 min is sufficient to induce GVBD [93]. Short-term incubations
were therefore conducted with the xenobiotics to limit the possible contribution of
nonspecific toxic actions to the effects observed. Co-incubation of the oocytes with
29 nM 20β-S and o,p′-DDD or Kepone for 5 min followed by 5 min of repeated
washing and an additional 12-hour incubation in media alone resulted in a concen-
tration-dependent inhibition of GVBD (Figure 1.3). The functional integrity of the
oocytes was not impaired after exposure to the xenobiotics, because subsequent
exposure to 20β-S completely restored the ability of the oocytes to undergo GVBD.
Pronounced inhibitory effects of Kepone and o,p′-DDD on GVBD induced by 29 nM
20β-S were observed after only 5 min exposure (Figure 1.3). 

Although the concentration-dependent inhibition of GVBD by the xenobiotics
in these bioassays is consistent with an antagonistic action mediated by the mem-
brane receptor, additional experiments will be required to confirm this mechanism
of endocrine disruption. Recent refinements have increased the sensitivity of the
bioassay, with significant induction of GVBD occurring after 1 min exposure to
5 nM 20β-S, close to its Kd [59]. Thus, it is now possible to investigate xenobiotic
antagonism with steroid action at the membrane receptor over a broader range of
20β-S concentrations.

1.2.3.5 Significance of Receptor Location in Plasma 
Membrane

The finding that the majority of xenoestrogens that bind to the membrane progestin
receptor in seatrout ovaries display little or no affinity for the nuclear progestin
receptor in this species [97] suggests that localization of the receptor in the plasma
membrane may be important for xenobiotic binding activity. Many of the xenoestro-
gens tested are highly lipophilic and readily interact with biological membranes,
which are rich in lipids [103, 104]. Techniques to solubilize the membrane receptor
and measure competition with 20β-S binding to the solubilized protein were devel-
oped to investigate this possibility. Removal of the receptor from the plasma mem-
brane by solubilization did not alter the binding affinities of natural and synthetic
steroids, whereas it resulted in a complete loss of binding to a variety of xenoestro-
gens such as DDT analogs and hydroxylated PCBs. In a separate study, the binding
of organic compounds lacking estrogenic activity with different degrees of lipophi-
licity (octanol/water coefficients) to the membrane receptor was investigated in
competition assays. The two most lipophilic compounds, dibenzofuran and biphenyl,
caused significant displacement of 3H-20β-S at a concentration of 100 nM, whereas
none of the other organic compounds were effective competitors at this concentration
(unpublished observation).

In conclusion, these studies demonstrate that the MIS membrane receptor
is susceptible to interference by xenoestrogens and also by highly lipophilic
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nonestrogenic organic compounds. These xenobiotics act as antagonists, blocking
the induction of OM in response to 20β-S. The finding that localization of the
receptor in the plasma membrane is a requirement for binding to xenobiotic antag-
onists, but not for binding to steroids, suggests that the binding sites for these two
classes of ligands differ. However, information on the primary structure of steroid
membrane receptors will be required to model likely binding sites for natural and
xenobiotic ligands. Finally, these results suggest that steroid membrane receptors
are potentially susceptible to interference by lipophilic organic compounds, partic-
ularly xenoestrogens, and may be additional targets for these compounds.

1.2.4 SPERM ACTIVATION IN MAMMALS AND FISH

1.2.4.1 Rapid Actions of Progesterone on Sperm Membranes 
in Mammals

Studies over the past decade have demonstrated that progesterone exerts direct and
rapid nongenomic actions on human sperm, resulting in hyperactive motility and
induction of the acrosome reaction, increased binding to the zona pellucida, and
fusion with the oocyte [47, 58, 105, 106]. This activation of sperm by progesterone
has been shown by several laboratories to be mediated by an influx of calcium [47,
107–109]. Moreover, the increase in intracellular calcium concentrations is rapid,
occurring within seconds, and is concentration dependent [46, 110, 111], which
suggests that progesterone exerts a nongenomic action by binding to a specific cell-
surface receptor on sperm [58, 107, 109]. The increase in calcium in sperm after
exposure to progesterone activates phospholipase C [46], resulting in rapid changes
in swimming direction (hyperactivation) and the acrosome reaction. One of the
possible functions of hyperactive motility in mammalian sperm is to provide
increased thrust necessary for the penetration of the oocyte zona [112]. 

Although this receptor has not yet been fully characterized, several other lines
of evidence also suggest the existence of a specific progesterone membrane receptor
on mammalian sperm. Progesterone is still able to increase sperm calcium concen-
trations and calcium influx when it is bound to bovine serum albumin (BSA) and
unable to traverse the plasma membrane, suggesting a cell-surface site of action
[113, 47]. Histological studies using fluorescein-isothiocyanate labelling of the
progesterone–BSA complex have confirmed that the binding sites are on the plasma
membrane of the sperm head [114, 115]. Studies on the structure-activity relation-
ships for calcium influx and the acrosome reaction have suggested that the steroid
specificity of the putative progesterone membrane receptor differs considerably from
that of the classical nuclear progesterone receptor [107, 116, 117, 118]. However,
the steroid binding of this putative receptor has not been fully characterized. 

1.2.4.2 Characteristics of Sperm MIS Membrane Receptor in 
Fishes

Recently, MIS receptors were identified and fully characterized on plasma mem-
branes of spotted seatrout and Atlantic croaker sperm [60, 119], using a modification
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16 Endocrine Disruptors: Effects on Male and Female Reproductive Systems

of the protocol developed for assaying the ovarian membrane MIS receptor in these
species [59, 93]. Saturation analysis showed the presence of saturable 20β-S binding
in the membrane fractions of seatrout and croaker sperm and testes; complete
saturation was achieved with approximately 20 nM 20β-S [60, 119] (Table 1.1).
Scatchard analyses indicated the presence of a single class of high-affinity (Kd =
18–22 nM), low-capacity (Bmax = 0.09–0.003 nM ml–1milt), binding sites in the
membrane preparations (Figure 1.4). The 3H-20β-S binding was readily displaced
with excess cold 20β-S. The rates of association and dissociation were extremely
rapid; each had a t∫ of less than 2.5 min. These rapid rates of association and
dissociation are characteristic of plasma membrane receptors. The binding was
highly specific for 20β-S (Figure 1.5); all the other C21 steroids tested had relative
binding affinities of less than 15% for the seatrout receptor (Figure 1.5). The binding
affinity of testosterone was two orders of magnitude lower, whereas estradiol and
cortisol were ineffective at displacing 20β-S from the binding sites on croaker sperm
[119].  

Estradiol had a slightly higher affinity for the seatrout sperm and testes receptor
(RBA 0.4%, Figure 1.5), but the specificities of the receptors for the other steroids
were practically identical [60]. This pattern of steroid-binding affinity is similar to
that of the ovarian MIS membrane receptor [59, 93] but differs remarkably from
that of the nuclear progestin receptor in seatrout testes in which several C21 steroids
display higher affinities [96, 97]. Specific 20β-S binding was limited primarily to
reproductive tissues with small amounts also present in the liver (Table 1.1).

The final criterion that needs to be satisfied for a binding moiety to be designated
as a receptor is that changes in receptor abundance are consistent with its proposed
physiological functions. In male fish the prespawning surge in plasma gonadotropin
levels causes increases in MIS production and milt volume. It was found that
hormonal stimulation of gonadotropin secretion by GnRH injection caused a two-
to threefold increase in sperm 20β-S concentrations 2 days later, which was accom-
panied by an increase in milt volume. Similarly, incubation of minced croaker and

TABLE 1.1
Characteristics of Atlantic Croaker 20-S Sperm Membrane Receptor

Receptor Criteria Binding Characteristics

1. High affinity, single receptor site Kd = 25.5nM, single class binding sites (by Scatchard 
analysis)

2. Low capacity, saturable binding Bmax = 0.085 nM ml–1 milt; saturated with 20nM [3H]-20β-S
3. Displaceable binding Association T1/2 = 2 min., dissociation T1/2 = 2.5 min.
4. High steroid specificity RBA1: 17,20β-P, Prog., S-<0.11; T-<0.11;T-<0.01; E2, F no 

binding
5. Tissue specificity2 Sperm, testis, ovary, liver, not in gill
6. Biological validation 1.5–2.5 x increase receptor conc. after incubation with GtH

1 Relative binding affinity, calculated from concentration of 20β-S causing 50% displacement.
2 Data also from Patiño and Thomas (1990) in spotted seatrout tissue.
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Disruption of Nongenomic Steroid Actions 17

seatrout testicular tissues with gonadotropin for 18 hours increased sperm receptor
levels severalfold compared to controls [60, 119]. Therefore, sperm membrane 20β-S
binding in both species fulfills all the criteria for their designation as hormone
receptors.

1.2.4.3 Role of Sperm MIS Membrane Receptor in Sperm 
Motility

The majority of teleosts are egg laying (oviparous) and have external fertilization.
Unlike mammalian sperm, the sperm of oviparous teleost species are immotile in
the seminal fluid and are activated by changes in osmotic pressure when they are
released into the external medium [120]. However, many basic features of the
acquisition of sperm motility in teleosts are similar to those of mammals. For
example, calcium influx via calcium channels and elevated cyclic AMP levels also
appear to be involved in the final activation of sperm in teleost species [121–123].
Calcium is a potent stimulator of sperm motility in teleosts [123, 124] and increases
the velocity and turning rate of sperm, similar to hyperactivation of mammalian
sperm. However, calcium does not induce the acrosome reaction in fish sperm, since
fish sperm lack this structure and instead enter the oocyte via a specialized channel,
the micropyle. These calcium-induced changes in sperm motility are considered to
be necessary for optimum fertilization capacity.

FIGURE 1.4 Representative Scatchard plot of the specific binding of [3H]-20β-S to a
spotted seatrout spermatozoa plasma membrane extract, Kd = 22.17 nM, Bmax = 0.00261 nmol
mL–1 milt. (From Thomas, P., Breckenridge-Miller, D., and Detweiler, C., Fish Physiol.
Biochem. 17, 109, 1997. With permission.)
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18 Endocrine Disruptors: Effects on Male and Female Reproductive Systems

Several lines of evidence suggest the MIS receptor on croaker sperm is an
important intermediary on sperm activation. Incubation of sperm with 20β-S, but
not with other steroids, increases the percentage that are motile as well as sperm
velocity and their turning rate. This stimulatory effect of 20β-S is concentration
dependent and is enhanced if 20β-S receptor concentrations on croaker sperm are
upregulated by prior in vivo treatment with LHRH [125]. Incubation with 20β-S
also causes rapid increases in intrasperm free calcium concentrations [125]. These
studies suggest, therefore, that 20β-S activates croaker sperm by elevating intracel-
lular free calcium levels and that the process is dependent upon sufficient numbers
of MIS sperm membrane receptors and functional calcium channels. Thus, it is
proposed that the basic mechanism of sperm activation by progestins in the male
reproductive tract of a teleost species with external fertilization is similar to that
induced by progesterone in the female tract of a vertebrate group with internal
fertilization, the mammals. 

1.2.4.4 Xenoestrogen Binding to Sperm MIS Membrane 
Receptor

The ability of the xenoestrogens, Kepone, o,p′-DDE and 2′4′6′-PCB-4-OH, and a
mycotoxin estrogen, zearalenone, to displace 3H-20β-S from the croaker sperm
membrane MIS receptor was examined in competitive binding assays [35, 60]. Sperm
membrane preparations were incubated in the presence of 3H-20β-S with or without

FIGURE 1.5 Steroid binding specificity of spotted seatrout testicular plasma membrane
preparations. Membranes were incubated for 30 min with 20 nM ]3H]-20β-S and 10 nM-10
:M competitor: o – o 20β-S, � – � 17,20β-P, • – • progesterone, + – + 11-deoxycortisol,
� – � cortisol, ∇ – ∇ estradiol, ◊ – ◊ testosterone. (From Thomas, P., Breckenridge-Miller,
D. and Detweiler, C., Fish Physiol. Biochem. 17, 109, 1997. With permission.)
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Disruption of Nongenomic Steroid Actions 19

various amounts of unlabelled 20β-S or the estrogenic compounds (concentration
range: 10 nM–1 mM) for 30 to 60 min. at 4°C. Maximum specific binding was
expressed as the binding suppressed by 100-fold excess unlabeled 20β-S.

All four estrogenic compounds were effective competitors for 3H-20β-S binding
to the sperm membrane MIS receptor (Figure 1.6). Zearalenone and Kepone caused
significant displacement at a concentration of 100 nM. None of the estrogenic
compounds were capable of completely displacing 20β-S from the receptor and only
one, o,p′-DDE, caused more than 50% displacement under these assay conditions.
In addition, the slopes of their competition curves were not parallel to that of 20β-S,
which suggests that the xenobiotic binding is of the noncompetitive type.

1.2.4.5 Effects of Xenobiotics on Sperm Motility

In a preliminary study, Kepone caused a concentration-dependent decrease in the
motility of croaker sperm after incubation with sperm in vitro for 1 to 2 minutes,
with significant impairment of motility at a concentration of 200 µM [35]. Recently,
a variety of xenoestrogens (e.g., o,p′-DDT and o,p′-DDE) and other xenobiotic
compounds (e.g., atrazine) at low, environmentally realistic concentrations (0.1–0.01
µM), after 5 minutes’ treatment in vitro, were shown to block the increase in the
motility of croaker sperm in response to 20β-S treatment [125]. Interestingly, the
xenobiotic compounds at these concentrations did not alter basal, unstimulated sperm
motility, which suggests that their inhibitory actions are solely on hormone stimu-
lation of sperm motility, presumably by binding to the sperm 20β-S membrane

FIGURE 1.6 Competition by xenoestrogens, Kepone, o,p′-DDE and 2′,4′,6′-PCB-4-OH,
and a mycotoxin estrogen, zearalenone for 3H-20β-S binding to the Atlantic croaker sperm
MIS membrane receptor. Binding is expressed as a percentage of total binding (binding
suppressed by 300 nM 20β-S). (From Thomas, P., Breckenridge-Miller, D., and Detweiler,
C., Mar. Environ. Res. 46, 163, 1998. With permission.) 
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20 Endocrine Disruptors: Effects on Male and Female Reproductive Systems

receptor. Increasing the hormone concentrations should overcome the inhibitory
actions of receptor antagonists, because binding of agonists and antagonists to steroid
receptors is readily displaceable and competitive. Therefore, the finding that a tenfold
increase in 20β-S concentrations completely reverses the inhibitory action of the
xenobiotic compounds on sperm motility is further evidence that they act via binding
to the 20β-S membrane receptor [125].

Decreases in sperm motility have been observed in fish exposed to a variety of
xenobiotic compounds, and inhibition of the acrosome reaction in human sperm
exposed to genestein [72] is associated with declines in fertilization capacity. Inter-
estingly, decreases in sperm motility and abnormal sperm have previously been
reported in factory workers exposed to Kepone, which was thought to be a primary
cause of their decreased fertility [12]. Taken together, these studies on fish and
humans suggest that sperm function may be particularly sensitive to disruption by
xenoestrogens. The experiments with croaker sperm provide the first evidence, to
our knowledge, of binding of xenoestrogens to a steroid membrane receptor on
vertebrate sperm. Clearly, the progestin membrane receptor on vertebrate sperm is
a potential site of interference by estrogenic xenobiotics and other endocrine-dis-
rupting chemicals.

1.2.4.6 Current Issues in Endocrine Disruption of Nongenomic 
Steroid Actions

Evidence has been obtained in a vertebrate model that a variety of xenoestrogens
are effective competitors of progestins for binding to plasma membrane receptors
on both oocytes and sperm. Several of these xenobiotics can antagonize the actions
of the progestin, 20β-S, thereby disrupting the processes of final gamete maturation.
Localization of the receptor in the plasma membrane appears to be necessary for
receptor binding to these lipophilic xenobiotic chemicals. However, further investi-
gations on endocrine disruption of nongenomic steroid actions will be required to
determine their broad toxicological significance. Currently, the extent of nongenomic
steroid endocrine disruption is unknown. To date, the effects of a limited number
of xenobiotic chemicals on only a few nongenomic steroid actions have been inves-
tigated. Information on which nongenomic steroid actions are particularly sensitive
to chemical interference by this mechanism is required, as well as the effective
chemical concentrations. The development of bioassays that measure earlier
responses in the steroid-signaling pathway, such as activation of intracellular second
messengers, are likely to be more specific and sensitive than the gamete maturation
assays. 

Additional research is also needed on the nature of endocrine disruption and the
role of membrane localization of the receptor on its disruption by lipophylic xeno-
biotic compounds. Knowledge of the molecular mechanisms involved in xenobiotic
chemical/steroid membrane receptor interactions will be required to model the bind-
ing sites and develop QSARs. However, the current complete lack of information
on the structures of steroid membrane receptors and their steroid binding sites have
prevented the development of experimental and theoretical approaches to determine
their interactions with xenobiotic chemicals at the molecular level. 
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Disruption of Nongenomic Steroid Actions 21

Recently, a novel gene, unrelated to any previously characterized in vertebrates,
with the major characteristics of a membrane progestin receptor, was discovered in
our laboratory in a well-characterized reproductive endocrine model, spotted seatrout
[42]. Subsequently, 13 closely related genes were identified and completely
sequenced in other vertebrates, and could be separated into three clades on the basis
of sequence identity and phylogenetic analysis, called α, β, and γ subtypes (126).
These studies providing the first information on the structures of any steroid receptors
unrelated to nuclear steroid receptors are briefly summarized below.

1.2.5 CLONING, IDENTIFICATION, AND CHARACTERIZATION OF 
PROGESTIN MEMBRANE RECEPTORS IN FISH AND OTHER 
VERTEBRATES

A combination of protein purification, antibody screening, and molecular approaches
was used to clone the 20β-S from a seatrout ovarian library [83]. DEAE chroma-
tography of a solubilized seatrout ovarian membrane extract produced a partially
purified membrane progestin receptor fraction with significant 20β-S binding activity
containing a single, major protein band of 40 kDa. This fraction was used to
immunize mice. Hybridomas were established, and positive monoclonal antibodies
that recognized seatrout ovarian membrane proteins in the 20 to 100 kDa range and
bound the solubilized receptor in a double-antibody receptor-capture assay devel-
oped in our laboratory were identified [83]. The positive antibodies were considered
to recognize portions of the membrane progestin receptor and, therefore, suitable
for screening a seatrout ovarian cDNA expression library. A positive clone, a 1.4-Kb
fragment, was completely sequenced and appeared to be a novel gene, unrelated to
any previously characterized vertebrate gene. The following eight criteria were
satisfied for designation of the novel seatrout gene as a membrane steroid receptor. 

Plausible structure: Structural analysis of the deduced amino acid sequence of
the gene using a variety of computer programs that predict the subcellular localiza-
tion, hydrophilicity profile, and structure indicates the protein is localized in the
plasma membrane and has seven transmembrane domains, characteristic of a major
class of membrane receptors, GPCRs [42]. A proposed model for the insertion of
the seatrout protein in the plasma membrane is shown in Figure 1.7. Thus, the
structure of the novel seatrout protein is plausible for a membrane receptor. Other
studies described below with the seatrout receptor are consistent with the hypothesis
that it is coupled to an inhibitory G-protein (Gi/o).

Tissue specificity: Northern blot analyses show the seatrout mRNA (4.0 kb) is
only present in reproductive tissues, the ovary and testis, with lesser amounts in the
brain and pituitary, and is not detected in other tissues including heart, gill, liver,
kidney, muscle, spleen, and intestine. 

Subcellular localization: Western blot analysis of tissues and immunocytochem-
ical labeling of seatrout ovarian sections using a polyclonal antibody to a synthetic
peptide derived from the first extracellular domain demonstrates exclusive localiza-
tion of the protein (40 kDa) in the plasma membrane of oocytes. No immunoreac-
tivity was detected in the oocyte cytosolic fraction or in the follicle cells. A slightly
larger molecular weight band was also detected on Western blots of sperm membrane
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22 Endocrine Disruptors: Effects on Male and Female Reproductive Systems

fractions. The localization of the putative receptor protein on the plasma membranes
of oocytes and sperm is consistent with our earlier biochemical receptor studies that
demonstrated the presence of membrane progestin receptors on these germ cells. 

Steroid binding: One of the most critical criterion to meet is that the recombinant
protein produced in an expression system demonstrates steroid binding characteris-
tics typical of steroid receptors. The cell membranes of human breast cancer cells
(MDA-MB-231 cells) stably transfected with the putative progestin membrane recep-
tor have high-affinity (Kd: 7.5 nM), saturable, low-capacity (Bmax: 0.026 nM)
specific, single 20β-S binding site by saturation and Scatchard analyses. No specific
20β-S binding was observed to plasma membranes of untransfected breast cancer
cells or cells transfected with an empty vector or reversed mSR insert (specific
binding < 1% that of the transfected cells). The kinetics of association/dissociation
of [3H] progesterone binding to the recombinant protein are rapid with t 1/2 s of 2 to
8 minutes, which is typical of steroid membrane receptors. The steroid binding was
specific for progestins; estradiol, cortisol, and testosterone had very low or no affinity
for the receptor. To our knowledge this is the first report of a protein structurally

FIGURE 1.7 Model of the probable structure of the putative seatrout mPR and its insertion
in the plasma membrane based on hydrophilicity and amino acid residue charge analyses.
Amino acid residues that are identical in the six mPRαs identified in vertebrates are shaded
and those diagnostic of the α clade in black. Cysteine residues (c) and a possible glycosylation
site (Y) are shown. (From Zhu, Y., Rice,C.D., Pang, Y., Pace, M., and Thomas, P. Proc. Natl.
Acad. Sci. USA 100, 2231, 2003. Copyright Proceedings of the National Academy of Sciences
USA, 2003.)
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Disruption of Nongenomic Steroid Actions 23

unrelated to nuclear steroid receptors that has the binding characteristics of a steroid
receptor. 

Signal transduction: Progesterone and 20β-S altered two signal transduction
pathways in human breast cancer (MDA-MB-231) cells stably transfected with the
seatrout cDNA and expressing the recombinant protein on the plasma membrane,
but were ineffective in cells transfected with the empty carrier vector or a reversed
cDNA insert [42]. Adenylate cyclase activity was reduced within 5 minutes of
progestin addition and recovered within 30 minutes. The progestin-induced decrease
in intracellular cAMP levels was blocked by pretreatment with pertussis toxin, an
inhibitor of Gi/o-mediated signaling pathways. 

In contrast, the progestins activated MAP kinase; Erk1 and Erk2 were activated
within 5 minutes of stimulation by progesterone and 20β-S, and their activities
subsequently declined by 15 minutes. Alteration of intracellular signal transduction
pathways upon addition of progestin hormones to a cell line transfected with the
seatrout gene indicates it is coupled to these pathways, a requirement for steroid
membrane receptors whose signal is initiated at the cell surface. Recently, direct
evidence has been obtained that the receptor activates an inhibitory G-protein and
therefore may be a GPCR. 

Hormonal regulation: In vitro treatment of ovarian tissues with 20β-S caused
an disregulation of both the seatrout receptor mRNA and its protein in seatrout
oocytes [42]. Receptor protein levels were also increased after gonadotropin treat-
ment coincident with the onset of oocyte maturational competence. 

Biological relevance: Receptor protein levels were higher in oocytes undergoing
meiotic maturation than in oocytes at earlier stages of maturation in seatrout captured
on their spawning grounds and were lowest in ovulated oocytes [42]. These patterns
of receptor protein changes during OM, both during natural spawning and hormonal
induction in the laboratory studies, are very similar to those observed previously in
the biochemical binding studies with the seatrout 20β-S receptor [101] and provide
further evidence of an involvement of the seatrout receptor protein in meiotic mat-
uration of oocytes in this species. The coupling of the receptor to a pertussis toxin-
sensitive inhibitory G-protein is also consistent with its identity as the membrane
receptor regulating oocyte maturation. 

Finally, the demonstration that microinjection of zebrafish oocytes with two
types of antisense oligonucleotides to the homologous gene in zebrafish blocked
MIS induction of oocyte maturation, whereas control injections with mis-antisense
or sense oligos were ineffective [42], provides direct evidence of the physiological
importance of this novel gene and its homologue in zebrafish in the progestin
induction of meiotic maturation of fish oocytes.

Multiplicity: Thirteen closely related cDNAs have been identified in other fish,
amphibian, and mammalian species, including humans [126]. The cDNAs have been
classified into three subtypes that have distinct tissue distributions in the gonads,
brain, and kidney in humans. It is noteworthy that the recombinant proteins of the
three mammalian genes that have been produced in E.coli also bind progestins and
have characteristics of membrane progesterone receptors.
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24 Endocrine Disruptors: Effects on Male and Female Reproductive Systems

1.3 REPRODUCTIVE NEUROENDOCRINE TOXICITY

The regulation of GnRH neuronal activity and gonadotropin secretion is under
complex control by monoaminergic and amino acid neurotransmitter systems and
has been extensively characterized both in mammals and fish [127–133]. Although
both stimulatory and inhibitory influences of one of these neurotransmitters, sero-
tonin (5-hydroxytryptamine; 5-HT), on GnRH and LH secretion have been reported
in mammals, depending on their developmental stage, most studies have shown that
5-HT exerts a stimulatory action on GnRH neurons to increase LH secretion [127,
134–138]. Similarly, 5-HT stimulates LH secretion in Atlantic croaker and goldfish,
the two teleosts in which effects of 5-HT have been investigated in detail, by acting
on the GnRH system in the preoptic-anterior hypothalamic area (POAH) and at the
pituitary gland [130, 139–142]. The selective degeneration of serotonergic nerve
terminals in the ventromedial region of the hypothalamus with the administration
of 5,7-dihydroxytryptamine, a 5-HT neurotoxin, causes a reduction in LH levels in
rats [143]. Therefore, one potential mechanism of impairment of the stimulatory
5-HT-GnRH neuroendocrine pathway controlling LH secretion in vertebrates by
environmental chemicals could be by inducing lesions in the hypothalamic 5-HT
system. 

1.3.1 STIMULATORY 5-HT-GNRH NEUROENDOCRINE PATHWAY 
CONTROLLING LH SECRETION IN FISH

The schematic diagram in Figure 1.8 shows possible sites of 5-HT action on the
GnRH-LH system in fish. 5-HT neurons arising mainly from the hypothalamus
regulate GnRH function and LH secretion. The 5-HT nerve terminals impinging on
a GnRH cell body in the POAH and on GnRH terminals in the POAH and pituitary,
as well as directly on a gonadotrope, are indicated. In addition, steps in 5-HT
synthesis and catabolism are shown in a magnified 5-HT nerve terminal.

One specialized feature of the 5-HT system in croaker and other fish species is
the presence of 5-HT neurons in the hypothalamic area (reproductive part) of the
brain in addition to those in the posterior brain Raphe region [129, 141, 144]. In
higher vertebrates, including mammals, the 5-HT neuronal cell bodies are present
in the Raphe region and send their projections to all parts of the brain to regulate a
variety of other 5-HT-dependent functions, in addition to influencing the reproductive
neuroendocrine system [145]. On the other hand, in fish neuroendocrine function is
regulated by 5-HT neurons present in the hypothalamic region that stimulate the
GnRH-LH system in the POAH and pituitary. This unique feature of the serotonergic
system controlling reproductive neuroendocrine function in fishes greatly facilitates
investigations on the sites and mechanisms of PCB neuroendocrine toxicity. 

For example, the neuroendocrine influence of the serotonergic system can be
assessed independently from other serotonergic functions by investigating it in the
fish hypothalamus and directly relating it to neuroendocrine function after PCB
exposure. The GnRH released from its nerve terminals in the pituitary in response
to a highly coordinated neurotransmitter input, including the stimulatory action of
5-HT, binds to GnRH receptors present on the membranes of gonadotropes. This
leads to activation of a cascade of intracellular events leading to the regulation of
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Disruption of Nongenomic Steroid Actions 25

the synthesis and secretion of the two gonadotropins, FSH and LH. In addition,
GnRH up-regulates GnRH receptors in the pituitary to further increase the gonadot-
ropic response to GnRH stimulation. 

Therefore, disruption of even one of the components of this stimulatory neu-
roendocrine (5-HT-GnRH) system controlling LH secretion is likely to result in
adverse reproductive consequences. The series of experiments described below
examine alterations in different components of the 5-HT-GnRH-LH pathway after
treatments with PCB and neuropharmacological agents in order to establish linkages

FIGURE 1.8 Schematic diagram showing multiple 5-HT nerve terminals impinging on a
GnRH cell body in the preoptic area and GnRH nerve terminals in the anterior hypothalamus
and pituitary to indicate possible sites of 5-HT action on the GnRH system in fish. 5-HT
could also act directly at the level of pituitary gonadotropes to stimulate LH secretion. AAAD:
aromatic amino acid decarboxylase; 5-HIAA: 5-hydroxyindolacetic acid; 5-HT: 5-hydrox-
ytryptamine; 5-HTP: 5-hydroxytryptophan; MAO: monoamine oxidase; POAH: preoptic-
anterior hypothalamus; Trp: tryptophan; TPH: tryptophan hydroxylase. Abbreviations in ital-
ics indicate biochemical measures included in the present study. 
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26 Endocrine Disruptors: Effects on Male and Female Reproductive Systems

between PCB-induced disruption of the 5-HT system and LH secretion observed
previously in croaker [28, 146]. 

1.3.2 NEUROENDOCRINE TOXICITY OF AROCLOR 1254

Evidence has accumulated that one major class of contaminants, PCBs, impairs the
function of serotonergic and other monoaminergic neurotransmitter systems in ver-
tebrate brains. Several laboratory studies have shown that PCBs at sub-lethal con-
centrations influence dopamine (DA), norepinephrine (NE), 5-HT, and their metab-
olite concentrations in discrete brain areas of rats and primates [27, 28, 147–151].
The decrease in DA concentrations by PCBs in rats appears to be due to inhibition
of tyrosine hydroxylase, although the mechanism of this inhibition in unknown [152].
PCBs have been shown to reduce 5-HT concentrations and increase the metabolite
(5-hydroxyindolacetic acid, 5-HIAA) to 5-HT ratio both in rats [151, 153] and
croaker [28]. In a recent study in rats, we have demonstrated that the Aroclor 1254-
induced decrease in 5-HT concentrations is associated with a decrease in its synthetic
enzyme, tryptophan hydroxylase [154]. 

In addition to their effects on neurotransmitter metabolism, PCBs impair LH
secretion in rats [155, 156] and Atlantic croaker, which is accompanied by inhibition
of gonadal growth in croaker [146]. Furthermore, PCB exposure inhibits LH secre-
tion in croaker in response to stimulation by a GnRH analog (GnRHa) both in vivo
and in vitro [28, 142, 157]. These results suggest that PCB-induced disruption of
the hypothalamic 5-HT system is associated with the impairment of LH secretion
in croaker because 5-HT exerts stimulatory influences on LH secretion in this species
[130, 131, 142). 

1.3.2.1 Effects of Aroclor 1254 on Hypothalamic Tryptophan 
Hydroxylase and Monoamine Oxidase Activities 

The neurotransmitter 5-HT is synthesized from the amino acid tryptophan in the
presence of the rate-limiting enzyme, tryptophan hydroxylase, and catabolized by
monoamine oxidase (MAO) to its inactive metabolite, 5-hydroxyindolacetic acid
(Figure 1.8). To determine whether the decrease in 5-HT levels is caused by changes
in TPH or MAO activity, we measured both enzymes after exposure of croaker to
the PCB mixture during the recrudescence phase of the gonadal cycle. PCB exposure
resulted in a significant reduction (38%) in hypothalamic TPH activity, whereas
MAO activity was not significantly altered [142]. 

The results demonstrate for the first time in any vertebrate species that impair-
ment of the hypothalamic 5-HT system by PCB involves a decrease in TPH activity.
The decline in hypothalamic TPH activity was accompanied by a significant
decrease in the in vivo gonadotropin (LH) response to stimulation by a GnRH
analog [142, 157]. These in vivo results are consistent with our previous in vitro
findings, in which LH release from pituitary fragments was assessed after fish
were exposed to PCB in the diet [28, 146]. The lower hypothalamic 5-HT levels
resulting from reduced 5-HT synthesis could be responsible for the decrease in
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Disruption of Nongenomic Steroid Actions 27

the LH response to GnRHa, because 5-HT exerts a stimulatory control on LH
secretion in croaker [130, 131]. 

Similarly, 5-HT and its precursor, 5-hydroxytryptophan (5-HTP), stimulate
GnRH and LH release in mammals, including humans [127, 136, 137], and the
degeneration of serotonergic nerve terminals by the 5-HT neurotoxin, 5,7-dihydrox-
ytryptamine, results in reduced LH levels in rats [143]. Therefore, lesions in the
5-HT system induced by PCB or other agents can impair the stimulatory
5-HT–GnRH-LH pathway in vertebrates. It is concluded from these studies that the
decrease in hypothalamic 5-HT concentrations after PCB exposure involves impair-
ment of TPH activity and is associated with the disruption of GnRHa-induced LH
secretion. 

1.3.2.2 Effects of PCB, PCPA, and PCB+5-HTP on 
Hypothalamic TPH Activity and 5-HT Concentrations

The possible association between impaired TPH activity and serotonergic function
after PCB exposure was explored using serotonergic drugs. Para-chlorophenylala-
nine (PCPA), an irreversible TPH inhibitor [158], was used to mimic the effect of
PCB on TPH activity and 5-HT concentrations. In addition, 5-hydroxytryptophan
(5-HTP), the intermediate in 5-HT synthesis, was used to bypass the TPH-dependent
hydroxylation step in 5-HT synthesis and restore neuronal 5-HT levels, because
5-HTP is readily converted into 5-HT by endogenous aromatic amino acid decar-
boxylase [159]. PCPA administration significantly reduced hypothalamic TPH activ-
ity and 5-HT concentrations to levels similar to those induced by PCB exposure
(Figure 1.9). Moreover, 5-HTP treatments in combination with PCB restored hypo-
thalamic 5-HT concentrations, while TPH activity remained low compared to the
controls [142]. In conclusion, PCPA treatment can mimic the effects of PCB on
TPH activity and 5-HT concentrations, and 5-HTP co-treatment can prevent the
PCB-induced decline in 5-HT concentrations, thereby providing further evidence
that PCB impairs the TPH-dependent hydroxylation step in 5-HT biosynthesis.

1.3.2.3 Effects of PCB, PCPA, and PCB+5-HTP on GnRH 
Content in the POAH and Pituitary

To determine whether a decrease in hypothalamic TPH activity results in impairment
of the gonadotropin response to GnRHa by interfering with the GnRH system, we
measured GnRH content in the POAH and pituitary gland after treatment with PCB
and PCPA. Both PCB and PCPA treatments elicited a significant decrease in GnRH
content in the POAH (PCB: 86.5%; PCPA 72.6%; Figure 1.10A). Moreover, 5-HTP
treatment prevented the PCB-induced decline in GnRH content in the POAH (Figure
1.10A). Changes in pituitary GnRH were not statistically significant. One interpre-
tation of these results is that disruption of the stimulatory 5-HT input leads to
impairment of GnRH synthesis. These results clearly demonstrate that the disruption
of hypothalamic TPH activity by both PCB and PCPA results in impairment of
GnRH function, and bypassing the TPH-dependent hydroxylation with 5-HTP pre-
vents the PCB-induced decline in GnRH content in the POAH. 
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28 Endocrine Disruptors: Effects on Male and Female Reproductive Systems

1.3.2.4 Effects of PCB, PCPA, and PCB+5-HTP on Basal and 
5-HT-Induced GnRH Release from the POAH and 
Pituitary Slices Incubated In Vitro

To test the functional integrity of the neurons to release GnRH in response to 5-HT
stimulation, the POAH and pituitary slices were challenged in vitro with 5-HT
(20 µg/ml). 5-HT significantly (two- to threefold) stimulated GnRH release from
both POAH and pituitary slices [142] in all the treatment groups, which shows that
the GnRH neurons are still responsive to the high 5-HT concentrations in vitro after
in vivo PCB treatment. However, the PCB and PCPA treatments caused significant
attenuation of both spontaneous (unstimulated) and 5-HT-induced GnRH release
from POAH slices [142]. In contrast, spontaneous and 5-HT-induced GnRH release
from POAH slices in the PCB+5-HTP group was comparable to that in the control
group. The ability of PCPA to mimic the effects of PCB on the GnRH system, and
that of 5-HTP treatments to reverse these effects, indicates that the decrease in

FIGURE 1.9 Effects of PCB, PCPA, and PCB+5-HTP on the hypothalamic TPH activity
(A) and 5-HT concentrations (B). Each bar represents mean ± SEM of eight observations.
aSignificantly different from the respective control. (From Khan, I.A. and Thomas, P., Biol.
Reprod. 64, 955, 2001. With permission.)
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Disruption of Nongenomic Steroid Actions 29

hypothalamic TPH activity is at least partially responsible for the PCB-induced
impairment of the GnRH system.

1.3.2.5 Effects of PCB, PCPA, and PCB+5-HTP on Basal and 
GnRHa-Induced LH Secretion

In order to determine whether alterations in the 5-HT and GnRH components are
accompanied by changes in LH secretion, we examined both basal and GnRHa-
induced LH secretion after treatments with PCB and the serotonergic pharmacolog-
ical agents. PCPA mimicked the inhibitory effect of PCB on GnRHa-induced LH
secretion, whereas 5-HTP treatments in combination with PCB exposure prevented
the disruption of LH secretion (Figure 1.10B). Interestingly, the LH response to
GnRHa in the three treatment groups followed exactly the patterns of the hypotha-
lamic 5-HT concentrations (Figure 1.9). The excellent correlation observed between

FIGURE 1.10 Effects of PCB, PCPA, and PCB+5-HTP on the GnRH content in the POAH
(A), and the basal (saline) and GnRHa-induced LH secretion (B). Each bar represents mean
± SEM of eight to ten observations. aSignificantly different from the respective control group.
(Adapted from Khan, I.A. and Thomas, P., Biol. Reprod. 64, 955, 2001. With permission.)
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30 Endocrine Disruptors: Effects on Male and Female Reproductive Systems

the decreases in hypothalamic TPH activity and 5-HT concentrations and impairment
of LH secretion is likely due to the presence of 5-HT neurons in this neuroendocrine
center of the brain that controls LH secretion (129, 141, 142). 

These findings provide strong evidence that the PCB-induced disruption of LH
secretion involves impairment of 5-HT synthesis via inhibition of the rate-limiting
enzyme, TPH. Similar to our results in croaker, PCPA abolishes the daily LH surge
in estrogen-treated ovariectomized rats, and 5-HTP treatment restores the surge
[160]. These findings demonstrate a parallelism in PCPA and 5-HTP effects on LH
secretion between a fish and mammalian species. In addition, 5-HTP enhances LH
secretion during the follicular phase in women, possibly via stimulation of GnRH
neurons [137]. Further, there is epidemiological evidence for neuroendocrine and
reproductive dysfunction, including reduced LH secretion, in women exposed to
PCBs occupationally or in the diet [161, 162]. Therefore, PCBs may disrupt LH
secretion in rats [155, 156] and humans [162] via similar mechanisms of neuroen-
docrine toxicity as those identified in croaker. 

1.3.2.6 Effects of PCB and GnRH Replacement Therapy on 
GnRH Receptors and LH Secretion

Finally, we examined whether PCB-induced impairment of the LH response to
GnRHa was due to a decrease in the number of pituitary GnRH receptors (GnRH-R).
In addition, slow-release GnRHa implants were used in combination with PCB in
an attempt to prevent the possible decrease in the GnRH-R concentrations. PCB
exposure of croaker during the gonadal recrudescence phase resulted in a decrease
in pituitary GnRH-R concentration (Figure 1.11A), which was accompanied by a
reduced LH response to GnRHa in vivo (Figure 1.11B). The lower dose implants
of GnRHa (5 ng/g) in combination with the PCB exposure restored GnRH-R con-
centrations to control values (Figure 1.11A). 

In contrast, the higher dose (50 ng/g) failed to restore GnRH-R concentrations
and instead slightly reduced (40% decrease) them compared to those in the PCB
treatment group alone. In a second similar experiment, low-dose GnRHa implants
increased circulating LH levels in PCB-treated fish as well as restored the LH
response to GnRHa injections (10 ng/g BW, 1 h before termination of the experiment)
to that observed in the control group (Figure 1.11B). However, the high-dose GnRHa
implants resulted in a complete loss of the LH response to GnRHa stimulation.
Pituitary GnRH-R concentrations vary during the reproductive cycle in both mam-
mals and fish [163, 164], and gradually increase during gonadal recrudescence in
goldfish [164] and croaker [165]. Moreover, there is evidence that GnRH regulates
GnRH-R concentrations in these two fish species [142, 164]. 

Therefore, one of the reasons for the lower pituitary GnRH-R concentrations
observed in PCB-exposed croaker [142] might be insufficient GnRH release from
the pituitary nerve terminals, resulting in reduced up-regulation of the GnRH-R. The
finding that the low-dose GnRHa implants up-regulated GnRH-R, increased basal
LH secretion, and fully restored the LH response to GnRHa in PCB-exposed croaker
is consistent with a mechanism of PCB toxicity involving decreased GnRH secretion.
On the other hand, the complete loss of the LH response to further stimulation by
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GnRHa in fish with high-dose GnRHa implants was likely due to down-regulation
of GnRH-R or depletion of pituitary LH stores. The efficacy of low-dose GnRHa
implants in restoring the LH response to GnRHa clearly indicates disruption of
GnRH machinery by PCB, and demonstrates that the GnRH therapy can ameliorate
PCB-induced disruption of LH secretion. 

FIGURE 1.11 Effects of PCB alone and in combination with the GnRHa implants on the
GnRH receptor (GnRH-R) content (A), and on the basal (saline) and GnRHa-induced LH
secretion (B). The number of GnRH-R was determined by single point assays (N = 5; 20
pituitaries/group) using membrane fractions of one pituitary equivalent and 7.5 × 10–10 M
[125I]mGnRH/tube in duplicate in the presence or absence of 10–6 M-mGnRH. The bars for
plasma LH levels represent mean ± SEM of 10 observations. aSignificantly lower than the
control group in panel A. bSignificantly lower than the saline-injected control. cSignificantly
higher than the saline-injected control. dSignificantly lower than the GnRHa-injected control.
eSignificantly lower than the other GnRHa-injected groups. (From Khan, I.A. and Thomas,
P., Biol. Reprod. 64, 955, 2001. With permission.)
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32 Endocrine Disruptors: Effects on Male and Female Reproductive Systems

In conclusion, the results of our investigations on the effects of Aroclor 1254
on the stimulatory 5-HT-GnRH neuroendocrine pathway controlling LH secretion
are summarized in Figure 1.12 and clearly identify TPH as one of the targets of
neuroendocrine disruption by the PCB mixture. In addition, the finding that GnRH
content was drastically reduced in the POAH of fish exposed to PCB suggests
possible inhibition of GnRH synthesis. Moreover, the decreases in GnRH release
from the POAH and the number of GnRH receptors in the pituitary, together with
the lack of a reduction in pituitary GnRH content (GnRH stored in nerve terminals),
point to the impairment of GnRH release as an additional site of neuroendocrine
disruption by PCB. Thus, PCB at environmentally realistic concentrations [28] can
impair neuroendocrine function in croaker. Although the exact mechanisms by which
Aroclor 1254 reduces hypothalamic TPH activity are not fully understood, recent
evidence suggests it may involve a decrease in TPH protein content, which appears
to be associated with oxidative damage [166]. More detailed studies are in progress
to determine the type and extent of damage to TPH protein and whether antioxidants
can prevent PCB-induced destruction/inactivation of the enzyme and resultant neu-
roendocrine disruption.

1.3.3 EFFECT OF LEAD ON HYPOTHALAMIC MONOAMINERGIC 
SYSTEMS AND NEUROENDOCRINE FUNCTION

There is extensive literature on the reproductive toxicity and neurotoxicity of lead
in vertebrates [167, 168]. The effects of chronic lead exposure on reproductive
endocrine function were investigated in Atlantic croaker. Administration of lead
(0.5 and 1.5 mg/100 g body wt./day) in the diet for 30 days caused a marked
suppression of ovarian steroidogenesis and ovarian growth [169]. The preliminary
results suggested that the suppressive effects of lead were mediated in part by an
impairment of gonadotropin secretion. Previous studies had shown that lead influ-
ences monoamine metabolism in both mammals and fish [170, 171], and the neu-
roendocrine axis is a major target of the metal in mammals [24, 25]. Therefore, in
a subsequent experiment hypothalamic monoamine concentrations and gonadotropin
secretion were measured in male croaker receiving the same lead treatment regime.
Lead caused only minor changes in the hypothalamic concentrations of the biogenic
amines epinephrine, norepinephrine, dopamine, and serotonin and their metabolites
3,4 dihydroxyphenylacetic acid, 3-methoxytyramine, homovanillic acid, and
5-hydroxyindol acetic acid (5-HIAA) [15]. The effects of the lead treatments on the
concentrations of 5-HT and its metabolite 5-HIAA in the hypothalamus are shown
in Figure 1.13A. 

There was a trend of a decrease in 5-HT concentrations and an increase in the
content of its metabolite in both hypothalamic areas after lead exposure, but these
changes were not significant. However, the hypothalamic 5-HIAA to 5-HT ratio, a
measure of serotonin metabolism or turnover, was significantly elevated in the lead-
treated fish (Figure 1.13A). Chronic exposure to the higher dose of lead also signifi-
cantly inhibited both basal and GnRHa-induced LH secretion from pituitary fragments
in vitro (Figure 1.13B). The attenuation of the LH response to GnRHa was similar to
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that observed after treatment with the 5-HT2 receptor antagonist, ketanserin [130].
Thus, these results provide preliminary evidence that the effects of lead on gonadot-
ropin secretion may be partially mediated by decreases in hypothalamic serotonergic
activity. The decrease in gonadotropin secretion after exposure to lead was accompa-
nied by a dose-related inhibition of gonadal growth and decreased circulating levels
of androgens [15]. Recent evidence in croaker suggests disruption of GnRH function

FIGURE 1.12 Summary of the results incorporated into the schematic diagram in Figure
1.1 showing all the biochemical indices measured in this study after the pharmacological
manipulations indicated. GnRHa: GnRH analog; NM: not measured; No.: number of GnRH
receptors in pituitary membrane preparations; NSC: no significant change; PCB: Aroclor
1254; PCPA: para-chlorophenylalanine; see Figure 1.1 legend for other abbreviations.
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34 Endocrine Disruptors: Effects on Male and Female Reproductive Systems

by a similar lead exposure (unpublished observations), which may at least partially
account for the lead-induced impairment of LH secretion described above.

The studies with croaker suggest that the serotonergic system in hypothalamic
areas of the brain controlling gonadotropin secretion is sensitive to interference by
Aroclor 1254 and lead, representatives of two different classes of neurotoxic and
reproductive toxic chemicals. The toxic mechanisms of these two chemicals on the
hypothalamic serotonergic system are thought to differ and are currently being
investigated. Possible estrogenic actions of Aroclor 1254 metabolites mediated by
nuclear estrogen receptors in the hypothalamus shall also be considered. A large
body of evidence, mostly circumstantial, suggests that many other chemicals,

FIGURE 1.13 Lead-induced alterations in serotonin metabolism in the hypothalamus (A),
and in vitro LH release in response to a GnRH analog (GnRHa) from the pituitaries of control
and lead-exposed fish. Bars represent means ± standard error of mean of 10 to 12 observations.
aSignificantly different from the respective control group. bSignificantly different from the
unstimulated control group. 5-HIAA: 5-hydroxy indolacetic acid. (Adapted from Thomas, P.
and Khan, I.A., in Chemically Induced Alterations in Functional Development and Repro-
duction of Fishes, 1997, 29. With permission from SETAC.)
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including mercury, organochlorine, and organophosphorous pesticides, xenobiotic
estrogens, and central nervous system drugs impair reproductive endocrine function
at the hypothalamic level in vertebrates [12, 24, 146, 171–173]. More comprehensive
studies will be required, however, to determine whether alteration of neurotransmitter
function is a widespread mechanism of neuroendocrine disruption by environmental
chemicals.

1.4 SUMMARY

Vertebrate reproduction is an intricate process involving extensive physiological
coordination, which is primarily controlled by the hormones secreted by the hypo-
thalamus–pituitary–gonadal axis. The overall complexity of the reproductive endo-
crine system, and the integrated nature of its response to environmental stimuli, have
complicated investigations of its disruption by xenobiotic chemicals. Chemicals can
potentially exert their effects at multiple sites on the hypothalamus–pitu-
itary–gonadal axis and by a variety of mechanisms to interfere with reproductive
endocrine function [21, 22]. This chapter describes toxic actions of xenobiotics in
the hypophysiotropic region of the hypothalamus, at the pituitary, ovary, oocytes,
and sperm, resulting in disruption of endocrine function. Evidence for chemical
interference with the nongenomic actions of steroids via binding to steroid membrane
receptors is reviewed. In addition, studies showing that representative neurotoxic
chemicals can impair neuroendocrine reproductive function by disrupting hypotha-
lamic serotonergic systems are summarized. These novel mechanisms of endocrine
disruption warrant further investigation in different vertebrate models and target
tissues.
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Endocrine Disruptors: Effects on Male and Female Reproductive Systems

 

2.1 INTRODUCTION

 

Over the last decade, concern has increased that widespread adverse effects are
occurring in humans, domestic animals, and wildlife populations as a result of
exposure to environmental chemicals that possess endocrine-disrupting activity
(1–3). A number of pesticides, industrial byproducts, manufactured products, such
as plastics, pharmaceuticals, and natural chemicals have been implicated in disrupt-
ing the mammalian endocrine system. These chemicals are collectively referred to
as endocrine-disrupting chemicals (EDCs). Initial concern focused only on chemicals
with estrogenic activity but now chemicals with any hormone-like activity are
included. Some of these chemicals do not easily break down and are known to persist
and bio-accumulate in the environment, hence the reason for concern. 

Adverse long-term health consequences have been proposed to be linked to
exposure to these endocrine-modulating chemicals; in women, increased cancer rates
in the breast, ovary, and uterus, as well as other reproductive tract abnormalities
(endometriosis, fibroids, and subfertility/infertility) have been reported; in men,
increased prostatic and testicular cancer, and poor semen quality associated with
subfertility or infertility have been suggested. Similar concerns of adverse effects
in domestic animals and wildlife have focused on observations regarding reproduc-
tive disorders involving endpoints such as: reduced fertility, reduced egg hatchability,
reduced viability of offspring, slow growth rates, wasting and lower rates of activity
in neonates, impaired hormone activity, and modified adult sexual behavior observed
in various species including birds, fish, alligators, panthers, and mink; immune
dysfunction has also been reported in dolphins, whales, and turtles (3). These
abnormalities may have a common etiology and be caused by disruption of normal
endocrine function as a result of exposure to environmental chemicals that mimic
the actions of naturally occurring hormones (4, 5).

In mammals and other vertebrates, hormones provide an important role in reg-
ulating normal reproductive tract development and function (6). During differenti-
ation and periods of high mitotic activity, such as during the proliferative phase of
the estrous cycle or in preparation for pregnancy, hormones aid cell-to-cell commu-
nications; in addition, specific and coordinated cellular responses are directed by
hormones in their target tissues. It is well established that hormones produced by
one group of cells have the ability to direct and signal the course of development
and response of another group of cells. Thus, steriod hormones have been identified
as major players in regulating developmental processes in target tissues such as the
reproductive tract. Hormones accomplish their function of stimulating or inhibiting
various cellular pathways by binding with receptor molecules. The hormone/receptor
complex then interacts with DNA and with second-messenger systems to produce
specific actions such as protein synthesis and cAMP turnover. Environmental chem-
icals that mimic hormones can (a) duplicate the normal hormone process, or (b)
interact with the receptor causing an aberrant function, (c) interact additively or
synergistically with natural hormones, causing an exaggerated response, or (d)
interact with the receptor and block hormone/receptor interactions, resulting in
decreased or blocked function.
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Disruption of normal endocrine function has moved to the center of many
toxicological studies focusing on reproductive toxicants. A key issue involved with
the recent concern of adverse effects of environmental endocrine-disrupting chem-
icals is that such affects may be caused by exposure to relatively small doses during
a “unique window of vulnerability” for the fetus or neonate during development,
and that the effects may not show up until much later in life (7). These low-dose
exposures will be discussed in further detail. Developmental exposures, in particular,
are very difficult to monitor since chemicals may exert their effects only at a specific
time in differentiation and then disappear. Therefore, using even the most sophisti-
cated analytical procedures to detect minute amounts of chemicals may not associate
a particular chemical exposure with an adverse outcome. 

Further difficulty in identifying suspect chemicals is complicated by the vast
number of compounds that have been reported to have endocrine-disrupting effects
(4). For example, many man-made or generated chemicals used in industrial and
household products including pesticides and plasticizers, pharmaceuticals, and
dietary supplements, as well as some naturally occurring substances such as phy-
toestrogens found in plants have endocrine modulating activity.

Although difficulties exist in identifying chemicals and in showing an association
with specific long-term effects, ample concern remains that chemicals with endocrine
modulating activity are adversely affecting reproductive tract development and func-
tion. Some investigators have assumed that after sexual maturity, exposure to endo-
crine disrupters does not permanently alter the function of hormone-responsive
tissues and are therefore not important; however, permanent changes in brain (8)
and vaginal tissues (9) have been shown in mature experimental animals following
administration of estrogenic chemicals. Thus, chronic, low-level exposure to estro-
genic chemicals in the environment, even after maturity, can possibly have adverse
effects in humans similar to those observed in estrogen-treated  laboratory animals.
These chemicals may, therefore, pose a health risk even at low levels of adult
exposure. Although adult exposure is indeed important, the focus of our chapter is
on exposure of the fetus or neonate because of the increased susceptibility of this
stage of development to environmental insults.

 

2.2 DEVELOPMENTAL BASIS OF ADULT DISEASE

 

In the late 1980s, reports surfaced that suggested the fetal environment, as reflected
by low birth size and poor nutrition, were related to increased risk of non-commu-
nicable diseases later in adult life. This association was first described for coronary
heart disease, but it quickly extended to include type 2 diabetes, osteoporosis, and
metabolic and endocrine dysfunction. These findings led to the development of the
“fetal origins of adult disease” paradigm in which a substantial research effort now
focuses on life-long consequences of perinatal influences on chronic disease (10, 11).
Perinatal effects are no longer viewed in terms of just teratogenic changes or acute
birth injury such as the thalidomide-induced limb malformations, but whether
changes induced in early development (preimplantation through early childhood
stages) may lead to life-long consequences. Many of these changes are not obvious
and cannot be detected until much later in life. Although it is generally recognized

 

2281_C002.fm  Page 49  Friday, October 22, 2004  8:08 AM

© 2005 by CRC Press



 

50

 

Endocrine Disruptors: Effects on Male and Female Reproductive Systems

 

that adaptive plastic responses during early development often have consequences
for function in adult life, it is still controversial whether developmental consequences
actively contribute to the burden of human adult disorders. 

Difficulties exist in looking at the role of chemical exposures during development
and their relationship to adult disease. Considering what is currently known about
chemicals that can disrupt the endocrine system, their effects (1) may be manifested
differently, and with permanent consequences, in the embryo, fetus, and neonate as
compared to effects resulting from exposure to adults; (2) can alter the course of
development for the exposed organism, with the outcome dependent on the specific
developmental exposure periods; and (3) are often delayed and not recognized until
the organism reaches maturity or perhaps even later in life, even though the critical
period of exposure occurred during embryonic, fetal, or neonatal life. In spite of
these difficulties, research findings continue to add support to the idea that environ-
mental chemicals, in particular those with estrogenic activity, can have endocrine-
disrupting effects that result in long-term health consequences. 

As an example, the profound effects of estrogens on the developing reproductive
tract have been demonstrated by prenatal exposure to the synthetic estrogen, dieth-
ylstilbestrol (DES) (12). These DES effects were well recognized and firmly docu-
mented long before the proposed “developmental basis of adult disease” paradigm;
however, DES clearly points out that chemical exposure, in addition to nutrition and
other perinatal factors, can significantly alter the developing organism and cause
long-term effects.

 

2.3 DES AS A PROTOTYPE ENVIRONMENTAL 
ESTROGEN 

 

DES, a non-steroidal compound with properties similar to the natural female sex
hormone estradiol, was synthesized in 1938; it was specifically designed for its
potent estrogenic activity and its easy solubility. Like many of today’s environmental
estrogens, DES was not structurally similar to natural estrogens (4). In fact, early
research with DES showed that compounds with diverse structures could exhibit
similar biological functions associated with estrogens. A historical account of the
development and use of DES and the early search for compounds with estrogenic
activity has been summarized (13). DES also demonstrated another significant point,
the potential toxic effects of estrogens. The well-documented adverse effects in DES-
exposed humans justify the concern of developmental exposure to other environ-
mental estrogens and endocrine disruptors. Of particular significance are the reports
that prenatal DES exposure may result in health consequences for multiple genera-
tions (14–17).

For almost 30 years, physicians prescribed DES to women with high-risk preg-
nancies to prevent miscarriages and other complications of pregnancy. Unfortunately,
in 1971, a report associated DES with a rare form of reproductive tract cancer termed
“vaginal adenocarcinoma,” which was detected in a small number (< 0.1%) of
adolescent daughters of women who had taken the drug while pregnant. Later, DES
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was also linked to more frequent benign reproductive tract problems in an estimated
95% of the DES-exposed daughters; reproductive organ dysfunction, abnormal preg-
nancies, reduction in fertility, immune system disorders, and periods of depression
have been subsequently reported. 

Similarly, DES-exposed male offspring demonstrated structural, functional, and
cellular abnormalities following prenatal exposure; hypospadias, microphallus,
retained testes, inflammation, and decreased fertility have all been reported (12).
DES became the first example of an 

 

in utero

 

 estrogenic toxicant in humans; it was
shown to cross the placenta and induce a direct effect on the developing fetus. DES
is no longer used clinically to prevent miscarriage, but a major concern remains that
when DES-exposed women age, and reach the time at which the incidence of
reproductive organ cancers  normally increase, they will show a much higher inci-
dence of cancer than unexposed individuals. 

Further, the possibility of second-generation effects has been reported (14–17),
which puts still another generation at risk for developing problems associated with
DES treatment of their grandmothers. Thus, the DES episode continues to have
serious health consequences and serves as an unfortunate reminder of the toxicities
that can be caused by hormonally active chemicals.

Questions of the mechanisms involved in DES-induced teratogenic and carci-
nogenic effects prompted us to develop an experimental animal model to study
the adverse effects of estrogens and other endocrine-disrupting chemicals on
reproductive tract development and differentiation. The murine animal model has
successfully duplicated and predicted many adverse effects observed in humans
with similar DES-exposure (Table 2.1). These findings provide useful endpoints
pertinent to the evaluation of the possible adverse effects of other environmental
estrogenic compounds.

 

TABLE 2.1
Similar Developmental Effects of Prenatal Exposure to DES in Mice and 
Humans

 

Male Offspring Female Offspring

 

Reproductive Tract
Dysfunction

Subfertility/Infertility
Decreased Sperm Counts

Subfertility/Infertility
Poor Reproductive Outcome

Structural Malformations Microphallus and Hypospadias
Retained Hypoplastic Testes
Retained Mullerian Remnants
(anatomical feminization)

Oviduct, Uterus, Cx, Vagina
Paraovarian Cysts of Mesonephric 
Origin

Retained Mesonephric Remnants
Cellular Abnormalities Testicular Tumors

Tumors in Retained Mullerian 
Remnants

Epididymal Cysts
Prostatic Lesions and Inflammation

Proliferative Epithelial Lesions of 
the Oviduct

Vaginal Adenomyosis and 
Adenocarcinoma
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2.4 DES ANIMAL MODELS TO STUDY HUMAN 
DISEASE

 

For the prenatal DES exposure model, pregnant outbred CD-1 mice were treated by
subcutaneous injections of DES dissolved in corn oil on days 9 to 16 of gestation.
The doses of DES ranged from 0.01 to 100 

 

µ

 

g/kg maternal body weight; the highest
dose of DES is equal to or less than that given therapeutically to pregnant women,
and the lower doses are comparable to exposure to weak environmental estrogens.
Pregnant mice delivered their young on day 19 of gestation, and their offspring were
followed for up to 24 months of age. The time of 

 

in utero

 

 DES-exposure for the
offspring encompassed the major period of organogenesis of the genital tract in the
mouse. 

While many developmental events in the genital tract continue into neonatal life
for the mouse, similar differentiation events occur entirely 

 

in utero

 

 in humans (18).
In both species, however, early in the normal development of the reproductive tract
of an embryo, there is an undifferentiated stage in which the sex of the embryo
cannot be determined. At this stage, the gonads have not developed into either testis
or ovary, and all embryos have a double set of genital ducts, Müllerian (parameso-
nephric) and Wolffian (mesonephric) ducts. In the female, as sex differentiation
occurs, the Müllerian ducts differentiate into the oviduct, uterus, cervix, and upper
vagina, while the mesonephric duct regresses. 

In the male, under the influence of testicular secretions, the mesonephric ducts
form the epididymis, vas deferens, and other tissues such as the seminal vesicles,
while the Müllerian duct regresses. Exposure to DES during this critical period of
sex differentiation resulted in alterations in both the female and male reproductive
tract, including the partial or complete retention of the opposite duct system in both
sexes. Although adverse effects are demonstrated in both sexes, only changes in
developmentally DES-exposed females will be further discussed because of space
constraint. Resulting abnormalities in the females include structural, functional, and
long-term changes throughout all regions of the reproductive tract (19, 20).

 

2.4.1 E

 

ARLY

 

 R

 

EPRODUCTIVE

 

 S

 

ENESCENCE

 

 

 

AND

 

 D

 

YSFUNCTION

 

Poor reproductive outcome has been reported in prenatal DES exposed women (12);
in addition, subfertility and infertility have also been reported in animals (21) follow-
ing developmental exposure to DES. For mice, reproductive tract dysfunction was
assessed in the DES-exposed animal model by breeding prenatal DES-exposed female
mice to control untreated male mice using a continuous breeding protocol (21). The
breeding study showed that prenatal exposure to varying doses of DES (0.01 to 100

 

µ

 

g/kg maternal body weight) resulted in a striking dose-related decrease in the fertility
of the offspring (21). Over the 32-week breeding period, the effects ranged from
minimal subfertility (90% of controls at the lowest DES dose) to essential sterility at
the two highest DES doses (10 and 100 

 

µ

 

g/kg). It was interesting to note that exposure
to DES at the lowest dose (0.01 

 

µ

 

g/kg maternal body weight) which was chosen as
an environmentally relative dose, showed a decrease in fertility approximately midway
through the study (21). This early reproductive senescence at low dose exposure is
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currently being investigated. At the higher DES doses, the mechanisms responsible
for the subfertility were the result of multiple factors: oviductal malformation; ovarian
dysfunction; altered uterine environment and reproductive tract secretions; uterine,
cervical, and vaginal structural alterations. Taken together, these alterations establish
the fact that exposure to DES, even at relatively low levels, impairs reproductive
capacity throughout the animal’s lifetime. Numerous reports of altered pregnancy
outcomes in young women exposed 

 

in utero

 

 to DES, as well as accidental DES
exposure to wildlife resulting in infertility, demonstrate the importance of similar
findings in the DES-exposed mouse model, and suggest that other environmental
estrogens may also play a role in decreased female fertility. Specific effects in repro-
ductive tract tissues are discussed in more detail.

 

2.4.2 O

 

VARIAN

 

 T

 

OXICITY

 

Unquestionably, the ovary is a target for perturbation by DES and other environ-
mental estrogenic compounds. Increased  inflammation, early depletion of follicles,
multi-ovular follicles, decreased number of corpora lutea, altered gonadotropin lev-
els, increased number of ovarian cysts, increased interstitial compartment and ovarian
tumors were observed in the developmentally exposed DES mice and were likely
contributors to reproductive dysfunction in this animal model. These data of ovarian
toxicity in the prenatal DES experimental animal model support the contention that
chemical endocrine disrupters may indeed be related to decreases in fertility later
in life. It also raises the possibility that there is an association with developmental
exposure to endocrine disrupting chemicals and ovarian tumors reported to be on
the rise in the general population. While the ovary is itself a direct target for these
toxicants (22–24), the hypothalamic/pituitary axis may also be disturbed by exposure
to DES and manifest as ovarian/reproductive tract dysfunction. 

 

2.4.3 O

 

VIDUCTAL

 

 T

 

OXICITY

 

Differentiation of the oviduct was altered following prenatal DES exposure (25).
Malformations of the oviduct were observed in 100% of the females treated 

 

in utero

 

with 100 

 

µ

 

g/kg of DES but not in any control mice. Animals exposed to doses
< 100 

 

µ

 

g/kg showed less extensive malformation with fewer oviductal “coils” being
the most prominent feature; the lowest DES dose did not result in any apparent
structural changes in the oviduct although this dose was associated with early
reproductive senescence as previously discussed. Oviductal malformations observed
in the high DES-dosed mice persisted throughout life and permanently distorted the
anatomical relationship of the uterus, oviduct, and ovary. Retention of this fetal
oviductal phenotype into adulthood was termed “developmentally arrested oviduct”
(25). 

The experimental DES-exposed animal model clearly established the oviduct as
a target for the teratogenic effects of DES. Moreover, the arrest in development
resulting from prenatal exposure to DES suggests a role for estrogens in the normal
morphogenesis of the oviduct. It is possible that an increase in estrogen levels during
oviductal development may play a role in the ultimate structural or functional
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integrity of this tissue in humans, as well as, mice. In fact, some of the more important
features of the “developmentally arrested oviduct” in mice exposed prenatally to
DES, such as decreased oviductal length, relative lack of fimbriae, and abnormal
anatomical location have been described in women exposed to DES during gestation
(26). Thus, altered or arrested development of the mammalian oviduct appears to
be a general biological consequence of prenatal exposure to DES. A recent report
has described molecular mechanisms associated with this developmental arrest (27,
28). Estrogens were shown to regulate the expression of important homeobox genes
during development; expression of the homeobox gene Hoxa-9 corresponds to ovi-
ductal, Hoxa-10 corresponds to cervical, and Hoxa-11 corresponds to uterine dif-
ferentiation events. DES was demonstrated to down-regulate the expression of these
homeobox genes during Mullerian duct differentiation resulting in malformed repro-
ductive structures (27, 28). Other environmental estrogens may similarly down-
regulate these specific genes if exposure occurs during critical stages of differenti-
ation leading to malformations of the reproductive tract.

Functional alterations were also characteristic of the malformed oviducts (25).
Prenatal DES exposure resulted in lack of development of an uterotubal value at the
junction of the oviduct and uterus so that fluids could readily pass from the uterus
into the oviduct and ovarian bursa. This valve is a missing barrier in the mouse that
is certainly a factor in the increased inflammation observed in the ovary and oviduct
of aged mice (22).

Cellular defects in the oviduct of DES-exposed mice likely contributed to func-
tional abnormalities. In DES-treated mice, the columnar cells lining the oviductal
lumen and the mucosal folds were irregularly arranged as compared to controls.
Further, “gland formation” was observed in the oviduct of DES-exposed animals
that extended through the muscularis, a histological feature never observed in control
mice (29). Hyperplasia of the epithelial compartment was often noted, and inflam-
matory changes were more prevalent in all segments of the DES oviduct compared
to controls.

Histologic changes in DES-exposed mice, that is, epithelial hyperplasia and
gland formation (diverticuli) of the oviductal mucosa that extend into the muscle
wall, resemble the clinically described lesion, salpingitis isthmica nodosa (SIN).
Since its description in the late 1800s, the etiology and pathogenesis of SIN had
been the subject of much debate. Clinically, this lesion had been related to ectopic
tubal pregnancy and infertility. The data obtained from our experimental DES-
exposed animal models raise the possibility that clinically noted cases of SIN can
result from an altered hormonal environment during early development. This is
supported by the finding of SIN in the oviduct of young women prenatally exposed
to DES (30).

Although the observed cellular changes appear to reside in the epithelium, it is
not clear whether the epithelium is responding independently or in combination with
factors from the underlying stroma. Since the connective tissue in these DES-treated
mice is relatively thin and hypoplastic, there may be a defect in the stromal com-
partment that modifies the epithelial response.

Considering these observations in the DES oviduct, the proliferative capacity of
Müllerian duct derived tissues (oviduct, uterus, cervix, and upper vagina) may be
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determined by hormonal exposure during development. If estrogen levels are sig-
nificantly elevated, as with prenatal DES treatment of animals and humans, the
proliferative capacity of the reproductive tract epithelium may be permanently
altered. 

 

2.4.4 U

 

TERINE

 

 (F

 

IBROIDS

 

 

 

AND

 

 A

 

DENOCARCINOMA

 

) 

 

AND

 

 V

 

AGINAL

 

 
T

 

OXICITY

 

In addition to the oviduct, structural changes were observed in other regions of the
reproductive tract. The uterus was a frequent target of DES-induced structural
changes. Following prenatal exposure to the high DES dose (100 

 

µ

 

g/kg), the uterus
of prepubescent animals was smaller in diameter and length with compared with
control females of the same age. Histological changes in the prepubescent DES-
exposed uterus included a poorly organized muscle compartment and decreased
gland formation. In response to estrogen stimulation, prepubescent mice exposed to
high doses of DES during prenatal development displayed decreased uterine growth
response, decreased uterine luminal fluid quantity and protein concentration, alter-
ations in specific uterine luminal proteins, and altered cellular differentiation (squa-
mous metaplasia). (Altered cellular responses were also observed in lower DES dose
groups, but the responses were different than in high dose groups; this is discussed
in more detail in Section V of this chapter.) Structural hypoplasia of the uterus and
decreased responsiveness of the uterus to an estrogen challenge remained common
features throughout life of the high dose prenatally DES-exposed animals. In aged
prenatal DES-exposed females, cystic endometrial hyperplasia and squamous meta-
plasia in hypoplastic uterine structures were frequently found. Also, a low incidence
of benign (leiomyomas) and malignant (adenocarcinoma, stromal cell sarcoma)
tumors was observed in prenatally DES-exposed mice (31). 

The low incidence of malignant uterine tumors following prenatal DES exposure
was in sharp contrast to the high prevalence of adenocarcinoma seen after exposure
to DES on neonatal days 1 to 5. Modifying the murine animal model to test for
sensitivity in the neonatal period, a time which corresponds to developmental events
that are still occurring prenatally in humans, resulted in ~95% of the mice (

 

≥

 

 18
months of age) developing uterine neoplasia. The incidence of leiomyomas was also
higher in neonatally treated mice as compared to prenatal treatment but the number
was low compared to adenocarcinoma. Lesions of the epithelium have traditionally
received the most attention for DES-induced toxic effects, however, the findings of
increased incidence of leiomyomas in the experimental mouse model (32), combined
with similar findings in DES exposed women (33), suggest that other tissue com-
partments are adversely affected resulting in tumors. Since the etiology of uterine
fibroids (leiomyomas) is unknown, it is possible that exposure to environmental
estrogenic compounds or increased levels of circulating estrogens during develop-
ment may indeed contribute to the development of fibroids. 

In the cervico-vaginal region of prenatally DES-exposed mice, striking structural
abnormalities were also observed as seen in the uterus. The vaginal fornix was
shallower and, in some cases, completely absent, as compared to controls (34).
Urethral openings were often observed to be abnormally located anterior to the vulva
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(persistent urogenital sinus) in some of the animals exposed prenatally to 100 

 

µ

 

g/kg
of DES (female hypospadias). “Gland-like structures” associated with this abnor-
mality were assumed to be of urothelial origin. 

In addition to structural malformations, prenatal DES-treated animals (100

 

µ

 

g/kg) had excessive vaginal keratinization. In some animals, increased keratiniza-
tion combined with basal cell hyperplasia resulted in irregular pegs of epithelium
that extended into the subadjacent stroma. In 25% of the 12- to 18-month-old prenatal
DES mice, epidermoid tumors of the vagina were observed. Excessive keratinization,
epithelial pegs, and epidermoid tumors were not usually observed in the vagina of
animals exposed to doses of DES lower than 100 

 

µ

 

g/kg and were never observed
in control untreated animals.

The benign lesion, vaginal adenosis, was seen in 75% of the mice exposed to
DES on days 1 to 5 of neonatal life, but it was not a common finding in mice treated
prenatally with DES (34). The often-cited DES-associated neoplastic lesion, vaginal
adenocarcinoma, was observed after prenatal DES exposure but not after neonatal
exposure. Although vaginal adenocarcinoma is an extremely rare tumor in both
animals and humans, it is considered a hallmark lesion of DES exposure (12). The
development of vaginal adenocarcinoma has been thought to originate from an
alteration in the cellular differentiation of the Müllerian duct epithelium. However,
the relationship of vaginal adenosis and adenocarcinoma remains unclear. Since
neonatal mouse studies show a high incidence of vaginal adenosis but no cases of
vaginal adenocarcinoma, the demonstration of vaginal adenocarcinoma in the pre-
natal DES-exposed animal model which shows a low incidence of adenosis suggests
that the stage of cellular differentiation at the time of DES exposure may be the
most critical event in the final expression of these abnormalities. By necessity,
experimental animal models that are developed to study toxicity of various chemicals
should encompass both prenatal and neonatal reproductive tract differentiation espe-
cially since the corresponding developmental events occur entirely prenatally in
humans. 

Taken together, the alterations observed throughout all regions of the murine
reproductive tract demonstrate that exposure to estrogenic compounds during critical
stages of sex differentiation results in adverse structural, functional, and long-term
consequences. The long-term changes in these tissues include various lesions, some
of which are neoplastic. The natural history and the mechanisms involved in the
induction and progression of the lesions are critical issues for continued study. 

In summary, developmentally DES-exposed mouse models, both prenatal and
neonatal exposure, have provided some useful comparisons to similarly DES-
exposed women (20). The finding of the extremely rare lesion, vaginal adenocarci-
noma, in prenatally DES-exposed mice, in particular recommends the mouse model
for the study of human disease. Continued investigation into the range of DES-
induced abnormalities observed in the mouse model using prenatal and/or neonatal
exposures will offer a better understanding of the developmental events and the
mechanisms involved in the chemical disruption of reproductive tract differentiation
and resulting toxicities.
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2.5 LOW-DOSE EFFECTS

 

The concern of low-dose effects rises from the number of chemicals that potentially
have endocrine-disrupting activity. Over 80,000 chemicals are currently registered
for commercial use in the United States and an estimated 2000 new ones are
introduced annually, so the potential for this number of substances to have an
environmental impact is great. It is generally assumed that little risks exist because
exposures are normally low and hormonal activity is weak, but the full extent of the
effects of most of these chemicals is unknown and untested. Further, exposure occurs
to multiple chemicals that may act additively or synergistically. Recognizing that
the developing organism is uniquely sensitive to perturbation by chemicals with
estrogenic and/or endocrine disrupting activity (7), we sought to determine if expo-
sure to very low doses of these chemicals during critical stages of genital tract
differentiation would permanently alter the developmental program of target tissues,
so that they respond atypically to further stimuli at puberty. Although DES is a
potent estrogenic compound, effects observed at very low doses can be used to
predict potential adverse effects of weaker environmental estrogens (35–38). 

Using the neonatal exposure model, pups were treated by subcutaneous injec-
tions of DES (0.0001 to 1,000 

 

µ

 

g/kg, Sigma Chemical Co., St. Louis, Mo.) in corn
oil or corn oil alone (Control) once per day on neonatal days 1–5. Mice were weaned
at 17 days of age, housed 4/cage, and challenged with 3 daily subcutaneous doses
of 17

 

β

 

-estradiol (Sigma, 500 

 

µ

 

g/kg) or DES (Sigma, 10 

 

µ

 

g/kg) on days 17 to 19.
(These doses were previously determined to cause maximum uterine wet weight
response in prepubescent mice (39)). On the fourth day, mice were sacrificed, and
body and uterine weights were determined. Care was taken not to loose uterine
luminal fluid. 

Neonatal DES treatment resulted in altered uterine response to estrogen chal-
lenge in prepubescent mice (Table 2.2). Mice treated with low neonatal doses of
.001 and .01 

 

µ

 

g/kg and challenged with estrogen at puberty had increased body
weights and elevated uterine wet weights relative to controls challenged with estro-
gen. In contrast, mice treated with (10 to 1000 

 

µ

 

g/kg) neonatal doses had reduced
uterine weights (Table 2.2) as we previously described following prenatal DES
exposure (40). After adjusting for body weight differences by analysis of covariance
(ANCOVA), uterine weight changes remained statistically significant (p < 0.05 by
Dunnett’s test) in the .01, 10, and 100 

 

µ

 

g/kg groups. Challenge with DES or estradiol
at equal estrogenic doses caused similar dose-response patterns. 

In unchallenged mice, no significant effect of neonatal DES on uterine weight
in any dose group was seen except for the high dose (1000 

 

µ

 

g/kg) group, which
was less than controls (.0045 

 

± 

 

.0003 g versus .0128 

 

± 

 

.0015 g, respectively).
To determine if fluid retention was solely responsible for altered uterine wet

weight responses and to investigate potential mechanisms involved in the observed
altered responses, uterine tissues were examined for morphological alterations and
immunohistochemical localization of estrogen receptor (ER) 

 

α

 

. (ER  was evaluated
but protein levels were extremely low in the uterus and difficult to detect any change
with estrogen treatment). Tissue from unchallenged low dose (neonatal DES.01
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µ

 

g/kg) group showed enhanced ER

 

α

 

 immunoreactivity in all tissue compartments
(luminal and glandular epithelium, and stroma, Table 2.3), whereas ER

 

α

 

 immunore-
activity was similar or lower in the neonatal high dose (1000 

 

µ

 

g/kg) group when
compared the unchallenged controls (38). Pathological changes in the uterus of the
high dose group showed pseudostratified luminal epithelium and disorganized epi-
thelial, stromal, and smooth muscle compartments as reported following prenatal
treatment with DES (31). These data showed that, not only was uterine wet weight
altered, but both ER

 

α

 

 levels and cellular localization within uterine tissue were also
changed following developmental exposure to DES. 

Another group of mice were treated neonatally with DES (.01 or 1000 

 

µ

 

g/kg)
or corn oil as controls and challenged just prior to puberty with a single dose of
estrogen to provide additional support that levels of ER

 

α

 

 were altered. Western blots
verified that ER

 

α

 

 was significantly higher (p <0.05) in the low-dose neonatal DES

 

TABLE 2.2
Summary of Uterine Wet Weight Responses in Prepubescent Mice 
Treated with DES During Neonatal Life

 

Neonatal 
DES Dose

(µµµµ

 

g/kg) Challenge

 

a

 

N
Body Weight 

(g)
Uterine Weight 

(g)
Adjusted Ut. 

Weight

 

b

 

0 + 11 9.42 

 

±

 

 0.53 0.077 

 

±

 

 0.009 0.084 

 

±

 

 0.009
0.0001 + 12 9.01 

 

±

 

 0.40 0.064 

 

±

 

 0.007 0.078 

 

±

 

 0.006
0.001 + 12 11.25 

 

±

 

 0.29* 0.103 

 

±

 

 0.007* 0.083 

 

±

 

 0.005
0.01 + 12 10.79 

 

±

 

 0.38* 0.123 

 

±

 

 0.008* 0.111 

 

±

 

 0.005*
0.1 + 8 9.71 

 

±

 

 0.21 0.084 

 

±

 

 0.008 0.079 

 

±

 

 0.004
1 + 8 9.96 

 

±

 

 0.43 0.074 

 

±

 

 0.005 0.066 

 

±

 

 0.008
10 + 3 9.00 

 

±

 

 0.46 0.030 

 

±

 

 0.004* 0.030 

 

±

 

 0.009*
100 + 4 9.02 

 

±

 

 0.15 0.033 

 

±

 

 0.005* 0.033 

 

±

 

 0.003*
1,000 + 4 5.17 

 

±

 

 0.21* 0.009 

 

±

 

 0.001*

 

c

 

0 – 8 9.87 

 

±

 

 0.35 0.0128 

 

±

 

 0.0015 0.0120 

 

±

 

 0.0014
0.0001 – 12 9.17 

 

±

 

 0.50 0.0114 

 

±

 

 0.0001 0.0123 

 

±

 

 0.0014
0.001 – 12 9.98 

 

±

 

 0.35 0.0128 

 

±

 

 0.0014 0.0121 

 

±

 

 0.0011
0.01 – 12 9.96 

 

±

 

 0.23 0.0125 

 

±

 

 0.0010 0.0119 

 

±

 

 0.0009
0.1 – 8 9.25 

 

±

 

 0.15 0.0092 

 

±

 

 0.0003 0.0109 

 

±

 

 0.0004
1 – 8 9.53 

 

±

 

 0.20 0.0108 

 

±

 

 0.0010 0.0120 

 

±

 

 0.0005
10 – 4 9.60 

 

±

 

 0.16 0.0082 

 

±

 

 0.0003 0.0096 

 

±

 

 0.0003
100 – 4 9.19 

 

±

 

 0.21 0.0075 

 

±

 

 0.0005 0.0096 

 

±

 

 0.0004
1,000 – 4 6.64 

 

±

 

 0.72 0.0045 

 

±

 

 0.0003*

 

c

a

 

 Challenged at 17 days of age with 3 daily subcutaneous injections of DES (10 

 

µ

 

g/kg);
challenge with 17

 

β

 

-estradiol (500 

 

µ

 

g/kg) gave similar results.

 

b

 

 Adjusted for body weight.

 

c

 

 Because of the marked reduction in body weight, this group was excluded from the ANCOVA.
* p<0.05 vs. controls (Dunnett’s test). Data are presented as mean 

 

±

 

 S.E.

Data summarized from Newbold, et al. 2004.
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group as compared to controls; the slight increase in ER

 

α

 

 intensity in the high-dose
group was not significant (Table 2.3), but histological examination of the high dose
group showed altered cellular phenotypes in uterine tissues. Since ER levels in
estrogen target tissues are set during differentiation and development, change in
these levels caused by xenoestrogen exposure could be expected to alter subsequent
ER-associated response pathways. Therefore, we evaluated several ER-mediated
responses.

Using proliferating nuclear antigen (PCNA) labeling of the tissue sections as a
marker of cell proliferation, the low dose DES (.01

 

µ

 

g/kg) had a higher uterine
epithelial labeling index as compared to controls (49.6 ± 2.3 versus 21.2 ± 1.1).
Further, RPA of uterine tissues (10 

 

µ

 

g total RNA per sample) from mice treated
neonatally with DES showed an increase in ER- mediated responses such as lacto-
ferrin (LF), an estrogen-inducible mRNA in the uterus (41), compared to controls;
c-fos was also increased in the low dose DES group but not in control and high
DES groups. Quantitation of LF and c-fos intensity by image analysis is shown in
Table 2.3. These ER-associated responses are consistent with high levels of ER in
the low-dose group and lower levels in the high-dose groups.

To determine if these effects were permanent, an additional group of mice were
treated with neonatal DES (0.001 to 10 

 

µ

 

g/kg) and housed until 4 to 5 months of
age. These adult mice were ovariectomized and challenged 7 days later as described

 

TABLE 2.3
ER

  

αααα

 

, Lactoferrin, and c-fos Expression in Uteri from 
Prepubescent Mice Neonatally Exposed to DES

Treatmenta ERαααα Intensityb LF Intensityc c-fos Intensityd

Control 134.2 ± 16.7 119.27 ± 15.15 11.77 ± 4.33
DES 0.01 202.1 ± 4.1* 227.70 ± 3.95* 80.93 ± 5.85*
DES 1,000 164.3 ± 12.5 209.07 ± 4.99 38.03 ± 6.10

a Mice (4 per group) were exposed to DES at 0.01 and 1,000 µg/kg
dissolved in corn oil or corn oil alone (Control) on days 1–5 of neonatal
life. 
b At 17 days of age, ERα levels were determined in the uteri of
unchallenged mice (n = 4). 
c At 17 days of age, LF levels were determined in the uteri of mice
(n = 4) that were challenged with a single injection of estrogen and
collected 18 hrs. later.
d At 17 days of age, c-fos levels were determined in the uteri of mice
(n = 4) that were challenged with a single injection of estrogen and
collected 18 hrs. later.
Intensity of each endpoint was quantitated by image analysis software
(Image Pro). The intensity scale is from 0 (not detectable) to 250 (most
intense). 
* p<0.05 vs. controls (Dunnett’s test). Data are presented as mean ± S.E.

Data summarized from Newbold, et al. 2004.
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for the prepubescent mice. A similar pattern of response (enhanced uterine wet
weight response at the low dose of .01 µg/kg and dampened response at the high
dose of 10 µg/kg) was seen. The similarities of response between prepubertal and
adult animals show that uterine responses are permanently altered by developmental
exposure to estrogens. 

These data show that exposure to DES during critical stages of development can
permanently imprint the uterus to respond abnormally to estrogen at puberty and
later in life. One mechanism responsible for the abnormal uterine response involves
increased levels of ERα prior to challenge after low dose exposure to neonatal DES
(.01 µg/kg), and ER-mediated morphological and biochemical responses including
induction of c-fos, PCNA, and LF after challenge; at high doses, the altered response
involved pathological changes in the uterine tissue as evidenced by the data showing
reduced uterine weight with the neonatal 1000 µg/kg dose, but little difference in
ERα, LF, and c-fos in this group when compared with controls. It is quite possible
other endocrine-disrupting chemicals may have similar effects and that other differ-
entiating tissues can be similarly imprinted. Further, this alteration may occur at
very low levels of exposure, doses to which people are typically exposed. We are
in the process of testing other environmental estrogens for altered uterine responses
at puberty.

The evidence of biological effects at low doses was confirmed by this study and
supports the conclusions summarized in the NTP Report of the Low Dose Review
(42, 43) that low dose effects are indeed possible. The significance of this data to
human health is uncertain and requires more study. However, toxicological studies
using experimental animal models have established an increased prevalence of
reproductive tract neoplasia with developmental exposure to low doses of environ-
mental estrogens (31), and an association of elevated ER levels with the development
of uterine neoplasia later in life (44). 

2.6 MECHANISMS OF REPRODUCTIVE TOXICITY

Numerous studies have demonstrated that developmental exposure to DES interferes
with the normal differentiation of the Müllerian duct and the regression of the
Wolffian duct. Although the mechanisms are not completely understood, a molecular
component in the malformation of the tissues and perhaps in the cellular changes
may be responsible. Studies discussed earlier suggest a molecular mechanism
responsible for the structural alterations observed in oviduct, uterus, cervix, and
vagina (27, 28). Cellular changes may also be closely linked to these structural
alterations. Furthermore, permanent abnormal gene imprinting has been described
(28) in which neonatal exposure to DES causes demethylation of an estrogen-
responsive gene in the mouse uterus. The relationship of this finding to tumor
induction is continuing to be investigated. 

The role of the estrogen receptor in the induction of abnormalities and tumors
following developmental exposure to DES, has also been studied by using transgenic
mice which overexpress ER (MT-mER). Transgenic ER mice were treated with DES
during neonatal life and followed as they aged. It was hypothesized that because of
the abnormal expression of the ER, the reproductive tract tissues of the MT-mER
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mice may be more susceptible to tumors after neonatal exposure to DES. In fact, it
is interesting to note that mice overexpressing the ER were at a higher risk of
developing abnormalities, including uterine adenocarcinoma in response to neonatal
DES when compared with DES-treated wild type mice; at 8 months, 73% of the
DES-treated MT-mER mice compared to 46% of the DES-treated wild type mice
had uterine adenocarcinoma. Further, these abnormalities occurred at an earlier age
as compared to wild type DES mice (44). The transgenic mouse studies suggest that
the level of ER present in a tissue may be a determining factor in the development
of estrogen-related tumors. The specific role in the induction and progression of the
lesions requires additional study. Additional transgenic mouse models that express
variant forms of the ER or the ER knockout, as well as experimental models
constructed with the new ERβ, will also aide in determining the role of the ER in
the development of these reproductive lesions. Since various estrogenic compounds
have been reported to bind preferentially to either ERα or ERβ, these models will
be essential in extrapolating human health risks to environmental estrogen exposures.

2.7 SUMMARY AND CONCLUSION

Sufficient evidence has been accumulated through the years by many laboratories
to show that exposure of the developing fetus to exogenous estrogens adversely
affects the differentiation of the genital tract. Data demonstrate that reproductive
tract structure and function are altered, and long-term changes occur including both
benign and malignant cellular abnormalities. Cellular changes were seen in aged
DES-exposed females at all doses examined; the degree of severity of specific lesions
was dose related. Although fertility was decreased in mice in a dose-dependent
manner after developmental estrogen exposure at all doses tested, a decrease in
fertility was observed in low dose estrogen-exposed animals only later in life. These
data suggest that fertility may not be a sensitive marker of reproductive toxicants in
mice exposed to low levels of endocrine disrupters until they age. Similarly, male
offspring exposed developmentally to low doses of DES did not show altered fertility
early in life but were still susceptible to increased reproductive tract tumors later in
life (16). In combination, these data suggest that estrogenic substances occurring in
the environment at low levels may adversely effect fertility later in life, but of further
concern, they may have additional long-term consequences, including increases in
benign and malignant lesions that warrant attention. The DES animal model provides
the opportunity to further study this possibility. 

While animal studies must be considered carefully if extrapolation to humans
is to follow, the DES-exposed mouse model has provided some interesting compar-
isons to similarly exposed humans. The model has duplicated and predicted many
of the lesions observed in DES-exposed women. Although DES is a potent estrogen,
it continues to provide markers of the adverse effects of exposure to estrogenic and
other endocrine-disrupting substances during development, whether these exposures
come from naturally occurring chemicals, synthetic, or environmental contaminants,
or from pharmaceutical agents. Although chemicals not associated with hormone-
mimicking activity may be involved indirectly or directly in reproductive tract
toxicities, by far, the most common culprits are those substances demonstrating
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endocrine-modulating effects. Furthermore, mature animals may experience adverse
effects  to these chemicals, but the developing organism is particularly sensitive to
perturbation by these compounds and often experience permanent long-lasting con-
sequences. Ongoing mechanistic studies will help identify potential female repro-
ductive toxicants and will help better access  the risks of exposure to endocrine-
disrupting chemicals in the environment if chemical exposures occur during critical
stages of development. 
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3.1 INTRODUCTION

 

Reproductive function in women can be compromised by exposure to toxic chem-
icals.[1] Couples are postponing the start of a family because of the increasing
number of women pursuing a career. These recent trends have enhanced an awareness
of chemicals in the workplace and the environment, and their impact on the life span
of reproductive function. A variety of considerations can affect fertility in women
who are older when beginning a family, and women with fertility problems may not
discover them until their reproductive life span is waning. In addition to a generally
reduced quality of oocytes with age,[2] more years of exposure to environmental
influences can also have a potential effect. In considering the risk of environmental
exposures on reproductive function and women’s health, special attention should be
paid to those chemicals with the potential to impair ovarian function, because the
ovary is critical to normal reproduction. 

The ovary performs two important roles, development and delivery of the female
gamete (oocyte), and production of ovarian hormones such as inhibin and the female
sex steroids, estrogen and progesterone.[3,4] Whereas the oocyte is required for
fertilization, ovarian hormone output is required for oocyte development, feedback
signaling to the hypothalamus and pituitary, and establishment and early maintenance
of pregnancy. 

Reproductive toxicants can affect ovarian function in a variety of ways. Indirect
effects on ovarian function might result from altered pituitary output of gonadotro-
pins (follicle-stimulating hormone, FSH, and luteinizing hormone, LH). Such alter-
ations could be caused by chemicals that disrupt neuroendocrine feedback by estro-
gen and progesterone. Alternatively, reproductive toxicants can have direct ovarian
effects on steroid hormone production. The estrogens are responsible for oocyte
development, whereas progesterone is required for implantation and early mainte-
nance of pregnancy. Therefore, xenobiotic exposure that alters ovarian steroid hor-
mone production or metabolism could affect oocyte development and ovulation, as
well as neuroendocrine feedback, reproductive tract function, and pregnancy. By a
different route, reproductive toxicants can disrupt ovarian function through destruc-
tion of oocytes. Extensive destruction of oocytes depletes the ovary of follicles,
which also eliminates steroid hormone production. The ultimate result of complete
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follicular destruction in a woman is ovarian failure (menopause). Following ovarian
failure, steroid hormone production (especially estradiol) becomes greatly reduced,
neuroendocrine feedback is disrupted, and circulating levels of gonadotropins rise.
Therefore, oocyte destruction ultimately disrupts endocrine balance by causing a
reduction in estrogen and progesterone, and an elevation in FSH and LH. 

In summary, endocrine disruption can be caused by reproductive toxicants via
direct alterations in steroid hormone production (ovary) or by interference with
steroid hormone action (hypothalamus, pituitary, reproductive tract). Alternatively,
endocrine disruption can be indirect, resulting from ovarian failure caused by exten-
sive oocyte destruction. Early reproductive failure in women has been linked to
increased risks of arthritis, urinary tract infections, osteoporosis, [5,6] cardiovascular
disease,[7] depression,[8] and Alzheimer’s disease.[9,10] There is also a known
increase in the incidence of ovarian cancer.[11] This observation has been well
supported in animal studies.[12] Therefore, loss of reproductive potential can have
a severe health impact. Thus, in addition to reduced fertility resulting from ovotox-
icity in females, there are long-term health risks associated with premature ovarian
failure (early menopause). Because of these health risks, the subject of this chapter
is chemicals that destroy ovarian follicles. 

 

3.2 OVARIAN FUNCTION

3.2.1 F

 

OLLICULAR

 

 D

 

EVELOPMENT

 

One of the primary functions of the ovary is to provide mature oocytes for successful
reproduction. Development and maturation of oocytes occurs within ovarian folli-
cles. Immediately following formation during fetal development, follicles enter the
most immature stage of development, termed primordial. Successful ovulation
requires appropriate follicular development, during which the follicle has passed
through a number of distinct developmental stages.[4] Primordial follicles provide
the pool for recruitment of developing follicles; therefore, they are the fundamental
reproductive unit within the ovary. 

 

3.2.1.1 Prenatal Development

 

During fetal development, primordial germ cells (oogonia) that are formed invade
the indifferent gonad and undergo rapid hyperplasia. Oogonia become oocytes, once
they stop dividing and become arrested at the diplotene stage (prophase) of the first
meiotic division. The oocyte does not commence meiosis again unless triggered to
ovulate, should that occur. As a result, the lifetime supply of oocytes is set at the
time of birth. Around the time of birth, individual oocytes within the ovary become
surrounded by a single layer of flattened somatic cells (pre-granulosa cells) and a
basement membrane to form primordial follicles.[4] Association of the granulosa
cells with the oocyte is critical at all subsequent times for maintenance of viability,
and follicle growth and development.[13]
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3.2.1.2 Follicular Development in Adults

 

3.2.1.2.1 Primordial Follicles

 

In humans, 1 to 2 pre-ovulatory follicles develop approximately every 28 days,
whereas in rats 6 to 12 follicles develop every 4 to 5 days.[3] Primordial follicles
form the pool from which these follicles develop. Throughout the reproductive life
span, the total number of primordial follicles that become ovulated is small compared
to the total population. Instead, the vast majority of follicles are lost to attrition in
various early stages of development by a process called atresia. The exact determi-
nant for selection of a follicle for ovulation is not understood, but is believed to be
under intra-ovarian control.[3]

 

3.2.1.2.2 Primary Follicles

 

The first sign of oocyte growth in primordial follicles is alteration of surrounding
squamous (flattened) granulosa cells into cuboidal shaped cells, followed by initia-
tion of proliferation of these cells.[4] Once a follicle makes the transition from
primordial to primary, other structural changes occur such as development of the
zona pellucida, a protective glycoprotein matrix.[3,4] At this stage, another layer of
specialized somatic cells begin to proliferate outside the basement membrane enclos-
ing the oocyte and granulosa cell layer, designated theca interna cells. Theca cells
provide two important functions: (1) attachment of arterioles for the development
of an independent blood supply, and (2) secretion of the steroid progestin and
androgen hormones to regulate follicle development.[4]

 

3.2.1.2.3 Large Pre-antral Follicles

 

As follicles continue to develop, the layers of granulosa cells surrounding the oocyte
increase rapidly to become large pre-antral, growing follicles, with diameters 250

 

µ

 

m. The somatic cells acquire receptors for follicle-stimulating hormone to enhance
follicle growth, and develop steroidogenic capacity for synthesis of androgens,
estrogens, and progesterone. 

 

3.2.1.2.4 Antral Follicles

 

The number of follicles that reach the final stage of development is quite small
compared to those that began development from the primordial pool. In women,
only one follicle per menstrual cycle is usually chosen as the dominant follicle
destined for ovulation. As the follicle develops beyond the pre-antral stage, it
acquires a fluid-filled cavity, antrum, formed by separations within the granulosa
cell layers. During the final period of development, a pre-ovulatory follicle becomes
more sensitive to the gonadotropins FSH and LH than were smaller antral and pre-
antral follicles.[3] Theca cells within the follicle contain receptors for LH, and
respond to hormonal input with synthesis and secretion of androgens. Conversely,
granulosa cells contain receptors for FSH and respond to hormonal input with
expression of the enzyme aromatase. In this capacity, granulosa cells can directly
convert the androgens secreted by theca cells to estrogens. Prior to ovulation, gran-
ulosa cells also begin to express receptors for LH in readiness for receiving a signal
from the LH surge as a trigger for ovulation and luteinization.[4] Prior to ovulation
and after the LH surge, the oocyte will be signaled to continue meiotic progression
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through to the second meiotic division. The second meiotic division is only com-
pleted if fertilization of the oocyte occurs. 

 

3.2.2 F

 

OLLICULAR

 

 A

 

TRESIA

 

The number of oocytes present in ovaries is dynamic and varies with age. The total
number of oocytes peaks during embryonic development. In humans, that number,
about 7 million, occurs at five months gestation; at birth the number has dropped to
2 million, 250,000 to 400,000 at puberty, and none remain at menopause.[4,14]
During the lifetime of a woman, ovulation only accounts for 400 to 600 oocytes.
Therefore, the others have been lost at various stages of development by the process
of atresia. Thus, atresia is the natural fate of the vast majority of ovarian follicles
(> 99%), since only a select few follicles that develop will ever be ovulated.[4]

 

3.2.2.1 Apoptosis as Atresia

 

The ultimate event associated with follicular atresia is the mechanism of physio-
logical cell death, apoptosis.[15] Apoptosis is used by many tissues to delete
unwanted cells.[16,17] In distinct contrast to apoptosis, cell death by necrosis is a
passive form of cell death that usually occurs in response to injury and elicits an
inflammatory response in the surrounding tissue. The ultimate decisive features
used to distinguish between apoptosis and necrosis are based upon morphological
characteristics.[16] The earliest definitive changes of a cell undergoing apoptosis
is compaction of chromatin into dense masses (margination) along the nuclear
membrane, condensation of the cytoplasm, and reduction in nuclear size, retained
membrane integrity of cytoplasmic organelles. As the process continues, multiple
apoptotic bodies (membrane-enclosed structures containing both nuclear and cyto-
plasmic components) separate from the dying cell, which are quickly phagocytosed
by healthy neighboring cells. Contrary to this, necrosis involves organelle and
cytoplasmic swelling caused by a destruction of plasma membrane integrity, fol-
lowed by release of lysosomal enzymes that accelerate membrane disintegration
and damage to surrounding cells. 

Apoptosis and necrosis can also be distinguished by certain biochemical features.
Apoptosis often depends on ligand-receptor interactions (e.g., Fas/Fas ligand) and
is an active, energy-requiring process. Triggering of apoptosis leads to altered local-
ization of bcl-2 family members or activation of certain Caspases (Caspase 2, 3, 8,
and 9), which in turn activate proteolytic and DNA-degrading enzymes.[18] Through
studies involving gene-deficient mice, some genes such as Bax and Bcl-2 have been
shown to influence follicle numbers by altering apoptosis.[19] In most cell types,
genomic DNA is degraded in a specific internucleosomal pattern to produce low
molecular weight fragments (180 base pairs) that appear as a characteristic “ladder”
formation on agarose gels.[17] However, this pattern of DNA fragmentation is not
observed in all cells undergoing apoptosis, including granulosa cells from immature
(small pre-antral) ovarian follicles, in which DNA is degraded in a non-specific,
random pattern.[20] This is because these cells do not express the specific endonu-
clease necessary to produce the normal pattern of DNA laddering in rats.[21] Thus,
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morphological evaluation remains the most reliable distinction between apoptotic
and necrotic mechanisms of cell death.[22] 

 

3.2.3 M

 

ENOPAUSE

 

Depletion of functional primordial follicles from the ovary is the underlying cause
of ovarian failure (menopause), because this dormant follicle pool represents the
cohort for recruitment of all developing follicles. Absence of primordial follicles
ultimately leads to the complete loss of follicles of all sizes. As a result, estrogen-
producing (granulosa) cells in pre-ovulatory follicles also become depleted. Besides
the loss of fertility, menopause has been associated with a variety of health problems
in women, as previously mentioned. It is felt that these adverse health risks are the
result of loss of estrogen. Thus, identifying and protecting against environmental or
occupational exposures that may induce menopause earlier in women becomes even
more critical.

 

3.3 IMPACT OF XENOBIOTIC-INDUCED DAMAGE ON 
OVARIAN FUNCTION

 

Multiple aspects of specific chemical exposures determine overall effects on female
reproduction. These include the level and duration of exposure, the metabolic capac-
ity of the ovary and other tissues to activate or detoxify the chemical, and the age
or reproductive status of the individual exposed. Together, these variables greatly
influence whether or not a chemical has detrimental effects on ovarian function.

The level of exposure to an environmental chemical required to produce ovarian
damage is of particular importance. It is under rare, accidental circumstances that
individuals are acutely exposed to toxic levels of reproductive toxicants, and the
effects of these exposures can usually be detected and evaluated. However, the
possible effects of chronic exposure to low levels of reproductive toxicants are more
difficult to determine. Biochemical markers for detecting ovarian damage are lack-
ing. Therefore, fertility problems caused by low levels of ongoing environmental
exposures may go unrecognized for years. Extensive loss of primordial follicles has
the potential for causing early menopause or, still later, development of ovarian
cancer. Because of the insidious nature of primordial follicle loss, low-level expo-
sures can cause ‘silent’ damage and are of the most concern. As an example of this,
mice treated with a single dose of cyclophosphamide (CPA) that causes depletion
of approximately 50% of primordial follicles remain reproductively fertile.[23] Thus,
extensive damage of this follicle population has not yet caused physiological sig-
naling of the onset of premature ovarian failure that will likely ensue.

Another factor related to the effect of exposure of a woman to a reproductive
toxicant is the developmental stage in her reproductive life span at the time of
exposure (Figure 3.1). Chemical-induced destruction of some or all germ cells during
fetal development, childhood, or adult years can lead to sterility or reduced repro-
ductive years. Temporary infertility may be manifest in the adult cyclic woman,
whereas exposure during childhood can delay or accelerate puberty. During
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Potential age-related effects of reproductive toxicants in females. The impact(s) of reproductive toxicants are partially dependent upon the
age or reproductive status of the exposed individual. In most cases, direct ovarian toxicity can lead to premature ovarian failure and infertility (menopause).
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pregnancy, xenobiotic exposures can cause detrimental effects, such as miscarriages
or failed pregnancies, resulting from ovarian effects.

For chemicals that destroy oocytes, the stage of development at which the follicle
is destroyed determines the impact that exposure to the chemical will have on
reproduction. Chemicals which selectively damage large growing or antral follicles
only temporarily interrupt reproductive function because these follicles can be
replaced by recruitment from the greater pool of primordial follicles if exposure
ceases. Thus, these chemicals produce acyclicity (amenorrhea in women), a readily
reversible form of infertility that is manifest relatively soon after exposure.[24–26]
Conversely, chemicals that extensively destroy oocytes contained in primordial and
primary follicles can cause permanent infertility and premature ovarian failure (early
menopause in women) since once a primordial follicle is destroyed, it cannot be
replaced. Destruction of oocytes contained in primordial follicles may have a delayed
effect on reproduction until such a time that recruitment for the number of growing
and antral follicles can no longer be supported.[24, 27]

Although direct destruction of ovarian follicles may not immediately alter cir-
culating hormone levels, the loss of ovarian hormone regulation results in eventual
disruption of negative feedback at the level of the hypothalamus and pituitary.
Follicle-stimulating hormone, produced in the anterior pituitary, regulates follicular
development and is under a negative feedback regulation of release by ovarian
hormones, such as estrogen, progesterone, and inhibin.[28] The mechanism by which
chemicals are ovotoxic could be to disrupt this feedback loop of endocrine regulation,
directly altering the system at the level of the hypothalamus or pituitary. Conversely,
a primary effect at the ovarian level might cause a later disruption of this regulatory
axis. In the latter case, ovarian failure would produce rather than result from changes
in circulating FSH levels, and FSH levels would increase due to loss of negative
feedback from ovarian hormones. 

Such increases in circulating FSH levels have been observed in long-term studies
in both female mice and rats treated with the occupational chemicals, 4-vinylcyclo-
hexene (VCH) and its ovotoxic metabolite, 4-vinylcyclohexene diepoxide, respec-
tively, for 30 days (age 28 to 58 days) and then observed for up to 1 year.[27,29]
In spite of a selective loss of the majority of primordial and primary follicles
measured by 30 days, FSH levels were only increased above control animals at 240
days in mice and 120 days in rats. This corresponded with a time point at which
numbers of antral follicles were significantly decreased in the rat.[29] Therefore,
ovarian changes preceded the rise in circulating FSH levels. In spite of such ovarian
damage, vaginal cytology still displayed evidence of ovarian cyclicity in VCH-
treated mice at 240 days. By 360 days (from the onset of 30 days of dosing), unlike
control animals, treated animals of both species displayed complete ovarian failure,
as determined by increased circulating levels of FSH, loss of estrous cyclicity, the
complete absence of ovarian follicular or luteal structures, and marked ovarian
atrophy. Furthermore, at 360 days there was histological evidence of pre-neoplastic
changes in ovaries of treated mice. From these studies, it was concluded that the
ovarian failure and pre-neoplastic changes that occur long after cessation of chemical
exposure are indirect consequences resulting from the depletion of small, pre-antral
follicles.
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3.4 EFFECTS OF SPECIFIC OVOTOXIC CHEMICALS

3.4.1 P

 

RE

 

-

 

ANTRAL

 

 F

 

OLLICLE

 

 D

 

AMAGE

 

Destruction of oocytes contained in ovarian primordial follicles can be caused by a
variety of environmental chemicals.[12] Exposures that extensively destroy primor-
dial and primary follicles can cause irreversible infertility (premature menopause in
women), since once destroyed, they cannot be replaced. Furthermore, destruction
of primordial follicles will have a delayed effect on cyclicity that is undetected until
there are no follicles left to be recruited for development.[24,27] 

 

3.4.1.1 Ionizing Radiation

 

Radiation therapy is one of the most common human exposures with a high potential
to destroy germ cells. This type of therapy is designed to be toxic to rapidly dividing
cells, specifically cancerous cells, but target specificity remains relatively poor. Thus,
permanent infertility has become a common side-effect of these treatments in
patients.[30] Exposure to irradiation is known to produce rapid destruction of oocytes
contained in primordial follicles, followed by increased follicular atresia, stromal
hypertrophy, and loss of ovarian weight.[31] These effects are suspected in humans
because of reports of amenorrhea and sterility in women undergoing therapeutic
irradiation.[32,33] The age of patients greatly influences their sensitivity to radiation,
with younger women appearing more resistant to ovarian toxicity. In animal studies,
Mattison and Schulman[14] noted that prenatal exposure to ionizing radiation also
affects the number of oocytes and reproductive capacity of female offspring. Unlike
oocytes in young women, rapidly dividing primordial germ cells and oogonia present
during fetal development in all species are highly sensitive to destruction by ionizing
radiation.[31]

 

3.4.1.2 Chemotherapeutic Agents

 

Roughly 25 females per 1000 will develop some type of cancer before the age of
35 (Statistics Canada), and approximately 1 in 1000 adults are survivors of childhood
cancers.[34] Concerns over side-effects of chemotherapy have increased as survival
rates of cancer patients improve (currently ~56% overall survival rate[30]). Since
antineoplastic therapy was first used to treat various malignancies, the ability of
these agents to produce ovarian failure has been documented. Effects of chemother-
apeutic exposures on reproductive function in patients are primarily a concern for
those under the age of 40 who may wish to have children; however, undergoing
early reproductive failure also increases the risks for developing other diseases. In
addition to chemotherapy for cancer, alkylating agents such as cyclophosphamide
are also used in treatments of autoimmune disorders. Thus, significant numbers of
people are exposed to these agents. Nitrogen mustard, chlorambucil, and vinblastine
have all been reported to cause sterility in women.[32,33,35] CPA has also been
shown to cause premature ovarian failure and secondary tumors in women.[36,37]
The induction of permanent infertility following chemotherapy is thought to depend
predominantly on the type of treatment and on the age of the patient,[38] with
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estimated frequencies of reproductive failure varying widely (20 to 60%). Children
exposed to chemotherapy prior to puberty are less likely to become permanently
infertile than adults.[39] Yet, retention of ovarian function does not mean ovarian
damage did not occur, and premature menopause is still a possibility.

These observed effects in humans have motivated a variety of studies in rodents
to better elucidate chemotherapeutic-induced ovotoxicity, predominantly using CPA.
Mice treated with low levels of CPA for 1 year demonstrated specific ovarian toxicity,
including acyclicity, reduced numbers of oocytes (especially primordial), and cor-
pora lutea, and developed cysts/tumors in the ovarian germinal epithelium.[40] In
multiple short-term studies involving rats and mice, susceptibility to CPA was
greatest in primordial follicles in exposed animals.[41,42] These results were in
contrast to reports in which loss of larger growing[43] or antral ovarian follicles[44]
was not associated with a loss of primordial follicles in SD rats injected with CPA.
Plowchalk and Mattison[45] observed a time- and dose-dependent relationship
between CPA and ovarian toxicity by looking at changes in ovarian structure and
function. In C57BL/6N mice given a single injection (i.p.) of CPA (75, 200, or 500
mg/kg), primordial follicle numbers were significantly reduced to 73%, 42%, and
38% of controls, respectively. The loss of primordial follicles was essentially com-
plete at 3 days and the estimated ED50 (concentration that produced 50% follicle
loss) was 122 mg/kg body weight. From these results it appears that premature
ovarian failure in women treated with CPA is likely to be, via destruction of pri-
mordial follicles.

 

3.4.1.3 Cigarette Smoking

 

Many epidemiological studies performed over the last 5 decades have shown that
cigarette smoke is a reproductive toxicant, demonstrating a strong relationship
between smoking and impaired fertility. One study reported that rates of pregnancy
were reduced to 57% in heavy smokers and 75% in light smokers when compared
with non-smokers; furthermore, the time to conception for smokers was 1 year longer
than for non-smokers.[46] Women smokers have also been reported to experience
a 1- to 4-year earlier age at the onset of menopause.[47,48] Thus, a significant
amount of data exists to demonstrate a relationship between smoking and reduced
fertility, but the mechanism is not well understood.[49] Along with the impact on
fertility, there are also effects of cigarette smoke on pregnancy and the fetus. Prenatal
exposure to cigarette smoke has been associated with retarded intra-uterine growth
and premature deliveries.[50] Additionally, conception in women whose mothers
smoked while pregnant was significantly reduced when compared with women
whose mothers did not smoke.[51] In animal studies, exposure of mice 

 

in utero

 

 to
cigarette smoke resulted in a reduced number of ovarian primordial follicles in
female offspring.[52]

There are several possible mechanisms by which cigarette smoke might be
involved in the earlier onset of menopause among smokers. Cigarette smoke is a
complex mixture of alkaloids (nicotine), polycyclic aromatic hydrocarbons (PAHs),
nitroso compounds, aromatic amines, and protein pyrolysates, many of which are
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carcinogenic.[53] Nicotine acting on the central nervous system might affect secre-
tion of hormones involved in regulation of ovarian function.[48] Smoking women
have been shown to have significantly decreased follicular levels of estradiol, com-
pared with non-smokers.[54] Furthermore, extracts of cigarette smoke significantly
decreased estradiol secretion by human granulosa cells in culture.[55] Alternatively,
cigarette smoke can induce certain liver-metabolizing enzymes, which may also
accelerate metabolism of steroid hormones.[48,56] However, because of the logical
association between early menopause and oocyte destruction, some of the effects of
cigarette smoke on fertility are likely to be due to damage to small pre-antral follicles. 

 

3.4.1.4 Polycyclic Aromatic Hydrocarbons

 

Due to the prevalence of polycyclic aromatic hydrocarbons in cigarette smoke and
in the environment from various combustion processes (including automobile
exhaust), many animal studies have examined the potential of PAHs to cause ovarian
damage or inhibit fertility.[47] Three PAHs, benzo[a]pyrene (BaP), 3-methylcholan-
threne (3-MC), and 9:10-dimethyl-1:2-benzanthracene (DMBA), have all been dem-
onstrated to cause ovarian damage. In one set of studies, Krarup reported that DMBA
depletes oocytes and produces ovarian tumors in mice.[57,58] The three PAHs, BaP,
3-MC, and DMBA, destroyed oocytes in small follicles of Sprague-Dawley rats and
in D2 and B6 mice, within 14 days following a single i.p. injection,[59] with mice
being more susceptible to ovotoxicity than rats. 

Related to the mechanisms of these effects, BaP produced chromosomal aber-
rations in CHO cells and mouse oocytes,[60] and 3-MC produced a destruction of
oocytes that ultrastructurally resemble the physiological process of atresia.[61] Fol-
lowing single high-level i.p. injections of PAHs in mice, the relative toxicities causing
oocyte destruction in primordial follicles was observed to be DMBA > 3MC >
BaP.[62] This was similar to the relative toxicities determined for these compounds
in experiments exposing mice and rats to multiple doses at lower levels of these
compounds.[63] In this study, it was determined that mice were more sensitive than
rats to these compounds and that ovarian damage from repeated exposures occurred
at much lower doses than occurred following single doses. Furthermore, results
suggested that there is variable sensitivity and target follicle specificity between
species among the chemicals tested. 

Exposure to these chemicals during pregnancy can also affect reproductive
potential of offspring. Daily oral exposure in mice 

 

in utero 

 

between 7 and 16 days
of gestation with BaP caused severely compromised fertility of female offspring (10
mg/kg).[64] A direct relationship between the dose of PAHs and destruction of
primordial follicles has been shown in the mouse ovary.[62] In a subsequent study,
mice given single intraperitoneal (i.p.) doses ranging from 1 to 100 mg/kg of BaP
demonstrated an ED50 of 15 mg/kg for oocyte destruction in B6 mice.[65] Inter-
estingly, significant oocyte destruction was demonstrated following a single high
dose of BaP (100 mg/kg), whereas the same level of oocyte loss was observed with
a low dose (10 mg/kg) given daily for 10 days.[66] This observation provides support
for a cumulative ovotoxic effect of chronic exposures to low doses.
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3.4.1.5 Occupational Chemicals 

 

Due to the detrimental effects on the ozone layer caused by chlorofluorocarbons and
the ban on their use, 1- and 2-bromopropane (BP) had been proposed as substitute
propellants and cleaning solvents. These chemicals were found to have detrimental
effects on both male and female workers in a Korean factory.[67,67] Sixteen of
twenty-five exposed women were found to have amenorrhea, high levels of FSH
and LH, and ten women complained of hot flashes. Ovaries in six of these women
were found to range from atrophic to almost normal upon follow-up laparoscopic
examination.[68] Later studies in rats demonstrated both neurological and reproduc-
tive effects.[69–71] Several recent studies have focused on the reproductive effects
of 1- and 2-bromopropane. There were decreased ovarian follicles in multiple stages
of development,[72,73] but time course and morphological studies performed in rats
have suggested that 2-BP initially targets primordial follicles.[74] In contrast, 1-BP
was reported to have no effect on primordial follicle numbers following prolonged
inhalation exposures.[75] There is also evidence for antral follicle damage in women
and rodents caused by these industrial chemicals.[72,75]

1,3-butadiene (BD) and the related olefins, isoprene and styrene, are released
during the manufacture of synthetic rubber and thermoplastic resins, and the esti-
mated annual occupational exposure of U.S. employees is 3,700 to 1,000,000 peo-
ple.[76] These chemicals have also been reported in cigarette smoke and automobile
exhaust.[76,77] Chronic inhalation studies have shown that carcinogenesis for BD
is higher in mice than rats.[78] Animals exposed to BD and its metabolites by
inhalation at concentrations of 62.5 ppm demonstrated that target tissues in mice
(heart, lung, fat, spleen, and thymus) contained significantly greater amounts of BD
epoxides than those same tissues in rats.[78] At lower doses, female mice exposed
daily by inhalation for up to 2 years exhibited ovarian atrophy, granulosa cell
hyperplasia, and benign and malignant granulosa cell tumors.[77] Therefore, repro-
ductive effects were observed following chronic exposure to low doses.

Because of the ability of these compounds to become epoxidated, they have the
potential to be ovotoxic and carcinogenic. In one study, the metabolite of BD, 1,3-
butadiene monoepoxide (1.43 mmole/kg), depleted small follicles by 98% and grow-
ing follicles by 87% in female B6C3F1 mice dosed daily for 30 days compared with
control animals.[79] At a much lower dose, 0.14 mmole/kg, the diepoxide of 1,3-
butadiene depleted small follicles by 85% and growing follicles by 63%. The results
of this study support that a diepoxide formed in the metabolism of BD is more
potent than the monoepoxide at inducing follicle loss. Additionally, isoprene was
reported to be ovotoxic, whereas styrene and its monoepoxide did not reduce mouse
ovarian follicle numbers.[79] 

There are mixed opinions as to the risk of human exposure to BD-induced
toxicity. According to Bond et al.,[80] there is not enough evidence for an association
between occupational exposure and human lymphatic and hematopoietic cancers.
They have shown that the metabolic activation of the carcinogenic form occurs to
a greater extent in mice than in rats and humans. Furthermore, they concluded that
because concentrations likely to be encountered in the environment or workplace
are usually below 2 ppm, there is not likely a carcinogenic risk to humans. However,
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the potential cumulative effect of long-term exposure to low concentrations over the
course of years was not discussed. This is particularly important when the target
cells are of a non-renewing type (for instance, ovarian follicles). 

The dimerization of 1,3-butadiene forms 4-vinylcyclohexene, VCH. The VCH
family of compounds are occupational chemicals released at low concentrations
during the manufacture of rubber tires, plasticizers, and pesticides.[76,81] VCH has
been shown in mice to 1) produce selective destruction of primordial and primary
follicles,[82] 2) cause premature ovarian failure,[27,29] 3) increase the risk for
development of ovarian tumors,[83] and 4) affect normal ovarian development of
female offspring exposed 

 

in utero

 

.[84] The metabolite, 4-vinylcyclohexene diep-
oxide (VCD), was shown to cause selective destruction of primordial and primary
follicles in both mice and rats,[82,85] and premature ovarian failure in rats.[29]
Because no significant effects on other tissues have been reported in studies with
this class of compounds, the damage they produce appears to be highly specific and
does not involve widespread toxicity. Ovarian damage caused by VCH and its related
epoxide metabolites has been demonstrated by a variety of exposure routes, including
dermal,[86] oral,[84] inhalation,[87] and i.p. injection.[82] It is, therefore, important
to understand the mechanism(s) by which this damage, shown to have such selective
yet far-reaching effects, is initiated. The overall sequence of events associated with
VCH- and VCD-induced ovarian toxicity is shown in Figure 3.2. Logically, gaining
a detailed understanding of the mechanisms of ovotoxicity of these chemicals
requires focusing on the primary events associated with the destruction of primordial
and primary follicles. Dosing of mice with VCH (800 mg/kg) for 30 days destroyed
about 90% of ovarian small pre-antral (primordial and primary) follicles.[27,82]
Follicle loss was not seen at 10 days, but was significant following 15 days of
daily dosing.[82] The loss of follicles within 30 days of daily dosing was sufficient
to cause premature ovarian failure within 1 year, as evidenced by loss of cyclicity,
ovarian atrophy, and pre-neoplastic changes in ovarian cells.[27] In the longer
term, two years of dosing with VCH resulted in development of rare ovarian
neoplasms in female mice.[83] Another study evaluated the effects of a 2-year
dermal application of VCD.[86] These results showed an increase in neoplasms
of the skin in male and female mice at the site of application and an additional
increase in the development of ovarian follicular atrophy and tubular hyperplasia
in female mice.

 

3.4.1.6 Other Ovotoxic Agents

 

The alkylating agents 1,4-di(methanesulfonoxy)-butane (Myleran), trimethylene-
melamin (TEM), and isopropyl methanesulfonate (IMS) have been shown to destroy
oocytes in small follicles in SECXC57BL/F1 mice following a single i.p. injec-
tion.[24] This destruction was observed within 3 days of dosing with TEM and IMS,
and within 14 days with Myleran. Daily oral administration of nitrofurazone over
2 years caused ovarian lesions, including development of benign mixed tumors and
granulosa cell tumors in mice.[88] The results of an 

 

in vitro

 

 mutagenicity study in
E. coli using a number of industrial and laboratory chemicals demonstrated a high
correlation between alkylating activity and increased mutagenicity.[89] In addition
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FIGURE 3.2

 

Effects associated with repeated 

 

in vivo

 

 exposures to VCH or VCD. VCH is metabolized to VCM and VCD in the liver, which is transported
in the blood to the target site, the ovary. The active metabolite, VCD, induces depletion of the smallest ovarian follicles, causing eventual loss of all
follicle types and leading to ovarian failure. These alterations subsequently cause ovarian atrophy and increased circulating FSH levels, followed by
possible formation of cysts or neoplasms.
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to the chemicals discussed so far, Dobson and Felton [31] reported a variety of other
compounds that were capable of producing significant primordial follicle loss in
mice. These chemicals included methyl and ethyl methanesulfonate, busulfan, and
urethane. Additionally, of a number of fungal toxins and antibiotics tested, procar-
bazine HCl, and 4-nitroquinoline-1-oxide were ovotoxic. Finally, dibromochloro-
propane, urethane, N-ethyl-N-nitrosourea, and bleomycin demonstrated primordial
follicle killing, with bleomycin being the most potent. In general, all of these
ovotoxic chemicals are also known to possess mutagenic-carcinogenic effects. Thus,
these studies have further provided a correlation between ovotoxicity and subsequent
development of tumorigenesis. How these two events are linked is not clearly
understood at this time. Hexachlorobenzene (HCB), a persistent halogenated hydro-
carbon in the environment, has been identified as a contaminant in human follicular
fluid.[90] This is of particular concern in view of the ability of HCB to destroy
primordial follicles in Rhesus and cynomolgus monkeys. 

 

3.4.2 A

 

NTRAL

 

 F

 

OLLICLE

 

 D

 

AMAGE

 

Selective damage by toxicants to large growing or antral follicles may cause inter-
ruption of cyclicity by impacting on ovarian steroid production and ovulation. This
effect is generally reversible because if exposure to the toxicant ceases, more follicles
can ultimately be recruited for development from the pool of primordial follicles
that remains. 

 

3.4.2.1 Chemotherapeutic Agents

 

In addition to widespread destruction of primordial follicles by cyclophosphamide
in ovaries of rats and mice, growing follicles have also been reported to be affected.
Ataya et al. described specific losses of follicles > 30 

 

µ

 

m in rhesus monkeys given
multiple doses of cyclophosphamide.[91] The immediate precursors of phosphora-
mide mustard (the bioactive form of CPA) given to mice were observed to reduce
antral follicle numbers, and cause loss of ovarian volume and uterine weight.[42]
Also, in rats, dosing with CPA caused destruction of antral follicles at doses that
did not affect primordial follicles.[44] In contrast, under conditions that completely
destroyed primordial follicles in mice, only partial destruction of antral follicles was
observed.[45] This demonstrated the greater sensitivity of primordial germ cells to
this compound in mice. However, in both studies in rats and mice, lower ovarian
weight, reduced follicular and luteal volume, and lower circulating 17-

 

β

 

 estradiol
levels were most highly associated with the loss of antral follicles.[44,45] The effect
on antral follicle numbers in both studies was reversible. Thus, whereas ovotoxicity
that impacts the primordial follicle pool causes irreversible effects, damage to larger
follicles can have a temporary impact on cyclicity. 

 

3.4.2.2 Polycyclic Aromatic Hydrocarbons

 

An effect of DMBA and BaP on antral follicles has been observed in mice.[92]
DMBA decrease numbers of small follicles initially, with a secondary effect on large
follicles. In a morphological assessment of ovaries collected from mice that were
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dosed with PAHs, Mattison [93] reported that BaP, 3-MC, and DMBA all destroyed
primordial follicles; however, only DMBA impacted antral follicles. Yet, in a sub-
sequent study in mice, BaP decreased numbers of corpora lutea, and this effect was
reversible.[94] These observations are consistent with targeting of BaP to antral
follicles and subsequent disruption of ovulation. Although there are discrepancies
in findings between the two studies, it is apparent that under certain conditions, PAH
damage to antral follicles can occur.

 

3.4.2.3 Phthalates

 

One class of chemicals that has received recent attention in reproductive toxicology
is the phthalates. Detrimental reproductive effects have been reported in both human
epidemiological studies and rodent studies.[95] These chemicals, which are diesters
of o-phthalic acid, are utilized in the plastics industry to enhance the flexibility of
polyvinyl chloride products. They are included in such products as cosmetics, lubri-
cants, plastic tubing, medical devices, vinyl upholstery, surgical gloves, toys, sol-
vents, and pesticides. Phthalates can leach out of plastics into air, water, or food.[96]

Di-(2-ethylhexyl)phthalate (DEHP) and other diester phthalates are widely used
in the production of many polyvinyl chloride-based plastics, including medical and
food packages. Because they are not covalently linked to the plastic resin, phthalates
can contaminate the surrounding environment.[26] In a reference human population,
multiple phthalate metabolites were detected in urine of approximately 75% of those
tested,[97] demonstrating that humans are exposed to significant levels. Daily expo-
sures may vary greatly among individuals, but are estimated to be 2 mg/day for
DEPH alone.[98] Correlations were identified between urinary phthalate levels in
humans and pregnancy complications[99] or rates of successful pregnancies.[100]
Di-(2-ethylhexyl)phthalate and its monoester metabolite (MEHP) are likely the most
widely studied of the phthalate esters. A recent study in female SD rats reported
that repeated oral exposure to DEHP caused disruptions of reproductive function.[26]
These disruptions included delayed ovulations; reduced granulosa cell size in antral
follicles; decreased circulating estradiol, progesterone, and LH levels; and increased
FSH. Mechanistic analyses have linked effects of phthalates to peroxisome prolif-
erator-activated receptors (PPARs) (reviewed in [101]). It is known that multiple
phthalates can induce hepatic 17

 

β

 

-hydroxysteroid dehydrogenase (17

 

β−

 

HSD IV),
which metabolizes estradiol to estrone.[102] Further evidence suggests that this up-
regulation of 17

 

β

 

-HSD occurs through the PPAR-

 

α

 

 receptor. In addition to activating
PPAR-

 

α

 

, MEHP can also activate PPAR-

 

γ

 

, which suppresses expression of aro-
matase in granulosa cells of antral follicles.[103,104] Overall, these observations
demonstrate that the direct effect of this class of chemicals on the ovary is specific
for antral follicle stages.  

 

3.4.2.4 Halogenated Aryl Hydrocarbons 

 

Endocrine disrupters that display estrogenic/anti-estrogenic effects have been
actively studied for their ability to induce 

 

in utero

 

 developmental alterations. The
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intracellular mechanisms of these disruptions are only beginning to be understood.
The pesticide, 2,3,7,8-tetrachlorodibenzo-

 

p

 

-dioxin (TCDD) has been the subject of
many studies related to sexual development and fertility.[105] However, a few recent
studies have reported that TCDD can also cause direct ovarian effects. The effect
of a single oral dose of TCDD on numbers of oocytes ovulated and estrous cyclicity
was observed in female rats.[106] Exposure to TCDD prolonged the diestrous stage,
and reduced the time in proestrus and estrus. Additionally, there was a reduction in
the number of oocytes ovulated in treated rats. These findings provide strong evi-
dence that TCDD impairs ovulation. TCDD was further studied for its effect on
hormone-induced follicular development and ovulation.[107] The data from this
study were consistent with reduced ovulation via a hypothalamic-pituitary effect.
However, ovulation was also reduced in hypophysectomized animals, suggesting a
direct ovarian effect as well. As regards the mechanisms involved, an 

 

in vitro

 

 study
observed that TCDD significantly reduced 17-

 

β

 

-estradiol production in human
luteinized granulosa cells in culture.[108] Further investigation demonstrated that
TCDD produced these effects via interactions with the EGF linked-mitotic signaling
pathway involving mitogen-activated protein kinases and protein kinase A. 

The polychlorinated biphenyl, 3,3

 

′

 

,4,4

 

′

 

-tetrachlorobiphenyl (TCB), has been
shown to have teratogenic effects in mice[109] and to be embryolethal in rats.[110]
A transplacental effect of TCB on ovarian development in fetal mice has also been
reported.[111] By 28 days of age in female mice exposed to TCB 

 

in utero 

 

on day
13 of gestation, there was a 40 –to 50% loss of follicles in all stages of development.
However, this reduction did not adversely affect reproductive capacity during a
5-month period of testing. 

Thus, it appears that direct endocrine disrupters may exert their reproductive
and developmental effects at a variety of different sites. Even though an initial impact
on endocrine balance may cause some of the observed effects, there is growing
evidence to suggest that direct ovarian effects are produced, as well. 

 

3.4.1.5 Occupational Chemicals

 

The effects of 1- and 2-BP were also observed on antral follicle development in rats.
For 1-BP, reproductive studies of long-term inhalation exposures (400 to 800 ppm)
suggest that growing and antral follicles, and not primordial follicles, are the target
of this chemical.[75] 2-BP (500, 1000 mg/kg, i.p., once every 2 to 3 days, for 15
to 17 days) was found to prolong estrous cycles, decrease ovulations, and alter pre-
ovulatory follicle morphology.[72] Rats exposed to 1- or 2-BP (up to 1000 ppm by
inhalation, 8 hours/day, 21 days) had no significant changes in the number of
abnormally long estrous cycles, ovarian or uterine weights, or numbers of ovulated
oocytes, but significant changes were observed in these endpoints following
1,2-dibromopropane exposures (100 to 200 ppm).[73] Direct effects of 2-BP on the
oocyte might also occur, as suggested by increased micronuclei and decreased cell
numbers observed in preimplantation mouse embryos following exposures to
2-BP.[112]
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3.5 OVARIAN METABOLISM

 

The ovary contains enzymes responsible for biotransformation and detoxification of
many xenobiotics. Both the rat and mouse ovary contain epoxide hydrolase, glu-
tathione-S-transferases, and cytochromes P-450 that metabolize known ovarian tox-
icants.[113-115] Therefore, biotransformation of chemicals may occur within the
ovary. Immunohistochemical localization of enzymes suggests differential expres-
sion among the various ovarian structures, thereby providing significantly different
exposures through region-specific bioactivation or detoxification of ovotoxicants
near certain classes of oocytes. 

 

3.5.1 B

 

IOACTIVATION

 

Reproductive toxicants can compromise ovarian function via destruction of oocyte-
containing follicles.[1,12] Many xenobiotic chemicals are metabolized once they
have been taken into the body. In some cases, the chemical form that is introduced
must be metabolized to a more reactive intermediate to produce toxic effects. This
conversion often represents metabolism of the parent compound, by Phase I classes
of enzymes, such as the family of cytochrome P450-associated enzymes. Expression
of these enzymes may be under hormonal control, as demonstrated by increased
content of microsomal cytochrome P-450 in rat ovaries as the animals developed
toward puberty, with even greater increases in pregnant rats.[114] These results are
complicated, however, by the fact that some cytochrome P-450 enzymes (aromatase
or CYP19, P450 side chain cleavage or P450scc/CYP11a1, 17-hydroxylase 17,20-
lyase or P450c17) are involved in steroidogenesis and may not be important for
metabolism of xenobiotics. In the ovary, expression of cytochrome P-450s 2A, 2B,
and 2E1 was significantly increased in target follicles in response to exposures to
VCH or VCD (i.p.), and activity of 2E1 was increased by VCH in total ovarian
tissue.[116] Whereas bioactivation of various parent compounds can occur directly
in the ovary or in metabolically active tissues such as liver, ovarian expression of
various cytochrome P-450 enzymes suggests that the ovary is capable of xenobiotic
metabolism. 

 

3.5.2 D

 

ETOXIFICATION

 

Phase I enzymes, including the cytochrome P450 enzymes, often generate activated
metabolites of xenobiotics, and Phase II classes of enzymes generally cause detox-
ification during xenobiotic metabolism. This formation of non-toxic metabolites
usually also enhances their solubility for excretion. Major enzymatic pathways for
detoxification of xenobiotic epoxides are hydration to corresponding diols (catalyzed
by microsomal epoxide hydrolase, EH), and conjugation with glutathione (catalyzed
by glutathione-S-transferase, GST). Detoxification reactions catalyzed by EH and
GST occur in many tissues including the ovary.[114,117] Expression of the specific
isoforms of GSTs in rat ovaries was found to be age-dependent and hormonally
regulated.[118] In human ovaries, specific isoenzymes were regionally compartmen-
talized.[119] Activities of EH, GST, and P450s in rats were high in the neonate,
decreased by 2 weeks of age, reached a maximum near the onset of puberty, and
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were even further elevated in pregnant rats.[114] These data are suggestive of
hormonal induction of ovarian detoxification enzymes. 

 

3.5.3 M

 

ETABOLISM

 

 

 

OF

 

 S

 

PECIFIC

 

 C

 

HEMICALS

 

3.5.3.1 Chemotherapeutic Agents

 

Chemotherapy is one of the most toxic exposures to humans as regards germ cell
destruction.[120] Cyclophosphamide has been studied more thoroughly than most
due to its widespread use as a chemotherapeutic agent. CPA induces loss of primor-
dial follicles and can cause sterility. Phosphoramide mustard has been determined
to be the antineoplastic and ovotoxic form of this chemical.[42,121] Mice were
dosed with chemicals capable of forming specific metabolites of cyclophosphamide
(phosphoramide mustard,  phosphoramide mustard cyclohexylamine salt or trans-4-
phenylcyclophosphamide; or acrolein, didechlorocyclophosphamide and allyl alco-
hol). Only those chemicals that released phosphoramide mustard induced ovarian
toxicity. The greater potency of phosphoramide mustard-producing chemicals com-
pared to CPA in mice was attributed to a bypassing of detoxification steps, allowing
more toxic metabolite to reach the ovary.[42] Metabolism of cyclophosphamide is
thought to occur in the liver with uptake of the reactive metabolites from the blood
to the ovary.[121] However, the possibility exists for detoxification of toxic metab-
olites in specific regions of the ovary, which might explain the follicle-stage-specific
toxicity.

 

3.5.3.2 Polycyclic Aromatic Hydrocarbons

 

Polycyclic aromatic hydrocarbons are persistent organic chemicals generated as
products of combustion. Many animal studies have demonstrated ovotoxic effects
of these compounds. Polycyclic aromatic hydrocarbons are not directly ovotoxic,
but require metabolic activation to reactive metabolites.[122] Oocyte destruction by
PAHs may involve distribution of the parent compound to the ovary, where ovarian
enzymes involved in PAH biotransformation metabolize the compound to reactive
intermediates (e.g., through aryl hydrocarbon hydroxylase or epoxide hydro-
lase).[65,123] However, enzymes capable of activating PAHs have been identified
in ovarian tissue in mice and rats,[65] monkeys,[124] and humans.[125]

As regards bioactivation, BaP is metabolized initially by microsomal cytochrome
P450 enzymes to arene oxides,[126] which may then spontaneously form phenols
and subsequently be converted to the trans-dihydrodiol by epoxide hydrolase. The
diol epoxide, 7,8-dihydrodiol-9,10-epoxide, displays the greatest degree of mutage-
nicity, carcinogenicity, and ovotoxicity.[65] Mattison and Nightingale[66] showed
that B6 mice were more susceptible to BaP than D2 mice, whereas both strains were
equally susceptible to the arene oxide metabolite.[127] Furthermore, inhibition of
PAH metabolism with 

 

α−

 

naphthoflavone prevented PAH-induced oocyte destruction
observed in mice.[62,65] Detoxification of the diol epoxide involves further hydrol-
ysis to the tetrol or conjugation to glucuronides, sulfate, or glutathione. Other PAHs,
DMBA and 3-MC, follow similar metabolic pathways.[126] Sub-chronic low-dose
exposures of mice and rats to BAP, DMBA, and 3-MC, however, caused reductions
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in different follicle populations for each of these chemicals,[63] suggesting that
differences in metabolism or follicle susceptibility may exist.

The involvement of ovarian enzymes in bioactivation was demonstrated in
studies that employed direct intra-ovarian injections of BaP.[128] The enzyme
responsible for the initiation of PAH metabolism is a cytochrome P450-dependent
microsomal mono-oxygenase, aryl hydrocarbon hydroxylase (AHH).[127] AHH
has been studied in detail to determine the relationship between metabolism of
PAHs and ovotoxicity.[65] The inducibility of AHH varied between different
mouse strains, and the ovotoxicity of 3-MC was related to AHH inducibility,
whereas ovotoxicity of DMBA or BAP was not.[129] DMBA metabolism by
cytochrome P450-dependent DMBA mono-oxygenase activity has been measured
in enriched granulosa/theca cell fractions isolated from ovaries collected from
rats,[116] monkeys,[124] and humans.[125] Increased ovarian DMBA hydroxylase
activity was measured during proestrus and estrus in rats, suggesting induction of
enzyme expression by estradiol or gonadotropins. Taken together, these data pro-
vide evidence that bioactivation of PAHs can be directly performed within the
ovary. Overall, it is the combined processes of bioactivation, distribution, and
detoxification both throughout the body and locally in the ovary that determine
ovarian susceptibility to these compounds.

 

3.5.3.3 4-Vinylcyclohexene

 

Multiple chemicals have been demonstrated to be bioactivated to the diepoxide form,
including the occupational chemicals 2-bromopropane, 1,3-butadiene, and 4-vinyl-
cyclohexene. The role of biotransformation in VCH-induced ovarian toxicity has
been well established. Following 30 days of daily dosing of female B6C3F1 mice
and Fischer 344 rats with VCH, primordial and primary follicles were reduced in
ovaries of mice, but not rats.[82] Cytochrome P450 enzymes convert VCH to two
possible monoepoxides (4-vinylcyclohexene monoepoxide, VCME), the 1,2-VCME,
and 7,8-VCME forms, then further metabolize them to the diepoxide, VCD. Struc-
ture-activity studies determined that the ultimate ovotoxic form, with the lowest
ED

 

50

 

, is VCD.[79] Similar studies have provided evidence that the diepoxide of
butadiene is also the ultimate ovarian toxicant.[79] The greater sensitivity of mice
compared to rats was partly due to different capabilities for bioactivation of VCH.
This was demonstrated by measurable blood levels of 1,2-VCME in VCH-exposed
mice but not rats,[130] a 4 to 6x greater metabolism of VCH to 1,2-VCME by
hepatic microsomes from mice versus from rats,[131] and a 56-fold higher V

 

max

 

 for
conversion of VCH to 1,2-VCME in mouse liver as opposed to rat liver.[132] Specific
induction of CYP2A and CYP2B was seen in response to VCH or 1,2-VCME
exposures in mice but not rats.[133] In purified human microsomes, only CYP2E1
and CYP2B6 were capable of bioactivation of VCH to epoxides. Thus, these results
demonstrate that epoxidation of VCH represents bioactivation, and it was concluded
that the species variation in susceptibility to VCH was, in part, due to differences
in the capacity of mice and rats to form VCD.
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3.5.3.4 Vinylcyclohexene Diepoxide

 

The greater sensitivity of rats versus mice to the ovotoxicity of VCD suggested that
detoxification of VCD may also play a role in species-specific sensitivity to VCH-
induced ovotoxicity. It was shown that the rat had greater capacity for conversion
of VCD to its inactive tetrol, as compared with the mouse, and that only rats
possessed detectable ovarian VCD-hydrolytic enzymatic activity.[132] Similar
results have been reported for epoxides of butadiene.[134] Therefore, the greater
susceptibility of mice over rats relates to both enhanced bioactivation and reduced
detoxification of the ovotoxic epoxides. Both microsomal epoxide hydrolase (mEH)
and cytosolic GST, which are likely to be involved in metabolism of VCD, are
expressed in the ovary.[114] Evidence that VCD is metabolized by EH has been
provided in studies with rabbit liver microsomes.[135] Exposure of mice or rats to
VCD caused significant depletion of hepatic glutathione levels,[136] whereas ovarian
levels in rat were unaffected.[137] This may reflect glutathione conjugation to VCD
through glutathione transferase activity.

Pre-antral follicles isolated from rat ovaries were capable of converting VCD to
the inactive tetrol metabolite.[138] Following 

 

in vitro

 

 incubation, the smallest fol-
licles displayed a lower capacity to convert VCD to the tetrol than did larger pre-
antral follicles. These results provide evidence that the rat ovary can directly detoxify
VCD, but that the smallest follicles targeted for ovotoxicity have a reduced capacity
for this conversion.

 

3.6 MECHANISMS OF OVOTOXICITY

 

The mechanism(s) by which ovotoxic chemicals act directly on the ovary are gen-
erally not well understood but might be due to one of several possible mechanisms.
In each case, ovarian follicles and oocytes are the underlying targets. Oocyte destruc-
tion can result from a toxic chemical causing direct damage to the oocyte. Alterna-
tively, chemicals may interfere with the critical inter-cellular interactions between
oocytes and granulosa cells necessary at all stages of follicular development either
through direct toxicity to granulosa cells[13] or through disruption of cell-cell
communication. Lastly, environmental chemicals might cause follicle loss by accel-
erating the overall rate of atresia, the normal and poorly understood mechanism by
which the majority of follicles degenerate during development.

 

 

 

3.6.1 C

 

ELL

 

 D

 

EATH

 

Only a select few follicles in the ovary will ever develop fully and be ovulated.[4]
Instead, the vast majority begin development but are lost by a process of cell death,
called atresia. Atretic follicles at all stages of development can be morphologically
distinguished from healthy ones. Follicular atresia in mammals has been shown to
occur via a mechanism of physiological cell death, apoptosis.[15,139] 

It has been proposed that most forms of xenobiotic-induced premature ovarian
failure are due to increased rates of atresia.[1] However, there appears to be a
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relationship between the dose given of a chemical, the duration of treatment, and
the type of cell death that follows. In general, it has been found that low doses of
toxic chemicals typically induce apoptosis, whereas higher doses often cause necro-
sis.[140,141] Furthermore, a temporal relationship between apoptosis and necrosis
has also been reported, with apoptosis being induced rapidly (1 to 7 hours) following
a single dose of the hepatotoxicant dimethylnitrosamine, and necrosis occurring at
a later time (12 to 24 hours).[142,143] Taken together, these results suggest that
mild cellular damage can induce a program for death, apoptosis; whereas more
severe damage results in uncontrolled cell death through necrosis.[144] These trends
were also observed in studies investigating ovotoxicity in rats and mice, with mor-
phological evidence consistent for both types of cell death reported. Ovaries collected
from mice given a relatively high dose of cyclophosphamide (500 mg/kg) demon-
strated necrotic damage, specifically in oocytes of primordial follicles containing
granulosa cells.[45,94] Conversely, atretic changes in primordial follicles were
reported at lower doses (100 mg/kg). Antral follicles demonstrated evidence of
atresia at the higher dose in mice (500 mg/kg),[45] as well as in rats dosed with
150 mg/kg CPA.[44]

In mice treated with PAHs (80 mg/kg BaP, 3-MC, or DMBA), oocyte morphol-
ogy consistent with necrosis was observed in primordial follicles.[93] These changes
caused by 3-MC and BaP were seen in the absence of visible effects in the associated
granulosa cells. However, DMBA produced more visible toxicity by destroying
oocytes and follicles more extensively and disrupting ovarian architecture. Morpho-
logical evidence consistent with increased atresia in small pre-antral follicles was
also reported in ovaries collected from rats dosed daily for 10 days with the occu-
pational chemical, 4-vinylcyclohexene diepoxide (VCD, 80 mg/kg; [145]). In rats
treated with the phthalate, DEHP, antral follicle damage was observed in association
with retarded ovulation.[26] The morphological changes in these follicles were also
consistent with atresia.

Many reports have provided examples of xenobiotic-induced apoptosis. In recent
years there has been an increase in the investigation of apoptotic cell death following
treatment with toxic chemicals.[144] Hepatotoxicants such as thioacetamide, ace-
taminophen, and dimethylnitrosamine induce apoptosis 

 

in vivo

 

 and 

 

in vitro

 

.[146,147]
The halogenated aromatic hydrocarbon, tetrachlorodibenzo-

 

p

 

-dioxin (TCCD), can
induce apoptosis in immature thymocytes.[148] The PAH, DMBA, induced inter-
nucleosomal cleavage (apoptosis) in mouse thymocytes and spleen cells.[149]
Although there are examples of morphological evidence of ovotoxicity consistent
with atresia, few reports have classified the specific type of cell death induced by
reproductive toxicants in the ovary as apoptosis. Distinguishing characteristics asso-
ciated with apoptosis were observed in primordial and primary follicles in ovaries
from rats dosed with the occupational chemical, VCD.[20] Furthermore, there was
no evidence of necrosis, such as cellular or organelle swelling or infiltration of
macrophages, in ovaries from treated rats. Even at the ultrastructural level, no signs
of necrosis or alterations in the atretic process were observed at any follicle stage.[29] 

Multiple internal or external signals can trigger apoptosis, using multiple pos-
sible pathways.[139] Molecular markers of apoptosis examined following VCD
exposures have supported that VCD-induced ovotoxicity is via apoptosis. The Bcl-2
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family of proteins, which have members that are both pro- and anti-apoptotic, and
apoptosis-related signaling pathways were found to be altered in isolated follicles
from enzyme-dissociated ovaries of control and VCD-treated rats (summarized in
Figure 3.3). Elevated levels of mRNA encoding the pro-apoptotic gene, 

 

bax

 

, were
measured in isolated fractions of small pre-antral follicles collected from rats fol-
lowing repeated exposures to VCD (80mg/kg/d, 15 d).[150] The pro-apoptotic pro-
tein, Bad, was increased specifically in those follicles.[151] Furthermore, Bcl-x

 

long

 

was translocated from the mitochondria (its site of anti-apoptotic action) to the
cytoplasm, and the mitochondrial ratio of this protein to the pro-apoptotic Bax was
significantly reduced to favor apoptosis. VCD also induced another pro-apoptotic
event, mitochondrial cytochrome C diffusion into the cytoplasm. Activity and protein
levels of Caspases 8, 9, and 3, enzymes involved in apoptotic signaling pathways,
were also elevated following VCD dosing.[152] All of these effects were specific
for the small follicles targeted by VCD, and were not seen in large pre-antral follicles
or hepatocytes (non-target tissues). The importance of Bax in VCD-induced follicle
loss was confirmed by determination that Bax-deficient mice were resistant to follicle
depletion by VCD. In contrast, primordial follicles in mice lacking acid sphingo-
myelinase (enzyme that produces pro-apoptotic ceramide), the aryl hydrocarbon
receptor, or Caspases 2 or 3 were just as sensitive to VCD exposures as wild-type
animals,[153] although primary follicles were partially protected against VCD-
induced follicle loss in Caspase 2- or 3-deficient mice. Taken together, these results
support the idea that VCD-induced follicular atresia involves increased activation of
the Bcl-2 pro-apoptotic signaling pathways.

 

3.6.2 SITES OF CELLULAR DAMAGE

Intracellular sites that are targeted by ovotoxic chemicals are still unknown for most
chemicals. Many epoxide-containing compounds have been associated with
increased mutagenicity (in in vitro bacterial assays),[154] DNA adducts, and sister
chromatin exchanges.[155,156] Also, many ovotoxic compounds also cause an
increased incidence of ovarian tumors.[12] However, whether DNA damage is the
event that initiates ovotoxicity has not been determined for these chemicals. Nor is
it understood why oocytes would be especially sensitive to DNA damage in such a
cell-selective manner. To examine the follicle-stage-dependent chromosomal sensi-
tivity of oocytes, several studies have determined the timing of oocyte damage
following chemical exposures. By examining chromosomal anomalies in eggs or
embryos and success of mating at different times after exposures, results correspond
to effects at different stages of oocyte development.[157,158] Chromosomal damage
was only detected in ovulated oocytes shortly after butadiene diepoxide exposures
in superovulated mice.[159] Meirow et al. (2001) identified differences in follicle
stage-dependent effects on reproductive success in mice following single exposures
to cyclophosphamide (75 mg/kg),[158] which is thought to act through covalent
DNA conjugation and cross-linking.

In contrast to DNA damage, it has been proposed that plasma membrane damage
is more highly correlated with ovotoxicity that DNA damage.[31] This observation
was supported by comparing alkylating properties with genetic activity in a variety
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FIGURE 3.3 Mechanistic alterations caused by repeated VCD exposures induced specifically in target (primordial and primary) ovarian follicles leading
to follicular atresia (apoptosis). One or more Caspase-dependent signal transduction pathways are activated, mitochondrial changes in localization of
Bcl-2-related proteins induce release of cytochrome C from mitochondria, further promoting cells to undergo apoptosis. Gray arrows represent quantitative
alterations in expression or localization. 
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of epoxide-containing chemicals.[160] Thus, the cellular event(s) initiated directly
by ovotoxic chemicals may be at the level of proteins involved in signaling pathways
or regulatory mechanisms associated with cell death/viability determination, rather
than as a direct result of DNA damage.

3.7 SUMMARY

In summary, environmental chemicals that impact ovarian function can directly
disrupt endocrine balance by decreasing production of ovarian hormones and inter-
fering with ovulation. These effects are rather immediate, target large antral follicles,
and can be reversed once there is no longer exposure to the chemical. On the other
hand, ovarian function can be impaired by exposure to chemicals that destroy small
pre-antral follicles. This produces an indirect disruption of endocrine balance, once
hormonal feedback mechanisms have been affected. The manifestation of this type
of ovarian toxicity is delayed until irreversible ovarian failure has occurred. This
type of damage is of particular concern in women because of the health risks known
to be associated with menopause. Future research should be aimed at understanding
specific mechanisms of ovotoxicity and improving our ability to predict human risk
from the wide variety of exposures to these chemicals in the environment. 
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4.1 INTRODUCTION: 

 

P, P’ 

 

– DDE (1,1-DICHLORO-2,2-
BIS(

 

P

 

-CHLOROPHENYL)ETHYLENE) AND 
HCB(HEXACHLOROBENZENE)

 

Persistent organic pollutants, as classified by the Environmental Protection Agency
(EPA), have now been detected in virtually all ecosystems throughout the world,
including the few remote environments that do not have any history of direct expo-
sure. Because of the stability and persistence of these man-made chemicals within
the environment, long-distance transport can include atmospheric, terrestrial/fresh-
water, and marine pathways. Additionally, long-term lipid storage of these hydro-
phobic chemicals has resulted in bioaccumulation and biomagnification within the
worldwide food chain.

 

1

 

In this chapter, we focus primarily on two persistent organochlorine pollutants;

 

p, p

 

′

 

–DDE (1,1-dichloro-2,2-

 

bis

 

(

 

p

 

-chlorophenyl)ethylene) and HCB (hexachlo-
robenzene) and their effects on mammalian systems, with specific emphasis on
embryonic and fetal cells. There is significant evidence for endocrine disruption
activities by each of these chemicals or specific metabolites. However, the wide
range of physiological dysfunction that has been attributed to these persistent orga-
nochlorines indicate additional mechanisms of toxicity within the cell. The most
sensitive target tissue is the growing embryo or fetus that has not yet developed
mature defense mechanisms against these xenobiotics. Moreover, the process of
rapid growth and development of sensitive organs and tissues, if perturbed, can have
life-long consequences. Immature organ systems that are believed to be most sen-
sitive to chronic exposure to these chemicals, evidenced by epidemiological and
basic research, include the nervous system, immune response, reproductive tissue,
liver enzymes, kidney function, and adrenal and thyroid glands.

 

1,2

 

This chapter contains a summary of both known and hypothetical mechanisms
of toxicity of these two persistent organic pollutants, some of which is still in debate.
Further, we describe specific genotoxic and cytotoxic effects of these chemicals on
immature cells at low environmental concentrations, both separately and as a mix-
ture. Despite what is currently known, there is much yet to understand in regard to
toxic effects of environmental doses of individual chemicals and of mixtures at the
molecular, cellular, and whole organism level. Accurate predictions of risk cannot
be established for individuals and populations as a whole until much more is under-
stood in regard to all of the mechanisms of action of these persistent organic
pollutants. 
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4.1.1 D

 

ESCRIPTION

 

 

 

OF

 

 DDT 

 

AND

 

 DDE 

 

DDT (1,1,1-trichloro-2,2-

 

bis

 

-(

 

p

 

-chlorophenyl)ethane) is a chlorinated organic pes-
ticide that has been used extensively to control mosquitoes and other insects from
the early 1940s throughout the 1960s. The use of DDT was banned in the United
States in 1972 by the EPA because of mounting concerns over long-term effects of
animal and human exposure. However, the use of DDT to combat malaria and other
insect vector-borne diseases still continues in third-world countries. The most active
isomer, 

 

p, p

 

′

 

-DDT, is classified as a persistent organic pollutant by the EPA. The
International Agency for Research on Cancer (IARC) has also classified this isomer
of DDT into Group 2B: possibly carcinogenic to humans.

The molecular structure of DDE (1,1-dichloro-2,2-

 

bis

 

(

 

p

 

-chlorophenyl)ethylene)
is of an aromatic organochloride consisting of two benzene rings joined to an ethene
moiety located between the rings. Each of the two phenyl groups contains one
substituted chlorine, and the ethene moiety contains two chlorines. DDE exists
primarily as different isomeric metabolites of DDT. These different isomeric forms
of DDE exist based upon the position of the chloro-substituted benzenes. Similar to
other aromatic organochlorides, DDE is soluble in organic solvents and lipids, but
not in water. This review primarily focus on the 

 

p, p

 

′

 

-DDE isomer (hereafter DDE)
derived from 

 

p, p

 

′

 

-DDT.
The phenyl groups of both the parent molecule, DDT, and metabolite, DDE,

confer high stability to these compounds. The lipophilic nature and low volatility
of these persistent organochlorines allow for long-term soil adherence. Within soil,
DDT and DDE are exceedingly resistant to microbial degradation, with an estimated
half-life of DDT of 2 to 15 years or longer, based upon soil matrix conditions and
microbial content.

 

3

 

 In contrast, within the air, both DDT and DDE are degraded
rapidly by sunlight (UV radiation).

 

4.1.2 D

 

ESCRIPTION

 

 

 

OF

 

 HCB

 

HCB is an aromatic organochloride, consisting of a benzene ring substituted with
chlorine in each of the six ring carbons. This configuration gives HCB a very stable
chemical structure, low water solubility, and a highly lipophilic nature. These prop-
erties contribute to long-term stability of HCB in soil, air, water, and lipophilic
environments. The estimated half-life of HCB in air and water is 2.6 to 6 years and
in soil can be 6 years or longer.

 

4

 

 The physical and chemical properties of HCB are
well suited to its former uses, primarily as a wood preservative and fungicide from
the 1940s through the 1980s. The lipophilic nature combined with low volatility
allow for adherence and prolonged contact when applied to grain during fumigation
operations. Unfortunately, these same properties confer onto HCB the ability to
disperse throughout the environment and bioaccumulate through the worldwide food
chain. For these reasons, HCB is classified as a persistent organic pollutant by the
EPA. In addition, IARC has classified HCB into Group 2B: possibly carcinogenic
to humans.
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4.2 DDE: OVERVIEW OF TOXIC MECHANISMS AND 
EFFECTS

 

Over the past 60 years, DDT, and especially DDE, have been bioaccumulating
throughout the worldwide food chain. Concentrations within human and animal
tissue have been measured since the late 1960s by the National Human Monitoring
Program and in the early 1970s by the National Human Adipose Tissue Survey.
These programs have documented steadily declining, but still detectable, concentra-
tions in all tissues examined. Liver, kidney, nervous system, and adipose tissue are
the main storage sites for DDT and its metabolites.

 

2

 

 Moreover, preferential accu-
mulation in adipose tissue, breast milk, and serum have been correlated to virtually
all geographic areas, but are generally higher in Africa, Asia, and Latin America as
compared to Europe or the USA.

 

5

 

 This comes as no surprise given the current
widespread use of DDT in areas of the former group of countries.

Human exposure to acute doses of DDT targets the central and peripheral
nervous system, manifesting as tremors, excitability, dizziness, malaise, convulsions,
and nausea.

 

2

 

 These effects have been documented for known human exposure occur-
ring primarily in the pesticide application and chemical manufacturing environments.
However, there has been one remarkable study, conducted in the 1940s, in which
oral doses were given to human volunteers with similar results.

 

6

 

 Studies using animal
models have demonstrated similar effects to the nervous system, with high doses of
DDT resulting in convulsions and death from respiratory distress. It is not known
what role the metabolite, DDE, may play in acute toxicity from exposure to DDT.

 

3

 

 
Chronic exposure to DDT and its metabolite, DDE, have been associated with

liver and kidney toxicity, carcinogenesis, immune response disruption, reproductive
effects, and endocrine disruption.

 

3

 

 Environmental concentrations of DDE within
prenatal and postnatal populations throughout the world have been repeatedly estab-
lished by measurements of DDE in cord blood, as well as maternal serum, lipids,
and breast milk.

 

5,7-9

 

 Animal models have demonstrated the transfer of DDE from
mother to infant during prenatal development.

 

10

 

 The preferential accumulation of
DDE in lipid-rich areas of the body, combined with mobilization of lipids during
lactation, support the hypothesis of increased postnatal exposure associated with
breastfeeding. Postpartum exposure to DDE through lactation is likely the cause of
high infant body burdens, and this is supported by both rodent and human studies.
In one rat model, the transplacental transfer of DDE has been compared to lactational
transfer.

 

10

 

 These experiments have demonstrated an estimated 50 times higher con-
centration of DDE in the livers of pups exposed through lactation when compared
with DDE concentrations during 

 

in utero

 

 exposure. Likewise, in humans, DDE
concentrations are estimated to progressively increase in lactating infants, peaking
at 6 months postpartum. The average 6-month North American postpartum DDE
concentration range is estimated to be from 14.5 

 

µ

 

g/kg to 187.4 

 

µ

 

g/kg.

 

11

 

 These
reports clearly indicate that DDE is readily obtained from the environment, accu-
mulated, and then transferred from mother to infant through lipid components of
the milk. 

Nevertheless, the effects of chronic environmental DDE exposure to the human
fetus are not well characterized. Several researchers have demonstrated, however,
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that prenatal exposure to DDE in mammalian models can result in developmental
defects. In particular, feminization of male rats exposed to DDE has been measured
by a reduction in the anogenital distance and increased retention of thoracic nip-
ples.

 

12,13

 

 Other developmental effects of DDE exposure to prenatal rats include
reduced sperm production, delayed onset of puberty, and reduced seminal vesicle,
prostate, and testicular weight.

 

12,14

 

 The ability of DDE to act as an antiandrogen has
been experimentally demonstrated by both 

 

in vitro 

 

and 

 

in vivo

 

 studies.

 

12,15

 

 In these
experiments, DDE was demonstrated to bind to the androgen receptor (AR) with
high affinity and competitively inhibit the expression of androgen-regulated genes.
Other experiments have shown that DDE is antiandrogenic by its ability to attenuate
the effects of testosterone propionate.

 

16

 

The metabolism of DDT is carried out through dechlorination and dehydro-
cholorination, while DDE metabolism is by methylsulfonation events. A multi-step
mechanism has been described based upon rodent studies using radioisotope
labels.

 

17,18

 

 It has been proposed that DDD is first formed by dechlorination of DDT,
followed by oxygenation and eventual formation of 2,2 

 

bis

 

(

 

p

 

-chlorophenyl)acetic
acid (DDA). 

 

In vitro

 

 studies using rat liver microsomes have demonstrated a pre-
dominance of the metabolite DDD over DDE during DDT metabolism.

 

19

 

 While not
all of the intermediate metabolites in these studies have been measured in humans,
it has been presumed that the metabolic breakdown of DDT is similar to that found
in rodents, with DDA the presumed endpoint for urinary elimination.

 

3

 

 These studies,
and others, have raised several questions regarding the role of DDE during the
metabolism of DDT. Although clearly associated with the metabolism of DDT, it
appears that DDE does not play an essential role within the elimination pathway of
DDT by the body. Further, formation of DDE from DDT may actually prolong
xenobiotic removal, as further metabolism of DDE to an excretable alcohol or acetic
acid derivative is not readily accomplished. Indeed, administration of DDT or DDD
has been demonstrated to result in excretable DDA formation, whereas administra-
tion of DDE did not appreciably metabolize to DDA.

 

3

 

 This may indicate that DDE
is not a predominant pathway of DDT metabolism, and therefore the deposition and
presence of DDE in human tissues is evidence of an alternative and less-efficient
metabolic pathway.

One likely pathway for the further metabolism of DDE involves the formation
and bioactivation of methylsulfonyl-DDE (MeSO

 

2

 

-DDE). Methylsulfonyl conju-
gates are present in the metabolism of several different organochlorines, and MeSO

 

2

 

-
DDE has been isolated in humans and several animals species.

 

20-22

 

 Interestingly, this
metabolite was first isolated from seal blubber in the Baltic region.

 

6

 

 As well, there
have been measurable levels of MeSO

 

2

 

-DDE in human milk samples collected in
Stockholm.

 

20

 

 It is thought that MeSO

 

2

 

-DDE can induce damage through conjugation
reactions with cellular proteins and may specifically target adrenal tissue. Studies
with mice have demonstrated a p450-induced mitochondrial degeneration and sub-
sequent cellular necrosis of adrenal tissue by MeSO

 

2

 

-DDE.

 

23

 

 This has also been
demonstrated to occur during fetal development.

 

24,25

 

 Similarly, p450-catalyzed bind-
ing of MeSO

 

2

 

-DDE within human adrenal tissue has been reported.

 

26

 

 Similar binding
effects of methylsulfonyl metabolites of other organochloride pollutants (notably
polychlorinated biphenyls [PCBs]) are also subject to increasing investigation.

 

27
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These studies raise concerns for developmental damage due to deregulation of
adrenal hormones and cytotoxic damage.

Many pesticides, including DDT, specifically target the liver and induce hepa-
totoxic effects. Human data are still limited as to the exact contribution of low
environmental body burdens of DDT and DDE in regard to hepatotoxicity. Epide-
miological evidence that organochlorines, including DDT, can increase human liver
enzyme function has been suggested by several investigators.

 

3

 

 Similar to other
xenobiotic hydrocarbon derivatives, metabolism of both DDT and DDE appears to
take place primarily in the hepatic cytochrome p450 (CYP) pathway. DDT admin-
istered to rodents has resulted in dose-dependent effects such as altered liver enzyme
function and increased liver weights. Specifically, DDT, DDE, and DDD have been
shown to induce rat hepatic cytochrome p450 content.

 

28,29

 

 Interestingly, investigators
have measured a sex-dependent induction of specific cytochrome p450 proteins
(CYPs 2B and 3A) by DDT.

 

30

 

 This raises the possibility that endocrine disruption
by DDT may be, in part, mediated through induction of CYP isoenzyme expression. 

Neither carcinogenic potential nor mechanisms of action of DDE in humans
have been resolved at this time, even though IARC has categorized DDT as possibly
carcinogenic to humans. This designation is based primarily on animal (rodent)
studies. Evidence for the carcinogenic potential of DDT and DDE in rodents surfaced
in the late 1970s in studies using mouse and hamster models. In one study, DDE
has been shown to induce liver tumors in mice.

 

31

 

 In addition, both male and female
mice administered DDE developed a significant increase in hepatocellular carcino-
mas during studies conducted through the National Toxicology Program.

 

32

 

 Further
evidence of the carcinogenicity of DDE and DDT has been determined in hamsters
administered either DDE or DDT; however, only DDE caused a significantly higher
incidence of hepatocellular tumors within these studies. However, hyperplastic foci
in liver tissue, as well as adrenocortical adenomas, were more frequent in hamsters
given either DDE or DDT, as compared to controls.

 

33

 

 In yet another study, the
exposure of neonatal rats to high doses of DDE, and other organochlorines, resulted
in a significant increase in methylnitrosourea (MNU)-induced mammary tumors.

 

34

 

Unfortunately, the investigators used a combination of DDE, DDT, and PCBs as the
putative promoters; therefore, the individual tumor-promoting effects of DDE and
DDT were not determined. However, DDT and its metabolites may play a specific
role in cellular gap junctional mechanisms of communication during tumor promo-
tion. Gap junctional communication is believed to signal cell homeostasis and
therefore may act as a tumor-suppressing mechanism. Researchers have shown that
DDT can interfere with the expression (and possibly phosphorylation) of connexin43
in rat epithelial cells and that this is concentration dependent.

 

35

 

 Thus, DDT and its
metabolite, DDE, may act as both an initiator and a promoter in rodents, depending
on the dose and duration of exposure.

The genotoxic effects of DDT and DDE have been examined by both 

 

in vivo 

 

and

 

in vitro 

 

studies since the early 1970s. Chromosomal aberrations have been demonstrated
to occur within human lymphocytes, as well as in rat liver cells after exposure to these
chemicals. Similarly, 

 

in vitro

 

 mammalian cell systems have demonstrated chromosomal
aberrations after exposure to either DDE or DDT.

 

3

 

 Moreover, DDE has been demon-
strated to initiate double-strand DNA breaks in Chinese hamster cells.

 

36
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To date, there has not been a direct link between DDT or DDE body burden
from chronic environmental exposure and human carcinogenesis. Several epidemi-
ological studies have attempted to correlate DDE exposure and body burden to an
increased risk of breast cancer.  Many of these studies did not find correlation
between DDE or DDT levels and tumorigenesis.

 

37-39

 

 Other studies, however, have
found an association of DDE or other organochlorine levels with breast cancer risk
or metastasis to lymph nodes.

 

40-42

 

 Additionally, researchers have implicated DDT in
the promotion of estrogen-responsive tumors.

 

43,44

 

 Many of these studies are difficult
to evaluate as there is limited knowledge in regard to magnitude, route, or duration
of exposure for the women surveyed.

Collectively, these and other studies have demonstrated a potential association
of DDT, DDE, or other metabolites with the cancer process. Genotoxic effects of
this persistent organic pollutant may lead to damage or alterations in gene expression
and initiate cell transformation. As well, epigenetic effects such as interference with
gap junctional communication, disruption of estrogen signaling, or other mecha-
nisms may serve to prevent apoptosis, promote clonal expansion, and therefore
contribute to the carcinogenic process. Further investigation is clearly needed to
elucidate the mechanistic involvement of DDT and DDE and other metabolites in
the cancer process.

 

4.2.1 E

 

FFECTS

 

 

 

OF

 

 DDE 

 

ON

 

 F

 

ETAL

 

 

 

AND

 

 E

 

MBRYONIC

 

 M

 

AMMALIAN

 

 
C

 

ELLS

 

 

 

AT

 

 L

 

OW

 

 E

 

NVIRONMENTAL

 

 C

 

ONCENTRATIONS

 

Concentrations of DDE (specifically 

 

p, p -

 

DDE) used in the research described below
were determined by the mean concentration measured in human newborn cord blood
samples. These blood samples were obtained from an ethnic group living an indig-
enous life-style in a geographic area within the Arctic. This population has, therefore,
not been directly exposed to DDT.

 

45

 

 Thus, the relatively low, but nonetheless con-
sistently detectable, concentrations of DDE (but not DDT) measured in this human
population most likely derive from a combination of biotransformation and bioac-
cumulation through the worldwide food chain. Each table or figure within this section
containing the term “1X DDE” is the arithmetic mean of measured cord blood
concentrations and is equal to 0.35 

 

µ

 

g DDE per liter of media, “10X DDE” is equal
to 3.5 

 

µ

 

g DDE per liter of media, etc.

 

45

 

DDE exposure to immature mammalian cells was investigated to determine
whether relevant environmental concentrations of this persistent organic pollutant
had any measurable short- or long-term toxic effects. Fibroblasts were chosen for
this study as they are relatively unspecialized and represent the majority of cells
within an embryo or fetus that do not have any significant capacity to further
metabolize DDE. These immature cells are also unlikely to contribute significantly
to potential endocrine-mediated effects of this metabolite of DDT. Thus, by decreas-
ing the effects of cellular metabolic or endocrine activity to the smallest amount
possible, we have been able to study mechanisms of direct toxicity of this persistent
organic pollutant within mammalian cells. Potential toxic effects other than endo-
crine disruption resulting from the ongoing global accumulation of these organic
pollutants are especially important to understand with regard to embryonic and fetal

 

2281_C004.fm  Page 107  Thursday, October 21, 2004  2:07 PM

© 2005 by CRC Press



 

108

 

Endocrine Disruptors: Effects on Male and Female Reproductive Systems

 

cells still in the process of undergoing programmed development, as these are the
most vulnerable cells that are directly exposed to these ubiquitous chemicals. 

Two cell types were chosen for these studies. NIH 3T3 cells are an immortal
aneuploid murine embryonic fibroblast cell line. WS1 cells are primary human fetal
fibroblasts with a normal chromosome number. Inclusion of these two distinct
immature cell types in this study gave us the ability to identify the common effects
of DDE on different immature mammalian cells as well as those effects unique to
either cell type.

 

4.2.2 S

 

HORT

 

-T

 

ERM

 

 E

 

FFECTS

 

 

 

OF

 

 DDE T

 

OXICITY

 

 

 

ON

 

 I

 

MMATURE

 

 
M

 

AMMALIAN

 

 C

 

ELLS

 

We initially observed that NIH 3T3 cells exhibited a decrease in total number of
cells per plate in both 1X and 10X DDE treated samples by 2 to 4 hours exposure,
as compared to control plates exposed to the acetone vehicle alone (results not
shown).

 

45

 

 By 24 hours, however, all plates were confluent, indicating the number of
NIH 3T3 cells on all plates were similar. We similarly observed that WS1 cells
exposed to 1X or 10X DDE for 2 to 4 hours exhibited a decrease in cell number in
comparison to controls. In contrast to the NIH 3T3 cells, we did not find a recovery
in the number of DDE-treated WS1 cells equal to control plates by the 24-hour time
point.

 

45

 

 Therefore, we measured cell viability by trypan blue assay to determine if
observed decreases in cell number were the result of cell death.

The percentages of viable NIH 3T3 and WS1 cells that result from exposure to
1X or 10X DDE for 2 or 4 hours are depicted in Table 4.1. As compared to controls,
there was a significant decrease in the percent of viable NIH 3T3 cells after 2 and
4 hours exposure to both 1X and 10X DDE (p < 0.05). However, at 6 to 12 hours
(data not shown) there were no significant differences between the amount of cell
death found on control NIH 3T3 plates or those plates treated with 1X or 10X DDE.
Interestingly, WS1 cells treated with 1X or 10X DDE for 2, 4 (Table 4.1), or 6 hours
(results not shown) exhibited no increase in cell death as compared to controls.

 

45

 

This indicates that the decrease in cell number after DDE exposure to WS1 cells
are not due to cell death, unlike NIH 3T3 cells. 

The “comet assay”

 

46

 

 was then performed to determine if exposure to 1X or 10X
DDE resulted in chromosomal damage. When assayed by alkaline electrophoresis,
DNA damage, specifically single-strand breaks, result in an increased displacement
between the leading edge of chromosomal DNA and the end of the tail (comet) and
is apparent by an increase in total length of chromosomal DNA as measured within
individual cells. Table 4.2 contains the average measurements from comet assays of
NIH 3T3 and WS1 cells exposed to acetone alone (control), 1X or 10X DDE for 4
hours. When compared to controls, there was a significant increase in NIH 3T3
chromosomal DNA length after 4 hours exposure to both 1X and 10X DDE
(p < 0.05), although the increased length within each treatment group was not sig-
nificantly different from each other. In contrast, the chromosomal DNA lengths of
WS1 cells treated with acetone alone (control), 1X, or 10X DDE for 4 hours were
not significantly different from each other. Thus for NIH 3T3 cells, the decreased
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percentage of viable cells might be the result of increased cytotoxicity due to DNA
damage after DDE exposure.

The effects of 1X and 10X DDE on the progression of NIH 3T3 and WS1 cells
through the cell cycle are shown in Figure 4.1. Flow cytometric results reveal no
significant differences between the percentage of dividing cells (S phase) in the
control, 1X, or 10X DDE-treated NIH 3T3 cells at the time points tested between
0 hour and 30 hours (Figure 4.1A). 

WS1 control cells have a similar cell cycle profile as NIH 3T3 cells, in that cells
begin to divide by 4 hours after exposure to acetone vehicle alone (Figure 4.1B). In
contrast, 1X DDE-treated WS1 cells did not begin to divide until 6 hours after the
initiation of DDE exposure. Furthermore, the 1X DDE-treated cells maintain the
2-hour lag in the number of cells entering S phase for at least 30 hours after the
chemical has been added. WS1 cells treated with 10X DDE could not be measured
by this flow cytometric technique, as this treatment group of cells could not survive
the combined flow cytometric protocol plus exposure to 10X DDE. Clearly, the WS1
cells’ ability to slow or arrest their cell cycle after exposure to DDE contributes
toward the decreased cell number we initially observed. This ability to alter cell

TABLE 4.1
DDE: SHORT-TERM CELL VIABILITYa

Percent (%) of
Viable Cells

Cell Type Treatment  2h        4h

NIH 3T3 Control 97.6% 90.7%

1X DDE 93.6%b 86.1%b

10X DDE 91.1%b 82.6%b

WS1 Control 94.4% 93.3%

1X DDE 96.1% 93.7%

10X DDE 96.5% 93.3%

a Non-viable cells were identified by permeability to
0.4% trypan blue, as compared to impermeable viable
cells. The number of non-viable cells was determined
as a percentage (%) of the total number of cells
counted and then subtracted from 100 to express the
% of viable cells. Total number of cells counted was
≥ 1000 for all time points and treatments.
b Significant increase (p < 0.05) in cell death, by
2 or 4 hours of 1X or 10X DDE treatment, as com-
pared to NIH 3T3 control cells exposed to the ace-
tone vehicle alone, as determined by one-way
ANOVA and Schiffe’s comparisons. (Modified from
Simonetti, J., Berner, J. and Williams, K., Toxicology
in Vitro, 15, 169, 2001. With permission.)
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cycle kinetics may also contribute toward the increased percent of viable cells, due
to increased time for DNA repair, when compared with NIH 3T3 cells. 

We performed one additional short-term assay to investigate the effects of DDE
on the intracellular redox state, by measuring alterations in cellular glutathione
concentrations. Overall, cellular glutathione concentrations were altered more sig-
nificantly in WS1 cells than in NIH 3T3 cells.45 Others have noted, however, that
alteration in glutathione concentrations within NIH 3T3 cells is not measurable under
a variety of different circumstances (Clontech personal communication). Overall,
reduced glutathione concentrations (GSH) in WS1 cells exposed to 1X or 10X DDE
were significantly increased by 2 hours, followed by a significant decrease by
4 hours, with a return to normal levels by 6 hours after DDE exposure (results not
shown).45 Either increased oxidation of cellular substances requiring reduction by
the GSH pathway is occurring to a larger extent in WS1 cells, or NIH 3T3 cells do
not have effective use of their GSH reduction pathway (a possible metabolic defect
leading to increased cell death within NIH 3T3 cells as compared to WS1 cells). 

TABLE 4.2
DDE: CHROMOSOMAL DAMAGEa

Cell Type
Treatment 

4h Total DNA Length

NIH 3T3 Control 15.9 ± 1.4 mm

1X DDE 18.7 ± 1.8 mmb

10X DDE 19.7 ± 2.7 mmb

WS 1 Control 14.7 ± 3.5 mm

1X DDE 14.6 ± 4.2 mm

10X DDE 14.2 ± 3.3 mm

a The comet assay was performed to determine if
a 4-hour exposure to 1X or 10X DDE resulted in
DNA damage. Single- and double-strand breaks
within chromosomal DNA of individual cells
results in an increased ability of the DNA to
migrate through agarose during electophoresis and
is observed as an increase in total DNA length. The
total DNA length (the displacement between the
leading edge of the chromosomal DNA and the end
of the tail) of a minimum of 50 cells per treatment
was measured and the average length calculated.
b Significant increase (p < 0.05) in DNA migration,
indicating increased strand breakage, as compared
to NIH 3T3 control cells, as determined by one-
way ANOVA and Schiffe’s comparisons. (From
Simonetti, J., Berner, J. and Williams, K., Toxicol-
ogy in Vitro, 15, 169, 2001. With permission.)
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FIGURE 4.1 NIH 3T3 (A) and WS1 (B) cells were exposed to media containing BrdU,
deoxycytidine, and either acetone alone (control), 1X, or 10X DDE. Samples (in duplicate)
were harvested by trypsinization at the indicated time points and underwent BrdU–Hoescht
flow cytometric analysis for number of dividing cells per 100 living cells. Data points
representing WS1 cells exposed to 10X DDE are absent, as despite repeated trials, these cells
could not survive both the cytometric protocol and DDE exposure. (From Simonetti, J.,
Berner, J., and Williams, K., Toxicology in Vitro, 15, 169, 2001. With permission.)

DDE:  CELL CYCLE KINETICS
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4.2.3 LONG-TERM EFFECTS OF DDE TOXICITY ON IMMATURE 
MAMMALIAN CELLS

As indicated by Table 4.3, both 1X and 10X DDE had significant effects on the
number of individual NIH 3T3 cells surviving to form colonies (p < 0.05). Exposure
to DDE at both 1X and 10X concentrations resulted in a similarly significant decrease
in the number of colonies formed per plate as compared to NIH 3T3 control cells.
In contrast, neither 1X nor 10X DDE had an effect on the number of WS1 cells
surviving to form colonies when compared with control cells. Therefore, the signif-
icant alteration of cell cycle kinetics of WS1 cells by DDE, as well as protective
effects of the GSH/GSSG redox pathway, are likely protective effects for these
immature human cells at these low environmental concentrations of DDE.45

A neoplastic transformation assay was also performed to determine if exposure
to DDE affected the number of transformed foci arising within a population of NIH
3T3 cells. No significant difference was found between the number of NIH 3T3 foci
formed within control plates or DDE exposed NIH 3T3 cells treated with up to 100X
DDE, indicating that direct DDE exposure to these embryonic cells is not in and of
itself carcinogenic (results not shown).45 These results agree well with the literature,
as discussed above, in that DDE does not appear to be a complete carcinogen in
and of itself at low environmental concentrations. Therefore, it appears that the
increased genotoxicity within NIH 3T3 cells observed by the comet assay (Table
4.2) contributes more significantly to cytotoxicity, resulting in cell death, than geno-
toxicity resulting in neoplastic transformation. 

TABLE 4.3
DDE: COLONY FORMING ABILITY

Cell Type Treatment Percent (%) of Controls

NIH 3T3 1X DDE 57%*
10X DDE 53%*

WS1 1X DDE 101%
10X DDE 98%

Long-term survival of NIH 3T3 and WS1 cells chronically
exposed to DDE was determined by the total number of sub-
sequent colonies successfully formed after 10 days. Cell sur-
vival per treatment is expressed as a percentage (%) of the
number of surviving colonies on the control plates. Percentages
represent the average percentage survival from three indepen-
dent experiments. Asterisk (*) indicates a significant difference
from acetone alone (control) cells by one-way ANOVA
(p < 0.05). (From Simonetti, J., Berner, J. and Williams, K.,
Toxicology in Vitro, 15, 169, 2001. With permission.)
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4.3 HCB: OVERVIEW OF TOXIC MECHANISMS AND 
EFFECTS

Because of the long history of HCB manufacture and use, both acute and chronic
health effects of this chemical in humans have been documented. During the late
1950s thousands of people in Turkey were acutely exposed to large quantities of
HCB by the ingestion of bread produced from grain treated with HCB. This incident
has provided the most solid evidence of acute effects of HCB exposure to humans.
Primary acute health effects noted were porphryia cutanea tarda (PCT), which
manifested as dermal lesions, areas of hyperpigmentation, and enlargement of the
liver, thyroid, and lymph nodes.47 The potential for human exposure has been greatly
reduced during the past 20 years largely because of a reduction in the manufacture
and use of HCB in the 1970s. Due to its environmental persistence, however, entry
of HCB into the global environment still occurs from past polluted sites48 and also
as a chemical intermediate during the manufacture of other petroleum derivatives
such as plastics and solvents. The primary exposure route in humans is through
ingestion of contaminated foods and secondarily by inhalation of airborne HCB.
Even subpopulations in Arctic regions have consistently measurable concentrations
of HCB, thought to be derived mostly from biomagnification through the worldwide
food chain.49 As to be expected, even higher body burdens have been detected in
regional areas near chemical manufacturing and in waste areas.50-52 Although a
general decline in human exposure and pollution levels has been evident in recent
years, the EPA has drafted a national plan for reduction of the persistent bioaccu-
mulative toxic pollutants (PBTs) to further assess and reduce exposure pathways to
HCB and other PBT chemicals. 

The danger of exposure to infants and neonatal populations has been established
through measurements of HCB in newborn cord blood, maternal serum, breast milk,
and lipids. The mobilization of lipids during lactation, combined with the propensity
of HCB to accumulate in lipid-rich areas of the body, lend strong support to the
hypothesis of exposure through these routes. In agreement with these recent studies,
a significant number of breast-fed infants whose mothers ate the HCB-contaminated
bread in Turkey subsequently died, presumably of complications from secondary
exposure to HCB. More recent evidence of the transplacental uptake of HCB by the
fetus7,53 and subsequent uptake through breast feeding 54 has been characterized
through cord blood analyses, and serum levels of the infant and mother. Advances
in analytical methods have led to increased ability to accurately detect very low
levels of HCB within these studies. For example, HCB cord blood concentrations
in one study were reported in the range of 0.13 to 5.77 ng/ml, while maternal blood
was 0.36 to 20.78 ng/ml.53 The wide range of concentrations in this study resulted
from a subset of mothers and newborns in the Spanish village of Flix where unusually
high exposure to HCB contamination from organochloride production within close
proximity to the village has been documented. Studies using rodent models provide
additional evidence that HCB is capable of crossing the placenta during fetal devel-
opment.55 In these studies, dosing of hamsters and guinea pigs with HCB resulted
in subsequent detection in all maternal and fetal tissues analyzed.
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Although studies of neonates and mothers exposed to HCB have supported the
transfer of HCB from mother to fetus, little information is available regarding the
effect of chronic low-level exposure to the newborn. Neonatal developmental mea-
surements collected at birth have demonstrated potential correlation to HCB cord
blood concentrations. In one study, crown to heel measurements were negatively
associated with HCB cord blood concentrations, although there was no association
of body weight or head circumference to HCB levels.56 Although physiological
effects of prenatal exposure to low environmental concentrations of HCB have shown
small differences in human and animal studies as compared to controls, behavioral
effects are harder to quantify. The ability of lipophilic chemicals to cross the blood-
brain barrier may increase the likelihood of HCB to affect behavior and sensorimotor
skills. Evidence of hyperactivity, as measured by negative geotaxic reflex, olfactory
discrimination, and exploratory behavior, has been evident in Sprague-Dawley pups
exposed to HCB by maternal transfer in utero. However, there appeared to be no
significant differences in learning and motor activity with regard to HCB exposure.57

Similarly, no significant differences were reported in locomotor activity and active
avoidance learning in WistarWU rats subjected to controlled behavior testing.58 

Although the toxic effects of HCB (and other dioxin-like chemicals) have been
mainly ascribed to direct interaction with the aryl hydrocarbon receptor (AhR),50,59

mechanisms of action and subsequent effects of HCB or individual metabolites
within the cell are areas of intense investigation. The cytochrome p450 pathway is
the primary pathway by which most organic pollutants are targeted for elimination.
Indeed, HCB appears to be targeted to cytochrome p450 pathways for xenobiotic
transformation within several different tissues. Generally, persistent organic pollut-
ants such as HCB are transformed to polar derivatives to allow for better urinary
elimination. Polar derivatives have increased solubility in the aqueous cellular envi-
ronment and removal through the urinary tract can be accomplished more readily.
However, reactive oxygen species during metabolism is responsible for increased
cellular oxidative stress and is a mechanism of toxicity for many chemicals that
become bioactivated by this route.

HCB appears to undergo oxidative transformation to a pentachloro-epoxide
intermediate, which subsequently becomes hydroxylated to form pentachlorophenol
(PCP).60,61 The reactive epoxide intermediate may spontaneously convert to PCP or
alternatively conjugate with glutathione. Studies to determine the storage, metabo-
lism, and elimination of HCB have been conducted that suggest that PCP and
pentachlorobenzenethiol (PCBT) are the major metabolites of HCB processing by
hepatic cytochrome p450 pathways in humans. In one study, high levels of HCB (as
high as 3025 ng/g) in feces when compared with undetectable urine HCB levels
indicate elimination by feces to be the primary removal route for the parent chemical.
Conversely, both PCP and PCBT have been detected in 100% of urine samples
examined, but detected in only 51% and 55% of fecal matched samples, respectively.
However, it should also be noted that removal by the above mechanisms only
accounts for a small fraction of the estimated concentration of HCB within the
lipophilic body burden of the test population.61 In rats, it has been demonstrated that
PCP formed from HCB metabolism in hepatic microsomes may undergo further
transformation to tetrachlorohydroquinone (TCHQ).62 Further, TCHQ has been
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found to conjugate to protein within the hepatic microsomes. This suggests that
TCHQ formed from HCB metabolism may be responsible for producing reactive
oxygen, which can subsequently bind to protein macromolecules to produce cellular
damage. Among other metabolites, tetrachlorophenol, pentachlorobenzene, and 3
isomers of tetrachlorobenzene have been identified.62

The ability of HCB to directly modulate endocrine functioning has not been
well documented. HCB has been tentatively classified as a non-estrogenic xenobi-
otic.63 Interestingly, however, it has been reported that HCB can disrupt gene tran-
scription by interference with the thyroid response element.64 It is not yet clear what
the mechanism of binding and action may be. PCP, one of the hydroxylated metab-
olites of HCB detoxification, is regarded as an endocrine-disrupting chemical. PCP
appears to interfere with the metabolism of steroid hormones, resulting in an imbal-
ance of steroid concentration and regulation in aquatic invertebrates.65 PCP has also
been shown to compete with estrogen for binding to the estrogen receptor.66 Simi-
larly, PCP binds to the thyroid receptor and, therefore, may compete or interfere
with these nuclear signaling pathways as well.67 PCP has also been shown to cause
a reduction in circulating thyroxine and other thyroid hormones such as triiodothy-
ronine (T3) in rats, presumably by competing with these hormones at pituitary or
hypothalamic binding sites.68 In a related study of eight pesticides tested, PCP was
the strongest competitor of circulating thyroxine hormone proteins for binding to
T3 in human plasma. This binding assay showed that PCP decreased the binding of
T3 by 48% as compared to control levels. PCP was equally effective in disrupting
T3 binding in chicken, bullfrog, and salmon plasma as well.69 

PCP’s potential effect on the human female reproduction system has been indi-
cated through a cohort study in which 65 women with PCP exposure levels exceeding
20 µg/liter of serum were matched with a control group of 106 women.70 All women
in the study had similar gynecological conditions, such as decreased fertility and
menstrual dysfunction. Several hormone levels were significantly different between
the PCP-exposed group as compared to the control group. Specifically, follicle-
stimulating hormone (FSH) and T3 were statistically higher in the control group.
This in vivo T3 study supports the above in vitro binding assays, in that a decrease
in circulating T3 could be related to the lack of thyroxine hormone-binding sites
caused by competition with PCP. Differences in adrenal hormone levels between
the two groups of women were measured as well. Testosterone, dehydrotestosterone
(DHT), dehydroepiandrosterone (DHEA), hydroxypregnenolone, and hydrox-
yprogesterone were lower in PCP-exposed women when compared with controls.
Although the above studies strongly support the likelihood that PCP interferes with
thyroid function, the potential effects of HCB or its metabolites on the endocrine
system overall are not yet well understood. 

The carcinogenic potential and mechanisms of action of HCB in humans is
currently in debate. Similar to DDT, IARC includes HCB in Group 2B: possibly
carcinogenic to humans. This designation is also based primarily on animal studies.
Evidence for the carcinogenic potential of HCB surfaced in the late 1970s through
studies of mice and hamsters. Mice, fed a diet of 50, 100, or 200 ppm of HCB,
developed hepatomas in a dose-dependent manner. Similarly, a dose-dependent yield
of thyroid adenomas, liver hepatomas, and liver haemangioendotheliomas occurred
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in Syrian golden hamsters in a study using a comparable dosing regime.71 Rats
administered HCB in the diet also exhibited increased neoplastic nodules in the liver
and parathyroid adenomas.72-74 At the cellular level, HCB promotes glutathione
S-transferase (GSTP1-1) positive foci within the liver, induces cell division-related
transcription factors c-fos and c-jun, and increases reduced-glutathione.75,76 Further,
HCB may play a specific role in the alteration of gap junction communications
during tumor promotion. A significant decrease in connexin26 and -32 mRNA levels,
as well as gap junctional communication, was observed in the livers of female HCB-
treated rats but not male HCB-treated rats.77 In another study, gap junctional plaques
containing connexin32 were significantly decreased in the livers of female rats
treated with HCB.78 Specific metabolites of HCB (PCP and tetrachlorohydroquinone)
have also been investigated to determine potential effects on gap junctional com-
munication. Similar to HCB, PCP has an inhibitory effect on gap junctional com-
munication in rat liver epithelial cells, which is reversible by removal of the PCP.79 

The direct genotoxic effects of HCB and its metabolites warrant further inves-
tigation. There is limited evidence of the ability of these chemicals to initiate cancer,
but genotoxic damage has been demonstrated in human and other mammalian cell
systems. Exposure of rats to PCP has resulted in increased oxidative stress-related
damage, such as 8-hydroxy-2′-deoxyguanosine (8OHdG) and other DNA adducts,
in liver and kidney tissues.80 As well, formation of 8OHdG was significantly
increased in mice administered PCP and was found to be dose dependent.81 DNA
single-strand breaks in hamster lung fibroblasts were demonstrated to occur after
exposure to the HCB metabolite, TCHQ.82 Exposure of primary human fetal cells
to environmental concentrations of HCB results in both cytotoxic and genotoxic
damage (as discussed in more detail below).49 Moreover, HeLa cells exposed to
300 µM TCHQ resulted in oxidative DNA damage, as well as apurinic/apyrimidinic
sites.80 This effect was also observed in a calf thymus DNA assay, in the presence
of Cu(II) and NADPH, strongly suggesting that redox cycling is involved in mag-
nifying single strand DNA breaks and formation of 8OHdG in the presence of
TCHQ.83 

A direct link between exposure to HCB and human cancer has not been firmly
established. However, a significantly high chronic environmental exposure to HCB
by a human population in Flix, Spain, is possibly linked to increased incidence of
soft tissue sarcoma and thyroid cancer.84 Recently, testicular cancer in men has been
correlated to maternal lipid body burden of a mixture of persistent organic pollutants,
including HCB.85 

The above epidemiological reports and additional studies using rodent models
have indicated an association of HCB to the carcinogenic process, specifically
thyroid adenomas, renal cell adenomas, and liver cancers, as well as bile-duct
hyperplasia. The classical rodent initiation-promotion model demonstrating that
HCB can act as a promotor during the carcinogenic process is well documented.
There is evidence, however, to suggest that cellular DNA damage by exposure to
HCB or the metabolites, PCP and TCHQ, may be sufficient to initiate the carcino-
genic process. 
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4.3.1 EFFECTS OF HCB ON FETAL AND EMBRYONIC MAMMALIAN 
CELLS AT LOW ENVIRONMENTAL CONCENTRATIONS

In defining the concentrations of HCB for the research described below, the mean
concentration measured in the same human newborn cord blood samples as previ-
ously discussed for DDE (1.2.1) was used.49 Because this geographical area and
population group has not been directly exposed to HCB, the relatively low concen-
trations (but consistently measurable) within the newborn cord blood most likely
derive from a combination of biotransformation and bioaccumulation through the
worldwide food chain.49 Each table or figure within this section containing the term
“1X HCB” is the arithmetic mean of actual cord blood concentrations and is equal
to 0.1 µg HCB per liter of media, “10X HCB” is equal to 1.0 µg HCB per liter of
media, etc.49 

Following the same reasoning as discussed above, the short-term and long-term
direct toxic effects of HCB exposure upon the same two immature mammalian cell
types in culture, NIH 3T3 and WS1, were investigated.

4.3.2 SHORT-TERM EFFECTS OF HCB TOXICITY ON IMMATURE 
MAMMALIAN CELLS

Table 4.4 is a demonstration of both the percentage of viable and total number of
NIH 3T3 and WS1 cells, between 2 to 24 hours after exposure to 1X or 10X HCB,
when compared with control cells receiving the ethanol vehicle alone. Overall,

TABLE 4.4
HCB: SHORT-TERM CELL VIABILITY and % TOTAL CELLSa

%Viableb  (% Total)c

Cell Type Treatment 2h 6h 12h 24h

NIH 3T3 1X HCB 100 (99) 100 (83)c 93b  (87)c 100  (104)
10X HCB 99 (93)c 98  (79)c 92b  (84)c 99 (84)c

WS1 1X HCB 100 (95) 100 (99) 100  (99) 104  (92)c

10X HCB 101 (83)c 100 (82)c 97  (83)c 101  (88)c

a Viable cells at 2, 6, 12, and 24 hours of treatment, as compared to controls, were
identified by differential permeability to DNA-binding dyes in the ViaCount
Reagent. Cell total was determined by combination of all viable and nonviable
cells per plate. Both total viabilities and total cells were determined by flow
cytometry and converted to percentage of control values (Guava Technology Inc.).
b Significant decrease (p < 0.05) in viable cells as compared to NIH 3T3 control
cells, as determined by one-way ANOVA and Schiffe’s comparisons.
c Significant decrease (p < 0.05) in total cell number as compared to NIH 3T3 or
WS1 control cells, as determined by one-way ANOVA and Schiffe’s comparisons.
(Modified from Salmon, M.L., Madanagopal, S.G., Blando, R., Berner, J. and
Williams, K., Toxicology in Vitro, 16, 539, 2002. With permission.)
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statistical analysis revealed a slightly significant decreased viability of NIH 3T3
cells only at the 12-hour time point at both 1X and 10X HCB exposure groups.
Table 4.4, however, reveals more significant decreases in NIH 3T3 cell numbers at
6 and 12 hours after exposure to 1X HCB and at all time periods tested (2, 6, 12,
24 hours) within the 10X HCB-exposed NIH 3T3 cells as compared to the number
of control cells. WS1 cells, in contrast, did not exhibit decreased cell viability after
exposure to 1X or 10X HCB at any time up to 24 hours. However, WS1 cells did
have a significant decrease in cell number by 24 hours after 1X HCB exposure and
at all time periods tested (2, 6, 12, 24 hours) after the 10X HCB exposure, similar
to the effect on NIH 3T3 cells after exposure to 10X HCB. Table 4.4, in comparison
to Table 4.1, demonstrates that HCB appears to have a similar cytotoxic effect as
DDE on NIH 3T3 cells, but HCB has a much stronger cytotoxic effect than DDE
on WS1 cells at these low environmental concentrations. This cytotoxic effect of
HCB, as compared to DDE, is intriguing in that the average environmental concen-
tration of HCB used in this investigation is approximately one third the average
molar concentration of DDE (1 M:3.13M, respectively).  

To determine if chromosomal damage occurs after HCB exposure to either of
these two types of immature cells, the comet assay was performed (as described
previously). Table 4.5 contains the average nuclear chromosomal lengths of individ-
ual NIH 3T3 and WS1 cells exposed to ethanol alone (control), 1X or 10X HCB.
Similar to DDE results (Table 4.2), there was a significant increase in NIH 3T3 total
DNA length after 4 hours exposure to both 1X and 10X HCB. Interestingly, WS1
cells also exhibited a significant increase in the total DNA length in the 1X HCB-
exposed cells and an even greater increase in the 10X HCB-exposed cells (Table 4.5).
These results are unlike DDE exposure to WS1 cells, which did not appear to cause
any genotoxicity to these cells (Table 4.2).45,49 

This significantly increased chromosomal damage to both immature cell types
after exposure to both 1X and 10X HCB might, therefore, contribute to the overall
decrease in cell number of both cell types, as well as decreased viability to NIH
3T3 cells (Table 4.4). Flow cytometric analyses of the growth fraction of each cell
population at specific time points was performed to determine if the observed
decreases in cell viability and total cell numbers within Table 4.4 might be attributed
to cell cycle arrest of either cell type. Figure 4.2A is the flow cytometric analysis
of NIH 3T3 cells exposed to 1X and 10X HCB as compared to control cells. Similar
to the DDE flow cytometric experiments, the NIH 3T3 cell cycle does not appear
to be significantly affected by HCB treatments at the concentrations used in these
studies. Figure 4.2B is the flow cytometric analysis of WS1 cells exposed to 1X and
10X HCB as compared to control cells. In contrast to NIH 3T3 cells, but similar to
effects of DDE exposure, WS1 cells, after HCB exposure, do appear to undergo a
decrease in the growth fraction. The percentage of dividing WS1 cells decreases
considerably up to 24 hours after initial exposure to 10X HCB. Interestingly, DDE
(Figure 4.1B) appeared to have a stronger effect on the cell cycle of WS1 cells than
HCB (Figure 4.2B). Perhaps the stronger effect on the WS1 cell cycle by DDE, as
compared to HCB, is indicative of a protective effect by the cell. In agreement with
this hypothesis, all other short- and long-term experimental responses to DDE
exposure did not demonstrate significant toxicity to WS1 cells, with the exception
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of wide fluctuations over time of cellular GSH concentration, indicating cellular
protective response to oxidative damage.

WS1 GSH and GSSG ratios were determined to measure potential alterations
in the intracellular redox state after exposure to HCB.49 As illustrated in Figure 4.3,
the molar ratio of reduced to oxidized glutathione (2GSH/GSSG) is significantly
decreased as compared to controls for up to 6 hours after exposure to all HCB
concentration tested (1X, 10X, and 50X), indicating consistent increased oxidation
of GSH, or decreased reduction of GSSG, in the presence of HCB. As predicted,

TABLE 4.5
HCB: CHROMOSOMAL DAMAGEa

Cell Type
Treatment

4h
Total DNA Length

Average

NIH 3T3 Control 11.14 mm
1X HCB 31.74 mmb

10X HCB 31.84 mmb 

WS 1 Control 8.6 mm
1X HCB 26.2 mmb

10X HCB 32.9 mmb,c

a The comet assay was performed to determine
if a 4-hour exposure to 1X or 10X HCB resulted
in DNA damage. Single- and double-strand
chromosomal breaks within chromosomal DNA
of individual cells results in an increased ability
of the DNA to migrate through agarose during
electophoresis and is observed as an increase in
total DNA length. The total DNA length (the
displacement between the leading edge of the
chromosomal DNA and the end of the tail) of a
minimum of 50 cells per treatment was mea-
sured and the average length calculated.
b Significant increase (p < 0.01) in DNA migra-
tion, indicating increased strand breakage, as
compared to NIH 3T3 or WS1 control cells, as
determined by one-way ANOVA and Schiffe’s
comparisons.
c Significant increase (p < 0.01) in DNA migra-
tion, indicating increased strand breakage, as
compared to WS1 1X HCB-treated cells, as
determined by one-way ANOVA and Schiffe’s
comparisons. (From Salmon, M.L., Madanago-
pal, S.G., Blando, R., Berner, J. and Williams,
K., Toxicology in Vitro, 16, 539, 2002. With per-
mission.)
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FIGURE 4.2 NIH 3T3 (A) and WS1 (B) cells were exposed to media containing BrdU,
deoxycytidine, and either ethanol alone (control), 1X, or 10X HCB. Samples(in duplicate)
were harvested by trypsinization at the indicated time points and underwent BrdU–Hoescht
flow cytometric analysis for number of dividing cells per 100 living cells. (From Salmon,
M.L., Madanagopal, S.G., Blando, R., Berner, J., and Williams, K., Toxicology in Vitro, 16,
539, 2002. With permission.) 

HCB:  CELL CYCLE KINETICS

(B) WS1

0

2 0

4 0

6 0

8 0

100

120

140

0 5 1 0 1 5 2 0 2 5

HOUR

(A) NIH 3T3

0

50

100

150

200

250

0 5 10 15 20 25

HOUR

N
U

M
B

E
R

 O
F

 D
IV

ID
IN

G
 C

E
L

L
S

 
P

E
R

 1
00

 C
E

L
L

S

CONTROL
1X HCB
10XHCB

N
U

M
B

E
R

 O
F

 D
IV

ID
IN

G
 C

E
L

L
S

 
P

E
R

 1
00

 C
E

L
L

S

CONTROL

1X HCB

10XHCB

2281_C004.fm  Page 120  Thursday, October 21, 2004  2:07 PM

© 2005 by CRC Press



p, p’-DDE and HCB 121

NIH 3T3 glutathione concentrations did not exhibit alterations at any time point
after HCB exposure, for reasons discussed previously (results not shown).49 This
again indicates the possibility that this redox pathway is contributing to the protection
of WS1 cells from cytotoxic events resulting from exposure to HCB.

FIGURE 4.3 WS1 cells were assayed for reduced glutathione (GSH) and total glutathione
for subsequent determination of 2GSH/GSSG ratios. Intracellular GSH and total glutathione
were measured after WS1 cells were plated and exposed to ethanol alone (control), 1X, 10X,
or 50X HCB at the indicated time points. 
* All HCB concentrations at all time points were significantly different from controls by one-
way ANOVA (p < 0.05). (Modified from Salmon, M.L., Madanagopal, S.G., Blando, R.,
Berner, J., and Williams, K., Toxicology in Vitro, 16, 539, 2002. With permission.)
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4.3.3 LONG-TERM EFFECTS OF HCB TOXICITY ON IMMATURE 
MAMMALIAN CELLS

We initially examined the long-term toxicity of chronic HCB treatment by measuring
colony-forming ability by individual cells. The size and number of colonies was
determined after 10 days of exposure to either 1X, 10X, or 50X HCB. As illustrated
in Table 4.6, NIH 3T3 cells display a significant decrease in percentage of colonies
after chronic exposure to both 10X and 50X HCB but not after exposure to 1X HCB,
as compared to controls. The percentage of WS1 colonies was significantly decreased
only after exposure to 50X HCB. Although these results are potentially similar to
the effect of DDE on WS1 colony survival, in which only 1X and 10X DDE
concentrations were tested, further experiments need to be conducted to examine
this possibliltiy (Table 4.3). 

NIH 3T3 cell transformation during chronic exposure to HCB was examined by
counting the number of foci formed after 3 to 4 weeks of contact with media
containing ethanol alone (control) or HCB at 1X, 10X, or 50X concentrations
(Table 4.7). There was a significant and almost linear increase in the number of foci
formed at all HCB concentrations, culminating in a 2.2-fold increase in number of

TABLE 4.6
HCB: COLONY-FORMING 
ABILITY

Cell Type Treatment
Percent (%) of 

Controls

NIH 3T3 1X HCB 96%
10X HCB 91%*
50X HCB 84%*

WS1 1X HCB 109%
10X HCB 100%
50X HCB 84%*

Long-term survival of NIH 3T3 and WS1 cells
chronically exposed to HCB was determined
by the total number of subsequent colonies
successfully formed after 10 days. Cell sur-
vival per treatment is expressed as a percent-
age (%) of the number of surviving colonies
on the control plates. Percentages represent
the average percentage survival from three
independent experiments. Asterisk (*) indi-
cates a significant difference from ethanol
alone (control) cells by one-way ANOVA
(p < 0.05).
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foci above background at 50X HCB concentration. This fold increase was almost
equivalent to the positive control of NIH 3T3 exposure to 10 J/m2 ultraviolet radiation
(Table 4.7). These results are in agreement with the literature, which indicates HCB
to be a potential direct carcinogen in rodents. 

4.4 EFFECTS OF HCB+DDE MIXTURES ON FETAL AND 
EMBRYONIC MAMMALIAN CELLS AT LOW 
ENVIRONMENTAL CCONCENTRATIONS

For the experiments described below, concentrations of DDE (1.2.1) and HCB (1.3.1)
were prepared as before,45,49 and subsequently mixed together. The results of the
experiments described in this section allow us to compare toxic effects of this
environmentally relevant mixture of both chemicals on NIH 3T3 and WS1 cells in
culture, to the toxic effects of DDE or HCB individually. Although the experiments
described below are still an ongoing process, the importance of determining mech-
anisms of toxic effects of persistent organic pollutant mixtures on immature mam-
malian cells cannot be overestimated, as actual embryos or fetuses are seldom, if
ever, exposed only to individual organic pollutants. The likelihood of different
chemicals, at environmentally relevant concentrations, to interact with each other at
the same, or on different, cellular targets to produce a significantly stronger cytotoxic
or genotoxic response of immature human cells during embryogenesis or subsequent
fetal development is of utmost importance to investigate.

TABLE 4.7
HCB: NIH 3T3 TRANSFORMATION ASSAYa

Treatment
Total Number

of Foci Counted
Fold Increase Above

Control

Control 40 1
1X HCB 71 1.76
10X HCB 77 1.93
50X HCB 88 2.20
UV @ 10 J/m2 91 2.3

a The NIH 3T3 transformation assay was performed to deter-
mine if exposure to 1X, 10X, or 50X HCB resulted in an
increase in the number of foci. The number of foci was deter-
mined by fixing each plate of cells with 97% methanol and
subsequently staining with 95% crystal violet. The foci were
counted under a dissecting microscope and the results reported
are a sum of five experiments. (From Salmon, M.L., Madana-
gopal, S.G., Blando, R., Berner, J. and Williams, K., Toxicology
in Vitro, 16, 539, 2002. With permission.)
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4.4.1 SHORT-TERM EFFECTS OF HCB+DDE TOXICITY ON 
IMMATURE HUMAN CELLS

Two different methods were used to determine total cells per plate up to 24 hours
after exposure to HCB+DDE. Both NIH 3T3 and WS1 cells exposed to either 1X
or 10X HCB+DDE exhibited decreased cells per plate (as measured by µg DNA
per plate) up to ~4 hours, when compared with controls (Figure 4.4). NIH 3T3 cells
exposed to 1X HCB+DDE regained control cell numbers by 24 hours, but not NIH
3T3 cells exposed to 10X HCB+DDE, as measured both by µg DNA per plate
(Figure 4.4A), and by cell count using flow cytometry (Table 4.8). WS1 cells exposed
to either 1X or 10X HCB+DDE did not regain control cell numbers by 24 hours
(Figure 4.4B; Table 4.8). Therefore, this environmentally relevant mix of chemicals
has a significant toxic effect on WS1 cell numbers, even at 1X HCB+DDE, in direct
contrast to either chemical alone (Table 4.1 and Table 4.4).

The percentage of each cell type specifically undergoing apoptosis within each
treatment group was then determined. Consistent with previous cell viability and
cell cycle kinetic results from exposure to either HCB or DDE individually, only
NIH 3T3 cells exhibited increased apoptosis at 24 hours, which was evident at both
the 1X and 10X HCB+DDE exposure concentrations (Table 4.9). Although flow
cytometry to determine cell cycle kinetics has not yet been accomplished with the
HCB+DDE mix, it is predictable that results will be similar to those previously
reported in the presence of each chemical individually, in that NIH 3T3 cells will
not have an altered cell cycle, but WS1 cells will have an increased cell cycle time
indicating temporary or permanent arrest of these primary human cells.

4.4.2 LONG-TERM EFFECTS OF HCB+DDE MIXTURE TOXICITY ON 
IMMATURE MAMMALIAN CELLS

The long-term colony-forming ability of individual cells of both NIH 3T3 and WS1
cell types was significantly decreased; at both the 1X and 10X HCB+DDE concen-
trations for NIH 3T3 cells, but only at the 10X HCB+DDE concentration for WS1
cells (Table 4.10). Interestingly, exposure to each chemical alone resulted in
decreased colony-forming ability of WS1 cells only after exposure to 50X HCB, a
concentration of HCB 5 times higher than the 10X HCB+DDE resulting in an equally
decreased colony-forming efficiency for these cells (Table 4.6 and 4.10). Overall,
however, NIH 3T3 cells are consistently more sensitive than WS1 cells to long-term
cytotoxic effects of each chemical individually, as well as to the HCB+DDE mix
(Tables 4.3, 4.6, 4.10). 

The NIH 3T3 transformation assay, to determine if exposure to the HCB+DDE
mix increases the number of transformed foci above background, was performed
differently from the previously described assays.45,49 The primary modes of entry
and actual intracellular concentrations of these lipophilic chemicals within cell
culture experiments, such as described here, have remained in question. Therefore,
we sought a more physiologically relevant delivery system. First, rather than dis-
solving HCB and DDE separately into ethanol or acetone and subsequently com-
bining these solutions and diluting with media, HCB and DDE were added together
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FIGURE 4.4 Assay for changes in cell number. Effect of acetone and ethanol alone (control),
1X, or 10X HCB+DDE and duration of exposure on total µg DNA per plate of two cell types.
NIH 3T3 (A) and WS1 (B) cell cultures were harvested in duplicate at the indicated time
points. The total DNA from each plate was determined using the diaminobenzoic acid assay.
The graphs represent the average µg of DNA per duplicate sample per time point of harvest
± SD. Data points without error bars represent those duplicate samples in which the SD was
too small to be represented on the graph.
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into 20 ml of a lipid-rich bovine serum (Sigma) at a 1000X stock concentration of
each chemical. Second, we included plates of NIH 3T3 cells that were simulta-
neously transfected with an activated oncogene (H-ras, codon 12 activating mutation
G  T). Third, we mixed the lipid-rich serum containing the two organic pollutants
with different commercial liposome solutions. This alternate approach was taken to
determine the extent and type of toxic cellular effects when cells are exposed to a
mixture of organic pollutants contained within a lipid-rich environment, similar to
mammalian concentrations of persistent organic pollutants in lipid-rich areas of the
body. 

TABLE 4.8
HCB+DDE: SHORT-TERM TOTAL CELLS PER 
PLATEa 

6h 12h 24h
% Cells % Cells % Cells

NIH 3T3 10X HCB+DDE 91b 83b 71b

WS1 10X HCB+DDE 88b 94b 85b

a Total number of cells in each duplicate plate at 6, 12, and 24 hours
were counted by flow cytometry, averaged and converted to per-
centage of average control values (% Cells) (Guava Technology
Inc.).
b Significant decrease (p < 0.05) in total cell number as compared
to NIH 3T3 or WS1 control cells.

TABLE 4.9
HCB+DDE: CELL APOPTOSIS AT 24 HOURSa 

Cell Type Treatment     Percent (%) Apoptotic

NIH 3T3 Control 6%
1X HCB+DDE 13%
10X HCB+DDE 17%

WS1 Control 7%
1X HCB+DDE 8%
10X HCB+DDE 7%

a Percentage (%) apoptotic cells at 24 hours after HCB+DDE
treatment were identified by Guava NexinTM kit and flow
cytometry to determine apoptotic cells by detection of cells
staining positive for annexin V and/or 7-AAD (Guava Tech-
nology Inc.).
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Although this approach is still developing in our laboratory, we have obtained
intriguing preliminary results that indicate this altered method of introducing organic
pollutants to cells in culture is at least as efficient as our previous conventional
methods and is possibly significantly more relevant. As demonstrated within Table
4.11, the exposure of NIH 3T3 cells to both the HCB+DDE mix and to the activated

TABLE 4.10
HCB+DDE: COLONY-FORMING 
ABILITY

Cell Type Treatment Percent (%) of Controls

NIH 3T3 1X 82%*
10X 67%*

WS1 1X 100%
10X 82%*

Long-term survival of NIH 3T3 and WS1 cells chron-
ically exposed to HCB+DDE was determined by the
total number of subsequent colonies successfully
formed after 10 days. Cell survival per treatment is
expressed as a percentage (%) of the number of surviv-
ing colonies on the control plates. Percentages represent
the average percentage survival from three independent
experiments. Asterisk (*) indicates a significant differ-
ence from ethanol alone (control) cells by one-way
ANOVA (p < 0.05).

TABLE 4.11
HCB+DDE: NIH 3T3 TRANSFORMATION ASSAYa

Treatment Fold Increase Above Control

Negative Control 1
Activated H-ras alone (Positive control) 3.0 – 3.8
Activated H-ras + 10X HCB+DDE 3.3 – 4.3
Activated H-ras + 100X HCB+DDE 3.1 – 6.0
10X HCB+DDE 1.5 – 2.1
100X HCB+DDE 0.95 – 1.7

a The NIH 3T3 transformation assay was performed to determine if exposure
to activated H-ras and either 1X or 10X HCB resulted in an increase in the
number of foci. The number of foci was determined by fixing each plate of
cells with 97% methanol and subsequently staining with 95% crystal violet.
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H-ras results in a higher number of foci above background than either chemical
alone, or activated H-ras alone, regardless of the commercial liposome used (the
large ranges indicate a decreased or increased transformed foci response, depending
on the type of liposome used). We interpret this to indicate that cells transformed
by activated H-ras in the presence of HCB+DDE in the lipid-rich serum and liposome
solution were “driven” even more toward neoplastic transformation than toward a
cytotoxic response that would result in cell death. In addition, although 10X
HCB+DDE produced a range of foci somewhat above background, with the highest
fold increase of 2.1 similar to previous results by exposure to HCB alone (Table
4.7), the 100X HCB+DDE exposed cells resulted in a lower response range, even
falling slightly below the negative control of 1 (Table 4.11). We suspect, based on
our previous results using the HCB+DDE mix, that this may indicate a sufficiently
high rate of cytotoxicity such that the remaining cell population from which trans-
formed foci could emerge has been severely depleted. We are currently examining
cell viability and other short-term experiments, using this HCB+DDE mixture pro-
tocol, to determine if this is, in fact, the case.

4.5 CONCLUDING REMARKS

Overall, each individual chemical at low environmental concentrations has demon-
strated several different toxic effects on each immature cell type, each of which have
the potential for long-term deleterious consequences. As a simple two-component
mixture, the toxic effects to WS1 cells appear to be either potentiated or synergistic,
as compared to HCB or DDE individually. This normal human fibroblast appears
to be an extremely sensitive model for further mechanistic studies to determine the
extent and type of direct toxic interference upon different metabolic pathways and
systems within immature human cells by exposure to mixtures of persistent organic
pollutants.

The results of our studies agree with rodent cancer models and human epide-
miological data, as reviewed above. In rodents, these persistent organic pollutants
appears to have direct acting cytotoxic effects, and neoplastic transformation is well
documented, as well. Human epidemiological studies also support the hypothesis
that exposure to a mixture of organic pollutants contributes to increased cancer
incidence, as well as other congenital and long-term effects.
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5.1 INTRODUCTION

 

In general, compounds classified as “endocrine disruptors” are regarded as adverse
substances and presumed to have deleterious effects on mammalian systems. Human
exposure to these compounds is thus recommended to be as limited as possible and
great effort is being undertaken to reduce or eliminate these compounds in the
environment. But one group of compounds contained within this classification is
not presumed to have deleterious effects on mammalian systems but rather, quite
the opposite. While most endocrine disruptors are associated with dire predictions
regarding declining fertility, and increase cancer risk, this one intriguing group is
touted to provide an array of beneficial effects that could provide preventative or
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therapeutic actions in carcinogenesis, atherosclerosis, and osteoporosis. For that
reason, these compounds have gained considerable notoriety in the popular literature
and in October of 1999, the U.S. Food and Drug Administration (FDA) approved
the health claim that daily consumption of these compounds is effective in reducing
the risk of coronary artery disease in Americans.

These compounds are phytoestrogens, a group of nonsteroidal compounds found
in plants, particularly soybeans and other legumes. Phytoestrogens are classically
defined as any plant compound that is functionally or structurally similar to estrogen,
or that produces estrogenic effects.

 

1

 

 This definition includes compounds that bind
to estrogen receptors, induce estrogen-responsive gene products, stimulate breast
cancer cells 

 

in vitro

 

, and stimulate growth of the female genital tract.

 

2

 

 Although they
were originally described as weak estrogens, with potencies rather similar to the 

 

in
vivo

 

 and 

 

in vitro

 

 ranges reported for synthetic endocrine disruptors, many phytoestro-
gens are capable of acting as both estrogen agonists and antagonists depending on
the target tissue. 

The phytoestrogens are divided into two major classes: lignans and isoflavonoids.
The latter group is the more intensely studied of the two and is further divided into
the isoflavones, isoflavans, and coumestans. Mycoestrogens, or mycotoxins, are a
similar group of compounds that can have potent estrogenic effects, but are not
intrinsic components of plants. They are mold metabolites of the fungal genus

 

Fusarium, 

 

which frequently infects pasture grasses and legumes including alfalfa
and clover. Although they have received little attention in recent years compared to
other phytoestrogens, they are the compounds that initially generated interest in the
topic of naturally occurring estrogens, and their effects on health and reproduction.
A hierarchy of phytoestrogens is presented in Figure 5.1.

Phytoestrogens occur at high levels in variety of foods, particularly those that
are soy-based, such as soy infant formula, tofu, and soy flour. Numerous dietary
supplements are also available that contain a wide range of phytoestrogens, partic-
ularly the isoflavones. Although they behave similarly to other endocrine-disrupting
compounds on numerous molecular and cellular targets, the attitude regarding these
effects by phytoestrogens is generally positive, while similar action by their synthetic
counterparts often generates great concern. Much of this somewhat paradoxical
position is based on the presumption that because phytoestrogens are natural, and
consumed in large quantities by populations with low cancer rates such as the
Japanese

 

3

 

, they must be beneficial, while synthetic compounds, by virtue of their
inorganic origins, must be detrimental. However, the rapidly expanding literature on
phytoestrogens may in fact suggest that the highly celebrated health benefits of soy
are not entirely merited, and their regular consumption should be approached with
some caution. Thus, the phytoestrogens both expand our view of environmental
substances with endocrine action and demonstrate that the source of the compound
in question often influences the interpretation of the data.
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5.2 DIETARY SOURCES OF PHYTOESTROGENS

5.2.1 L

 

IGNANS

 

Lignans are a minor component of plant cell walls. The plant lignans matairesinol
and secoisolariciresinol are converted to the mammalian lignans enterlactone and
enterodiol, respectively (Figure 5.2), by the resident bacterial flora of the gut.

 

4,5

 

 The
highest concentrations of mammalian lignans are produced from oilseeds, particu-
larly flaxseed, which produces 50 to 100 times that of nearly every other plant
studied.

 

6,7

 

 Mammalian lignans are also produced from whole grains, cereal brans,
legumes, and vegetables.

 

8,9

 

 The 

 

in vitro

 

 production of lignans from some common
foods is listed in Table 5.1.  

 

FIGURE 5.1

 

Hierarchy and classification of phytoestrogens

Flavonoids
             Flavanones
                          4',7-Dihydroxyflavanone
                          Naringenin
             Flavones
                          Apigenin
                          4',5-Dihydroxyflavone
                          4',6-Dihydroxyflavone
             Flavonols
                          Kaempferol
             Hydroxychalcones
                          Phloretin
                          Isoliquirtigenin
                          4,4'-Dihydroxychalcone
             Isoflavonoids
                          Isoflavones
                                     Daidzein
                                     Formononetin
                                     Genistein
                                     Biochanin A
                          Isoflavanones
                                     O-Desmethylangolensin
                          Isoflavans
                                     Equol
                          Coumestans
                                     Coumestrol
Lignans
             Enterlactone
             Enterodiol
Mycoestrogens
             Zearalenone
             Zearalenol
             Zearalanol (zeranol)

 

2281_C005.fm  Page 137  Thursday, October 21, 2004  2:11 PM

© 2005 by CRC Press



 

138

 

Endocrine Disruptors: Effects on Male and Female Reproductive Systems

 

5.2.2 I

 

SOFLAVONOIDS

 

The isoflavonoids are divided into three major classes: isoflavones, isoflavans, and
coumestans, of which the isoflavones are the most widely studied group. The major
mammalian isoflavones are genistein and daidzein, which are formed from the plant
precursors formononetin and biochanin A, respectively. The most significant isofla-
van is equol, a metabolite of daidzein. Coumestrol is the major coumestan. Very
little is known about the coumestans compared to the other isoflavonoids. Coumestrol
is the most potent phytoestrogen, with a binding affinity similar to 17

 

β

 

-estradiol for
ER

 

α

 

 and an affinity nearly twice that of 17

 

β

 

-estradiol for ER

 

β

 

.

 

10

 

Phytoestrogenic isoflavonoids are less prevalent than lignans. Legumes are the
richest source of isoflavones with the highest concentrations found in soybeans and
soybean-based products.

 

2

 

 Soybeans can contain anywhere from 560 to 3810 mg isofla-
vones/kg, depending on variety and growing conditions,

 

9

 

 and the isoflavone content
of soy-derived foods such as tempeh, tofu, soy milk, soy protein supplements, and soy
infant formula can vary considerably between brands and even between lots within
the same brands.

 

9,11,12

 

 Alfalfa produces only small amounts of isoflavones, but clover
can contain up to 5% dry weight of various isoflavones, including genistein, formonon-
etin, and biochanin A.

 

13

 

 It is this legume that caused sterility in pasture-grazing sheep
in the 1940s, hence the name “clover disease” for the affliction.

 

14

 

 All of the legumes
are susceptible to infection by 

 

Fusarium 

 

fungus, which produces high levels of

 

TABLE 5.1
Human Lignan Production from Various Foods* 

 

Food

Enterodiol
(µµµµ

 

g produced by 
fecal flora/100g sample)

Enterlactone
(mg/100g)

 

Flaxseed meal 59,024 8,517
Flaxseed flour 40,861 11,818
Soybeans 170 693
Rapeseed 155 975
Oat bran 386 265
Wheat bran 298 269
Barley 74 41
Brown rice 128 169
Garlic 326 81
Asparagus 238 136
Broccoli 65 161
Potatoes 50 33
Pears 69 112
Bananas 14 55

* Adapted from data presented by Thompson et al. 

 

8

 

The values in the table are expressed in mg produced by human
fecal flora from 100 g of nondessicated sample.
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mycoestrogens such as zearalenone. Once infected, many legumes elevate their own
phytoestrogen production, further increasing the exogenous estrogen exposure for any
animal grazing on infected pasture. Whole grain products, potatoes, fruits, and vege-
tables also contain detectable levels of isoflavonoids.

 

3,9

 

 The isoflavone content of a
variety of soy-based foods is summarized in Table 5.2. 

 

5.2.3 M

 

ETABOLISM

 

 

 

In plants, phytoestrogens are most frequently found conjugated with glucose in their
glycosidic form. Once ingested, these biologically inactive glycosides are metabo-
lized into the active aglycone forms as well as other conjugated forms. The exact
metabolic processes and pharmacokinetics of how each individual compound is
converted are not completely characterized and vary between species, but in all
mammals gut flora are essential for the initial hydrolysis and metabolism of these
compounds. Only after this has occurred can the metabolites be absorbed by the
animal, where they may undergo further conjugation and degradation by liver
enzymes. Complete metabolism in most species involves several intermediate com-
pounds, some of which have a higher binding affinity for the estrogen receptors than
the end products. 

In humans, the two most common bioactive aglycone isoflavones, genistein and
daidzein, are produced through the hydrolysis of their glucoside conjugates (genistin
and daidzin) or though metabolism of biochanin A and formononetin, respectively.

 

FIGURE 5.2

 

Mammalian metabolites of isoflavones (equol, o-desmethylangolensis) and lig-
nans (enterodiol, enterolactone).
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Genistein ultimately metabolizes to 6

 

′

 

-hydroxy-

 

O

 

-demethlangolensin (6

 

′

 

-OH-

 

O

 

-
DMA), which has unknown effects.

 

15

 

 Daidzein is further metabolized into dihydro-
daidzein, then equol, and 

 

O

 

-demethylangolensin (

 

O

 

-DMA) in humans. Of particular
interest in this pathway is equol, a superior antioxidant with a relatively high affinity
for both estrogen receptors, particularly ER

 

β

 

. Several studies have now demonstrated
that many individuals apparently lack the ability to metabolize daidzein to equol, or
can only produce it in negligible quantities. In fact, only about 35% of the population
excretes appreciable levels of equol, and even among equol-producers, levels of
equol in urine can vary up to 800-fold.

 

16-20

 

 The factors governing equol production

 

TABLE 5.2
Isoflavone Content of Various Foods

 

Food
Daidzein

(µµµµ

 

g/g)
Genistein

(µµµµ

 

g/g)
Coumestrol

(µµµµ

 

g/g) Method Ref

 

Soy beans — dry, 
whole

700 200 None detected HPLC 235

Soybean seeds, 
dry

846.25 1106.75 None detected HPLC 236

 

†

 

Soybean seeds, 
roasted

848.1 1105.5 None detected HPLC 236

Soybean seeds, 
boiled

68.5 69.4 None detected HPLC 236

Green soybeans 54.6 72.9 None detected HPLC 236
Soy flour 523.5 854.1 None detected HPLC, 

GC-MS
3,235,236*

Soy protein — 
textured

523.25 636.25 None detected HPLC 235

 

‡

 

Soy nuts 575 935 None detected HPLC 235
Soybean sprouts 138 230 7 HPLC 235
Soy hot dogs 49 139 N/A HPLC 235
Soy cheese 14 20 N/A HPLC 235
Tempeh 190 320 N/A HPLC 235
Tofu 76 166 None detected HPLC 235
Soy sauce 8 5 None detected HPLC 235
Poppy seeds 17.9 16.7 N/A GC-MS 3
Green split peas 72.6 None detected None detected HPLC 236
Kala chana seeds 
— dry 

None detected 6.4 61.3 HPLC 236

Alfalfa sprouts None detected None detected 46.8 HPLC 236
Clover sprouts None detected 3.5 280.6 HPLC 236
Garlic 2.08 1.45 N/A GC-MS 3
Carrots 1.6 1.7 N/A GC-MS 3

 

†

 

 Table values are averages of the values from all reported trials in the referenced paper.
* Table values are averages of the values reported in all three papers.
‡ Table values are averages of the values listed in the referenced paper.
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remain largely elusive, but the specific population of microflora present in the
intestine combined with a diet low in fat and rich in carbohydrates may play an
important role.

 

21,22

 

 
Interestingly, the ability to metabolize daidzein to equol may increase with

prolonged soy ingestion in women, but not men,

 

23

 

 suggesting a sex difference in the
way daidzein is metabolized. Sex differences may exist for other phytoestrogens as
well. Men have been shown to excrete more of the mammalian lignan enterolactone
and less enterodiol than women,

 

24

 

 and both adult and adolescent women excrete
more daidzein than men.

 

23

 

 
Human metabolism and excretion of phytoestrogens in general varies substan-

tially between populations as well as among individuals. Numerous studies in several
countries have all revealed that vegetarians excrete the highest levels of lignans while
breast cancer patients excrete the lowest. Japanese men and women have among the
highest levels of urinary isoflavones, but low values of lignans.

 

3,25-27

 

 Most of these
differences are due to dietary variation. Asian diets are particularly high in soy, while
vegetarian diets are high in whole grains, vegetables, legumes, and other sources of
lignans.

 

28

 

 
This variation might be due to interindividual differences in the quantity and

composition of intestinal microflora. A portion of this variation can also be attributed
to specific dietary intake because the phytoestrogen content of soy and other foods
varies widely due to differences in processing and preparation. Soy processing also
appears to influence isoflavone bioavailability. Urinary recovery of daidzein and
genistein in men was higher for subjects consuming tempeh than for those consuming
unfermented soy, suggesting that the aglycone conjugate of isoflavones found in
fermented food may be more bioavailable than the glucoside conjugates that pre-
dominate in unfermented soy.

 

17

 

 The phytoestrogenic content of edible plants also
changes from season to season and year to year, depending on the growing condi-
tions.

 

29

 

 What has not been considered to date when attempting to account for
individual variability is the effect of body size and body composition, which may
play a critical role in the metabolism of these compounds. 

Metabolism of phytoestrogens is also species specific. Cows produce signifi-
cantly more equol than sheep, and clear it from their systems far more slowly.

 

13,30

 

As a result, small amounts of equol are present in meat and dairy products derived
from cows. In ruminants, many isoflavones including genistein and biochanin A are
broken down to non-estrogenic 

 

p

 

-ethyl phenol and organic acids in the rumen,
resulting in poor absorption. Humans, on the other hand, absorb considerable
amounts, and conjugates of the isoflavones are found in all bodily fluids.

 

30,31

 

 
Although the literature regarding the species-specific metabolism of numerous

phytoestrogens is growing rapidly, relatively little work has been done on the most
commonly used species for phytoestrogen research: rodents. Very few studies have
examined the pharmacokinetics of phytoestrogen metabolism in rodents, but the
current literature suggests that it shares many characteristics with the human system.
For example, rodents generate appreciable levels of equol 24 to 48 hours after a
meal,

 

32,33

 

 and daidzein appears to be more bioavailable than genistein.

 

32,34

 

 However,
a more recent study using a different strain of rats found that daidzein was only
poorly absorbed and thus only minimally bioavailable.

 

35

 

 Overall, nearly all rodents
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generate equol, a characteristic shared with only around 35% of the human popu-
lation. This critical difference may make it difficult to extrapolate experimental
results from rodent models to humans. Without a more complete description of the
pharmacokinetics of phytoestrogens in rodents, it will be difficult to accurately
translate results gained from rodent experiments to human health concerns. 

 

5.4 ACTIVITY

5.4.1 E

 

STROGEN

 

 R

 

ECEPTOR

 

 B

 

INDING

 

Phytoestrogens get their name from their ability to mimic the actions of endogenous
estrogens. Structurally, the isoflavonoid phytoestrogens and endogenous estrogens
are markedly similar, as shown in Figure 5.2. For both groups of compounds, the
A-ring is aromatic. There is a hydroxyl group at the C3 position in steroidal estrogens
and in the equivalent position in phytoestrogens (7 in ring A and 4 in ring B). The
D-ring of natural estrogens is a cyclopentano ring, but the terminal ring is aromatic
in the isoflavonoids.

 

36

 

 The lignans show less structural similarity to natural estrogens.
All are diphenols but have a strikingly different conformation. 

Because of their structural similarity to endogenous estrogens, isoflavonoid
phytoestrogens can bind to estrogen receptors (ERs). ER belongs to a large family
of nuclear receptor transcription factors defined by five distinct domains associated
with ligand binding, DNA binding, and transactivation. There are two distinct iso-
forms of the estrogen receptor, ER

 

α

 

 and ER

 

β

 

, which both act as ligand-activated
transcriptional regulators. The DNA-binding domain is highly conserved between
the two isoforms (96% homology) but only a moderate level of conservation exists
in the ligand-binding domain (58% homology).

 

37,38

 

 The appreciable difference in
the amino acid sequence of the ligand-binding domain drove the hypothesis that
phytoestrogens bind with different affinities to ER

 

β

 

 than to ER

 

α

 

. Numerous studies
have now clearly demonstrated that the majority of phytoestrogens have a far lower
binding affinity for either ER

 

α

 

 or ER

 

β

 

 than 17

 

β

 

-estradiol, but have a higher overall
affinity for ER

 

β

 

 than ER

 

α

 

.

 

29,39-41

 

 The one notable exception to this observation is
coumestrol, which may have an affinity for ER

 

α

 

 comparable to that of 17

 

β

 

-estradiol,
and an even higher affinity for ER

 

β

 

 than any endogenous estrogen.

 

10

 

 
The two ER isoforms exhibit distinct but overlapping patterns of tissue distri-

bution 

 

42,43

 

 and are present in nearly all mammalian organs including the ovaries,
prostate, spleen, bone, thymus, vasculature, and the brain.

 

37,38,44-46

 

 In contrast, a
number of studies have now shown that ER

 

β

 

 may be the dominant isoform in the
fetus, indicating that it may play a significant role in the growth and development
of the fetus.

 

47-49

 

 
There is intense interest in the differential roles of each isoform but to date very

little is known about their relationship to each other. Numerous studies using ER
knockout mice suggest that each isoform has a distinct biological role. Both male
and female ER

 

α

 

-knockout mice display numerous physiological and behavioral
defects, including sterility, while male ER

 

β

 

-knockout mice remain fertile but have
prostate and bladder hyperplasia and females show ovulatory disfunction.

 

50-53

 

 The
degree to which the phytoestrogens can affect estrogen-dependent processes depends
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heavily on their ability to function as ligands through both ER isomers, and the
relative roles each isomer plays in mammalian systems.

Successful binding to the estrogen receptors occurs though two distinct steps:
receptor recognition and stabilization of the receptor-ligand complex.

 

54

 

 For endog-
enous estrogens, receptor recognition is achieved by hydrogen bonding between the
C3 hydroxyl group on the estrogen, and amino acid side chain in the binding domain
of the ER. Stabilization is achieved through hydrogen binding to the D-ring, but
does not require a hydroxyl group.

 

54,55

 

 
Biological potencies of phytoestrogens relative to 17

 

β

 

-estradiol through both
ER

 

α

 

 and ER

 

β

 

 appear to be largely determined by the orientation of the AF-2 region
of the ligand binding domain of the receptor upon binding with the phytoestrogen.
Crystal analysis of the tertiary structure of the ligand-binding domain revealed that
this region is made up of 12 highly conserved helices, of which the last one (H12)
makes up the critical core of the AF-2 region.

 

56

 

 The recruitment surface for a number
of nuclear coactivators required for transcriptional activation is partially defined by
H12, suggesting that the optimal efficiency of the ER-ligand complex is at least
partially dependent on the orientation of this helix.

 

57-59

 

 Whether or not a compound
acts as an estrogen agonist or antagonist is well correlated to the position of H12
relative to the ligand-binding cavity in both isoforms of ligand-bound ER. Genistein
binds to the ligand-binding domain of ER

 

β

 

 in an orientation similar to that of 17

 

β

 

-
estradiol, but H12 lies in an orientation similar to that seen with estrogen antago-
nists.

 

60

 

 This orientation is similar to selective estrogen receptor modulators, such as
raloxifene, which are defined by their mixed agonist/antagonist effects through both
ER

 

α

 

 and ER

 

β

 

.

 

57

 

Once formed, the ligand-receptor complex is taken into the cell and functions
as a nuclear transcription factor by binding to an estrogen response element (ERE)
and facilitating assembly of a functional transcription complex. Many attempts have
been made to quantify the relative binding affinities and potencies of phytoestrogens
compared to estradiol. Depending on which assay is used, widely different values
have been obtained, creating discrepancies about which phytoestrogens are the most
estrogenic. Given the large number of coactivator and corepressor molecules needed
for optimal ER action, these assays are likely only of limited value given that they
cannot completely replicate the complex and tissue-specific cellular environment
seen 

 

in vivo

 

. With these limitations in mind, these assays suggest that the mycoestro-
gens and coumestrol are nearly as potent as 17

 

β

 

-estradiol,

 

39-41

 

 while genistein and
equol are only moderately potent.

 

40,61

 

 Biochanin A, formononetin, and genistein are
the least potent and may have only minimal biological activity.

 

29,40

 

 Although the
exact order in which these phytoestrogens should be placed in relation to estrogenic
potency is not clear, these studies and others comparing them to each other and to
other related compounds reveal that the 4

 

′

 

-hydroxy position on the B ring and its
spatial orientation in relation to the 7-position hydroxy group on the A ring are
primarily responsible for the estrogenicity of flavonoids.

 

62

 

 This is illustrated by the
reduced potency of biochanin A compared with genistein. Biochanin A has a methyl
group in this position but is otherwise structurally identical to genistein, and has a
much lower potency. This structural difference is depicted in Figure 5.2.
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The discovery of a second estrogen receptor introduced a whole new level of
complexity to the actions and activity of phytoestrogens in animals. It appears that
some tissues, which contain little or no ER

 

α

 

, contain relatively high levels of ER

 

β

 

,
particularly during development. Because the isoflavonoids preferentially bind to
ER

 

β

 

 over ER

 

α

 

, these compounds may have a profound impact on developmental
processes, particularly in the brain, where hormones are critical for sexual differen-
tiation and determination. 

 

5.4.2 M

 

ECHANISMS

 

 

 

OF

 

 A

 

CTION

 

 

 

NOT

 

 M

 

EDIATED

 

 

 

BY

 

 ESTROGEN 
RECEPTORS

Phytoestrogens also have many ER-independent effects. Enterolactone, genistein,
and daidzein have been shown in vitro to stimulate hormone-binding globulin
(SHBG) synthesis in liver cells,63 and several phytoestrogens are capable of com-
petitively displacing both 17β-estradiol and testosterone from SHBG in plasma.64

Only the unbound fraction of endogenous hormone is bioactive. Thus, by altering
either the total amount or availability of SHBG, phytoestrogens could affect the free
fraction of endogenous hormones in circulation. However, studies in both Western
and Asian women evaluating SHBG levels after a dietary soy challenge providing
between 32 and 68 mg of isoflavones per day have only demonstrated nonsignificant
decreases in SHBG serum levels averaging less than 2%.65-67 This modest decrease
was coupled with a nonsignificant decrease in luteal phase progesterone levels,65,67

although one other group has found that a soymilk diet delivering isoflavone levels
approximately twice as high can decrease luteal phase progesterone levels by as
much as 45% and follicular phase 17β-estradiol levels by 25%.68 This result is
consistent with previous studies showing minimal66,69 decreases in follicular phase
plasma 17β-estradiol levels with isoflavone consumption.

The observed decreases in circulating endogenous estrogen levels may be due
to disruption of aromatase. Isoflavones and lignan phytoestrogens, including equol,
genistein, and biochanin A are potent inhibitors of the ovarian aromatase enzyme,
which produces estrogen from androstenedione and testosterone in humans.70-72

Coumestrol has been shown in vitro to reduce the conversion of [3H]-estrone to
[3H]-estradiol by inhibiting the estrogen-specific enzyme 17β-hydroxysteroid oxi-
doreductase Type 1, in a dose-dependent fashion beginning with concentrations as
low as 0.12 µM.73 Genistein was more weakly inhibitory but demonstrated a similar
dose-dependent effect. 

Genistein is a unique phytoestrogen with a variable array of physiological effects.
In addition to the effects listed above, genistein is a potent inhibitor of tyrosine
protein kinases (PTKs).74,75 PTKs catalyze phosphorylation of their own tyrosine
residues and those of other proteins, including growth factors involved in tumor cell
proliferation. By inhibiting PTKs, genistein can potentially slow tumerogenesis.
Genistein can also inhibit DNA topoisomerases I and II, enzymes essential for DNA
replication.2,76 
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5.5 PHYSIOLOGICAL EFFECTS

Phytoestrogens were first discovered to have physiological effects early last century
when Australian sheep grazing on legume-rich pasture began to develop unusual
reproductive abnormalities. Abortion rates were extraordinarily high in several flocks
and many ewes became permanently sterile. In 1946, Bennetts et al. described severe
clinical abnormalities in these animals including prolapse of the uterus, dystocia in
ewes, low lambing rates, enlargement of the bulbo-urethral glands, and death.14 This
syndrome came to be known as “clover disease” and is still a potential problem that
must be carefully managed by farmers today.

The observed infertility was ultimately found to be caused by anatomical changes
in the cervix and uterus, which compromised the transport of spermatozoa through
the cervix after insemination.13,77 In the ewe, the genes controlling sexual differen-
tiation do not completely deactivate after birth. Exposure to high levels of estrogen
for several months can continue the differentiation process, resulting in a cervix that
anatomically resembles the uterus in both histological appearance and function, and
prevents normal sperm transport. The discovery that certain plants could induce
reproductive abnormalities, including sterility, prompted an intense investigation
aimed at identifying which phytochemicals could produce physiological effects in
animals and humans, and what exactly those effects were. 

Phytoestrogens are classically defined as weak estrogens but are now widely
recognized to act as both agonists and antagonists of estrogen in mammalian systems
depending upon the dose given, the timing of exposure, and the tissue of interest.
They have been found to have both beneficial and deleterious effects on numerous
physiological endpoints across several species, prompting an intense public health
debate regarding their regular consumption. In that discourse, the early findings
demonstrating that phytoestrogens could produce severe reproductive abnormalities
in farm animals was drowned out by epidemiological evidence that populations
consuming high amounts of phytoestrogens had lower cancer rates and fewer car-
diovascular problems than populations consuming only small amounts of phytoestro-
gens.25,78,79 A number of studies have now also demonstrated that breast cancer
patients have far fewer isoflavones in their urine than women with healthy breast
tissue, suggesting a link between phytoestrogen consumption and breast cancer
rates.80-82 A growing literature now also suggests that phytoestrogens may lower
cholesterol, prevent bone mass reduction in postmenopausal women, and alleviate
the symptoms of menopause including hot flashes. All of this evidence recently
prompted the FDA to recommend that Americans consume 25 mg of soy a day.
Daily soy consumption in the United States is now closer to only 1 to 3 g, while in
Asian populations daily soy consumption typically ranges from 10 to 50 g.83 There
are now hundreds of soy-based dietary supplements and foods available to consumers
that market themselves as “heart healthy” based on that FDA guideline. With all the
hype surrounding soy, it is critical to evaluate all of the physiological effects of these
compounds in context, and critically evaluate the validity of all the health claims
that currently surround soy phytoestrogens.
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5.5.1 HORMONAL AND REPRODUCTIVE EFFECTS

The earliest evidence that phytoestrogens could produce significant reproductive
effects came from farm animals. Heifers grazing on phytoestrogen rich red clover
developed 35% longer teats on average and had an accumulation of fluid in the
vagina and uterus. Uterine tone increased, as did uterine size in ovariectomized
animals.84 Although phytoestrogen-induced infertility in cattle is rare today, phy-
toestrogens can cause cystic ovaries, irregular estrus, and anestrus in sheep, cattle,
and rodents.13,85,86 

Of all the biological effects phytoestrogens have been affiliated with, infertility
is the one that causes the most concern. First seen in sheep, phytoestrogen-related
infertility has now been observed in an array of species. A 1976 study confirmed
that the breeding success of California quail depend on the phytoestrogen content
of forbs growing in their breeding ranges.87 Genistein and formononetin were present
in significantly higher concentrations in forbs growing in dry years than in forbs
growing in wet years. Consequently, as a result of consuming a phytoestrogen-rich
diet, breeding was generally unsuccessful and many birds left California as early as
June for their winter roosts. 

One of the most recent examples of phytoestrogen-related infertility involves
captive cheetahs. In the 1980s, high mortality coupled with low fertility threatened
to drastically reduce captive cheetah populations in North American zoos. The most
prevalent cause of death in these animals was liver disease of unknown etiology, and
nearly 60% of all North American cheetahs had venocclusive disease.88 Additionally,
only 9 to 12% of North American captive female cheetahs were producing viable
cubs, compared with 60 to 80% of African captive female cheetahs. The vast majority
of these animals were primarily fed a commercially prepared diet containing between
5 and 13% soy protein, exposing each cheetah to 50 mg/day of phytoestrogens
including high levels of genistein and daidzein.88 When four cheetahs at the Cincinnati
Zoo were placed on a soy-free diet for three months, their liver condition improved
significantly, and a few females became pregnant, implying that the soy in the
commercial diet was contributing to the illness and the infertility. Estrogens are
known to produce changes in blood coagulation with secondary liver involvement89

and have cholestatic effects, which causes bile retention and alterations in the shunt-
ing of substances into the vascular compartment.90 Phytoestrogens, by nature of their
estrogenicity, may produce similar effects. 

Humans may be facing a very similar situation. Infertility among young couples
inexplicably tripled between 1965 and 1982,91 and there is some evidence to suggest
that mean sperm density and seminal volume has declined over the past 50 years.92,93

The issue is contentious and the subject of intense debate,94 but although exogenous
estrogens such as DDT and PCBs are hypothesized to be one of the primary causes
of declining human fertility,95,96 dietary phytoestrogens are almost totally absent
from this discussion. 

Only a handful of studies have evaluated the effect of phytoestrogen consumption
on reproductive health in men. A recent study found that dietary supplementation
with soy scones providing 120 mg/day of isoflavones reduced serum testosterone;97
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other studies have found that consumption of an isoflavone supplement containing
40 mg of isoflavones or flaxseeds had no effect on sperm quality or production.98,99

However, if phytoestrogens and other endocrine disruptors can decrease sperm
quality, disruption during the organizational period of Sertoli cell development rather
than in adulthood would be the more likely mechanism of action. Timing, more than
dose or duration of exposure, may be the most critical factor in the relationship
between phytoestrogens and male fertility and warrants further investigation. 

Phytoestrogens may also decrease sexual motivation and function in females.
Coumestrol and soy isoflavones have been shown to disrupt estrogen-dependent gene
expression in the brain,100,101 an effect that subsequently leads to decreased sexual
behavior in female rats.102,103 Whether or not soy has a similar effect in women is
completely unknown, but there is anecdotal evidence that the breast cancer drug
tamoxifen, an endocrine-disrupting drug with similar molecular properties to the
isoflavones, decreases sexual desire and increases sexual discomfort.104,105 Phy-
toestrogens are also known to affect other reproductive endpoints in women. Several
studies have attempted to examine the effects of soy on menstrual cycle length, but
only a few have been conducted with true control groups in a well-powered, ran-
domized crossover or parallel arm design. All three suggest that phytoestrogens
increase cycle length but only by about 12 hours, not a biologically or statistically
significant extension.66,69,106 Only one study has found a significant association with
soy consumption and decreased cycle length (1.2 days), an effect the authors hypoth-
esize would ultimately result in 2 fewer years of menstruation and thus a lower risk
of breast cancer.107 However, the results were drawn from interviewing a nonrepre-
sentative sample of 200 Singapore Chinese women, thus the results are highly
dependent on the accuracy of those self-reports. 

Phytoestrogen consumption may also influence the metabolism of endogenous
estrogen. There are many estrogen metabolites but two have generated a lot of interest
because the ratio between the relatively inert 

2-hydroxylated estrogens to the more genotoxic 4- and 16 α -hydroxylated forms
are believed to be correlated with breast cancer risk.108,109 16α-Hydroxyestrogen
(16α-OHE) induces DNA synthesis110 while 4-hydroxyestradiol (4-OHE2) and
4-hydroxyestrogen (4-OHE1) have been shown to generate mutations that initiate
cancer.111 There is good evidence that isoflavones may significantly increase the ratio
of 2-OH to both 16α-OHE and 4-OHE. Consumption of a dietary supplement
containing at least 65 mg of isoflavones per day improved the 2- to 4-(OHE) ratio
by 33% and the 2-to-16αOHE ratio by 67%, compared to a supplement containing
only 10 mg of isoflavones.112 Other studies using isolated soy protein or soy milk
have found similarly compelling effects,68,113 while at least one study using isolated
soy protein delivering only 38 mg of isoflavones per day found only modest 7%
increase in the 2-16αOHE ratio.69 Interestingly, urinary levels of 16α-OHE are only
positively associated with urinary levels of isoflavones in equol-producing women,
and within that group, the ratio of 16α-OHE to 2-OHE is significantly positively
correlated to equol excretion, suggesting that this daidzein metabolite may be critical
for this effect.114
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5.5.2 DEVELOPMENTAL EFFECTS

Estrogens and androgens play a critical role in development and influence growth
and differentiation in tissues including the gonads and the brain. Because of their
ability to produce estrogenic effects, phytoestrogens may influence fetal development
and ultimately affect reproductive physiology and behavior in adulthood. As a fetus
develops, there are specific, critical periods when it is particularly sensitive to
hormones. In rats, this critical period lasts through the final third of gestation and
into the first 10 days of life.115 This suggests that timing of exposure may be as or
even more important than the level of exposure. When examining the effects of
phytoestrogens on fetal development, it is important to consider the stage of devel-
opment along with the level of phytoestrogen exposure.

The developmental effects of phytoestrogens have been studied mostly in rats
and interpreted to have implications for human health. The results of some of these
studies are presented in Table 5.3. Rats exposed to coumestrol, lignans, or genistein
during the perinatal period have severe reproductive tract abnormalities as well as
altered neuroendocrine function and abnormal reproductive behaviors as adults.116-119

Prenatal exposure to genistein at doses between 5 and 300 mg produce a variety of
developmental effects including low birth weight and delayed vaginal opening in
females, and shortened anogenital distances, decreased testicular size, and lower
endogenous testosterone levels in males.116,120 

Exposure to phytoestrogens during lactation also impair reproductive function
and gonadotropin secretion in adulthood. Coumestrol administration (10 to 100 µg)
immediately after birth significantly increased uterine weight and severely reduced
ER levels in the uterus.121 Twenty days after exposure, uterine weight was lower in
coumestrol-treated animals than the controls, while ER levels were still below
normal. Treatment with 40 mg of genistein per kg of body weight per day during

TABLE 5.3
Developmental Effects of Phytoestrogens and Mycoestrogens in Rodents

Tissue Phytoestrogen Effect Reference

Uterus Coumestrol, Zearalenone Reduced number of glands 
and ER expression

121,237

Vagina Coumestrol, Genistein Cornification, metaplasia, 
delayed opening

86,120,238

Breast Genistein Increased duct development 181
Anogenital Genistein Decreased distance in males 120
Prostate Coumestrol, Daidzein Increased c-fos, prevention 

of DES lesions
239

Hypothalamus Coumestrol Premature anovulation, 
abnormal sexual behavior 
in males

86,240

Pituitary Coumestrol, Genistein, Zearalenone Altered LH response, 
decreased basal LH

125,241

SDN-POA Coumestrol, Genistein Enlarged in females 125,241
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lactation (PND 1 to 21) advanced vaginal opening, increased uterine weight, and
induced a permanent estrus state.122 Daily treatment with 1 mg genistein or daidzein
(approximately 100 mg/kg body weight) for PND 1 to 5 resulted in earlier vaginal
opening and prolonged or persistent estrus in genistein- but not daidzein-treated
females.123 Ovaries were smaller in both genistein- and daidzein-treated females at
60 days of age and lacked corpora lutea in the genistein-treated females. Persistent
exposure to coumestrol through lactation after the first 10 post-natal days resulted
in acyclicity in early adulthood due to a deficit in the regulation of gonadotropin
secretion and suppressed early growth, resulting in lower than average weight at
vaginal opening.117 Genistein also suppressed LH in a dose-dependent fashion124

when administered during the first 10 days of life.
Perinatal phytoestrogen exposure also effects sexual differentiation in the rodent

brain. The sexually dimorphic nucleus in the preoptic area of the hypothalamus
(SND-POA) is normally 2 to 5 times larger in male than female rats, and this
estrogen-dependent sexual differentiation occurs between gestation day 16 and post-
natal day 5.115 Perinatal exposure of female rats to DES, or high doses (500 µg or
1000 µg) of either zearalenone or genistein during the critical period, results in
significantly larger SDN-POA volumes than female controls.124,125 Interestingly, this
effect of genistein is only significant in ovariectomized but not intact rat neonates,125

suggesting that the endogenous hormone status of the animal is an important deter-
minant in the biological activity of phytoestrogens on SND-POA volume. 

Early exposure to phytoestrogens may influence not only reproductive physiol-
ogy in adulthood, but also behavior. Neonatal treatments with genistein, but not
daidzein, lowered lordotic activity in female rats,123 and male rats exposed to either
genistein or coumestrol through lactation exhibit a number of deficits in sexual
behavior as adults. Exposed males have a lower ejaculation rate, a longer latency to
first mount interval, and fewer overall mount attempts than unexposed males.116,117

Very few studies have examined the influence of phytoestrogens on sexual behavior,
and more research in this area is badly needed.

5.5.2.1 Phytoestrogen Exposure in Infants  

In light of these developmental actions, concern has been raised over human infant
exposure to phytoestrogens. Although they were initially introduced as an alternative
to bovine milk formulas for babies with a milk allergy, soy infant formula has grown
in popularity, largely because of numerous articles in the popular media celebrating
the beneficial effects of soy, and now makes up approximately 25% of the formula
market in the United States. Total isoflavone content in soy infant formula varies
widely largely due to the influence of environmental and genetic differences between
batches and sources but in general is quite high with as much as 122 µg genistein
and 77 µg daidzein per gram of formula.126-129 This translates to a daily intake of
approximately 6 to 9 mg/kg body weight per day, an amount, when adjusted for
body weight, which is 4 to 7 times higher than the amounts regularly consumed by
adults meeting the FDA guidelines for soy consumption or Asians consuming a
traditional soy-based diet (0.3 to 1.2 mg/kg per day).130 Infants fed soy formula have
circulating phytoestrogen concentrations of approximately 1 µg/ml, 13,000 to 22,000
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times higher than endogenous estrogens, which range from 40 to 80 pg/ml in
infancy.131 These are levels high enough to produce many of the physiological effects
already discussed in this chapter. In fact, a recent study in marmoset monkeys using
a co-twin design demonstrated that a soy formula providing 1.6 to 3.5 mg isofla-
vone/kg/day suppressed the neonatal testosterone surge and increased Leydig cell
number in comparison to a cow milk formula.132 

Milk-based formulas contain significantly lower levels of phytoestrogens, with
equol being the only isoflavone present in significant concentrations in the plasma
of infants fed bovine milk-based formulas. This result is consistent with data showing
that cows produce and excrete more equol than any other phytoestrogen.13 Similar
to the adult population, only about 30% of all infants examined to date had detectable
levels of equol in their plasma, suggesting that the ability to produce equol varies
in infants as well as adults. Infants do not have a full complement of gut flora at
birth, and food consumption during the first year of life may ultimately dictate the
nature of their colonic population, providing a mechanism for examining the emer-
gence and regulation of equol production in humans. 

Composition of human breastmilk is even more variable than either soy or bovine
formula, not only between different women, but also within the same woman over
the course of a day. Isoflavones enter breastmilk in a dose-dependent fashion in a
biphasic pattern with maximum levels at 10 to 12 hours post-consumption and
resumption of baseline values in as much as 2 to 4 days, depending on the isoflavone
dose.126,133 Peak genistein and daizein levels in breastmilk range from 10 nmol/L
after consumption of only 5 g of roasted soybeans to 70 nmol/L after consumption
of 20 to 25 g of roasted soybeans. 

Although circulating isoflavone levels are highest among infants consuming soy
formula, the fraction of bioavailable isoflavones may be higher in breast-fed infants
with mothers who regularly consume soy.126,128 Very few studies to date have exam-
ined the pharmacokinetics of phytoestrogens in infants, particularly those other than
the isoflavones, but given the high levels of genistein and daidzein seen in both
breast-fed and soy formula-fed infants, it is an area that certainly warrants further
investigation. 

The considerable evidence in animal studies suggesting that perinatal exposure
to phytoestrogens, particularly the isoflavones, can disrupt gonadotropin secretion,

TABLE 5.4
Isoflavone Content of Commercial Soy Infant 
Formulas 

Soy Product 
(dry)

Daidzein 
(µµµµg/g)

Genistein 
(µµµµg/g) Method Reference

Prosobee 17 22 HPLC 127
Isomil  19 23 HPLC 127
Isomil 15 19 GC-MS 242
Jevity Isotonic 0.3 3.1 GC-MS 3
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alter reproductive physiology, and compromise reproductive behavior in adulthood
had generated great concern that soy-rich formulas may disrupt hormone-dependent
development in human infants. However, to date there has only been one epidemi-
ologic study comparing reproductive endpoints in adults fed soy- or milk-based
formula as infants. This well-publicized study found modest increases in menstrual
cycle length (0.37 days) and discomfort among the soy-fed women but no other
appreciable effects.134 Although it gained much attention when it was published, it
has since been criticized for being underpowered and was conducted using retro-
spective surveys as a follow-up to a previous study undertaken when the subjects
were infants, requiring the respondents to accurately recall events (such as age at
first menarche) that took place as much as 20 years earlier. Clearly more evidence
is needed to make any kind of conclusive determination about the safety of soy
consumption by infants.

5.5.3 MENOPAUSAL SYMPTOMS 

Menopause produces a wide range of hypoestrogenic symptoms in women including
hot flashes, mood swings, and decreased sexual interest. In the United States, the
hot flash is the hallmark of menopausal symptoms. Asian populations have a much
lower incidence of both hot flashes and osteoporosis than American populations,135,136

suggesting that phytoestrogens may reduce the incidence of these symptoms. Many
women now believe that soy and soy-based supplements help relieve the symptoms
of menopause, largely because of the overwhelming amount of advertisements and
articles and popular media articles celebrating this supposed benefit. 

Given all hype surrounding the association of soy to menopause relief, surpris-
ingly few studies have actually attempted to validate this claim, and the results are
mixed and largely discouraging.137 The first, and most widely cited, study was
conducted nearly a decade ago.138 Women were given either soy or wheat flour for
12 weeks in a randomized, double-blind trial. Although hot flash frequency and
intensity decreased by 40% over the 12-week trial in the group given soy flour, the
same effect was seen in the wheat flour group, and by the end of the study, there
were no statistically significant differences between the two groups. This large
placebo effect has been seen in numerous subsequent studies, with some women
reporting as much as a 60% reduction in hot flashes with placebo. As with this first
study, although a measurable reduction in hot flash frequency and intensity is
sometimes detected, these improvements are minimal and rarely reach statistical
significance.139-142 A recent analysis of the published studies found that the treatment
efficacy of these trials is largely determined by the initial hot flash frequency of the
subjects, with those patients with the more intense symptoms reporting the greatest
benefits.143 Although more studies are necessary, on the basis of these studies it
appears unlikely that soy will have any appreciable benefit on hot flash intensity or
frequency in women and that the anecdotal reports of symptom relief with soy
supplements may be little more than a reflection of the placebo effect found with
using “natural” therapies to treat menopausal symptoms.
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5.6 OSTEOPOROSIS

Osteoporosis affects more than 10 million adults and although not exclusively a
disease of women, estrogen deficiency is strongly associated with increased risk.
Hormone replacement therapy (HRT) has proved an invaluable option for the pre-
vention and treatment of this disorder, by preventing bone loss and minimizing the
risk of fractures.144 Unfortunately, a series of studies suggesting that long-term use
of HRT may increase the risk of breast and endometrial cancers145,146 and that it may
not provide measurable cardioprotective effects as hoped145 has discouraged many
women and sparked an interest in alternative therapies. There is strong epidemiologic
evidence demonstrating that Asians consuming a soy-rich diet have a significantly
lower risk of suffering a hip fracture, despite the low calcium content of this
diet.147-149 Although diet may at least partially account for this difference, numerous
other factors including body weight; skeletal mass; excretion rates of minerals such
as potassium, phosphorus and calcium; and anatomical differences in hip structure
are likely to also have a consequential role. The epidemiological association of a
phytoestrogen-rich diet and higher bone density, particularly after menopause, has
made this one of the fastest-growing areas of phytoestrogen research. Although most
of the experimental evidence of an osteoprotective effect remains circumstantial, it
is beginning to appear that soy isoflavones may offer measurable protection from
the development of osteoporosis. 

Studies on the actions of phytoestrogens on both osteoblasts, responsible for
bone formation, and osteoclasts, responsible for bone resorption, in vitro have been
very encouraging. For example, coumestrol has been shown to both inhibit bone
resorption and stimulate bone mineralization in vitro,150 and these findings have been
replicated in at least one in vivo study, which demonstrated that daily injections of
1.5 µmol coumestrol twice weekly for six weeks significantly reduced bone loss in
the spine and femur of ovariectomized rats.151 These effects were accompanied by
reduced urine calcium levels and excretion rates of the bone resorption markers
pyridinoline and deoxypyridinoline. The soy isoflavones genistein and daidzein have
been found to stimulate bone formation while simultaneously decreasing bone
resorption in vitro through multiple mechanisms, including induction of apoptosis,
activation of protein tyrosine phosphatase in osteoclasts, and stimulation of protein
synthesis and alkaline phosphatase release in osteoblasts.152-158 These studies and
numerous others specifically examining the mechanism by which phytoesrogens
may have osteoprotective effects have demonstrated that although both ERα and
ERβ are abundant in human osteoblasts,159-161 activity through estrogen receptors is
likely only one of multiple and complex mechanisms by which the isoflavones may
preserve bone density. 

The in vitro studies in animals have produced similarly encouraging results.
Most use ovariectomized animals, and both the dietary concentration of isoflavones
and the observed effects vary considerably, but surprisingly nearly all of the studies
using ovariectomized rodents have found that isoflavones have bone-sparing effects
on both trabecular and cortical bone.158 Genistein and daidzein have biphasic, dose-
dependent effects on bone mineral density, with lower doses being more effective
than higher doses.162,163 This in vivo evidence combined with the compelling in vitro
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literature has sparked a wave of clinical trials examining the effects of a number of
isoflavone-rich foods and supplements on bone mineral density in women.

One particularly interesting phytoestrogen in the discussion of phytoestrogens
and bone density is the synthetic isoflavone ipriflavone. Ipriflavone has been shown
to reduce osteoclast recruitment and differentiation, thereby inhibiting bone resorp-
tion, perhaps by the direct inhibition of parathyroid hormone on bone.164 An early
long-term study in postmenopausal women found that women taking 200 mg of
ipriflavone daily (2.5 mg/kg) over a 2-year period along with a 1 g calcium supple-
ment showed significantly lower bone loss than women given a placebo treatment
along with the calcium supplement.165 Nearly 10% of all ipriflavone consumed in a
day will be metabolized into daidzein, suggesting that daidzein, taken at higher doses
(e.g., > 1.8 mg/kg), may produce similar effects. Women given GnRH agonists to
treat a variety of severe estrogen-dependent conditions including endometriosis and
uterine fibroids enter a hypoestrogenic state, which alleviates the symptoms of the
condition, but produces a variety of menopausal side effects including hot flashes
and decreased bone density. Women given 600 mg of ipriflavone along with 500 mg
calcium every day for 6 months showed no bone loss compared to women given the
calcium supplements alone.166 The results of these studies and others led to the
approval of the drug for the treatment of osteoporosis in a number of countries but
a recent, 3-year multicenter clinical study found it to be no better than placebo and
associated it with an increased risk of developing lymphocytopenia, generating
concerns about its long-term use.167

5.7 THE CANCER CONNECTION

The association between a soy-rich diet and cancer rates is one of the most well-
studied and controversial areas of phytoestrogen research. The epidemiologic obser-
vation that Asian populations have much lower incidences of breast and prostate
cancer than Western populations3 has prompted great interest in the preventive and
therapeutic effects of diet on these and other hormone-dependent cancers.168,169 The
case for a dietary rather than genetic role in this disparity was strengthened by the
observation that when individuals of Chinese or Japanese descent move to North
America and then assume a more typical Western diet, their risk of both breast and
prostate cancer increases rapidly to at least half that of the indigenous popula-
tion.65,78,170 Dietary surveys from as far back as the 1960s indicate that Japanese
populations consume considerably more soy-based food than individuals in the
United States, which translates to higher isoflavone levels in blood, urine, feces, and
prostatic fluid.3,27,79,171 Urinary and plasma levels of phytoestrogens correlate nega-
tively with rates of breast and prostate cancer risk.25,80,172 All of this evidence is
circumstantial, but suggests that consumption of phytoestrogens, particularly soy
isoflavones, are protective against hormone-dependent cancers. It is also important
to note that besides being rich in soy, the traditional Asian diet is low in fat and red
meat and contains a lot of fish, which are rich in fatty acids. This overall diet pattern,
even without the soy, is believed to be associated with decreased cancer risk. The
experimental data linking soy to a decreased risk of cancer is not nearly as clear-cut.
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Numerous in vitro studies have examined the effects of isoflavones, particularly
genistein, on the proliferation of dozens of tumor cell lines with mixed effects.3,173

Part of the conflict has arisen because of the different doses used to test for antipro-
liferative effects of phytoestrogens. Studies that use low concentrations (< 1 to 10 µM)
have discovered that some phytoestrogens including genistein, daidzein, biochanin
A, enterolactone, and coumestrol actually stimulate tumor proliferation, while other
studies using higher concentrations of the same compounds have found antiprolifer-
ative effects.174-176 This biphasic dose response is likely due to the mixed agonis-
tic/antagonistic effects of isoflavones and is particularly significant given that human
plasma levels are most often in the lower dose range. This would seem to suggest
that phytoestrogen consumption would result in an increased cancer risk, but this is
in direct conflict with the extensive epidemiological data. This apparent paradox
would be resolved if organs such as the breasts and prostate have the ability to
concentrate phytoestrogens. One study has already revealed that the prostate has this
ability,171 and the concentration of endogenous estrogens in normal breast ductal fluid
is as much as 40-fold higher than that in serum, indicating that the breast may have
the ability to concentrate phytoestrogens as well.62 This observation makes under-
standing the effects of phytoestrogens on cancer cell growth at both high and low
doses critical and emphasizes the need to pay particular attention to the concentration
of phytochemicals in human tissues, not just plasma levels. 

There is also some controversy surrounding the doses required in vivo to produce
effects seen in vitro and how to normalize data gathered from different in vitro
assays. Yeast estrogen screening assays are sensitive enough to produce results at
much lower concentrations than those required for mammalian cell cultures,41 but
there are a multitude of assays developed by different labs, and not all of them are
capable of adequately testing for antiestrogenic effects.40 Because phytoestrogens
can interact with SHBG and other proteins, the concentrations needed to produce
biological effects in an animal or human will necessarily be much higher than the
concentrations needed in an in vitro assay or cell culture.177 Estrogen action occurs
through multiple pathways, each with their own set of transcriptional cofactors and
corepressors, the presence of which varies between tissues and cell types, thus
making the in vivo environment difficult to replicate in vitro. To date there is no
reliable way reconcile the results gathered from the multitude of available in vitro
assays into a relevant and predictive model of in vivo effects making it difficult to
draw any definitive conclusions from the data obtained from them.

5.7.1 BREAST CANCER  

A multitude of epidemiological studies have shown that subjects with breast cancer
excrete lower amounts of lignans and isoflavonoids than healthy women, and that
women living in low-risk countries have higher amounts of these compounds in their
plasma and urine than women living in high-risk countries.5,78,80,135,168,169,178 The
mechanism behind this protection may come from reduced exposure to endogenous
estrogens. Asian women have much lower levels of circulating estrogens than West-
ern women.26,179 It is unclear if these lower levels are attributable to diet or genetics.
Numerous in vitro studies using breast cancer cell lines have found that in general,
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phytoestrogens inhibit tumor growth at super-physiological concentrations but stim-
ulate growth at low concentrations. Rodent studies have yielded similarly conflicting
results and, when considered as a whole, do not find a preventive effect of any
phytoestrogen173 except when phyoestrogen exposure occurs during development.180

Early exposure to isoflavones, particularly genistein, may be critical for reducing
the risk of breast cancer in adulthood. Female rats injected with 5 mg of genistein
on post-natal days 2, 4, and 6 developed fewer dimethylbenz[a]anthracene (DMBA)-
adenocarcinomas and had an increased mean-time to tumor development compared
to control rats. The treated rats, however, had significantly reduced circulating
progesterone, earlier vaginal opening, and follicular abnormalities including atretic
antral follicles and fewer corpora lutea.181 A second study found that female rats
injected with 500 µg of genistein per gram of body weight on post-natal days 16,
18, and 20 also developed nearly half as many DMBA-induced mammary tumors
as controls, but showed none of the reproductive side effects documented in the
earlier study.182 In both studies, genistein caused immediate and significant prolif-
eration in the mammary glands, resulting in the creation of more differentiated
terminal ductal structures. (lobules II). Premenarchal women have many undiffer-
entiated terminal ductal structures that progress to more differentiated lobules during
pregnancy. The earlier pregnancy is achieved, the lower the risk of breast cancer,
indicating the protective effect of differentiation. More recent studies have found
that physiological levels of genistein enhance ductal cell differentiation without any
observable effects on the reproductive tract.183

Genistein is the most widely studied phytoestrogen in the cancer literature
because it has numerous biochemical actions unrelated to its estrogenic activity. In
addition to being an estrogen agonist/antagonist, it is the most powerful antioxident
of all the phytoestrogens and has the ability to both increase the activities of
antioxidant enzymes as well as directly inhibit hydrogen peroxide production.
Female rats fed 250 ppm of genistein daily for 30 days showed a 10 to 30% increase
in the activities of glutathione peroxidase, glutathione reductase, catalase, and super-
oxide dismutase.184 Genistein is also a potent inhibitor of protein kinases, an effect
that may be one of the most important and significant mechanisms for the hypoth-
esized cancer-protective effects of genistein.75 Several in vitro studies have also
demonstrated that genistein can inhibit both topoisomerase I and II,185 along with
5α-reductase, phenol sulfatase, aromatase, and 3β-hydroxysteroid dehydorge-
nase.83,186 Genistein may also suppress angiogenesis and promote apoptosis in malig-
nant tumors.3,187 However, given that these effects are seen in vivo and the rodent in
vivo literature has not found a preventative effect of genistein, it is not clear whether
these mechanisms are physiologically relevant.

5.7.2 HUMAN DATA

The epidemiological studies assessing the relationship between dietary soy intake
and cancer risk has been comprehensively reviewed188 and suggest that soy con-
sumption is not significantly associated with cancer protection. Three have found
that frequent soy consumption is protective in premenopausal women189-191 but only
consider subjects of Asian descent, a population where soy consumption is likely to
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have been life-long. One case control study only found protective effects of soy in
non-U.S.-born Asian Americans, leading the authors to propose that soy consumption
is only protective when consumed at younger ages, a hypothesis consistent with the
rodent literature.180,192 A more recent study has also associated an increase in cancer
protection by soy with early exposure, but again the findings were made using an
Asian population.193 Although these results are encouraging, it is likely that the
results cannot be directly extrapolated to a Western population, where phytoestrogen
intake is universally low and circulating endogenous estrogen levels are markedly
higher. 

Although they have received far less attention in the popular media, lignans may
also have a protective effect against breast cancer. A comprehensive analysis of eight
prospective studies found a measurable, but non-significant effect of lignans at the
highest consumption levels.194 It is important to note that these studies based their
finding on urine or plasma levels of enterolactone rather than controlled dietary
intake, making it impossible to accurately determine consumption levels in any of
these studies. Although these findings are far from conclusive, they are encouraging
given that lignans are more prevalent in the Western diet than isoflavones and are
thus more likely to be consumed regularly over the lifespan.

5.8 CHOLESTEROL AND HEART DISEASE

It has long been known that a diet high in soluble fiber helps protect against heart
disease. A recent study in middle-aged, Finnish, male smokers found that supple-
menting a normal diet with only 10 g of fiber reduces that risk of coronary death
by 18%.195 A second study found that a similar increase in fiber intake reduces the
risk of coronary heart disease by as much as 20% in women.196 Soluble dietary fiber
is packed with bioactive compounds suggested to reduce the risk of heart disease
including pectin, psyllium, and lignans. It is unclear what role, if any, lignans alone
play in this reduction. Lignans, indigestible starch, antioxidants, trace minerals, and
phenolic compounds are all found in fiber-rich whole grains and could reduce the
risk of heart disease.197

There is an even larger body of literature indicating that soy products can
effectively lower total blood cholesterol levels in animals and humans, particularly
LDL and VLDL cholesterol.198-200 Research from as early as 1940 demonstrated that
animal protein (casein) is more atherogenic than soy protein.201 More recent studies
in both animals and humans have drawn similar conclusions.202-204 Plasma LDL
cholesterol reductions ranging from 8 to 16% have been reported for human patients
with moderate to severe type II hypercholesterolemia after consuming soy protein,
with HDL levels rising an average of 2% in most patients.199,200,205 The exact mech-
anism of how soy products can lower blood cholesterol is unknown, but there are
several theories, most of which center around the bioactivity of soy isoflavones,
particularly genistein and daidzein. Soy protein-containing isoflavones significantly
reduce total and LDL cholesterol in hyperocholesterolemic subjects,206,207 an effect
that is lost if the isoflavones are stripped from the soy protein by ethanol extraction.208
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Several animal studies have also demonstrated the importance of isoflavones in
cholesterol reduction.202,209,210 However, a growing body of evidence has now dem-
onstrated that isoflavone extracts alone do not appreciably lower LDL cholesterol
levels, suggesting that the composition and context of the isoflavone source is
critical.211,212 These findings culminated in the U.S. Food and Drug Administration’s
approval of a health claim in 1999 that “25 g of soy protein a day, as part of a diet
low in saturated fat and cholesterol, may reduce the risk of heart disease.”213

The mechanism by which soy lowers serum cholesterol levels is largely unknown
but could be related to an increase in thyroxine (T4) levels 214,215 or a direct effect
on hepatic metabolism of cholesterol. 3-Hydroxy-3-methylglutaryl coenzyme A
(HMG CoA) reductase activity increased in rats fed soy in addition to their normal
diets.216 This theory has not received as much attention and has only been studied
in a limited range of animals. There is good evidence, however, that soy foods
increase fecal excretion of bile acids. This depletes the body’s store of bile and
results in the recruitment of circulating cholesterol for increased bile production.
This mechanism for the hypocholesterolemic effect of soy has been well documented
in rabbits and rats,216 but reports in other species, especially humans, are less
consistent and thus less conclusive.217 

Soy has other cardioprotective effects, in addition to its lipid lowering properties.
Soy isoflavones have been found to decrease thrombin formation218 and improve
systemic arterial compliance211,219 and may reduce LDL oxidative susceptibility.220-222

There is also growing but conflicting evidence that soy may affect endothelium-
mediated vasodilation in both humans and monkeys.200 

Although the beneficial effects of soy on numerous markers of cardiovascular
health are encouraging, the real test of their usefulness is whether or not these
effects actually translate to a measurable decrease the risk of cardiac disease.
Artherosclerosis is a common disease in older Americans and results from the
formation of plaques on the inner layers of the arteries. The development and
proliferation of these plaques is regulated by a long list of cytokines and growth
factors. PTKs phosphorylate many of the proteins that regulate cell function, and
many growth factors depend on PTK activity to bind properly to their receptor.
As discussed earlier, genistein is a potent inhibitor of PTKs. Genistein has also
been shown to inhibit vascular permeability factor-induced relaxation in canine
coronary arteries, suppress lipopolysaccharide induction of cytokines and NF-κB,
and inhibit fibronectin EIIIA mRNA induction in rat aortic rings at levels at or
below 37µmol/l.223 At higher levels genistein has been shown to inhibit chemotaxis
and smooth muscle growth,224 alter nitric oxide formation, and inhibit platelet
aggregation225 in vitro. Atherosclerotic female macaques had enhanced arterial
dilator response to acetylcholine after consuming a diet high in isoflavones for 6
months,226 and the same group has now linked long-term soy isoflavone consump-
tion by postmenopausal monkeys to decreased, but not statistically significant,
levels of coronary artery atherosclerosis.227 Whether or not these effects will
translate to humans remains to be seen and several clinical studies are currently
underway to examine that possibility. 
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5.9 EQUOL: THE KEY TO THE BENEFITS OF SOY?

A tremendous hurdle in comprehensively interpreting the data from studies attempt-
ing to evaluate the health benefits of isoflavones is that much of the data is incon-
gruent and inconsistent, especially in the human studies. No matter what endpoint
is being considered, there is a wide range of interindividual variation, and this
necessitates the acquisition of enormous sample sizes to generate sufficient power
necessary to produce statistically meaningful results. There are likely many reasons
for the observed variability but because phytoestrogen metabolism and absorption
is critically dependent on bacterial degradation, interindividual differences in colonic
bacterial populations are perhaps the biggest factor. More specifically, the observed
benefits of soy may hinge upon the ability to convert daidzein to equol, an ability
that only 30% of Western individuals have. Urinary excretion varies up to 800-fold
among individuals and is far higher in Asian populations that Western popula-
tions.228,229 Equol has a high affinity for both ERα and ERβ and is superior to all
other isoflavones in its antioxidant activity.230 

A recent study has found that premenopausal women who excrete equol have a
plasma hormone profile associated with lowered risk of breast cancer.81 Although
the study is small and only contains data from 14 women, it suggests that the ability
to convert genistein to equol may be the key for many of the observed effects of
soy. Very few studies have examined the clinical effects of equol, but urinary equol
excretion has been linked with follicular phase length in cycling women67,231 and
preserved bone mineral density in postmenopausal women.230,232 Retrospective anal-
ysis of the data from at least one previously published report on the effects of soy
foods on plasma lipid levels found that appreciable changes in cholesterol levels
were only seen in subjects with high plasma levels of equol.230 Many other published
human studies examining the effects of soy on bone density, and cardiovascular
protection had marginal but non-significant effects. It is possible that these effects
would become more pronounced if the subjects were sorted by their ability to excrete
appreciable levels of equol. 

5.10 CONCLUSION

Phytoestrogens are a unique group of endocrine-disrupting compounds that have
gained widespread attention because of their supposed health benefits, even though
they have been found to produce some of the same reproductive abnormalities as
their more vilified synthetic brethren. Most estrogen-disrupting industrial chemicals
and pesticides, including polychlorinated biphenyls and, most notably, DDT and its
metabolites, have lower binding affinities for estrogen receptors than isoflavones or
coumestans,10 and their negative effects are seen at far higher doses.94,233 However,
although there is widespread concern surrounding the long-term effects of these
compounds, there is an enthusiastic push for phytoestrogen consumption. This biased
presumption that “natural” endocrine disruptors are beneficial, while synthetic endo-
crine disruptors are deleterious has driven the research on these two types of com-
pounds in totally opposite directions. For example, phytoestrogens were hypothe-
sized to be anti-carcinogenic in the breast while synthetic compounds such as DDT
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and PCBs were presumed to increase the risk of breast cancer. Despite the hype,
neither of those hypotheses have proven to be true.188,234 

Both phytoestrogens and synthetic endocrine disruptors have been found to
impair similar reproductive and neuroendocrine endpoints, including sexual differ-
entiation and maturation, fertility, malformation of the genital tract, and sexual
behavior, suggesting that they have similar mechanisms of action. Indeed, both can
act as either estrogen agonists or antagonists depending upon dose, timing of expo-
sure, tissue type, gender, and species. Still, “natural” is presumed to be good and
“synthetic” is presumed to be deleterious. One of these presumptions is wrong.
Either the phytoestrogens are not as good for us as they are advertised be, or their
synthetic brethren are not as toxic as generally believed.  

If the epidemiological data are a true indication of the biological activity of
phytoestrogens, then increased consumption of these compounds could greatly
reduce the risk of cancer and provide other benefits as well, including lower cho-
lesterol and reduce the risk of osteoporosis. However, there are few data available
on the most effective or optimal dose range for any of these compounds, and some
animal studies have indicated that they can have severe reproductive consequences
if consumed at high levels for a long period of time. Like other estrogens, these
natural substances appear to have the capacity to produce both beneficial and adverse
effects. The potential reproductive impact for humans is unclear. Further studies in
this area must be made before any definite dietary recommendations can be made.
Once again the epidemiological data indicates that populations consuming significant
quantities of phytoestrogens, including vegetarians and many Asian cultures, suffer
no adverse effects and live long, healthy lives. This may be an indication that lignans
and soy foods should be part of the Western diet.
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6.1 INTRODUCTION

 

Sharpe and Skakkebaek postulated that environmental, hormone-like chemicals may
be the underlying cause of increased incidences of testicular cancer, undescended
testis, and malformations of the male genital tract during the last half of this century.

 

1

 

Davis extended this correlation to the increase in breast cancer incidence during the
same time interval.

 

2

 

 Epidemiological studies and experimental carcinogenesis in
animal models reveal a strong link between hormonal exposure and neoplasia and
are the basis for both hypotheses.

Endogenous estrogens are considered the main risk factor for of breast cancer.
Also, estrogen-replacement therapy has been shown to increase the incidence of
endometrial cancer. Exposure to diethylstilbestrol (DES) 

 

in utero

 

 resulted in the
development of clear cell adenocarcinoma of the vagina that appeared after exposed
girls reached puberty. The recent discovery of hormonally active compounds in the
environment— as well as in materials such as food packaging, food additives,
cosmetics, and toiletries— suggested that in addition to exposure to exogenous
hormones for medical purposes, humans are exposed to many synthetic chemicals
that have hormonal activity.

 

2281_C006.fm  Page 176  Thursday, October 21, 2004  2:13 PM

© 2005 by CRC Press



 

Estrogens, Xenoestrogens, and the Development of Neoplasms

 

177

 

While the role of natural estrogens in carcinogenesis is well documented, the
role of other sex steroids such as androgens is less compelling. Androgens are a
main factor in the development of prostate cancer; however, there is no evidence at
present of environmental contaminants that act as androgen mimics. Some environ-
mental contaminants do, however, possess antiandrogenic properties. Although these
compounds may disrupt the development of the male genital tract, it is not yet known
whether they play a role in carcinogenesis.

An aspect seldom considered when dealing with carcinogenic properties of
environmental endocrine disruptors (EEDs) is defining the targets of these chemicals
that lead to deleterious effects. Research on chemical carcinogenesis has been based
so far on the premise that— in addition to its intoxicating effects that somehow are
overcome by the host— these chemicals generate mutations in the DNA of somatic
cells that, as they accumulate, will generate a tumor. Research based on these notions
has led to the two-stage model of carcinogenesis whereby an “initiating” agent causes
permanent DNA damage and an unspecific “promoting” agent induces proliferation
of the genetically altered cells.

 

3

 

 Although this view is somewhat consistent with
some experiments on skin carcinogenesis, there is a substantial body of experimental
evidence that contradicts this simplistic interpretation of the data.

 

4,5

 

 We discuss below
alternative interpretations of the data and incorporate novel observations that offer
a significantly different perspective on how and on which targets these endocrine
disruptors may act to increase the incidence of cancers in exposed populations.

 

6.2 XENOESTROGENS

 

Xenobiotics of widely diverse chemical structures have estrogenic properties.

 

6,7,8

 

This diversity makes it difficult to predict the estrogenicity of chemicals solely on
a structural basis. Hence, their identification as estrogens has relied on bioassays
using diverse end points on which estrogens play a direct or indirect role (e.g., cell
proliferation, uterine growth, induction of specific genes). Hertz argued convincingly
that the proliferative effect of natural estrogens on the female genital tract is the
hallmark of estrogen action; thus, this property was adopted to determine whether
or not a chemical is an estrogen in animal or cell culture models.

 

9

 

 This requires
measuring increases of proliferative activity in tissues of the female genital tract
after estrogen administration. We developed an equally reliable, easy, and rapid
method using estrogen-target, serum-sensitive breast cancer MCF7 cells. The
E-SCREEN bioassay measures cell proliferation as a specific marker of estrogenic-
ity.

 

10,11

 

 Other 

 

in vitro

 

 assays rely on the induction of endogenous genes, such as PS2
and PgR, or transfected reporter genes.

 

12,13

 

 The record shows, however, that the
E-SCREEN appears to be the most sensitive and reliable bioassay available to
identify xenoestrogens.

 

14,15

 

6.2.1 C

 

UMULATIVE

 

 E

 

FFECT

 

 

 

OF

 

 X

 

ENOESTROGENS

 

Humans and wildlife are exposed to a variety of chemicals simultaneously.

 

16,17

 

Residues of diverse estrogenic xenobiotics coexist in the fat and body fluids of
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exposed individuals.

 

17

 

 Thus, it is likely that they may become bioavailable, for
example, during fasting or nursing. At such time, they may act cumulatively. That
is, when present at individual levels lower than those needed to express overt
estrogenicity, their activity may add up to a level sufficient to trigger a full estrogenic
response.

 

18,19,20

 

 We explored this concept and found that xenoestrogens indeed act
cumulatively in the E-SCREEN assay.

 

18,19

 

 Silva et al. showed significant additive
effects of low doses of xenoestrogens.

 

21

 

 Hence, we surmise that measuring the total
estrogenic burden due to environmental contaminants present in plasma/tissue sam-
ples may be more meaningful than measuring the levels of each of the known
xenoestrogens individually. This is significant when one considers the implications
of evaluating human conditions suspected to be caused by xenoestrogens, such as
undescended testis (cryptorchidism), testicular and breast cancer, and the decline in
sperm counts and quality seen during the last 50 years.

 

1,22,23

 

6.2.2 N

 

OVEL

 

 X

 

ENOESTROGENS

 

Novel xenoestrogens have been found among antioxidants (alkylphenols, butylhy-
droxyanisole), plasticizers (bisphenol-A [BPA], dibutylphthalate, butylbenzylphtha-
late), PCB congeners, disinfectants (o-phenylphenol), pesticides (toxaphene, dield-
rin, endosulfan, lindane), and sunscreens.

 

24,25,26,27

 

 The newly identified estrogens not
only induce cell proliferation but also increase the expression of pS2 and progest-
erone receptor (PgR). These xenoestrogens compete with estradiol for binding to
the estrogen receptors (ERs) 

 

α

 

 and 

 

β

 

. Their relative binding affinities to the ERs
correlate well with their potency to induce both cell proliferation and the expression
of marker gene products such as pS2 and PgR.

 

25

 

 Thus, binding to the “conventional”
or nuclear ER present in epithelial cells appears as a likely pathway to explain the
mode of action of xenoestrogens at the cellular level of hierarchical complexity.
Recently, ERs located in the plasma membrane have been characterized; they have
been proposed to mediate nongenomic effects as well as cell proliferation.

 

28,29

 

 The
binding of xenoestrogens to these receptors has yet to be explored in depth. Another
issue that awaits exploration is whether these chemicals exert additional effects on
tissues as units of biological complexity (see below) through stroma-epithelium
interactions. There is evidence of these stroma-mediated effects for natural
estrogens

 

30

 

 during the development of the genital tract and in mammary gland
morphogenesis.

No qualitative differences could be found when comparing animal assays and
MCF7-based assays. That is, the estrogenic properties of compounds characterized
using animal bioassays was also ascertained by measuring cell proliferation or gene
induction in cell culture bioassays. From a pharmacokinetic perspective, these 

 

in
vitro

 

 assays measure estrogenicity at the target cellular level under conditions where
estrogen concentrations are mostly constant, much like the ones achieved when
animals are treated with estrogen-filled silastic implants. This approach is more
relevant to chronic environmental exposure than that of measuring acute effects after
a single dose. Estrogen-target cells in culture have a limited metabolic repertory.
For example, it is likely that the estrogenic activity of nonylphenol diethoxylate, a
compound that does not bind to estrogen receptor, results from metabolism to the
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free phenol.

 

31

 

 Similarly, methoxychlor was believed to be inactive until metabolized
to free phenols, presumably in the liver. Methoxychlor tested positive when assayed
by the E-SCREEN test. Therefore, even though the putative proestrogens tested so
far were estrogenic when assayed by the E-SCREEN test, an added step in the quest
for identifying all xenoestrogens may include their metabolic activation by liver
microsome extracts prior to their testing by the E-SCREEN assay.

Regarding quantitative effects, while kepone is 100,000 to 1,000,000 times less
potent than estradiol according to the E-SCREEN assay, an increase of the rat uterine
wet weight comparable to that of estradiol occurred with a 1000- to 5000-fold higher
dose of chlordecone than that of estradiol.

 

6

 

 This discrepancy may be due to rapid
metabolism of estradiol and persistence and bioaccumulation of chlordecone in
animals. BPA, the only novel xenoestrogen tested so far for endocrine disruption
upon exposure 

 

in utero, 

 

was found to produce effects at doses lower than expected
from its potency measured in adult animals and 

 

in vitro.

 

32,33

 

 Moreover, when BPA
was given to adult animals, it was also found to be more potent than what was
expected from 

 

in vitro

 

 data.

 

34,35

 

6.2.3 D

 

EVELOPMENTAL

 

 E

 

FFECTS

 

Significant progress has been made in establishing that perinatal exposure to low,
environmentally relevant doses of xenoestrogens induces morphological and func-
tional alterations in the male

 

32

 

 and female genital tract

 

36,37,38

 

 and the mammary
gland.

 

39

 

 The 

 

homeobox

 

 (Hox) and 

 

wingless 

 

(Wnt) families of genes have recently
been identified as hormone-sensitive candidates that relay information on tissue
patterning within the developing uterus, vagina, and mammary gland, particularly
regarding the relationship between the epithelial and stromal compartments, which
is critical to normal development. Hoxa-9, hoxa-10, hoxa-11, and hoxa-13 are all
expressed along the paramesonephric duct in the embryonic mouse; by birth and
into adulthood, these genes establish a spatial co-linearity such that they are
expressed in the Fallopian tubes, uterus, uterus and uterine cervix, and upper vagina,
respectively. In late gestation, hoxd-10 and 11, hoxd-12, and hoxd-13 are also
expressed in the oviduct, uterus, and posterior uterus/vagina, respectively.

 

40

 

 Wnt 4,
Wnt 5a, and Wnt 7a are expressed in specific mesenchymo-epithelial patterns during
perinatal development of the uterus,

 

41

 

 while Msx 1, Msx 2, and Wnt 10b are
expressed during prenatal mammary gland morphogenesis.

 

42

 

Recently, the expression of some of these developmental genes was shown to
oscillate in response to changes in circulating levels of steroid hormones during
the murine estrous cycle, or down-regulate following ovariectomy. Therefore, the
subsequent findings that prenatal exposure to the potent estrogen DES altered the
expression of Wnt 7a and Hoxa-10 during uterine morphogenesis in the mouse
established an important correlation between chemical exposure and the ensuing
developmental abnormalities associated with endocrine disruption.

 

43,44,45

 

 This link
was made even more credible when the phenotype of mice carrying specific Hox
and Wnt null mutations was observed to be strikingly similar to that of human and
mouse “DES daughters.” The Wnt genes are associated with cellular responses
such as cell proliferation, apoptosis, and cell-cell communication (through the
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β

 

-catenin/E-cadherin complex). Changing patterns of expression due to environ-
mental chemical exposure can thus provide insight into how these chemicals influ-
ence cell fate determination and tissue morphogenesis in hormone-sensitive organs.

 

6.3 NEOPLASIA

 

An accurate definition for cancer has been difficult to come by. No single, compre-
hensive definition satisfies all aspects of this disease. This shortcoming is an
acknowledgment of our limited understanding of cancer pathogenesis.

Cancer is both a biological problem and a medical one. Each property of
neoplasias is also expressed in normal cells (e.g., invasiveness, ability to proliferate,
etc.) From an evolutionary perspective, neoplasias appear with the advent of multi-
cellular organisms. Their purview spans several hierarchical levels of organization
from the cellular to the population one.

 

46,47

 

The process by which neoplasias are generated is called carcinogenesis. In
epithelia, precursor lesions are called hyperplasia (increased cell proliferation), meta-
plasia (the ectopic appearance of otherwise normal epithelium), dysplasia (the epi-
thelium shows altered organization and signs of increased proliferative activity), and
carcinoma 

 

in situ

 

 (the epithelium resembles a neoplasia that had not yet invaded
normal adjacent tissue). Whether these epithelial changes are an expression of the
direct or indirect effect of the carcinogen on these cells is the subject of heated
controversy (see below).

Definitions of neoplasias and even of their precursor lesions are fraught with
unwarranted assumptions about the carcinogenetic process.

 

48

 

 They are usually cir-
cular, and they are additionally contradicted by either the behavior of a particular
neoplasm or by that of a normal cell type. For example, Willis states that 

 

“

 

a tumor
is an abnormal mass of tissue, the growth of which exceeds and is uncoordinated
with that of the normal tissues, and persists in the same excessive manner after
cessation of the stimuli which evoked the change.

 

”

 

49

 

 This definition (1) fails to
distinguish a simple hyperplasia from a neoplasia, (2) does not establish in which
regard this 

 

“

 

abnormal mass of tissue

 

”

 

 differs from other anomalies that are not
neoplastic, (3) invokes stimuli that are presently unknown, and (4) does not take
into consideration the phenomenon of regression that may occur during carcinogen-
esis or even neoplasia. True and complete spontaneous regressions of early stage
melanomas

 

50

 

 and some neuroblastomas

 

51

 

 have been well documented. Regression
often occurs in hormonal carcinogenesis after hormone withdrawal. Another draw-
back of Willis’ definition is that it does not take into consideration the tissue
organization defects that allow the diagnosis of neoplasia at the histological level.

 

52

 

For all these reasons, we will leave neoplasia undefined, and we will paraphrase the
pronouncement of U.S. Supreme Court Justice Potter Stewart about pornography:
While it is difficult to define, we recognize it when we see it.

Neoplasias are viewed in three contexts: (1) as an aberration of development,
(2) as a problem of tissue organization, and (3) as an aberration of the control of
cell proliferation.
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6.4 THEORIES ON THE MECHANISMS OF 
CARCINOGENESIS

6.4.1  G

 

ENETIC

 

 O

 

RIGIN

 

 

 

AND

 

 

 

THE

 

 S

 

OMATIC

 

 M

 

UTATION

 

 T

 

HEORY

 

 

 

OF
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The somatic mutation theory (SMT) of cancer has survived practically unchallenged
as dogma for almost a century. Since first articulated by Boveri in 1914, it has been
updated from time to time to accommodate new findings; however, it has never
predicted outcomes that would validate or falsify it. In other words, a theory that
can accommodate all outcomes can be hardly verified or falsified. In its latest
incarnation it postulates that cancer arises through mutations in putative 

 

oncogenes

 

(positive mediators) and in 

 

tumor-suppressor genes

 

 (negative mediators) that have
been proposed to regulate cell proliferation.

 

53

 

 Methodologically— and consistent
with the notion that carcinogenesis is a cellular or intracellular-based phenomenon—
those who favored the SMT used a two-dimensional experimental model (cells in
glass or plastic culture flasks) to define the genes responsible for the cancer pheno-
type.

Research on chemical carcinogenesis has been based on the premise that, in
addition to any toxic effects, these chemicals generate somatic mutations. This
research led to the above-mentioned two-stage model whereby an “initiating” agent
causes permanent DNA damage and an unspecific “promoting” agent induces pro-
liferation of the genetically altered cells.

 

3

 

. Although this view is somewhat consistent
with some experiments on skin carcinogenesis, there is a substantial body of exper-
imental evidence that contradicts this simplistic interpretation of the data both in
these experimental cancers as well as those induced in other organs.

 

4,5

 

 Despite claims
by supporters of the SMT, an unequivocal identification of the candidate mutated
genes responsible for tumor formation in sporadic cancers has been elusive. This
has been acknowledged by both Varmus

 

54

 

 and Bishop,

 

55

 

 the original proponents of
a crucial role for oncogenes in carcinogenesis. Other cancer researchers have recently
concurred on this evaluation.

 

56

 

A major reason to invoke a genetic origin for sporadic cancers has been the
existence of familial cancers inherited through the germ line. However, this fact by
itself does not provide an explanation of how carcinogenesis takes place. The lethal
giant larvae mutant [l(2)gl] in 

 

Drosophila

 

 is the best studied model. Homozygosity
of this mutant gene results in the appearance of neuroblastomas in the third instar
larvae.

 

57

 

 The wild-type gene codes for an intracellular, cytoskeleton-associated pro-
tein that is expressed in the early embryo, long before the morphogenesis of the
nervous system takes place. Replacement of the mutated sequence in early homozy-
gous embryos with the 

 

wild

 

 allele results in normal flies, indicating that expression
of this gene at this embryonal stage, not later, is required for the development of
normal neuroblasts.

 

58

 

 The difficulty remains in trying to understand how the affected
gene resulted in a neoplasia, since this protein does not appear to have a direct role
on the control of neuroblast proliferation. We have interpreted the presence of
syndromes whereby mutated genes transmitted through the germ line are linked to
the appearance of tumors in several organs as “inborn errors of development.” 
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Analogous to inborn errors of metabolism that were extensively described during
the second half of the 20

 

th

 

 century,

 

59

 

 these cancers represent syndromes that involve
the appearing of uni- or multilocular tumors at different times during development.
For instance, these syndromes may appear shortly after birth as in retinoblastoma,

 

60

 

after puberty or early adulthood like in multiple endocrine cancers,

 

61

 

 or prior to the
age of incidence for the non-familial form in breast cancers due to BRCA1 and
BRCA2 gene mutations,

 

62

 

 and in colorectal cancers due to APC mutations. The
distinction between hereditary and sporadic cancers is intended to separate two sets
of tumors that have a distinct etiology (genetic versus epigenetic, respectively) but
share a common pathogenesis (tissue architecture disruption).

 

6.4.2 E
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The epigenetic origin of sporadic cancers is invoked on the basis of data that appear
to be incompatible with DNA mutational events as the ultimate cause of carcino-
genesis. Most of this evidence has been collected from models generated in animal
experiments. One example is represented by the development of embryonal carci-
nomas when embryonal tissues are implanted in the testis of certain strains of mice.
When a few of these tumor cells were in turn injected into normal blastocysts, they
contributed to different tissues of these “mosaic” mice. These tissues included
oocytes and spermatozoa that generated normal, fertile progeny.

 

63

 

 A second exper-
imental example that argues against the SMT is the development of normal tadpoles
when nuclei of triploid frog renal carcinoma cells were transplanted into enucleated
diploid eggs.

 

64

 

 In addition, certain tumors arising during development from fetal
tissue appear in association with developmental anomalies (nephroblastoma with
horse-shoe kidney, hypospadias, cryptorchidism), suggesting that these neoplasias
may develop when normal development is affected.

 

65

 

 The frequent regression of
neuroblastomas in infants suggests that cancer cells may revert to normalcy when
placed in a permissive environment. Thus, the dictum “once a cancer cell, always a
cancer cell” is unsupported by data.

 

66
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A significant shortcoming in establishing a successful research program in carcino-
genesis has been the lack of resolution of the fundamental controversy regarding
the default proliferative state of cells in metazoa.

Self-replication is the 

 

sine qua non

 

 of life. It is generally accepted that prolif-
eration is a built-in property of the cells of unicellular organisms and metaphyta.
Unicellular organisms and metaphyta cells dissociated from tissues and placed in
culture proliferate maximally as long as they are exposed to nutrients. The state of
proliferative quiescence appeared with the advent of multicellularity. There are only
two possible choices: The default state of cells in metazoa is either 

 

quiescence

 

 or

 

proliferation

 

. Most researchers studying metazoa assume that the quiescent state
observed 

 

in situ

 

 is their default state. This means that cells will not proliferate unless
stimulated. However, from an evolutionary perspective, this argument is not com-
pelling since multicellular organisms evolved from unicellular ones. Every organism
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starts as a single cell, the egg. It is highly unlikely for that single cell to forgo the
property of self-replication. An almost complete homology between the machinery
to replicate yeast cells and human cells suggests that the machinery for cell repli-
cation has remained constant throughout evolution.

 

67

 

The prevailing idea that 

 

quiescence

 

 appeared as a new default state in metazoans
has never been adequately supported by either argument or data.

 

68

 

 As mentioned
above, multicellular organisms do have quiescent cells. However, it is unlikely that
this quiescent state is a newly acquired default state for metazoan cells, rather than
the consequence of a regulatory event imposed by the organism on specific cell
types, always within the constrains of evolutionary strategies during development.
Why would organisms relinquish the fundamental property of self-replication? If
one would consider 

 

quiescence

 

 as a newly acquired default state, important incom-
patibilities would surface. For instance, all cells of the organism have a similar
genome, and in experimental conditions, somatic cell nuclei may generate whole
individuals when placed in enucleated oocytes. Segregated germ cells, like their
somatic counterparts, also undergo control of cell proliferation, as evidenced by the
“dormancy” of oogenesis and spermatogenesis at certain developmental stages in
metazoa. If the built-in capacity to proliferate within these cells were not curtailed
by organismal control, their exponential proliferation would destroy the soma and
threaten the viability of the organism.

 

69

 

The choice made by cancer researchers about the default state in metazoan cells
subsequently shaped their research program. Those accepting quiescence as the
default state searched for growth factors and other possible endogenous stimulators
of cell proliferation (oncogenes), while those accepting proliferation as the default
state searched for inhibitory factors.67

6.4.3.1 Control of Cell Proliferation by Sex Steroids

Sex hormones (androgens and estrogens) regulate the proliferative activity of their
target cells. Studies in animal models have shown that estrogens and androgens
control epithelial cell numbers in their target organs by (1) inhibiting cell death,70

(2) indirectly inducing cell proliferation (Step 1), and later 3) directly inhibiting cell
proliferation (proliferative shutoff effect, Step 2).71,72 These three effects have been
shown to segregate in different experimental models, suggesting that they are con-
trolled by discrete, separate mechanisms.

6.4.3.2 Control of Initiation of Cell Proliferation by Estrogens 
(Step 1)

Three hypotheses aim at explaining the role of estrogens on the induction of cell
proliferation: (1) The direct positive hypothesis proposes that estrogens trigger per
se (without an intermediary step) the proliferation of their target cells.73 (2) The
indirect positive hypothesis proposes that estrogens induce the synthesis of growth
factors that, in turn, cause proliferation of estrogen-sensitive cells via stroma-
epithelium, paracrine,74 or autocrine75 interactions. (3) The indirect negative hypoth-
esis posits that estrogens cancel the effect of plasma-borne inhibitory molecules
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(estrocolyone-I).76,77,75 The first two hypotheses are based on the premise that
proliferation is an inducible function (that is, the default state of cells is quiescence).
On the contrary, the third hypothesis assumes that proliferation is a constitutive
property of cells.

Either a falsification of one of the two premises or a synthesis has yet to emerge.
This implies that important evidence needed to fully understand estrogen control of
cell proliferation is either still missing or remains unacknowledged. A brief reference
to data collected using a variety of models follows, and a resolution of the contro-
versy will be proposed.

(1) Whole animal models: After estradiol administration to ovariectomized or
prepubescent rodents, the expression of cellular oncogenes,78 growth factors,79 and
their receptors80 are increased in a temporal pattern consistent with their involvement
in the proliferative process. To explain these data, it was proposed that estrogens act
by inducing epidermal growth factor (EGF) receptors and EGF synthesis in uterine
epithelium in situ.79 EGF implants induced both cell proliferation and estrogen-
regulated genes in uterine and vaginal epithelia in mice.81 However, EGF does not
induce uterotropic effects in estrogen receptor-knockout mice.82 These contradictory
results leave unresolved the identity of the ultimate causal agent responsible for
entry of cells into the reproductive cycle.

(2) Primary culture experiments: Rodent uterine epithelial cells are fully
responsive to estrogens for the induction of specific genes; however, estradiol does
not increase their proliferative rate.83,84 In fact, these cells proliferate both in estro-
genless and serumless defined medium, suggesting that estrogens may act indirectly
in order to induce cell proliferation.83,85,86 Lack of a proliferative effect by estrogens
in primary cultures is inconsistent with the autocrine hypothesis. Moreover, prolif-
eration occurs even in the absence of growth factors.85 Also, mice mammary luminal
epithelial cells are estrogen-sensitive for gene expression but not for cell prolifera-
tion.87 Epithelial cells in vaginal explants undergo rapid proliferation in basal
medium devoid of growth factors, regardless of the presence of estrogens. Inferred
paracrine mechanisms involving stromal cells are inconsistent with data obtained
using explants from ovariectomized mice.88 This suggests that the intact stroma in
the explant fails to mediate estrogen-induced epithelial cell proliferation and that
these cells are instead released from inhibitory signals operating in the animal.88

(3) Established estrogen-target cell lines: Estrogen-mediated proliferation in
culture conditions occurs only when the medium contains serum made estrogenless
by charcoal-dextran stripping (CD). Contradictory data were reported on the prolif-
erative effect of estrogens in serumless medium. They varied from a much reduced89

to a null effect.90,91,92 These discrepancies may have been due to 1) the presence of
a proliferation inhibitor in serum,76,77,91,92 2) a permissive effect of serum growth
factors,93 or 3) a synergism between these growth factors and estrogens.94 Human
breast MCF7 cells become quiescent in culture when growth medium is supple-
mented with CD serum and estrogens specifically release them from this proliferative
quiescence.75 A subline of MCF7 cells (MCF7-SF9) has been propagated in defined
medium without growth factors for several thousand generations.95 These cells pro-
liferate at comparable rates in defined medium regardless of the presence of estro-
gens. Still, CD serum inhibits their proliferation while estrogens cancel the CD
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serum-mediated inhibition. The very existence of these cell lines challenges the
notion of synergism between growth factors and estrogen and strongly supports the
existence of a negative control mechanism involving a serum-borne inhibitor, albu-
min (estrocolyone-I).75,76,77 Remarkably, these human breast cells form tumors only
in estrogen-treated athymic mice.96

(4) The role of serum inhibitors: Serum fractionation protocols resulted in the
coelution of the inhibitory activity with serum albumin. Removal of human albumin
(HA) from CD serum resulted in a preparation lacking the inhibitory effect. HA
inhibition was cell type and protein specific. Only estrogens cancelled HA inhibition;
recombinant growth factors and other hormones were ineffective. Recombinant HA
and a truncated peptide spanning Domains I and II inhibited cell proliferation.
Domain I was also inhibitory, albeit less potent than HA.76 Domain III lacked
inhibitory activity. These results suggest that (1) albumin or a portion of it (most
likely within Domains I and II) is the specific inhibitory signal for the proliferation
of human breast estrogen-target, serum-sensitive cells, (2) estrogens specifically
cancel this inhibition, (3) inhibitory signals prevail over putative growth factors, and
(4) the default state in these cells is proliferation.

(5) Role of ERs on induction of cell proliferation by estrogens: Stable expres-
sion of transfected ERα gene constructs in previously ERα-negative cells renders
these cells able to evoke an estrogen-induced proliferative shutoff (Step 2, see above).
However, no induction of estrogen-sensitive cell proliferation has been observed.97

This suggests that ERα expression is necessary, but not sufficient, for conferring
estrogen-sensitivity for induction of cell proliferation. We have presented evidence
involving a plasma membrane-bound ER complex where an albumin-binding protein
plays a role in the mechanism, whereby these estrogen-target cells are allowed to
express their proliferative capabilities.28,29 ER is not present in all serum-sensitive,
estrogen-target cells, and most likely, it does not play a role on the control of the
proliferation of these cells.98

6.4.3.3 Control of the Expression of the Proliferative Shutoff 
by Estrogens (Step-2) in Normalcy, Carcinogenesis, and 
Tumor Regression

Stormshak et al. found that estrogens not only induced the proliferation of their
target cells in rats, but that their chronic administration resulted in a proliferative
shutoff.71 Later, Gorski’s and Stancel’s groups demonstrated that this inhibitory effect
is a physiological response to estrogens,99,100 while Bruchovsky et al. showed a
comparable response of rat prostate cells to androgens.101 Mukku et al. found that
a second injection of estradiol, given 18 hours after the first one, reduced the peak
of mitosis normally observed in the endometrium 24 hours after a single hormone
dose.100 Wilklund et al. explored the difference in responses of the anterior pituitary
in Holtzman and Fischer rats: estrogen implants induced a proliferative response
that lasted only 5 to 6 days in female Holtzman rats, while it continued in Fisher
rats that eventually went on to develop pituitary tumors. Wiklund et al. concluded
that “the quantitative relationships of estrogen doses to ‘refractoriness’ suggest to
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us that estrogens induce the accumulation of some product that limits the ability of
the cells to respond to additional estrogen.”102

High doses of estrogens induce regression of clinical breast cancer at rates similar
to those obtained with antiestrogens. In fact, the usefulness of tamoxifen was tested
in comparison with DES. Both were equally effective, but tamoxifen was adopted
because of its less-severe side effects.103 As mentioned above, transfection of ER
into mammary breast cells, fibroblasts, HeLa cells, etc., resulted in a phenotype
expressing Step 2 only. In 7,12-dimethylbenzanthracene (DMBA)-induced tumors,
high doses of estrogen inhibited the development of mammary tumors.104 The devel-
opment of variants of the MCF7 cell line that express Step 1, Step 2, both, or neither
suggest that these two effects are controlled through independent pathways.105,106

The existence of an estrogen-induced shutoff effect indicates that the proliferative
effect does not follow a linear dose-response curve.106,107 We have postulated that
Step 2 (shutoff) is mediated by estrogen-induced intracellular effectors. A compa-
rable pattern was described in the human prostate cancer cell line LNCaP,108,109 and
the gene product mediating this inhibitory effect has been identified.110,111

6.4.4 EPIGENETIC ORIGIN: TISSUE MAINTENANCE AND NEOPLASIA

We have postulated that the process of carcinogenesis in adulthood, that is, the
development of sporadic cancers, takes place at the tissue level of hierarchical
organization. This, together with the premise that proliferation is the default state
of all cells, constitute the tissue organization field theory of carcinogenesis
(TOFT).47,46 We posit that there are discrete units of tissue maintenance or organi-
zation in normal, adult, multicellular organisms. They comprise the parenchyma and
the stroma of organs. We are proposing to use the name tissulon to abbreviate this
concept. Like morphogenetic fields, which act during embryogenesis to instruct the
formation of tissues and organs, tissulons operating during postnatal life are tridi-
mensional entities that carry positional information. They maintain the normal archi-
tecture of all organs and guide tissue turnover, remodeling, and healing through a
dynamic process. During embryogenesis, the stroma exerts instructive and permis-
sive influences on the overlying epithelium, dictating its phenotypic characteristics.
According to data collected by J.W. Orr and his colleagues almost half a century
ago, these properties are maintained by the stroma during adulthood,112 and carcin-
ogen-exposed stroma was able to evoke a neoplastic phenotype in adjacently grafted
epithelia never exposed to the carcinogen. In our view, tissulons, present within all
organs, are the ultimate targets of carcinogenic agents. There are likely tissulons
that are more susceptible to carcinogenesis than others (breast, prostate, colon,
uterus, etc.), and this susceptibility is probably linked to the extent of remodeling
activity in these organs.

Developmental biology is now tackling the problems of pattern formation and
morphogenesis, thereby providing the basis for the study of interactions among cells
and tissues. It is hoped that the application of these principles in the context of the
TOFT will shed light into the study of carcinogenesis.

The exploration of an epigenetic paradigm such as the one proposed by the
TOFT would require experimental models where the level of biological complexity
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at which carcinogenesis takes place is defined. For over two decades, a few labora-
tories favored the use of tridimensional tissue culture models to test the role of the
microenvironment in the expression of the neoplastic phenotype.113,114 These data
show that the neoplastic phenotype is not fixed in the interior of neoplastic cells,
but rather it can be “normalized” by altering the composition of the extracellular
matrix.115 Further efforts in this direction will require the recreation of stroma-
epithelium interactions in a tri-dimensional setting. 

A complementary approach is the study of stroma-epithelium recombinants in
vivo. Using this approach Barcellos-Hoff and Ravani showed that radiation-induced
changes in the stromal microenvironment contributed to the neoplastic progression
of non-irradiated, quasi-normal, established COMMA-1 mammary epithelial cells.116

Maffini et al. observed that exposure of the mammary gland stroma to a carcinogen
results in the neoplastic transformation of epithelial mammary cells, regardless of
whether or not the epithelial cells were exposed to the carcinogen. These observations
suggest that the stroma, rather than the epithelium, is the target of physical and
chemical carcinogens.117 These results challenge the value of the mutational origin
of neoplasias, while buttressing the epigenetic hypothesis.117

6.5 HORMONAL CARCINOGENESIS

At present, it is difficult to unambiguously establish the role played by hormones
in the development of neoplasias. However, it is evident that estrogens represent a
significant risk factor in human breast cancer. It is important to accurately define
how exposure to estrogens at large influences the incidence of this cancer and, when
possible, to recommend measures that may reduce its incidence. We will next attempt
to place the role of natural and synthetic xenoestrogenic hormones on carcinogenesis
under the context of the competing theories of carcinogenesis.

Within the SMT, two roles have been postulated for hormones: (1) that they
induce mutations and (2) that they act as promoters. For proponents of the epigenetic
perspective, extemporaneous exposure to hormones is considered teratogenic.
Hence, according to the TOFT, neoplasias are the result of altered development.
Finally, some think that the genetic and epigenetic options are not mutually exclusive.
In this case, sex hormones would contribute to the development of neoplasia by
acting on all three end points: mutation, control of cell proliferation, and organo-
genesis-tissue maintenance.

6.5.1 HORMONES AS MUTAGENS

Supporters of the genetic causation hypothesis (two-step model of carcinogenesis)
propose that certain estrogens are able to form DNA adducts. This would lead to
mutations in yet-to-be-identified genes that, in turn, would result in neoplasms
through yet-to-be-defined pathways.118,119 These inferential pathways involve entities
such as oncogenes and tumor-suppressor genes.

The main research program in this endeavor has been to elucidate metabolic
pathways leading to the formation of estrogen metabolites that form DNA adducts
in estrogen-target tissues. When misrepaired, these DNA adducts would originate
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mutations. One prediction of the mutagenic hypothesis is that not all estrogenic
compounds are carcinogenic. In other words, only those that are mutagenic are
expected to induce tumor formation. For example, 2-fluoroestradiol, a compound
with an estrogenic potency similar to estradiol, does not induce tumorigenesis in the
Syrian hamster model, while estradiol does. This is explained by the fact that
estradiol is metabolized to 2-hydroxy metabolites while 2-fluoroestradiol is not
metabolized.120 From a similar perspective, DES is metabolized to an unstable
semiquinone that can react with DNA.121,122 Others have postulated that DES may
interact with spindle formation, causing aneuploidy.123 Bradlow et al. suggested that
estradiol is metabolized through two mutually exclusive pathways resulting in a 2-
OH estrone and 16"-estrone; they propose that the genotoxic activity is entirely due
to 16"-estrone.124,2 From this perspective, carcinogenesis may be induced by chem-
icals that affect the metabolism of natural estrogens, enhancing the formation of
16"-estrone. Estrogens have also been implicated in the development of prostate
cancer in rats,125 and mutational mechanisms were invoked.126 The link between
estrogens, mutations, and neoplasia remains circumstantial, and a demonstration of
causality is still missing.

6.5.1.1 Xenoestrogens and the Mutational Hypothesis

Xenoestrogen exposure appears to be a risk factor for neoplasms of the female
genital tract, breast, and prostate. If mutations are the first step in carcinogenesis,
how are xenoestrogens thought to act? Accumulation in a target cell would be
proportional to the binding affinity for the xenoestrogens by estrogen receptors.
Therefore, a linear dose-response curve may be assumed when associating exposure
to effects. However, once xenoestrogens are accumulated in the target tissue, the
rate of conversion to the metabolites able to produce DNA adducts must be dependent
on their affinity for the enzymes involved in this pathway. If xenoestrogens act by
altering the metabolism of endogenous estrogens, the mutagenic activity would be
disassociated from their estrogenic activity and instead linked with their ability to
induce or activate enzymes that regulate the metabolism of endogenous estrogens.
Therefore, a linear dose-response curve would be expected. However, mutagenic
potency may not be directly related to estrogenic potency. In conclusion, while the
estrogenic potency of xenoestrogens may be important, it does not seem to be the
main determinant for their potential mutagenicity.

6.5.2 HORMONES AS PROMOTERS

Animal models and observational data in humans indicate that tumors in estrogen
and androgen-target organs are rare in individuals that had been gonadectomized
before or during early adulthood. It is postulated that the role of sex steroids in this
context is to sustain cell proliferation in genetically susceptible individuals (i.e., only
certain strains develop tumors upon sustained hormone exposure).

In normal sex hormone-target tissues, cell number is tightly regulated, and sex
steroids both induce cell proliferation (Step 1) and later inhibit it (Step 2). The
“initiated” cells must overcome the restraining mechanisms of Step 2 in order to
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proliferate selectively and become a hyperplasia and, later on, a tumor. Once the
tumor develops, it may or may not require hormones to propagate further (hormone-
sensitive or -insensitive, respectively). In this view, a cell “mutated” in its ability to
proliferate would acquire a selective advantage to multiply over those impervious
to the carcinogen-mutagen. This is a rarely analyzed paradox. The paradox could
be reconciled if those mutations are shown to be only in suppressor genes or
colyogenes. Proponents of oncogenes state that cancer cells have lost the ability to
respond to organismal signals that inhibit cell proliferation.127 However, none of
these hypotheses take into consideration that the precursor lesions that appear during
carcinogenesis show altered tissue organization.

Hormones are not only necessary during the process of carcinogenesis, but may
also play a role in the propagation of these tumors. Thus, breast and prostate cancers
in humans regress after estrogens or androgens, respectively, are withdrawn or
suppressed. In animal models, regression may “cure” the tumor, whereas in humans,
clinical regressions are temporary due to the selection of “hormone-insensitive”
phenotypes. This process is called tumor progression; this recurrence has been
attributed to genetic (further mutations) or epigenetic (adaptive) mechanisms due to
short-lived therapeutic regimes.106,109,128,129

6.5.2.1 Xenoestrogens and the Promotional Hypothesis

As explained above, the issue regarding how estrogen levels may affect proliferation
and carcinogenesis remains unsolved. To assess whether or not xenoestrogens sig-
nificantly increase normal adult women’s exposure to estrogen, one first has to ask
how ovarian estrogen levels affect proliferation in their target organs. For example,
ductal cell proliferation in the breast is maximal from late follicular phase and
throughout the luteal phase (i.e., when endogenous estrogen levels are high).130

Further increases in the estrogen levels may not affect cell proliferation, since the
endogenous levels of estrogen at this point are already triggering a full proliferative
response followed by a proliferative shutoff. The ubiquitous presence of xenoestro-
gens in foods, their persistence in the environment, the fact that they are not bound
by the plasma carrier protein sex hormone binding globulin, and their cumulative
action18,19,25,131,132 may increase the “basal” levels of estrogens during the early
follicular phase of the menstrual cycle. This may result in an early onset of prolif-
erative activity of the organs of the female genital tract and breast, consequently
prolonging the period of proliferative activity during each cycle, leading to a higher
incidence of breast tumors in later years. Hence, the assumption of a linear dose-
response curve is not appropriate when evaluating the role of xenoestrogens as
promoters.

6.5.3 HORMONES AS TERATOGENS ACCORDING TO THE TOFT

According to developmental biologists, extemporaneous hormonal activity is being
essentially teratogenic. These untimely exposures would favor the persistence of cell
populations past the point at which they should disappear during normal develop-
ment.133,134,135 Steroid hormone-target organs undergo morphogenetic changes during
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postnatal life, and hormones play a main role in these morphogenetic processes.
Hence, their role in carcinogenesis may be attributed to disturbance of these pro-
cesses when hormone levels are excessive or exposures occur extemporaneously.

6.5.3.1 The DES Model

Genital tract organogenesis occurs during the first trimester of gestation in humans
and at gestational days 9 to 16 in mice. The role of estrogenic hormones in the
normal development of the mammalian reproductive tract is not completely under-
stood, although it is clear that ER must be present for estradiol to mediate biological
activity.136 Exposure to exogenous estrogens during early development results in
several anomalies of the human genital tract, including neoplasia. Some of these
effects entail the persistence of tissues that regress or express different cellular
markers during development. For example, Mullerian ducts (structures that give rise
to organs of the female genital tract) normally regress during development in males,
but they persist in those exposed to estrogens during development. Women exposed
to DES in utero manifested a series of anomalies of the genital tract (adenosis,
ectropion, anomalies of the cervix) and an increased incidence of clear cell adeno-
carcinoma of the vagina (risk from birth to 34 years of age is 1:1000).137 Exposure
to DES occurred before the 13th week of in utero development in women that
developed clear cell adenocarcinoma. The fact that 90% of the cases were diagnosed
between ages 15 and 27 suggests that, in addition to in utero exposure, the hormonal
environment present at puberty is required for the development of this lesion.
Interestingly, in the mouse model, a main effect of DES exposure was that animals
developed uterine adenocarcinomas after 4 months of age.138 Before this point in
development, exposed mice had exhibited hypoplastic uteri with few or no glands.139

This suggests that the primary effect may be neither proliferative nor mutational.
Instead, the primary effect may be altered tissue organization in the sense that cell
populations that should have disappeared did not.

The cohort of women exposed to DES in utero is now reaching the age at which
breast cancer is diagnosed. Consequently, it is not yet known whether prenatal DES
exposure increases breast cancer risk. It is worth noting that an increased risk has
been reported in the mothers that received DES during pregnancy.140 Recently pub-
lished data by Palmer et al.141 shows an overall 40% excess breast cancer risk in
women exposed in utero to DES; the authors of this report remarked that this result
“raises a concern calling for continued investigation.”141 Bern142,143 and Newbold and
McLachlan138 studied the effect of prenatal and early postnatal exposure to DES on
the genital tract of mice and found that the most important feature of this syndrome
is that some of the morphological alterations are not readily recognizable at birth,
but they manifest themselves during puberty and adult life. In the uterus, cystic
endometrial hyperplasia, leiomyomas, adenocarcinomas, and stromal cell sarcomas
were observed. In the vagina, the proliferative lesions reported were basal cell
hyperplasia combined with hyperkeratinization, epidermoid tumors, and adenocar-
cinomas. It should be noted that vaginal adenocarcinomas appeared when mice were
exposed to relatively low doses (2.5 µg/kg/day), while uterine adenocarcinomas
appeared at higher exposure levels (100 µg/kg/day) on days 9 to 16 of gestation.144
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Ovariectomy before puberty prevented the development of these neoplasias. Prolac-
tinomas were observed in mice exposed on days 16 to 17 of prenatal development.145 

Another interesting consequence of neonatal exposure to DES in mice infected
with murine mammary tumor viruses is a shortened latency period and an increased
incidence of mammary tumors. In the CD-1 strain of mice, which has high incidence
of spontaneous mammary tumors, offspring of females exposed in utero had a
significantly higher incidence of ovarian and mammary tumors than offspring of
females exposed to vehicle.146 DES induced vaginal adenocarcinomas and squamous
cell carcinomas in Wistar rats treated on days 18 to 20 of gestation.147 More recently,
it was reported that male mice exposed in utero to DES can transmit a carcinogenic
effect to their offspring.148 Walker and Kurth showed that female mice exposed in
utero can transmit a carcinogenic effect to their offspring.149 Using blastocyst trans-
fers, it was shown that offspring of normal blastocysts, which had been transferred
to mice exposed prenatally to DES, developed uterine adenocarcinomas (7%). Off-
spring from blastocysts from female mice exposed to DES in utero transferred to
mice exposed to vehicle, also developed endometrial adenocarcinomas (16%).
Hence, the neoplastic effects of intrauterine exposure may be due to “germ cell
modification” (mutation or gene imprinting), as well as to alteration of the maternal
environment.

6.5.3.2 Xenoestrogens and the Developmental Hypothesis

Time of exposure appears to be crucial for eliciting developmental mishaps. In
addition, some of the developmental alterations mediated by estrogens occur at
significantly lower doses than those necessary for causing estrogenic effects in adults.
For example, Burroughs et al. have found that hypoplasia of uterine glands occurs
after neonatal exposure to extremely low doses of coumestrol, a phytoestrogen.150,151

In addition, vom Saal observed significant increases in the size of the prostate in
adult animals exposed in utero to higher levels of estrogen due to a positional effect
(a male between two females versus a male between two males).152,153 Moreover, in
utero exposure to low doses of BPA also resulted in increased prostate size in the
adult33 and to altered mammary gland development.154,37,39 It should be noted that
in vom Saal’s experiments, the dose-response curve looks like an inverted U. This
means that the higher doses were less effective in inducing these effects than the
lower ones.32,33 In summary, there are stages of particular vulnerability during devel-
opment and the developing organism seems to be far more sensitive to minute
variations of hormone levels than the adult organism.

6.5.4 HORMONES AS AGENTS OF TISSUE MAINTENANCE AND 
REMODELING

During postnatal life, the mammary gland and the endometrium undergo massive
architectural changes, comparable to those usually associated with organogenesis.
These changes occur in response to various physiological hormonal environments
such as those of puberty and pregnancy. For example, the mammary gland ducts
grow by invading the adjacent connective tissue. A similar process takes place in
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the prostate gland during development and maturation. Moreover, these changes can
be repeatedly induced experimentally by endocrine manipulation. These organiza-
tional changes occur through interactions between the stroma and the epithe-
lium.155,156 We have observed that the mammary glands of mice exposed to environ-
mentally relevant doses of the xenoestrogen BPA during prenatal development
undergo changes that manifest as altered patterns of bromodeoxyuridine into DNA
at 10 days of age, as decreased rates of migration of the ductal tree at puberty, and
finally as excessive accumulation of ducts and alveolar structures at 6 months of
age.37,39

6.6 ANIMAL MODELS FOR HORMONAL 
CARCINOGENESIS

6.6.1 “SPONTANEOUS” NEOPLASIA OF ESTROGEN-TARGET ORGANS 
IN ANIMAL MODELS

Neoplasia of endocrine and reproductive organs seldom occur in wildlife and labo-
ratory animals subjected to a restricted diet. Long-term studies in laboratory animals
revealed that mammary tumors occur spontaneously in some laboratory rat and
mouse strains. For example, Sprague-Dawley and ACI aging virgin females develop
mammary tumors spontaneously. Ovariectomy and multiple pregnancies during early
adulthood significantly decreased the incidence of these tumors. Endometrial tumors
also develop in Han:Wistar, BDII/Han, and Donryu strains.157 Ovariectomy inhibits
the development of these neoplasias.158 Spontaneous prolactinomas develop in cer-
tain rat (Sprague-Dawley) and mouse strains (C57BL/6).159 Adenoma and adenocar-
cinoma of the magnum of the oviduct and leiomyoma of the ventral ligament of the
oviduct are the most frequent spontaneous neoplasias in the reproductive tract of
hens,160 which correlate with high plasma estrogen levels.161

6.6.2 EXPERIMENTAL NEOPLASIA AS A RESULT OF HORMONAL 
MANIPULATION IN ANIMAL MODELS

Hormonal carcinogenesis started as a result of experiments to study the role of
endocrine organs by means of organ ablation-hormone replacement experiments.65

Ovarian hormones were found to play a role in tumor development of the mammary
gland. Pituitary tumors could be obtained by estrogen treatment (rat), and were also
induced by thyroidectomy in mice. Thyroid tumors in mice were induced by goitro-
gens, through an increase in plasma TSH levels. Ovarian tumors were induced by
transplanting the ovary into the spleen in ovariectomized rats and mice (presumably
gonadotropin induced). Gonadectomy induced adrenocortical tumors in guinea pigs,
rats, mice, and hamsters.

6.6.3 OVARIAN HORMONES AND NEOPLASIA

The search for a role for ovarian hormones in breast neoplasia can be traced to the
end of the 19th century when Beatson reported that ovariectomy resulted in clinical
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regression of advanced breast cancer.162 This result may be interpreted today as
evidence for the trophic role of estrogens in tumor growth and cell survival, as
ovariectomy drastically reduced the incidence of breast cancer. Endometrial cancer
in humans is also related to estrogen exposure. Vaginal clear cell carcinoma in young
women appears as a consequence of in utero exposure to DES. Understandably,
experimentation in humans is restricted by ethical concerns. On the other hand,
animal models provide valuable insights, although they are not always directly
applicable to humans. Estrogens were found to induce pituitary neoplasia (rat,
mouse, European hamster), mammary cancer (rat and mouse), and kidney tumors
(male Syrian and European hamsters). These kidney tumors are estrogen sensitive.
Although they do not seem to have an equivalent in human pathology, they are
currently used to explore the role of estrogens as mutagens.

6.6.3.1 Endometrial Tumors

Endometrial tumors occur at a relatively high incidence in certain strains of rats.
DES exposure throughout adult life results in a 1.7% incidence of uterine adeno-
carcinoma in mice, while neonatal (day 1 to5) administration results in 90% inci-
dence. Tumors did not develop in animals ovariectomized before puberty.144 These
tumors required estrogens for continuous growth when transplanted. Adenocarcino-
mas of the uterus may also be developed by administration of the carcinogen n-
nitroso-n-methylurea (NMU) to intact adult mice.163 Progestagens inhibited the
development of tumors in estrogen-treated animals.164

In humans, endometrial adenocarcinoma rates increased in women taking estro-
gen-replacement therapy.165 Simultaneous administration of estrogens and proge-
stagens (hormone-replacement therapy) results in a much lower incidence of this
type of cancer (almost similar to those of untreated women).166,167 Recently, it has
been suggested that the xenoestrogen hypothesis should be tested by focusing on
endometrial rather than on breast cancer.168 This is predicated on the rapid increase
in the incidence of endometrial cancer in postmenopausal women treated with
unopposed estrogens and the otherwise low incidence of this malignancy when
compared with that of breast cancer. However, it is likely that xenoestrogen exposure
would not increase the risk of endometrial cancer in mature, cycling women since
their ovaries produce progesterone. Many postmenopausal women are taking hor-
mone-replacement therapy to avoid osteoporosis and heart disease. Only those post-
menopausal women not taking progesterone may be at risk of developing endome-
trial tumors.

6.6.3.2 Mammary Gland Tumors

In 1928, Murray demonstrated that mammary cancer could be induced to when
ovaries were transplanted into male mice of a strain in which almost 100% of the
females developed mammary cancer.169 Lacassagne reproduced these results by
treating male mice with ovarian extracts (“folliculin”).170 While it is possible to
obtain a high tumor yield by prolonged treatment of susceptible rats with estrogens,
this only happens in mice infected with mouse mammary tumor viruses.
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Mammary tumors can be induced in the Sprague-Dawley and other rat strains
by prolonged treatment with estrogens. Estrogens shorten the latency period and
increase the incidence of tumors that otherwise would appear if those animals were
observed for their entire life span. For example, the spontaneous incidence of
mammary adenocarcinomas in female ACI rats was reported to be 7%, whereas
treatment with 5-mg pellets of DES at 80 days of age increased the incidence to
52% after 200 days of observation.171 Regardless of whether or not the resulting
neoplasia behaves as a hormone-sensitive tumor, it develops only in intact, non-
ovariectomized animals.172

Experimental estrogen-induced mammary tumors required prolonged treatment
with hormones; the latency periods were extremely long and the incidence was
usually low. The discovery that chemical carcinogens such as methylcholanthrene
and DMBA-induced mammary carcinomas in some rat strains greatly facilitated the
study of these tumors, since the latency period was shortened and the incidence was
higher than that of estrogen-induced tumors. Interestingly, the tumors obtained with
DMBA or nitroso-methylurea were histologically similar to human breast tumors.
Several factors play a role in the induction of mammary carcinomas by these agents:
genetic background, estrogen exposure, pituitary hormone exposure, and
age.173Tumors only develop in certain strains. Over 80% of these carcinogen-treated
rats from Fisher, Wistar-Furth, Sprague-Dawley, and other inbred and outbred strains
present tumors after 90 days of observation. This incidence is significantly lowered,
or nonexistent, with other strains, e.g., Copenhagen.

In nulliparous Sprague-Dawley rats, mammary cancer develops spontaneously.
Similarly, estrogens are necessary for the development of DMBA- and NMU-induced
mammary cancer in rats. Ovariectomy prior to carcinogen treatment inhibits tumor
formation. Estrogen treatment of ovariectomized animals results in comparable
tumor incidence rates and latency periods as those observed in intact animals.
Paradoxically, high doses of estrogen increase the latency period, decrease the size
of tumors, and result in a lower tumor yield per animal.104 Hence, estrogens also
have a biphasic effect on the induction of mammary carcinoma.

Hypophysectomy prevents the development of DMBA-induced tumors. Prolactin
appears to stimulate the growth of DMBA-induced mammary carcinomas in ova-
riectomized, adrenalectomized, and hypophysectomized rats.174 However, estrogens
seem to be essential for the prolonged growth of these tumors.175,176 This contradicts
the hypothesis that estrogens act by inducing the secretion of prolactin.

In DMBA-induced mammary cancer in rats, a “window of vulnerability” was
identified between the 45th and 55th day of life;177 carcinogen administration during
this period significantly increases the incidence of carcinomas and decreases the
latency period. Multiparity further decreases the incidence of carcinomas. These
effects are explained by the intense proliferative activity of structures called terminal
end buds, from which new gland ducts are originated during this window of vulner-
ability.173 Further development of the gland produces structures that become “car-
cinogen resistant.”177

Prenatal exposure to DES results in increased incidence of mammary carcinomas
and decreased latency period in Sprague-Dawley rats that were treated with DMBA
at 50 days of age.178,179 Mammary gland carcinogenesis can also be induced in adult
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ACI females by persistent treatment with estradiol or DES. In this model, prenatal
treatment with a total DES dose of 42.8 µg/kg resulted in an increased incidence of
mammary tumors and a decreased latency period.180 A significant increase in the
incidence of mammary gland tumors followed if these animals were challenged with
a postnatal exposure to DES from 12 to 22 weeks of age. Prenatal exposure to a
total dose of 4 µg/kg DES (a standard dose to elicit a uterotropic response) also
results in a significant increase in the incidence of mammary gland carcinomas when
these animals were treated with a DES pellet from 12 to 22 weeks of age. These
two models provide evidence that prenatal exposure to DES increases the risk of
mammary gland carcinogenesis.

In humans, only a small percentage (5 to 10%) of breast cancer is attributed to
genetic inheritance. Otherwise, risk factors are mostly related to cumulative lifetime
exposure to endogenous ovarian hormones,181 from early menarche and late meno-
pause. Pregnancy also plays a role. Nulliparous women have a higher risk than those
that had undergone full-term pregnancies in their early 20s, and a first pregnancy in
the late 30s and 40s increases the risk of breast cancer.181 There is also some evidence
that the level of estrogen exposure during development in utero may influence the
risk of breast cancer.182 Exposure to radiation during adolescence and early adulthood
is also a risk factor. Epidemiological studies have, for the most part, examined
exposure to estrogens from the viewpoint that they act as promoters. For example,
a study by Toniolo et al. showed a significant correlation between free (unbound to
sex steroid binding globulin) estrogen levels in postmenopausal women and their
incidence of breast cancer a few years later.183

6.6.3.3 Pituitary Tumors

Chronic estrogen treatment in Fischer, ACI, or Wistar-Furth rats results in the
development of pituitary adenomas and transplantable neoplasms that grow as estro-
gen-sensitive tumors. The proliferative response to estrogens ceased after a few days,
in spite of the continuous presence of estrogens in strains that did not develop
adenomas (proliferative shutoff).99,184 Rat strains in which the proliferative response
was maintained as long as estrogens were administered developed neoplasms. Hence,
tumors appear to develop in animals that have lost the ability to express the estrogen-
induced proliferative shutoff.

6.6.3.4 Testicular Neoplasias

There are no animal models that closely parallel the human disease. Hence, we will
discuss current thoughts about the genesis of this disease in humans. Germ cell
tumors develop from carcinoma in situ.185 The age-specific pattern of tumor inci-
dence in males shows a small peak from birth to 4 years of age, and a second increase
after puberty reaching another peak between 20 and 30 years of age for malignant
teratoma, and at 30 to 40 years for seminoma.186 While incidence has increased
recently in young men, there is no clear evidence of an increase in boys.187 Although
histological examination of testicular parenchyma adjacent to tumors in adult men
revealed the presence of carcinoma in situ, this association was not found in tissue
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from boys;188 this suggests separate etiologies. The age distribution for incidence of
testicular cancer suggests that exposure to risk factors occurs early in life, and that
the progression from carcinoma in situ to clinical cancer is influenced by androgens
or pituitary hormones. The risk of testicular cancer is increased in men with a history
of testicular maldescent, gonadal dysgenesis, androgen insensitivity, intersex states,
and infertility. Testicular maldescent is associated with a five- to tenfold relative risk
increase. When undescent is unilateral, testicular cancer may arise in the contralateral
testicle, or in both.189 In addition, orchidopexy may not prevent testicular cancer.190

This suggests that an inherent germinal defect present in germinal epithelium may
be responsible for the two pathologies.191 Testicular dysgenesis is an etiologic factor
in cryptorchidism.192 Also, dysgeneic tissue is frequently found in undescended
testis.193 In addition, approximately 20% of the cases of testicular cancer have a
history of maldescent. A twofold increase in incidence of undescended testis has
been reported from 1950 to 1970;194 similar increases in hypospadias have been
reported.195,196,197 The hypothesis that high estrogen exposure in utero may be a risk
factor for testicular cancer is supported by the increased incidence of this pathology
in dizygotic twins (a condition that results in increased estrogen exposure).198

Mouse strains where testicular cancer arises spontaneously have been
described.186 Mice exposed in utero to DES offer a model for testicular maldescent.139

This pathology is strongly correlated with testicular cancer of germinal cell origin
in humans. However, the testicular cancer associated with DES exposure in mice
originates in the rete testis (non-germinal origin). For the most part, hormone-
induced testicular cancers in laboratory rodents are Leydig cell adenomas, and DES
treatment induces these tumors in European hamsters.199

6.6.3.5 Prostate Cancer

The etiology of human prostate cancer is unknown. However, like other cancers of
the genital tract, its incidence is practically non-existent in men who were castrated
before 40 years of age.200 In addition, most cases of clinical prostate cancer regress
after castration. Several models for prostate cancer have been developed in animal
systems. Most pathologists believe that rat ventral prostate tumors are not represen-
tative of the human disease, while those of the dorsolateral prostate are good models
for human carcinoma.201

(1) Spontaneous cancer: Cribriform carcinoma of the ventral prostate develops
frequently in the aging ACI rats201 and in AXC rats.202 Adenocarcinoma of the
dorsolateral prostate develops in the Lobund-Wistar rat.201 One interesting feature
of the ACI tumors is that their incidence rate increases in animals exposed to a high-
fat diet.203 This is consistent with correlations derived from human studies.

(2) Hormone-induced cancer: Prostate cancer may be induced in rats by treat-
ment with chemical carcinogens, androgens, carcinogens plus androgens, and andro-
gens plus estrogens. Treatment with chemical carcinogens in otherwise normal males
resulted in ventral prostate tumors in the F344 and MRC rat.201 Lobund-Wistar rats
developed spontaneous prostate cancer. Prolonged treatment with testosterone
increased the tumor yield and decreased the latency period.204 Interestingly, increas-
ing the fat content in the diet resulted in further shortening of the latency period.
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Combinations of chemical carcinogens and testosterone in various protocols
increased the tumor incidence over that obtained with carcinogen alone. Moreover,
carcinomas also appeared in the seminal vesicles and coagulating glands. However,
the most striking results are those obtained with a combination of estradiol or
ethynyl-estradiol and testosterone. Noble originally found that estradiol plus test-
osterone was more effective than testosterone alone.205 These hormones induce
epithelial dysplasia and, subsequently, adenocarcinoma in the dorsolateral prostate
of NBL rats205 and F344 rats treated with the carcinogen 3,2′-dimethyl-4 aminobi-
phenyl (DMAB).206 An interesting feature of the DMAB model is that testosterone
alone, as well as testosterone plus ethynyl-estradiol, significantly decreases the
incidence of ventral prostate carcinoma below that obtained with DMAB alone,
while increasing carcinoma incidence of the lateral, dorsal, and anterior prostates.
Testosterone and estrogen levels increased two- to threefold during this treatment.
The role of estrogens in this process is unknown. However, several studies found a
cooperative effect of estrogens given together with androgens in normal prostate
growth.207,208 Others have suggested that the role of estrogens is to produce DNA
damage.126 Most interestingly, 5″-dihydrotestosterone, which is not metabolized into
estrogens, failed to induce prostate cancer in Lobund-Wistar rats209 and in the DMAB
model.206

6.7 ENDOCRINE DISRUPTORS AND NEOPLASIA IN 
ANIMAL MODELS

6.7.1 DDT AND ESTROGEN-SENSITIVE TUMOR GROWTH

Estrogen-sensitive mammary MT2 cells grow as a tumor when inoculated into
ovariectomized syngeneic hosts treated with estradiol. The full estrogen agonist
o,p′DDT sustained tumor growth at the same rate achieved with estradiol pellets.
The congener p,p′DDD, which is a partial agonist less potent than p,p′DDT, did not
increase the tumor size over that found in ovariectomized controls.210

6.7.2 NEOPLASIAS IN ANIMALS TREATED WITH ESTROGENIC 
PESTICIDES

As reviewed above, natural estrogens induce neoplasias in reproductive and endo-
crine organs. There is no consensus on whether they do so through non-hormonal
mechanisms (as mutagens) or through their hormonal activity (promotional, devel-
opmental, and tissue organization effects). In addition, carcinogens devoid of hor-
monal activity, such as NMU, induce mammary neoplasias that behave as estrogen-
sensitive tumors. Carcinogenicity studies done by long-term exposure to maximum
tolerable doses of a chemical are unsuitable to address the question of whether or
not their carcinogenicity is mediated by their hormonal activity. The results of the
few studies reported in the literature are summarized below. It should be noticed
that, for the most part, interpretation of these long-term studies is obfuscated by
high mortality due to general toxicity, sample loss, or insufficient sampling.211,212
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6.7.2.1 Mammary Gland Neoplasias

Methoxychlor treatment resulted in a doubling of the mammary tumor incidence in
Osborne-Mendel female rats.211 In this strain endosulfan induced fibroadenomas and
carcinomas.212

6.7.2.2 Neoplasias of the Female Genital Tract

Endosulfan increased the incidence of benign endometrial polyps, stromal cell sar-
coma, and endometrial adenocarcinoma.212

6.7.2.3 Pituitary Neoplasias

Methoxychlor increased the percentage of pituitary adenomas and carcinomas in
Osborne-Mendel female rats.211 Lindane increased the incidence of adenomas and
carcinomas both in female and male Osborne-Mendel rats.213

6.7.2.4 Ovary Neoplasias

DDT, methoxychlor, and lindane induced carcinomas in Osborne-Mendel rats; these
tumors were not seen in the vehicle-treated controls.211,213,214,215

6.7.2.5 Testicular Neoplasias

Methoxychlor induced interstitial cell carcinomas in Balb/c mice; estrogens also
induce this type of tumor in the Balb/c strain.211

6.7.2.6 Adrenal Gland Neoplasias

Methoxychlor doubled the incidence of adenomas and carcinomas in female
Osborne-Mendel rats.211 Lindane also increased the number of these tumors in
females and males.213

6.7.2.7 Thyroid Neoplasias

Lindane exposure resulted in an increased incidence of adenomas and adenocarci-
nomas in both male and female Osborne-Mendel rats.213

6.8 PESTICIDES AND BREAST CANCER

Correlations have been found between occupational sources of exposure to organic
solvents and pesticides and excess breast cancer.216 Among the estrogenic xenobi-
otics, PCBs and DDT were considered suitable markers of exposure for breast cancer
because they were released massively into the environment beginning approximately
50 years ago, and they are persistent. Their presence in serum may represent cumu-
lative exposure during a lifetime. Early studies, which showed no correlation between
breast cancer incidence and xenoestrogen levels, were comprised of a small number
of cases and controls that were not matched for other risk factors. However, three
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recent studies do show a correlation between the occurrence of breast cancer and
the levels of xenoestrogens. Wolff et al. found that serum DDE levels correlated
with breast cancer incidence in a study of 58 breast cancer patients and 171 controls
that were well-matched for risk factors and age.23 Another study documented that
estrogen-receptor-positive breast cancer correlated with higher concentrations of
DDE in tissues from these patients.217 Krieger et al. studied 150 women with breast
cancer and 150 controls, where each set was comprised of 50 African-American, 50
Caucasian, and 50 Asian-American women. When the data from all ethnic groups
were pooled, no significant correlation was observed between plasma levels of DDE
and breast cancer.218 However, when the cases and matching controls were evaluated
separately, according to their ethnic group, high serum DDE levels were correlated
to breast cancer incidence in Caucasian and African-American women; there was
no significant correlation in Asian-American women. More recent studies were
unable to document such a correlation.219,220,221 

Evidence of a link between exposure to PCBs and breast cancer incidence is
also equivocal.222,221 Hoyer et al. found a significant relation between exposure to
dieldrin and breast cancer incidence,223 and an inverse relationship between levels
of exposure and survival. An issue seldom taken into consideration is the relevance
of time of exposure. In case-control studies, levels of exposure are measured once
the cancer is diagnosed. In nested-case-control studies, exposure is measured before
the cancer is diagnosed, but usually it represents exposure during adulthood. From
animal studies, we know that the susceptibility of the mammary gland to carcino-
genesis is different at different ages. One of these periods of vulnerability is puberty,
during invasion of the stroma by the ductal tree (see above). In humans, we know
that susceptibility to X-rays is also maximal during puberty and early adulthood.224

For example, a prospective nested case-control study was performed in a population
exposed to DDT during childhood and adolescence at the time of active DDT use
in the U.S. Blood was drawn at the time of exposure. In this study, risk of breast
cancer increased with increasing concentrations of serum DDT and was significantly
stronger in women exposed before age 15 than in those exposed later in life.225,226 

Another relevant issue is whether single pesticides such as dieldrin and DDT,
their metabolites, or PCBs (either total, or individual congeners) are worthy markers
of total xenoestrogen exposure. In fact, there are good reasons to think that they are
not, because (1) not all the PCB congeners and pesticide metabolites are estrogenic;
(2) foods are not uniformly contaminated with all these xenoestrogens, and hence,
levels of exposure will be different for different xenoestrogens; (3) different
xenoestrogens have dissimilar physical and chemical properties, so that one of them
cannot represent the whole; and (4) xenoestrogens act additively among themselves
and with ovarian estrogens.21 In addition, the newly identified estrogens are usually
less persistent than PCBs and DDT metabolites. However, these new xenoestrogens
are widely used. Hence, it may be inferred that exposure occurs steadily due to their
presence in foods.25 Methods to measure the new xenoestrogens in blood plasma
are yet to be developed. Nevertheless, the crux of the problem is whether or not the
combined exposure to xenoestrogens correlates with breast cancer incidence. Meth-
odology developed to measure the total xenoestrogen burden19,227 is being used to
assess this hypothesis.228
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6.9 DISCUSSION AND CONCLUSIONS

The development of neoplasias has been a topic of intense research during the current
century. However, little is known about mechanisms underlying this phenomenon.
Research during the last four decades has focused on the SMT, probably due to the
technological advances that allow for the study of DNA. In spite of this extensive
effort, the SMT has not provided a clear understanding of carcinogenesis.

As pointed out at the beginning of this review, most of the data on carcinogenesis
has been collected under the premise that the default state of cells in metazoa is
quiescence. Instead, we have argued that the default state of all living cells is
proliferation.229 In the context of carcinogenesis, according to the SMT, putative
carcinogens would play the role of direct or indirect stimulators of cell proliferation.
In the alternative paradigm, carcinogens become disruptors of inhibitory processes
by affecting genetic or epigenetic pathways of homeostasis. Their ultimate effects
allow cells to ignore inhibitory signals and exercise their built-in capacity to prolif-
erate. The adoption of proliferation as the default state and, consequently, the search
for genuine negative signals may be more productive in harnessing the constitutive
ability of cells to proliferate than strategies used so far to learn how cells proliferate
and what may be the role of elusive stimulators of cell proliferation.

In contrast to the SMT, the epigenetic causation hypothesis has not generated a
comparable research program because it has not singled out mechanisms that may
result in neoplasia. In addition, epigenetic phenomena may act at several hierarchical
levels, which means that they cannot be easily explored using the tools of linear
thought and molecular biology, which are the traditional equipment of the genetic
hypothesis. This may soon change, since the theoretical grounds have been articu-
lated (the tissulon theory) and recent advances in developmental biology will allow
researchers to explore the interactions between tissues and cells that operate in
morphogenesis and tissue maintenance.46

Endogenous sex steroids are a major causal agent in the development of neo-
plasias in their target organs, and gonadectomy prevents this neoplastic development.
The genetic background of animals plays a permissive role in the induction of
neoplasms by sex steroids. However, the underlying mechanisms of resistance and
susceptibility are presently unknown.

Experimental carcinogenesis studies in animal models and observational studies
in humans have produced data consistent with the notion that sex steroids are causal
agents because they control the development of their target organs and the prolifer-
ation of their target cells. In addition, estrogens induce the formation of DNA
adducts, which may result in DNA mutations.

Models for hormone-induced carcinogenesis were developed to obtain high
tumor yields with short latency periods by administering supraphysiological levels
of hormones alone or in combination with chemical carcinogens. However, this
conflicted with the normal plasma levels of hormones implicated in carcinogenesis
that were found in susceptible strains that developed these hormone-sensitive tumors.
Genome mutations in the epithelial cells of these susceptible strains were considered
to be ultimate causes of this susceptibility. Although they may indeed play a role,
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these genetic factors are not a sufficient cause. Estrogens are still required for the
development of a neoplasia

The apparently normal levels of hormones represent a static measure of a time
point, which falls within normal ranges. For females, “normal ranges” comprise the
wide fluctuations of the estrual and menstrual cycles. Minute increases in estrogen
concentration at the beginning of the cycle, when the estrogen level is at its minimum,
may be sufficient to produce an effect that does not occur at lower doses. In contrast,
an increase in the concentration of estrogens at the point of the cycle where they
naturally peak may not produce further effects. In addition, hormones are released
in pulses, and this pulsatile pattern of hormone secretion has been shown to be
important in determining qualitative aspects of the response. These considerations
point to areas of research that has not been explored in relation to carcinogenesis.

The incidence of hormone-induced tumors may be enhanced in animals fed high-
fat diets without apparent changes in the plasma levels of hormones. Epidemiological
studies also suggest that diet plays an important role in the development of these
neoplasias in humans.

It has been observed that extemporaneous administration of sex hormones during
development leads to permanent lesions in the genital tract. In turn, this teratogenic
effect results in tissues predisposed to neoplasia. Remarkably, developmental effects
occur at doses lower than those needed to trigger responses in adult animals. On the
other hand, neoplasias of the genital tract in animals exposed in utero or neonatally
to DES occurred at pharmacological doses. However, recent experiments indicate
that females exposed to DES in utero transmit a neoplastic phenotype to blastocysts
from normal animals.149 These data indicate that alterations of the maternal envi-
ronment may lead to neoplasia.

Whether environmental hormonally active agents have a causal role in the
development of malignancies of estrogen-and androgen-target organs has not been
exhaustively explored. Consequently, it is premature to draw definitive conclusions
regarding their contribution to the increase of breast, testicular, and prostate cancer
incidence. The plausibility of this hypothesis is based on evidence that exposure to
natural estrogens is a main risk factor for endometrial and breast cancers, that
exposure to androgens is a risk factor for prostate cancer, and that estrogenic
pesticides induce endocrine and reproductive tumors in some rodent strains. As
explained above, our understanding of mechanisms of carcinogenesis in general,
and of the role of hormones in this process, is still rudimentary.

The main criticism raised against the xenoestrogen hypothesis is that these
chemicals are generally less potent than natural estrogens and that current exposure
levels are supposedly insignificant when compared to the levels of endogenous
hormones. This criticism is based on a slanted reading of biological phenomena.
The few epidemiological studies addressing this problem dealt mostly with exposure
to DDT metabolites and organochlorines that are not estrogenic. DDT is just one of
the many xenoestrogens to which humans are exposed, and evidence of exposure to
newly identified xenoestrogens has yet to be gathered. The relatively low potency
of xenoestrogens, when compared to ovarian estrogens, is magnified in binding
assays and studies done in tissue culture because these studies do not address
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metabolic rates or bioavailability. These assays may underestimate the potency of
xenoestrogens in whole organisms. 

A second criticism is based on the assumption of linearity in dose-responses for
these chemicals. In this regard, there is evidence that the dose-response to estrogens
is not linear, but biphasic. It induces cell proliferation at low doses and inhibits it
at high doses. From this perspective, the pattern of exposure may be relevant since
estrogen levels are low in the early follicular phase of the menstrual cycle. Steady
exposure to xenoestrogens may result in significant increases of the estrogen levels
early in the menstrual cycle and, consequently, result in the early onset of prolifer-
ative activity in the breast. In contrast, xenoestrogen levels may not affect cell
proliferation in the luteal phase, since the endogenous levels of estrogens are already
triggering a full proliferative response. Additionally, developmental effects seem to
occur at lower doses than those effective in adult animals. The scant dose-response
data on developmental effects show an inverted U shape. Moreover, xenoestrogens
act cumulatively, and until data on exposure to all known xenoestrogens becomes
available, the possibility that their cumulative level is relevant in carcinogenesis
cannot be ruled out. The relevance of cumulative effects is heightened by recent
evidence indicating that xenoestrogens act additively.18,19,21

Finally, given the many uncertainties about basic mechanisms on the control of
cell proliferation and carcinogenesis, the shape of the dose-response curve, levels
of xenoestrogen exposure, and timing of exposure, what should be done from the
perspective of public and environmental health? Exploring these basic questions will
take years, even decades, of intense research. Should we wait for the basic science
to be done, or should we adopt a preventive approach, diminishing exposures to
endocrine disruptors now? The answer is that the enactment of an aggressive pre-
ventive approach is not incompatible with a meticulous reappraisal of the implicit
premises in this field.
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7.1 INTRODUCTION

 

Estrogens are normally produced in cyclic fashion in adult females and induce
transient effects in reproductive organs, brain, and pituitary, allowing for cyclic
reproductive activity. In addition, the natural pattern of estrogen secretion at puberty
is responsible for changes in the body known as secondary sexual characteristics,
such as hairless facial skin, breast development, and body fat distribution. Estrogens
also program developmental processes resulting in permanent morphological
changes such as sexually dimorphic areas of the brain or short stature in women
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due to closure of the epiphyseal plates of long bones. Thus, estrogens or environ-
mental mimics of estrogen can produce permanent, heritable changes in cells and
tissues, either as a natural course of gender differences or as pathological manifes-
tations of inappropriate exposure from exogenous sources. It is because of the
irreversible nature of developmental effects that special attention must be paid to
the actions of environmental estrogens during embryonic and fetal stages.

 

1

 

The first description of an environmental estrogen arose from observations of
sheep herds in Australia that had reduced fertility after extended grazing on pastures
containing a particular clover.

 

2

 

 It was found that the clover produced estrogenic
effects that either temporarily or permanently reduced fertility in the ewes. Individual
females from herds left on pastures containing estrogenic clover were permanently
infertile; that is, they did not regain reproductive capacity when moved from the
estrogenic clover-laden pasture to another that was free of the clover. Examination
of the reproductive tracts of the permanently affected animals revealed altered
morphogenesis of the cervix leading to a deficiency in sperm transport. Experimental
evidence showed that this type of permanent morphological change could be
achieved by treating ewes repeatedly with estradiol for several months.

 

3

 

The next environmental estrogen to be recognized was a manmade compound.
In the early 1960s, wildlife researchers noted a dramatic decline in the numbers
of birds of prey.

 

4

 

 The problem was traced to a diet of fish contaminated by the
pesticide dichlorodiphenyltrichloroethane (DDT) that had entered streams, lakes,
and oceans through agricultural runoff.

 

5,6–8

 

 The birds had a deficiency in their
oviducts that resulted in production of eggs with shells too thin to sustain the
weight of the nesting adult. With the discovery that one of the congeners of DDT
present in the technical mixture, o,p

 

′

 

-DDT, was estrogenic,

 

9

 

 the estrogen-receptor
interaction hypothesis was put forward to explain the altered reproductive capacity
in these bird populations. However, we now know that p,p

 

′

 

-DDE, not o,p

 

′

 

-DDT,
was responsible for eggshell thinning, and that the mechanism does not involve
estrogen receptor but rather is the result of inhibition of prostaglandin synthesis
in the eggshell gland mucosa.

 

10

 

The seminal observations derived from animal husbandry and wildlife man-
agement became connected to human health concerns in 1971 with the appearance
of a rare form of gynecologic cancer, clear cell carcinoma of the vagina, in young
adult women whose mothers had been treated during pregnancy with the potent
estrogen, diethylstilbestrol (DES).

 

11,12

 

 Early experimental animal work, particu-
larly that performed on rhesus monkeys, had indicated that DES posed no concern
of toxicity or carcinogenicity (see Hertz, 1985).

 

13

 

 With this assurance, DES was
administered to pregnant women in an attempt to reduce preterm delivery.
Although there was never any clinical data supporting the use of DES for this
purpose, it was administered to millions of women during the period of 1948 to
1971.

 

14

 

 In addition to an increased risk of developing vaginal cancer, female
offspring of DES-treated mothers were at a higher risk of suffering from a dys-
functional cervix, leading to reduced fertility.

 

15

 

 
Experimental work with mice has since shown that DES administered during

crucial developmental periods leads to adult anomalies in the female reproductive
tract, such as persistent, estrogen-independent hyperplasia of the vaginal epithelium
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and adenomyosis in the uterus.

 

16,17

 

 Male offspring can also be affected by inappro-
priate exposure to estrogen during organogenesis. A clinical study showed that men
who were exposed to DES 

 

in utero

 

 had a threefold increase in genital malformations,
but there was no decrease in fertility among these individuals, with or without the
malformations.

 

18

 

 Although experimental evidence in mice indicates that perinatal
exposure to DES increases susceptibility of males to testicular tumors, even in the
“grandchildren” of the exposed mother,

 

19

 

 to date, men exposed to DES 

 

in utero

 

 do
not appear to be at a higher risk for developing cancer of any type.

 

20

 

 
Epidemiological studies also link estrogens to cancers of the endometrium

and breast.

 

21,22,23

 

 Both types of cancer are associated with conditions of excess
estrogen, such as obesity due to conversion of circulating androgens to estrogens
by the aromatase enzyme present in adipose cell or estrogen treatment in post-
menopausal women, but the latter relationship remains controversial.

 

24

 

 The
molecular mechanisms through which an estrogen can permanently transform a
cell have not been definitively determined, but recent evidence reviewed below
suggests several possibilities.

The experimental evidence that has accumulated over the past 3 decades indi-
cates a role for estrogen in regulating sexually dimorphic developmental processes
and carcinogenesis. During the same period, we have become increasingly aware
that numerous environmental chemicals, both natural and manmade, are capable of
exerting estrogenic effects. These chemicals come from a variety of sources and
exhibit a variety of structures. Figure 7.1 lists some environmental chemicals known
either to act as estrogens (xenoestrogens) or to disrupt endocrine processes related
to estrogen action. Compounds such as ethinyl estradiol (EE2) and diethylstilbestrol
were synthesized as pharmaceuticals. EE2, a component of some oral contraceptive
formulations, has been found in the effluent of sewage treatment plants and thereby
contaminates freshwater streams.

 

25,26,27

 

 DES was used in humans as a means of
preventing premature labor and has been used extensively in animal husbandry as
a growth promoter.

 

14,28

 

 Although banned in most of the industrialized world, orga-
nochlorines, such as the pesticides DDT and hexachlorocyclohexane (HCH) and the
electronic insulating chemical polychlorinated biphenyls (PCB), persist in the envi-
ronment and have accumulated in the food chain.

 

29

 

 The plasticizer bisphenol A
(BPA) leaches into foods from plastic-lined containers.

 

30

 

 Genistein is representative
of estrogenic compounds found in many plants and vegetables.

 

31

 

 Dioxin is a product
of combustion of waste, particularly plastics or chlorine-containing organic materi-
als,

 

32

 

 and, although it is not estrogenic itself, it impinges on estrogen action in a
variety of ways (see below). We are exposed to these chemicals mainly through a
dietary route, either as a natural component of foodstuffs or as contaminants in our
food. Should we be concerned with the presence of these compounds in our envi-
ronment? Which compounds might be harmful? Which of them might be beneficial?
Answers to these questions require an understanding of the mechanisms through
which these chemicals affect biochemical and cellular processes. This review focuses
on the current knowledge of the molecular mechanisms of action of environmental
endocrine disruptor chemicals that affect estrogenic processes.

For the most part, knowledge of the mechanisms of action of xenoestrogens
follows progress in our understanding of how natural estrogens exert their effects
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at the cellular and molecular levels. Since the discovery of the estrogen receptor
(ER) in the late 1950s, there has been an appreciation of how this ligand-activated
transcription factor functions. Research in this area has led to an understanding
of mechanisms not only at the molecular level but, indeed, down to the intramo-
lecular level. Also, mechanisms for cross-talk between growth factor stimulated
pathways and nuclear estrogen receptor have been discovered, and extra-nuclear
actions of estrogens and estrogen receptors have been elucidated. It appears that
these newly discovered mechanisms account for hitherto unexplained rapid, non-
genomic actions of estrogen. In addition to these direct cellular pathways, xeno-
biotics can disrupt normal estrogen physiology by altering metabolism, leading
to decreased levels of the endogenous hormone. Metabolism also plays a role in
transforming weak xenoestrogens into ones that are more potent. Furthermore,
metabolic products of natural hormones and xenoestrogens can be mutagenic.
Thus, this review covers three areas of research on xenoestrogens: genomic action
through ligand activation of ER; nongenomic mechanisms of action that is either
ER-dependent or ER-independent; and the role of metabolism. Throughout, we
attempt to link molecular mechanisms with toxicities associated with environ-
mental endocrine disruptor chemicals.

 

FIGURE 7.1

 

Structures of representative endocrine disruptor chemicals.
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7.2 GENOMIC ACTION

7.2.1 T

 

RANSCRIPTIONAL

 

 A

 

CTIVATION

 

 

 

BY

 

 E

 

STROGEN

 

 R

 

ECEPTOR

 

Two estrogen receptors have been identified in mammals to date, ER

 

α

 

 and ER

 

β

 

.
These proteins belong to a large family of ligand-activated transcription factors.
Some members of this family have no known natural ligand and are referred to as
“orphan receptors.” An explosive body of research over the past 30 years has led to
an understanding of the mechanisms through which ligands alter the conformation
of ER, thereby leading to its activation, binding to specific sites on DNA in the
promoter regions of target genes, and recruiting other proteins that in turn interact
with the chromatin and transcriptional machinery to enhance gene transcription. The
reader is referred to excellent reviews on these topics.

 

33–37

 

 The molecular and
intramolecular mechanisms of ER action will be described briefly here to allow
discussion of how xenoestrogens act.

Structurally, the two ERs are very similar. The receptors contain a ligand
binding domain (LBD), a DNA binding domain (DBD), and two regions important
to transcriptional activation, activation function-1 (AF-1) and activation function-
2 (AF-2) in the N-terminal and C-terminal portions of the protein, respectively.
There is a high degree of homology between the two receptors at the LBD, AF-
2, and DBD, but they deviate from each other in the N-terminal regions. The
receptors exist as globular proteins made of alpha helices and turns in the AF-1
and LBD/AF-2 regions and a zinc-finger structure in the DBD. Ligand activation
of the receptor leads to its interaction with a specific DNA sequence, the estrogen
response element (ERE), in the promoter region of target genes. It has been shown
that ligand activation also leads to protein–protein interactions in the AF-2. If the
ligand is an agonist the receptor recruits one of many coactivator proteins, most
of which either have histone acetylase transferase (HAT) activity or will recruit
other proteins with HAT activity. 

If the ligand is an antagonist, the receptor recruits a corepressor protein having
histone deacetylase (HDAC) activity. The LBD/AF-2 region has been crystallized
and its structure determined in the presence of various ligands. The crystallography
shows that the position of a particular alpha-helix, helix 12, plays a key role in
determining whether coactivator protein can or cannot bind to the receptor, and
the position of this helix is determined by the ligand present in the ligand binding
pocket. In addition to these inter-protein interactions at the C-terminal portion of
the receptor protein there also is an important, but yet to be fully defined, intramo-
lecular interaction between AF-1 and AF-2 that enhances the transcriptional acti-
vation function of the receptor. Likewise, certain coactivator proteins are known
to bind to the AF-1 region, but the precise nature of this interaction is unknown.
Thus, as shown in Figure 7.2A, once activated, the estrogen receptor binds to the
ERE and recruits associated proteins, and this complex in turn interacts with the
chromatin and the general transcription machinery in the promoter region to
enhance gene activation.
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Certain ER ligands, such as 4-transhydroxytamoxifen (TOT), can behave as
either an antagonist, blocking gene transcription through the ERE, or as an agonist,
activating transcription of genes that do not include an ERE in the promoter region.
The latter effect is achieved by tethering the receptor to the promoter DNA sequences
in an indirect manner. The AP-1 cis element in promoters binds the protein dimer
complex, c-Jun/c-Fos (Figure 7.2B). ER

 

α

 

 that has been activated by binding of TOT
will bind to the c-Jun/c-Fos complex and thereby recruit its associated coactivator
proteins to the gene promoter.

 

38

 

 Similarly, E2 can activate genes containing a serum
response element (SRE) in the promoter region by inducing a dimerization of ER
with the transcription factor SP1

 

39

 

 (see Figure 7-2C).
In addition to activation by ligand binding, estrogen receptors are also the targets

of cellular kinases, which specifically phosphorylate the receptor on several serine
or tyrosine sites. Growth factor-activated intracellular pathways lead to phosphory-
lation of receptor in the absence of estrogen ligand; this topic will be discussed in
greater detail below. Estradiol-17

 

β

 

 (E2) also has been shown to induce phosphory-
lation of ER

 

α

 

 through hormone-induced tyrosine kinase and casein kinase II and
other, yet-to-be-identified kinases.

 

35

 

A fourth mode of action of ER at the genomic level has been suggested recently
by studies with the environmental contaminant dioxin. Although dioxins generally
exert an antiestrogenic effect through activation of the aryl hydrocarbon receptor
(AhR),

 

40

 

 dioxins can be associated with induction of endometriosis and estrogen-
dependent tumors. The mechanism of such a stimulatory activity may be through
dioxin-induced heterodimerization of the AhR and the unliganded ER, thereby
recruiting the co-activator p300 to estrogen-responsive promoters.

 

41

 

FIGURE 7.2

 

Models of estrogen receptor action through transcriptional activation.
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Of course, the key to setting these processes in motion is the ligand-receptor
interaction. The natural hormones are bound to the receptor by fitting into a well-
defined hydrophobic pocket in the globular protein. The affinity of the ligand-
receptor interaction is governed by the degree of fit and the extent of the intermo-
lecular interactions made between the ligand and the amino acid residues in the
pocket.

 

36,37,42

 

 The sensitivity of gene transcription driven by ER is dependent on the
affinity of the ligand-receptor interaction. Accordingly, the relative binding affinity
(RBA) of a putative estrogen receptor ligand is often used to predict its ability to
act as a receptor agonist or antagonist. The RBAs of select compounds believed to
act as environmental estrogens are listed in Table 7.1. More extensive listings of the
physico-chemical characteristics and RBA of potentially estrogenic compounds have
been reported.

 

43,56,57

 

 It can be seen that many of these compounds, even those with
proven environmental relevance, have very low RBAs. For example, the prototypical
environmental estrogen, o,p

 

′

 

-DDT, has an RBA of as little as 0.01% for ER

 

α

 

,
indicating that 50% saturation of ER

 

α

 

 binding would require a concentration of
o,p

 

′

 

-DDT 10,000-fold higher than the concentration of E2 that produces the same
receptor saturation. Such a large discrepancy between the binding affinity of the
natural hormone and the xenobiotic would suggest that there might be little risk
associated with the compound through its estrogenic action. However, as discussed
below, biological evidence suggests that such simple stoichimetric considerations
may be misleading.

As predicted from their RBA, most xenoestrogens are very weak agonist of the
receptors. Accordingly, most of these compounds only affect estrogen target genes
if they are present in culture medium at high concentrations or if they are adminis-
tered to animals at high doses. However, the route and means of administration of
these chemicals suggest that pharmacokinetics plays a large role in their efficacy.
For example, when administered in bolus injections, BPA induces gene expression
or cell proliferation in the uterus of ovariectomized rats only at approximately 40
mg/kg body weight or higher; however, if BPA is delivered by a continuous, slow-
release capsule, then it is effective at a dose that is approximately 40 

 

µ

 

g/kg/day.

 

58–60

 

The difference between these observations may be that environmental compounds
can be converted to more active compounds through metabolic hydroxylation reac-
tions. The pesticide methoxychlor was originally designed to replace DDT in the
anticipation that it would be less estrogenic. However, methoxychlor is metabolized
to its mono- and di-hydroxy metabolites by liver enzymes and these compounds are
10 to 100 times more potent than the parent compound

 

61,62

 

 due to a corresponding
increase in RBA to ER

 

α

 

 (see Table 7.1). Similarly, experimental work in the devel-
oping prostate has shown BPA to be much more potent than would be predicted by
its RBA or by its ability to induce gene transcription 

 

in vivo.

 

63

 

 Recent work by
Yoshihara and co-workers has identified a metabolite of BPA in rodents that is at
least 100 times more potent than the parent compound.

 

64,65

 

Most xeonestrogens have been shown to work through activation of ER, either
ER

 

α

 

 or ER

 

β

 

, in a manner similar to natural ligands. Xenoestogens enhance ER

 

α

 

binding to DNA and induce ER

 

α

 

-coactivator interactions.

 

66,67

 

 As expected, studies
have shown that xenoestrogens stimulate expression of individual estrogen-respon-
sive genes.

 

54,59,60

 

 More recent work utilizing cDNA arrays shows that xenoestrogens
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TABLE 7.1
Relative Binding Affinities of Endocrine Disruptor Chemicals for 
ER

  

αααα

 

 and ER

  

ββββ

 

Chemical ERαααα

 

a

 

ERββββ

 

a

 

References

 

17

 

β

 

-estradiol 100 100
Pharmaceuticals

Ethynyl estradiol 85 – 220 2 – 24 1, 6, 14
DES 118 – 580 220 – 295 1, 3, 6, 14, 15
4-OH-tamoxifen 175 – 257 232 – 339 1, 2, 7
Tamoxifen 0.6 – 7 3 – 6 1, 2, 3, 6, 7, 15
ICI 164384 15 – 85 166 1, 2

Diphenyl alkanes (plasticizers)
Bisphenol A 0.008 – 0.056 0.002 – 0.33 1–3, 5, 8, 15
Bisphenol B 0.086 1
Bisphenol F 0.15 5
MM6 0.25 5

Organochlorine pesticides
4-chlorophenol 0.004 1
o,p

 

′

 

-DDT 0.01 – 0.4 0.02 1, 3, 6, 7
p,p

 

′

 

-DDT 0 – 0.09 1, 3, 7
methoxychlor 0 – 0.02 0.0005 – 0.13 1, 2, 3, 6, 7, 15

   Di-OH-methoxychlor (HPTE) 0.253 – 1.7 1, 3
   Mono-OH-methoxychlor 0.130 1

 

β

 

-HCH 0 16, 17
Emulsifiers

4-nonylphenol 0.01 – 0.05 0.09 – 0.11 1, 3, 6, 7, 15
4-tert-octylphenol 0.01 – 0.2 0.011 – 0.03 1, 3, 7, 15

Polychlorinated biphenyls
3,4-BP 0 4
4

 

′

 

-OH-3,4-BP 0.3 4
2,5-BP 0 4
4

 

′

 

OH-2,5-BP 0.033 – 0.036 1, 4
4

 

′

 

OH-2,3,4,5-BP 0.228 – 7.2 1, 7
Phytochemicals

Coumestrol 11 – 94 93 – 185 2, 7, 14
Genistein 0.59 – 5 2 – 87 2, 7, 14, 15

 

β

 

-Zearalanol 16 14 2
Zearalenone 2.4 – 10 4.8 – 18 7, 14
Daidzein 0.1 – 0.2 0.5 – 1 7, 14, 15
Apigenin 0.19 – 0.3 0.1 – 6 7, 14, 15
Quercetin 0.01 – 0.074 0.002 – 0.124 7, 13, 15
Kaempferol 0.07 – 0.144 0.002 – 3.9 7, 13, 14; 15
Isorhamnetin 0.032 0.19 13
Naringenin 0.01 0.11 – 0.2 7, 14
Phloretin 0.2 0.01 – 0.7 7, 14

Lupinalbin A 9.3 150 14
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regulate expression of numerous genes that are also responsive to E2, but, interest-
ingly, some xenoestrogens can also stimulate genes that are not E2-regulated.

 

68–71

 

This latter observation suggests that xenoestrogens not only work through ER-
mediated pathways but also exert genomic effects through other, distinct molecular
pathways.

Blood levels of environmental chemicals are generally very low, on the order
of 0.1 to 20 ng/ml or lower,

 

72–75

 

 suggesting that at most the xenoestrogen may only
activate a very small fraction of the ER in a target cell. Can such scant ER activation
have a significant effect on cell physiology? In an experimental system using cultured
rat pituitary cells, Chun and co-workers

 

76

 

 found that the extent of E2-induced gene
transcription closely paralleled the predicted level of saturation of ER

 

α

 

 but that E2-
induced cell proliferation required only a very small fraction, less than 1%, of the
receptors to be occupied. In an 

 

in vivo

 

 experimental model we have found that an
o,p

 

′

 

-DDT blood concentration of 42 ng/ml (approximately 0.1 

 

µ

 

M) was associated
with significant increases in vaginal epithelial proliferation in the ovariectomized
mouse.

 

77

 

 Such results suggest that a complex cellular response, such as cell prolif-
eration, occurs through a system of amplification that is set in motion by only very
small increments in gene activation. Moreover, with the advent of gene array tech-
nology, it is now appreciated that estrogens induce a broad spectrum of genes,

 

68–71

 

and it is likely that the cellular response to the hormone is not due to the induction
of one or several genes, but to the induction of a battery of genes, the products of
which act in concert to produce the physiological effect.

Phyto- and mycoestrogens are naturally occurring non-steroidal plant and fungal
compounds, respectively, with estrogen-like biological activity.

 

31,78

 

 Phytoestrogens
are loosely classified into major phenolic subgroups, that is, isoflavonoids, fla-
vonoids, stilbenes, lignins and non-phenolic compounds, terpenoids, and saponins.

 

78

 

Phytoestrogens are structurally similar to E2 (Figure 7.1), and binding assays have
shown that phytoestrogens are bound by both ER

 

α

 

 and ER

 

β

 

, but with wide-ranging
binding affinities (Table 7.1). Of note is the observation that genistein has a higher

 

TABLE 7.1 (CONTINUED)
Relative Binding Affinities of Endocrine Disruptor Chemicals for 
ER

  

αααα

 

 and ER

  

ββββ

 

Chemical ERαααα

 

a

 

ERββββ

 

a

 

References

 

Metals

 

b

 

Cobalt 29 10
Nickel 100 10
Lead 27 10
Mercury 27 10

 

a

 

 Relative binding affinity (RBA) was based on the IC50 for estradiol and the test compound
in receptor binding assays and is expressed as a percentage. The sources of receptor included
tissue or cell extract (ER

 

α

 

) or recombinant protein (ER

 

α

 

 and ER

 

β

 

) from human, mouse,
and rat. 

 

b

 

 Estimated RBAs based on relative potency in a bioassay.
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RBA for ER

 

β

 

, suggesting that it may preferentially activate that form of receptor
in cells that exhibit both ER

 

α

 

 and ER

 

β

 

.

 

35

 

 Thus, in accordance with their ability to
act as ER ligands, phytoestrogens stimulate transcription of estrogen-responsive
genes

 

49,79,80

 

 and proliferation of estrogen-responsive breast cancer cells in culture.

 

80,81

 

Early work pointed to an association between low prevalence of estrogen-mediated
diseases, such as breast and prostate cancer, and diets rich in flavonoids, suggesting
that these compounds have protective anti-estrogenic properties;

 

31,82

 

 however, con-
tinued epidemiological study does not support this contention.

 

83

 

It is worthwhile to note that some polyphenolic phytochemicals that are struc-
turally similar to estradiol are antiestrogenic. Although largely unstudied, glyceollins
have been shown to weakly inhibit estrogen-induced activity in ER-positive MCF-7
and Ishikawa cells at 10 nM to 1 

 

µ

 

M, concentrations associated with ER agonist
action of many phytoestrogens.

 

84

 

 In addition, the glyceollins essentially lacked the
ER agonist capacity to induce cell proliferation.

 

84

 

 Furthermore, the glyceollins
displayed greater affinity to, and preferential suppression of, ER

 

α

 

 compared to 

 

Ε

 

R

 

β

 

.
The inability of the antiestrogen ICI 182,780 to suppress this effect suggested an
ER-independent mechanism. 

As discussed above, ERs are members of a family of nuclear transcription
factors. Some members of this family do not bind natural hormones, and their
ligands, if they have any, have not been identified.

 

85

 

 Three of these “orphan receptors”
are referred to as estrogen-related receptors (ERR

 

α

 

, 

 

β

 

, and 

 

γ

 

). It has recently been
demonstrated that the estrogenic flavones and isoflavones can bind to and thereby
activate the ERRs.
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 In an experimental cell system, phytoestrogen-activated ERRs
induced transcription through a consensus ERE. These observations suggest yet
another way in which environmental estrogens can affect cellular physiology.

Divalent metals are another source of natural endocrine disruptor chemicals that
act through the ER (see Martin et al.

 

51

 

 and references therein). Exposure to metals
has been linked to infertility, miscarriage, menstrual cycle disturbances, precancer-
ous lesions of the cervix, and carcinoma of the breast. Experimental work with breast
cancer cells shows that copper, cobalt, nickel, lead, mercury, tin, chromium, or
vandadate induced cell proliferation and gene expression in an ER-dependent man-
ner. Furthermore, the ability to stimulate ER-mediated effects was lost when the
ligand-binding domain of the ER was mutated. The metals were able to compete
with E2 for ER

 

α

 

 binding, and radioisotopes of cobalt and nickel were found to bind
to ER

 

α 

 

with high affinity. These observations suggest that interaction with ER plays
an important role in the reproductive toxicity of metal ions.

Man-made environmental contaminants that do not interact with ER may also
exert antiestrogenic effects through genomic mechanisms. Dioxins and other halo-
genated hydrocarbons, such as PCB, activate the AhR, which in turn is recognized
by the dioxin response element (DRE) in the promoter region of specific genes; this
typically enhances expression of those genes involved in the response to dioxin.
However, in some estrogen responsive genes there are inhibitory DREs (iDRE) that
mediate a suppressive effect on gene transcription.

 

40

 

 In addition, dioxins induce
proteasomal degradation of the ER through an undefined mechanism.

 

87

 

 Both of these
mechanisms are likely to be involved in the reduction of estrogen-induced gene
expression and cell proliferation in breast cancer cells by dioxins and PCB.

 

88–92
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7.2.2 CHANGES IN GENE EXPRESSION ASSOCIATED WITH DES 
EXPOSURE

The inadvertent but tragic experiment represented by the DES story served as a warning
that environmental estrogens can have long-lasting effects. The mouse has proven to be
an important research model for studying the mechanisms through which DES exerts
these effects. Recent evidence from the mouse has led to an understanding of the role
of homeobox genes in development and physiology of the female reproductive tract.
Homeobox genes produce transcription factors that are involved in developmental regu-
lation of tissue patterning in organ systems. It was found that several homeobox genes
are expressed in the female reproductive tract in specific spatial and temporal patterns
that are associated with key developmental, morphogenetic events.93 Many of the defects
seen in the reproductive tract of adult mice that had been treated with DES perinatally
are also present in animals in which the hoxa-10 and hoxa-11 genes have been
mutated.94,95 Indeed, maternal DES treatment results in a disrupted spatial patterning of
hox gene expression in the reproductive tracts of female offspring.96 The role of ERα
in these effects was demonstrated by the lack of altered gene expression or tissue
morphogenesis in ERαKO offspring.97 It has not been determined whether the hox
genes in the reproductive tissues were permanently altered by estrogen or whether
altered expression of these genes at a critical point in development led to permanently
altered tissue differentiation.

The Wnt genes produce another family of proteins that are involved in devel-
opmental regulation of tissue growth and differentiation. Wnt proteins are secreted
factors that play a role in tissue-tissue interactions important to organogenesis.
Expression of Wnt4, Wnt5a, and Wnt7a is hormonally regulated in the uterus.98

Mutation of Wnt7a leads to many of the malformations displayed in the female
reproductive tract of the DES-treated animal,99 and exposure to DES leads to a
transient decrease in Wnt7a expression during a critical period of postnatal devel-
opment of the lower reproductive tract in mice.98 It may be that once the tissue
differentiation has been determined in the absence of the normal amount of Wnt7a,
the altered morphogenesis becomes permanent.

7.2.3 EPIGENETIC EFFECTS

Can DES or other estrogens induce a permanent change in a gene or genes thereby
affecting tissue differentiation and function? It is well established that CpG island
methylation is one mechanism through which genes are permanently regulated
during tissue differentiation in development. Generally, genes with a high degree of
cytosine methylation in the promoter region are silenced, while hypomethylation
may lead to constitutive gene expression.100 Li and coworkers found that perinatal
treatment of mice induced a constitutive expression of the normally estrogen-regu-
lated gene lactoferrin and that this was associated with a decrease in CpG island
methylation in the promoter region of that gene.101 On the other hand, perinatal DES
treatment results in suppressed hoxa-10 expression in the female reproductive tract
of mice, but this does not involve altered methylation of the gene promoter
sequence.102 It may be that genes regulating hoxa-10 were permanently silenced.
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228 Endocrine Disruptors: Effects on Male and Female Reproductive Systems

Gene activity can also be altered through mutation. Metabolic pathways that act
on E2, DES, or other xenoestrogens are known to produce reactive intermediate
metabolites that can form DNA adducts.103–106 This topic will be discussed in further
detail in Section 7.4.

7.3 INTRACELLULAR SIGNALING MECHANISMS

Several observations suggest that E2 and some environmental estrogens act through
mechanisms that either do not involve the ER or act on the receptor indirectly.
Kepone, E2, and 4-OH-E2 induced gene expression in ERαKO mouse uterus, and
this effect was not blocked by the antiestrogen ICI182,780, suggesting the presence
of a distinct estrogen signaling pathway doesn’t rely on ER.107,108 Crude preparations
of the pesticide/pediculicide lindane contain the beta-isomer of hexachlorocyclohex-
ane (β-HCH). Although ERα doesn’t bind β-HCH, it induces transcription of estro-
gen-responsive genes in culture systems,54 and this effect requires the presence of
estrogen receptor.109 Vaginal and uterine epithelia of ovariectomized mice are stim-
ulated by β-HCH at blood concentrations that are relevant to human exposure
levels.77 These effects may be mediated by cellular mechanisms working through
growth factor signaling pathways.

Actions of phytoestrogen may also involve pathways other than the classical
ER-mediated events. Dose-response studies of phytoestrogen activity in cell culture
systems often show a biphasic effect; i.e., the compounds are stimulatory at low
concentrations but are inhibitory at high concentrations. Generally, phytoestrogens
at concentrations 10 µM or greater cause cell death,80 but antiestrogenic effects can
be achieved through high concentratinons without inducing cytotoxicity.110 Evi-
dently, phytoestrogen-induced cell cytotoxicity was not mediated through direct
antagonism of ER since the cytotoxic effect could not be reversed by addition of
E2, and it also occurred in ER-negative HeLa cells.80 Quercetin and resveratrol were
shown to inhibit proliferation of Ishikawa cells, an endometrial cancer cell line,
through suppression of EGF expression, but it was not determined whether this effect
was mediated by the ER.111,112

It was suggested nearly 30 years ago that estrogen acted not only at the nuclear
receptor level but also through a membrane-bound receptor to induce rapid intrac-
ellular changes in second messenger molecules such as Ca2+ and cAMP.113,114 More
recently, several potential molecular mechanisms have been described for estrogen
action at the membrane or through pathways involving growth factor receptors (see
reviews).115–118 These pathways are depicted in Figure 7.3. Accordingly, estrogens
have been shown to interact directly with G-protein coupled receptors (GPCR) to
stimulate activation of membrane-associated proteases, such as matrix metallopro-
tease, that cause release of membrane-bound growth factor peptides, which in turn
activate members of the erbB family of growth factor receptors. Activation of the
GPCR also has the effect of increasing adenylate cyclase activity, increasing cAMP,
and activating protein kinase A (PKA). Alternatively, estrogen may interact directly
with erbB proteins, thereby activating the intracellular signaling mechanisms. Other
research has shown that ligand activated ERα can interact with non-receptor tyrosine
kinase, c-Src, to stimulate changes in cell shape and motility. The mitogen-activated
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FIGURE 7.3 Intracellular molecular signaling pathways affected by estrogens.
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230 Endocrine Disruptors: Effects on Male and Female Reproductive Systems

protein kinases (MAPK) ERK-1 and ERK-2 can phosphorylate ERα, thereby
enhancing its transactivation function. Phosphorylated ERα also interacts with the
intermediary protein, Shc, allowing it to form a complex with Grb-2 and Sos; this
complex may bind and activate the Ras/Raf complex. Each of these pathways leads
to physiological changes within the cell and to transcriptional activation through
activation of ER and other transcription factors such as Elk1, AP-1 (Jun/Fos), and
CREB. These pathways are known to impinge on cellular proliferation, apoptosis,
and differentiation.

Although these intracellular pathways may explain some actions of environ-
mental estrogens, to date, only a few studies have explored this possibility. The
estrogen-like activity of β-HCH and o,p′-DDT has been ascribed to a direct
activation of an erbB protein, thereby activating the mechanisms leading to
phosphorylation of MAPK.119–121 Likewise, Burow and coworkers have shown
that estrogenic flavonoids and DDT can activate MAPK, either ERK-1/-2 or p38,
and thereby induce estrogen-like activity.122,123 The antiestrogenic action of fla-
vonoids and isoflavanoids may be related to their ability to inhibit tyrosine
kinases124 or phosphoinositide-3 kinase.125

7.4 METABOLIC MECHANISMS

Aside from conversion of a proestrogenic compound to an estrogenic metabolite, as
discussed above, metabolic pathways may be involved in endocrine disruption by
altering hormone synthesis or metabolic clearance of endogenous hormone, or
through production of reactive metabolic intermediates from endogenous estrogens
or xenoestrogens.

7.4.1 ESTROGEN SYNTHESIS

The biosynthetic pathways leading to production of estrogens are well documented
(Figure 7.4). In the ovaries, granulosa cells synthesize estrogens from androgens
secreted by surrounding thecal cells. The testes mostly secrete androgens, but the
Leydig cells also convert some of the androgen to estrogen. In peripheral tissues,
such as fat cells and the mammary epithelial cells, estrogens are synthesized from
circulating androgens that originate from gonadal or adrenal secretions. Thus, two
key enzymes in estrogen biosynthesis are 17alpha-hydroxylase/17,20-lyase
(CYP17), which converts pregnanes to androgens, and aromatase (CYP19arom),
which aromatizes androgens to estrogens. Substances that inhibit these enzymes
reduce estrogen levels, either in circulation or at local tissue levels.

Xenobiotic interference with steroid synthesis has received increasing attention.
A single dose of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) induced abortion in
laboratory macaques, and this was accompanied by a decrease in serum estradiol
(E2) concentration.126 This observation suggested that perhaps TCDD inhibited
CYP19arom. Drenth and coworkers127 found that TCDD and other organochlorine
mixtures decreased aromatase activity in cultured human choriocarcinoma cells, but
later research showed that this was most likely associated with cellular toxicity rather
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Molecular Mechanisms of Endocrine Disruption 231

than direct inhibition of the enzyme.128 Using a cell line that is apparently less
sensitive to the cytotoxic effects of TCDD, it was shown that TCDD-induced inhi-
bition of estrogen secretion was due to decreased expression of CYP17.129 BPA can
also inhibit steroidogenesis in vivo. In studies on rats, BPA inhibited testicular
secretion of testosterone and E2 due to inhibition of both CYP17 and CYP19arom
expression.130 It is also interesting to note that the effect of BPA on testicular
steroidogenesis exhibited a U-shaped dose response curve, both in vivo and in
vitro.129 Serum testosterone levels were decreased by BPA at a dose of 2.4 µg/kg
body weight, and testosterone secretion by isolated Leydig cells was inhibited by
0.01 nM BPA; increasing the dose tenfold in either experiment removed the inhib-
itory effect. This is in contrast to continued inhibition of testosterone synthesis across
all doses of the potent estrogen, DES.

Flavonoids, isoflavonoids, and lignans inhibit aromatase activity.131–136 The
degree of hydroxylation and the positions of the hydroxyl groups in these molecules
govern their potency to competitively bind and inhibit aromatase.131,134 Furthermore,
the aromatase inhibitory activity is not related to the estrogenic character of the
compound.131,134,136

FIGURE 7.4 Estrogen synthetic pathways. P450scc = cholesterol side chain cleavage com-
plex; 3HSD = 3β-hydroxysteroid dehydrogenase; CYP17 = 17α-hydroxylase/17,20-lyase;
CYP19arom = aromatase; 17HSD = 17α-hydroxysteroid dehydrogenase.
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232 Endocrine Disruptors: Effects on Male and Female Reproductive Systems

7.4.2 METABOLIC CLEARANCE 

7.4.2.1 Catechol Estrogens and Reactive Metabolites

Endogenous estrogens and xenobiotics are cleared from the blood by two enzymatic
detoxification pathways: Phase I enzymes, belonging to the CYP450 family of
enzymes, modify the substrate through hydroxylation. Phase II enzymes conjugate
the substrate to sulfate, glucuronide, glutathione, or methyl moieties. The reader is
referred to recent excellent reviews on the subjects of these pathways.137,138 The
pathways and the points at which endocrine disruptor chemicals may be effective
are described in Figure 7.5.

Estrogen hydroxylation to catecholestrogens is catalyzed by several CYP450
isoenzymes.139 While the main pathway in liver is 2-hydroxylation, 4-hydroxylation
is common in other organs. In human liver, hydroxylation at the 2-position is mostly
catalyzed by CYP1A2 and the CYP3A family, while the inducible CYP1A1 is
responsible for most extrahepatic 2-hydroxylation. CYP1B1 is responsible for most
4-hydroxylation, although CYP1A2 also has a high catalytic activity toward
4-hydroxylation.

Catecholestrogens are themselves signaling molecules that may play a role in
normal physiological processes such as blastocyst implantation140 or regulation of
catecholamine homeostasis.141,142 Hydroxylated estrogens can be further oxidized to
yield reactive quinones capable of forming direct adducts with purines in DNA or

FIGURE 7.5 Metabolism of estrogens and endocrine disruptors. COMT = catechol-O-meth-
yltransferase; SULT = sulfotransferase.
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undergo redox cycling and thus produce oxidative stress.143,144 Although both the
4-hydroxy and 2-hydroxy forms of catechol E2 (4-OHE2 and 2-OHE2, respectively)
are capable of redox cycling through their quinonne intermediates, the evidence
strongly suggests that it is the former that is involved in carcinogenesis. A high 4-OHE2
to 2-OHE2 concentration ratio is common in human breast cancer,145 and 4-OHE2,
but not 2-OHE2, was shown to be carcinogenic in the kidney of the Syrian golden
hamster.143,144 Furthermore, 2-OHE2 may be anticarcinogenic. There is an inverse
relationship between cancer risk, and 2-hydroxylation activity in patients and induction
of 2-hydroxylation by indole-3-carbinol, a component of cruciferous vegetables (e.g.,
broccoli, cabbage, cauliflower, and Brussels sprouts), is protective.146

Estrogens, their catechols, or the quinone intermediates are inactivated or detox-
ified by the phase II, conjugating enzymes.137 The parent steroid or their catechols
can be conjugated to glucuronide or sulfate moieties by UDP-glucuronyl transferase
or sulfotransferases; the catechol estrogens can also be methylated by catechol-O-
methyl transferase; the quinone intermediates can be conjugated to glutathione by
glutathione-S-transferases. Each of these enzymatic steps can display large variations
among individuals, thereby at least partially accounting for individual variation in
susceptibility to hormone-induced carcinogenesis.147,148

Endocrine disruptor compounds are subject to the same metabolic clearance
pathways, including production of similar intermediates. The hydroxylation of exog-
enous estrogens like DES and hexestrol can also lead to adduct formation in vitro
and in vivo and cancer initiation in experimental mammals.104,149–151 Metabolism of
BPA may also lead to production of reactive quinones.152,153 Final clearance of
xenobiotics occurs mainly through glucuronide and sulfate conjugation.154–156

7.4.2.2 CYP450 and the Aryl Hydrocarbon Receptor Pathway

Induction of CYP450 isozyme expression by environmental compounds is believed
to play a role in their endocrine disruptive activity through altered metabolic clear-
ance of hormone. Environmental chemicals can induce expression of CYP450
isozymes through the aryl hydrocarbon receptor, a transcription factor that is acti-
vated by xenobiotics. TCDD is a particularly strong ligand for AhR but the receptor
is activated by numerous halogenated and non-halogenated aryl hydrocarbons and
phytochemicals.157 Activated AhR binds to a specific response element known as the
XRE (for xenobiotic response element) or DRE (for dioxin response element).
TCDD-activated AhR enhances expression of CYP1A1 and CYP1B1 in several
tissues including liver, breast cancer cells, placenta, and normal fibroblasts, and the
relative responses of these two isozymes is tissue and species dependent.158–164

Treatment with AhR ligands is likely to reduce the levels of active hormone in
blood, but it also is likely to increase the availability of reactive intermediates and
therefore increase DNA adduct formation. Thus, TCDD treatment increases oxida-
tive damage differentially in intact versus ovarectomized rats, with a higher incidence
of 8-oxo-deoxyguanosine found in livers of intact animals versus ovariectomized
animals, suggesting a role for increased oxidative stress due to production of reactive
intermediates from endogenous estrogens.165,166
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Herbs and foods contain a variety of AhR-binding phytochemicals that may have
different activities regarding CYP450 modulation, and the natural mixtures may be
agonists or antagonists of AhR-dependent effects, depending on the concentration
of total mixture.167,168 The acidic condensation products of indole-3-carbinol formed
in the stomach environment have a high affinity for AhR and are potent inducers of
AhR-mediated gene expression.161,169 Extracts containing a mixture of phytochemi-
cals from several types of herbs, such as ginseng, licorice, ginkgo biloba, and black
cohosh, activated AhR.167,170 The stilbene resverastrol, found in mulberries, peanuts,
grapes, red wines, and other foods, binds AhR and inhibits TCDD-induced increases
in CYP1A mRNA and enzyme activity.171,172 Several flavones and flavonols prevent
CYP1A induction at lower concentrations, but are inducers at higher concentra-
tions.173 In addition to these AhR-mediated effects, natural phytochemical mixtures
generally contain some form of phytoestrogens that are also responsible for ER-
mediated effects.

7.4.2.3 PXR and CAR Regulated CYP450

Although the CYP3A isozymes have a lesser activity for estrogen hydroxylation
than the CYP1A family, they constitute about 30% of the un-induced human liver
CYP450174 and therefore may account for a large portion of liver estrogen metabo-
lism, especially when induced. Both CYP3A4 and CYP3A5 act mainly through the
2-hydroxylation pathway for estrogens.174,175 The CYP3A family is also responsible
for the metabolism of and interactions between many pharmaceuticals and phy-
tochemicals. 

Induction of CYP3A4 is mediated by at least three different nuclear receptors:
constitutive androstane receptor (CAR), pregnane X receptor (PXR), and vitamin D
receptor (VDR). These three receptors belong to the subfamily of nuclear receptors,
which heterodimerize with the retinoid X receptor (RXR) (see reviews).176–178 The
activity of PXR and CAR is regulated by the glucocorticoid receptor, and dexam-
ethasone is known to induce CYP3A4 activity and potentiate induction when coad-
ministered with PXR agonists.179–181 The activity of VDR is associated mostly with
bone, intestinal, and liver tissue and may play a role in the induction of estrogen
metabolism only in the liver.182,183

The human PXR is strongly activated by the anti-tuberculosis drug rifampicin
and phenobarbital, known inducers of CYP3A4.184,185 Many other important phar-
maceutical inducers of CYP3A4 are also PXR ligands,184 including pregnanes,
glucocorticoids, topiramate,186 statins,187,188 troglitazone,189 cyclophosphamide,179,190

and paclitaxel.191

The known endocrine disruptors, phthalic acid and nonylphenol, were shown to
activate PXR and thereby induce expression of CYP3A1.192 The organochlorine
pesticides, dieldrin and chlordane, also induced CYP3A4 expression through PXR.193

Although not effective in mouse, BPA was able to induce CYP3A4 gene expression
through PXR in a human cell model system.194

While PXR is a ligand-activated receptor localized in the nucleus even when
inactive, CAR is constitutively active and sequestered in the cytoplasm, translocating
to the nucleus only after treatment with xenobiotics like phenobarbital or
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1,4-bis[2-(3,5- dichloropyridyloxy)]benzene (TCPOBOP) and chlorpromazine.
Interestingly, the xenobiotic-dependent translocation of CAR to the nucleus may not
require binding of the chemical by the receptor protein. CAR, PXR, and VDR have
similar DNA-binding motifs and can activate each other’s target genes.195,196

In clinical studies, ritonavir, the antiepileptic drugs topiramate and carbameza-
pine, and the herb St. John’s wort (Hypericum perforatum) were shown to cause a
dose-dependent increase in the clearance of ethinyl estradiol.193,194,197,198 In the case
of topiramate, while one study found significant increases in clearance of ethinyl
estradiol in women taking the drug every 12 hours;193 another study found a non-
significant increase in women taking topiramate once a day.197 St. John’s wort is
known to induce CYP3A4.199 Hyperforin is the main chemical constituent in St.
John’s wort that binds PXR and induces CYP3A4 in primary human hepatocytes.192

7.4.2.4 Conjugating Enzymes

While the action of endogenous estrogens is terminated primarily by hydroxylation,
the resulting catechol estrogens (as well as the parent compounds) can be further
methylated or conjugated with the hydrophilic groups glucuronide and sulfate (see
review).184 The estrogen sulfotransferases are enzymes that add a sulfate group to
estrogens, thus deactivating the original molecule. Xenoestrogens and many poly-
halogenated aromatic hydrocarbons are also metabolized by estrogen sulfotrans-
ferases. Of the three forms of sulfotransferases, estrogen sulfotransferase (SULT1E1)
shows the greatest capacity to sulfate xenoestrogens such as DES, BPA, and non-
ylphenol.200,201

In addition to their function in estrogen clearance, sulfotransferases can regulate
tissue-specific estrogen levels (see reviews).138 A large proportion of estrone synthe-
sized by aromatase is converted to estrone sulfate, and hydrolysis of the sulfate back
to estrone by the sulfotransferases is thought to make a major contribution to the
production of active estrogen within breast tumor tissues.202,203 Therefore, changes
in sulfotransferase activity can alter both systemic deactivation of estrogen and
tissue-specific estrogen homeostasis.

A few xenobiotics are known to affect sulfotransferase activity. BPA induces
expression of estrogen sulfotransferase isoform 3 in rat.71 On the other hand, hydrox-
ylated metabolites of polyhalogenated aromatic hydrocarbons (PCB, polybrominated
diphenyl ethers, and chlorinated BPA) can be potent inhibitors of SULT1E1.204

Monohydroxylated dioxins and furans can inhibit the recombinant enzyme at nano-
molar concentrations.204 Sulfotransferase are also inhibited by estrogenic akylphe-
nols.205 Such observations suggest another mechanism through which xenobiotics
disrupt hormonal status, either at the local tissue level or systemically.

Catechol-O-methyl transferase (COMT) catalyzes the conversion of the
2-OHE2 (or 2-OHE1) to a 2-methoxy estrogen.137 Like other conjugation steps,
this serves to facilitate clearance of the hormone from the blood and it also
detoxifies the catechol estrogen, removing it from the redox cycling pathway that
leads to oxidative stress. The flavonoid quercetin inhibits COMT, and it may be
this effect that is responsible for the enhanced tumorigenic effect of E2 in the
golden hamster kidney.206
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7.5 SUMMARY

Environmental chemicals can affect developmental, physiological, and pathological
processes that are dependent upon, or sensitive to, estrogens. The most extensively
studied mechanism of endocrine disruptor activity is the interaction of these com-
pounds with the ER as a ligand-activated transcription factor. As with the endogenous
estrogens, environmental estrogens stimulate or repress numerous estrogen respon-
sive genes, and most notably, they alter developmental expression of critical genes
involved in tissue differentiation. Recent evidence suggests that both endogenous
estrogens and xenoestrogens can also act through intracellular pathways that utilize
growth factor receptor proteins and their intermediate signaling molecules. These
intracellular pathways may intersect with ER either in its classical mode of action
as a transcription factor or in a membrane-associated form, as a member of protein
complexes that modulate activity of intracellular signaling molecules. Environmental
compounds are also capable of affecting endogenous concentrations of estrogen,
either in circulation or at the local tissue level by altering steroid synthetic or
catabolic pathways. Metabolic products of these endocrine disruptor chemicals can
also take part in mechanisms of oxidative stress. Thus, endocrine disruptor chemicals
can act at the cellular and organismal level through several interrelated mechanisms.
The results of these endocrine disruptor activities are often insidious, requiring years
or generations to manifest themselves. Identification of the most sensitive of the
mechanisms involved in perturbation of normal development or function will allow
a relevant evaluation of risks imposed by current exposure levels.
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8.1 ARYL HYDROCARBON RECEPTOR AGONISTS: 
BIOCHEMICAL AND TOXIC RESPONSES

8.1.1 I

 

NTRODUCTION

 

Organochlorine industrial chemicals have been extensively used in the production
of plastics, flame retardants, dielectric fluids, pesticides, drugs, and a host of other
commercial products. Some of these chemicals such as the organochlorine insecti-
cides, which include DDT, are both highly stable and lipophilic, and trace residues
have been detected as pollutants in air, water, sediments, fish, wildlife, human
adipose tissue, blood, and milk.

 

1

 

 Other halogenated aromatic compounds such as
the polychlorinated biphenyls (PCBs), dibenzo-

 

p

 

-dioxins (PCDDs), and dibenzo-
furans (PCDFs) exhibit comparable widespread environmental distribution pro-
files.

 

2,3

 

 After initial identification of DDT, its metabolite DDE, and PCBs as envi-
ronmental pollutants, regulatory agencies have either banned or restricted use of
most persistent organochlorine compounds, and residue levels for most of these
chemicals have dramatically declined over the past 20 to 30 years.

 

1

 

Organochlorine contaminants induce multiple species-dependent effects that
have been linked to reproductive and developmental failures of some wildlife pop-
ulations in contaminated regions such as the Great Lakes.

 

4

 

 Some of these adverse
effects may be related to the endocrine-like activity of some organochlorine com-
pounds, and there has been considerable scientific and public controversy regarding
the potential wildlife and human health effects associated with exposure to endocrine
disruptors, particularly those compounds that exhibit estrogenic activity (i.e.,
xenoestrogens).

 

4–6

 

 Wolff and coworkers initially reported that adipose tissue PCB
levels were higher in a cohort of women with breast cancer (in Connecticut), and
in a nested case-control study in New York serum DDE levels were higher in breast
patients than controls.

 

7,8

 

 Their analysis showed that women with the highest levels
of DDE had a fourfold increased risk for breast cancer, and it was concluded that
“environmental contamination with organochlorine residues may be an important
etiologic factor in breast cancer.”

 

7

 

 It was later hypothesized that xenoestrogens were
a preventable cause of breast cancer,

 

9–11

 

 and there has been considerable research
on testing the validity of the reported correlational studies. Recent studies on women
from the San Francisco Bay area, five European countries, the Nurses Health Study
(comprising 121,700 women from 11 states), and three Mexico City hospitals have
compared serum or tissue DDE and in some cases, PCB levels in breast cancer in
patients and controls.

 

12–15

 

 Subsequent studies in several laboratories concur that
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DDE/PCBs are not elevated in breast cancer patients, and a recent report on women
in Long Island stated the following: “In conclusion in the large population-based
case-control study among women in Long Island, breast cancer risk was not
increased in relation to serum organochlorine levels.”

 

16

 

The xenoestrogen-breast cancer hypothesis was challenged on several counts
including the authors’ failure to account for diverse organochlorine compounds,
which exhibit antiestrogenic activity.

 

17,18

 

 For example, women in Seveso, Italy,
accidentally exposed in 1976 to high levels of 2,3,7,8-tetrachlorodibenzo-

 

p

 

-dioxin
(TCDD) exhibited a lower incidence of breast and endometrial cancer in the early
1990s.

 

19

 

 TCDD is the most toxic member of a class of compounds that includes
other PCDDs, PCDFs, and PCBs, and this review will describe their inhibition of
17

 

β

 

-estradiol (estrogen, E2)-induced responses, the molecular mechanism of action
of these chemicals, and the development of a new class of mechanism-based indirect
antiestrogens for treatment of breast cancer.

 

20

 

8.1.2 TCDD 

 

AND

 

 R

 

ELATED

 

 C

 

OMPOUNDS

 

: B

 

IOCHEMICAL

 

 

 

AND

 

 
T

 

OXIC

 

 R

 

ESPONSES

 

TCDD has been used extensively as a prototype for investigating the biochemical
and toxic responses elicited by halogenated aromatic hydrocarbons (HAHs).

 

20–25

 

TCDD induces a diverse spectrum of phase I and phase II drug-metabolizing
enzymes including CYP1A1, CYP1A2, CYP1B1 and their dependent activities,

 

26

 

glutathione S-transferase,

 

27,28

 

 glucuronosyl transferase,

 

29

 

 and NAD(P)H quinone:oxi-
doreductase.

 

30

 

 TCDD also increases expression of other genes/gene products, includ-
ing aldehyde-3-dehydrogenase,

 

31

 

 transforming growth factor 

 

α

 

 (TGF

 

α

 

),

 

32,33

 

 

 

δ

 

-ami-
nolevulinic acid synthetase,

 

34

 

 plasminogen activator inhibitor 2,

 

35

 

 interleukin 1

 

β

 

,

 

35

 

c-

 

fos

 

 and c-

 

jun

 

 protooncogenes,

 

36

 

 and prostaglandin endoperoxide H synthase-2.

 

37

 

It has also been reported that TCDD decreases expression of several genes/gene
products such as c/EBP

 

α

 

,

 

38

 

 peroxisome proliferator receptor 

 

γ

 

,

 

38

 

 lipoprotein lipase,

 

38

 

 estrogen receptor, urophorphyrinogen decarboxylase,

 

39,40

 

 rat liver aldolase B,

 

41

 

phosphoenol pyruvate carboxykinase,

 

42

 

 pyruvate carboxylase,

 

43

 

 hydroxysteroid sul-
fotransferase a,

 

44

 

 and adenosine deaminase.

 

45

 

 The list of genes or gene products that
are modulated after treatment with TCDD is continually expanding; however, these
responses are highly tissue specific. For example, although TCDD induces interleu-
kin 1

 

β

 

 and plasminogen activator inhibitor-2 in human keratinocytes,

 

35

 

 no induction
was observed in Sprague-Dawley rat liver.

 

46

 

TCDD and related compounds also elicit a diverse spectrum of toxic responses,
and these include acute lethality, a wasting syndrome, tissue-/cell-specific hypo- and
hyperplastic effects, immunotoxicity, thymic atrophy, developmental and reproduc-
tive toxicity, carcinogenesis, hepatotoxicity, porphyria, chloracne, and related dermal
lesions.

 

20–26

 

 The acute lethal toxicity of TCDD and related compounds is observed
in most species; however, the LD

 

50

 

 values vary from 2.0 

 

µ

 

g/kg for the highly
responsive guinea pig to 5051 and 7200 

 

µ

 

g/kg for the resistant hamster and
Hann/Wistar rat, respectively. In contrast, many other toxic responses are highly
species, sex, and age specific. For example, long-term dietary exposure to male and
female Sprague-Dawley rats to TCDD (0.001, 0.01, and 0.1 

 

µ

 

g/kg/day) resulted in

 

2281_C008.fm  Page 251  Thursday, October 21, 2004  2:25 PM

© 2005 by CRC Press



 

252

 

Endocrine Disruptors: Effects on Male and Female Reproductive Systems

 

development of hepatocellular carcinomas in female (but not male) rats. This type
of response variability is typical for halogenated aromatics, and the mechanisms
associated with tissue-/species-specific responsiveness or nonresponsiveness are
poorly understood.

 

8.1.3 I

 

DENTIFICATION

 

 

 

OF

 

 

 

THE

 

 A

 

RYL

 

 H

 

YDROCARBON

 

 R

 

ECEPTOR

 

 
(A

 

H

 

R)

 

Poland, Nebert, and coworkers extensively investigated induction of hepatic
CYP1A1-dependent aryl hydrocarbon hydroxylase (AHH) activity in genetically
inbred strains of mice by TCDD and 3-methylcholanthrene (MC).

 

47-49

 

 Both TCDD
and MC induced hepatic microsomal AHH activity in Ah-responsive mice typified
by the C57BL/6 strain, and TCDD was approximately 10

 

4

 

 times more potent than
MC. The differences in potency were attributed to the higher rate of metabolism of
MC. In contrast, TCDD but not MC induced the same response in DBA/2 mice, a
prototypical Ah-nonresponsive strain; however, the effective dose of TCDD was at
least 10 times higher. It was suggested that these strain differences may be related
to differential expression or structure of an intracellular receptor or acceptor protein.
Support for the role of a receptor protein was derived from other studies that showed
that for a number of halogenated aromatics, there was a correlation between struc-
ture-induction (AHH activity) versus other structure-activity relationships.

 

50

 

 Poland
and coworkers were the first to identify a hepatic cytosolic protein in C57BL/6 mice
that bound [

 

3

 

H]TCDD with high affinity.

 

51

 

 Subsequent studies identified the AhR in
multiple species/tissues, and photoaffinity labeling using 2-azido-3[

 

125

 

I]iodo-7,8-
dibromodibenzo-

 

p

 

-dioxin and hepatic cytosol from various species gave the follow-
ing apparent molecular masses for the AhR: 95-kD (mouse), 101-kD (chicken), 103-
kD (guinea pig), 104-kD (rabbit), 106-kD (rat and human), 113-kD (monkey), and
124-kD (hamster).

 

52

 

Treatment of Ah-responsive cells/animals with TCDD results in the rapid for-
mation of a liganded 190- to 210-kD nuclear AhR complex that contained the AhR
and a second protein that was subsequently identified as the AhR nuclear translocator
(Arnt) protein.

 

53,54

 

 Genes for both the AhR and Arnt have been cloned, and sequence
analysis has demonstrated that both proteins are members of the basic helix-loop-
helix (bHLH) family of nuclear transcription factors.

 

55-60

 

 The AhR and Arnt genes
encode for proteins that exhibit several common structural domains (Figure 8.1),
which include the DNA-binding bHLH region; two A/B repeats; a PAS domain
common to the Per, Arnt, and Sim proteins; a ligand-binding domain (within the
AhR); and Q-rich transactivation domains in the C-terminal region of both proteins.
There is high sequence homology in the bHLH (N-terminal) and PAS domain of
AhR proteins from different species and considerable variability in the C-terminal
Q-rich regions. For example, Ema and coworkers compared the sequence of the AhR
from Ah-responsive C57BL/6 and less-responsive DBA/2 mice and humans.

 

56

 

 The
major differences between the two strains of mice were associated with the length
of the C-terminal regions and a critical alanine

 

375

 

-valine change in the ligand-binding
domain, which is associated with the decreased binding affinity for TCDD for the
AhR from DBA/2 mice. Interestingly, the ligand-binding region from the human
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FIGURE 8.1

 

Structural domains of the AhR and Arnt proteins.
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AhR resembles that described for the less Ah-responsive DBA/2 mouse strain.

 

56

 

Recent studies by Wilson and coworkers have identified a 39-kDa Arnt splice variant
expressed in several estrogen receptor (ER)-negative human breast cancer cell lines
and in some human mammary tumors.

 

61

 

 This splice variant contains a large deletion
in the transactivation domain and has been designated as TAD

 

-

 

Arnt.

 

8.1.4 M
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The heterodimeric nuclear AhR complex is ligand-induced transcription factor, and

 

cis

 

-genomic sequences were initially identified by several groups in the 5

 

’

 

-promoter
regions of the rodent and human CYP1A1 genes.

 

62–68

 

 The CYP1A1 gene promoter
contains one or more copies of dioxin or xenobiotic responsive elements (DREs or
XREs), which contain the following core binding sequence:

5

 

′

 

 - T - GCGTG - 3

 

′

 

3

 

″

 

 - A - CGCAC - 5

 

″

 

The core binding sequence is required for binding the nuclear AhR complex and
transactivation; however, additional nucleotides are required for transactivation, and
the following sequence has been proposed for a functional DRE/XRE:

 

69,70

 

5

 

′

 

 - T/G N GCGTG A/C N G/C NNN - 3

 

′

 

3

 

′

 

 - A/C N CGCAC T/G N C/G NNN - 5

 

′

 

These enhancer elements have been identified in promoter regions of several
Ah-responsive genes including CYP1A2,

 

71

 

 CYP1B1,

 

72

 

 NAD(P) quinone:oxi-
doreductase,

 

30

 

 aldehyde-3-dehydrogenase,

 

31

 

 glutathione S-transferase,

 

27,28

 

 and glu-
curonyl transferase.

 

29

 

 The generally accepted mechanism of AhR-mediated transac-
tivation (Figure 8.2) is comparable to that described for other ligand-induced
transcription factor complexes, namely, initial binding of ligand to the AhR, het-
erodimer formation, binding of the nuclear AhR complex with promoter elements
(XRE/DRE), and interaction of the DNA-bound transcription factor complex with
general transcription factors, coactivators, and other nuclear proteins required for
transactivation (Figure 8.2).

Studies with Arnt- or AhR-defective mouse Hepa-1 cells have demonstrated that
both proteins are required for induction of CYP1A1 gene expression by TCDD;

 

73–76

 

however, many other factors may play an important role in Ah-responsiveness. For
example, proteins that bind a negative regulatory element (NRE) may modulate
AhR-mediated transactivation in some cell lines.

 

77,78

 

 Superinduction of CYP1A1
after treatment with cycloheximide suggests that labile inhibitory proteins may
regulate induction of CYP1A1 in some cells.

 

79
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FIGURE 8.2

 

Proposed mechanism of ligand-induced AhR-mediated genes based on the CYP1A1 model.
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 THE ER IN HUMAN 
BREAST CANCER CELL LINES

Initial studies with both ER-negative and ER-positive breast cancer cell lines showed
that while both cell lines express the AhR and Arnt and form a nuclear AhR complex
after treatment with TCDD, induction of CYP1A1 was observed only in cells
expressing the ER.80,81 The requirement for ER expression on Ah-responsiveness
was further investigated in transient transfection studies in both ER-negative MDA-
MB-23182 and Hs578T83 cells transiently transfected with pRNH11c, a construct
containing the -1142 to +2434 region of the CYP1A1 gene promoter linked to a
bacterial chloramphenicol acetyl transferase (CAT) gene. The results (Figure 8.3)
illustrate the cell-type specific restoration of Ah-responsiveness in cells cotransfected
with pRNH11c and expression plasmids for the wild-type ER (hER), an N-terminal
deletion variant containing the ligand-binding domain and activator function-2 (AF-
2, HE19) and a C-terminal deletion variant containing AF-1 (HE15). TCDD induces
CAT activity in MDA-MB-231 cells cotransfected with hER, HE15, or HE19;
however, only HE19 restored inducibility in Hs578T cells. Crosstalk between the
ER and AhR-mediated responses was further investigated in MDA-MBA-231 cells
stably transfected with the ER. TCDD did not induce CYP1A or GST-P gene
expression or their dependent activities; moreover, in transient transfection assays
using pRNH11c or a construct containing a GST-P gene promoter insert, TCDD did
not induce reporter gene activity.84 These data suggest that cellular factors in addition
to the ER are also required for restoring Ah-responsiveness in breast cancer cells.

The complexity of ER-AhR crosstalk was further complicated by results showing
that there was not a strict correlation between ER expression and AhR-mediated
gene expression. Treatment of ER-negative MDA-MB-468 breast cancer cells with
TCDD resulted in formation of a nuclear AhR complex that also bound [32P]DRE
in a gel mobility shift assay to form an AhR-DRE retarded band.85 TCDD also
induced CYP1A1 gene expression and dependent activity, and the results showed
that MDA-MB-468 cells represented the first ER-negative Ah-responsive human
breast cancer cell line. Long-term culture of ER-positive MCF-7 cells in 1 µM
benzo[a]pyrene resulted in isolation of resistant clones that exhibited altered geno-
types.86 BaP-resistant cells were E2 responsive and expressed the AhR and Arnt;
however, TCDD did not induce CYP1A1 gene expression in this variant cell line.
The nuclear AhR complex for BaP-resistant MCF-7 cells did not exhibit DNA
binding in gel mobility shift assays, and the reasons for this defective binding are
currently being investigated.

Wang and co-workers87 extensively characterized the AhR from seven human
cancer cell lines including both ER-positive MCF-7 and ER-negative MDA-MB-
231 breast cancer cells. Photoaffinity labeling studies identified a 110-kDa protein
in all cell lines; however, the sedimentation coefficient for the nuclear AhR complex
from MDA-MB-231 cells was significantly lower (6.62 S) than observed for MCF-
7 cells (7.23 S). Subsequent RT-PCR analysis for Arnt mRNA in MDA-MB-231
cells identified a major 1.3 kb transcript, whereas the expected 2.6 kb transcript was
detected in MCF-7 cells.61 The truncated Arnt protein was also observed by Western
blot analysis using Arnt antibodies, and sequence analysis of the gene indicated that
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FIGURE 8.3 Cell-type-specific restoration of Ah-responsiveness in MDA-MB-231 and Hs578T human breast cancer cells treated with TCDD and
transiently transfected with pRNH11c and wild-type (ER) or variant (HE15 or HE19) ER expression plasmids. 
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a splice variant transcript was expressed in which a major region of the C-terminal
transactivation domain (TAD) had been deleted. The 36-kDa TAD-Arnt variant binds
the AhR and forms a nuclear heterodimer that interacts with [32P]DRE in gel mobility
shift assay. However, the results indicate that deletion of the TAD region of Arnt
results in loss of Ah-responsiveness. In contrast, the TAD-Arnt protein binds H1F1α
and growth of MDA-MB 231 cells under conditions of hypoxia results in upregu-
lation of hypoxia-responsive genes.88 Thus, the TAD-Arnt protein interacts with
H1F1α to form a functional heterodimer, and therefore the TAD is not required for
hypoxia-responsiveness. Ongoing studies are probing the tissue- and cell-specific
expression of TAD-Arnt to delineate the biological role of the Arnt variant.

8.2 INHIBITION OF ER-MEDIATED RESPONSES BY 
AHR AGONISTS: A NEW CLASS OF 
ANTIESTROGENS

8.2.1 INTRODUCTION

Several studies have reported that TCDD and related compounds inhibit diverse
hormone/growth factor-mediated responses in animal and cellular models.20 For
example, TCDD inhibits epidermal growth factor (EGF) receptor binding or auto-
phosphorylation in multiple species/tissues; however, the role of this response in
AhR-mediated toxicity has not been determined.89–94 Treatment of human
keratinocytes35 or MDA-MB-46885 human breast cancer cells with TCDD increases
TGFα mRNA and protein levels, and this is also accompanied by inhibition of MDA-
MB-468 cell growth.85 Subsequent studies showed that the growth-inhibitory
response by TCDD was directly related to induction of TGFα, which exhibits
antimitogenic activity in this cell line. In contrast, TCDD inhibits the mitogenic
activity of TGFα, EGF, and insulin-like growth factor-1 (IGF-1) in MCF-7 or T47D
cells.95–97 TCDD modulates several steps in metabolism of cholesterol to various
steroid hormones,98,99 and induction of CYP1A1, CYP1A2, and CYP1B1 is associ-
ated with increased 2- and 4-steroid hydroxylase activities.100–103 The antiestrogenic
activity of AhR agonists has been intensively investigated in several laboratories,
and this chapter primarily focuses on this response, which involves complex inter-
actions between the AhR and ER signaling pathways.

8.2.2 ANTIESTROGENIC AND ANTIMITOGENIC ACTIVITY OF AHR 
AGONISTS

8.2.2.1 Inhibition of Mammary Tumor Growth by TCDD

Kociba and co-workers104 first reported that female Sprague-Dawley rats adminis-
tered TCDD (0.1, 0.01, or 0.001 µg/kg/day) developed hepatocellular carcinomas,
whereas this response was not observed in male rats. A high incidence of spontaneous
mammary and endometrial tumors was observed in control female rats; however, in
animals treated with TCDD, there was a dose-dependent decrease in both tumors.
Since formation of rodent mammary and endometrial cancer is E2-dependent, these
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results suggest that TCDD exhibits antiestrogenic activity, and this has been con-
firmed in rodent models. TCDD inhibited 7,12-dimethylbenzanthracene (DMBA)-
induced mammary tumor formation and growth in female Sprague-Dawley rats,105

and similar results were reported in animals initiated with diethylnitrosamine.106

Gierthy and coworkers also reported that TCDD inhibited mammary tumor growth
in athymic B6D2F1 mice implanted with E2 pellets and bearing MCF-7 cell
xenografts.107 The antiestrogenic activity of TCDD observed in rodent tumor models
has also been reported in individuals exposed to TCDD after an industrial accident
in Seveso, Italy, in 1976. Serum levels of TCDD in some Seveso residents were
among the highest ever reported (> 70,000 ppt). Severe chloracne was observed in
many of the more highly exposed groups, and there was a high mortality in the
exposed rodent population. Health surveys in Seveso have not shown significant
long-term adverse health effects, although a recent study reported a higher
female/male ratio in offspring of highly exposed individuals.108,109 In addition, the
incidence of both endometrial and breast cancer were lower than expected in women
exposed to TCDD in the Seveso accident,19 and these results were consistent with
rodent studies.

8.2.2.2 Antiestrogenic Activity of TCDD and Related 
Compounds in Laboratory Animals

The rodent uterus is particularly sensitive to both estrogens and antiestrogens, and
is extensively utilized as an in vivo bioassay. Gallo and co-workers first reported the
antiestrogenic activity of TCDD and related compounds in the CD-1 mouse uterus,
showing that TCDD blocked E2-induced uterine wet weight increase and decreased
cytosolic and nuclear ER levels.110–113 Johnson and co-workers also showed that
while TCDD alone did not affect implantation in the hypophysectomized female rat,
there was a 35% inhibition of estrone-induced implantation in animals cotreated
with the hormone plus TCDD.114 Brown and Lamartiniere also showed that after
treatment of pubertal female Sprague-Dawley rats with TCDD, proliferation and
development of the mammary gland were inhibited.115

Research in this laboratory has focused on the antiestrogenic activity of halo-
genated aromatic hydrocarbons in the immature 25-day-old female Sprague-Dawley
rat.92,116–120 TCDD alone decreased gene expression/activities of several E2-regulated
responses including uterine wet weight, peroxidase activity, cytosolic PR binding,
c-fos mRNA, and EGF receptor mRNA levels. TCDD-induced effects were dose
dependent, with the following order of sensitivity: EGF receptor mRNA > c-fos
mRNA > peroxidase activity > uterine wet weight > cytosolic PR binding. The dose-
dependent antiestrogenic activity of TCDD for these same responses was not deter-
mined over a range of doses; however, the antiestrogenic potency of TCDD followed
a comparable response-dependent order of sensitivity. The results were similar to
those recently reported by Hyder and coworkers using the direct-acting antiestrogen
ICI 182, 780.121 Their studies showed that E2 induced both vascular endothelial
growth factor (VEGF) and c-fos gene expression in the rodent uterus, and ICI
182,780 inhibited both responses but at different doses.
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3,3′,4,4′,5-Pentachlorobiphenyl is the most potent AhR agonist among the PCBs,
and the effects of this compound on cyclicity and ovarian follicles was determined
in female Sprague-Dawley rats treated with different doses (0.025 to 7,500 ng/kg)
on days 17 to 19 post-conception.122 Vaginal opening and the start of estrous cyclicity
was delayed in the offspring of the exposed animals, and several other responses
including altered follicles and decreased serum hormone levels were observed. It
was suggested that these responses may be related, in part, to inhibitory AhR-ER
crosstalk. Buchanan and coworkers have also investigated the antiestrogenic activity
of TCDD in the uterus using knockout mice and tissue recombination studies.123,124

Their results suggest that inhibition of E2-induced uterine epithelial responses may
be due to activation of stromal AhR pathways, which subsequently alter induced
epithelial effects. Similar stromal-epithelial interactions have previously been
reported for ERα-dependent hormone-induced uterine responses in mice. These data
suggest that inhibitory AhR-ER crosstalk is functional in multiple hormone-response
tissues/cells in rodent models.

8.2.2.3 Antiestrogenic Activity of TCDD and Related 
Compounds in Human Breast Cancer Cells

8.2.2.3.1 MCF-7 and T47D Cells
MCF-7 human breast cancer cells have been used extensively as an in vitro model
for investigating E2-regulated responses and gene expression, effects, and mecha-
nism of action of antiestrogens.125,126 MCF-7 cells express relatively high levels of
ERα, and E2 induces cell proliferation and expression of several genes and related
activities. Both the AhR and Arnt proteins are also expressed in MCF-7 cells, and,
after treatment with TCDD and related HAHs, a nuclear AhR complex is rapidly
formed, resulting in induction of CYP1A1 mRNA levels and CYP1A1-dependent
activities.87,127 Based on the Ah- and E2-responsiveness of this cell line, studies on
the crosstalk between the AhR- and ER-mediated signaling pathways have been
investigated. Gierthy and coworkers first showed that TCDD inhibited E2-induced
secretion of tissue plasminogen activator activity and postconfluent focus production
in MCF-7 cells.128,129 Subsequent studies have shown that TCDD and related com-
pounds inhibit E2-induced cell proliferation in ER-positive MCF-7 and T47D cells,
and a diverse spectrum of other responses were also inhibited by AhR agonists.
TCDD inhibits E2-induced secretion of tissue plasminogen activator activity, pS2,
160-, 52-, and 34-kDa proteins; progesterone receptor (PR) binding; lactate forma-
tion; pS2, cathepsin D, prolactin receptor, and PR mRNA levels; postconfluent focus
production; cell proliferation; and reporter gene activity in cells transiently trans-
fected with plasmids containing inserts derived from the pS2, cathepsin D, and
vitellogenin A2 genes.127–140 Ongoing studies in this laboratory have shown that
several other E2-induced genes or their derived E2-responsive plasmids are inhibited
after cotreatment with TCDD, and these include TGFα, bcl-2, insulin-like growth
factor binding protein 4 (IGFBP-4), c-fos, retinoic acid receptor α1, cyclin D1,
E2F1, heat shock protein 27 (Hsp 27), and creatine kinase B (unpublished results).
These data clearly demonstrate that crosstalk between the AhR and ER results in
inhibition of diverse E2-regulated genes and responses, which is comparable to that
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observed for direct-acting “pure antiestrogens” such as ICI 164,384 and 182,780.141

A functional iDRE has been identified near the start site of the Hsp27 gene
promoter142; however, there is also evidence for iDRE-independent pathways. 

8.2.2.3.2 Inhibition of Growth Factor-Induced  Responses
Research in this laboratory has also shown that TCDD inhibits TGFα, EGF, IGF-
1, and insulin-induced proliferation of MCF-7 or T47D human breast cancer cells
and E2-induced IGFBP-4 expression in MCF-7 cells.95–97,143 Figure 8.4 illustrates
results of recent studies that demonstrate both the antiestrogenic and antimitogenic
activities of TCDD using MCF-7 cells. Although mechanisms of growth factor-AhR
crosstalk are unknown, TCDD modulates components of growth factor signaling.
For example, TCDD alone did not affect IGF-1 receptor mRNA levels or KD values;
however, TCDD significantly decreased IGF-1-induced IGF receptor binding sites.97

TCDD alone did not affect KD and Bmax values for binding of [125I]insulin to the
insulin receptor (IR) but decreased the KD value for IR-ligand binding and increased
Bmax in cells cotreated with TCDD and insulin.143 TCDD also inhibited insulin-
induced phosphorylation of the IR. Differentiation of ovarian granulosa cells is
accompanied by increased expression of luteinizing hormone receptor (LHR), and
both follicle-stimulating hormone (FSH) and IGF-1 enhance LH mRNA levels in
granulosa cells in culture. However, treatment with TCDD decreases basal and
induced LH mRNA levels, thereby compromising ovarian granulosa cell function.144

Current studies are focused on determining the mechanism of growth factor-AhR
crosstalk and the role of the ER in mediating these interactions.

8.2.2.3.3 Inhibition of ER-Negative Breast Cancer Cell Growth 
by TCDD85

The antiestrogenic activities of AhR agonists have primarily been investigated in
E2-responsive human breast cancer cell lines, and most studies have demonstrated
a correlation between Ah- and E2-responsiveness. These results suggest that the
potential clinical utility of AhR agonists for treatment of breast cancer would be
limited to ER-positive tumors. However, after screening a number of ER-negative
breast cancer cell lines, it was shown that ER-negative MDA-MB-468 cells expressed
the AhR, and TCDD induced CYP1A1 gene expression, ethoxyresorufin O-deethy-
lase (EROD) activity, and CAT activity in cells transiently transfected with
pRNH11c. These data established MDA-MB-468 cells as the first ER-negative Ah-
responsive breast cancer cell line. Previous studies showed that cytotoxic drugs and
EGF inhibited growth of MDA-MB-468 cells, and the unusual antimitogenic activity
of EGF was accompanied by increased expression of EGF receptor, c-myc and
c-fos protooncogene levels, and increased apoptosis. TCDD also significantly
decreased growth of MDA-MB-468 cells and increased EGF receptor mRNA levels;
however, TCDD did not induce c-fos or myc gene expression and was significantly
less active than EGF as an inducer of apoptosis. EGF protein and mRNA levels are
expressed at low levels in this cell line, and TCDD did not significantly modulate
this response. Subsequent studies showed that TCDD increased TGFα mRNA and
immunoreactive protein levels in MDA-MB-468 cells, and antibodies directed
against the EGF receptor blocked the antimitogenic activity of TCDD. Since TGFα
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protein alone also inhibited proliferation of MDA-MB-468 cells, the results of this
study showed that the antimitogenic activity of TCDD in this ER-negative cell line
was associated with induction of TGFα protein. These data illustrate the unusual
breast cancer cell-specific antimitogenic activity of TCDD, which inhibits TGFα
and growth factor-induced proliferation of ER-positive breast cancer cells (Figure
8.4) but induces TGFα protein, which is antimitogenic in ER-negative MDA-MB-
468 cells. 

TCDD and related compounds inhibit growth of ER-independent pancreatic and
prostate cancer cell lines, and in the former cells, this was associated with upregu-
lation of p21 expression.145,146 In parallel studies, AhR expression and function has

FIGURE 8.4 Effects of EGF, IGF-1, TGF-α, and E2 on proliferation of MCF-7 cells and the
growth inhibitory activity of TCDD. 
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been investigated in several ER-negative breast cancer cell lines. Results illustrated
in Figure 8.5 show that TCDD induces AhR-dependent ethoxyresorufin O-deethylase
activity in MDA-MB-157, MDA-MB-436, MDA-MB-134, BT-20, MDA-MB-453,
BT-474, MDA-MB-435, and HCC-38 cells, and in parallel studies, TCDD and
related compounds also inhibited proliferation of these ER-negative breast cancer
cell lines. However, the mechanisms of TCDD-induced growth inhibition are not
related to modulation of p21, other cell cycle regulated genes, or kinase activities,
and current studies are investigating other potential AhR-dependent pathways that
influence ER-negative breast cancer cell proliferation.

8.2.2.3.4 Inhibition of E2-Induced Cell Cycle Enzymes by 
TCDD

Recent studies in this laboratory have also focused on ER-AhR crosstalk associated
with cell cycle enzymes. Several studies have reported that E2 decreases cells in
G0/G1 and increases cells in S phase,147–150 and the pure antiestrogen ICI 182,780
inhibits many of these estrogenic responses. The specific cell cycle enzymes in MCF-
7 cells, which are modulated by E2, show some variability between studies; however,
cyclin-dependent kinase 2 (cdk2) and cdk4-associated activities are increased, and
retinoblastoma (RB) protein phosphorylation, E2F1 protein, cyclin D1 mRNA, and
protein levels are elevated. Results of recent studies in this laboratory showed that
in addition to these responses, E2 also affected the cdk-activating kinase (CAK) that
contains cyclin H/cdk7 proteins and plays an important role in phosphorylation (and
activation) of both cdk2 and cdk4 at threonine-160 and threonine-170, respectively.151

FIGURE 8.5 Ah-responsiveness of ER-negative breast cancer cells. Several ER-negative cell
lines were treated with 1 or 10 nM TCDD for 24 hours and EROD activity was determined
fluorimetrically. Significant (p < 0.05) induction compared to DMSO control is indicated by
an asterisk.
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Although E2 did not affect levels of cyclin H protein, cdk7 levels were increased
2.1-fold 24 hours after treatment. Activation of cdk2/cdk4 is also dependent on cdc25
phosphatase-mediated hydrolysis of tyrosine 15, and in MCF-7 cells treated with
E2 there was a significant increase (> twofold) in cdc 25 protein. Thus, treatment
with cells with E2 activates multiple cell cycle proteins and related activity and
thereby offers multiple targets for the indirect antiestrogenic activity of TCDD. Like
ICI 182,780, TCDD inhibits cells from E2-induced progression into S phase and,
in MCF-7 cells cotreated with E2 plus TCDD, there was selective inhibition of
hormone-induced effects on cell cycle enzymes. For example, TCDD significantly
inhibited the following E2-induced responses in MCF-7 cells: E2F1 protein, cyclin
D protein and mRNA levels, phosphorylation of RB, and inhibition of cdk2-, cdk4,
and cdk-7 associated kinase activities. Interestingly, TCDD alone had minimal
effects on most cell cycle enzymes; however, in cells cotreated with E2 plus TCDD,
there was a significant increase in p21 levels, and this response may contribute to
decreased cdk2- and cdk4-associated activities. Ongoing studies in this laboratory
are focused on delineating the molecular mechanisms of AhR crosstalk with hor-
mone-regulated cell cycle enzymes in both in vitro and in vivo models.

8.2.2.4 Mechanisms of AhR-Mediated Antiestrogenicity

8.2.2.4.1 Role of the AhR
Several different approaches have been utilized to demonstrate that the antiestrogenic
activities of TCDD and related compounds are mediated via binding to the AhR and
formation of a functional nuclear AhR complex. Structure-antiestrogenicity relation-
ships have been observed for several in vivo and in vitro responses, including
inhibition of E2-induced uterine wet weight increase, uterine PR binding and per-
oxidase activity (in vivo), downregulation of the ER, and secretion of procathepsin
D in MCF-7 breast cancer cells.92,117,136,137,140,152 In all of these studies, there was an
excellent rank order correlation between structure-antiestrogenicity and structure
receptor binding affinities (or AhR-mediated activities) for several HAHs. Cell lines
with known defects in AhR signaling have also been utilized in these studies. For
example, TCDD inhibited E2-induced reporter gene activity in wild-type Ah-respon-
sive mouse Hepa-1 cells transiently cotransfected with an hER expression plasmid
and E2-responsive constructs derived from the vitellogenin A2, cathepsin D, or pS2
genes.133,137,140 In contrast, antiestrogenic activities were not observed in Ah-defective
Hepa-1 variant cell lines. Gillesby and coworkers also showed that TCDD did not
affect reporter gene activity induced by E2 in Hepa-1 C4 (Arnt-defective) or C12
(AhR-defective) cells transiently transfected with an E2-responsive pS2-luc plas-
mid.137 However, the antiestrogenic activity of TCDD in C4 and C12 cells was
restored in these cells after cotransfection with Arnt or AhR expression plasmids,
respectively.

BaPr MCF-7 cells express both the AhR and Arnt; however, this cell line is Ah-
nonresponsive due to failure of the nuclear AhR to bind DNA as determined in gel
mobility shift assays using [32P]DRE.86 Utilizing both wild-type and variant BaPr

MCF-7 cells, it was shown that E2 induced cell proliferation, secretion of cathepsin
D, and CAT activity (in cells transiently transfected with a plasmid containing an
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E2-responsive vitellogenin A2 gene promoter insert); however, in cells treated with
TCDD plus E2, antiestrogenic responses were observed only in wild-type but not
BaPr cells. Results from both structure-activity relationships and Ah-defective cell
lines strongly support a role for the nuclear AhR in mediating the antiestrogenic
activity of TCDD and related HAHs.

8.2.2.4.2 Induction of E2 Hydroxylase Activities
TCDD induces CYP1A1 and CYP1B1 gene expression in MCF-7 cells, and this is
accompanied by an increased rate of E2 metabolism and E2 2-, 4-, 15α-, and
16-hydroxylase activities.100–103,153 Spink and co-workers100–103,153 suggested that
induced hormone metabolism and subsequent depletion of cellular E2 levels may
be responsible for the antiestrogenic activity of TCDD. While this response may
contribute to AhR-mediated antiestrogenic activity in cell culture studies, there is
ample evidence showing antiestrogenic responses that are independent of induced
E2 metabolism. For example, (a) several weak AhR agonists such as 6-methyl-1,3,8-
triCDF (6-MCDF) and indole-3-carbinol (I3C) exhibit antiestrogenic activity at
concentrations that do not induce CYP1A1;120 (b) TCDD induces cathepsin D gene
expression and glucose ÷ lactate conversion at time points (# 2 hours) that precede
induction of CYP1A1 protein-dependent activities;134 (c) induction of ERE-regulated
reporter gene activities in transient transfection experiment are not inhibited by
TCDD, indicating that increased oxidative metabolism of E2 is not accompanied by
an antiestrogenic response;140 (d) transient transfection studies using a construct
derived from the pS2 gene promoter and various ligand (E2)-dependent or -inde-
pendent chimeric ERs showed that TCDD inhibited reporter gene activity using
ligand-independent chimeras (HE15 and ERcVP16);137 and (e) circulating E2 levels
were not affected after in vivo treatment of rodents with TCDD. These results and
additional data from mechanistic studies suggest that induced oxidative metabolism
of E2 is not a primary mechanism of AhR-mediated antiestrogenicity.154

8.2.2.4.3 Inhibitory DREs (iDREs) as Genomic Targets for the 
AhR

Results of preliminary screening studies in this laboratory showed that some E2-
inducible genes or constructs containing promoter inserts were inhibited by TCDD
within 2 to 4 hours after treatment, suggesting that the inhibitory response was
probably not related to induction of a new gene product. For example, in nuclear
run-on assays with nuclei from cells treated with E2 for 24 hours and TCDD for 60
minutes, there was a > 70% decrease in cathepsin D mRNA levels induced by E2.133

These results suggested that the inhibitory response may be mediated directly by
the nuclear AhR complex, which is formed rapidly after treatment of MCF-7 cells
with TCDD. Subsequent studies in this laboratory identified 3 E2-responsive
enhancer sequences in the proximal region of the cathepsin D gene promoter,
including an Sp1(N)23ERE-half site at -199 to -165, an imperfect palindromic ERE
at -119 to -107 and a GC-rich Sp1 binding site -145 to -135 (Figure 8.5A).133,155,156 

Two unusual motifs that involve formation of a transcriptionally active ER/Sp1
protein complex mediate E2-induced transactivation. The Sp1(N)23ERE(2) sequence
binds nuclear extracts from MCF-7 cells to form a protein-DNA complex that
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requires intact Sp1 and ERE(2) sequences; the GC-rich site binds only the Sp1
protein; however, the ER mediates transactivation via ER-Sp1 (protein-protein)
interactions, which may involve other proteins that stabilize ER/Sp1 complex for-
mation. Studies in this laboratory have identified other E2-responsive GC-rich sites
on the c-fos protooncogene and retinoic acid receptor α1 gene promoters. The Sp1
binding site at within the –145 to –135 region of the cathepsin D gene promoter
forms an ER/Sp1-DNA complex (binding to the GC-rich site) but also requires
cooperative interactions with an adjacent core DRE site that binds unliganded nuclear
AhR complex. Results of transient transfection and gel mobility shift assays using
wild-type and mutant oligonucleotides show that E2-responsiveness of this region
of the promoter involves an ER/Sp1-AhR/Arnt complex interacting with an
Sp1(N)4DRE motif.156

At least two function iDREs have been identified within the –200 to –100 region
of the cathepsin D gene promoter; and iDRE1 has been extensively characterized
using the wild-type Sp1(N)23ERE(2) oligonucleotide in gel mobility shift and tran-
sient transfection assays (see Figure 8.5B). Interaction of the liganded AhR complex
with iDRE1 results in disruption of the ER/Sp1-DNA complex and loss of transac-
tivation in transient transfection assays. Moreover, using a bromodeoxyuridine-
substituted Sp1(N)23ERE(2) oligonucleotide, the AhR complex could be crosslinked
to the DNA sequence.133 In contrast, an Sp1(N)23ERE(2) oligonucleotide containing
a mutant iDRE motif bound nuclear extracts to form an ER/Sp1-DNA complex and
was E2-responsive in transient transfection assays; however, the inhibitory effects
of the AhR complex were not observed in these studies. A comparable approach has
also been utilized for characterizing other functional iDREs in the pS2, Hsp 27, and
c-fos gene promoters. Current research is focused on identifying functional iDREs
in other genes and investigating alternative mechanisms associated with AhR-medi-
ated antiestrogenic activity.

8.2.2.4.4 AhR-Dependent Activation of ERα Degradation by 
Proteasomes

Several studies have reported that AhR agonists induce degradation of ERα in breast
cancer cells and in the rodent uterus.152,157–159 Both TCDD and E2 induce rapid
degradation of ERα in ZR-75, T47D, and MCF-7 breast cancer cell lines, and TCDD
(but not E2) also induces AhR degradation. Ligand-dependent degradation of both
receptors was inhibited by proteasome but not protease inhibitors. AhR-ERα
crosstalk was observed in cells cotreated with both E2 plus TCDD, and this resulted
in extremely low levels of cellular ERα expression. Subsequent studies showed that
in cells cotreated with E2 plus different concentrations of TCDD, there was a
correlation between decreasing levels of ERα and decreased E2-induced transacti-
vation using an ERE promoter construct. These results suggest that for some E2-reg-
ulated genes, the inhibitory effects of TCDD and other AhR agonists may be due,
in part, to limiting levels of ERα expression.

8.2.2.4.5 Other Mechanisms of Inhibitory AhR-ERα Crosstalk
It has been reported that the AhR and ER interact with common nuclear coactivators
such as the steroid receptor coactivators, and it is possible that inhibitory AhR-ERα
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crosstalk may be related to competition for limiting levels of common coactiva-
tors.160–165 For example, a recent  report showed activation of ERE- or DRE-depen-
dent promoters can be inhibited or squelched by cotransfection with wild-type or
deletion mutant AhR or ERα expression plasmids.165 Rogers and Denison166 reported
that inhibitory interactions of the AhR and ERα in BG-1 ovarian cancer cells may
involve induction of an inhibitory factor (protein) by TCDD, since the effects were
blocked by the protein synthesis inhibitor cycloheximide. Ongoing studies in this
laboratory with several E2-responsive genes including E2F1, carbamoylphosphate
synthetase/aspartate transcarbamylase/dihydroorotase (cad), and retinoic acid recep-
tor α show that inhibition by TCDD is cell context dependent and not due to limiting
levels of ERα. The inhibitory mechanisms have not yet been determined but evidence
suggests that competition by AhR and ERα for Sp1 binding may be important. A
recent report167 showed a new and unexpected interaction between the AhR and ERα
in which AhR agonists induced estrogenic activities in breast/endometrial cancer
cell lines and in the mouse uterus. Most of the studies used 3-methylcholanthrene
(MC) as the AhR ligand, and in some experiments MC induced estrogenic activity
but also inhibited E2-induced responses in cotreatment studies. Recent studies in
this laboratory168 showed that in the absence of the AhR, TCDD exhibited estrogenic
activity, and it is possible that the estrogenic responses observed for MC may also
be due to direct activation of ERα. The estrogenic mechanisms associated with MC
and other AhR agonists is currently being investigated.

8.2.3 DEVELOPMENT OF AHR-BASED ANTIESTROGENS FOR 
TREATMENT OF BREAST CANCER

8.2.3.1 Introduction

Results reported in this review clearly demonstrate that AhR agonists exhibit anti-
estrogenic activities in the rodent uterus/mammary and in human breast cancer cell
lines. There is also evidence from human studies that the AhR agonists exhibit
antiestrogenic activities. For example, women in Seveso, Italy, exposed to TCDD
following an industrial accident in 1976, exhibit lower incidence of mammary and
endometrial tumors.19 Epidemiology studies have shown that the incidence of
endometrial cancer is significantly reduced among cigarette smokers,169,170 and this
corresponds to their exposure to AhR agonists such as PAHs.171 The effects of
cigarette smoking in breast cancer incidence is variable, and this may be due to
protective (antiestrogenic) effects of PAHs in smoke and the genotoxicity of the
same compounds. The major problems for development of clinically useful AhR-
based antiestrogens are comparable to the design of other drugs, namely the com-
pounds should exhibit maximal efficacy in target organs (breast and endometrium)
but minimal toxic side effects in non-target tissues. The following two classes of
AhR-based antiestrogens have been developed in this laboratory; namely, alternate-
substituted alkyl PCDFs and substituted diindolylmethanes (DIMs) and their low
toxicity coupled with high antitumorigenic activity indicate that these compounds
are promising new drugs for treatment of breast cancer in women.
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8.2.3.2 Alternate-Substituted PCDFs

A series of 6-alkyl-1,3,8-trichlorodibenzofurans (triCDFs) were originally synthe-
sized for investigating their activities as partial AhR antagonists, and 6-methyl-1,3,8-
trichlorodibenzofuran (6-MCDF) was used as a prototype for this series of com-
pounds. 6-MCDF competitively bound with moderate affinity to the rodent cytosolic
AhR but was a relatively weak agonist for several AhR-mediated biochemical and
toxic responses including induction of CYP1A1 and CYP1A2 in rats and cells in
culture; porphyria, immunotoxicity, and cleft palate (teratogenicity) in mice.118,172–175

Since 6-MCDF was a weak AhR agonist, it was hypothesized that 6-MCDF may be
a partial AhR antagonist. This was confirmed in several studies that showed that 6-
MCDF inhibited induction of CYP1A1 and CYP1A2 by TCDD in rats and fetal
cleft palate, porphyria, and immunotoxicity in C57BL/6 mice. 

Results of preliminary studies showed that 6-MCDF did not antagonize TCDD-
induced antiestrogenicity in the female rat uterus but appeared to be a relatively
potent antiestrogen. Astroff and Safe118 reported that both TCDD and 6-MCDF
caused a dose-dependent decrease in nuclear and cytosolic ER and PR binding in
21- to 25-day-old female Sprague-Dawley rats, and that 6-MCDF was only 300 to
570 times less active than TCDD as an antiestrogen. In contrast, TCDD was
> 157,000 times more potent than 6-MCDF as an inducer of hepatic CYP1A1 in
the same animals (a surrogate for toxic potency). Subsequent studies showed that
6-MCDF and related compounds inhibited E2-induced hypertrophy, peroxidase
activity, cytosolic ER and PR binding, and EGF receptor and c-fos mRNA levels in
the rat uterus.92,118,119,176 6-MCDF is also active in MCF-7 human breast cancer cells
and, at concentrations of 10-7 to 10-6 M, inhibits a diverse spectrum of E2-induced
responses.177 

An extensive structure-antiestrogenicity study of 15 alternate-substituted
(2,4,6,8- and 1,3,6,8-) alkyl-PCDFs was carried out in MCF-7 cells using three
E2-induced responses, namely cell proliferation, induction of CAT activity in cells
transiently transfected with an E2-responsive Vit-CAT plasmid, and induction of
EROD activity.178 The results showed that the antiestrogenic activities of these
congeners were response specific, and ten of the compounds were active in only
one of the assays for antiestrogenicity (i.e., inhibition of E2-induced cell growth or
CAT activity). Five compounds were active in both assays: 6-MCDF, 6-ethyl-1,3,8-
triCDF, 6-isopropyl-1,3,8-triCDF, 3-isopropyl-6-methyl-1,8-diCDF, and 6-methyl-
2,4,8-triCDF. 

The in vivo antiestrogenic activity of a series of alkyl-substituted PCDFs has
been investigated in the immature female Sprague-Dawley rat uterus.179 The com-
pounds utilized in this study contain two, three, or four lateral substituents and
include 6-MCDF, 6-ethyl-1,3,8-triCDF, 6-n-propyl-1,3,8-triCDF, 6-i-propyl-1,3,8-
triCDF, 6-t-butyl-1,3,8-triCDF, and 8-MCDF (two lateral substituents); 6-methyl-
2,3,8-triCDF, 6-methyl-2,3,4,8-tetraCDF, 8-methyl-1,3,7-triCDF, and 8-methyl-
1,2,4,7-tetraCDF (three lateral substituents); and 8-methyl-2,3,7-triCDF and
8-methyl-2,3,4,7-tetraCDF (four lateral substituents). Two additional compounds,
8-methyl-2,3,7-trichlorodibenzo-p-dioxin and 8-methyl-2,3,7-tribromodibenzo-p-
dioxin (four lateral substituents), were also investigated. All alkyl-substituted
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compounds inhibited estrogen-induced uterine wet weight increase and cytosolic
and nuclear PR and ER binding. Quantitative structure-antiestrogenicity relation-
ships were determined using 6-i-propyl-1,3,8-triCDF, 6-methyl-2,3,4,8-tetraCDF,
and 8-methyl-2,3,4,7-tetraCDF as representative congeners containing two, three,
and four lateral substituents, respectively. The ED50 values for antiestrogenicity were
similar for the three compounds; however, the ED50 values for induction of hepatic
CYP1A1-dependent activity were 73,600 (estimated), 8.52, and 5.31 µmol/kg for
6-i-propyl-1,3,8-triCDF, 6-methyl-2,3,4,8-tetraCDF, and 8-methyl-2,3,4,7-tetraCDF,
respectively. Based on results of previous studies, CYP1A1 can be used as a surrogate
for toxic potency in the rat; therefore, high ED50 (induction)/ED50 (antiestrogenicity)
ratios would be indicative of low toxicity and high antiestrogenic potency. The ratio
was 13,990 to 17,100 for 6-i-propyl-1,3,8-triCDF, whereas corresponding ratios for
the compounds with three and four lateral substituents varied from 0.64 to 3.34.
These data suggest that alternate 1,3,6,8-substituted alkyl PCDFs are useful structural
models for developing new AhR-mediated antiestrogens for treatment of breast
cancer.

The in vivo antitumorigenic activity of 6-MCDF, 8-MCDF, and 6-cyclohexyl-
1,3,8-triCDF (6-CHDF) were investigated in the DMBA rat mammary tumor
model.180 At doses of 5, 10, or 25 mg/kg/week, 6- and 8-MCDF significantly inhibited
mammary tumor growth, and at the 5 mg/kg/week dose, > 50% growth inhibition
was observed for both isomers. In contrast, 6-CHDF was inactive at the
5 mg/kg/week dose, and the structure-antitumorigenicity relationships (6-/8-MCDF
>> 6-CHDF) correlated with structure-antiestrogenicity (rat uterus) studies and the
relative binding affinities of these compounds for the AhR. The antitumorigenic
activity of 6- or 8-MCDF in the mammary was not accompanied by any significant
changes in liver/body weight ratios, liver morphology, or induction of hepatic
CYP1A1-dependent activity, which is one of the most sensitive indicators of expo-
sure to AhR agonists. RT-PCR and Western blot analysis of mammary tumor mRNA
and protein extracts, respectively, confirmed the presence of the AhR, suggesting
that AhR-mediated signaling pathways are functional in rat mammary tumors. 

The effects of other alternate-substituted PCDFs have also been investigated.
The results (Figure 8.6) clearly demonstrate that CH3-substituted 1,3,6,8- and
2,4,6,8-PCDFs and other 6-alkyl PCDFs were potent antitumorigenic compounds.
Dose-response studies with 6-isopropyl-1,3,8-triCDF showed that inhibition of
mammary tumor growth was observed at doses as low as 0.5 mg/kg/week. Ongoing
studies are investigating other alternated-substituted PCDFs to delineate specific
congeners that can be further developed for clinical applications.

8.2.3.3 Substituted DIMs

Indole-3-carbinol (I3C) is found as a conjugate in cruciferous vegetables such as
broccoli, Brussels sprouts, and cauliflower,181 and results of several studies indicate
that I3C is both anticarcinogenic and antiestrogenic in several bioassays.182–191 For
example, I3C, related compounds, and Brussels sprouts inhibit carcinogen-induced
mammary tumors in female Sprague-Dawley rats;188,189 dietary I3C decreases spon-
taneous mammary tumor incidence in C3H/OuJ mice; and I3C also inhibits spon-
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FIGURE 8.6 Identification of three E2 responsive enhancer elements in the cathepsin D gene promoter (A), and characteristics of the core iDRE (-175
to -181) in the same promoter (B).
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taneous endometrial cancer formation in female Donryu rats.191 I3C was adminis-
tered either prior to or during carcinogen administration and the anticarcinogenic
effects are associated, in part, with induction of both phase I and phase II drug-
metabolizing enzymes, including CYP1A1, CYP1A2, CYP2B1, CYP3A1, epoxide
hydrolase, glutathione S-transferase, glucuronyl transferase, and NAD(P)H:quinone
oxidoreductase.189,192–206

I3C is unstable in an acidic environment (such as the gut) and rapidly undergoes
oligomerization to give a mixture of condensation products, including diindolyl-
methane (DIM) (dimer), 5,6,11,12,17,18-hexahydrocyclononal[1,2-b:4,5-b′:7,8-b″
]triindole, [2-(indol-3-ylmethyl)indol-3-yl]indol-3-ylmethane, 3,3′-bis(indol-3-ylm-
ethyl)indolenine, cyclic and linear tetramers of I3C, and indolo[3,2-b]carbazole
(ICZ).193,197,202,206,207 I3C binds weakly to the AhR, and the higher molecular weight
condensation products exhibit increased binding affinity for this receptor.201,206

Previous studies have demonstrated that incubation of I3C with breast cancer
cells results in formation of DIM, and both compounds induce CYP1A1 gene
expression;202–204 however, the concentrations required for an induction response
were > 30 (DIM) or > 100 µM (I3C).208 Ongoing studies in this laboratory have
focused on the AhR agonist activities of DIM in MCF-7 cells.209 The results show
that after treatment of cells with DIM, there is depletion of cytosolic AhR, which
rapidly translocates into the nucleus and forms an AhR-[32P]DRE complex in a gel
mobility shift assay; nuclear extracts form a 200-kDa crosslinked band after photo-
induced crosslinking with bromodeoxyuridine-substituted DRE. These results are
consistent with a ligand-induced AhR-mediated response (e.g., Figure 8.2). However,
it is clear from the results that antiestrogenic responses are observed at concentrations
lower (0.1 to 60 µM) than required for induction of CYP1A1 gene expression (30
to 100 µM). Moreover, at a concentration of 10 µM, nuclear extracts from cells
treated with DIM form a retarded band with [32P]DRE and, like MCDF, DIM forms
a nuclear AhR complex at concentrations that exhibit antiestrogenic activity but do
not induce CYP1A1.

The antitumorigenic activity of DIM in the DMBA-induced rat mammary tumor
model209 was similar to that previously observed for alternate-substituted alkyl
PCDFs.180 At an oral dose of 5 mg/kg every second day, DIM significantly inhibited
mammary tumor growth (Figure 8.7), but this was not accompanied by any changes
in body or organ weights and histopathology (kidney, spleen, heart, uterus, or liver).
Moreover, DIM did not induce hepatic microsomal EROD activity. Results of pre-
liminary studies with other substituted-DIM and some I3C analogs show that these
compounds inhibit rat mammary tumor growth at doses between 1 and 5 mg/kg
(every other day), and current studies are focused on development of substituted-
I3C/DIM compounds that can be used for clinical treatment of breast cancer in
women.

The antiestrogenic/antitumorigenic activity of alternate-substituted PCDFs and
DIM analogs is observed in vivo at doses that do not induce hepatic CYP1A1, which
is one of the most sensitive indicators of exposure to toxic AhR agonists such as
HAHs. Ligand-dependent differences in activity have been observed for other com-
pounds that bind steroid hormone such as the ER. A possible mechanism for AhR
ligand-dependent differences is illustrated in Figure 8.8 using MCDF and TCDD as
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FIGURE 8.7 Comparative activities of 6-alkyl-1,3,8-triCDFs as inhibitors of DMBA-induced mammary tumor growth administered at a dose of 5
mg/kg/week. 
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FIGURE 8.8 Inhibition of mammary tumor growth in vehicle ( ) or DIM ( , 5 mg/kg every second day) treated female Sprague-Dawley rats initiated
with DMBA.
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FIGURE 8.9 Proposed mechanism for ligand-dependent differences in the mechanisms of action of TCDD and MCDF.
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models. Both ligands induce rapid formation of a nuclear AhR complex, and TCDD
induces a complete spectrum of AhR-mediated responses including antiestrogenicity,
induction of CYP1A1, and toxicity. In contrast, MCDF (or DIM) exhibits antiestro-
genic activity at doses/concentrations that do not induce CYP1A1 and are not toxic.
This suggests that MCDF (or DIM) induces conformational changes in the nuclear
AhR complex that allow binding to iDREs associated with inhibition of E2-induced
genes; in contrast, the MCDF-AhR complex exhibits ineffective binding to DREs
in promoters of CYP1A1 and other genes that play a role in toxic response pathways. 

Santostefano and Safe210 studied ligand-dependent (e.g., TCDD versus MCDF)
differences in properties of the transformed cytosolic or nuclear AhR complex using
a proteolytic clipping band shift assay. The results showed that there were significant
differences in the pattern of degraded protein-DNA products using nuclear AhR
complexes derived from mouse Hepa 1c1c7 cells treated with TCDD or MCDF,
confirming ligand-dependent differences in the conformation of the nuclear AhR
complex. Moreover, results of in vivo DNA footprinting studies show that in Hepa
1c1c7 cells treated with TCDD, a footprint was observed in the CYP1A1 gene
promoter DRE whereas 6-MCDF and I3C did not induce this footprint.211 Current
studies are focused on further development of relatively non-toxic AhR-based anti-
estrogens for clinical applications and studies that delineate mechanisms of crosstalk
between AhR- and ER-mediated signaling pathways.
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9.1 INTRODUCTION

 

Endocrine disruptors are estrogen-like and antiandrogenic chemicals in the environ-
ment that have potential hazardous effects not only on a variety of aquatic flora,
wildlife, and human health, but on overall ecological well-being. These chemicals
have been called “endocrine disruptors” because they are thought to mimic natural
hormones, inhibit the action of hormones, or alter the normal regulatory function of
the endocrine systems. Reduced fertility in males is one of the major endpoints,
besides testicular and prostate cancers, abnormal sexual development, alteration in
pituitary and thyroid gland functions, immune suppression, and neurobehavioral
effects. Interference with the action of androgen during development can cause male
reproductive system abnormalities that include reduced sperm production capability. 

Indeed, the evidence of the past 20 years has shown disturbing trends in male
reproductive health. During a recent U.S. Congressional hearing, a startling but
controversial finding reported that “each man in this room is half the man his
grandfather was.” Another report from Scotland revealed that men born after 1970
had a sperm count 25% lower than those born before 1959 — an average decline
of 2.1% a year. Nelson and Bunge reported that semen quality might have deterio-
rated during the 1950s and 1960s.

 

1

 

 A meta-analysis revealed a decline in sperm
concentrations of healthy men from 113 

 

×

 

 10

 

6

 

/ml in 1938 to 66 

 

×

 

 10

 

6

 

/ml in 1990.

 

2

 

The lower sperm count was also associated with poor semen quality.

 

3,4

 

 After repeated
semen analysis by Olsen et al. and Swan et al., the main conclusion remained the
same: In the 1950s sperm concentrations were higher than in the 1970s.

 

5,6

 

 Swan et
al. confirmed the declining trend in semen parameters in the United States and
Europe.

 

7

 

  
According to a meta-analysis of 61 papers, Carlsen et al. reported that sperm

counts were decreased by 50% over the past 50 years.

 

2

 

 Semen quality in healthy
men was evaluated in many countries because endocrine-disrupting chemicals, in
particular weak estrogenic chemicals that contaminate food, plant, and industrial
materials, were suspected to be one of the causes of the impairment of male repro-
ductive function.

 

8

 

 Thus, while some environmentalists believe that the human species
is approaching a fertility crisis, others think that the available data are insufficient
to deduce worldwide conclusions.

 

9,10

 

 Though these assertions have been disputed,
the fact remains that one in six couples have trouble conceiving, with males equally
responsible for their infertility. Adverse trends in male reproductive health are of
concern. Prospective international studies are needed to analyze the etiology of the
reproductive health problems, and environmental causes, including endocrine dis-
ruptors, should be extensively studied. Genetic susceptibility to endocrine disruption
may vary, but identification of any new risk factors would give us possibilities for
prevention.

When the reason for the poor quality of sperm cannot be identified, patients are
treated with empirical methods. However, the development of intra-cytoplasmic
sperm injection (ICSI), a technique introduced at the beginning of the 1990s, is
beyond doubt the most important recent breakthrough in the treatment of male
infertility. This has been made possible by many well-controlled clinical studies and
basic scientific discoveries in the physiology, biochemistry, and molecular and
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cellular biology of the male reproductive system. This has helped in the identification
of greater numbers of men with male factor problems. Newer tools for the detection
of Y-chromosome deletions have further strengthened the hypothesis that the decline
in male reproductive health and fertility may be related to the presence of certain
toxic chemical compounds in the environment. These chemicals mimic or otherwise
disrupt the estrogens or the androgen balance in the body by binding to hormone
receptors during fetal and neonatal development. This may give rise to reproductive
abnormalities, including low sperm counts. 

Because of these effects, such endocrine disruptors are also popularly known as
“gender benders.” However, the evidence that such environmental chemicals cause
infertility is still largely circumstantial. There are many missing links in the causal
chain that would connect receptor binding to changes in reproductive health with
decreased fertility. With recent discoveries of deformed frogs in Minnesota lakes,
and fertility problems in alligators found in Lake Apopka in Florida

 

11

 

 attributed to
embryonic exposure to pollutants, a myriad of environmental agents have been
classified as male reproductive toxicants. This has been the subject of a number of
reviews,

 

12–16

 

 suggesting that etiology, diagnosis, and treatment of male factor infer-
tility remains a real challenge.

 

9.2 BACKGROUND

 

Several investigators have expressed serious concerns for the estrogenic effects of
environmental xenobiotic chemicals, such as polychlorinated biphenyls (PCBs),
dichlorodiphenyl-trichloroethane (DDT), dioxin, and some pesticides.

 

17–20

 

 The
potential hazards these chemicals may have on human health and ecological well-
being include reproductive tract cancers, reduced male fertility, and abnormality in
sexual development.

 

19,21–22

 

  
In the mid-1970s, it was determined that dibromochloropropane (DBCP) expo-

sure impaired fertility in the absence of any other clinical signs of toxicity, suggesting
that the male reproductive system was the most sensitive target system. Reduced
fertility, embryo/fetal loss, birth defects, childhood cancer, and other postnatal struc-
tural or functional problems were the most common outcomes from such exposures.
However, the database for establishing safe exposure levels or risk assessment for
such outcomes remains very limited. Declining semen quality is not the only indi-
cator that human reproduction is at risk. A marked increase in the incidence of
testicular cancer in young men has been associated with other abnormalities (includ-
ing undescended testis, Sertoli-cell-only pattern, and hypospadias) that cause poor
gonadal function and low fecundity rates.

The human male produces relatively fewer sperm on a daily basis compared
with many of the animal species used for toxicity testing. A less dramatic decrease
in sperm numbers or semen quality in humans can have serious consequences for
reproductive potential. In fact, in many men over age 30, the lower daily sperm
production rate already places them close to the subfertile or infertile range.

 

23,24

 

Decreased semen quality (low sperm number, motility, and structure) over the past
50 years has been attributed to environmental toxicants, many of which act as
“estrogens.”

 

25

 

 This “estrogen hypothesis” has inspired a number of debates and
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serious investigations. Does that make men less fertile? After all, it takes only one
sperm to fertilize an egg! Problems in the production, maturation, and fertilizing
ability of sperm are the single most common cause of male infertility. Although
produced in adequate numbers, sperm can have poor motility, viability, and mor-
phology; immature lacking acrosome; and characteristics that will prevent them from
fertilizing an oocyte. Normal sperm can also be produced in abnormally low num-
bers, thus diminishing the chances of fertilization. 

A dramatic increase in knowledge of reproductive toxicity and subsequent
changes in fertility has resulted from advances in the understanding of gonadal
function and dysfunction. Although any discussion of gonadal function and toxicity
is of special relevance to man, much of this understanding has been obtained from
research using animal species and various experimental models. 

 

9.3 ENDOCRINE DISRUPTORS AND TARGET SITES

 

An environmental agent could disrupt endocrine function in the male at several
potential target sites. The most important are the testes, the male gonads, which
usually exist in pairs and are the sites of spermatogenesis and androgen production.
Spermatozoa are the haploid germ cells responsible for fertilization and species
propagation. There are paracrine and autocrine regulations in various compartments
of the testis that are under endocrine influences from the pituitary and hypothalamus.
About 80% of the testicular mass consists of highly coiled seminiferous tubules
within which spermatogenesis takes place. The remaining 20% consists of Leydig
cells and Sertoli cells, whose main job is to establish normal spermatogenesis.

 

9.3.1 L

 

EYDIG

 

 C

 

ELLS

 

These cells arise from interstitial mesenchymal tissue between the tubules during
the eighth week of human embryonic development. They are located in the connec-
tive tissue between the seminiferous tubules. Leydig cells are the endocrine cells in
the testis that produce testosterone from cholesterol via a series of enzymatic path-
ways and steroidal intermediates under the control of luteinizing hormone (LH) from
the pituitary. 

 

9.3.2 S

 

ERTOLI

 

 C

 

ELLS

 

 

 

Within the testes are cells that envelope the developing sperm during spermatogen-
esis. These cells form a continuous and complete lining within the tubular wall and
establish the blood–testis barrier by virtue of tight junctions. The luminal environ-
ment is both created and controlled by these Sertoli cells, also called “nurse cells,”
which are under the influence of follicle-stimulating hormone (FSH) and inhibin.
These Sertoli cells have several functions; they:

Provide nourishment for the developing sperm cells
Destroy defective sperm cells
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Secrete fluid that helps in the transport of sperm into the epididymis
Release the hormone inhibin that helps regulate sperm production

The differentiation of Sertoli cells and the formation of a competent blood–testis
barrier are essential to the establishment of normal spermatogenesis during puberty.
Thus, many irregularities of spermatogenesis due to interference by endocrine dis-
ruptors may reflect changes in the function of the Sertoli cell population and not
necessarily by pathology in the germ cells themselves. 

 

9.4 ESTABLISHMENT OF SPERMATOGENESIS

 

Spermatogenesis is a chronological process spanning about 42 days in the rodent
and 72 days in man. During this period, relatively undifferentiated spermatogonia,
the immature germ cells, cyclically develop into highly specialized spermatozoa.
Spermatogonia undergo several mitotic divisions to generate a large population of
cells called primary spermatocytes, which produce haploid germ cells by two meiotic
cell divisions. Spermiogenesis is the transformation of spermatids into elongated
flagellar germ cells capable of motility. The release of mature germ cells is known
as spermiation. The germ cells comprise the majority of testicular volume, which
diminishes if testicular damage has occurred. A significant characteristic of mitotic
arrest is that the gonocyte becomes acutely sensitive to toxic agents, e.g., irradia-
tion.

 

26

 

 Low-dose irradiation may completely eradicate germ cells while causing little
damage to developing Sertoli cells, thus creating a Sertoli-cell-only testes. 

 

9.5 ENDOCRINE DISRUPTORS THAT AFFECT MALE 
REPRODUCTION

 

Many endocrine disruptors, also termed estrogenic pollutants, from agricultural
products (phytoestrogens), industrial chemicals, and heavy metals have significant
environmental consequences due to their multiple routes of exposure, their wide-
spread presence in the environment, and their ability to bioaccumulate and resist
biodegradation. In addition, many pharmacological and biological agents including
radiation therapy affect male reproduction via disrupting hormone influences. Table
9.1 lists the possible adverse effects caused by these agents described below. 

 

9.5.1 E

 

NVIRONMENTAL

 

 A

 

GENTS

 

 

 

Endocrine disruptors are usually found in the environment. These chemicals make
their way to humans through food, water, and air.

 

27

 

 Pesticides, for example, can
leave residues on foods or be washed from fields into drinking water supplies. Some
plastic packaging can also deposit harmful chemicals, such as bisphenol A and
phthalates, onto foods.

 

27

 

 Other endocrine-disrupting chemicals could be breathed in
or absorbed through the skin. However, the vast majority of chemicals have not been
tested for their endocrine-disrupting capabilities.

 

27

 

 Some endocrine-disrupting chem-
icals also have a tendency to bioaccumulate, becoming concentrated higher up the
food chain. Foods high in animal fats, such as meat, fish, eggs, and dairy products,
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often contain significant levels of these contaminants.

 

27

 

 Processing can also introduce
endocrine disruptors into food. In addition, human breastmilk, with its high fat
content, is known to store large amounts of some endocrine-disrupting contaminants.
A nursing infant may receive 10 to 60 times the adult daily dose of dioxins and
PCBs per pound of body weight.

 

28

 

  

 

TABLE 9.1
Effects of Hormonal Disruptors on Male Reproduction

 

Class                 Agent  Adverse Effects 

 

  

 

(A) Environmental:

 

Organochemicals

 

DBCP [

 

↓

 

 fertility, 

 

↓

 

 libido;

 

and Pesticides

 

DDT embryo fetal loss, birth defects,
PCBs cancer; estrogenic effects,
Dioxins poor semen quality]
Methyl chloride

 

Heavy Metals

 

Lead [

 

↓

 

 HPG-axis, 

 

↓

 

 spermatogenesis,
Mercury CNS effects, testicular damage]
Cadmium
Cobalt
Chromium

Ionizing Radiations

 

α

 

- and 

 

β

 

-rays

 

[Direct/indirect effect on gonads]
(B) Pharmacological :

 

Radiation Therapy

 

X-rays, 

 

γ

 

-rays [Germ cell and Leydig cell damage]

 

Drugs/Phytoestrogens

 

GnRH-analogs [

 

↓

 

 HPG axis, 
KTZ, Leuprolide

 

↓

 

 sperm; 

 

↓

 

 libido,
Cyclosporine

 

↓

 

 steroidogenesis]
Lithium, narcotics
Anabolic steroids
Ethanol, nicotine
Flutamide 
Gossypol, marijuana

(C) Biological:
Hyperthermia [

 

↑

 

 ROS, 

 

↓

 

 T biosynthesis,

 

↓

 

 spermatogenesis,
testicular damage,
poor sperm morphology]

Superoxide, and nitric [ 

 

↑

 

 ROS, 

 

↓

 

 antioxidants
oxide radicals

 

↓

 

 sperm function]

Oxidative stress [ 

 

↑

 

 ROS, 

 

↑

 

 LPO

 

↑

 

 cytokines, 

 

↓

 

 T,

 

↓

 

 sperm function]

Abbreviations: DBCP (dibromochloropropane); DDT (dichlorodiphenyl-trichloroethane);
KTZ (ketoconazole); ROS (reactive oxygen species); LPO (lipid peroxidation);
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9.5.1.1 Agricultural and Industrial Chemicals

 

Agricultural chemicals implicated in male reproductive toxicity include DDT (o,p-
dichlorodiphenyl-trichloroethane), epichlorhydrin, ethylene dibromide, kepone, and
the dioxins.

 

29

 

 Dibromochloropropane, a nematocide widely used in agriculture, is a
testicular toxicant and induces hypergonadotropic hypogonadism.

 

30,31

 

 DDT, a com-
monly used pesticide, and its metabolites (p,p

 

′

 

-DDT, and p,p

 

′

 

-DDE) have estrogenic
effects in males by blocking the androgen receptors.

 

21

 

 The levels of serum free/bound
toxicant will influence the androgen-blocking capacity. The plasma/tissue concen-
tration of an estrogenic toxicant depends upon the detoxification and elimination
mechanisms in the organism. The fate and detoxification of these organochemicals
have not been described, but these agents can disrupt the hypothalamic–pituitary–tes-
ticular axis affecting the endocrine and reproductive functions. Methyl chloride, used
in the production of organosilicates and gasoline antiknock additives, is a thoroughly
studied industrial chemical.

 

32

 

 Such organic solvents have been reported to induce
changes in semen quality, testicular size, and serum gonadotropins.

 

33

 

  
Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous, undefined, complex

mixtures encountered in the environment because of combustion as well as the use
of tobacco products.

 

34

 

 Since environmental exposures tend to be mixtures of various
PAHs, the effect of their combined toxicity becomes more important but has not
been examined in any detailed, well-designed study. A detrimental effect of endo-
crine disruptors on sperm concentration, motility, and morphology may be caused
by impaired spermatogenesis secondary to various hormonal alterations.

 

35,36

 

 A recent
study has proposed that morphological sperm abnormalities due to secretory dys-
function of the Leydig and Sertoli cells may impair the sperm-fertilizing capacity.

 

9.5.1.2 Heavy Metals

 

Metals (e.g., lead, mercury, cadmium, aluminum, cobalt, chromium, arsenic, lithium,
and antimony) have been noted to exert adverse reproductive effects in humans and
experimental animals. More reports are available on lead-induced toxicity than any
other heavy metal. Historically, the fall of the Roman Empire has been attributed to
lead poisoning.

 

37

 

 Adverse effects on the reproductive capacity of men working in
battery plants and exposed to toxic levels of lead have been reported.

 

38,39

 

 In animals,
lead exposure results in a dose-dependent suppression of serum testosterone and
spermatogenesis.

 

40,41

 

 Although testicular biopsies reveal peritubular fibrosis, vacu-
olation, and oligospermia, suggesting that lead is a direct testicular toxicant,

 

42

 

 some
mechanistic studies have revealed that lead exposure can disrupt the hormonal
feedback mechanism at the hypothalamic–pituitary level.

 

13

 

 Animal studies suggest
that these effects can be reversed when lead is removed from the system. Such
detailed evaluations in humans are under investigation.

Mercury exposure (during the manufacture of thermometers, thermostats, mer-
cury vapor lamps, paint, and electrical appliances, and in mining) can alter sper-
matogenesis and has been found to decrease fertility in experimental animals. Boron
(extensively used in the manufacture of glass, cements, soaps, carpets, crockery, and
leather products) has a major adverse reproductive effect on the testes and the

 

2281_C009.fm  Page 297  Thursday, October 21, 2004  2:22 PM

© 2005 by CRC Press



 

298

 

Endocrine Disruptors: Effects on Male and Female Reproductive Systems

 

hypothalamic–pituitary axis in a manner similar to lead. Oligospermia and decreased
libido were reported in men working in boric acid-producing factories.

 

43

 

 Cadmium,
another heavy metal used widely in industries (electroplating, battery electrode
production, galvanizing, plastics, alloys, paint pigments) and present in soil, coal,
water, and cigarette smoke, is a testicular toxicant.

 

44

 

 In animal studies, cadmium has
been shown to cause strain-dependent severe testicular necrosis in mice.

 

45

 

 Cadmium-
DNA binding and inhibition of sulfhydryl-containing proteins mediate cadmium
toxicity directly or through transcription mechanisms. It can also induce the expres-
sion of heat shock proteins, oxidative stress response genes, and heme oxygenase
induction mechanisms.

 

46

 

 Further study is needed to delineate the specific gonadot-
oxic mechanisms involved. Clinical studies have associated cadmium exposure with
testicular toxicity, altered libido, and infertility

 

.

 

9.5.2 P

 

HARMACOLOGIC

 

 A

 

GENTS

 

Many pharmacologic drugs, chemotherapeutic agents, and radiation therapy are
known to adversely affect male reproduction.

 

9.5.2.1 Anabolic Steroids

 

Anabolic steroids, which are mostly synthetic pharmacological agents, affect normal
endocrine functions. The use or abuse of these anabolic steroids mainly among
athletes has grown to epidemic proportions. This has resulted in severe oligozo-
ospermia and decreased libido. The hypogonadotropic hypogonadism due to feed-
back inhibition of the hypothalamus–pituitary axis is the most common cause of
severe impairment of normal sperm production in this population.

 

47

 

 These defects
can be reversed within four months of non-use; however, sporadic azoospermia has
been reported in some young men even 1 year after cessation of chronic anabolic
steroid use.

 

48

 

 

 

9.5.2.2 Estrogens

 

Animals and human exposed to estregens in utero have shown  developmentally
estregenized male phenotype-retained or cryptorchid testes, decrease in sperm num-
ber, increase in abnormal sperm, retained Müllerian ducts, epididymal cysts, hypos-
padias, and prostatic disease.

 

49

 

 The genes involved in the process of male genital
tract morphogenesis are only now being identified. The acute or persistent modula-
tion of the expression of developmentally critical or hormone-responsive gene in
the male genital tract by estregenic compounds is currently ongoing in numerous
laboratories.

 

49

 

9.5.2.3 Chemotherapeutic Agents

 

Many antimicrobials (e.g., tetracycline derivatives, sulfa drugs, nitrofurantoin, and
macrolide agents, like erythromycin) impair spermatogenesis and spermatozoal
function.

 

50,51

 

 As early as 1954, antibacterial agents were reported to be toxic to
spermatozoa. Cancer chemotherapy usually damages the germinal epithelium.

 

52
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Mechlorethamine, extensively used as nitrogen mustard during the Second World
War, causes spermatogenic arrest.

 

53

 

 Many common cytotoxic agents cause a dose-
dependent progressive decrease in sperm count, leading to azoospermia.

 

54

 

 Postmei-
otic germ cells are specifically sensitive to cyclophosphamide treatment, with abnor-
malities observed in progeny.

 

55

 

 Chronic low-dose cyclophosphamide treatment in
men may affect the decondensation potential of spermatozoa due to the alkylation
of nuclear proteins or DNA. This is likely to affect pre- and post-implantation loss
or contribute to congenital abnormalities in offspring.

 

56

 

 Combination therapy with
alkylating agents has been shown to improve survival in the treatment of Hodgkin’s
disease, lymphoma, and leukemia. However, such combination therapy has induced
sterility in most adults, as revealed by complete germinal aplasia in testicular biopsy
specimens.

 

57

 

  
In general, the severity of testicular damage is related to the category of che-

motherapeutic agent used, the dose and duration of therapy, and the developmental
stage of the testis. The recovery of spermatogenesis is variable and depends upon
the total therapeutic dose and duration of treatment.

 

58

 

 The effects of cytotoxic drugs
on the testicular function of children are inconclusive, due to the relative insensitivity
in detecting such damage with available technology; however, the prepubertal and
adolescent testes are reportedly affected less by chemo- and radiation therapy than
is the postpubertal testis.

 

59

 

 The use of testicular biopsy, semen analysis, and assess-
ment of the HPG axis

 

52

 

 can commonly achieve the evaluation of testicular toxicity. 

 

9.5.2.4 Radiation Therapy

 

Radiotherapy is alternatively used for the treatment of seminomatous germ cell
tumors and lymphomas. Testicular damage due to radiation exposure (X-rays, neu-
trons, and radioactive materials) is generally more severe and difficult to recover
than that induced by chemotherapy. Radiation effects on the testes depend on the
schedule (total dose, number of fractions, duration) of the delivered irradiation, as
well as the developmental stage of the germ cell in the testes at the time of exposure.

 

59

 

In general, germ cells are the most radiosensitive. A direct dose of irradiation to the
testes greater than 0.35 Gy causes aspermia. The time taken for recovery increases
with larger doses, and doses in excess of 2 Gy will likely lead to permanent
azoospermia. At higher radiation doses (> 15 Gy), Leydig cells will also be affected.

 

60

 

Vulnerability of the testis to irradiation depends upon the age and the pubertal status
of the male. In addition to direct damage to the testes, whole body irradiation can
also damage the hypothalamic–pituitary axis and affect  reproductive capability.

 

61

 

  

 

9.6 MECHANISM(S) OF ACTION OF ENDOCRINE 
DISRUPTORS

 

Due to the complexity of the interactions involved in normal gonadal function and
hormonal communication, any of these loci could be involved mechanistically in a
toxicant’s endocrine-related effect. Such impaired hormonal control could occur as
a consequence of altered hormone synthesis, storage/release, transport/clearance,
receptor recognition/binding, or post-receptor responses.
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9.6.1 A

 

LTERED

 

 H

 

ORMONE

 

 S

 

YNTHESIS

 

A number of agents possess the ability to inhibit the synthesis of various hormones.
Some of these agents inhibit specific enzymatic steps in the biosynthetic pathway
of steroidogenesis (e.g., aminoglutethimide, cyanoketone, ketoconazole). Some fun-
gicides block estrogen biosynthesis by inhibiting aromatase activity. Environmental
estrogens and antiandrogens alter protein hormone synthesis induced by gonadal
steroids. Both estrogen and testosterone have been shown to affect pituitary hormone
synthesis directly or through changes in the glycosylation of LH and FSH.

 

62

 

 A
decrease in glycosylation of these glycoproteins reduces the biological activity of
the hormones. Any environmental compound that mimics or antagonizes the action
of these steroid hormones could presumably alter glycosylation.

 

9.6.2 A

 

LTERED

 

 H

 

ORMONE

 

 S

 

TORAGE

 

 

 

OR

 

 RELEASE

Steroid hormones do not appear to be stored intracellularly within membranous
secretory granules. For example, testosterone is synthesized by the Leydig cells of
the testis and released on activation of the LH receptor. Thus, compounds that block
the LH receptor or the activation of the 3′,5′-cyclic AMP-dependent cascade involved
in testosterone biosynthesis can rapidly alter the secretion of this hormone. The
release of many protein hormones is dependent on the activation of second messenger
pathways, such as cAMP, phosphatidylinositol 4, 5-bisphosphate (PIP2), inositol 1,
4, 5-trisphosphate (IP3), tyrosine kinase, and Ca++. Interference with these processes
consequently will alter the serum levels (availability) of many hormones. Several
metal cations have been shown to disrupt pituitary hormone release, presumably by
interfering with Ca++ flux.63  

9.6.3 ALTERED HORMONE TRANSPORT AND CLEARANCE

Hormones are transported from blood in the free or bound state. Steroid hormones
are transported in the blood by specialized transport (carrier) proteins known as sex-
steroid hormone-binding globulin (SHBG) or testosterone-estrogen-binding globulin
(TEBG). Regulation of the concentration of these binding globulins in the blood is
of practical significance because there may be either increases or decreases that
could affect steroid hormone availability. For example, DDT analogs are potent
inducers of hepatic microsomal monooxygenase activities in vivo.64 Induction of this
monooxygenase activity by treatment with DDT analogs could possibly cause a
decrease in testicular androgen as a result of enhanced degradation. Similarly, treat-
ment with lindane (gamma-hexachlorocyclohexane) has been reported to increase
the clearance of estrogen.65  

9.6.4 ALTERED HORMONE RECEPTOR RECOGNITION/BINDING

Hormones elicit responses on their respective target tissues through direct interac-
tions with either intracellular receptors or membrane-bound receptors. Specific bind-
ing of the natural ligand to its receptor is a critical step in hormone function.
Intracellular (nuclear) receptors, such as those for sex steroids, adrenal steroids,
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thyroid hormones, vitamin D, and retinoic acid, regulate gene transcription in a
ligand-dependent manner through their interaction with specific DNA sequences
(response elements). A number of environmental agents may alter this process by
mimicking the natural ligand and acting as an agonist or by inhibiting binding and
acting as an antagonist. The best-known examples are methoxychlor, chlordecone
(Kepone), DDT, some PCBs, and alkylphenols (e.g., nonylphenols and octylphe-
nols), which can disrupt estrogen receptor function.66,67 The anti-androgenic action
of the dicarboximide fungicide vinclozolin is the result of an affinity of this com-
pound’s metabolites for the androgen receptor.21 Interestingly, the DDT metabolite
p, p′-DDE has been found to bind also to the androgen receptor and block testoster-
one-induced cellular responses in vitro.68  

Many of the chemicals classified as environmental estrogens can actually inhibit
binding to more than one type of intracellular receptor. For example, o,p-DDT and
chlordecone can inhibit endogenous ligand binding to the estrogen and progesterone
receptors, with each compound having IC50s that are nearly identical for the two
receptors. Receptors for protein hormones are located on and in the cell membrane.
When these hormones bind to their receptors, transduction of a signal across the
membrane is mediated by the activation of second messenger systems. These may
include (a) alterations in G-protein/cAMP-dependent protein kinase A (e.g., after
LH stimulation of the Leydig cell), (b) phosphatidylinositol regulation of protein
kinase C and inositol triphosphate (e.g., after GnRH stimulation of gonadotrophs;
thyrotropin releasing hormone stimulation of thyrotrophs), (c) tyrosine kinase
(e.g., after insulin binding to the membrane receptor), and (d) calcium ion flux.
Xenobiotics thus can disrupt signal transduction of peptide hormones if they interfere
with one or more of these processes.

9.6.5 ALTERED HORMONE POST-RECEPTOR ACTIVATION

Once the endogenous ligand or an agonist binds to its receptor, a cascade of events
is initiated, indicative of the appropriate cellular response. This includes the response
necessary for signal transduction across the membrane, or in the case of nuclear
receptors, the initiation of transcription and protein synthesis. A variety of environ-
mental compounds can interfere with the membrane’s second messenger systems.
For example, cellular responses that are dependent on the flux of calcium ions
through the membrane (and the initiation of the calcium/Calmodulin-dependent
cellular response) are altered by a variety of environmental toxicants. Interestingly,
the well-known antiestrogen tamoxifen also inhibits protein kinase C activity.69

Alternatively, the phorbol esters are known to mimic diacylglycerol and enhance
protein kinase C activity.

Steroid hormone receptor activation can be modified by indirect mechanisms,
such as a down-regulation of the receptor (temporary decreased sensitivity to ligand)
as seen after TCDD exposure (including the estrogen, progesterone, and glucocor-
ticoid receptors).70,71 Consequently, because of the diverse known pathways of endo-
crine disruption, any assessment must consider the net result of all influences on
hormone receptor function and feedback regulation.
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9.6.6 INDUCTION OF OXIDATIVE STRESS 

“Oxidative stress” is a condition associated with an increased rate of cellular damage
induced by oxygen and oxygen-derived free radicals commonly known as reactive
oxygen species (ROS), which belong to the class of free radicals. Chronic disease
states, aging, toxin exposure, physical injury, and exposure to many types of envi-
ronmental contaminants can enhance this oxidative process and cause gonadal dam-
age.72 Similarly, the generation of nitric oxide (NO) and reactive nitrogen species
(RNS) has recently been found to have an astounding range of biological roles
including vascular tone and inflammation and as a mediator of many cytotoxic and
pathological effects.73 NO generation in response to toxic exposure associated with
hormonal imbalance can contribute to poor sperm motility and function, leading to
infertility.74 Nitric oxide and superoxide radicals combine to form highly reactive
peroxynitrite radicals, which induce endothelial cell injury.75 This may result in
altered blood flow to the testis and impair testicular function. 

The assumption that free radicals can influence male fertility has received sub-
stantial scientific support.76 The proposed mechanism for loss of testicular and sperm
function due to oxidative stress has been shown to involve excessive generation of
ROS.77 Free radicals can damage DNA and proteins, either through oxidation of
DNA bases (primarily guanine via lipid peroxyl or alkoxyl radicals) or through
covalent binding to MDA, resulting in strand breaks and cross-linking.78 ROS can
also induce oxidation of critical -SH groups in proteins and DNA, which will alter
cellular integrity and function with an increased susceptibility to attack by toxicants
(Figure 9.1). Oxidative stress is theoretically the result of an improper balance
between ROS generation and intrinsic scavenging activities. Adequate levels of
superoxide dismutase (SOD), catalase, and probably glutathione (GSH) peroxidase
and reductase normally maintain the free radical scavenging potential in the testes.
This balance can be referred to as oxidative stress status (OSS), and its assessment
may play a critical role in monitoring testicular toxicity and infertility.14  

9.7 ASSESSMENT OF TOXICITY

Several methods are being evaluated for the assessment of the effects of toxicants
on the male reproductive system. Essentially, any risk assessment usually has four
components: (1) hazard identification, (2) dose-response assessment, (3) human-
exposure assessment, and (4) risk characterization. The hazard identification and
dose-response data are developed from experimental animal studies that may be
supplemented with data from in vitro studies. This information is then extrapolated
and integrated to characterize and assess the risk to the human population. 

The most common approach to evaluate the effect of cytotoxic drugs on the
testis has used testicular biopsy, semen analysis, and endocrine assessment of the
hypothalamic–pituitary–testicular axis (Table 9.2). Research on testicular toxicology
has been advanced significantly by the introduction of in vitro testing systems. In
vivo systems, however, are still essential parts of the risk assessment process, and
they are unlikely to be eliminated by in vitro models. 
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9.7.1 IN VITRO SYSTEMS

In vitro systems are uniquely suited to investigate specific cellular and molecular
mechanisms in the testis and thus improve risk assessment.79 These in vitro models
can be used alone or in combination with each other to test hypotheses about
testicular toxicity. An original toxicant, its metabolites, the precursors, or selective
inhibitors can be individually administered to isolated cell types to evaluate specific
toxicity mechanisms and to note the interaction of adjacent cell types. Numerous in
vitro model systems are described in the literature, including Sertoli-germ cell co-
cultures;80 Sertoli cell-enriched cultures;81,82 germ cell-enriched cultures;83 Leydig
cell cultures;40 Leydig-Sertoli cell co-cultures;84 and peritubular and tubular cell
cultures.80,84 These in vitro systems are the only way to directly compare human and
animal responses and to screen a class of compounds for new product development.
Though these in vitro systems are a valuable adjunct to the in vivo test system, they
do not replace the in vivo data, because they cannot provide all the facts essential

FIGURE 9.1
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for hazard assessment. Moreover, certain dynamic changes associated with sper-
matogenesis are difficult to model in vitro. For example, the release of elongated
spermatids by the Sertoli cells (spermiation), which is commonly inhibited by boric
acid and methyl chloride, can only be studied at present by specific in vivo systems. 

9.7.2 IN VIVO SYSTEMS

In vivo methods are important tools to study the integrated male reproductive system.
The complete in vivo assessment of testicular toxicity involves multigenerational
studies, now required by most regulatory agencies. These multigenerational studies
have a complex design, because testicular function and spermatogenesis are very
complicated processes. The spermatogenic cycle is highly organized throughout the
testis. In the rat, it requires 53 days. If a toxicant affects the immature spermatogonia,
the effect may not be detectable as a change in mature sperm before 7 to 8 weeks.
Effects on more mature germ cells would be detected sooner. To test the sensitivity
of all stages of spermatogenesis, the exposure should last the full duration of the
cycle. This cannot be achieved in vitro, because germ cell differentiation and the
physical relationship of stages within the tubules are lost in cell culture systems.
The germ cells are entirely dependent upon the Sertoli cells for physical and

TABLE 9.2
Evaluation of Effect of Hormonal Disruptors in the Adult Male

Potential Sites Effects Evaluative Tests             

Testis Necrosis Weight, Histopathology 
Leydig cells LH/PRL Receptor analysis, RIA 

T biosynthesis/secretion In vitro production and hormone assay
Sertoli cells FSH/Inhibin/Steroids Receptor analysis, RIA

Sertoli/Leydig cell function In vitro tests (co-culture)
Blood-testis barrier Morphology

Seminiferous Tubules Spermatogonial mitosis Germ cell count and % tubules without 
germ cells

Spermatocyte meiosis  Spermatid counts and % tubules with 
luminal sperm

Spermatid differentiation Germ-cell culture, morphology
Epididymis Sperm maturation Histopathology, biochemical tests
Brain Hypothalamic–pituitary axis Pituitary cell-culture, hypothalamus 

perfusion, histopathology, hormone 
challenge, accessory sex-organ 
weights

Seminal Fluid Daily sperm production Spermatid counts and semen evaluation 
Blood HPG axis Hormones/ABP assays

Abbreviations: LH (luteinizing hormone); PRL (prolactin); FSH (follicle-stimulating hormone); ABP
(androgen binding protein); HPG (hypothalamic-pituitary-gonadal).
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biochemical support. Complicated endocrine and paracrine systems control Sertoli
cells, Leydig cells, and germ cells. 

Besides the loss of paracrine interactions, the altered metabolic activity of target
or adjacent cells and difficulty in isolating and testing certain spermatogenic stages
are other significant limitations of in vitro assessment of testicular toxicity.79 In
addition, for accurate identification of stage-specific lesions of the seminiferous
epithelium, critical evaluation of morphological structures is very important. Because
germ cells are continuously dividing and differentiating, the staging of spermatoge-
nesis has proven to be an extremely sensitive tool to identify and characterize even
subtle toxicological changes.

9.7.3 SPERM NUCLEAR INTEGRITY ASSESSMENT

Recent attention has been focused on assessments of sperm morphology and phys-
iology as important endpoints in reproductive toxicology testing.85 Structural stabil-
ity of sperm nuclei varies by species, appears to be enhanced by the oxidation of
protamine sulfhydryl to inter- and intra-molecular disulfide bonds, and is a function
of the types of protamine present. Chemicals may disrupt the structural stability of
sperm nuclei, which depend upon their unique packaging either during spermato-
genesis or sperm maturation. Decondensation of an isolated sperm nucleus in vitro
can be induced by exposure to disulfide reducing agents, and the time taken to induce
extensive decondensation (assay end) is considered to be inversely proportional to
the stability of the sperm nucleus. This “sperm activation assay” is also useful in
the evaluation of some cases of unexplained infertility.86 Human sperm decondenses
most rapidly, followed by that of the mouse and of the hamster, while rat sperm
nuclei showed a slower decondensation.87  

Other tests, called DNA stability assay or sperm chromatin structure assay
(SCSA), use direct evaluation of sperm chromatin integrity and may provide infor-
mation about genetic damage to sperm. A shift in DNA pattern (from double-stranded
intact DNA to denatured single-stranded) can be induced by a variety of mutagenic
and chemical agents and evaluated either by DNA flow cytometric analysis or by
sperm chromatin structure assay.88,89 A single-cell gel electrophoresis (Comet) assay,
which uses fluorescence intensity measurements by microscopy and image analysis,
has also been recently developed.86 A shift in the DNA pattern can also be evaluated
by acridine orange staining, where double-stranded DNA is stained green and single-
stranded DNA is stained red. Animals exposed to known mutagens demonstrate
increased amounts of single-stranded DNA, indicating an increase in genetic dam-
age.90,91  

DNA flow cytometry is a very useful tool that permits rapid, objective assessment
of a large number of cells, but may not be readily available. Comet assay, when
combined with centrifugal elutriation, can provide a useful in vitro model to study
differences in metabolism and the susceptibility of different testicular cell types to
DNA damaging compounds. Thus, new findings through these systems should lead
to greater knowledge about why a chemical or class of chemicals can cause testicular
toxicity.

2281_C009.fm  Page 305  Thursday, October 21, 2004  2:22 PM

© 2005 by CRC Press



306 Endocrine Disruptors: Effects on Male and Female Reproductive Systems

9.8 SCIENTIFIC DEBATE

In the wake of media coverage dealing with possible reproductive health and cancer
concerns,92 a few toxicologists have questioned whether these adverse health effects
can be attributed to environmental endocrine disruption.93,71 Arguments for a demon-
strable link between hormone-disruptive environmental agents and human reproduc-
tive health effects are supported by the fact that many pesticides and other agents
with estrogenic or antiandrogenic activity operate via hormone receptor mechanisms.
However, in the few studies of suspected weak estrogens, like the alkylphenols,
some 1000 to 10,000 times or up to 106 more agent is required to bind 50% of the
estrogen receptor than estradiol itself.67 Of course, crucial to risk assessment is the
need to know how many receptors must be occupied before activation of a response
can ensue. For some hormones such as human chorionic gonadotropin (hCG), as
little as 0.5% to 5% receptor occupancy is required for full activation of response.
For other hormones (those that require protein synthesis for expression of effect),
higher levels of receptor occupancy are needed.

Fluctuations of hormone concentration and receptor activities, by design, absorb
some environmental and physiological challenges to maintain homeostasis in adults.
Only when the equilibrium control mechanisms are overwhelmed do the deleterious
effects occur. An important question is whether homeostatic mechanisms are oper-
ative in the embryo and fetus.

Some investigators94 have proposed the use of in vitro assays to screen for
estrogenic or other hormonal activity. While steroid receptors bound to their ligand
act as transcription factors for gene expression in the target tissue, simple in vitro
screening assays based on binding to a receptor are not sufficient in themselves for
measuring hormone activity. Binding of ligand to its specific receptor must be
correlated with a physiologic response.

9.9 SUMMARY

The observation that humans have experienced increased incidences of developmen-
tal, reproductive, and carcinogenic effects, and the formulation of a working hypoth-
esis that these adverse effects may be caused by environmental chemicals acting to
disrupt the endocrine system that regulates these processes, is supported by obser-
vations of similar effects in aquatic and wildlife species. In other words, a common
theme runs through both human and wildlife reports.

In contrast, the hypothesis that the reported increased incidence of human can-
cers and reproductive abnormalities and infertility can be attributed to an endocrine-
disruption phenomenon is called into question for several reasons. First, secretion
and elimination of hormones are highly regulated by the body, and mechanisms for
controlling modest fluctuations of hormones are in place via negative feedback
control of hormone concentrations. Therefore, minor increases of environmental
hormones following dietary absorption and liver detoxification of these xenobiotics
may be inconsequential in disrupting endocrine homeostasis. 

Second, low ambient concentrations of chemicals along with low affinity binding
of purported xenobiotics to target receptors probably are insufficient to activate an
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adverse response in adults. Whether the fetus and the young are capable of regulating
minor changes to the endocrine milieu is uncertain. Finally, the data are not available
for mixtures of chemicals that may be able to affect endocrine function. At the same
time, in the case of environmental estrogens as endocrine disruptors, it is known
that competition for binding sites by antiestrogens in the environment may moderate
estrogenic effects of some chemicals. Clearly, more research to fill data gaps and to
remove the uncertainty in these unknowns is needed.

With few exceptions (e.g., DES), a causal relationship between exposure to a
specific environmental agent and an adverse effect  on human health operating via
an endocrine disruption mechanism has not been established. Short-term screening
studies could be developed and validated in an effort to elucidate mechanism.
Through controlled dose-response studies, it appears that these compounds (e.g.,
alkyl phenol ethylates and their degradation products, chlorinated dibenzodioxins
and difurans, and polychlorinated biphenyls), can induce irreversible induction of
male sex characteristics on females (imposex), which can lead to sterility and reduced
reproductive performance.

In conclusion, a variety of extraneous and internal factors can induce testicular
toxicity leading to poor sperm quality and male factor infertility. Unfortunately,
several of these influences (e.g., glandular infection, environmental toxicants that
are mainly estrogenic chemicals, nutritional deficiencies, aging, ischemia, and oxi-
dative stress) disrupt the hormonal milieu and have been underestimated. Partial
androgen insensitivity mainly due to altered androgen-to-estrogen balance may
contribute to significant oligozoospermia. The role of chronic inflammation on the
reproductive organs is not completely understood because it is asymptomatic and is
difficult to demonstrate objectively. 

There is an urgent need to characterize all the factors involved and to develop
reliable animal models of testicular disease. No major advances have been made for
the medical management of poor sperm quality. The application of assisted repro-
ductive techniques such as ICSI to male infertility, regardless of cause, does not
necessarily treat the cause and may inadvertently pass on adverse genetic conse-
quences. Clinicians should always attempt to identify the etiology of a possible
testicular toxicity, assess the degree of risk to the patients being evaluated for
infertility, and initiate a plan to control and prevent exposure to others once an
association between occupation/exposure and infertility has been established.
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ABSTRACT

 

 

 

Within the last 10 years, awareness has grown about environmental chemicals that
display antiandrogenic or androgenic activity. While studies in the early 1990s focused
on pesticides that acted as androgen receptor (AR) antagonists, it soon became evident
that this was not the only endocrine mode of action by which man-made chemicals
could disrupt the androgen signaling pathway. Several classes of antiandrogenic tox-
icants have been shown to act as AR antagonists, while others inhibit Leydig cell
testosterone production; other pesticides display dual endocrine-disrupting chemical
(EDC) mechanisms of action, being AR antagonists and inhibitors of testosterone
synthesis. Recently, we learned that toxicants can also alter sexual differentiation by
inhibiting insl3 mRNA production during sexual differentiation. 

The classes of chemicals known to interfere with the androgen signaling pathway
include dicarboximide fungicides (e.g., vinclozolin), organochlorine-based insecti-
cides (p,p

 

′

 

 DDT and DDE), conazole fungicides (prochloraz), plasticizers (phtha-
lates), and urea-based herbicides (linuron). 

 

In utero 

 

exposure to these “antiandro-
genic” chemicals results in profiles of effects in the offspring that are pathognomonic
for each mode of action. Mixture studies reveal that these chemicals generally induce
cumulative dose-additive responses when co-administered with one another. 

Although we have known about estrogen-mimics for decades, androgens of
anthropogenic origin were only found in the environment in 2001. Recent studies
from several laboratories around the world reported that effluents from pulp and
paper mills display androgenic activity, often of sufficient potency to masculinize
or sex-reverse female fish. Within the last year or two we also have learned that
effluent from beef cattle feedlots was androgenic and may contain 17 beta trenbolone,
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a steroid used to promote growth in cattle. In summary, we are only beginning to
understand what classes of chemicals have the potential to act as EDCs by altering
the androgen signaling pathway. Although we have little data from field studies on
the effects of these chemicals or their levels in the environment, animal studies
demonstrate that antiandrogens have the potential to alter male sexual differentiation
and reproductive development, whereas the androgenic substances can masculinize
and defeminize females.  

 

10.1 INTRODUCTION

 

Wildlife populations from contaminated ecosystems display a variety of reproductive
and endocrine alterations including sex reversal, vitellogenin production in male
oviparous vertebrates, reduced phallus size in alligators, masculinized females with
imposex in snails, male-like gonopodia in mosquitofish, and altered social behavior
in birds.

 

1, 2

 

 In some cases, clear cause-and-effect relationships exist between exposure
to endocrine-disrupting chemicals (EDCs) and adverse effects in fish, wildlife, and
domestic animals. Within the last ten years, scientists recognized that some envi-
ronmental chemicals display antiandrogenic or androgenic activity.

 

3-6

 

 To this end,
we have investigated the 

 

in vivo

 

 and 

 

in vitro

 

 effects of suspect androgenic and
antiandrogenic substances. While studies in the early 1990s focused on pesticides
that acted as androgen receptor  antagonists,

 

7-9

 

 it soon became evident that this was
not the only endocrine mode by which toxicants disrupted the androgen signaling
pathway.

 

10–13

 

 Several classes of toxicants disrupt sex differentiation and onset of
puberty in males by inhibiting androgen synthesis in the fetal or pubertal rat testis.
Some of these, like the conazole fungicide prochloraz,

 

14

 

 directly inhibit Leydig cell
testosterone production, whereas phthalate plasticizers alter fetal development by
inhibiting Leydig cell differentiation and testosterone

 

11,12

 

 and insl3

 

13

 

 hormone pro-
duction during sex differentiation. Linuron and prochloraz act both as AR
antagonists

 

14,15

 

 and inhibitors of testosterone synthesis, while only prochloraz inhib-
its aromatase activity.

 

16

 

 Many of these hormonally active environmental substances,
then, are somewhat promiscuous in their ability to interact with the endocrine system
at different levels of function.

The classes of chemicals known to interfere with the androgen signaling pathway
include dicarboximide fungicides (vinclozolin), organochlorine-based insecticides
(p,p

 

′

 

 DDT and DDE), conazole fungicides (prochloraz), plasticizers (phthalates),
and urea-based herbicides (linuron). 

 

In utero 

 

exposure to these “antiandrogenic”
chemicals results in profiles of effects in the offspring that are pathognomonic for
each mode of action. Mixture studies with AR antagonists and phthalate esters reveal
cumulative dose-additive responses with co-administration.

 

5,17

 

 
Although we have known about estrogen-mimics for decades, androgens of

anthropogenic origin were found in the environment only within the last few years.
Since 2001, several studies from laboratories around the world reported that effluents
from pulp and paper mills displayed androgenic activity,

 

18-22

 

 often with sufficient
potency to masculinize or sex-reverse female fish. Within the last year or two, we
learned that effluent from beef cattle feedlots was androgenic, in part due to the
presence of 17 beta trenbolone, a growth promoter.

 

23,24

 

 In summary, we are only
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beginning to understand what classes of chemicals have the potential to act as EDCs
by altering the androgen signaling pathway. As such, a systematic approach to EDC
identification is required if we are to understand the complete spectrum of chemicals
that disrupt reproductive development and function via endocrine mechanisms. Iden-
tification of such EDCs is important because animal studies demonstrate that anti-
androgens have the potential to alter male sexual differentiation and reproductive
development,

 

3,15,25-29

 

 whereas the androgenic substances have the potential to mas-
culinize and defeminize females

 

24,30

 

 if exposure is sufficiently high during a critical
period of development. 

 

10.1.1

 

I

 

N

 

 V

 

ITRO

 

 

 

AND
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IVO
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NDROGENIC
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FFECTS
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F
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Environmental chemicals with androgenic activity have only been detected recently.
Several independent research groups have detected androgenic activity in pulp and
paper mill effluent (PME) from Florida, the Baltic Sea, the Great Lakes, and New
Zealand. Two groups, including our own

 

18

 

 and the laboratory of Dr. E. Wilson at
the University of North Carolina, Chapel Hill (UNC),

 

31

 

 found that kraft pulp and
paper mill effluent from sites on the Fenholloway River in Florida include a chemical
mixture that binds AR and induces androgen-dependent gene expression 

 

in vitro

 

.
This mode of action is consistent with the masculinized female fish (

 

Gambusia
holbrooki

 

) found in this river downstream from the plant and with the physical
evidence suggesting that water samples collected from sites downstream from the
mill all displayed androgenic activity, whereas water samples taken upstream of the
plant or from a nearby river did not display androgenicity (Figure 10.1). Although
this endocrine activity was originally thought to arise from high concentrations of
androstenedione in the effluent,

 

31, 32

 

 it was subsequently determined that this steroid
was not among the chemicals in the active fraction,

 

21

 

 as evaluated in a Toxicity
Identification Evaluation conducted following USEPA guidelines. 

The idea that substances in the environment with androgenic activity has long
been suspected because female mosquitofish from contaminated sites on this river
display an anal fin that is enlarged into a male-like gonopodium,

 

33

 

 an effect that was
first observed in the 1970s and persists in many of the fish today (Figure 10.2). The
anal fin in the male mosquitofish is modified by androgens into an elongated gonop-
odium, which is used by the male during mating to deposit sperm, this species having
internal fertilization and bearing live young. Masculinized female mosquitofish
(Figure 10.2) have an elongated, male-like anal fin that contains more segments than
a normal female. In a sample of several hundred fish from contaminated sites on
the Fenholloway River, the frequency distribution of anal fin ray segments ranges
from normal to completely male-like, with the majority of females having anal fins
that are intersex with regard to the numbers of segments in the fin (Figure 10.2).
This is in stark contrast to the fewer number of fin segments in female mosquitofish
taken from the cleaner Ecofina River, which does not receive effluent from the pulp
mill. Masculinization of the anal fin and mating behavior has been achieved in female
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FIGURE 10.1

 

In vitro 

 

androgenic effects of pulp mill (a) and beef cattle feedlot (b) effluents. CV-1 cells, transiently cotransfected with hAR and MMTV-luc genes, are
stimulated by pulp mill and feedlot effluents in an androgenic manner to about the same degree as the stimulation induced by the positive control dihydrotestosterone
(DHT). In Figure A the highest level of androgenicity is displayed at site PME1 at the discharge point of the effluent into the Fenholloway River  18   (see Parks et al.  

18

  for
details on the assays and a site map of the collection points). PME2 and PME3 are sites on the river downstream from the discharge point, with site 2 being closer to the
mill than site 3. Media refers to the media control, while Up Fen is a site on the Fenholloway River upstream from the pulp mill. For analyses, all data were normalized
to the media control and are described as fold induction over media. Econfina refers to a water sample collected from the Econfina River, which is near the Fenholloway
River and arises from the same headwaters but is not contaminated by pulp mill effluent. Figure B displays the data from the eastern Nebraska feedlot effluent sample,
termed FLE, which flows into the Elkhorn River.

 

35

 

 The androgenic activity of the FLE sample is from this site is far greater than the media control but does not differ
significantly from 1 nM DHT, the positive control. Data are from Orlando et al.

 

35
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FIGURE 10.2

 

Population frequency histograms of anal fin ray segmentation. Female mosquitofish from the Fenholloway River display masculinized
anal fins (in white) having a greater number of segments in the longest ray of the anal fin as compared to females (in black) from the Econfina River,
a nearby river from the same watershed that does not receive pulp mill effluent. For comparison, the data from males (in gray) from the Econfina River
also are shown to confirm the sex dimorphism of this reproductive trait. Data are from Parks et al.

 

18
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mosquitofish in the laboratory with exposures to pulp mill effluent from the Fen-
holloway River

 

34

 

 and from New Zealand.

 

22

 

 
The androgenic potential of a New Zealand pulp and paper mill effluent was

measured by applying assays with mosquitofish (

 

Gambusia affinis

 

) and goldfish
(

 

Carassius auratus

 

).

 

22

 

 Female mosquitofish exposed for 21 days to untreated or
secondary-treated pulp mill effluent displayed significant masculinization of the
gonopodium, with the degree of gonopodial masculinization being reduced with
secondary-treatment of the effluent, a process that removes some of the androgenic
substances in the water. Male mating behavior also was observed in the masculinized
females. 

 

In vitro

 

, kraft effluent extract bound to androgen receptors from goldfish
testis cytosol. The androgenic compounds androstenedione and testosterone were
not detected in the extracts used for the 

 

in vitro

 

 component of this study.
Male-biased sex ratios of fish embryos have been reported near a pulp mill on

the Swedish Baltic coast. Broods from the eelpout (

 

Zoarces viviparus)

 

 were signif-
icantly male biased in the vicinity of a large kraft pulp mill on the Swedish Baltic
coast, suggesting that masculinizing compounds in the effluent were affecting
gonadal differentiation and promoting skewed sex ratios.

 

19

 

 Investigations at 13 sites
for up to 4 years showed a relatively stable sex ratio around 50/50, except at locations
in close proximity to the mill. The eelpout produced male-biased broods close to
the mill. Interestingly, when the mill shut down for a period of time, which coincided
with the stage of development when the eelpout gonads were differentiating, the sex
ratios were no longer male biased. However, the following year after the mill
reopened, the male bias reappeared.

 

10.2

 

IN VITRO 

 

AND 

 

IN VIVO

 

 STUDIES WITH FEEDLOT 
EFFLUENTS AND TRENBOLONE, AN ANABOLIC 
STEROID PRESENT IN SOME CATTLE FEEDLOT 
EFFLUENTS

 

The androgenic anabolic steroid trenbolone acetate is licensed as a growth promoter
for farm animals in the U.S. and several other countries. Even though it is used in
several million beef cattle in the U.S., a risk assessment of its potential effects on
fish and wildlife has yet to be conducted. It was recently demonstrated that this
androgen was found in an active form in the environment and persists for long
periods

 

23

 

 in some samples. In an 8-week study, cattle were treated with trenbolone
acetate and liquid manure was collected and spread on fields after several months
of storage. During storage, the level of trenbolone decreased from 1700 to 1100
pg/g of the active 17 alpha-isomer, corresponding to a half-life of 267 days. In a
study conducted using cattle feedlot effluent from Nebraska, we found a high level
of androgenicity in the effluent (Figure 10.1), and our colleagues at the Universities
of Nebraska and Florida found that wild fathead minnows 

 

(Pimephales promelas)

 

displayed morphological (50% reduction in testis weight) and endocrine (abnormal
testosterone/estradiol ratios)

 

35

 

 alterations compared to fish from a non-contaminated
reference site. At this time, we have not determined whether the androgenic activity
in this sample arises from natural steroids or from trenbolone. 

 

2281_C010.fm  Page 319  Thursday, October 21, 2004  2:37 PM

© 2005 by CRC Press



 

320

 

Endocrine Disruptors: Effects on Male and Female Reproductive Systems

 

Wilson et al.

 

24

 

 found that 17 beta trenbolone was as potent 

 

in vitro

 

 and 

 

in vivo

 

as are the most potent natural and synthetic androgens. It displays high affinity for
human and fish androgen receptors and induces androgen-dependent gene expression

 

in vitro

 

 in MDA-KB2 cells at the same concentrations as dihydrotestosterone (DHT).
In a short-term 

 

in vivo

 

 assay of androgenicity using the immature-castrate male rat,
trenbolone was as potent as testosterone propionate (sc) in inducing growth of
androgen-dependent muscles (the levator ani-bulbocavernosus complex). However,
trenbolone was less effective than testosterone in stimulating growth of the ventral
prostate. This pharmacological behavior is typical of a C19 norandrogen like tren-
bolone, as they are not activated to more potent androgens by 5 alpha reductase, an
enzyme present in high concentrations in the prostate but not muscle. When admin-
istered (sc) 

 

in utero

 

, 17 beta trenbolone masculinized female rat offspring

 

24

 

 at the
same concentrations as did (sc) testosterone propioniate.

 

30

 

 Although the ability of
trenbolone to induce reproductive tract malformations in androgen-sensitive tissues
is not surprising, the developmental toxicity and multigenerational reproduction
studies used in a risk assessment of the potential effects of this steroid on human
health did not detect these malformations in developmentally exposed animals. 

Some of the greatest concerns about the effects of trenbolone relate to its
potential effects on terrestrial and aquatic ecosystems around these feedlots because
they are likely to be contaminated with the highest levels of this chemical and its
metabolites. In this regard, Ankley et al.

 

36

 

 studied the effects of the androgenic
growth promoter 17-beta-trenbolone on fecundity and reproductive endocrinology
of the fathead minnow (

 

Pimephales promelas

 

). A competitive binding study with
the fathead minnow androgen receptor demonstrated that 17-beta-trenbolone had a
higher affinity for the receptor than did testosterone. When male and female fish
were exposed for 21 days to nominal concentrations of 17-beta-trenbolone ranging
from 0.005 to 50 microg/L, treated pairs displayed reduced fecundity (lowest
observed effect level = 0.05 microg/L versus the measured concentrations of 0.027
microg/L). Treated females developed nuptial tubercles, structures normally present
only on the heads of mature males, and had reduced plasma steroid (testosterone
and 17 beta-estradiol) and vitellogenin levels. The 17-beta-trenbolone also altered
reproductive hormone levels in male fathead minnows at concentrations higher than
those producing effects in females. Males exposed to 17-beta-trenbolone at 41
microg/L exhibited decreased plasma concentrations of 11-ketotestosterone and
increased concentrations of 17 beta-estradiol and vitellogenin. It is worthy to note
that the 

 

in vivo

 

 effects of 17 beta trenbolone on fecundity and female fathead minnow
reproductive morphology and function occurred at concentrations equivalent to those
that induced luciferase in MDA-KB2 cells 

 

in vitro,

 

24

 

 indicating that this 

 

in vivo

 

 fish
assay is very sensitive to androgens. Ongoing studies in Dr. Ankley’s laboratory are
measuring trenbolone and its metabolites from water in aquatic ecosystems that
receive effluent from Concentrated Animal Feedlot Operations (CAFOs). Recently,
the USDA and USEPA released guidelines for CAFO effluent but these guidelines
did not include monitoring of hormonally active substances like trenbolone. Further
research is needed to determine if EDCs in CAFO effluents disrupt endocrine
function, fecundity, population levels, or ecosystem diversity.
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10.3 DICARBOXIMIDE FUNGICIDES: VINCLOZOLIN 
AND PROCYMIDONE 

10.3.1 T

 

HE

 

 F

 

UNGICIDE

 

 VINCLOZOLIN — IN VITRO AND SHORT-
TERM IN VIVO EFFECTS OF AN AR ANTAGONIST

Vinclozolin, procymidone, iprodione, and chlozolinate are dicarboximide fungicides.
Vinclozolin and procymidone are AR antagonists with equivalent potency, while
iprodione and chlozolinate do not appear to be antiandrogenic in vivo.37 Of the
antiandrogenic EDCs, the mechanism of action of vinclozolin is the most thoroughly
characterized. Vinclozolin metabolites, M1 and M2 competitively inhibit the binding
of androgens to AR of several species from different vertebrate classes.7,38 M1 and
M2 also inhibit DHT-induced transcriptional activity in cells transfected with the
human AR. Kelce et al.39 subsequently demonstrated that vinclozolin treatment
altered the expression of androgen-dependent genes in vivo in an antiandrogenic
manner, similar to the antiandrogenic drug flutamide. In contrast, neither vinclozolin
nor its metabolites display affinity for the estrogen receptor, although they do have
weak affinity for the progesterone receptor.40 Furthermore, vinclozolin, M1, and M2
do not inhibit 5α-reductase activity, the enzyme required for the conversion of
testosterone (T) to the more active androgen DHT.7 

In a short-term screening assay, vinclozolin inhibited the growth of androgen-
dependent tissues in castrate-immature testosterone-treated41 and pubertal male
rat.5,42 In the intact pubertal42 and adult male rat,43 vinclozolin treatment also alters
hypothalamic–pituitary–gonadal function, causing elevations in serum LH and tes-
tosterone, although the effects seen in the adult animal are less dramatic and occur
only at much higher dosage levels. In contrast to vinclozolin, treatment with other
antiandrogens like p,p′ DDE9,39 and methoxychlor44,45 fail to induce changes in serum
LH or testosterone levels. 

The extent to which vinclozolin interrupts the hypothalamic–pituitary–gonadal
axis also is dependent on developmental stage. When fetal testis testosterone and
progesterone production and insl3 mRNA levels were examined at gestational day
18, following vinclozolin treatment from day 14 to 18 of pregnancy, no effects were
observed (Figure 10.3). Although vinclozolin treatment elevates testosterone pro-
duction in the pubertal and adult male rat by inducing high levels of LH, this effect
was not seen in the fetal rat, or was expected, because testis function is not under
control of the pituitary hormones during in utero sex differentiation.

In mixture studies using castrate-immature testosterone-treated male rats (Her-
shberger assay), combinations of vinclozolin and procymidone (0, 25, 50, and 100
mg/kg/day for 7 days inhibited testosterone-induced growth of androgen-dependent
tissues (ventral prostate, seminal vesicles, and levator ani-bulbocavernosus muscles)
in a dose-additive fashion at 25 and 50 mg/kg/day.5 A few years later, the results of
this mixture study were replicated in another laboratory.17 At higher dose levels, we
found that vinclozolin and procymidone also increased liver and adrenal weights in
a dose-additive manner.5
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FIGURE 10.3 Fetal testis testosterone and progesterone production and insulin-like peptide hor-
mone (insl3) mRNA (number of message copies × 106 per 100 ng RNA) levels following gestational
exposure to several chemicals known to alter androgen signaling in the male rat fetus. Data are
from Wilson et al.13 Testosterone and progesterone production values were measured on day 18 of
pregnancy ex vivo after maternal treatment with the toxicant from gestational day 14 to 18 after a
3-hour incubation period. Three (insl3) mRNA levels were measured by QPCR from testes har-
vested after the incubation period. The androgen receptor antagonist vinclozolin has no effect on
fetal testis testosterone, progesterone, or insl3 levels. This toxicant alters development by acting
directly on the androgen-dependent tissues at the level of the AR, not via the testis. Linuron and
prochloraz both inhibit fetal testis testosterone production, while prochloraz induces a tenfold
increase in progesterone production. This indicates that these two pesticides, which also are AR
antagonists, inhibit steroidogenesis, albeit at different points in the pathway. The three phthalate
esters DEHP, DBP, and BBP act similarly to one another, but differ from all the above toxicants.
They inhibit testosterone production and insl3 mRNA levels as well. The fact that they inhibit both
steroid and peptide hormones in the fetal testis suggests that the phthalates are delaying maturation
of the fetal Leydig cells rather than acting at a specific site in the steroid pathway. 
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10.3.2 DOSE-RESPONSE DEVELOPMENTAL EFFECTS OF VINCLOZOLIN

Administration of vinclozolin by oral gavage at 100 or 200 mg/kg/day during sexual
differentiation demasculinizes and feminizes the male offspring. Vinclozolin-treated
male offspring display female-like anogenital distance at birth, retained nipples,
hypospadias, suprainguinal ectopic testes, a blind vaginal pouch, epididymal gran-
ulomas, and small to absent sex accessory glands. Weights of descended testes were
reduced at 200 mg/kg/day, but epididymal agenesis was rare and there were no cases
of gubernacular agenesis. In contrast to their male siblings, the female offspring do
not display any malformations or permanent functional alterations. 

High-dose vinclozolin-treated males were capable of displaying mounting
behavior as adults, but were unable to achieve intromissions due to hypospadias.
When examined during pubertal life, treated male offspring did not show evidence
of demasculinized brains, as they displayed normal levels of male-like rough-and-
tumble play behavior.46 Although we failed to observe alterations in androgen-
dependent play behavior in vinclozolin-treated male offspring, Hotchkiss et al.47,48

subsequently demonstrated that sc neonatal administration of vinclozolin at 200
mg/kg/day or flutamide did demasculinize aggressive play behavior when measured
at 35 days of age. Female newborn rat pups injected with testosterone displayed
more male-like aggressive play behavior. These studies suggest that play behavior,
which is organized by androgens in the neonatal stage of life in rodents, can be
disrupted in a predictable manner by the administration of antiandrogens to the male
rat or androgens to the female rat when administered directly to the pup during the
critical period of CNS sex differentiation. In the earlier vinclozolin studies, pups
may not have been exposed to sufficient levels of M1 and M2 via the milk to
demasculinize this androgen-dependent process. 

When administered at lower dosage levels (0, 3.125, 6.25, 12.5, 25, 50, or 100
mg/kg/day from gestational day 14 to postnatal day 3),28,49 vinclozolin at doses of
3.125 mg/kg/day and above reduced neonatal anogenital distance and increased the
incidence of retained nipples/areolas in infant male rats. When examined at maturity,
ventral prostate weight was reduced in all treatment groups (significant at 6.25, 25,
50, and 100 mg/kg/day) and permanent nipples were detected in males at 3.125
(1.4%), 6.25 (3.6%), 12.5 (3.9%), 25 (8.5%), 50 (91%), and 100 (100%) mg/kg/day.
Most of the developmental effects seen in our study have since been replicated in
a second laboratory.49 In a recent risk assessment of vinclozolin, the USEPA used
the permanent reduction in ventral prostate weight as the critical effect to set a No
Observed Adverse Effect Level. Vinclozolin treatment at 50 and 100 mg/kg/day
induced hypospadias and other reproductive tract malformations. Even though all
of the effects of vinclozolin likely result from the same initial mechanism (i.e., AR
binding), the affected endpoints display a wide variety of dose-response curves and
ED50s and some of these dose response curves failed to display an obvious threshold.
These differences in sensitivity likely reflect competing levels of ambient androgens
or the strict androgen dependence of these developmental processes. 

Another study was conducted to identify the most sensitive period of fetal
development to the disruptive effects of vinclozolin.50 When pregnant rats were dosed
by oral gavage with 400 mg vinclozolin/kg/day on either gestational days (GD) 12
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to 13, 14 to 15, 16 to 17, 18 to 19, or 20 to 21, the most pronounced effects resulted
from exposure on GD 16 to 17 with less-severe effects seen in males exposed to
vinclozolin on GD 14 to 15 and GD 18 to 19.

If the effects of vinclozolin are mediated via AR then one would expect co-
administration of testosterone to antagonize the developmental effects of this pesti-
cide on male offspring (i.e., increase ambient levels of testosterone to compete with
the pesticide for AR androgen binding). On the other hand, vinclozolin should protect
the female fetus from the masculinizing action of testosterone in the same litters.
To test these hypotheses, we administered vinclozolin (gavage at 200 mg/kg/day)
or testosterone propionate (TP sc at 1 mg/rat/day) alone and in combination to SD
rats on to days 14 to 19.51 As expected, in female offspring, TP-induced alterations
including increased anogenital distance, fewer nipples, vaginal agenesis, and
hydrometrocolpos and induced development of prostate and bulbourethral glands
and levator ani muscle tissues. All of these effects were reversed by co-administration
of vinclozolin with TP. In the male offspring, vinclozolin-induced alterations were
only modestly antagonized by TP. Compared with the vinclozolin-treated group,
vinclozolin plus TP-treated male offspring had less-well-developed nipples and a
lower incidence of ectopic testis. Many of the other reproductive alterations were
not attenuated by TP co-administration. We observed that the combination of vin-
clozolin and TP, two chemicals with opposing endocrine action, antagonized one
another during sexual differentiation, especially in the female offspring. 

10.3.3 PUBERTAL EFFECTS OF VINCLOZOLIN

Peripubertal administration of EDCs can alter the onset of pubertal landmarks in
male and female rats. The sensitivity of this life stage to hormonally active chemicals
is the basis for the consideration of using standardized pubertal assays52,53 in the
endocrine screening and testing program that is being developed by the USEPA as
mandated by 1996 U.S. legislation (the Food Quality Protection Act and Safe
Drinking Water Act). Androgens play a key role in pubertal maturation in young
males, and antiandrogens like vinclozolin or androgens like methyltestosterone
produce predictable alterations of this process. The ease with which a delay or
acceleration in preputial separation (PPS), a landmark of puberty in the male rat,
can be measured enables us to use this endpoint to evaluate chemicals for antian-
drogenic and androgenic activity, respectively. 

Monosson et al.42 conducted a pubertal study with vinclozolin using doses of 0,
10, 30, or 100 mg/kg/day. She examined the morphological landmarks of puberty,
hormone levels, and sex accessory gland development in male rats. Vinclozolin
treatment delayed pubertal maturation, reduced sex accessory gland, and epididymal
growth (at 30 and 100 mg/kg/day), and serum LH (significant at all dosage levels),
testosterone, and 5α-androstane,3α,17-diol (at 100 mg/kg/day) levels were
increased. Testis size was slightly but not significantly increased. The metabolites
M1 and M2 were found in the serum of animals from the two highest dosage groups
at levels well below the in vitro Ki values determined previously by Kelce et al.7

These results suggest that when the vinclozolin metabolites occupy even a small
percentage of available ARs; this prevents maximal AR-DNA binding and alters in
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vivo androgen-dependent gene expression and protein synthesis, resulting in obvious
alterations to pubertal development in the male rat. In the recent risk assessment, a
vinclozolin-induced delay in puberty of less than 2 days (as measured by age at
preputial separation) was deemed as an adverse effect by the USEPA, and the data
were used to limit specific exposures of children to vinclozolin. 

The effects of vinclozolin also have been studied in several species of lower
vertebrates including fish,54-60 amphibians,61 birds,62 and reptiles63 as well as inver-
tebrates.64 While many of the studies obtained positive responses, some did not flag
vinclozolin as an antiandrogen. It remains to be determined whether these negative
results arise from a lack of metabolic activation of vinclozolin to the antiandrogenic
metabolites M1 and M2 or if the AR of the species did not bind M1 or M2 with the
same affinity as does mammalian AR. It also is important to recognize that the role
of androgens and AR function varies greatly from species to species; a trait or
physiologial process that is androgen dependent in one species may not rely upon
androgens or be sexually dimorphic in another. 

Results to date by Cardon et al.65 with recombinant AR from the rainbow trout and
fathead minnow indicate that the AR from these fishes bind M1 and M2 with the same
affinity as does the mammalian AR. Similarly, we compared the competitive binding
of several chemicals to fish and human AR using rainbow trout androgen receptor alpha
(rtAR) and human androgen receptor (hAR) expressed in transfected COS cells. Satu-
ration ligand binding and Scatchard analysis using [3H]R1881, a synthetic androgen,
revealed a Kd of 0.24 nM for the rtAR and a Kd of 2.27 nM for the hAR. Binding
studies in competition with [3H]R1881 were conducted using steroids and a selection
of environmental chemicals shown to bind mammalian AR. All the chemicals and
steroids studied competed for binding in both rtAR and hAR. The relative order of
binding affinities of natural and synthetic androgens for the rtAR and hAR were similar:
methyltrienolone > trenbolone > 11-ketotestosterone > dihydrotestosterone (DHT) >
testosterone > androstenedione, except that DHT and testosterone had higher affinity
than 11-ketotestosterone in hAR than in rtAR. Other steroids and antiandrogens also
were studied and the relative binding affinities were similar for the two species. Similar
comparisons are now being made between hAR and the fathead minnow AR and plans
to expand this project to include receptors from all vertebrate classes are under way.
For invertebrates, it remains to be determined if they have functional AR or any other
steroid-like nuclear transcription factor.66, 67

10.3.4 PROCYMIDONE — IN VITRO AND SHORT-TERM IN VIVO EFFECTS

Procymidone is a dicarboximide fungicide similar in structure to vinclozolin.
Hosokawa et al.8 demonstrated in a competitive binding assay that procymidone
effectively inhibited the binding of [3H]-DHT to the androgen receptor in both rats
and mice. Ostby et al.26 demonstrated that procymidone inhibited DHT-induced
transcriptional activation at 0.2 µM in CV-1 cells cotransfected with the human AR
and a MMTV-luciferase reporter gene, while at 10 µM, DHT-induced transcriptional
activity was completely inhibited. In addition, 1 µM procymidone blocked
DHT-induced AR-DNA binding in a CHO cell promoter interference assay. Although
it is likely that metabolites of procymidone, rather than procymidone itself, are the
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true AR antagonists, the metabolites studied to date have not displayed affinity for
AR.8 

In vivo, procymidone acts as an AR antagonist in the Hershberger assay. Admin-
istration of 25 mg/kg/day and above for 7 days to castrate-immature male rats inhibits
testosterone-induced growth of the sex accessory tissues and androgen-dependent
muscles.5,17 When combined with vinclozolin in this assay, the two AR antagonists
inhibit testosterone’s stimulatory effects in a dose-additive manner. 

As discussed above, vinclozolin alters AR-dependent gene expression in vivo
increasing testosterone-repressed prostatic message (TRPM-2) and repressing pros-
tatein subunit C3 (C3) mRNA levels.39 We conducted a similar study to determine
if adult male rats exposed to procymidone display effects similar to vinclozolin on
TRPM-2, C3, and AR message levels using real-time reverse transcription poly-
merase chain reaction (QPCR).68 An extension of this study using microarray anal-
ysis is discussed below.69 Castrated SD rats were dosed with the vehicle + testoster-
one implant (T), oral vinclozolin (200 mg/kg/day) + T implant (VT), oral
procymidone (200 mg/kg/day) + T implant (PT), or vehicle with an empty implant
(Oil). Rats were necropsied after 20 hours, and 4 and 7 days. As expected, castration
without T replacement (Oil), VT, and PT decreased androgen-dependent tissue
weights and increased serum LH as compared to the T group. Serum T levels did
not differ among the T, VT, and PT groups. TRPM-2 was increased at all time points
in Oil, VT, and PT groups versus the T controls. At 7 days, C3 mRNA levels were
reduced in the Oil, VT, and PT groups. These results demonstrate that vinclozolin
and procymidone produce a nearly identical profile of morphological, endocrine,
and molecular alterations of androgen-dependent processes that are similar to but
less robust than those produced by elimination of T by castration.

For microarray analysis of gene expression profiles in the above study, tissue
from the ventral prostate was collected at the 20-hour and 4-day time points for
isolation of total RNA followed by analysis using Clontech Atlas 1.2 Toxicology
arrays. As hypothesized, similar changes in gene expression were observed in the
PT and VT groups at both the 20-hour and 4-day time points. While only 36 genes
were affected at 20 hours, 156 genes were altered 4 days after the start of treatment.
The increase in the number of genes altered over time likely reflects regression of
the ventral prostate seen at 4 days, but not at 20 hours. The results of the microarray
analysis compared well with the results obtained by QPCR, and several other known
androgen-dependent genes also were affected. In addition, several genes that are not
known to be androgen-dependent changed consistently among the groups. 

10.3.5 DOSE-RESPONSE DEVELOPMENTAL EFFECTS OF 
PROCYMIDONE IN THE MALE RAT

When administered by gavage at 100 mg/kg/day on gestational day 14 to day 3 after
birth, procymidone reduces anogenital distance in male pups and induces retained
nipples, hypospadias, cleft phallus, a vaginal pouch, and reduced sex accessory gland
size in male rat offspring.26 At 25, 50, 100, and 200 mg/kg/day, effects were detected
at all dosage levels and included reduced anogenital distance (at 25 mg/kg/day and
above); induced nipples (25 and above); permanently reduced size of several andro-
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gen-dependent tissues (levator ani and bulbocavernosus muscles (25 and above),
prostate (50 and above), seminal vesicles (100 and above), Cowper’s gland (100 and
above), and glans penis (100 and above); and induced malformations including
hypospadias (50 and above), cleft phallus (50 and above), exposed os penis, vaginal
pouch (50 and above) and ectopic, undescended testes (200). Procymidone had a
marked effect on the histology of the dorsolateral and ventral prostatic and seminal
vesicular tissues (at 50 mg/kg/day and above). The effects consisted of fibrosis,
cellular infiltration, and epithelial hyperplasia. In contrast to the developmental
effects, procymidone had little effect, if any, on the reproductive tract of the adult
male rat (2 weeks at dosage levels as high as 2000 ppm in the diet).70 

10.4 PROCYMIDONE — IN VITRO AND SHORT-TERM EFFECTS

10.4.1 LINURON — IN VITRO AND SHORT-TERM IN VIVO EFFECTS

Linuron is a urea-based herbicide with an acute oral LD50 in rats of 4000 mg/kg.
Existing in vitro data demonstrate that linuron is a weak AR ligand15,27,71 with an EC50
between 64 and 100 µM. Lambright et al.15 reported that linuron competed in vitro
with androgen for rat prostatic AR (EC50 = 100-300 µM) and human AR (hAR) in a
COS cell whole cell binding assay (EC50 = 20 µM). Linuron also inhibited DHT-hAR
induced gene expression in CV-1 and MDA-KB2 cells (EC50 = 10 µM). 

In vivo, linuron treatment (100 mg/kg/day oral for 7 days) reduced testosterone-
and DHT-dependent tissue weights in the Hershberger assay using castrate-immature
testosterone propionate-treated male rats, and linuron treatment (100 mg/kg/day oral
for 4 days) altered the expression of androgen-regulated genes in ventral prostate in
situ.15

10.4.2 DEVELOPMENTAL EFFECTS OF LINURON IN THE MALE RAT

The effects of linuron treatment in vivo are difficult, if not impossible, to detect in adult
animals, but are quite apparent in the offspring when administered during gesta-
tion.27,37,72,73 In a modified multigenerational study, the only effects seen in P0 generation
male rats when linuron was administered from weaning through puberty, breeding, and
lactation at 0, 20, or 40 mg/kg/day by gavage in oil was a 2.5-day delay in PPS and a
small reduction in seminal vesicle and cauda epididymal weights.37 Fertility and serum
testosterone, LH, FSH, and prolactin levels were unaffected in the P0 generation at
dosage levels up to 40 mg/kg/day. In contrast, dramatic effects were seen in the F1
generation in the 40 mg/kg/day dose group, including malformations and subfertility.
The F1 pairs sired fewer pups under continuous breeding conditions (63 pups versus
104, mated continuously over 12 breeding cycles), and the F1 males had reduced testes
and epididymal weights, and lower testes spermatid numbers, effects missed in earlier
studies71 cited in the USEPA risk assessment documents.

When administered at 100 mg/kg/day from days 14 to 18 of gestation (115),
anogenital distance in male offspring is reduced by about 30%, and the incidence
of areolas/nipples in the male offspring as infants was increased from 0% in controls
to more than 44% in the linuron-treated males. Unlike the profile seen with vinclo-
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zolin and procymidone, linuron treatment induces a low incidence of hypospadias,
but relatively high levels of epididymal and testicular malformations. For example,
epispadias was only found in 1 of 13 males (partial hypospadias with the urethral
opening halfway down the phallus), but more than half of the males had epididymal
and testicular abnormalities. Several androgen-dependent tissues were permanently
reduced in size in linuron-treated male offspring as a result of this brief exposure
during sex differentiation, including the seminal vesicles, ventral prostate, levator
ani/bulbocavernosus muscles, and epididymides. The high incidences of epididymal
and testicular malformations (> 50% of the linuron-treated males displaying agenesis
or atrophy of one or both organs) combined with a low incidence of hypospadias
are atypical for an AR antagonist and more closely resemble the effects seen in
animals exposed in utero to phthalates, which inhibit fetal Leydig cell hormone
production. When the ability of the fetal testis is examined on gestational day 18,
after treatment with linuron at 100 mg/kg/day from gestational day 14 to 18, test-
osterone production is significantly reduced, while progesterone production is not
markedly altered and insl3 mRNA is unaffected (Figure 10.3). 

The epididymal malformations seen in treated male offspring included agenesis
of the caput or corpus epididymides, while some testes were atrophic, fluid filled,
and flaccid. These malformations also are produced at lower dosage levels. McIntyre
et al.27,72,73 detected malformations in male rat offspring at dosage levels of linuron
as low as 12.5 mg/kg/day (days 10 to 22 of gestation), the lowest dose examined,
and found that the testis abnormalities were not a direct effect of prenatal linuron
and did not develop until after puberty, being caused by pressure atrophy arising
from the epididymal abnormalities. 

Taken together, these mechanistic data demonstrate that linuron is “antiandro-
genic” via dual mechanisms of action. It is an AR antagonist and it inhibits fetal testis
testosterone synthesis. The fact that linuron produces a profile of malformations that
differs from the standard AR antagonist, but resembles the effects seen with DBP or
DEHP treatment, suggests that the effect of linuron on fetal testosterone synthesis may
be the most important of the two mechanisms of action in the fetal male. 

10.5.1 IN VITRO EFFECTS AND SHORT-TERM IN VIVO EFFECTS OF 
P,P’ DDE

Although use of DDT has been banned in some countries, it is still in use in many
parts of the world, and all wildlife and humans are exposed, with some exposures
in the high ppm range. A world-wide ban of this pesticide is currently being con-
sidered, but this has become very controversial because DDT is used to control
vectors of malaria, a disease that accounts for many deaths. Although agricultural
use of DDT is declining and will eventually end, human exposure from DDT use
in the home continues. Hence, it is now more important than ever to determine the
potential effects of continued usage of this pesticide on humans. In addition, high
concentrations of DDT and its metabolites, especially p,p′ DDE, persist in North
American fields, farms, orchards, and Superfund sites. Adverse effects of p,p′
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DDT/DDE exposures have been reported in humans,74-78 but there is no clear linkage
of these potential effects to the interaction of p,p′ DDE and DDT with the AR.

In 1995 Kelce et al.79 found that p,p′-DDE displayed antiandrogenic activity
both in vivo and in vitro, acting as an AR antagonist. In vitro, p,p′ DDE binds to
the AR and prevents DHT-induced transcriptional activation in cells transfected with
the human AR and inhibits androgen-dependent gene expression in vivo.39 

This antiandrogen alters pubertal development in the male rat.79 When p,p′ DDE
is administered at 0, 30, or 100 mg/kg/day from weaning until about 50 days of age,
the age at puberty, measured by a delay in preputial separation, was delayed about
5 days in male rats treated with the high dose. Subsequently, the antiandrogenic effects
of p,p′ DDE induced were confirmed by several laboratories as part of an interlabo-
ratory evaluation of the Hershberger assay, which uses castrate-immature androgen-
treated male rats.41,80 As expected for an AR antagonist, p,p′ DDE-treatment consis-
tently reduced androgen-dependent tissue weights in the Hershberger assay.  

10.5.2 DEVELOPMENTAL EFFECTS OF P,P’ DDE IN THE MALE RAT 
AND RABBIT

When p,p′ DDE is administered to Long Evans Hooded (LE) and Sprague-Dawley
(SD) male rat offspring by gavage in oil during gestation treatment at 100 mg/kg/day
(days 14 to 18 of gestation), it reduces anogenital distance in newborn male rat
offspring and induces hypospadias, retained nipples, and permanently smaller andro-
gen-dependent tissues.37,81,82 While the alterations were evident in both rat strains,
the SD strain appeared to be more affected in our studies.37 Only the SD strain
displayed hypospadias, and other effects were of a greater magnitude in the treated
SD than in the LE rats. It is uncertain if this reflects a true strain difference in
sensitivity or if it merely results from experiment-to-experiment variation. You et
al.81,82 studied the effects of p,p′-DDE on the male offspring using the same protocol
and they also found that p,p′-DDE induced antiandrogenic effects on anogenital
distance and areola development in both LE and SD rat strains. They found that in
oral treatment with p,p′ DDE at 100 mg/kg/day as above, fetal rat tissue p,p′ DDE
levels ranged from 1 to 2 µg/g during sexual differentiation. 

In the rabbit (Dutch Belted)83 when the AR antagonist p,p′ DDT9,84 was admin-
istered during gestation (does treated) and lactation (pups treated), reproductive
abnormalities were displayed by male offspring. Infantile exposure alone resulted
in delays in testicular descent in the rabbit, while combined lactational plus gesta-
tional exposure induced uni/bilateral cryptorchidism. Serum levels of p,p′ DDT and
DDE in offspring were 208 ppb p,p′ DDT and 38 ppb p,p′ DDE.

10.6.1 IN VITRO EFFECTS OF THE PROCHLORAZ, A CONAZOLE 
FUNGICIDE

Prochloraz is a conazole fungicide that displays several mechanisms of action capa-
ble of disrupting reproductive function and development. Prochloraz inhibits the
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enzyme aromatase16 in vitro, and it acts as an AR antagonist, inhibiting androgen-
induced gene expression in vitro, and retards sex accessory tissue growth in castrate-
immature testosterone-treated male rats.14 In MDA-KB2 cells stably transfected with
MMTV-luc reporter genes, prochloraz concentrations above 1 µM caused a dose-
dependent inhibition of DHT-induced luciferase expression with no indication of
cytotoxicity except at 100 micromolar. Prochloraz also inhibited R1881 binding to
the rat AR (EC50 approximately 60 µM using ventral prostate cytosol). 

In a study in which dams were dosed with one of several “antiandrogens” from
day 14 to 18 of pregnancy, Wilson et al.13 found that prenatal prochloraz exposure
reduced fetal testis testosterone and increased progesterone production on gestational
day 18 over the 3-hour incubation period by about tenfold. In contrast, prochloraz did
not affect testis insl3 mRNA levels (Figure 10.3). Thus prochloraz appears to alter
endocrine function via several diverse mechanisms of action, one of which delays
parturition and the others demasculinize the male fetus during sex differentiation. 

10.6.2 IN VIVO DEVELOPMENTAL EFFECTS OF PROCHLORAZ IN THE 
MALE RAT 

When prochloraz was administered to pregnant rat dams from gestational day 14 to
18 at doses of 62.5, 125, 250, and 500 mg/kg bodyweight/day, maternal weight gain
was inhibited at 500 mg/kg/day, and parturition was delayed in a dose-related
manner.85 The delay in delivery may be related to an inhibition of aromatase activity
(estrogen synthesis) as estrogen levels rise near term in this species. In male rat
offspring, prenatal prochloraz treatment reduced anogenital distance and induced
female-like areolas in male offspring at frequencies of 33%, 71%, and 100% in 62.5,
125, and 250 mg/kg groups, respectively. A high percentage of males in the 250
mg/kg treatment group also displayed hypospadias. In contrast, the epididymides
and gubernacular ligaments were generally not affected. No reproductive effects
were noted in the female offspring.

The results of prenatal administration of prochloraz differs considerably from
those obtained with prenatal linuron treatment even though both pesticides are AR
antagonists and both inhibit fetal testosterone synthesis.13 The profile of effects in
the male rat offspring induced by prenatal prochloraz more closely resembles that
of an AR antagonist like vinclozolin, whereas the profile of effects obtained with
linuron is more phthalate-like, suggesting that linuron is primarily affecting fetal
male tract development by inhibiting testosterone synthesis, whereas prochloraz is
acting as an AR antagonist. Further studies are needed to confirm these hypotheses. 

10.7.1 “ANTIANDROGENIC” EFFECTS OF PHTHALATE ESTERS DURING 
DEVELOPMENT

Recent concerns about exposures of children to phthalates from toys and other products
have resulted in a ban of phthalates in certain toys by the European Union. Although
industry has repeatedly assured the safety of these chemicals, most of them have never
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been rigorously examined by the manufacturers for multigenerational reproductive
effects. Currently, the population considered to potentially be at greatest risk are
children on dialysis, because they receive some of the highest exposures from dialysis
tubing. Children and women of childbearing age86,87 have higher levels than other
groups in general, and on occasion incredibly high levels are found in humans.88 

The phthalates represent a class of toxicants that alter reproductive development
via a mechanism of action that does not involve AR or ER binding.10-12 Although
many of the same effects are seen in animals exposed in utero to AR antagonists,
in vitro studies found that neither the diesters nor their active monoester metabolites
compete with androgens for binding to AR. While some have suggested that some
of the effects are estrogenic, based upon in vitro work,89,90 these observations are
inconsistent89 and it is evident that diagnostic estrogen effects are not seen in in vivo
studies.37 For example, we have found that di-n-butyl phthalate (DBP) did not
produce any signs of estrogenicity in the ovariectomized female rat. DBP (sc at 200
or 400 mg/kg/day or by gavage at 1000 mg/kg/day, administered for 2 days, followed
on the third day by 0.5 mg progesterone sc) did not induce a uterotropic response
or increase estrogen-dependent sex behavior (lordosis). In addition, phthalate-treat-
ment did not increase uterine weight in juvenile female rats, and oral DBP-treatment
(250, 500, or 1000 mg/kg/day from weaning through adulthood) failed to accelerate
vaginal opening or to induce in constant estrus in intact female rats. 

Within the last 5 years several laboratories have demonstrated that perinatal
exposure to different phthalate esters alters development of the male rat reproductive
tract in an antiandrogenic manner. In particular, prenatal DBP, BBP, or DEHP
treatment causes underdevelopment and agenesis of the epididymis and testicular
abnormalities. At higher dosage levels, in utero DINP also induces malformations
in male rats. Among the “antiandrogenic” EDCs, the phthalates are unique in their
ability to induce agenesis of the gubernacular cords.29 Differentiation of the guber-
naculum is dependent upon the Leydig cell peptide hormone insulin-like peptide 3
(insl3) during sexual differentiation.91-93 Knockout mice lacking insl3 display unde-
scended, freely moving testis due to gubernacular agenesis. In contrast, this lesion
is not displayed in AR knockout mice. Taken together, these results suggested that
the phthalates DBP, BBP, and DEHP were inhibiting insl3 levels in addition to
inhibiting fetal testis androgen production. Wilson et al.13 confirmed this hypothesis.
When the effects of these three phthalate esters on fetal testis endocrine function
were compared to vinclozolin, linuron, and prochloraz, only the phthalates reduced
both insl3 mRNA and testosterone levels (Figure 10.3). It is also evident from these
data that insl3 is not dependent upon testosterone, as both linuron and prochloraz
reduced testosterone production without affecting insl3 mRNA. Coupled with in
vitro assays to identify AR antagonism, the endocrine profiles from the fetal testes
are consistent with the profiles of malformations seen in the male offspring after in
utero treatment. Only the phthalates cause gubernacular agenesis, while all of these
toxicants alter differentiation of the androgen-dependent tissues.

To date, there are no published multigenerational studies that have included 1)
relatively low dosage levels of DEHP; 2) developmental exposure; 3) an examination
of sensitive endpoints; and 4) an adequate number of adult offspring. We recently
completed a study that was designed to begin to address this data gap. Pregnant SD
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rats were dosed by gavage with DEHP from gestational day  8 to day 17 of lactation
with 0, 11, 33, 100, or 300 mg/kg/day. In half of the males (PUB cohort), dosing
was continued from 18 to 63–65 days of age while the rest (IUL cohort) were not
dosed directly. The PUB cohort was necropsied at 63 to 65 days of age, while the
IUL cohort was necropsied at full maturity. The 300 mg/kg/day IUL group displayed
permanent reductions in reproductive organ weights and permanent nipples. In the
high-dose group, more than a quarter of the males displayed testicular or epididymal
abnormalities. These abnormalities also were displayed at a low incidence in the 11,
33, and 100 mg/kg/day dose groups, along with subtle reductions in reproductive
organ weights. In the PUB group, puberty was delayed (100 and 300) and repro-
ductive organ weights (300 mg) were reduced in size. Liver and adrenal weights
were affected in all dose groups including 11 mg/kg/day (by one-tailed t-test), the
lowest dose tested. The most serious effects (malformations and irreversible effects
on organ weights and function) are induced by in utero exposure to the phthalate
esters at dosage levels that do not induce severe or permanent testicular lesions in
pubertal male rats. 

Mylchreest et al.25 observed similar malformations in male rat progeny after
prenatal oral exposure (day 10 to 22 of gestation) to DBP with effects occurring at
dosage levels as low as 100 mg/kg/day. In our multigenerational assessment of the
reproductive effects of DBP on the male and female parents and their progeny, daily
oral administration of 500 mg/kg/day by gavage delayed puberty in P0 male rats
and reduced fertility in both male and female P0 rats,37 while 250 mg/kg/day induced
reproductive tract malformations and reduced fecundity in the F1 offspring. In
addition, when P0 dams were dosed by gavage with 500 mg DBP/kg or DEHP (750
mg/kg/day) only during sexual differentiation (GD14 –to PND 4) the male offspring
were profoundly malformed. More limited dosing in “pulses” during 4-day periods
of gestation demonstrated that DBP at 500 mg/kg/day was most effective on days
16 to 19,37 coincident with the known development of androgendependent tissues.
Within the last few years, several laboratories have examined male rats late in fetal
life,94-96 or after birth3, 97-99 following in utero phthalate treatment, and the results of
these studies are remarkably consistent when exposure was late in pregnancy, when
androgen-dependent tissues are being formed. 

DBP also disrupts reproductive function in the rabbit.100 Rabbits were exposed
to 0 or 400 mg DBP/kg/day in utero (gestation days 15 to 29) or during adolescence
(postnatal weeks [PNW] 4 to 12), and male offspring were examined at 6, 12, and
25 weeks of age. Another group was exposed only after puberty (for 12 weeks). The
most pronounced reproductive effects were observed in male rabbits exposed in
utero. Male offspring in this group exhibited reduced numbers of ejaculated sperm
(down 43%), testis weights (at 12 weeks, down 23%), and reduced accessory sex
gland weights (at 12 and 25 weeks, down 36% and 27%, respectively). Serum
testosterone levels were reduced at 6 weeks by 32%; there was a slight increase in
histological alterations of the testis and a doubling (from 16 to 30%, p < 0.01) of
abnormal sperm; and 1 of 17 males manifested hypospadias, hypoplastic prostate,
and cryptorchid testes with carcinoma in situ-like cells. In the DBP group exposed
during adolescence, basal serum testosterone levels were reduced at 6 weeks
(p < 0.01), while at 12 weeks testosterone production in vivo failed to respond
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normally to a GnRH challenge (p < 0.01). In addition, the weight of accessory sex
glands was reduced at 12 weeks but not at 25 weeks after a recovery period; there
was a slight increase in the percentage of abnormal sperm in the ejaculate; and 1 of
11 males was unilaterally cryptorchid. In both of these DBP-treated groups, daily
sperm production, epididymal sperm counts, mating ability, and body and non-
reproductive organs weights were unaffected. Thus, DBP induces lesions in the
reproductive system of the rabbit, with the intrauterine period being the most sen-
sitive stage of life.

The delay in the age at puberty in the male rat has been a consistent finding
with phthalate esters like DBP,37 BBP,101 and DEHP and is not unexpected for a
class of chemicals generally viewed as being “antiandrogenic” in utero and during
pubertal development. The effects of these phthalate esters on androgen-dependent
tissues is limited to the developing animal, as the testicular and reproductive effects
of phthalate administration beginning in adulthood are minimal.43,102 However, inex-
plicably a recent publication103 claimed that DEHP elevated androgen levels in the
male rat and, based on these results, the authors proposed a model indicating that
phthalate administration during puberty would accelerate puberty rather than delay
puberty. They also proposed that DEHP might accelerate puberty in females because
serum estradiol levels were elevated in males in their study. As they did not actually
determine the age at puberty or measure any androgen-dependent tissues in their
study, it is difficult to evaluate the biological significance of the changes in the levels
of testosterone and estradiol that they report. Clearly, however, their “androgen
model” is not consistent with any of the published literature on either the effects of
phthalates on the age at puberty or with the consistent reductions seen in androgen-
dependent tissues in phthalate-treated male rats. 

10.8.1 ANTIANDROGENIC EFFECTS OF PBDE-71104

While there has been a decline in environmental and tissue levels of many contam-
inants like the organochlorine-based pesticides, the polychlorinated biphenyls, and
dioxins in fish, wildlife, and human populations, tissue levels of polybrominated
diphenyl ethers (PBDEs) are increasing in all species,105-109 including humans.109-111

PBDEs are synthesized in large quantities as flame retardants for commercial prod-
ucts. The detection of PBDEs in tissues from wildlife species and in human milk
and plasma has raised concerns about possible adverse effects. Recently, Stoker et
al. showed that one PBDE mixture (DE-71) delayed the age at puberty in male rats
when administered at 30, 60, and 120 mg/kg/day by 3, 4, and 5 days, respectively,
and suppressed ventral prostate and seminal vesicle growth. Although these effects
occurred concurrently with reduced serum thyroxin levels, serum testosterone was
not reduced, suggesting DE-71 might be acting as an androgen receptor  antagonist.
To elucidate the potential antiandrogenic effects of this mixture, DE-71 and DE-100
(2,2′, 4,4′,6-pentaBDE), one of the congeners in this DE- 71 mixture, were examined
in vivo and in vitro.104 Stoker et al.104 found that DE-100 acted as a competitive
inhibitor in an AR binding assay (rat ventral prostate cytosol) with an IC50 of
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FIGURE 10.4 Proposed mode of action for phthalate induced alterations of fetal testis function and male rat sexual differentiation. 
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approximately 5 microM. In addition, both DE-71 and DE-100 inhibited DHT-
induced transcriptional activation in MDA-KB2 cells. In vivo, DE-71 was antian-
drogenic in castrate-immature testosterone propionate-treated rats (Hershberger
assay), reducing sex accessory tissue growth without affecting body weight. In
conclusion, DE-71 and DE-100 appear to be AR antagonists. Additional studies are
in progress to determine if DE-71 can alter sexual differentiation of the male rat
when administered during pregnancy. 

10.9.1  MIXTURES OF “ANTIANDROGENS”: AR ANTAGONISTS VERSUS 
INHIBITORS OF STEROIDOGENESIS

Although risk assessments are typically conducted on a chemical-by-chemical basis,
the 1996 Food Quality Protection Act mandated that the USEPA consider cumulative
risk from chemicals that act via a common mechanism. Our studies begin to provide
a framework for assessing the cumulative effects of “antiandrogenic” EDCs.5,112 SD
rats were dosed orally on days 14 to 18 of gestation with EDCs singly or in pairs
at dosage levels equivalent to about 50% the ED50 for hypospadias or epididymal
agenesis including (1) two AR antagonists (vinclozolin plus procymidone, each at
50 mg/kg/day), (2) two phthalate esters with a common metabolite (DBP and BBP,
each at 500 mg/kg/day), (3) two phthalate esters with different active metabolites
(DEHP and DBP (500)), (4) a phthalate ester plus an AR antagonist (DBP [500]
plus procymidone [50]), and (5) linuron (75 mg/kg/day) plus BBP (500). We
expected that individually each chemical would not induce hypospadias or high
levels of other malformations using this dosing regimen, but mixing any two together
would induce reproductive tract malformations in about 50% of the males and induce
cumulative effects on other androgen-dependent organs. In the current study, all
combinations produced cumulative effects on every androgen-dependent tissue.
However, only the phthalate ester combinations caused agenesis of the insl3-depen-
dent gubernacular ligaments. The effects of DBP and DEHP in one study and
vinclozolin plus procymidone were cumulative, indicating that toxicants need not
have a common active metabolite to produce cumulative adverse effects. Rather,
these mixtures represent combinations of chemicals with a common “toxicophore”
or “pharmacophore.” We also found that EDCs that alter differentiation of the same
reproductive tissues during sexual differentiation produce cumulative and apparently
dose-additive effects when combined, even if they do not share a common toxico-
phore, as was the case with the mixture of procymidone plus BBP. It is important
to note that the relative potency factors among the chemicals varied from tissue to
tissue based upon the mechanism and mode of toxicity. These results indicate that
a single toxicity equivalent factor for each chemical will not accurately predict the
results of certain mixtures.
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11.1 INTRODUCTION

 

Erectile dysfunction (ED) can be defined as the inability to achieve or maintain an
erection sufficient for satisfactory sexual intercourse. It is estimated that 20 to 30
million Americans suffer from ED [1]. The onset of ED is mostly very gradual,
interrupted by seemingly partial recoveries. The Massachusetts Male Aging Study
(MMAS) reported that 52% of men aged 40 to 70 experienced some degree of ED
and that with advancing age there is a progressive decline in libido, frequency of
nocturnal or morning erections, and sexual intercourse [1]. However, sexual satis-
faction did not decline, suggesting that men accommodate for age-related changes
in sexual capacity by altering expectations. The decline in libido with age has been
associated with a similar decrease in the male hormone testosterone. This association
between low libido, declining androgen, and the onset of ED is not clear at present.
In order to understand the complexity of this process and the role of hormonal
disruptors, it is important to first focus on what is currently known about male sexual
function, with penis being the most important target organ. The association between
hypogonadism and ED has not been clarified. There appears to be a direct relation-
ship between serum androgen levels and libido but the association with sexual
function is less clear. It is well known that libido can have a significant impact as
a “conditioner” for sexual function, and thus androgens may play an important role
in both libido and the pathophysiology of ED.
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11.2 PHYSIOLOGY OF ERECTION

 

Penile erection is a result of passive dilation of the lacunar spaces and relaxation of
the smooth musculature of the cavernosal arteriovenous bed and trabecular network.
Three neuroeffector pathways coordinate the smooth muscle tone in the corpora
cavernosa. These are the adrenergic, cholinergic, and non-adrenergic/non-cholinergic
(NANC) pathways [2]. Penile flaccidity is maintained by the adrenergic-mediated
sympathetic tone of the cavernosal smooth muscle. Erection is triggered by stimu-
lation of a dual-innervated neuronal pathway involving both cholinergic and NANC
mediators. The primary mediator of penile erections is nitric oxide (NO), originating
from NANC neurons, cavernosal smooth muscle cells, and cholinergic-stimulated
endothelial cells [2]. Nitric oxide synthase (NOS) generates NO from its precursor,
L-arginine. NO acts on the enzyme guanylate cyclase to increase cGMP levels.
Cyclic GMP is the active second messenger responsible for smooth muscle relaxation
that initiates this first phase of erection [3]. This is followed by the emissary veins
and subtunical venules compression against the fibroelastic tunica albuginea, leading
to the “steady-state,” where arterial inflow and venous outflow both decrease. The
contraction of the bulbocavernosus and ischiocavernosus muscles results in the
rigidity of the erection [4]. Finally, a sympathetic stimulation leads to seminal
emission, ejaculation, and contraction of the lacunar space followed by detumes-
cence and return of the basal adrenergic-mediated cavernosal smooth muscle tone.
Other neurotransmitters have also been postulated to play some role in penile
tumescence/detumescence [5]. Any agent including hormonal disruptors causing
imbalances between vasoconstrictive mediator (e.g., endothelin-1) and cavernosal
smooth muscle relaxation, especially in an aging male, may, therefore, play a sig-
nificant role in ED. 

 

11.3 ENDOCRINOLOGY OF SEXUAL FUNCTION

 

In order to understand role of endocrine disruptors in ED, it is important to consider
how endocrine system interacts with sexual function.
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Before birth, testosterone secretion by the fetal testes is responsible for masculinizing
the reproductive tract and external genitalia and for promoting descent of the testes
into the scrotum. After birth, testosterone secretion ceases, and the testes and other
parts of reproductive system remain small and nonfunctional until puberty (see
Figure 11.1). Environmental chemicals acting as antiandrogen can disrupt this nor-
mal sexual development during fetal life [6]. At the onset of puberty, the Leydig
cells once again start secreting testosterone, and spermatogenesis is initiated in the
seminiferous tubules for the first time. Testosterone is responsible for the growth
and maturation of the entire male reproductive system. Ongoing testosterone secre-
tion is essential for spermatogenesis and for maintaining a mature male reproductive
tract throughout adulthood. Potent hormonal disruptors in the environment can
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impair normal development of these organs of the male reproductive system and
can affect sperm production [7]. Other effects of testosterone include development
of libido at puberty; maintenance of adult male sex drive; control secretion of LH
by the anterior pituitary via feedback mechanisms, development and maintenance
of male secondary sexual characteristics, and general protein anabolic effects includ-
ing bone growth and induction of aggressive behavior. How environmental toxicants
alter these effects in the male is not clear.

Testosterone seems to act centrally and at local level, at least in animals. In
rodents, the neurons of anterior hypothalamus, specifically median preoptic area
(MPOA), have the capacity of accumulating isotopically labeled sex steroids as
evidenced by autohistoradiographic studies. These neurons play an essential role in
male sexual behavior [8]. The appetitive elements of sexual behavior (sexual moti-
vation) would be under control of other neuronal systems, also able to accumulate
sex steroids (amygdala, lateral septum, ventral striatum), and MPOA is also involved
in these appetitive aspects [8, 9]. Androgen receptors have been detected in the
human temporal cortex [10]. 

In spinal animals, postural reactions to sexual stimulation are facilitated by
testosterone [11, 12]. Certain spinal motor neurons accumulate androgens [13]. The
major pelvic ganglion, which is an important intermediary of the autonomic inner-
vation to the penis, is also a target for androgens [14]. Testosterone stimulates the
tyroxine hydroxylase and choline acetyl-transferase activities in its neurons [15].
Recent animal model data suggests that androgens may have a direct effect upon
the penis [16, 17]. Reilly and colleagues demonstrated that castration obliterated the
penile erectile response to pelvic ganglionic stimulation via both NO- and non-NO-
dependent pathways in a rat model [18, 19]. They reported that androgen mediated

 

FIGURE 11.1

 

Plasma testosterone profile in a male from fetal stage until old age. Unlike
the female sex hormone estrogen, testosterone does not peak and fall in a monthly cycle.
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the erectile response by stimulating the expression of the neuronal isoform of NO
and by alternative pathway, including one that is independent of NO but involves
the synthesis of cyclic GMP.
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Testosterone is the main sex hormone in men. Low testosterone levels have a strong
correlation with decreased libido, which suggests a major role for androgens in
sexual function. With advancing age, bioavailable testosterone shows a typical pat-
tern (Figure 11.1). Testosterone levels have been shown to correlate significantly
with nocturnal penile tumescence [20]. Studies have demonstrated a significant
decline in penile NO synthase activity in castrated animals that can be reversed by
androgen supplementation, especially with dihydrotestosterone (DHT). Increases in
NOS mRNA have been demonstrated with androgen supplementation [21]. These
studies suggest active biochemical pathways for the influence of androgens on
erectile function and dysfunction. However, the clinical use of androgens for the
treatment of erectile response not resulting from hypogonadism is controversial.

Androgens are clearly required for sexual interest in men. In hypogonadal men
supplemented with androgens, cessation of supplementation results in a progressive
decline of sexual interest, sexual fantasies, and arousal, starting after 2 or 3 weeks
after withdrawal. Surgical or drug-induced castration following the administration
of LHRH agonists [22] or antagonists [23] result in the same effects. Sexual interest
and arousal return to the previous level about 2 weeks after reintroduction of andro-
gens or cessation of anti-LHRH or anti-androgen therapy. These observations suggest
that the effect of testosterone on sexual function in man is centrally mediated through
libido.

The relationship between androgens and penile erection are more complicated.
Spontaneous erections, either nocturnal or morning, are clearly androgen dependent.
Nocturnal Penile Tumescence and Rigidity (NPTR) monitoring using a Rigiscan
device shows a significant reduction in frequency, amplitude, and rigidity of the
erections in men with marked hypogonadism while they are not reduced in moderate
decrease of serum testosterone [24, 25]. 

Nocturnal erections are highly correlated with the serum testosterone level, and
constitute the most sensitive clinical criterion of well-balanced androgen production.
However, nocturnal erections may require up to 6 to 12 months of androgen sup-
plementation to regain complete normality [26]. Nocturnal erections are also highly
correlated with sexual interest. Studies in paraphilic men [25] or sexual aggressors
[27] treated with antiandrogens report a significant decrease of erections parallel
with that of sexual interest. Psychogenic erections, that is, induced by visual stimuli
or fantasies, are only partly androgen dependent. In young hypogonadal men, several
studies reported complete erectile response to a strong audio-visual sexual stimula-
tion (AVSS) as induced with erotic movies despite cessation of androgen supple-
mentation, without increase of the response after restarting androgens. Several other
studies conclude to some partial dependence on androgens. The penile rigidity
induced by visual sexual stimulation did not differ between hypogonadal men and
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controls. However, regarding both duration and maximum level of rigidity, there
was a significant increase following androgen replacement in the hypogonadal men,
suggesting that erectile response to AVSS may also be influenced by androgen-
sensitive mechanisms [24]. Lange et al. also found a borderline significant relation-
ship between the erectile response to AVSS and the serum testosterone level [28].
All together, these studies support the fact that the psychogenic erections are only
partly androgen dependent, although the level of evidence is lower than that of the
studies having established the androgen dependence of the nocturnal erections, due
to a less rigorous methodology. There have been some evidences in terms of the
relationship between androgens and ejaculation. Castration or removal of androgen
supplementation results in delayed ejaculation and a reduction of the ejaculated
volume. Subsequently, ejaculation and orgasm disappear in many cases and return
to normal with androgen replacement [11, 29].

The investigations related to serum testosterone levels and erectile function have
indicated that the minimum levels of testosterone (i.e., 350 ng/dl) for erectile func-
tions were the levels below which sexual behavior is impaired but there were normal
nocturnal penile tumescence (NPT), and there were still lower threshold values (i.e.,
150 ng/dl) below which NPT are also impaired [30]. Other authors have suggested
a level of 200 ng/dl as threshold for sleep-related erection [31]. It appears that the
plasma testosterone levels required for normal libido and sexual activity are rather
low. In controlled studies, the effects of testosterone injections upon sexual function
definitely correlate with the serum testosterone level only up to a certain level.
Salminies et al. suggested that between 200 and 450 ng/dl effect is maximal [32].
No marked increase in sexual interest or activity occurred over this limit. Buena et
al. did not observe changes in sexual function when the serum testosterone levels
of normal men were pharmacologically changed by means of testosterone injections
following pituitary desensitization with an LHRH-agonist [33]. Indeed, after sup-
pressing testosterone levels with GnRH analogues, which resulted in a marked
decrease in frequency of sexual desire and activity, androgen replacement at a dose
maintaining testosterone levels approximately half the basal levels was found to be
appropriate for sustaining normal libido and sexual activity [23].

Different methodological flaws could explain the discordant results of these
studies, including: small number of patients in certain series, and limited information
resulting from only single testosterone determinations. Several studies also reported
a significant increase in sexual interest and arousal following injection of large doses
of androgens to eugonadal males [34, 35], including males referred for lack of sexual
interest [36], though in all these studies this effect was too modest to lead to an
increase in sexual activity. In eugonadal men, amplitude and duration of NPTR
proved to be modestly but significantly increased following injection of large doses
of testosterone esters [24]. Furthermore, Buvat et al. observed a borderline significant
improvement in satisfying sexual intercourse by increasing the circulating level of
testosterone with injections of chorionic gonadotropins in eugonadal males referred
for erectile dysfunction or low sexual interest [37].

This body of data thus supports a highly significant relationship between the
serum testosterone level and sexual interest and activity up to a certain limit, probably
individually different, but with values not exceeding 200 to 450 ng/dl. Beyond this
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level a weaker relationship may exist, but the most extensive studies suggest no
therapeutic effect of androgen administration in eugonadal men [35, 36].

 

11.4 MECHANISM OF ACTION OF HORMONAL 
DISRUPTORS

 

Natural sex hormones (estrogens or androgens) travel in the bloodstream searching
out compatible receptor sites located in the nucleus of specific cells. The hormones
enter the cell, lock onto a specific receptor, and turn on specific genes. The genes
tell the cell to make new proteins or other substances that can change cell functions
(grow, divide, or make more enzyme). Unlike some hormones that act in seconds
or minutes, this process may take hours to complete.

Although natural steroid hormones generally function by binding to specific
receptor sites, synthetic environmental estrogens can affect the hormonal system in
a number of different ways: 

1. They bind to specific receptor sites inside the nucleus of a cell that mimic
or evoke a proper hormone response.

2. They block or inhibit a normal hormone response.
3. They mimic and block hormones (PCBs do both).
4. They elicit a weaker or a stronger hormone response or make a totally

new response.
5. They bind to other receptors and create a novel reaction or interfere

indirectly with normal hormonal action.
6. They alter production and breakdown of hormone receptors and natural

hormones, which changes hormonal blood concentrations and endocrine
responses.

Thus, several normal and abnormal responses can occur when any imposter
binds with specific hormone receptors.
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The action of androgen, mediated via androgen receptors (ARs), is essential for
normal development of the mammalian male reproductive system. Under normal
physiological conditions, testosterone and DHT are the primary androgens that
activate the AR. Three classes of chemicals, when administered during the develop-
mental period, that influence androgen levels are (a) those that have antagonistic
properties with the AR (antiandrogens); (b) those that interact with the estrogen
receptor; and (c) those that interact with the aromatic hydrocarbon (Ah) receptor.

 

11.4.1.1 Antiandrogens

 

Chemicals that can bind to the AR without activating it and simultaneously prevent
binding of true androgens are called antiandrogens. Examples of antiandrogens
include hydroxyflutamide, the pesticides procymidone [36] and vinclozolin [38],
and the DDT metabolite p,p

 

′

 

-DDE [39]. O,p

 

′

 

-DDT has weak estrogenic activity.
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Estradiol and DES have some affinity for the AR [39, 40]. Therefore, the mechanism
by which estrogenic chemicals impair development of the male reproductive system
may be via antiandrogenic properties rather than or in addition to activity related to
estrogen receptor activation.

Failure to activate the AR due to low androgen levels or antiandrogen activity
(e.g., due to fungicide vinclozolin) would produce results similar to the less severe
alterations seen in individuals with defective ARs. The range of those effects is seen
clearly in human 45XY genetic males who have defects in the AR (androgen-
insensitivity syndrome) [41]. Similar effects have been observed in genotypic males
exposed prenatally to DES. Gray et al. (1994) administered DES to pregnant rats
from gestation day 14 to postnatal day 3. Male offspring had a variety of reproductive
effects that are characteristic of interference with AR action, including reduction of
ano-genital distance to that characteristic of females, impaired penis development,
existence of vaginal pouches, prostate gland agenesis, delayed preputial separation,
and reduced or absent sperm production as judged by seminiferous tubule atrophy
[38].

 

11.4.1.2 Estrogen Receptor Interactions

 

Exposure 

 

in utero

 

 to exogenous chemicals (octyphenol, octyphenol phenoxylate,
and butyl benzyl phthalate as well as DES) with estrogenic activity can reduce sperm
production, and can cause improper development of the penis, cryptorchidism, and
testicular tumors [42, 43]. Male offspring exposed to DES 

 

in utero

 

 had increased
incidence of genital malformations, including epididymal cysts (nonmalignant; 21%
versus 5% for controls) and testicular abnormalities (11% versus 3%) including
small (hypoplastic) testes, and microphallus [44, 45]. In considering these results,
it is important to note that DES is a potent synthetic estrogen that also has antian-
drogen properties. With exposure 

 

in utero 

 

to relatively high levels of a potent
exogenous estrogen, about one third of the men who were recontacted have clinically
detectable reproductive system effects. The types of effects that were observed are
consistent with those that would be predicted from studies with rodents, but men
appear to be less sensitive.

 

11.4.1.3 Aryl Hydrocarbon (Ah) Receptor Agonists

 

Dioxin (2, 3, 7, 8-TCDD) and other halogenated aromatic hydrocarbons that cause
male reproductive system abnormalities can activate the Ah receptor [46, 47]. The
effects seen during development appear to result from the ability of dioxin to
impair testosterone biosynthesis and normal sexual differentiation. The low andro-
gen level is not accompanied by increased LH levels, indicating impairment of
the feedback mechanism for control of LH synthesis and release. Observed effects
include decreased anogenital distance, delayed testis descent, impaired spermato-
genic function, decreased accessory sex gland weights, and feminization of male
sexual behavior. 
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Abnormality in the expression of the genome or interference with the action of gene
products, as well as acceleration of the rate of cell division, can be induced in male
reproductive organs by chemicals having endocrine activity. Because the male repro-
ductive endocrine system involves components from the hypothalamus and pituitary
(affecting gonadotropin production), as well as the testes (affecting testosterone
production), opportunities for disruption exist at multiple levels and with a variety
of types of endocrine action [47]. Thus, chemicals with estrogenic, antiandrogenic,
or aryl hydrocarbon receptor binding activity are primary disruptor suspects, as are
chemicals that influence the synthesis or release of FSH, LH, or prolactin [48].

Although disruption of the endocrine balance will adversely affect the adult male
reproductive system, the developing male reproductive system pre- and postnatally
appears to be particularly susceptible and uniquely sensitive. In mammals, including
humans, development of the male phenotype requires activation of the SRY gene
on the Y chromosome. In the absence of expression of that gene, the female phe-
notype develops. The mechanisms of action of the SRY gene and the cascade of
events that follow have not been elucidated fully. However, any interference with
Mullerian ducts to regress will result in the presence of rudimentary components of
the female reproductive tract in general. Depending on the extent and the timing of
that interference, the consequences would be complete or partial failure of the
development of the male reproductive system, which could limit androgen produc-
tion, delay or prevent onset of the puberty, and affect sexual behavior in adults [48].
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The research currently being conducted using cavernosal smooth muscle cells in
primary culture has shown the importance of ion channels on the surface of penile
smooth muscle cells (Sikka et al., presented at AUA Annual Meeting, 2004). Two
ion channels of particular significance are calcium and potassium. Simply speaking,
calcium ion is responsible for smooth muscle contraction (i.e., penile flaccidity) and
potassium ion is responsible for smooth muscle relaxation (i.e., erection). Alteration
of those two ion channels by hormonal disruptors and other toxic agents represents
important venues of future research.

 

11.5 HOW ENVIRONMENTAL ESTROGENS DIFFER 
FROM NATURAL HORMONES 

 

Environmental estrogens are a diverse group of synthetic chemicals and natural plant
compounds that may act like estrogen hormones in animals and humans. Although
most are weaker than natural estrogens, some have been associated with reproductive
and developmental problems in wildlife and laboratory animals. Natural hormones
and phytoestrogens are short-lived, do not accumulate in tissue, and are easily broken
down by our bodies. Most natural estrogens stay in the bloodstream only minutes
or at most a few hours [49]. Although opinions vary about their benefits, the health
effects associated with phytoestrogens are influenced by the age of the individual
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during exposure (for instance, fetus, child, or adult) and the length and concentration
of exposure. The estrogenic drugs, such as ethynylestradiol, are more stable and
remain in the body longer than natural estrogens, like estradiol. However, pesticides
and other environmental estrogens are not easily or readily broken down, are more
persistent, and are long-lived, remaining intact in the environment and in living
organisms for many years [49]. 

In most cases, the chemical structures of natural hormones and the synthetic
environmental estrogens are strikingly different. Chains of carbon rings form the
backbone of the sex steroid hormones (estrogens, androgens, progestins). Each
hormone differs only in the location and number of attachments to the main stem.
Environmental estrogens (e.g., PCBs), on the other hand, come in all shapes and
sizes. Many of the compounds have carbon rings stacked in various ways (polycyclic,
or many rings). Some have chlorine atoms or other side chains extending off the
main structure. Still others contain no rings or chlorine. These structural differences
between natural hormones and environmental estrogens may lead to functional
difference [49].

 

11.6 AGING AND ED

 

While it is undeniable that aging brings changes to every man’s sexual life, it is
equally undeniable that plenty of men enjoy healthy, active sex lives through their
50s, 60s, 70s, and even into their 80s! In spite of continuing good health, all men
have to accept some loss in their sensitivity to touch and in the tone of their penile
smooth muscle. As early as 1948, Kinsey [50] reported that by age 75, about 25%
of men become impotent, and that the incidence of impotence increases with age,
but later studies (e.g., Baltimore Longitudinal Study of Aging, and the Charleston
Heart Study Cohort) increased this number to 55%. As men get older, it usually
takes longer for them to achieve an erection. Older men also have longer refractory
periods. Some early warning signs of sexual dysfunction include fewer morning
erections, fewer spontaneous erections, increasing inability to induce an erection,
increasing inability to maintain an erection, and increasing inability to assume sexual
positions.

 

11.6.1 R

 

OLE

 

 

 

OF

 

 H

 

YPOGONADISM

 

Male hypogonadism is defined by decreased androgen effect, which is most com-
monly due to impaired testicular secretion of testosterone and decreased bioavail-
ability of circulating androgens through an increase in serum binding proteins.
Normal serum androgen levels are critical for the maintenance of sexual functions
in the aging male. Cellular senescence results in increased deposition of a less-
compliant collagen subtype in the corpora cavernosa and tunica albuginea. This can
lead to veno-occlusive dysfunction and decreased neuronal transmission to the cav-
ernosal smooth muscle [51]. Aging also is believed to result in altered endothelial
function, which manifests in decreased basal nitric oxide release and increased basal
endothelin-1 [52, 53]. There is evidence for up-regulation of endothelin-1 mRNA
with aging [53]. Correlations have been demonstrated between androgen levels and

 

2281_C011.fm  Page 354  Thursday, October 21, 2004  2:40 PM

© 2005 by CRC Press



 

Endocrine Disruptors and Male Sexual Dysfunction

 

355

 

mRNA levels for nitric oxide synthase [54]. Thus, any hormonal control of this
balance between NO and endothelin may play a significant role in the onset of
impotence in the aging male. How endocrine disruptors directly alter this balance
is not known.

Recent studies have shown an increased prevalence of ED, reduced libido, delays
in achieving erection, orgasm, and prolonged latency time in the aged men, where
hypogonadism is more frequent than in young men [55–58]. Investigations document
an age-related decrease in serum androgen levels, which is associated with an age-
related decrease in sexual function. Pfeiffer et al. demonstrated an inverse relation-
ship between age and sexual intercourse frequency and sexual interest [59]. These
evidences correspond with a well-described decrease in serum androgen levels with
age [55, 60–62]. However, it remains unclear whether there is a causal relationship
between age and decreased androgens. 

 

11.6.2 C

 

ONTROVERSIES

 

 R

 

ELATED

 

 

 

TO

 

 H

 

YPOGONADISM

 

 

 

AND

 

 ED

 

There is lot of debate going on related to decline of human male sexual response
with age and its relationship with hypogonadism. Korenman et al. observed an
increased prevalence of hypogonadism among older men when compared with young
controls in a cohort-controlled study of 267 men with ED and 107 controls [63].
However, when corrected for age, there was no association between hypogonadism
and ED in the older population. They concluded that both hypogonadism and ED
were common conditions in the aging male but that they might not be causally
related. Current evidence further suggests that hormonal factors do not play a
substantial role in the age-associated increased prevalence of ED observed in man.
Other causes of ED increase with age. Although the predominant etiological factor
of ED in older men appears to be vasculogenic disease, the diminution of libido
associated with age most likely has an endocrinological basis. Table 11.1 lists such
clinical manifestations that may be associated with hypogonadism in aging males.
Androgen replacement therapy may not be sufficient to restore normal sexual func-
tion in aging men due to the presence of other etiological factors. 

In men there is no sharp decline or break-off point in serum sex steroid levels.
Studies have documented a gradual age-related decline in serum testosterone con-
centrations in healthy adult men [60]. Furthermore, the existence of an age-related
gradual decline in bioactive testosterone levels is now generally accepted, which
was confirmed by longitudinal data [61, 64]. Highest plasma levels are observed in
the age group 20 to 30 years, but levels start to decrease around age 35 years and
are very low at age 75 (the mean free testosterone levels are only 50% 

 

[

 

0.22 nMol/l

 

]

 

of levels at age 25 years 

 

[

 

0.45 nMol/l

 

]

 

) [65].
The exact prevalence of hypogonadism among aged men is not known and is

dependent upon the definition of hypogonadism that is utilized. One definition that
has been utilized is to select the population with the lowest quintile of serum
testosterone and the highest quintile of gonadotropins. Using this definition, the
prevalence of hypogonadism in the Massachusetts Male Aging Study is 4% among
men 40 to 70 years old [60]. The prevalence of hypogonadism among men over 55
years increases to 20% when hypogonadism is defined as having a serum testosterone
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concentration below the normal range of serum testosterone for healthy young adult
men. The prevalence of testosterone deficiency among older men increases dramat-
ically if hypogonadism is defined by the amount of bioavailable testosterone in the
serum, and it has been estimated by some authors to be as high as 50% [60]. In an
investigation of 300 healthy men applying a definition of hypogonadism as a morning
level of testosterone below the lower limit of normal (12 nmol/L), Vermeulen and
Kaufman [66] reported that none of the men aged 20 to 40 years had testosterone
levels within the hypogonadal range, but 7% of those aged 40 to 60 years, 21% of
those aged 60 to 80 years, and 35% of those over the age of 80 had hypogonadism.
Thus, the definition of hypogonadism in aging men remains unclear. For instance,
a decrease of serum testosterone from 800 ng/dl to 400 ng/dl (although both values
are within the normal range) may represent a physiologically significant decline in
androgen levels for that individual, establishing a state of hypogonadism, who may
then respond positively to androgen replacement therapy. This may not be true for

 

TABLE 11.1
Clinical Manifestations Associated with 
Hypogonadism in the Aging Male

 

Affected System Clinical Manifestations

 

Psychological Lack of mental energy
Decreased of cognitive functions
Decrease of the feeling of general well-being
Irritability
Inability of concentration
Depressive symptoms
Nervousness

Physical Generalized weakness
Lack of physical energy
Decrease in muscle mass and strength
Ostopenia
Gynecomastia
Decreased body hair
Abdominal obesity

Vasomotor Excessive sweating
Occasional hot flushes
Insomnia
Palpitation

Sexual Decrease in sexual activity
Loss of libido
Erectile dysfunction
Lengthening of refractory period
Less-well-defined quality of orgasm
Poor intensity of ejaculation
Decrease in volume of ejaculate
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most of the population. Table 11.2 lists such commercially available testosterone
preparations that have shown some promise in improving ED in hypogonadal men.
However, in the absence of longitudinal data it is impossible to state with certainty
whether or not this is the case. 

The large interindividual variability of androgen levels in healthy men is attrib-
utable to genetic, socioeconomic, and environmental factors. Meikle et al. attributes
about 30% of the variability to genetic factors [67]. Circadian and ultradian pulsatile
variations in androgen levels also play a role in the variability of the measured
values. Among the more personal factors, obesity, probably via the induced hyper-
pinsulinemia and low SHBG levels, is accompanied by decreased testosterone levels
and in morbid obesity, even decreased free testosterone level, whereas several studies
suggest that a vegetarian diet is accompanied by lower free testosterone levels [68].
Smokers have a higher free testosterone level than non-smokers. Physical or psy-
chological stress is generally accompanied by decreased testosterone levels. This
androgen deficiency in elderly men is generally moderate and some authors suggest
using the term: Partial Androgen Deficiency of the Aging Male (PADAM). 

The hypothalamus–pituitary system of the elderly is more sensitive to sex hor-
mone feedback [69-71], whereas the decrease of the androgen receptor concentration
in the corpora cavernosa or pubic skin suggests a decreased sensitivity at this level
[72, 73]. Unfortunately, a more reliable parameter of androgen action is not available.
Histological studies in man demonstrated that decreased number and volume of
Leydig cells might be responsible for hypogonadism [66]. Zirkin and colleagues
observed similar findings in aging rat model, where both spermatogenesis and
steroidogenesis decrease in an age-dependent manner similar to that observed in the
human condition [74]. The primary defect in these aged rats is Leydig cell dysfunc-
tion. However, several human studies have demonstrated abnormalities in the hypo-
thalamus–pituitary axis, which showed an increased SHBG level was a primary
event leading to low levels of bioavailable testosterone in older men [63, 66]. Thus,
the hypogonadism present in elderly men is multifactorial and may be collectively
termed as “andropause.”

 

TABLE 11.2
Commercially Available Testosterone Preparations

 

Preparation Generic Name Trade Name Dose

 

Injectable Testosterone cypionate Depo-testosterone 200–400 mg every 3–4 weeks
Testosterone enanthate Delatesrtryl 200–400 mg every 3–4 weeks

Oral Fluoxymesterone Halotestin 5–20 mg daily
Methyltestosterone Metandren 10–30 mg daily
Testosterone undecanoate Andriol 120–160 mg daily

Transdermal Testosterone patch Androderm 6 mg daily
Testosterone patch Testoderm 10–20 mg daily
Testosterone gel Androgel 2.5–5 mg daily
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11.7 HORMONAL CAUSES OF MALE SEXUAL 
DYSFUNCTION

11.7.1 P

 

RIMARY

 

 H

 

YPOGONADISM

 

Total testosterone is usually found to be normal in ED patients. The average value
of total testosterone does not differ or is slightly decreased than in that of men with
normal erectile function [75-82]. In series of 2722 patients referred for ED, 2.1 to
21% of patients (average 8.3%) were found to have a serum total testosterone level
lower than 300 ng/dl [11, 83-88]. The prevalence of the low testosterone levels
increases with age. In a series of 1022 unselected ED patients, 9% of patients older
than 50 years had a serum testosterone less than 300 ng/dl and 2.6% had 200 ng/dl,
compared to 4% and 0.8% of those less than 50 years, respectively [88]. Free
testosterone or non-sex hormone binding globulin (nSHBG)-bound testosterone
(bioavailable testosterone) is considered as the only fractions of serum testosterone
available to the target cells. Buvat et al. assessed the prevalence of the decreases of
both fractions in over 400 ED patients according to their age [89]. Free testosterone
was decreased in 22.6% before the age of 50 and in 37.1% after age 50. nSHBG-
bound testosterone was reduced in 3.9% before and in 24.4% after age 50. Korenman
et al. reported on a substantial prevalence of low levels of nSHBG-bound testosterone
in the older men with ED [63]. However, Pirke et al. found no difference between
their groups of ED patients and controls regarding the mean value of serum free
testosterone [78]. Additionally, the decrease in the levels of nSHBG-bound testoster-
one was not different whether the older men were with ED or not [63]. In contrast,
Buvat-Herbaut et al. found a significant decline in the mean value of free testosterone
and nonSHBG-bound testosterone in ED patients compared to age-matched controls
[80]. These results suggest the occurrence of an inconsistency with the levels of
bioavailable testosterone between normal and ED patients.

For thousands of years, it was known that castration decreased sexual interest
and activity, revealing the essential role of the testicles. A fascinating fact is that
men with nonfunctioning testicles and low testosterone may sometimes continue to
have normal desire and erections. In most cases, however, reduced libido and sexual
performance accompany a decrease in testosterone [90]. The extent to which less-
than-optimal testosterone, especially in the aging male, impairs sexual function is
influenced by the state of penile blood flow and nerve conduction (refer to Table
11.1). A younger man in good health except for diminished testosterone may often
continue to have good erections, but an older man whose penile blood flow is
beginning to be reduced by arteriosclerosis, or whose nerve conduction is diminished
by diabetes or other neuropathy, even a moderate decrease in testosterone may
interfere with erections, with improvement following supplementation [91]. Differ-
ent studies estimate that up to 30% of men with sexual dysfunction have hormonal
causes, with the majority having hypogonadism [92]. The most frequent cause of
hypogonadism is age-related primary testicular failure. 

While many studies have documented the restoration of serum testosterone levels
with androgen supplementation (using injection, patch, implant, or oral routes as
shown in Table 11.2), few have evaluated its efficacy in the management of erectile
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dysfunction [93]. One study reported significant improvements in frequency, dura-
tion, and rigidity of nocturnal penile tumescence with testosterone supplementation
[21]. Sexual desire and arousal was also significantly improved. However, only 35
to 60% of men can expect a measurable improvement in sexual performance with
restoration of normal serum testosterone levels [94, 95].

 

11.7.2 S

 

ECONDARY

 

 H

 

YPOGONADISM

 

Low testosterone not accompanied by elevated gonadotropins suggests defective
pituitary or hypothalamic function, also known as secondary hypogonadism. The
most frequent cause of secondary hypogonadism in the population of impotent men
is idiopathic LH deficiency, probably resulting from hypothalamic dysfunction [96].
A hypothalamic cause is suggested and a pituitary cause made less likely by observ-
ing LH rise after stimulation testing with GnRH [90, 92]. 
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Estrogens belong to a family of steroid hormones that regulate and sustain female
sexual development and reproductive function and stimulate tissue growth by (a)
promoting cell proliferation (DNA synthesis and cell division) in female sex organs
(breasts, uterus); (b) promoting hypertrophy in female breast and male muscle during
puberty; and (c) initiating the synthesis of specific proteins [97]. Under these guide-
lines, any natural steroid, plant compound, or synthetic chemical that elicits these
responses in laboratory tests is considered estrogenic. Estrogen excess causes LH
suppression with resulting diminished testosterone production, which is most often
seen in obese men [98]. This is probably a result of adipose tissue conversion of
testosterone to estrogen. Chronic liver disease can also produce estrogen excess,
both because of hepatic aromatization of testosterone to estrogen and because of
increased sex hormone binding globulin, which can result in a reduced amount of
active testosterone in the circulation [99]. 

A rarer cause of estrogen excess during occupational exposure is production of
an adrenal androgen, DHEA, which is also converted to estrogen in the liver and
adipose tissue. These men may have gynecomastia and feminine fat distribution,
and blood tests reveal low testosterone and LH accompanied by elevated total
estrogen (estrone + estradiol) [99]. Measurement of estradiol alone is not sufficient,
since much of the estrogen in men is in the form of estrone. Hormonal ablation
therapy using LHRH agonists or estrogens to reduce circulating testosterone to
castrate levels is the mainstay of therapy for metastatic prostate cancer. However,
this leads to a decrease in libido and erectile dysfunction.

 

11.8 METABOLIC DISORDERS AND ED
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Agents that affect the central or peripheral nervous system or alter the pitu-
itary–hypothalamic–gonadal axis may directly impair sexual function by altering
endocrine function [96, 97]. GnRH release from the hypothalamus is suppressed by
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stress-induced increases in catecholamines, prolactin, corticotropin-releasing factor,
and opiates. Cranial irradiation may lead to irradiation-induced hypothalamic dys-
function with hyperprolactinemia, resulting in impotence [100]. Hyperprolactinemia
decreases the secretion of GnRH, resulting in low testosterone levels [90]. Erectile
dysfunction (88%) and decreased libido (80%) are the most common presenting
symptoms of hyperprolactinemia [100]. Oral bromocriptine can normalize prolactin
levels and restore normal erections. 

 

11.8.2 D

 

IABETES

 

 M

 

ELLITUS

 

Diabetes mellitus has been one of the most common cause of ED. Fifty percent of
diabetic men are impotent after 10 years of diabetes [101]. Age, duration of diabetes,
and diabetic complications can predict ED in most diabetic patients. While glyco-
sylated hemoglobin has been suggested as a predictor of the association of ED and
diabetes, other factors, such as alcohol intake, age, and antihypertensive medications
are more accurate predictors [102–104]. The pathophysiology of ED in diabetics is
dependent upon neuropathy, microangiopathy, and generalized vascular disease
[105]. Since diabetes is associated with a risk of hypogonadism, a serum testosterone
should also be evaluated routinely.

 

11.8.3 O

 

BESITY

 

Obese men who are otherwise healthy have been found to have low serum testoster-
one levels with a progressive fall in serum testosterone 

 

[

 

106]. Despite this low serum
testosterone, obese men might not display clinical evidences of hypogonadism [107].
They have normal libido, potency, testicular size, and spermatogenesis. This paradox
is partially explained by the finding that most obese men have normal free testoster-
one levels. This is due to a decrease in the SHBG, which reduces the protein-bound
testosterone. There are some men with marked obesity (> 250% of ideal body weight)
that have subnormal free testosterone levels. Obese men have elevated estradiol and
estrone levels [108]. The high estrogen levels may reflect the ability of the adipose
tissue to convert androgens to estrogens. When these obese men lose weight and
their adipose tissue, the abnormal androgen and estrogen levels revert to normal
[109]. Serum gonadotropins are normal in obese men. 

11.8.4 RENAL DISEASE

Chronic renal failure impairs sexual function in about 50% of men [110], and
hemodialysis does not seem to improve it. Patients with renal failure have elevations
of LH and FSH and some decrease in serum testosterone, hormone levels that are
characteristic of a primary testicular dysfunction [111, 112]. This evidence has been
supported by the observation that hCG stimulation testing in these patients fails to
elevate serum testosterone levels [113]. Elevated prolactin levels may also be seen
in men with chronic renal failure [114, 115] 

In some patients, renal transplantation may reverse the low serum testosterone
levels seen pretransplant and improve sexual function in about 80% of patients [116].
Dialysis rarely improves the sexual dysfunction [117]. If potency does not improve
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post-transplantation, the etiology of the dysfunction is most likely non-endocrine
such as an abnormal vascular supply to the penis. Therefore, in patients with chronic
renal failure, a lowered serum testosterone level may be the cause of the sexual
dysfunction, and these patients may be candidates for exogenous androgen therapy.
If exogenous testosterone fails to improve the dysfunction, that is usually what occurs
in this setting, then a vasculopathy or neuropathy as the etiology of the dysfunction
should be addressed [118].

11.8.5 THYROID DISEASE

Increased thyroid hormone secretion has been associated with an increase in total
testosterone but with normal free testosterone. This is due to the elevation in the
SHBG or, as it is occasionally referred to, testosterone-estrogen binding globulin
(TEBG) associated with hyperthyroidism. The elevation in SHBG causes a relative
decline in the free testosterone levels, which cause an elevation of serum LH and
further increase in serum testosterone and, by peripheral conversion, an increase in
serum estradiol. Due to increased estrogens, the patients with hyperthyroidism may
complain or present with gynecomastia and a decrease in libido [119]. The libido
does not respond to exogenous testosterone therapy that may also make the gyneco-
mastia worse.

Treatment of the thyrotoxicosis reverses the symptoms and signs of the disorder.
In hypothyroidism, LH and FSH are usually increased due to testicular resistance
to gonadotropins. Serum testosterone and SHBG are usually decreased. Free test-
osterone may be increased, decreased, or normal. Potency is usually normal in
hypothyroidism but ED and decrease in libido were reported in some men. If
hypothyroid men complain of ED, replacement with thyroxin rarely improves the
potency [120]. 

11.8.6 HYPERPROLACTINEMIA

Hyperprolactinemia is a common endocrine cause of erectile dysfunction. Men with
hyperprolactinemia tend to have decreased libido and have ED. Serum gonadotropins
and testosterone are usually decreased in men with hyperprolactinemia. Hyperpro-
lactinemia can decrease gonadotropins by inhibition of GnRH secretion, and larger
nonfunctioning tumors cause hypogonadism by direct damage to the gonadotrophs
[121]. The abnormalities of testosterone metabolism have been demonstrated in
hyperprolactinemia [122]. Other mechanisms might be responsible for diminishing
erectile activity in hyperprolactinemia, including direct suppression of the libido
center or decreased relaxation of the corpus cavernosum through mechanisms that
are independent of testosterone action [123]. Men with acquired hypogonadotropic
hypogonadism, such as pituitary tumor, commonly complain of decreased erectile
function. These tumors commonly secrete prolactin, and high serum prolactin levels
can interfere with the hypothalamic–pituitary–gonadal axis at many levels. In mac-
roadenomas, the LH and FSH deficiencies are not always restored to normal with
dopamine agonist therapy even if the prolactin levels return to normal. Prolactin
interferes with brain neurotransmission and may impair libido. 
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In addition, it may also have adverse effects on sexual function in men separate
from that of testosterone suppression, since treatment of these patients with exoge-
nous testosterone does not always reverse ED until the prolactin levels have been
returned to normal levels [124]. If medical therapy fails to control the effects of the
tumor, surgical adenectomy may be indicated. Depression and anxiety are common
in men with pituitary hyperprolactinemia independent of the lowered testosterone
levels and may play a role in the decreased libido seen in these men [125]. Besides
an ademona, hyperprolactinemia may also be caused by certain drugs and in some
patients with chronic renal failure [100]. 

11.8.7 OTHER MISCELLANEOUS FACTORS

Nutritional disorders such as protein malnutrition and severe obesity may be asso-
ciated with hypogonadotropic hypogonadism. Androgen production can be restored
after weight correction. However, it may be difficult to differentiate the role of these
conditions in loss of libido and causing ED. Sickle cell anemia has been found to
cause hypoandrogenism, due to testicular damage [126] that may lead to ED. Tes-
tosterone supplementation can be useful for anemia and sexual problems. Chronic
liver diseases are associated with increased SHBG and hormonal abnormalities such
as low androgens, elevated estrogens, and hyperprolactinemia. ED and gynecomastia
are commonly encountered in chronic liver diseases. Although total serum testoster-
one is low or normal, due to concomitant elevation of SHBG, the free testosterone
is usually low. High circulating estrogens may play a role in the inhibition of LH
secretion. Prolactin can be elevated. Gynecomastia can be explained by the increased
estrogen/testosterone ratio that could affect sexual function. Acute illnesses such as
sepsis, respiratory failure, or myocardial infarction are accompanied by decreased
testosterone levels due to temporary inhibition of androgen production [127]. Hypo-
gonadism can be both primary and secondary. The factors that cause hypogonadism
and associated sexual disorders in acute illnesses can be hypoandrogenism, hyper-
prolactinemia, or hyperestrogenemia. Hemochromatosis, the disease characterized
with excessive iron deposition in a variety of tissues including liver and pituitary
gland, is also associated with selective gonadotrophic failure without affecting the
rest of pituitary function, thus affecting normal hormone balance. 

11.9 ENDOCRINE DISRUPTORS AND ED

An environmental hormone disruptor, in general, may be defined as an exogenous agent
that interferes with the synthesis, secretion, transport, binding, action, or elimination of
natural hormones that are responsible for the maintenance of homeostasis, reproduction,
development, or behavior in the body. Endocrine disruptors are usually either natural
products or synthetic chemicals that mimic, enhance (an agonist), or inhibit (an antag-
onist) the action of biological hormones. Dose, duration, and timing of exposure at
critical periods of life are important considerations for assessing the adverse effects of
endocrine disruptor. Effects may be reversible or irreversible, immediate (acute) or latent
and not expressed for a period of time. Table 11.3 lists many such disruptors directly
or indirectly affecting sexual function as described below [128].
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TABLE 11.3
Hormonal Disruption and Male Sexual Dysfunction

Class Agent/Condition Effects

(A) Pharmacological
Antiandrogen Cimetidine, cyproterone, 

spironolacton ketoconazole, 
finasteride, flutamide, 
progestins, anabolic steroids 

↓DHT, altered HPG-axis,
↓libido
Impotence

Estrogen Estradiol, estriol, DES  ↓T; gynecomastia
Phytoestrogens   Flavonoids, lignans, alkaloids ↓libido, delayed orgasm, 

gynecomastia
Antihypertensives Calcium channel blockers, 

thiazides, β-blockers, 
methyldopa, digoxin

Impotence, libido

Antidepressants Trazodone, Prozac, lithium, 
Sertraline

Delayed ejaculation, priapism,
↓orgasm

(B) Environmental
Chemicals DBCP, DDT, PCBs, dioxins, 

methyl chloride, vinclozolin, 
↓HPG-axis, ↓T, ↓Libido, 

Deformities of sex-organs.
Heavy Metals    Lead, mercury, cadmium, cobalt 

lithium
Central, gonadal, ↓HPG-axis

Radiations ∝-and β-rays; X-and ∝-rays Nerve damage, impotence, 
low ejaculatory volume

(C) Recreational Alcohol, nicotine, marijuana 
valium, cocaine, morphine

Depression, impotence

(D) Physiological Cardiac/hepatic/pulmonary/renal 
failure; genitourinary 
conditions

↓libido, impotence

(E) Disease States
Hypertension/Diabetes Nerve/vascular/muscular damage Organic 

impotence__________
Depression, Sickness, Death, Emotional stress Psychogenic impotence, 

↓libido
Other Endocrine Disorders Testicular feminization, 

hyperthyroidism, 
hyperprolactinemia, 
hypogonadism, pituitary tumor

↓T, ↓libido, impotence altered 
HPG-axis

Abbreviations: DBCP (dibromochloropropane); DDT (dichlorodiphenyl-trichloroethane); DHT (dihy-
drotestosterone); DES (diethyl stilbestrol); PCBs (polychlorinated biphenyls); T (testosterone)
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11.9.1 ENVIRONMENTAL CHEMICALS 

Recent reports suggest that many chemicals released into the environment can affect
normal endocrine function. Some deleterious effects observed in animals have been
attributed to persistent organic chemicals, such as polychlorinated biphenyls (PCBs),
dichlorodiphenyl-trichloroethane (DDT), dioxin, and some pesticides [6]. These
chemicals existing in the environment may mimic natural hormones and disrupt
bodily functions if ingested, even in minute quantities. Convincing evidences exist
that chemical exposures in rodents have led to increased estrogenic activity or
reduced androgen levels or otherwise have interfered with the action of androgen
during development, causing male reproductive system abnormalities [129]. Results
obtained from the observation of men exposed to DES in utero demonstrate that
environmental agents may alter neuroendocrine function both during development
and in the sexually mature organism [130]. Testing for the endocrine-disrupting
potential of environmental chemicals should include the ability to detect antiandro-
genic activity as well as estrogenic activity. Testing also should be able to detect
alteration in androgen receptor and all receptor function as reflected in genome
expression [131].

11.9.1.1 Organochlorines

PCBs are a group of commercially produced organic chemicals used since the 1940s
in industrial applications and throughout the nuclear weapons complex. PCBs are
found in many gaskets and large electrical transformers and capacitors in the gaseous
diffusion plants. Many studies and reviews have found PCBs to be toxic to both
humans and laboratory animals [6, 128, 130, 132].

11.9.1.2 Pesticides

Vinclozolin, a fungicide used on grapes, and p,p′-DDE, the major persistent metab-
olite of DDT, have been shown to feminize the reproductive systems of male (rat)
pups born in a multigenerational study [39, 133]. These pups had a very small anal-
genital distance, which is an androgen-dependent measure, and the external genitalia
of older animals had female characteristics, suggesting that these agents inhibited
the action of androgens. For the male reproductive tract to develop, a number of
proteins have to be synthesized, and that synthesis depends on androgens secreted
by the testes during development. These chemicals interfere with androgens by
binding to the androgen receptor and prevent the transcription of DNA. On the other
hand, testicular cancer, undescended testis, and urethral abnormalities can arise
during fetal development in the female. These medical conditions may be due to
altered exposure to estrogens during pregnancy and not due to androgen interference.
Whereas androgens normally act like keys that open doors to reproductive develop-
ment, certain androgenic toxicants may act like keys that jam the locks. In spite of
the recent wave of publicity about endocrine disruptors, most men are still unaware
that their reproductive health is under scrutiny. 
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In addition to chemical exposure, many drugs and medications, disease states,
and environmental factors are likely to disturb the endocrine profile resulting in
decreased sexual performance (Table 11.1).

11.9.2 PHARMACOLOGICAL AGENTS

Many prescription and non-prescription drugs directly or indirectly act as hormonal
disruptors and can affect sexual functioning in both men and women. In men, loss
of libido (sexual desire), impotence, delayed (or absent) orgasm, failure of ejacula-
tion, and priapism (prolonged painful erection) are common consequences of many
drugs [134, 135]. Women are often less affected but can experience loss of libido,
inhibition of orgasm, or lack of orgasm from medicines. Unfortunately, many patients
blame old age and low hormonal activity for diminishing sexual abilities, when, in
truth, the problem may be the direct consequence of a drug. 

11.9.2.1 Antihypertensives 

About one third of men who take thiazide diuretics (hydrochlorothiazide, chlorthali-
done, beneroflumethiaide) as therapy for high blood pressure have problems with
libido, erection, and ejaculation, but the mechanism is not known [136]. Spironolac-
tone (Aldactone) at high doses blocks androgen receptors and lowers the sex drive,
leading to impotence and gynecomastia [137]. Digoxin, a cardiac drug similar in
structure to sex steroids, decreases testosterone and increases estrogen and is associ-
ated with erectile failure and gynecomastia [138]. Methyldopa (Aldomet), a synthetic
relative of the neurotransmitter dopamine, is a well-documented cause of erectile
problems [136]. Guanethidine and clonidine, which oppose the action of the sympa-
thetic nervous system, also cause impotence. Clonidine (Catapress), an α2-agonist,
impairs erectile function and decreases libido in up to 40% of patients. β-blockers
are used for many cardiovascular problems as well as for high blood pressure. Men
taking propranolol (Inderal), the most common β-blocker, complained of loss of libido
and erection. When a β-blocker causes problems, a drug of a different class should
immediately replace it. Although loss of libido can be attributed to hypogonadism,
reduced perfusion pressure of the lacunar spaces after antihypertensive therapy is
probably the main cause of reduced penile rigidity. 

11.9.2.2 Depression and Related Drugs

Depression itself is associated with impaired sexual function in terms of lost desire
and performance. However, most antidepressant drugs such as serotonin reuptake
inhibitors, clomipramine, lithium carbonate, and monoamine oxidase inhibitors are
associated with higher rates of impotence than other antidepressant classes [139].
Ejaculation and orgasmic difficulties, as well as alterations in libido, arousal, and
erectile function, are prominent adverse effects of taking these medications [139, 140].
The new antidepressants selective serotonin reuptake inhibitor (Prozac) has negative
effects on men’s potency, but found to be useful in delaying premature ejaculation. 
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11.9.2.3 Other Brand-Name Drugs 

Over extended periods of usage these drugs can cause impotence, possibly due to
altered hormone synthesis or action. Some of these listed drugs are included in the
Table 11.3. 

Alcoholism drugs: Antabuse; Antifungal drugs: – Ketoconazole; Arthritis drugs:
Indocin; Bleeding drugs: Amicar; Epilepsy drugs: Dilantin; Gastrointestinal drugs:
Antrocol, Arco-Lase, Butabell, Pro-Banthene, Probocon, Regian, Tagamet, Uretron,
Zantac; Glaucoma drugs: Diamox; Headache drugs: Sansert; Infection drugs,
Flagyl, Satiric; Muscle spasm drugs: Flexural, Norflex, Norgesic, X-Otag; Parkin-
son’s disease drugs: Akineton, Artane, Cogentin, Kemadrin, Pagitane; Prostrate
drugs: Estrace, Eulexin, Lupron, Proscar, Zoladex;  Tuberculosis drugs: Trecator-
SC [136].

11.9.3 RECREATIONAL AGENTS

Many recreational agents in our daily environment directly or indirectly affect
hormonal profile and can cause partial or complete impotence.

11.9.3.1 Marijuana

Cannabinoids are psychoactive chemicals found in marijuana. In a frequent mari-
juana user, THC (tetrahydrocannabinol) and other cannabinoids are stored in body
fat and released slowly over time. This slow release could disturb hormonal profile,
leading to decreased fertility and sexual function. Marijuana use also decreases blood
testosterone levels [136]. The National Institute on Drug Abuse reports that new
cultivation and breeding techniques produce plants many times more potent than the
pot smoked 3 decades ago. The extent of the actual damage caused by these drugs
is still unclear, but there is the belief that the damage is irreversible. 

11.9.3.2 Smoking

Smoking in itself does not appear to be a direct cause of impotence, but chemical
substances (nicotine) in tobacco smoke and its metabolite cotinine cause arterial
constriction that may lead to impotence [141]. Men with treated heart disease who
smoke are almost three times more likely to be completely impotent than those who
do not. Similarly, men with treated high blood pressure and untreated arthritis who
smoke are more than twice as likely to be completely impotent as those who do not.
However, such interactions and the role of altered hormonal profile leading to
decreased libido or sexual performance in smokers is not clearly understood. 

11.9.3.3 Alcohol 

Nominal alcohol consumption often leads to changes in sexual behavior for a
majority of people. Alcohol use is likely to increase subjective sexual desire, arousal,
and pleasure, while lowering physiological arousal. Alcohol provokes the desire, but
it takes away the performance. After drinking even moderate amounts of alcohol,
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many men find it difficult to achieve or maintain an erection. Alcohol abuse can
cause hypogonadism and increased risk of sexual dysfunction [132, 135]. Experi-
mental rats given a large dose of ethyl alcohol are almost incapable of having an
erection. High estrogen and low testosterone levels are often found in alcoholic men.

11.9.3.4 Street Drugs

Heroin, morphine, methadone, cocaine, LSD, marijuana, amphetamines, and barbi-
turates are widely known to affect a man’s sexual performance [136, 141]. To what
extent these may have any direct or indirect interactions with hormone secretion
causing sexual impairment needs to be investigated. Street drugs in relatively small
quantities are considered to act as aphrodisiacs for some men within a few hours of
ingestion, either through their own action or through a placebo effect. 

11.9.4 SEXUAL STIMULANTS

Many men and women have chosen to go back to nature in search of sexual well-
being. Recently, some more new herbal products have emerged, claiming to help
control hormonal imbalance and increase sexual potency. Herbal products are com-
monly used to improve health and prevent disease. Garlic, ginseng, and Ginkgo
biloba are some of the most commonly ingested herbs. Though some studies suggest
their effectiveness for improving libido and sexual performance in humans, actual
scientific data established in a controlled environment is lacking. 

11.9.4.1 Herbal

“Ginseng” in traditional Chinese medicine and “Shilajeet” in the Indian Ayurvedic
system have been used for centuries to enhance stamina, capacity, and androgenicity
to cope with fatigue and physical stress. These are thought to improve libido and
sexual function. However, their mechanism of action is unclear. Recent studies have
suggested that the antioxidant potential of vitamin E, especially in diabetes [142],
and organ-protective actions of ginseng [143] may help prevent onset of impotence.
Enhanced NO synthesis thus could contribute to ginseng-associated vasodilatation
and perhaps also to an aphrodisiac action of this root. Further controlled scientific
studies are needed to confirm or refute these claims.

11.9.4.2 Other Phytoproducts

Dietary phytoestrogens and their interactions in the body at the endocrine level may
significantly affect various functions [143, 144]. A unique combination of rainforest
botanicals has recently become available as a natural sexual stimulant for men. It is
referred to as “Rainforce Touchfire.” It has a long documented history of use by the
rainforest Indians. It is formulated to nutritionally support male sexual function and
desire. It includes several herbal male tonics combined with Nettle Root, which has
recently been documented to increase bioavailable testosterone levels in the blood-
stream by as much as ten times. Another powerful natural product designed to
enhance sexual desire in men is extract of Muira puma, also known as Potency
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Wood. Muira puma has recently been the subject of clinical research (unpublished
data). In two recent clinical trials performed at the Institute of Sexology in Paris,
an herbal extract of Muira puma was shown very effective. It is likely that more
clinical trials will be needed to test the effects of herbal substances on human
sexuality.

Proanthocyanidins occur naturally in many fruits and vegetables and in high
concentrations in both pine bark and grape seeds. Pycnogenols, another phytoprod-
uct, constitute the most potent antioxidants known to man, up to 50 times more
potent than vitamin E and 20 times more than vitamin C. These are considered to
strengthen the immune system, help protect against the damage of free radicals, and
support collagen, and are natural protectors against aging. Because of their associ-
ation in the maintenance of a healthy body, they may play an important role in
human sexuality, possibly via increased hormonal output.

Jatoba tea is a unique treasure of the Amazon rainforest. Different tribes in the
Amazon have been drinking this herbal tea for hundreds of years as an energizer to
help them feel strong and vigorous. It has been used for the treatment of fatigue and
as a tonic for the respiratory and urinary systems to fight fungus and yeast-like
candida albicans. Its wonderful health-producing benefits have been associated with
increased sexual desire and potency.

11.9.4.3 Pheromones

The richness of olfactosexual behavior has been recognized throughout human
experience, even in cultures that found the idea embarrassing [145]. All releaser
effects of odors in man tend to be more variable than in lower mammals because
of the large variety of human signal systems and the size of the override from learned
or conditioned behavior. This is almost certainly in part genetic, but psychoanalytic
writers have documented the possibility of a special role for odor in psychosexual
development. The known candidates for pheromones are those self-selected by man
and used in perfumery (muskone, civet one, castoreum, and synthetics such as
exaltolide); those derived from steroids and observed incidentally, such as boar paint;
and a few special cases (cis-4-hydroxydodeca-6-enoic acid lactone) in deer tarsal
gland odor. The substances of initial choice as probable releasers and possible sexual
primers in man are all musk odors (steroids, large-ring cycloketones, and lactones).
The part played by 6, 8, and 10-carbon acids and lactones is unknown. Odors fixed
from a partner might also have a playback function as hormonal releasers.

11.9.5 ENVIRONMENT AND ED

Our daily environment plays a significant role in supporting or undermining normal
sexual performance. Physical and mental illness due to many disease states, divorce,
death in the family, depression, anxiety, stress, etc., all can disturb the hormonal
status and contribute to impaired sexual performance.
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11.9.5.1 Physical Condition

Physically ill men, especially if they are cigarette smokers, are six times more likely
to be impotent than healthy men. The medical conditions most often associated with
impotence, according to the Massachusetts Male Aging Study, are cardiovascular
disease, diabetes, hypertension, an untreated ulcer, arthritis, and allergy [1]. It is
usually hard to tell whether the medical condition itself is the most important risk
factor or the medication being taken for it or a combination of the two. Men who
have had coronary bypass surgery or who suffer from myocardial infarction, stroke,
or peripheral blood disease most likely have problems with the supply of arterial
blood to the penis. Radiation therapy of the pelvic area frequently causes scarring
that results in the penile arteries losing their ability to dilate. With age and the
ingestion of toxic agents, neurotransmitter levels may be lower, and the sense of
touch decreases. The most frequent neurological disorders associated with impotence
are prostate surgery, spinal cord injury, multiple sclerosis, and peripheral neuropathy
[1]. Also in an obese man, the body elastin is progressively replaced by less elastic
collagen. This may affect the framework of the smooth muscle in the penis, although
the MMAS found no correlation between overweight (obesity) and impotence. Thus,
most of these conditions do alter the endocrine system.

11.9.5.2 Psychological or Emotional Risk Factors

More than 80% of all cases of persistent impotence can be traced to one or more
physical causes. The remaining 20% are caused by unknown physical or psycho-
logical factors [146]. However, even when the cause is wholly psychological or
emotional, it is expressed in physical terms. That is, some message does not travel
along a nerve or a specific hormone is not secreted into the bloodstream. Psychiatrists
divide sexual dysfunction into sexual desire disorders, sexual arousal disorders,
orgasm disorders, sexual pain disorders, and a miscellaneous category [50, 147].
Many men occasionally pass through a phase of low interest in sex. It is natural that
a man should wonder if his impotence problem has a physical or psychological cause. 

11.10 CONCLUSION

The endocrine disruptor story gets more and more complicated as new research
findings are revealed. One of the biggest and probably most complex mysteries is
how substances with different shapes and structures produce similar physiological
results. Certain substances can mimic hormones by binding to specific hormone
receptors inside cells; e.g., DDT, some PCBs, and many phytoestrogens bind to
estrogen receptors. Not all endocrine disruptors alter hormonal action by binding to
hormone receptors, however. Some relay molecular messages through a complex
array of cellular proteins, hormone and nonhormone response elements that indi-
rectly turn genes on/off and alter cell growth and division. DDT, at or below levels
found in human breast fat tissue, can bypass the estrogen receptor and stimulate a
complex mixture of cell signaling proteins (growth factor receptors) and processes
that eventually will lead to cell division. DDT can also bind to the androgen receptor
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and inhibit androgen binding. Thus, the same chemical can influence the endocrine
system in more than one way. If understood, these complex modes of action of
endocrine disruptors may be able to answer the questions of how different molecules
impact the endocrine system and other functions especially the least understood
sexual dysfunction. 
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12.1 INTRODUCTION

 

The prostate is one of the male accessory glands that contributes to seminal fluid.
In male mice, removal of this organ reduces fertility.

 

1

 

 There has been speculation
for some time that estrogen plays a role in normal development as well as subsequent
disease of the prostate.

 

2,3

 

 One basis for this speculation is that embryologists recog-
nized that the region of the developing urogenital sinus (UGS) just caudal to the
bladder, from which the prostatic ducts emerge during fetal life, develops into a
portion of the vagina in females. It thus seemed reasonable to speculate that, since
the vagina is an estrogen-responsive organ, portions of the prostate might also be
responsive to estrogen. This led to speculation that estrogen might play a role in
regulating prostate development and subsequent function, as well as diseases asso-
ciated with aging.

In contrast to the above prediction that estrogen might play a role in normal
prostate development, there are numerous reports that prenatal or neonatal exposure
to high, pharmacological doses of estradiol or the estrogenic drug diethylstilbestrol
(DES) dramatically interfere with prostate development in mice and rats.

 

4

 

 More
recently there have been studies concerning the effects of endogenous estradiol as
well as very low doses of estrogenic chemicals on prostate development. Many
questions have been raised regarding the potential for environmental chemicals with
estrogenic activity to alter prostate development at concentrations encountered in
the environment (referred to as environmentally relevant doses of chemicals). It is
likely that very high doses of DES do not serve as a model for potential effects of
low doses of these chemicals. This conclusion is based on the generally greater
potency of DES relative to most “environmental estrogens” and, most importantly,
high doses of a hormone can lead to “down-regulation” of the capacity for tissues
to respond to the hormone, while low doses of the same hormone can stimulate or
“up-regulate” response capacity.

 

5,6

 

 The idea that dose is important is not a new
concept in endocrinology, toxicology, or pharmacology. However, prior to recent
findings based on manipulating estrogen levels within a physiological range in fetal
mice, physiologically relevant low doses of estrogen had simply not been exam-
ined.

 

7,8

 

 One reason for this was the difficulty associated with measuring estradiol in
very small volumes of serum from fetal and neonatal rats and mice, in which levels
of other lipids are very high and the free, biologically active fraction (0.2 to 0.3%
of total serum estradiol) is extremely low; total estradiol measured by radioimmu-
noassay consists of free estradiol as well as estradiol bound to plasma proteins.

 

8,9

 

In humans, the prostate is notable for its vulnerability to disease. Prostate cancer
is one of the most common cancers in men in the United States.

 

10

 

 Benign prostatic
hyperplasia (BPH) is a common condition beginning in middle age in men. Nearly
half of middle-aged men can expect to develop urinary problems associated with
BPH during their lifetime.

 

11

 

 We review 

 

in vivo

 

 and 

 

in vitro

 

 studies showing that
exposure to a very small increase in circulating estradiol or to very low doses of
estrogenic chemicals present in the environment during fetal life in male mice can
lead to differences in prostate differentiation that persist into adulthood. The potential
for environmentally relevant concentrations of environmental estrogens to impact
human prostate pathogenesis is of immense importance as a public health issue.
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However, there are no human data at this time to assess whether any aspect of
prostate disease in men is related to developmental exposure to manmade estrogenic
chemicals present in the environment. The marked similarity in effects in mice and
humans of exposure during sexual differentiation to high doses of DES, and the
conclusion from this literature that the mouse is the best animal model for predicting
the effects of developmental exposure to estrogen in humans is cause for concern,
based on the effects on the mouse prostate that we describe below.

 

12.2 HISTORICAL OVERVIEW OF THE PROSTATE

 

Pathology of the prostate was attributed in 1685 by Samuel Collins to “indulgence
in venery” (the pursuit of sexual pleasure). Collins recognized that prostate enlarge-
ment was important with regard to urethral obstruction; this was also discussed in
1769 by Giambattista Morgagni.

 

2,3

 

 Franks

 

3

 

 noted that Morgagni identified the site
of origin of hyperplasia within the prostate and also examined the prevalence of this
disease in old men. 

John Hunter observed in 1786 that the prostate (and other accessory reproductive
organs) underwent involution following castration. Zuckerman

 

2

 

 comments on the
remarkable fact that even though the implication of this observation would suggest
that castration might serve as a treatment to relieve the effects of prostatic enlarge-
ment on urethral obstruction, which results in death due to uremic poisoning if
untreated, the implication of this observation was not grasped until almost a hundred
years later. Castration as a treatment for enlargement of the prostate was finally
proposed in 1893, after which it became the method of treating this disease. However,
this approach was soon abandoned, because at that time, mortality associated with
surgery was unacceptably high. In addition, although it might seem surprising today,
at the end of the nineteenth century there was still considerable controversy con-
cerning the role of the testes in accessory reproductive organ function. This contro-
versy is interesting in that it had been reported in the middle of the nineteenth century
that testicular grafts reversed the effects of castration in cockerels, which led to
attempts to reverse impotence in aging men by means of grafting animal testicular
tissue. At this time it was believed that any effects of the testes on organs such as
the prostate were probably mediated by nerves, not secreted substances. However,
in 1927 methods for extracting gonadal steroids were described, and testosterone
was finally identified as the most potent of the testicular hormones in 1935. Prostate
growth in castrated rats was being routinely used as a bioassay for potency of
testicular hormones by this time.

 

12,13

 

Our current understanding of prostate development and anatomy appears to have
progressed steadily during the past 60 years, but has been partially hindered by
reliance on old anatomical descriptions.

 

14-16

 

 Lowsley’s

 

17

 

 description of prostatic lobes
has been replaced by the now widely accepted concept that the human prostate is
better described as consisting of zones.

 

18

 

 The recent advancement in computer
technology now allows organ structure to be visualized by three-dimensional (3-D)
reconstruction, from digitized serial sections. Three-dimensional reconstruction
requires tracing, digitizing and axial alignment of identified objects (anatomical
structures) within each section. This provides a powerful tool for examining anatomy,
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including that of the prostate. This technique has been particularly useful in under-
standing the complex pattern of ductal morphogenesis, a feature that is extremely
difficult to grasp when viewing two-dimensional histological sections in a micro-
scope.

 

16,19

 

 Also, the digitized information used to reconstruct the prostate provides
the basis for making quantitative comparisons of experimental manipulations on the
developing prostate.

 

8,19

 

12.3 PROSTATE ANATOMY AND HOMOLOGY 
AMONG SPECIES

12.3.1 P

 

ROSTATE

 

 D

 

EVELOPMENT

 

The prostate ducts begin forming as epithelial buds at about 10 weeks of gestation
in humans and gestation day 17 in mice.

 

20

 

 These outgrowths begin as solid epithelial
buds that branch during late fetal life in humans, forming a compound tubulo-alveolar
gland structure.

 

21

 

 In mice, birth occurs within 2 days of the beginning of prostate
differentiation, and extensive ductal branching occurs throughout infancy and ado-
lescence. The adult structure is not achieved until approximately postnatal day 50.

 

22

 

In humans, the pubertal reawakening of androgen secretion by the testes results in
the prostatic glandular ducts forming a patent lumen within the terminal acini. The
epithelial lining becomes highly differentiated, after which androgen-dependent
secretory activity begins.

As shown in Figure 12.1, the anatomy of the human prostate is now described
in terms of zones.

 

18

 

 The transition zone is composed of short glandular ducts and
surrounds the urethra above the intersection of the ejaculatory ducts; the central
zone surrounds the transition zone just under the bladder and is traversed by the
ejaculatory ducts; and the peripheral zone lies outside the posterior of the central
zone and extends along the urethra below the intersection of the ejaculatory ducts.

 

23

 

The morphology of the mouse prostate, which is divided into dorsolateral and ventral
lobes, has been described in a series of papers by Sugimura.

 

22,24,25

 

 Individual prostatic
glandular ducts extend from the urethra and branch into terminal ducts that are lined
with pseudostratified columnar epithelium. In humans, a continuous layer of basal
cells underlies the epithelium, while in rodents basal cells are dispersed along the
epithelial basement membrane.

 

26

 

 The epithelial glandular ducts of the prostate are
surrounded by a layer of smooth muscle cells. In humans, this layer of smooth
muscle is much thicker than in rodents.

 

26

 

The ejaculatory ducts form from the embryonic Wolffian ducts. The ejaculatory
ducts enter the prostatic urethra caudal and lateral to the site of the utricle, which
is the remnant of the Müllerian ducts as they merge and enter the posterior UGS
(Figure 12.2). The utricle becomes enclosed in the central zone of the human prostate.
Each ejaculatory duct (vas deferens) merges with the ipsilateral seminal vesicle duct,
which differentiates during the 13th week of embryonic life in humans from the
Wolffian duct proximal to the UGS. The ejaculatory ducts lead into the prostatic
urethra next to an enlarged portion of the urethral crest, the verumontanum (also
referred to as the colliculus seminalis) in the posterior wall of the urethra
(Figure 12.1).
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The prostatic urethra is divided into a proximal segment (from bladder neck
to verumontanum) and distal segment (from verumontanum to external sphincter),
forming a 35 to 40˚ angle from the horizontal at the verumontanum. The proximal
urethra is surrounded by circular smooth muscle, which is referred to as the
preprostatic sphincter and functions to stop retrograde ejaculation into the bladder.
In the proximal portion of the urethra in humans closest to the bladder neck, short
prostatic ducts that mingle with sphincteric stroma have been proposed as the
potential site for pathogenesis of BPH.

 

27

 

 Hyperplasia of the short ducts in the
transition zone during development of BPH impinges on the urethra and can lead
to obstruction. 

McNeal introduced the hypothesis of a reawakening of embryonic inductive
interactions to describe the inappropriate new ductal budding that occurs during the
onset of BPH in old age. This was thought to result from non-prostatic stroma (the
proximal urethral sphincter) inducing adjacent transition zone ducts to begin new
ductal formation in areas of stromal proliferation. Tissue recombination studies have
confirmed that adult human prostatic epithelium is capable of undergoing prolifer-
ation and differentiation in response to stromal signals.

 

26

 

 A very interesting aspect
of prostate carcinoma is that it is predominantly found in glands originating from
the caudal and posterior region of the prostatic urethra. In contrast to the short glands
in the transition zone that are predominantly the site of BPH, these are long ducts
that branch and extend in the peripheral zone of the prostate in men. The portion of
the embryonic UGS from which these different prostate ducts originate is thus highly
predictive of the type of pathology observed in the ducts during aging.

 

FIGURE 12.1

 

Diagrams of frontal and sagittal sections of the male urogenital complex
showing the anatomical position of the adult prostate and associated structures. The prostatic
zones are: central zone (CZ), peripheral zone (PZ), and transition zone (TZ). The anterior
fibromuscular stroma (AFS) is also shown. From Reference 16.
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It has been proposed that the variety of interspecies differences observed in the
structure of the adult prostate gland reflects a diversity that makes it difficult to find
a suitable animal model for the study of human prostatic disease.

 

27

 

 Using a computer-
assisted three-dimensional approach to visualize the microanatomy of prostate devel-
opment, Timms

 

19

 

 has compared the ductal budding patterns during prostate mor-
phogenesis in rat, mouse, and human (Figure 12.3 and Figure 12.4). The three-
dimensional reconstruction procedure revealed marked similarities among rodents
and human prostate gland genesis.

When different species share similar regulatory systems and a common pattern
of development of a structure, this is taken as evidence that the structure in the
different species is homologous, even though the final form in the adult might appear
markedly different (the classic example is the wing of a bat, hand of a human, and
fin of a dolphin). Timms proposed that the prostatic ducts that originate from similar
regions of the UGS in rats, mice, and humans are homologous structures.

 

19

 

 First,
the ducts that develop into the dorsolateral lobe in rodents show a pattern of budding

 

FIGURE 12.2

 

Genital ducts prior to differentiation. Drawing of a human embryo at about
42 days of age with the upper half and left body wall cut away to demonstrate the gonads,
associated Wolffian (mesonephric) and Müllerian (paramesonephric) ducts, and urogenital
sinus (UGS). The prostate differentiates from the cranial UGS. The gut and its mesentery
have been removed. Modified from Reference 140.
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Wolffian ducts
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FIGURE 12.3

 

Serial section reconstructions of the rat urogenital complex on gestation day
(GD) 18, 19, 20, and 21, illustrating the stages of early prostate development. Prostate
morphogenesis begins at GD 18 and by GD 19 the dorsal, ventral, lateral, and dorsocranial
(coagulating gland) buds are visible. On GD 21 (the day before birth), prostate budding from
the UGS is essentially complete. U: urethra; DP: dorsal prostate; LP: lateral prostate; VP:
ventral prostate; CG: coagulating [dorsocranial] gland; SV: seminal vesicle; VD: vas deferens.
From Reference 141.
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similar to that in the human (Figure 12.3). This finding is significant in that Price

 

28

 

observed that the relationship of prostate ductal openings into the urethra persists
in the adult in the same relative position as in the fetus. A difference between rodents
and humans is that, unlike rodents, the human prostate does not exhibit significant
postnatal duct development in the ventral region of the UGS. The ventral region of
the mouse prostate is thus likely to be less relevant for investigating factors that
might impact the pathology of the human prostate relative to the rodent dorsolateral
prostate. The coagulating glands are the most cranial ducts that develop from the
urethra, and these appear homologous to the most dorsocranial prostate ducts in
humans. 

Dogs and cats have homogenous prostate tissue similar to the peripheral zone
in humans, while the seminal vesicles and the central zone of the prostate are

 

FIGURE 12.4

 

Panel A: Dorsal view of a newborn mouse urogenital sinus (UGS) reconstruc-
tion showing the dorsal prostate outgrowths (DP) aligned with the paired prostatic sulci. The
seminal vesicles and ejaculatory ducts have been removed from this reconstruction to clearly
illustrate that the most cranial ducts form the long paired coagulating glands (CG). These
glands extend and attach to the anterior surface of the mouse seminal vesicles during subse-
quent development. Panel B: Dorsal view of a 13-week male human fetus showing a similar
paired pattern of prostatic duct outgrowths along the UGS. The most cranial dorsal prostate
outgrowths correspond to the equivalent anatomical location of the mouse coagulating glands
At these stages of fetal growth, the mouse and human prostate budding patterns demonstrate
striking similarities. Ut: utricle; SV: seminal vesicles.
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absent.

 

29

 

 The glandular ducts that form the zones of the prostate prone to BPH in
men, the transition and central zones,

 

27,30,31

 

 are thus absent in dogs. Homology also
involves functional similarities, and a focus of research is on regulatory factors that
mediate development in humans and animal models.

 

32,33

 

 However, mesenchyme from
the mouse prostate has been shown to produce the appropriate regulatory factors
that induced differentiation of human bladder epithelium into epithelium character-
istic of the human prostate,

 

34

 

 providing evidence for the similarity of regulatory
factors required to identify homologous structures. As lobe-specific or zone-specific
molecular determinants of development emerge, further insight into homology
between species will be realized.

 

12.4 REGULATION OF PROSTATE DEVELOPMENT

12.4.1 T
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 (DHT)

 

Between the seventh and eighth week of gestation in humans, and around gestation
day 12 in mice, Leydig cells in the developing testes begin production of androgens,
with testosterone being the major androgen secreted throughout sexual differentia-
tion.

 

35-37

 

 Testosterone secreted by each testis mediates differentiation of the ipsilateral
Wolffian (mesonephric) duct system. Testosterone in the circulation mediates devel-
opment of the UGS and external genitalia (Figure 12.2). Secretion of Müllerian-
inhibiting hormone (MIH) by the Sertoli cells, which line the seminiferous tubules,
suppresses the development of the Müllerian (paramesonephric) duct ipsilateral to
each testis. Estrogen antagonizes the action of MIH, while testosterone facilitates
the action of MIH.

 

38

 

Testosterone produced by the testes is delivered to target tissues through the
blood. Within some androgen-target organs, testosterone is converted to 5

 

α

 

-
dihydrotestosterone (DHT) by the enzyme 5

 

α

 

-reductase. Testosterone and DHT
are both ligands for the androgen receptor. DHT has a higher affinity than
testosterone for the androgen receptor, thus enabling it to induce the same
response as testosterone at a lower concentration. Expression of 5

 

α

 

-reductase in
the Wolffian ducts occurs after sexual differentiation in most species, thus pro-
viding one basis for high levels of testosterone achieved by diffusion from the
ipsilateral testis being required for development of each Wolffian duct into the
epididymis, vas deferens, and seminal vesicle. Production of DHT by 5

 

α

 

-reduc-
tase in mesenchymal tissue is required for normal masculinization of the cranial
UGS into the prostate as well as development of the penis and scrotum.

 

39

 

 This
is revealed by studies in which testosterone levels in the fetal blood are in a
normal range and androgen receptor numbers in fetal tissues are normal, but 5

 

α

 

-
reductase activity is inhibited by administration of drugs such as finasteride.
Genetic defects may also produce a deficiency in the capacity to produce DHT,
and in this condition normal masculinization of the prostate and external genitalia
does not occur.

 

40

 

 There is some evidence that testosterone and DHT have distinct
roles in regulation of gene expression in the adult prostate.

 

41

 

2281_C012.fm  Page 387  Thursday, October 21, 2004  2:41 PM

© 2005 by CRC Press



 

388

 

Endocrine Disruptors: Effects on Male and Female Reproductive Systems

 

12.4.2 G

 

ROWTH

 

 F

 

ACTOR

 

 S

 

IGNALING

 

 B

 

ETWEEN

 

 M

 

ESENCHYME

 

 

 

AND

 

 
E

 

PITHELIUM

 

Development of the prostate begins with outgrowths (glandular buds) of the urothe-
lium lining the lumen of the UGS. The first detectable molecular event in prostate
development is the expression of the homeobox gene Nkx3.1 in UGS epithelium,
which precedes formation of epithelial buds. Nkx3.1 expression is dependent on
activity of the sonic hedgehog (Shh) gene. The homeobox transcription factors
HoxA10, HoxA13, and HoxD13 are also required for prostate development.

 

21

 

 
Tissue recombination studies have shown that the developing prostatic epithe-

lium is dependent on androgen-induced paracrine secretions from the mesenchyme.

 

42

 

In turn, the epithelium influences the architecture of the mesenchyme.

 

26

 

 DHT binds
to androgen receptor expressed in UGS mesenchyme, which induces the initial
formation and development of epithelial buds from the urethra. The epithelial buds
show little capacity to bind androgen, and functional androgen receptor in the
epithelium is not required for initial prostate development.

 

42-44

 

 Since the interactions
of the mesenchyme and epithelium are hormone dependent and are central to the
development of the prostate, we discuss below evidence that they represent a point
of vulnerability to perturbation by chemicals in the environment referred to as
“endocrine disruptors.”

An important and as-yet-unanswered question in prostate development is the
identity of the paracrine factor(s), or andromedins, that induce epithelial develop-
ment. The simplest model of andromedin action is that transcription of a single
growth factor expressed only in prostate mesenchyme is directly up-regulated by
liganded androgen receptors, and the andromedin acts directly on receptors in epi-
thelial cells to induce proliferation and budding. The expected properties of an
andromedin is thus that it is produced by mesenchyme cells in an androgen-depen-
dent manner, that it induces proliferation of epithelial cells, and that it is able to
induce prostate epithelial development in epithelium lacking androgen receptors. No
single factor with all these properties has yet been found. In fact, a more complex
picture, involving an array of permissive and restrictive signals, is emerging.

 

21

 

 The
controls on epithelial duct development in the prostate appear to be closely related
to developmental signals in other organs derived from branched epithelial structures,
including the pancreas, salivary gland, lung, kidney, and mammary gland.

 

45

 

 A poten-
tial mechanism of feedback of growth factor signaling on androgen receptor activity
is phosphorylation of androgen receptors. Specifically, epidermal growth factor
(EGF) induces phosphorylation of androgen receptors at ser-650.

 

46

 

 EGF can enhance
the transcriptional activity of androgen receptors in response to androgen.

 

47

 

The family of fibroblast growth factors (FGFs) offers several members with
andromedin-like properties. FGF-7, also known as keratinocyte growth factor (KGF),
is expressed in mesenchyme and its receptor, FGFR2(iiib) is expressed in epithelium.
FGF-7 stimulates epithelial development. However, FGF-7 mRNA is not induced
by testosterone 

 

in vivo

 

, and stimulation of epithelial development by FGF-7 can be
blocked by an antiandrogen.

 

48

 

 Another andromedin candidate, FGF-10, is expressed
by prostate mesenchyme and is necessary for prostate development, as revealed by
the lack of a prostate in FGF-10 knockout mice.

 

49

 

 However, FGF-10 is not directly
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regulated by androgen receptors, and addition of FGF-10 is not sufficient to stimulate
formation of epithelial buds in the absence of testosterone.

 

49,50

 

 These results suggest
that an additional, androgen-dependent factor is required to support stimulation of
epithelial growth by FGF-10. The available data support the hypothesis that FGF-
10 has distinct roles in the initial process of formation of epithelial buds, which
requires both FGF-10 and androgen, and in further growth and branching of the
epithelial ducts, which can be stimulated by FGF-10 alone.

 

49,50

 

 FGF-10 is highly
expressed in the ventral mesenchymal pad (VMP) of the developing UGS in both
males and females.

 

50

 

 As epithelial buds grow into the VMP, they undergo extensive
growth and branching to form the ventral prostate. 

Insulin-like growth factor-1 (IGF-1)-deficient mice develop prostates with
reduced size, reduced number of duct tips, and reduced branch points.

 

51

 

 The obser-
vation that initial formation of prostatic buds occurs in IGF-1 knockout animals
suggests that IGF-1 stimulates prostate development at a later point in development
than FGF-10. A discontinuous smooth muscle layer that differentiates within the
UGS mesenchyme separates the outer layer of mesenchyme, including the VMP,
from the epithelium early in development. In females, this smooth muscle layer
thickens and becomes continuous, potentially blocking the epithelium from receiving
proliferative signals from the mesenchyme. Testosterone induces thinning of the
smooth muscle layer, and thus may function to maintain communication between
the mesenchyme and epithelium; this would allow the action of mesenchymal growth
factors such as FGF-7 and FGF-10 on the epithelium.

 

32

 

Epidermal growth factor and transforming growth factor 

 

α

 

 (TGF-

 

α

 

) both bind
the EGF receptor, and are both expressed in developing prostate in humans and
rodents.

 

52

 

 Androgens do not directly regulate TGF-

 

α

 

, but EGF treatment up-regu-
lated TGF-

 

α

 

 in mesenchyme cells.

 

53

 

 Disruption of the EGF gene in mice did not
alter formations of prostatic buds. However, disruption of both EGF and TGF-

 

α

 

resulted in significantly fewer buds in the dorsolateral region, and disruption of TGF-

 

α

 

 alone resulted in significantly more buds in the dorsolateral region.

 

52

 

 These results
suggest a partially redundant and partially antagonistic relationship between EGF
and TGF-

 

α

 

 in regulation of formation of prostatic buds.
Epithelial buds extending from different regions of the urethra, organized as

lobes in mice and zones in humans, form distinct regional architectures. These
changes in organization of the epithelium are produced by different balances of
branching, proliferation, and differentiation, which are controlled by different
regions of mesenchyme surrounding the UGS. One molecule that may contribute to
some of these differences is fucosyltransferase1, an enzyme that synthesizes the H
antigenic determinant carbohydrate structure on certain proteins and lipids.
Fucosyltransferase1 supports epithelial proliferation and is found in a restricted
distribution within the developing prostatic epithelium.

 

54

 

Proliferation signals in the developing prostate epithelium must be balanced by
signals that limit inappropriate proliferation. Members of the transforming growth
factor 

 

β

 

 (TGF-

 

β

 

) family, including TGF-

 

β

 

’s, activins, and bone morphogenic pro-
teins (bmp’s) are negative regulators of epithelial growth.

 

55,56

 

 Bmp-4 is expressed in
prostate mesenchyme immediately adjacent to the epithelial ducts.

 

57

 

 Bmp-4 expres-
sion is attenuated at the tips of epithelial ducts.

 

57

 

 During growth and branching of
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epithelial ducts, bmp-4 is localized to branching points, while FGF-10 is localized
to the growing tips of the epithelial ducts.

 

49

 

 Defects in bmp-4 expression in mice
lead to increased branching in the ventral prostate and coagulating glands (dorsoc-
ranial prostate).

 

57

 

 

 

12.5 ESTROGEN MODULATES PROSTATE 
DEVELOPMENT

12.5.1 INHIBITORY EFFECTS OF HIGH, PHARMACOLOGICAL DOSES 
OF ESTROGEN

An extensive literature relating to the effects of exposure to synthetic estrogens
during differentiation of the prostate and other accessory reproductive organs in
rodents consistently has shown inhibitory effects of very high, pharmacological
levels of estrogen on prostate function. For example, exposure to a high dose of
DES or estradiol caused abnormal development and lesions throughout the repro-
ductive system in males.58-66 Administration of high, supra-physiological levels of
androgen during sexual differentiation has similar effects.67 High doses of estrogens
act directly on the developing prostate to inhibit epithelial proliferation and branch-
ing, and disrupt differentiation of the stroma and epithelium,68 and androgen receptor
expression is permanently suppressed.5,64 Squamous metaplasia of prostatic and
coagulating gland (dorsocranial prostate) ductal epithelium in male mice and rats
has been reported after exposure to exogenous estrogen during early life.69-71 Similar
effects of high doses of estrogen on rat72 and mouse5 prostate in primary culture
have been reported.

Administration of the high (200 µg/kg/day) dose of DES to pregnant mice
completely inhibited the formation of ducts in the dorsal and lateral prostate in male
fetuses. Relative to the negative controls, the high dose of DES caused a very
different pattern of budding in the ventral UGS, with numerous abnormal short buds
being apparent throughout the entire length of the urethra that we examined. 

The literature using high doses of DES was stimulated by the finding that similar
high doses of DES resulted in a rare vaginal cancer in the female offspring of women
treated with DES during pregnancy.73 This led to extensive research on the DES
daughters, as well as on both male and female rats and mice exposed to DES during
sexual differentiation. Unfortunately, studies of DES sons have been much smaller
and not of sufficient power to adequately assess the possibility of abnormalities of
the prostate.74 Epidemiological studies of DES daughters and experimental evidence
concerning DES-exposed female mice has revealed that there is over 90% concor-
dance for effects.73 Prostate abnormalities would thus be expected in DES sons given
the findings that tumors (albeit at a low frequency) occur in mid-life following
developmental exposure to DES in male rats and mice.69,70 
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FIGURE 12.5 These computer-assisted, serial-section reconstructions show the dorsal por-
tion of the prostate from two mouse fetuses. The top prostate (Panel A) is reconstructed from
a male fetus exposed to 0.32 pg/ml free serum estradiol. The prostate from an untreated male
with 0.21 pg/ml free serum estradiol is shown below in Panel B. Glandular buds that form
into the dorsocranial (DC) and dorsal (D) glands in the adult prostate can be seen as outgrowths
of the fetal urogenital sinus (ventral buds are not visible). The utriculus (Ut) is the remnant
of the regressing embryonic female reproductive tract (Müllerian ducts). Compared to con-
trols, estradiol significantly increased the number and size of prostatic glandular buds and
caused a reduction in the size of the lumen of the urethra, which passes through the prostate.
From Reference 8.
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12.5.2 STIMULATORY EFFECTS OF LOW, PHYSIOLOGICAL DOSES OF 
ESTROGEN

In contrast to the early studies of responses to high doses of estrogens that led to
the initial view that estrogen inhibited prostate development, we found that male
mouse and rat fetuses exposed in utero to the highest levels of endogenous estradiol
(i.e., within a physiological range) showed an increase in prostate size, associated
with an increase in prostatic androgen receptors.75,76 We subsequently administered
increasing doses of both estradiol (via Silastic capsule) and DES (via feeding) to
pregnant female mice and examined the prostate in male offspring in adulthood.
Following fetal exposure to both estradiol and DES, we found an inverted-U dose-
response relationship for adult prostate weight.8 Specifically, as serum estradiol
concentrations were increased in male mouse fetuses via maternal Silastic implants
from 50 to 800% relative to controls, first an increase and then a decrease in adult
prostate weight was observed in male offspring. 

The lowest dose of estradiol that we administered to pregnant mice via Silastic
capsule resulted in a 50% increase in free serum estradiol in male mouse fetuses
from 0.2 pg/ml (in controls) to 0.3 pg/ml (measured on gestation day 18). This 0.1
pg/ml increase in free serum estradiol was associated with an increase in total serum
estradiol of 52 pg/ml (from 94 pg/ml in controls to 146 pg/ml); the percentage free
estradiol in fetal mouse serum is 0.2%. The 0.1 pg/ml increase in free serum estradiol
increased the number of developing prostate glands (by 40%) based on three-
dimensional reconstruction of the prostate collected from male fetuses on gestation
day 18, 1 day after initiation of fetal prostate development (Figure 12.5). The
developing prostatic glandular ducts in the dorsal region of the UGS were also
enlarged in estrogen-treated males relative to control males. This effect on the
prostate was permanent. In adulthood, males exposed to the 50% increase in estradiol
during fetal life had enlarged prostates (by 40%) that showed a sixfold increase in
prostatic androgen receptors relative to prenatally untreated males.8

There is also a significant enlargement of the utricule in male mouse fetuses
caused by the 0.1 pg/ml increase in free serum estradiol.8 It is well known that
elevated levels of estrogen inhibit regression of the Müllerian ducts. For example,
treatment of pregnant females with DES interferes with the action of Müllerian-
inhibiting hormone on Müllerian duct regression in mice70 and humans.71 The utri-
culus is the Müllerian duct remnant that persists within the central zone of the human
prostate,77 and the size of this area of the prostate in men may thus correlate with
fetal estradiol exposure; this portion of the Müllerian duct differentiates into the
dorsocranial portion of the vagina in females.38

Similar to low doses of estradiol, feeding pregnant mice DES at doses of 0.02,
0.2 and 2 µg/kg/day body weight/day permanently increased prostate weight in male
offspring (Figure 12.6). A DES dose of 20 µg/kg/day led to prostate weight that did
not differ significantly from control males, while 200 µg/kg/day significantly decreased
adult prostate weight 8. Taken together, the above findings provide evidence that with
regard to prostate development, effects seen in response to high, pharmacological/tox-
icological doses of natural or manmade estrogens are opposite to effects seen with
low doses within the normal physiological range of estrogenic activity.6,78 
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Using computer assisted 3-D reconstruction, we have also found that feeding
pregnant mice a low, 0.1 µg/kg/day dose of DES stimulated additional prostate duct
formation as well as an increase in the size of the ducts when male mouse fetuses
were examined on gestation day 19 just prior to parturition. In contrast, a high 200
µg/kg/day dose of DES completely inhibited the development of ducts in the dor-
solateral prostate.79 Gupta reported virtually identical findings based on feeding
pregnant mice the same low and high doses of DES. Gupta also conducted an in
vitro experiment with fetal UGS in primary culture. She held the level of testosterone
constant, and addition of 0.1 pg/ml DES stimulated an increase in prostate ducts,
confirming the very high sensitivity of the developing mouse prostate to estrogen.5

12.5.3 MECHANISMS OF EFFECTS OF LOW DOSES OF ESTROGEN

There is considerable evidence for estrogen responsiveness (the presence of estrogen
receptors) of the prostate in rodents and other mammals.80-83 The discovery of two
types of estrogen receptor (ERα and ERβ), and their differential localization in
prostatic epithelium and stroma, has led to speculation about different biological
effects.84 This is particularly relevant when comparing effects of natural and envi-
ronmental estrogens. For example, bisphenol A leads to different responses with
ERβ present or ERα present.85 In addition, the ligand-activation properties of ERα
and ERβ differ in response to estrogenic chemicals present in plants such as soy,
flax, clover, etc., such that ERβ is fully induced by some phytoestrogens that are
only partial agonists for ERα.86 The high-dose effects of estrogens on the mouse
prostate, including histological changes and down-regulation of AR, appears to be

FIGURE 12.6 Mean (+SEM) prostate weight (mg) in 8-month-old CF-1 male mice produced
by females fed different doses of DES from day 11 - 17 of pregnancy. Group means that
differed significantly from controls are indicated by an asterisk. From Reference 8.
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mediated by ERα, which is expressed in mesenchyme, and not ERβ, which is
expressed in epithelium in the mouse.87 Our findings also show that during prostate
development in fetal rats (on gestation day 20), UGS mesenchyme strongly expresses
mRNA for ERα, while ERα mRNA in UGS epithelium is at background levels.76

In the developing human, ERα protein is not detectable in mesenchyme or
epithelium during prenatal development. ERβ protein is not present in the human
UGS during the initial formation of epithelial buds. However, ERβ protein is strongly
expressed in epithelial basal cells beginning in mid-gestation, when prostate prolif-
eration is most active, leading these authors to suggest that ERβ might mediate the
effects of estrogen on epithelial cell proliferation in the prostate of human fetuses.33

Since ERβ is the only estrogen receptor present in the human UGS during devel-
opment, and since ERβ is more strongly activated by phytoestrogens and xenoestro-
gens than ERα, studies of xenoestrogen effects in the mouse, which expresses ERα
in the UGS mesenchyme during development, may actually underestimate effects
on the prostate in human fetuses.

In addition to the studies conducted by Gupta reviewed above, there are a number
of other studies that have shown a stimulating effect of estrogen on the prostate. For
example, estradiol (10 pM) stimulated androgen receptor-mediated transcriptional
activity induced by dihydrotestosterone (DHT). This was demonstrated in vitro using
UGS cells co-transfected with estrogen receptor and androgen receptor expression
vectors.88 In addition, estrogen and androgen have been shown to have a synergistic
interaction in stimulating stromal cells obtained from hyperplastic human prostates,89

and estradiol can stimulate androgen receptor transcriptional activity in the presence
of the co-activator ARA70.90 We have investigated the effects of estradiol on fetal
mouse UGS mesenchyme cells in primary culture. Our results partially recapitulate
the effects of estradiol observed in vivo. We have shown that at low, physiological
doses, estradiol acts directly on cells of the UGS mesenchyme to up-regulate expres-
sion of androgen receptor mRNA.91,92 This up-regulation of AR mRNA was observed
over a wide dose range, from 1 pM to 10 µM estradiol. A dose of 100 nM estradiol
induced the maximum AR expression.91 Although the dose-response curve for AR
mRNA induced by estradiol was inverted-U shaped, as expected from in vivo results,
the dose range resulting in up-regulation of AR mRNA was much greater than
expected. AR mRNA was up-regulated at both physiological and pharmacological
doses. In addition, down-regulation of AR mRNA relative to the control was not
observed, in contrast to in vivo studies, which consistently show down-regulation
of AR at pharmacological doses. 

Thus, the down-regulation of AR mRNA at high doses of estradiol must come
about through a separate mechanism of action, distinct from the low-dose up-
regulation of AR mRNA in response to estradiol. Indeed, a recent study has shown
that neonatal exposure to high doses of estrogens permanently increases the rate of
proteosomal degradation of androgen receptor protein in the prostate.93 Based on
these results, enhanced transcription of AR mRNA may contribute to the increase
in androgen receptor activity observed at low doses of estrogen, and degradation of
AR protein by the proteosome may contribute to the decrease in androgen receptor
activity observed at high doses of estrogen. The report that estrogen only stimulates
TGF-α at supra-physiological doses in MCF-7 breast cancer cells, and that a
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markedly different array of other genes is turned off and on as the doses of estrogen
increase from the physiological range to the supra-physiological range, makes it
likely that multiple mechanisms will be found to mediate inverted-U dose-response
curves for estrogen in different tissues in vivo. 94

The changes in AR mRNA levels that we observed in cells exposed to physio-
logical levels of estradiol were relatively modest, between 20% and 50%.91 However,
androgen binding measurements both in vivo and in vitro have revealed consistently
greater changes, from twofold to sevenfold, in response to physiological doses of
estrogens.5,8 Gene array analyses of gene expression patterns often use a cut-off of
twofold or threefold changes when determining which genes are regulated by a
treatment. However, the magnitude of change in mRNA levels is not always indic-
ative of the magnitude of change in the physiology of the tissue or organism under
study. A further complication is that different genes have different sensitivities,
different-shaped dose-response curves, and different time courses.94,95 Therefore,
investigations of gene expression patterns at high doses of estrogens may not be
relevant to the physiological responses observed at low doses of estrogens. The
inverted-U-shaped dose-response curve observed for prostate size in mice exposed
to estrogens is likely to reflect interplay between systemic and local responses. At
the tissue level, each of hundreds of changes in expression of genes could contribute
to dose-related differences in phenotype.

Estradiol can directly bind and activate androgen receptor (AR) in the presence
of the co-activator ARA70.90 In the LNCaP prostate cancer cell line, either estrogen
or androgen can activate formation of a complex of AR, estrogen receptor (ER), and
Src, and thus induce cell proliferation through the Src-Ras-Erks pathway.96 AR
activates PAK6 kinase activity, and PAK6 inhibits transcriptional activation by AR
and ER.97 Estrogen receptor alpha (ERα) can directly bind AR and alter transcrip-
tional activation by AR.88,98 Finally, estrogen alters AR expression levels in a tissue-
specific manner.99-101 Analysis of gene expression patterns in adult human prostate
stroma cells in response to a high dose of estradiol revealed hundreds of estrogen-
regulated genes.95 Estrogen treatment thus has pleiotropic effects, both in vivo and
in vitro. Many “housekeeping” genes are up-regulated by estradiol, including the
ribosomal protein RBP and the cytoskeleton protein vimentin.92 

There is evidence that EGF and IGF-1 may be required to mediate the effects
of estrogens on prostrate epithelial proliferation.102 EGF can mimic effects of estro-
gens by activating the estrogen receptor in female mice.103 EGF is required for DES-
induced growth and branching of mouse prostate organ cultures, while IGF-1 is
required only for DES-induced branching.102

In dogs, estradiol synergizes with dihydrotestosterone to increase androgen
binding in prostatic cells and thus increases prostate growth.104 Studies have also
shown that estradiol influences hypothalamic androgen receptors in adult male
rats.105 In addition, estradiol regulates the expression of receptors for a number of
hormones, such as uterine oxytocin receptors and both uterine and brain progesterone
receptors.106,107 Taken together, these findings show that the physiological effects of
exposure to estrogen can include changes in the functioning of a variety of tissues
due to changes in the receptors for other hormones that regulate these tissues.
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Importantly, when exposure to estrogen occurs during critical periods in develop-
ment, effects on tissue function are permanent.

Interestingly, elevation of testosterone levels during development appears to have
similar effects compared to elevation of estrogen levels. Aromatase knockout mice
are unable to produce estrogen, and males exhibit increased testosterone and DHT
levels in serum and tissues. These males also have enlarged prostates.108 Thus, both
an increase in serum androgen levels caused by deficient aromatase activity, and an
increase in prostatic androgen receptor levels induced by elevated estrogen exposure,
can lead to stimulation of prostate growth.

12.6 ENVIRONMENTAL ENDOCRINE-DISRUPTING 
ESTROGENIC CHEMICALS ALTER PROSTATE 
DEVELOPMENT

Studies now identify that many chemicals have the capacity to disrupt the functioning
of the endocrine system, either by binding to endogenous hormone receptors, by
interfering with enzyme activity, or via other mechanisms, such as interfering with
plasma transport of hormones.109,110 Thus, there are chemicals being used in common
household products that, prior to being used to manufacture these products, were
not tested for the possibility that they might be able to bind to receptors for natural
steroids, such as estrogen and androgen. Because development of all organs is
coordinated by endocrine signals, the disruption of endocrine signals during critical
periods in organ development can lead to permanent effects on organ function.
Functional effects might not be noticed based only on examination for gross mal-
formations, which, along with cancer, has been the focus of toxicological testing.

Chemicals used as pesticides, such as methoxychlor,78 stimulate enlargement of
the prostate as a result of exposure to very low, environmentally relevant doses
during development. Interestingly, the organochlorine hexachlorobenzene (HCB)
enhances androgen signaling in the prostate at low doses and represses androgen
signaling at high doses.111

We recently examined the effects of fetal exposure to bisphenol A, an estrogen-
mimicking chemical. Bisphenol A is used to make polycarbonate plastic (for exam-
ple, baby-feeding bottles are made from polycarbonate). Bisphenol A is also a
component of the resin lining of food and beverage cans, in dental sealants, and
many other plastic products. Approximately 2 billion pounds of bisphenol A are
used per year, and another 100 million pounds of brominated bisphenol A are used
as flame retardants in a wide variety of products.

We used a screening assay involving human breast cancer cells (MCF-7) to
assess the estrogenic potency of bisphenol A. This assay revealed that the plasma
binding proteins that result in a very low free, bioavailable fraction of estradiol in
fetal blood show only limited binding to bisphenol A. The proportion of the uncon-
jugated bisphenol A in blood that is bioactive is thus high relative to estradiol.7 Our
findings suggested that developing mouse fetuses would respond to doses of bisphe-
nol A within the range that humans are exposed to this chemical, such as through
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the use of polycarbonate to store food, eating canned products, and having dental
sealant applied to protect teeth.

Based on predictions from our in vitro assay, we fed pregnant mice 2 or 20
µg/kg/day bisphenol A per gram body weight per day for 7 days from gestation day
11 to 17, prior to and during the initial period of prostate development. We observed
numerous effects in male offspring, including permanent enlargement of the prostate
and preputial glands, a decrease in testicular sperm production, and a decrease in
seminal vesicle and epididymidal size.7,112 In female offspring, we observed abnor-
mal body growth and an early onset of puberty.113 Many other effects of very low
doses of bisphenol A have been reported in over 60 peer-reviewed publications in
mollusks, insects, fish, frogs, rats, and mice.

The Wolffian ducts and UGS express estrogen receptors during prenatal devel-
opment in the mouse.83,114 Therefore, these organs can potentially be directly affected
by compounds that bind to estrogen receptors, such as bisphenol A. The decrease
in the size of the epididymis and seminal vesicles suggests that bisphenol A interfered
with the normal development of the Wolffian ducts as well as the testes. In contrast,
bisphenol A significantly increased the size of the preputial glands and prostate
relative to untreated males. The finding that an elevation in an estrogenic chemical
during fetal life decreased seminal vesicle size in adulthood is consistent with our
prior findings. Specifically, male mice that developed in utero between two female
fetuses (2F males), and were thus exposed to elevated estradiol via diffusion from
the adjacent females, had smaller seminal vesicles in adulthood than their siblings
who developed in utero between two male fetuses (2M males); in contrast, 2F males
had larger prostates.75 

Subsequent studies have suggested that this effect was mediated by a permanent
“imprinted” decrease in seminal vesicle 5α-reductase activity in 2F males relative
to 2M males (unpublished observation). However, the larger seminal vesicles found
in 2M male mice were initially thought to be due solely to the supplement in
testosterone that 2M males received due to being positioned in utero between male
fetuses. The finding that a low dose of an estrogenic chemical during fetal life can
permanently decrease seminal vesicle and epididymis size provides additional evi-
dence that suggests the elevated estradiol in 2F males may have contributed to the
development of small seminal vesicles in these males. It had previously been reported
that estrogen exerts an inhibitory effect on 5α-reductase activity in accessory repro-
ductive organs.115,116

In contrast to findings regarding organs that differentiate from Wolffian ducts,
adult 2F male mice, as well as male mice exposed experimentally as fetuses to a
50% increase in serum estradiol, exhibited enlargement of the prostate that was
associated with a permanent increase in prostatic androgen receptors.8,75 As men-
tioned above, the prostate develops from the UGS, while seminal vesicles develop
from a different embryonic tissue, the Wolffian ducts, under different hormonal
control. Taken together, these findings provide evidence that during fetal life, the
specific genes influenced by estrogen are different in the Wolffian ducts and UGS.
Thus, what appeared initially as contradictory findings, with some organs increasing
in size and others decreasing in size, associated with a small increase in serum
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estradiol during fetal life, now has proven to be a consistent outcome following
administration of estrogenic chemicals during fetal life.

An interesting finding is that bisphenol A stimulated proliferation of human
prostate cancer (LNCaP) cells. There was an inverted-U dose-response curve, with
maximum stimulation at 1 nM (~230 parts per trillion, or ppt) and lower stimulation
at doses tenfold lower (23 ppt) or tenfold higher (2.3 ppb), and no stimulation at
either 2.3 ppt (NOAEL) or 23 ppb. Of considerable importance is that the 23 ppb
dose of bisphenol A would have been erroneously thought to be the no adverse effect
level (NOAEL), if this had been the lowest dose tested in a study that had only
examined higher but not lower doses.117

There is a mutant form of the androgen receptor in LNCaP cells that appears to
show a higher binding to bisphenol A than the wild-type androgen receptor. This
raises the question as to the potential for bisphenol A to exhibit significant binding
to other members of the nuclear receptor superfamily, such as androgen receptors.
In fact, there is a report that bisphenol A can bind to androgen receptors. Specifically,
bisphenol A had an efficacy similar to the antiandrogenic drug Flutamide in inhibiting
binding of DHT to androgen receptors in a yeast reporter assay. But, at the concen-
trations detected in human blood,118 there should not be significant binding of
bisphenol A to wild type androgen receptors. In sharp contrast, the concentration of
bisphenol A that stimulated LNCaP prostate cells with the mutant form of the
androgen receptor was directly within the range of bisphenol A found in human
blood.

Gupta5 reported that in CD-1 mice, oral administration of bisphenol A to preg-
nant mice at a dose of 50 µg/kg/day from gestation day 14 to 18 resulted in a
permanent increase in prostate size and prostate androgen receptors. Bisphenol A
also caused a decrease in the size of the epididymis. In this study by Gupta, male
mice were examined at 3, 21, and 60 days of age. The finding that fetal exposure
increased prostate androgen receptors is virtually identical to the significant increase
in prostate androgen receptors produced by a small increase in fetal estradiol 8 or a
maternal dose of 0.1 µg/kg/day diethylstilbestrol (DES), and also exactly replicated
our findings 112 of an increase in prostate size and a decrease in epididymis size in
male mice using 2 and 20 µg/kg/day bisphenol administered to pregnant cf.-1 mice. 

A novel finding in the study by Gupta is that the 50 µg/kg/day dose of bisphenol
A resulted in an increase in the length of the space between the anus and genital
papilla (that becomes the scrotum) on postnatal days 3 and 21, similar to the increase
in the size of the prostate. It is well known that the UGS (from which the prostate
differentiates) and the external genitals are similar in the hormonal and enzyme
activity (specifically 5α-reductase) requirements for normal differentiation during
fetal life. In contrast, as described above, the development of the seminal vesicles
and epididymis from the Wolffian ducts shows marked differences from the UGS
in the hormonal requirements and intracellular enzymes that mediate the early period
of differentiation. It is thus consistent with other findings75 that exposure during fetal
life to low doses of bisphenol A increases the size of the prostate and the anogenital
distance measure, yet decreases the size of the seminal vesicles and epididymis. It
is important that in these same studies Gupta found that a high dose of DES (200
µg/kg/day) administered to pregnant mice had opposite effects than a low dose
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(0.1 µg/kg/day); the high dose both inhibited prostate development and decreased
the anogenital distance measure, consistent with many prior findings in rats and
mice.4,8

To determine whether effects of bisphenol A were directly on the prostate,
Gupta5,102 placed the fetal mouse prostate in primary culture. A 50 pg/ml (50 ppt)
dose of bisphenol A stimulated prostate growth and gland formation, as well as
androgen receptors, while a dose of 5 ppt bisphenol A did not produce a significant
stimulatory effect.5 The effect of 50 ppt bisphenol A was similar to the effect of 0.5
ppt DES examined in the same experiment, demonstrating that bisphenol A is about
100-fold less potent relative to DES. We will review other studies below also showing
effects of bisphenol A at doses of 50 ppt in invertebrates. 

Based on initial findings from experiments in which we observed permanent
enlargement of the prostate in male offspring as a result of administering pregnant
mice doses of bisphenol A,7 DES,8 and ethinyl estradiol,119 as well as the findings
reported by Gupta,5 we directly compared the effects of these three estrogenic
chemicals on the fetal prostate in mice using 3-D reconstruction. Figure 12.6 shows
that relative to controls, DES and ethinyl estradiol at a dose of 0.1 µg/kg/day and
bisphenol A at a dose of 10 µg/kg/day stimulated the formation of additional prostate
ducts and epithelial hyperplasia. Epithelial hyperplasia was revealed by more than
a 50% increase in staining for proliferating cell nuclear antigen (PCNA) by each of
the three estrogenic chemicals based on staining of sections containing prostate buds
from the 3-D reconstruction. The pattern of PCNA staining overlapped with staining
for mouse keratin 5 (MK 5), a basal cell marker.

Based on the above findings, in Figure 12.7 we propose a model of potential
stages and tissues in early ductal development in the UGS that are influenced by
exposure to estrogenic chemicals.79 Our findings show that proliferation of UGS
epithelial cells in the dorsolateral prostate by estrogenic chemicals promotes ductal
growth from the base to the distal tip through increased stimulation of cell prolif-
eration at the proximal end of the duct. Basal cells are a subset of epithelial cells
found in the undifferentiated UGS and then in the developing prostate ducts,120 and
our findings suggest that basal cells provide the proliferative pool during the initial
formation of ducts. The cords of ductal cells appear to be pushed out from the UGS
into the surrounding mesenchyme as a result of proliferation of the basal cells.
Estrogenic chemical stimulated the formation of additional ducts and also increased
the rate of epithelial proliferation in the dorsal and lateral region of the UGS, while
little effect of estrogen was observed in the ventral UGS. Estrogen may act to
stimulate a larger proportion of basal cells into the proliferating pool in the dorsal
and lateral UGS, revealing a regional effect of estrogen within the developing UGS,
which is known to express estrogen receptors at this time in development.76,114 An
interesting aspect of these findings is that once branching of the ducts begins,
proliferation occurs at the ductal tip.21

An interesting additional observation is that these estrogenic chemicals also
resulted in a significant decrease in the size of the urethra at the bladder neck, as
well as a gross malformation in the region of the colliculus (Figure 12.4). These
findings show that bisphenol A is approximately 100-fold less potent relative to
DES, which is consistent with findings by Gupta based on both in vivo and in vitro
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FIGURE 12.7 Sequence of events associated with initial development and growth of prostatic duct epithelium (1 to 6). Potential areas of action for
estrogenic chemicals in the mesenchyme (blue boxes; 1 and 6) and the epithelium (red box; 4) are indicated. Each of these regions provides a unique
opportunity for estrogenic effects on the relationship between mesenchyme and growth controlling factors, particularly in mesenchyme adjacent to
the urethra and base of developing ducts and the epithelial-mesenchymal interface at the ductal tip. Because the proximal duct is associated with the
proliferative population of cells, this is the most sensitive area for estrogenic effects on epithelium during development. FGF: fibroblast growth factor;
BMP: bone morphogenic proteins; EGF: epidermal growth factor; TGF-β: transforming growth factor-beta. From Reference 79.
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experiments.5 An important aspect of these findings is that the blood levels of
bisphenol A in fetal mice throughout the 24 hours after maternal administration of
bisphenol A are significantly lower than mean blood levels of unconjugated bisphenol
A in human fetuses.118,121

Finally, in primary cultures of UGS mesenchyme cells, bisphenol A also signif-
icantly increased AR mRNA levels at the lowest dose (1 nM) so far examined.122

These findings confirm two different studies by Gupta5,102 that bisphenol A increases
androgen receptor protein in the fetal prostate in primary organ culture.

Taken together, the findings reported by Gupta, Nagel, Richter, Timms, and vom
Saal are consistent in showing virtually identical effects of both bisphenol A and
DES on the prostate in vitro and in vivo in outbred mice (cf.-1 and CD-1). In contrast,
in inbred mice (C57BL/6N), bisphenol A was reported to not alter testis, epididymis,
or seminal vesicle weight at doses of 2, 20, or 200 µg/kg/day administered at different
life stages.123 This finding is interesting in that we have found that C57BL/6J males
are 1000-fold less responsive to the stimulatory effects of fetal DES exposure on
prostate size relative to either cf.-1 or CD-1 male fetuses, while the effects of DES
on the uterus of the female siblings of these males showed an identical response to
DES (unpublished observation). Our findings, and that of Nagao et al., thus are in
contrast to the findings of Spearow,124 who reported that peripubertal administration
of estradiol to C57 mice had a greater suppressing effect on testis relative to CD-1
mice. Studies to compare the response to different estrogenic chemicals at different
life stages in different rat and mouse strains are needed to clarify these diverse
findings.

In a study by Ramos et al.,125 on gestation day 8 pregnant Wistar rats were
implanted with Alza osmotic pumps that released bisphenol A at doses of 25 and
250 µg/kg/day. Prenatal exposure to both doses of bisphenol A increased the size
of the area occupied by fibroblasts but decreased the size of the area occupied by
smooth muscle in the periductal stroma of the ventral prostate of males examined
when 30 days old. These changes in the cytoarchitecture of the ventral prostate were
associated with a decrease in the proportion of periductal stroma cells that were
positive for androgen receptors in males exposed to both doses of bisphenol A. These
findings are thus different from those observed in the mouse prostate as a result of
exposure during fetal life to low doses of bisphenol A. However, our findings have
suggested that the ventral region of the rat and mouse prostate has a different
sensitivity to estrogenic effects relative to the dorsolateral prostate.76,79

12.7 ESTROGEN AND ADULT PROSTATE PATHOLOGY

Exposure to supplemental estrogen (in combination with androgen) in adulthood
has been related to hyperplasia of the prostate in dogs126 and dysplasia and neoplasia
in Noble rats.127 In mice, elevation of either androgens or estrogens alone fails to
produce dysplasia, but treatment with androgens and estrogens in combination
resulted in prostatic dysplasia.128 In Noble rats, neoplastic tumors can be induced to
form in the dorsolateral prostatic lobes, while Sprague-Dawley rats typically do not
develop tumors.127,129-131 Although fewer than 1% of Noble rats spontaneously
develop adenocarcinoma of the prostate, treatment with a combination of low doses

2281_C012.fm  Page 401  Thursday, October 21, 2004  2:41 PM

© 2005 by CRC Press



402 Endocrine Disruptors: Effects on Male and Female Reproductive Systems

of testosterone and estradiol-17b (via Silastic capsules) for 4 months leads to mul-
tifocal epithelial dysplasia,131,132 and longer treatment (about 10 months) results in
the transition from dysplasia to neoplastic tumors in about 20% of treated males.
Histological examination of prostate tumors in Noble rats treated with androgen and
estrogen showed that they primarily involved glandular epithelium, and metastases
after transplantation into hosts revealed differentiated epithelial components.129 Neo-
plastic development occurs in specific regions of the peripheral zone of the human
prostate gland.133 Dysplasia in the dorsolateral lobe of testosterone and estradiol
treated Noble rats is almost identical to the premalignant lesions described in the
human gland.

12.8 SUMMARY

There is little or no information concerning the issue of whether prostate enlargement
in men might be related to exposure during fetal life to estrogenic chemicals.
However, there has been a doubling of the incidence of abnormal development of
the penile urethra (hypospadias) in male babies over the past 20 years in the U.S.,134

suggesting that an environmental factor is involved.135 There is historical evidence
that male sperm counts have declined by 50% over the past 50 years, while the
incidence of testicular and prostate cancer has increased; there are regional differ-
ences in sperm counts as well as prostate and testicular cancer rates. These findings
suggest that environmental factors are mediating these effects,136-138 which is sup-
ported by recent evidence correlating herbicide levels in men with sperm density.139

Prospective studies in humans (the Children’s Health Initiative) that will include
examination of the relationship of exposure to chemicals during fetal life via the
mother (as well as many other factors), and consequences to health, are being planned
based on findings from animal studies. 

At this time there have been no published human studies to raise awareness
within the medical community or the Food and Drug Administration (FDA) con-
cerning fetal exposure to bisphenol A from polycarbonate plastic food and beverage
containers, tin cans, and dental sealants or in drinking water. The focus of the
relatively few studies of exposure of human fetuses to ethinylestradiol during the
critical period of reproductive organ development has only been on externally visible
malformations at birth. Based upon generally negative findings of grossly observable
external malformations at birth, DES was considered safe for administration to
millions of women during pregnancy for over 2 decades, but later DES was found
to result in serious long-term harm to offspring. This tragic lesson appears to have
been forgotten with regard to conclusions being drawn from similar studies of
ethinylestradiol. The current assumption is that the amounts of ethinylestradiol or
bisphenol A to which human fetuses are exposed are safe. We propose that the data
from this and other animal studies regarding the potential for ethinylestradiol and
bisphenol A to be considered as risk factors during fetal development at current
exposure levels is sufficient, and together with the similarity to effects of low doses
of DES, warrant a thorough reevaluation of this assumption.
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13.1 ABSTRACT

 

Metal ions are significant contaminants of the environment. Yet, their impacts on
normal and malignant prostatic functions are poorly understood. Studies implicating
metal ions as environmental risk factors for the prostate are limited and have been
focused mainly in the area of prostate cancer. Information on heavy-metal–ion
influences on the other major prostatic diseases, such as benign prostatic hyperplasia
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and prostatitis, is virtually non-existent. Zinc is a crucial intracellular trace element
of the prostate and plays important roles in regulating androgenic action, interme-
diate metabolism, mitochondrial functions, and normal transcriptional activities of
prostatic cells. Prostatic secretion of the metal ion into seminal plasma may affect
sperm viability and male fertility. High zinc contents are found in normal and
hyperplastic prostates, while a marked reduction in tissue zinc contents is noted
during aging and neoplastic transformation of the gland. In parallel, serum and
urinary zinc concentrations in prostate cancer patients are consistently reduced when
compared with those found in healthy controls. Recent studies revealed that zinc
transporters play essential roles in regulating influx and efflux of the ion in prostatic
cells that may influence prostate cancer susceptibility among African American men. 

Clear correlations between dietary zinc intake and prostate cancer risk have yet
to be established, while the benefits of zinc supplement for prostate cancer prevention
remain uncertain. Human exposure to cadmium is normally via food, air, and water
contamination. In the 21

 

st

 

 century a major source of environmental burden will come
from disposal of millions of computers and electronic devices. Occupational expo-
sure and cigarette smoking remain as major contributors of the overall bodily burden.
In rodents and cell culture studies, cadmium is a proven carcinogen of the prostate.
The citation exerts its carcinogenic influences via multiple mechanisms, including
induction of oxidative stress and possibly DNA damage, activation of oncogenes
and disruption of tumor suppressor activities, and acting as an estrogenic or andro-
genic mimic. The inter-relationship between cadmium and expression of various
metallothioneins in prostate cells may affect tissue susceptibility to cadmium-
induced carcinogenesis in the organ and the sensitivity of prostate cancer cells to
drug therapies. In human studies, only weak associations have been found to exist
between cadmium exposure and prostate cancer risk. However, the metal ion may
have a stronger correlation with evolution of an aggressive form of prostate cancer.
Of significance is the long half-life of cadmium in the human prostate and its
continued accumulation in the organ with advancement of age. Finally, results from
a handful of investigations suggest that both copper and arsenic may have potential
carcinogenic action in the prostate. Future mechanistic and population-based studies
on the roles played by heavy metals as endocrine disruptors and disease-causing
agents are definitely warranted. 

 

13.2 INTRODUCTION

 

The prostate is perhaps the most disease-prone organ of the aging human male.
Prostatic adenocarcinoma, benign prostatic hyperplasia (BPH), and prostatitis are
common disorders found in the aged human gland.

 

1–3

 

 Additionally, adenosis or
atypical adenomatous hyperplasia (AAH) and prostatic intraepithelial neoplasia
(PIN) are often identified incidentally in autopsy, biopsy, and transurethral resection
samples of the prostate.

 

4,5 

 

The etiologies of these prostatic diseases or pathological
conditions are poorly understood. Epidemiologic and basic research studies have,
however, identified separate endogenous and exogenous risk factors for each of these
conditions.

 

14–12

 

 Aging appears to be the single common endogenous determinant,
whereas changes in endogenous hormonal milieu also play an important role in the
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pathogenesis of these diseases. Studies implicating environmental factors as caus-
ative factors of prostatic diseases are scarce, and they are almost exclusively limited
to prostate cancer. Among environmental factors, dietary fat, Western life style, metal
ions, and environmental estrogens are likely of importance.

 

1

 

 In this chapter, discus-
sions focus only on heavy metal ions as endocrine disruptors and disease-causing
agents of the prostate, with special emphasis on prostate cancer.

 

13.3 ZINC

13.3.1 M

 

ECHANISMS

 

 

 

OF

 

 Z

 

INC

 

 A

 

CTION

 

 

 

IN

 

 

 

THE

 

 P

 

ROSTATE

 

It has long been known that the prostate has the highest concentration of zinc.

 

13,14

 

The zinc content is high in the epithelial cells and low in the stromal components.

 

15,16

 

Subcellular distribution favors the nuclear fraction, but substantial levels are also
found in the cytosol

 

17

 

 and mitochondria.

 

18

 

 In the rat prostate, the lateral lobe contains
several-fold higher zinc contents than the dorsal and ventral lobes.

 

18

 

 Both testoster-
one and prolactin have been shown to increase zinc contents in the lateral lobe of
the rat prostate gland. The precise physiological roles of zinc in the gland are
unknown. 

 

In vitro

 

 studies have demonstrated that zinc enhances binding of androgen-
androgen receptor complexes to cell nuclei

 

19

 

 and increases total androgen uptake by
prostatic tissues.

 

17

 

 It has also been suggested that zinc inhibits mitochondrial
m-aconitase activity and citrate oxidation.

 

18 

 

Neutralized zinc, injected directly into
the rat prostate, reduces prostatic weight and 5

 

α

 

-reductase activity.

 

20

 

 Large quantity
of zinc is apparently secreted into prostatic fluid and reaches the seminal plasma,
where it plays a role in extending the functional life span of the ejaculated sperm.

 

14

 

13.3.2 P

 

ROSTATIC

 

 Z

 

INC

 

 C

 

ONTENT

 

 

 

AND

 

 P

 

ROSTATE

 

 C

 

ARCINOGENESIS

 

When zinc contents in expressed prostatic fluids from healthy men and patients
suffering from chronic prostatitis, adenoma, or adenocarcinoma were analyzed, a
marked reduction (> 90%) in zinc level was observed only in fluid samples from
cancer patients.

 

21

 

 These findings were in accord with those reported in an earlier
study on zinc contents in post-prostatic-massage urine

 

22

 

 and in serum samples.
Marked reductions in plasma zinc levels were noted in patients with prostate cancer
when compared with healthy subjects or BPH patients.

 

23–28

 

 Further declines in serum
zinc levels were observed after cancer patients had undergone androgen ablation
therapies.

 

25,28 

 

In one study, aging was shown to associate with significant declines
in tissue zinc contents. Collectively, these data clearly indicate that zinc is present
in high concentrations in normal and hyperplastic human prostates, but its levels are
considerably reduced with advancement of age or neoplastic transformation. Recent
studies have provided several mechanistic links as to how zinc might contribute to
prostate cancer primary and secondary prevention. In one report, exposure of PC-3
cells to physiological concentrations of zinc increased sensitivity of tumor cells to
tumor necrosis factor-alpha- or paclitaxel-mediated cell death.

 

29

 

 A second study
demonstrated an inverse relationship between zinc content and prostate-specific
antigen (PSA) in 28 patients.

 

30

 

 This finding raises the possibility that zinc can directly
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regulate PSA production. It has also been proposed that a “low zinc, low citrate”
phenotype represents a hypoxia-defense adaptation, which is believed to have impor-
tance implication on prostate cancer cell growth.

 

31

 

 
Intracellular zinc content is now believed to be regulated by zinc transporters,

 

32,33

 

providing the first evidence that prolactin and testosterone regulated zinc intake into
normal and cancerous prostatic epithelial cells. This process was subsequently shown
to be mediated by a class of membrane proteins known as zinc transporters. High
levels of zinc-transporter-2 were expressed in the rat lateral and dorsal prostate, where
pre-cancerous and cancer lesions likely developed.

 

34

 

 In human prostate cells, the zinc
transporter ZIP1 is the major zinc uptake regulator.

 

35

 

 The activities of these zinc
transporters, via control of influx and efflux of the cation, is now believed to regulate
intracellular metallothionein levels that in turn influence cellular sensitivity to various
heavy metals.

 

36,37

 

 Recently, expression of the zinc transporter ZnT4 in prostate
specimens

 

38

 

 and serum levels of a zinc binding protein zinc alpha-2-glycoprotein

 

39

 

were found to have prognostic values for prostate cancer progression. Furthermore, a
recent epidemiology study demonstrated down-regulation of two zinc transporters,
hZIP1 and hZIP2, in African American men when compared to white males

 

40

 

 and may
explain the high incidence of prostate cancer in the former group. Collectively, these
findings have provided new insights to the relationship between zinc and prostate
carcinogenesis, as it has become apparent that 1) the carcinogenic process, 

 

per se

 

,
may perturb zinc metabolism/homeostasis in the prostate, and 2) zinc content, either
in circulating or at the tissue level, directly or indirectly, may predispose the gland to
neoplastic transformation. Importantly, environmental influences, such as dietary hab-
its or cadmium exposure (see next section), that affect prostatic zinc content may have
major consequences in disease development of the gland.

 

13.3.3 D

 

IETARY

 

 Z

 

INC

 

 

 

AND

 

 P

 

ROSTATE

 

 C

 

ANCER

 

 R

 

ISK

 

The American diet is often deficient in zinc,

 

13

 

 hence a question arises as to whether
dietary intake of zinc influences disease development in the prostate. Observational
studies data revealed conflicting data. In a Utah study, in which 358 cases were
compared to 679 controls, weekly intake of zinc was found to have little association
with prostate cancer.

 

41

 

 In contrast, when a Hawaii population with 452 cases of
prostate cancer and 899 age-matched controls was studied, weekly zinc intake,
adjusted for age and ethnicity, was found to be greater for prostate cancer cases than
for healthy controls.

 

42

 

 Results from this study thus implicate dietary zinc as a risk
factor for prostate cancer. In contrast, when 115 prostate cancer cases were compared
with 227 age-matched controls nested in the prospective CLUEII study baseline in
1989, higher zinc intake was found to slightly lower prostate cancer risk.

 

43

 

 In a
recent large-scale study in which supplemental zinc intake was correlated to prostate
cancer risk among 46,974 American men participating in the Health Professionals
Follow-Up Study (14 years), zinc intake up to 100 mg/day was found to have no
effects on prostate cancer risk except when higher doses of zinc supplement was
used. The higher doses slightly increased the risk of advanced prostate cancer.

 

44

 

Collectively, these observational studies provide no strong evidence in support of
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the notion that dietary zinc supplement offers protection against prostate cancer but
a dietary deficient in this cation may have adverse effects in the long term.

 

13.4 CADMIUM
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Cadmium contamination results from zinc mining and smelting, sewage-sludge
disposal, various industrial usages, and combustion of municipal waste and fossil
fuels.

 

45,46

 

 Worldwide production in the 1970s was around 18,000 tons/year,

 

47

 

 of
which about 4000 tons were used in the United States. The heavy metal ion is
commonly found in plated metals, pigments, batteries, stabilizers in plastics, met-
allurgy, and nuclear reactor rods, and as catalysts.

 

48

 

 In the 21

 

st

 

 century, the major
source of cadmium contamination will come from semiconductor, electrical, and
electronic equipment manufacturing.

 

49

 

 One recent estimate indicates that between
1997 and 2004 over 315 million computers will become obsolete, and this will
generate almost 2 million pounds of cadmium burden to the environment. Cadmium
is in many computer and electronic components such as SMD chip resistors, infrared
detectors, and semiconductors. Older types of cathode ray tubes also contain the
metal ion. Amazingly, cadmium contamination of our food chain is quite common.
A recent study showed that the Greenland marine food chains contain high levels
of cadmium in addition to mercury and selenium.

 

50

 

Cadmium compounds are classified as toxic with a possible risk of irreversible
effects on human health.

 

51

 

 The metal ion can be absorbed through respiration and via
ingestion. It accumulates in the human body with a long biological half-life of >20
years.

 

52,53

 

 An acute exposure to high dose can cause symptoms of poisoning but chronic
low-dose exposure is hard to detect. Cadmium contamination in food, soil, air, and
water may be high in industrial areas.

 

52,54, 55

 

 Non-occupational exposure probably takes
place through consumption of contaminated fish, drinking water, contaminated air,
and cigarette smoking.

 

53,54,55

 

 This cation is frequently found in the National Priorities
List sites. The National Toxicology Program (NTP, 1991) has classified it as a substance
that may reasonably be anticipated as a human carcinogen.

 

55,56

 

13.4.2 C

 

D

 

 I

 

S

 

 

 

A

 

 S

 

USPECTED

 

 C

 

ARCINOGEN

 

 

 

FOR

 

 

 

THE

 

 H

 

UMAN

 

 
P

 

ROSTATE

 

Cadmium exposures have been linked to prostate cancer (PCa) in some, but not all,
epidemiological studies.

 

53,57,58,59

 

 Occupational exposure to cadmium may be a caus-
ative factor for PCa. A recent analysis of the Swedish National Cancer Registry
during 1961 to 1979 revealed that workers in occupations and industries with cad-
mium exposure had elevated risk for PCa.

 

59

 

 Among 522 Swedish workers exposed
to cadmium for at least 1 year in a nickel-cadmium battery plant, the mortality rate
for PCa was increased in a dose- and latency- dependent manner.

 

60

 

 A case-referent
study of 345 PCa cases and 1346 referents in Netherlands found a statistically
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significant excess risk for subjects who reported frequent occupational exposure to
cadmium.

 

61

 

 In a Utah population-based case-control study, occupational exposure
to cadmium was correlated with a small but significant increase in PCa risk.

 

62

 

 Non-
occupational exposure may also contribute to higher PCa incidence in the general
population. Positive associations have been observed between cadmium in drinking
water or food and PCa.

 

62,41,63,57 

 

In Spain, high incidences of PCa were observed in
certain areas where cadmium is naturally present in abnormally high concentrations
in stream sediment.

 

63

 

 In general, studies that revealed a positive correlation between
cadmium exposure and PCa only indicated a weak association

 

62,60,64,41,63,59 

 

but cad-
mium exposure might have a stronger association with aggressive PCa.

 

62

 

Data from laboratory investigations also support a link between cadmium and
PCa. Higher levels of cadmium were found in PCa specimens when compared to
levels noted in normal or hyperplastic tissues,

 

65,26,66,67

 

 with the highest concentration
in high-grade cancers.

 

65

 

 At the cellular level, cadmium was found to be rather evenly
distributed between the epithelial cells and stroma of the human prostate.

 

65,15

 

 Expo-
sure of an immortalized human non-tumorigenic prostatic epithelial cell line (pRNS-
1-1) to cadmium induced malignant transformation that resulted in transformants
capable of forming tumors in SCID mice.

 

68 

 

Treatment of the human PCa cell line,
LNCaP, with cadmium stimulated cell growth and increased expression of prostate-
specific antigen and NKX 3.1, in an androgen receptor-dependent manner.

 

69

 

 Collec-
tively, these findings support the notion that cadmium may play a direct role in the
genesis of PCa and promotion of this cancer to higher grade in the human gland.

Other epidemiology studies, however, had failed to find an association between
cadmium exposure and PCa. In a population-based case-control study in Utah, no
association was found.

 

41

 

 In a cohort mortality study on cadmium-exposed workers,
no increased risk was noted with five years of follow-up.

 

70

 

 Another cohort study of
3025 nickel-cadmium battery workers also failed to demonstrate a significant cor-
relation between occupational cadmium exposure and increased PCa risk.

 

71

 

 In one
laboratory investigation, cadmium contents were reported to be similar among nor-
mal, hyperplastic, and carcinomatous prostatic tissues.

 

15
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In rats, cadmium is a proven carcinogen of the prostate. Cadmium caused malignant
transformation of rat ventral prostate (VP) epithelial cells in culture.

 

72

 

 

 

In vivo

 

, the
heavy metal ion is cytotoxic to a wide variety of body cells in the rat and yet it is
carcinogenic to selected organs including the prostate.73,74,75,76 The incidence and the
site of tumor development appear to be highly dependent on the rat strain and route
of cadmium administration. Administration of cadmium, in doses between 2.5 and
5.0 µmole/kg body weight (b.w.), as a single subcutaneous injection, to Wistar rats
induced a 34% tumor incidence in the VPs, but not in the dorsolateral prostates
(DLPs) of treated animals.77 However, when cadmium was given as a single subcu-
taneous injection of 1 to 4 µmole/kg b.w. to Noble (NBL/Cr) rats, a proliferative
lesion, termed intraepithelial hyperplasia, was observed mostly in the DLPs of 60
to 80% of the treated animals.75 
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Exposure of NBL/Cr rats to cadmium via drinking water at 25 to 50 ppm caused
a 50% incidence of proliferative lesions in both VP and DLP of the exposed rats.76

Most of the proliferative lesions described in these studies were intraepithelial atypia,
adenoma, or microscopic cancers that developed over a period of up to 72 weeks.
None of these epithelial lesions involved stromal invasion. When cadmium was
injected directly into the VP, there was a high incidence of PIN and cancer within
a relative short duration of 270 days.78 Interestingly, in a more recent study79 oral
administration of cadmium to rats through drinking water increased testosterone (T)
levels and down-regulated metallothionein expression in the rat VP. These changes
are opposite to those induced by other routes of cadmium administration and are
believed to increase the risk of the rat gland to prostate carcinogenesis. Lastly,
cadmium was also effective in enhancing the potency of other chemical carcinogens
such as DMBA in the induction of cancer in the VP.80 Of interest to note, the half-
life of cadmium in rats was estimated to be over 6 weeks following a single injection
of radioactive cadmium into the prostate.81 This is in agreement with the observed
accumulation of this heavy metal ion in the human prostate and its long half-life in
the human gland.

13.4.4 MECHANISMS OF CADMIUM-INDUCED CARCINOGENESIS

Although little is known about the mechanisms of cadmium carcinogenesis, several
mechanistic pathways have been proposed.82,56 First, cadmium accumulation is
believed to alter intracellular Zn concentrations (see Section 13.3), which, in turn,
may affect the regulation of nucleic acids metabolism, activation of transcription
factors, and normal operation of a large number of enzymes.83,84,85,86 In this regard,
it is of interest to note that the ratio of cadmium to zinc is often greater in PCa
tissues than that found in non-cancerous tissues.26 Second, cadmium may have direct
genotoxic effects, since chromosomal aberrations have been observed in lympho-
cytes of workers exposed to cadmium87 and in prostatic epithelial cells exposed to
the heavy metal ion in vitro.72 Yet, in a number of genotoxicity testing systems,
cadmium has been showed to be only a weak mutagen.88,89 Alternatively, cadmium
may be genotoxic via indirect mechanisms such as induction of oxidative stress and
free radical formation.90,91 The latter premise is supported by the observation that
cadmium-induced proliferation of human prostatic epithelial cells in culture could
be blocked by the antioxidant trace element, selenium.92 Cytotoxicity-induced regen-
erative cell proliferation has also been proposed as a probable cause, since severe
tissue injury is a prerequisite of tumorigenesis in the rat testis.77 More recently, it
has been shown that disruption of proto-oncogenes and tumor suppression gene
expression may be an important causative factor of cadmium carcinogenicity, since
it has been demonstrated the metal ion induced expression of p53, c-jun, and c-myc
in prostatic cells in vitro93 and in vivo.94 Lastly, recent evidence clearly indicates
cadmium as a bona fide endocrine disruptor of cellular estrogenic and androgenic
responsiveness and may exert major impacts on PCa development and progression
due to its estrogenicity or androgenicity.
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13.4.5 CADMIUM IS AN ESTROGENIC/ANDROGENIC ENDOCRINE 
DISRUPTOR — RAMIFICATIONS IN PROSTATE 
CARCINOGENESIS

It is now firmly established that cadmium is an estrogen mimic as well as an androgen
agonist. Early studies95 demonstrated cadmium could induce estrogen-regulated genes
such as progesterone receptor, pS2, and cathepsin D in a breast cancer cell line (MCF7).
Furthermore, cadmium was able to substitute Zn in the zinc fingers of the estrogen
receptor (ER)-α.96 Subsequent studies firmly established that cadmium directly inter-
acted with the ligand-binding domain of ER-α and transactivated estrogen-regulated
genes.97,98 The binding of cadmium to ER-α was found to be of high affinity [Kd at
5X10(-10) M], sensitive to antiestrogen blockade, and involve binding to specific con-
served cysteine groups on the ER molecule.97 Cadmium also interfered with the binding
of ER to the estrogen responsive element (ERE).98 Due to its high potency as an estrogen
mimic, cadmium was effective in stimulating breast cancer cell growth, enhancing
uterine wet weight, promoting mammary gland development, and inducing expression
of estrogen-regulated genes in castrated rodents.99,100

Intriguingly, cadmium has also been shown to disrupt androgen action in the
male reproductive tract including the prostate. The metal ion binds androgen receptor
(AR) with high affinity101,102 and mediates AR-activation of an androgen responsive
element (ARE) in a PCa cell line (LNCaP) and in a liver cancer cell line (HepG2).102

In addition, it specifically inhibits type I 5α-reductase activity,103 which has been
found recently to be up-regulated in PCa specimens.104 Based on this body of
knowledge, it is logical to speculate that cadmium may have significant impacts on
normal and aberrant growth of the prostate by acting as an estrogenic or androgenic
mimic. In this regard, it is well recognized that the development and progression of
PCa is etiologically linked to altered hormonal milieu involving estrogen and andro-
gen.6,12 Since cadmium has been shown to accumulate in the prostate with advance-
ment of age due to its very long half-life in the organ (see Section 13.4.3), the
probability that it may exert oncogenic action via endocrine disruption is undoubt-
edly worthy of future investigation. In this context, it is worth mentioning that
exposure of Noble rats to combined androgen and estrogen for an extensive period
of time induces pre-malignant and malignant lesions in 100% of the treated ani-
mals,105,106 while exposure of Noble rats to a single dose of cadmium induces a high
incidence of prostate tumors in their prostates.75 Taken together, these studies support
the premise that cadmium-carcinogenicity in the rat prostate may be mediated by
the combined estrogenic and androgenic action of the citation.

13.4.6 INTERPLAY BETWEEN CADMIUM AND OTHER HEAVY METALS 
IN PROSTATE CARCINOGENESIS

Interestingly, in animal studies zinc has the ability to modify the carcinogenic
potential of cadmium.73 Administration of zinc apparently potentiated or inhibited,
dependent on dose and route of administration, the carcinogenic effects of cadmium
in the rat ventral prostate. In the human prostate, there seems to have a distinct
antagonistic effect between zinc and cadmium.26,65,66,107 Marked reduction in tissue
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zinc contents and elevation in cadmium contents were consistently observed in
prostatic cancer specimens. These findings suggested that a high zinc content may
confer protection against cadmium-carcinogeneity/toxicity to prostatic cells. Con-
versely, zinc deficiency, at bodily or cellular level, may exacerbate the cytotoxic
effects of cadmium in the prostate.

Information on the interactions between cadmium and other heavy metal ions
are scarce and not directly obtained from studies in prostatic tissues. However, recent
studies suggested that increased dietary selenium or calcium might offer protection
against cadmium-induced cytotoxicity in ringed seal and laying hens.50,108 One pos-
sible explanation for the protective effects of selenium against cadmium-induced
damages may be related to its antioxidant action, since cadmium is known to promote
a prooxidant state in most tissues.90,91 Furthermore, as part of the effort to elucidate
the impacts of mixtures, the Agency for Toxic Substances and Disease Registry
(ATSDR) recently found no evidence of synergistic activity with a mixture of Cd
(II), chromium [Cr (III)], and lead [Pb (II)] on metal activation of gene expression.109

Future studies on potential synergistic or agonistic effects of various metal ions, in
addition to Zn, on the impacts of cadmium in the prostate are certainly warranted.

13.4.7 METALLOTHIONEINS AND CADMIUM-INDUCED 
CARCINOGENICITY

Metallothioneins (MTs) have been regarded as one of the most unusual classes of
proteins,110 and their potential roles in carcinogenesis remain elusive.111 MTs are
widely distributed among plants and animals. In humans, there are as many as 17
genes coding for MT, whereas in rodents, two prevalent forms, MT-I and MT-II, are
expressed. These polypeptides are characterized by their low molecular weights (∼60
a.a.), high cysteine content (one third), a lack of aromatic residues, and a strong
affinity for selected metal ions (zinc, copper, cadmium, and mercury). Although MT
is mainly a cytosolic protein in quiescent cells, it is translocated to cell nucleus
during cell replication and differentiation.111 MTs have been implicated in a multi-
tude of cellular functions including those related to regulation of essential metal
(zinc and copper) homeostasis and trafficking, detoxification of heavy metal ions,
and scavenger activity against free radicals, electrophils, and oxidants.112 Recently,
MT-3, a new isoform, has been identified in brain extracts of Alzheimer’s patients
and shown to inhibit growth of rat cortical neurons.113 

Much remained to be learned about the interrelationships between MTs and
cadmium-induced carcinogenesis in the prostate. In rats, it has been demonstrated
that MTs are expressed at significant levels in the dorsal (DP) and lateral (LP) lobes
of the prostate.114–119 However, MT expression in the VP was hardly detectable using
conventional methods such as immunocytochemistry, in situ hybridization, and
Northern blotting.115,117,118 Furthermore, MT expression was initially reported to be
non-inducible by cadmium in rat VP.117 Coincidentally,73 Waalkes and co-workers
observed a high incidence (> 30%) of tumors developed in the VPs, but not in the
DPs or LPs, of Wistar rats treated with a single dose of cadmium at a young age.
However, a recent study119 demonstrated enhanced expression of both MT-I and MT-
II in rat VPs following a cadmium challenge.119 Nevertheless, the levels attained in
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the VPs of the treated animals still fell short of those expressed in the DPs and LPs
of untreated rats.119 In support of a protective role of MT against cadmium-induced
cell death, it has recently been showed that ribozyme-mediated degradation of MT
increased rat epithelial cells’ susceptibility to cadmium-cytotoxicity.120 Findings
from other studies have added to our understanding of the relationship between MT
and cadmium-carcinogenicity. When NBL/Cr rats were treated with a single injection
of cadmium at young age, 60 to 80% of the animals developed intraepithelial
proliferative lesions, mostly in their DLPs, while administration of cadmium via
drinking water induced lesions in both VP and DLP.75,76 Taken together, these findings
have refuted the original hypothesis that rat VP is most susceptible to cadmium-
carcinogenicity due to low MT expression levels.

Studies in human tissues have shed new light on the relationship. Expression of
various MTs is up-regulated in cancers of the breast, colon, kidney, liver, lung,
nasopharynx, ovary, testes, thyroid, urinary bladder, and the prostate. In contrast, it
is down-regulated in neoplasms of the liver. Up-regulation of MT-IIa in cancer cells
may offer survival advantage, since ribozyme-mediated down-regulation of MT-IIa
caused significant cell death in prostate and ovarian cancer cells.121 In contrast, MT-
III has been shown to inhibit PCa cell growth and increased drug resistance.122 In
addition to divalent cations such as zinc, cadmium, and copper, p53123 androgen118

and estrogen124 have been implicated in the induction and overexpression of MT in
epithelial cancers.

In the prostate, immunoreactivity of MT is most intense in the peripheral zone,
moderate in the transitional zone, and weak in the central zone, hence MT distribu-
tion parallels susceptibility of these regions to proliferation.125–127 Furthermore,
expression of MT was correlated to tumor grade, with the highest concentrations
found in the highest grade tumors.126,127 Based on these findings, it is logical to
postulate that prostate carcinogenesis is perhaps associated with increased expression
of MT, which could be enhanced by steady accumulation of cadmium in the prostate
with advancement of age. 

13.5 COPPER, NICKEL, AND ARSENIC

Copper and nickel are commonly found to co-exist with cadmium as environmental
pollutants.55 It is, therefore, conceivable that the reported effects of cadmium on the
prostate may, in part, be due to the adverse action of copper or nickel contaminants.
However, epidemiological data in support of this hypothesis are non-existent, and
not a single study had focused on the toxicity/carcinogeneity of these two compounds
in the human prostate. In an animal study, nickel chloride added to the drinking
water in 5 and 50 ppm were shown to have no effects on the morphology and
ultrastructure of the rat prostate.128 Among all the other metal ions only arsenic has
been found to associate with prostate cancer in epidemiological studies.129–132 The
American Council on Science and Health has recently reviewed the carcinogenic
risk of arsenic and found evidence that chronic exposure to inorganic arsenic at
concentrations around several hundred microgram per liter may cause cancers in
various organs, including the prostate, and therefore recommended drinking water
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arsenic concentrations to be kept below 50 µg/L.133 Experimentally, arsenic (5 µM)
has been shown to exert direct transforming potential on the nontumorigenic human
prostate epithelial cell RWPE-1.134 Paradoxically, low levels of inorganic arsenic
were found to be effective in promoting cell death in a variety of prostate cancer
cell lines via activation of p38, JNK, and caspase-3135 and induction of apoptosis.136

In the clinical setting, low levels of arsenic have been evaluated for their efficacy in
treating solid tumors including those derived from the prostate.137

13.6 SUMMARY

From this literature review it has become apparent that information on the effects
of metal ions on prostatic functions is sketchy. Although cadmium has been identified
as a potential environmental carcinogen for the human prostate, its mode of action
remains largely unknown. Zinc ion, on the other hand, appears to be needed to
maintain normal prostatic functions, and zinc transporters seem to play a major role
in maintaining intracellular zinc contents. Since metal ions bind to many common
cellular proteins, it is conceivable that zinc homeostasis may influence accumulation
rates of various metal ions in the prostate. Among the various heavy metal ions,
cadmium undoubtedly has the strongest association with prostate cancer. The recent
discovery that cadmium is a bona fide estrogenic/androgenic disruptor raises new
questions to its mode of action. Chronic exposure to low levels of arsenic is definitely
an emerging threat to prostate health. Future studies that focus on synergism/antag-
onism between cellular zinc and the various heavy metal ions will help decipher the
true significance of environmental metal ions in the development of prostatic diseases
in the human male. 
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