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Endocrine disruptors in the environment
(IUPAC Technical Report)
Abstract: Many chemical substances of natural or anthropogenic origin are sus-
pected or known to be endocrine disruptors, which can influence the endocrine
system of life. This observation has led to increased interest on the part of the pub-
lic and the media, as well as to a steep rise of research activities in the scientific
community. New papers and results are presented so fast that it is impossible to
give a complete review of this emerging research field. Therefore, this paper tries
to give insight into some topics of the great scope of endocrine disruptors in the
environment. To get a general idea of the biochemical and biological background,
some parts of the endocrine systems of mammalians and nonmammalians are ex-
plained. The sections that follow describe important mechanisms of endocrine dis-
ruption such as interactions with hormone receptors. Test strategies for anthro-
pogenic chemicals on various organisms are critically reviewed with respect to
their problems and gaps concerning endocrine disruptors. The main emphasis of
the paper is on the chemical substances suspected or known to be endocrine dis-
ruptors. To get a better comprehension of their behavior in the environment,
physicochemical data such as water solubility or K, as well as information about
their use and/or function are reviewed and compared. The main routes of exposure
for most chemicals are shortly described, and data about concentrations in the en-
vironment (soil/sediment, water) are detailed.
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1. INTRODUCTION

The possibility that some chemicals may disrupt the endocrine systems in humans and animals has re-
ceived considerable attention in the scientific and public community. Endocrine disruption is on the
agenda of many experts’ groups, steering committees and panels of governmental organizations, in-
dustry, and academia throughout the world. Because the disturbance of the endocrine system is a very
sensitive topic, scientific findings or observations are often controversially discussed among scientists,
environmentalists, and authorities. Therefore, the aim of this technical report is to provide a science-
based interim insight into endocrine disruption caused by chemicals with special emphasis on ecologi-
cal well-being. Owing to the complexity of this topic and the tremendous scientific research in this field,
only a general overview can be given, which might be, however, beneficial and helpful for interested
parties of academia who want to be informed on this subject.
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1.1 Background

In conjunction with the nervous and immune systems, the endocrine system forms the main regulatory
mechanism that controls different pivotal functions in the human or animal body. The messengers of the
endocrine system are hormones that are synthesized and excreted at very low quantities from special-
ized glands and transported to the target organ(s) via the bloodstream. Hormones are transported in the
blood in the free state or attached to carrier proteins and bind at the target organs to specialized hor-
mone receptors on the cell surface or within the cell (nuclear receptors). This hormone-receptor com-
plex then activates different cell or organ functions. The binding between hormone and receptor is based
on steric complementarities comparable with the “key and lock™ principle. Hormones influence several
essential regulatory, growth, developmental, and homeostatic mechanisms of the organism, such as re-
production, maintenance of normal levels of glucose or ions in the blood, blood pressure, general me-
tabolism, and other muscle or nervous system functions. Examples of hormones are adrenaline, which
helps stimulate physical activity or the male and female sexual hormones, testosterone and estrogen,
which are essential for such important reproductive functions as sexual development, growth, and be-
havior. The balance of the hormones (homeostasis) in the organism is essential in order to prevent func-
tional disorders. Therefore, the endocrine system includes a number of central nervous system-pitu-
itary-target organ feedback mechanisms that enable the body to react very flexibly on internal or
external changes of the hormone status. But this complex system is very sensitive toward disturbing in-
fluences that can severely impair the whole development of the organism. At present, it is highly un-
certain whether the fetus or the young are capable of regulating changes of the endocrine milieu.

1.2 Definitions

In recent years, a growing body of scientific research indicates that substances in the environment may
interfere with the normal function of the endocrine system of humans and wildlife. These compounds
may be man-made (so-called xenoestrogens), e.g., industrial chemicals, crop protection chemicals, or
they may be natural like the phytoestrogens. Some scientists have hypothesized that minute amounts of
these chemicals are able to disrupt the endocrine system and cause cancer, harm to male (e.g., reduced
sperm counts) and female reproductive systems, and other adverse effects [1,2]. Therefore, those sub-
stances are called “endocrine disruptors”. There are some definitions of an endocrine disruptor (ED) in
place. The European scientific and regulatory community has agreed on the following definition of an
endocrine and a potential ED during the Weybridge Conference [3]:

“An endocrine disruptor is an exogenous substance that causes adverse health effects in
an intact organism, or its progeny, consequent to changes in endocrine function.”

“A potential endocrine disruptor is a substance that possesses properties that might be ex-
pected to lead to endocrine disruption in an intact organism.”

In May 1997, the U.S. Environmental Protection Agency (EPA) task force on endocrine disrup-
tion (EDSTAC) agreed on the following operational definition:

“An endocrine disruptor is an exogenous chemical substance or mixture that alters the
functions(s) of the endocrine system and thereby causes adverse effects to an organism, its

progeny, or (sub) population.”

The inclusion of the word “adverse” effect was controversially discussed. In order to achieve con-
sensus, the EDSTAC finally agreed to the following general description [4]
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“The EDSTAC describes an endocrine disruptor as an exogenous chemical substance or
mixture that alters the structure or function(s) of the endocrine system and causes adverse
effects at the level of the organism, its progeny, the populations, or subpopulations of or-
ganisms, based on scientific principles, data, weight-of-evidence, and the precautionary
principle.”

In a special report on endocrine disruption, the EPA stated that, based on the current state of the
science, endocrine disruption is not considered to be an adverse end point per se, but rather to be a mode
or mechanism of action potentially leading to other outcomes, for example, carcinogenic, reproductive,
or developmental effects [5]. However, only a limited number of causal relationships between exposure
to environmental chemicals and adverse effects on human health have been established [6]. However,
findings in wildlife increase the concern that such a link may indeed exist also for further substances.
At present, it is not clear whether the observed adverse effects are restricted to local areas or if they are
a widespread phenomenon, since they are mostly restricted to highly polluted areas (e.g., from acci-
dental spillage) caused by older products. These products have already been identified as “problem sub-
stances” and at present are heavily regulated or even banned.

2. REPRODUCTIVE ENDOCRINE SYSTEMS

To allow a better understanding of the mechanisms by which endocrine disruptors might exert their ef-
fects of endocrine disruption, a short introduction into the endocrine system of mammalian species and
into the sexual differentiation of nonmammalian species shall be presented. More detailed information
can be found in recent publications dealing specifically with the topic [7-11].

2.1 Mammalian species

The primary function of an endocrine system is to transform various exogenous stimuli into chemical
messengers, hormones, resulting at least in the expression of the appropriate gene and thus in the syn-
thesis of proteins or in the activation of already existing tissue-specific enzyme systems. The endocrine
system represents an important tool for the timely coordination of development (e.g., induction of
spawning cycles or sexual maturity) and metabolism (e.g., glucose homeostasis). Exogenous stimuli
like day length, temperature, light, or pheromones, as well as endogenous stimuli generally known as
the “internal” clock, are processed in the central nervous system. After a complex chain of biochemi-
cal processes, the hypothalamus secretes releasing hormones or releases inhibition hormones that con-
trol the secretion of hormones from the pituitary gland. These secreted glycoproteins—the so-called
glandotrophins—induce synthesis and release of tissue-specific hormones in the various glands (thy-
mus, thyroid, parathyroids, adrenals, pancreas, pineal, testes, and ovary). Hormones secreted by these
internal glands travel through the bloodstream to their target tissues and target cells where they initiate
a change in cellular activity by attaching to a receptor protein. This change is transmitted across the
plasma membrane of a cell in different ways depending on the type of hormone. The cascade of differ-
ent, interdependent physiological processes is regulated by complex mechanisms such as a negative-
feedback pathway that is turned on and off in response to fluctuating hormone levels: When hormone
production of the glands peaks, the hormone acts as an inhibitor and causes the hypothalamus and/or
pituitary to shut down the pathway producing the substance. Although many steps of this sensitive sys-
tem can be influenced by different external stimuli, most effects of endocrine disruptors observed and
explained until now are attributed to the function of the gonads, which control the development of sex-
ual differentiation, secondary sex characteristics, and functioning of sex organs [12,13].
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2.1.1 Steroid hormones
Cholesterol is the precursor of the five major classes of steroid hormones. According to their number
of carbon-atoms, these classes are:

C21: derivatives of pregnane, so-called progestagens, glucocorticoids, and mineralcorticoids;
C19: derivatives of androstane, so-called androgens; and
C18: derivatives of estrone, so-called estrogens

Because of their common precursor cholesterol, they are all structurally related. The sex steroids
are the progestagens, androgens, and estrogens. The major sites of synthesis of the sex steroids are cor-
pus luteum for progestagens, testis for androgens, and ovaries for estrogens.

2.1.2 Female sex steroids

The synthesis of the female sex steroid hormones—estrogens and progestagens—is a very complex cas-
cade-like system. The limbic system of the brain releases specific neurotransmitters or neuropeptides
that stimulate the hypothalamus to produce so-called releasing factors. These releasing factors thereon
stimulate the pituitary to release specific hormones (gonadotrophins) that are transported via the blood
stream to hormone-synthesizing tissues. In the case of mammals, the gonadotrophins from the pituitary
are luteinizing hormone (LH) and follicle-stimulating hormone (FSH). Under the influence of these
substances, estrogens and progestagens are released from the hormone-synthesizing tissue, the ovaries,
into the blood circulation.

Estrogens and progestagens are female hormones with different tasks. Estrogens (estradiol, es-
trone, estriol, equilin, equilenine) are responsible for female secondary sex characteristics and regula-
tion of reproduction. Estradiol stimulates proliferation and growth in the reproductive tract organs,
causes the development of the endometrium of the uterus, and influences libido. Estrogens help main-
tain pregnancy and prepare the breasts for lactation. Progesterone helps regulate changes that occur dur-
ing menstruation and influences the development of fetal membranes and mammary glands during preg-
nancy.

The biosynthesis of sex steroids is catalyzed by a series of enzymes that form the steroidogenic
pathway. This pathway causes the conversion of pregnenolone to progesterone, the precursor for an-
drogens. Androgens themselves—male sex steroids—can then be transformed to estrogens. The extent
to which this biotransformation takes place depends on the expression of the various enzymes in spe-
cific tissues. The enzyme complex 19-hydroxylase-aromatase, which catalyzes the conversion of an-
drogens to estrogens, plays a major role in this biotransformation.

About 98 % of the lipophilic steroid hormones are transported by testosterone-estrogen-binding
protein also termed sex hormone binding globulin (SHBG). Albumin contributes also to the transport
of these hormones, but to a much lesser extent owing to its lower affinity. Only 2 % of the steroid hor-
mones are circulating free and thus are biologically active. Progesterone is transported bound by the
globulin transcortine. Metabolization of estrogens and progestagens mainly takes place in the liver. The
lipophilic compounds are conjugated with glucuronic acid or sulfate to increase their water solubility
and are excreted through the kidneys. A small amount of conjugates can enter the enterohepatic circu-
lation via excretion into the bile and serve again as active hormone in the body.

2.1.3 Male hormones

The principal androgens or male hormones are testosterone and dihydrotestosterone. They promote de-
velopment and differentiation of male reproduction organs before and after birth. Androgens determine
secondary male sex characteristics. They also contribute to generalized anabolic functions of bone
growth and increase protein synthesis, especially in muscles. In adulthood, testosterone is essential for
sperm production. The principal androgen produced and released from the testes is testosterone. The
gonadotrophic hormones from the pituitary, LH and FSH, also regulate production and secretion of
testosterone. Negative feedback from the concentration of testosterone in the blood can lower or block
LH production. Pregnenolone is the precursor of the biosynthesis of testosterone that is formed by two
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principal ways in the Leydig cells located in the testes: (1) A4-biosynthesis leads to progesterone,
17-o-hydroxyprogesterone, and androstenedione to testosterone and (2) the A5-biosynthesis leads to
17-o-hydroxypregnenolone, dehydroepiandrosterone, and Ad-androstendiol to testosterone.

Androgens are transported in the blood mainly bound to a special testosterone—estrogen-binding
protein.

Testosterone is metabolized in peripheral tissues (30-50 %) and in the liver (50-70 %).
Degradation products, such as androsterone and etiocholanolone, are excreted free or as glucuronide
conjugates in the urine.

Testosterone is reduced to the more potent androgen 5-o-dihydrotestosterone (DHT) by the mi-
crosomal fraction in target organs (e.g., prostate and epididymis) and is the precursor of estradiol and
estrone. The male and female hormones are actually secreted by both sexes. However, male hormones
are secreted in higher quantities and are more potent in males, whereas female hormones are secreted
in higher quantities and are more active in females.

Sex steroids have very important functions during sexual differentiation of mammals, which is ge-
netically and hormonally regulated. The process of sexual differentiation—which shall not be explained
in more detail here—is very sensitive toward external influences because of its enormous complexity.

2.1.4 Intracellular hormone receptors

Many hormones—among these are also the steroid hormones—exhibit their effect in the target tissue
by influencing transcription of specific genes leading to an increased or inhibited biosynthesis of spe-
cific proteins (e.g., enzymes). For this purpose, the steroid hormones must interact with intracellular re-
ceptors. To each class of steroid hormones belongs a specific steroid receptor, but they all have certain
common structural features and, therefore, belong to the so-called superfamily of nuclear hormone re-
ceptors. The interaction between hormone, hormone receptor, and DNA shall be explained describing
the estrogen receptor (ER). As already described, the lipophilic sex steroids released from the gonads
into the bloodstream are transported to their target organs or tissues. They enter the cell by passive dif-
fusion through the lipid membrane. The hormone then binds to the specific receptor protein, located
within the cytosol. The “free” receptor (i.e., without a ligand) is maintained in an inactive conformation
through interactions with a number of associated proteins. After hormone-receptor binding, these asso-
ciated proteins dissociate, allowing the receptor to alter its conformation from the inactive into the ac-
tive form and to move into the nucleus. Once activated, the receptor then forms homodimers, which
seek out specific DNA motifs, termed “hormone response elements”, located in the nucleus, upstream
of hormone-responsive genes. Binding of the receptor complex to the hormone-response element of
DNA results in chromatin rearrangement, usually allowing the cells’ transcriptional machinery in-
creased access to the promoter region of hormone-inducible genes, producing increased mRNA pro-
duction followed by increased protein expression, resulting finally in observed effects such as increased
growth in the reproductive tract organs and mammary glands [14]. Although the steroid structure of sex
hormones is highly conserved among many species, the structures of the hormone receptors are vary-
ing, despite a high degree of similarities. Steroid receptors of the superfamily of nuclear hormone re-
ceptors have two specialized regions called the ligand binding domain (LBD) and the DNA binding do-
main (DBD). Thus, function and mechanism of the androgen and progesterone receptors (ARs, PRs)
are very similar to that of the estrogen receptors.

In 1996, Kuiper et al. reported a novel ER type [15]. The previously known ER was called ERa;
the new one was named ER. The two ER subtypes are expressed differently in estrogen target organs
and seem to mediate different estrogen actions [16]. ER is structurally similar to ERa, although amino
acid variations have been identified within the DBD and the LBD. These differences indicate that struc-
turally different ligands may be capable of binding to the LBD, causing variable activation of estrogen-
responsive genes. Phytoestrogens appear to prefer ERP for binding, while most endogenous sex steroids
do not exhibit such difference. These results suggest that phytoestrogens could exert their actions pref-
erentially through ERP. But it is not yet clear what this means in vivo. In theory, this preference of ER3
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of exogenous estrogens could allow unique, tissue- or organ-specific actions, different from those of en-
dogenous hormones.

2.2 Nonmammalian species

Although the endocrine system is highly conserved in the animal kingdom, inter-species differences
exist that may affect sensitivity and response to endocrine disruptors. These differences include quan-
titative and qualitative variability in endogenous hormone and receptor levels, differences in the timing
and duration of critical periods of development and inter-species differences of sex-determination
processes [17].

2.2.1 Birds

As in mammals, the sexual differentiation in birds is based on heterogametic sex chromosomes, but in
contrary to mammals, where the heterogametic sex is male (XY), the heterogametic sex chromosome
in birds is female (ZW) with a complementary male sex chromosome of ZZ. The homogametic sex is
in both, mammals (XX, female) and birds (ZZ, male) the “default” sex, i.e., the phenotype into which
the embryo will develop in the absence of sex-specific hormones or signals that cause sex differentia-
tion [18]. This means that in birds the phenotypic differentiation of the embryo into a male will occur
unless specific female gene products are expressed and estradiol is synthesized, causing the differenti-
ation of the gonad into an ovary. Owing to these differences in the genetic sex determination as well in
the hormonal control of sex differentiation, environmental estrogens have different effects during the
embryonic development in birds compared to mammals. It can, therefore, be assumed that the influence
of exogenous compounds that might exhibit estrogenic activities is more pronounced in birds than in
mammals and vice versa in the case of androgenic activities. Avian embryos are, furthermore, at high
risk to lipophilic “estrogenic” xenobiotica because they may selectively accumulate in the high lipid
yolk of eggs, especially in raptors and fish-eating birds. The observed feminization of male gulls in the
wild might be attributed to the feminization effect of DDT [19] because levels of DDT found in the eggs
can cause feminization of male embryos. Findings in rats [20] suggest that abnormalities in male sex
development induced by p,p~DDE, a persistent metabolite of DDT, may be mediated at the level of the
AR, since this metabolite exhibits an antiandrogenic activity.

2.2.2 Reptiles and amphibians

In many reptiles, individuals lack sex chromosomes and have, therefore, evolved other mechanisms of
sexual differentiation. Their sexual differentiation depends on environmental factors by which the un-
differentiated embryo is determined. In many reptiles, the temperature of egg incubation determines the
sex of the offspring, a process known as temperature-dependent sex determination (TSD) [21]. High
temperatures produce dominantly males, and low temperatures produce females in many crocodilians
and lizards, whereas this pattern is reversed in most turtles. A mixture of these patterns is evident in the
leopard gecko, the snapping turtle, and in crocodiles, where at extreme incubation temperatures females
and at intermediate temperatures varying ratios of males and females are produced [22]. Reptiles with
TSD lack heterogametic sex chromosomes, and each individual has the equal ability to become a fe-
male or a male, depending on the incubation temperature. The specific mechanism behind TSD is un-
known, but it is hypothesized that temperature stimulates or suppresses pivotal steroidogenic factors
[23] during the sensitive time window of the midtrimester of egg development. The temperature modi-
fies the activity as well as the temporal and spatial sequences of enzymes and hormone receptors such
that sex-specific hormone milieus, created in the urogenital system of the developing embryo, deter-
mine gonad type. It seems that the steroidogenic aromatase, an enzyme that converts androgens to es-
trogens, plays a pivotal role in TSD. From the results of several studies dealing with this enzyme in rep-
tiles, it can be suggested that the aromatase is a critical part of TSD and can be modified by extrinsic
factors [for an overview, see ref. 24]. Due to the involvement of sexual hormones or enzymes in the sex-
ual development of reptiles, it is therefore not surprising that exogenous chemicals can mimic the ef-
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fects of temperature on sex determination. For example, when red-eared turtle embryos are exposed to
17B-estradiol at a male-producing temperature, phenotypically female turtles are produced in a dose-
dependent manner [25].

Similar to reptiles, low temperatures during larval development in amphibians are known to re-
sult in the differentiation of predominantly females, while at higher temperatures mainly males domi-
nate. Amphibians, like anurans (frogs and toads), have both aquatic and terrestrial life histories and
might, therefore, be very vulnerable to environmental exposure to xenoestrogens. The primary andro-
gens in male urodeles (salamanders and newts) are testosterone, 113-hydroxytestosterone, and 11p-di-
hydroxytestosterone, whereas the main androgen in anurans is So-dihydrotestosterone [26]. There are
some paradoxical observations regarding the action of sexual hormones in amphibians. For example,
estradiol in larval tiger salamanders acts as an estrogen on the miillerian duct (oviduct), but as an an-
tiandrogen on the wolffian duct (spermatic duct) [27]. Such paradoxical actions (androgens acting as
estrogens and vice versa) have been described within all the major vertebrate classes [28], and they
show the necessity for studying amphibians separately from mammalians.

As in fish, vitellogenin is the precursor molecule for egg yolk as the source of metabolic energy
for the developing embryo [29]. However, there is evidence that in reptiles the presence of a distinct
growth hormone concentration is a prerequisite for vitellogenin production [30]. Nevertheless, the in-
duction of vitellogenin in amphibians and reptiles is thought to have some utility as an estrogenic bio-
marker of exposure to environmental EDs.

2.2.3 Fish

Similar to mammals, the main ovarian steroid in fish is 17B-estradiol. Differences exist with regard to
the major androgens, where besides testosterone also 11-ketotestosterone or 11B-hydroxytestosterone
are responsible for the development of male secondary sex characteristics and for the induction of sper-
matogenesis [31]. In contrary to mammals where the female plasma testosterone levels normally do not
exceed one-tenth of male levels, in sexually maturing female salmonid fish, testosterone levels can ex-
ceed the concentration of endogenous 17B-estradiol. The expression of sexuality in fish is greatly di-
versified, including various types of sex chromosomal mechanisms, the genetic sex. Unlike mammals
and birds, homogamety exists beside heterogamety for male as well as for female fish. Most fish ex-
amined karyologically have no morphologically differentiated sex chromosomes (monomorphic), but
also heteromorphic chromosomal sex types as well as gynogenetic (triploid) sex do exist [32].
Physiological sex is formed through the biochemical process of ontogenesis under the control of genetic
sex. There are several types of differentiation, such as gonochorism (existence of either testes or
ovaries) and hermaphroditism (both ovarian and testicular tissue in the same individual fish). Most cul-
tured fish species have the gonochoristic type of sexuality, and among the gonochoristic species of
teleosts, there are some that reveal transitory hermaphrodism during a juvenile period. For example, de-
veloping gonads of the European eel Anguilla anguila pass through an intersexual phase in a certain pe-
riod of the elver stage. In the Cyprinid Danio rerio (zebra fish), a common test species in ecotoxicol-
ogy, gonads start differentiating as ovaries about 10—12 days after hatching, irrespective of their
definitive sex. About half of the ovaries begin to be transformed into testes when the fish reach about
23-25 days of age. The whole process of sex reversal is normally completed within nearly 40 days after
hatching, but it tends to be protracted in fish that have undergone a retarded growth in their early life
[33]. In salmonids and medaka (Oryzias latipes), the undifferentiated gonad directly differentiates into
either a testis or an ovary. Several findings have also indicated that, in fish, there is a critical period of
development within which hormones are effective in causing sex reversal. This has been shown by se-
rial injections of eggs with sex hormones where the test compounds apparently are retained until sex
differentiation begins [34]. In fish breeding, influencing the sex of fish by feeding high doses of sex hor-
mones had been a common method to obtain monosex cultures [32]. Because sex differentiation differs
not only between families but also within families, feminization by exposure to estrogenic compounds
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is not a common feature of fish, but has been observed in some fish species, such as roach (Rutilus ru-
tilus) [35], medaka (O. latipes) [36], or guppies (Poecilia reticulata) [37].

Vitellogenin or egg yolk production represents a key estrogen process in oviparous vertebrates
that is essential for oocyte maturation. Vitellogenin is a phospholipoprotein synthesized in the liver of
female oviparous vertebrates under the control of different hormones, but estrogens, typically
17B-estradiol, play a dominant role. Vitellogenin enters the bloodstream and reaches the ovary, where
it is transformed into two major types of yolk proteins, lipovitellins, and phosphovitins [6], which serve
as a food reserve of the developing embryos. These yolk proteins are responsible for the enormous
growth of the oocytes in the month prior to ovulation. In female rainbow trout, the concentration of
vitellogenin in plasma increases million-fold during this period and can reach levels of tens of mil-
ligrams per liter. In adult male fish (e.g., rainbow trout), circulating levels of endogenous estradiol are
nearly undetectable, but there is some evidence that other teleost male fish do synthesize small amounts
of estradiol, and that the hormone may regulate the production of the male androgens 11-ketotestos-
terone and testosterone [38,39]. Although the vitellogenin gene is also present in male fish, no remark-
able concentrations of vitellogenin can be detected, presumably due to the very low concentration of
plasma estradiol. However, the exposure of male fish to various concentrations of natural and synthetic
estrogens or xenoestrogens has shown that vitellogenin can markedly be induced [for an overview, see
ref. 40]. Therefore, the induction of vitellogenin can serve as a sensitive biomarker for estrogenic envi-
ronmental exposure.

2.2.4 Invertebrates

Although invertebrates represent more than 30 different phyla and account for more than 90 % of our
animal kingdom, only limited information is available with regard to endocrine disruption to most of
the invertebrate species. Therefore, only a brief introduction will and can be made. For those interested
in more details, the SETAC publication Endocrine Disruption in Invertebrates: Endocrinology,
Testing, and Assessment [41] gives an excellent overview on this topic. The best-known phyla of in-
vertebrates are mollusks, annelids, and arthropods (e.g., insects and crustaceans). Many aquatic and
terrestrial invertebrates developed complicated life histories with reproduction cycles that are most
often very complex in nature. Their reproduction cycles are regulated by sexual hormones (steroids,
peptides, or terpenoids) and/or can be controlled by several environmental factors such as temperature,
light intensity, desiccation, or diet. In general, many of the processes known to be under endocrine reg-
ulation in vertebrates (i.e., development, growth, maturation, reproduction, water, and ion balance) are
also under endocrine regulation in invertebrates. In addition, processes unique to some taxa of inver-
tebrates (i.e., molting, limb regeneration, diapause, pheromone production, pigmentation and color
change, and metamorphosis) are also under endocrine control [41]. One of the best-investigated en-
docrine systems of invertebrates is that of arthropods owing to their commercial importance and the
need to control agricultural pests. Ecdysone and related compounds, the ecdysteroids, are the most im-
portant endocrine regulators in arthropods, which are involved in embryonic development, molting,
metamorphosis, reproduction, or pigmentation. Although these ecdysteroids are also found in other
groups of invertebrates (e.g., annelids), their specific role is not well established. Besides the ecdy-
steroids, juvenile hormones in insects and methylfarnesoate in crustaceans (both belong to terpenoids)
are further main hormones that are deemed necessary to mediate the different regulatory functions of
ecdysteroids. Besides the insects, mollusks are the most diverse phyla of invertebrates with classes
such as bivalves (clams, oysters), gastropods (slugs, snails), or cephalopods (octopus, squid). In con-
trast to other invertebrate phyla (e.g., insects), ecdysteroids seem to play only a minor role, while there
is evidence that vertebrate-like sex hormones such as progesterone and testosterone are involved in
sexual development [42].

2.2.5 Mollusks
Steroid hormones seem to play important roles in the sexual development of mollusks, although the in-
formation is limited to their reproductive physiology or biochemistry. In a snail, Helix aspersa, an-
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drostenedione metabolism produces several kinds of steroids, including testosterone, estrone, and estra-
diol-17p [43]. These conversions implicated the presence of several steroid conversion enzymes: dehy-
drogenases, reductase, and an aromatization system. Also, with some species of gastropods, the trans-
formation of androstenedione into neutral steroids has been reported [44,45]. Cytochrome P450
systems and their function in xenobiotic metabolism in mollusks are reported [42]. In mollusks, there
is good evidence for the existence of diverse neuroendocrine systems that are not very different from
those of vertebrates, and the majority of the neurohormones (most probably of peptidic nature) of mol-
lusks act directly on target tissues. It is also reported that a release of neural factors from the pleural
ganglia induces penis growth [46]. On the other hand, some gonadal activity seems to be controlled by
a gonadostimulin or mitogenic substance that is suggested as an androgenic factor [47]. Biosynthetic
pathways of steroid hormones are essentially identical to those of other animal species. Thus, inhibition
of the conversion of testosterone to estradiol catalyzed by P450-aromatase in the pathway may affect
the sexual development of mollusks as suggested for the tributyltin (TBT) action mechanism causing
imposex [48-50]. Particularly in the presence of cyproterone, which competitively blocks the AR, TBT
activity to cause the imposex is suppressed [50]. Inhibition of the neural factors in mollusks may also
seriously affect their sexual development. Another important possibility is that the steroid metabolism
itself depends on neurohormones [48]. Therefore, we must carefully examine several possible modes of
action before drawing a conclusion about the endocrine-disrupting mechanism of chemicals on mol-
lusks.

MECHANISMS OF ENDOCRINE DISRUPTORS ON HORMONE ACTION

Owing to the complex nature of the endocrine system, it is obvious that external stimuli, e.g., exposure
to xenobiotica-mimicking endocrine activity, can influence its important functions. The first observa-
tions of endocrine effects in wildlife research activities were focused on the explanation of main mech-
anisms underlying the observed effects. Several possible modes of actions have been cleared up in re-
cent years, and the most important shall be introduced in brief.

3.1 Direct interactions with hormone receptors

3.1.1 Agonistic action

An exogenous agonist can be defined as a ligand that can bind to a receptor like the natural substrate
and “turn it on”. The activation of the hormone receptor then finally leads to the same effects that can
be caused by endogenous hormone action. The potency of an exogenous agonist depends on its affin-
ity to the receptor as well as on its ability to turn the receptor on. It should be mentioned that different
species exhibit different structures of the hormone receptors. Therefore, ligand binding to a specific re-
ceptor does not automatically mean that this substance exhibits the same affinity for the respective hor-
mone receptor of another species. Well-known examples for estrogen copycats are the synthetic estro-
gens diethylstilbestrol (DES) and ethinylestradiol. Also, most of those endocrine disruptors called
“xenoestrogens” exert their effect by an agonistic action on the hormone receptor.

3.1.2 Antagonistic action

Other substances are acting on the hormone receptors via an antagonistic mechanism: An antagonist is
a ligand that blocks or diminishes responses elicited by agonists because the receptor cannot be acti-
vated as usual.

The inhibition of the receptor can be competitive (i.e., the endogenous agonist and exogenous an-
tagonist compete for the same active binding site) or it can be noncompetitive (i.e., the inhibitor binds
at the receptor or receptor-hormone complex, but not at the active binding site). Competitive inhibition
can lead to total deactivation of the receptor; noncompetitive inhibition can result in slower or reduced
reactions performed by the receptor.
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Typical antagonists for hormone receptors are the herbicides linuron, vinclozolin, and their
metabolites [20,51], or the pharmaceutical tamoxifen, which compete for binding sites at the androgen
and estrogen receptors, respectively.

For agonistic as well as for antagonistic reactions between exogenous ligand and hormone re-
ceptor, the concentration of the ligand often plays an important role. Concentrations of endogenous hor-
mones are normally very low. If concentrations of xenobiotica in the organism are high, endocrine dis-
ruption effects can be caused even if the exogenous ligands exhibit only a low binding affinity to the
receptor.

3.2 Indirect interactions with the endocrine system

3.2.1 Hormone concentration

Chemicals can influence hormone metabolism in different ways: Hormone production can be impaired
by inhibiting important enzyme-catalyzed reactions. As mentioned above, biosynthesis of estrogens in-
cludes the conversion of testosterone to an estrogen catalyzed by the enzyme aromatase. Xenobiotica
can inhibit this enzyme, leading to higher testosterone concentrations and to lower estrogen concentra-
tions. The effects observed can be interpreted as antiestrogenic or androgenic, depending on the point
of view. This mechanism probably causes the effects of TBT compounds observed in marine neogas-
tropods: Imposex (i.e., females with typical male sex characteristics) is caused by inhibition of the en-
zyme aromatase, resulting in increased levels of testosterone in females [50,52]. Hormone metabolism
can also be influenced by induction of hormone-metabolizing enzymes like the cytochrome P450-group
in the liver. These enzymes have a key function in the synthesis and degradation of steroid hormones,
and their production or activity can be influenced by various xenobiotica such as PCB congeners and
dioxin [53,54].

An influence on the transport of the hormones via the bloodstream to the target tissues and organs
can also lead to a disturbance of the endocrine system. Only a small part of the lipophilic compounds
is circulating free in the blood, since they are mainly bound to special hormone carrier proteins such as
albumin and globulins. But the intensity of the receptor-mediated effect depends on the amount of free
hormone substances because only free molecules can bind and activate the receptor. Chemicals that
compete with sex steroids for the binding sites of transport proteins may increase the level of free and,
therefore, effective hormones.

3.2.2 Hormone receptor concentration
In receptor-mediated processes, both components, endogenous ligand and hormone receptor, own a key
function. Every exogenous influence may, therefore, shift this sensitive balance. A so-called “down-reg-
ulation” of steroid hormones is discussed for some antiestrogenic compounds, especially for
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). TCDD is an exogenous agonist for the arylhydrocarbon
(Ah)-receptor. This receptor is not directly involved in hormone metabolism, but its activation can have
different influences on the endocrine system by: (1) an increased degradation rate of estrogen receptors
(down-regulation), (2) induction of estradiol metabolizing enzymes, and (3) inhibition of gene expres-
sion controlled by estradiol or growth promoters [55].

The mechanisms of interactions between xenobiotica and the endocrine system presented in this
paper are only a small part of possible modes of action. The increased research in this field will surely
elucidate more complex relations between exposed organisms, endocrine disruption, and xenobiotica.

4. TEST SYSTEMS

For any given chemical, there is a complex testing regime in place to characterize the potential toxic
hazard for subsequent risk assessment procedures. These testing requirements depend upon different
factors, including the chemical’s use (industrial chemicals, by-products, pesticides, pharmaceuticals,
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food additives, etc.), the quantities produced (e.g., assessed on the tonnage level per annum in case of
industrial chemicals), physicochemical parameters, the scientific knowledge and understanding of the
class of chemicals to which the compound belongs, and many others. Although many industrial chem-
icals and all pesticides have undergone extensive toxicological and ecotoxicological testing according
to well-established test methods (e.g., OECD, EPA, Federal Insecticide, Fungicide, and Rodenticide
Act—FIFRA) some doubts have been raised concerning whether this testing has been adequate to de-
tect the endocrine disrupting potential of a given chemical. The existing regulatory guidelines are being
carefully evaluated by OECD [56], EPA [5], industrial associations [57,58], or scientists [59,60] with
special emphasis on their reliability to detect endocrine disrupting effects. In the case of pesticides and
products for veterinary uses, the OECD Report [56] concluded that: “...a wide range of toxicity stud-
ies addressing subchronic, chronic, reproductive and, possibly, carcinogenic end-points are routinely
conducted....chemicals of these classes will also be subjected to wildlife toxicity assessments, thus fur-
ther expanding the knowledge base on their activity profile. Pragmatically, it is reasonable to assume
that any inherent endocrine disruptive potential will have been identified for an existing chemical that
has been subjected to such a full hazard identification process.”

The Scientific Committee on Plants (SCP) of the European Commission evaluated recently the
currently used legislation for the placing of plant protection products (PPP) on the market on the back-
ground of endocrine disruption and concluded:

“The SCP is following the scientific progress in the knowledge about ED with attention, but
does not consider this problem to be of great concern for the assessment of Plant protection
Products (PPP) currently carried out under Directive 91/414/EEC, because the current
process of evaluation, if conducted with specific attention to this issue, already permits a
rather comprehensive appreciation of the ED-related toxicological risk for mammalians and
man. Also ecotoxicological risks arising from ED generally can be captured by the current
assessment scheme, although for some species (in particular invertebrates) the test pro-
gramme is not yet satisfactory. While a further refinement of the protocols in use for the
toxicological testing of the active substances of PPP as provided for by the Annex 2 of the
Directive 91/414/EEC is deemed to be desirable by SCP in the near future, the SCP con-
siders it appropriate to wait for the conclusion of the ongoing ED test guideline-update and
development programme by OECD before recommending to the EU to undertake specific
actions aimed at introducing supplementary testing in the Annex 2 of the Directive
91/414/EEC.” [61]

However, it is well recognized among legislators, industry, and the scientific community that the
existing test guidelines, especially for environmental effects, may not cover all possible adverse effects
resulting from the disturbance of the endocrine system. In particular, sensible or vulnerable life stages
of organisms are not fully covered by existing testing regimes, and there is a lack of information for dis-
tinct groups of organisms (e.g., amphibians).

It was, therefore, concluded that the adequacy of existing data requirements to identify endocrine-
disrupting activities, especially of industrial chemicals, may be questioned, and the introduction of ad-
ditional screening and testing regimes might be advisable. In light of several uncertainties, concerns,
and data gaps, regulatory authorities and the OECD have established special task forces to solve this
problem. A driving force in this process is the EPA, which mandated recent legislation, i.e., the
reauthorization of the Safe Drinking Water Act (SDWA) and the passage of the Food Quality Protection
Act (FQPA) in the United States. The EPA established two task forces, the Endocrine Disruptors
Screening and Testing Advisory Committee (EDSTAC) and the Endocrine Disruptor Standardization
and Validation Task Force, to evaluate the recent developments and to provide advice to the agency on
a strategy to screen and test chemicals and pesticides that may cause endocrine disruption in humans
and wildlife.
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The EPA “Inventory of Chemicals” of the Toxic Substances Control Act (TSCA) consists of about
75500 chemicals (as of August 1997), and it is estimated that about 15 000 of these chemicals are pro-
duced in quantities exceeding 5000 kg per annum [4]. Except for food use and consumer pesticides, bi-
ological effects data are lacking for most of these industrial chemicals. Owing to the huge mass of
chemicals and the limited resources and capacity, it is foreseen that the existing industrial chemicals and
pesticides have to undergo prioritization on the basis of the available scientific database. In addition, a
tiered screening and testing approach covering all main types of endocrine disruption have been pro-
posed for these substances. The implementation of automated (bench) technologies, as a so-called high-
throughput prescreening (e.g., transcriptional activation and/or receptor binding assays) should help
speed up this process.

The OECD is following a similar approach of a harmonized tiered testing strategy based on ini-
tial assessment, screening, and testing. The OECD established a working group on “Endocrine
Disruptors Testing and Assessment” in March 1998 that considers the existing efforts in the United
States, Europe, and Japan [62]. The OECD developed a conceptual framework for the investigation of
endocrine disruption. The framework consists of three levels: a screening level for priority setting and
characterization of mechanisms of action, a second level for identification and characterization of po-
tential endocrine-disrupting effects, and a third level to provide a definitive answer.

Although the chemical industry believes that their products are safe when used and disposed of
as recommended, it shares the public’s concern regarding the potential adverse effects of chemicals due
to endocrine disruption—as part of its responsible care philosophy. The chemical industry is commit-
ted to working with legislative bodies, National Authorities, and the international scientific community
to establish a better understanding of the endocrine disruption issue as a basis for managing previously
“unknown” risks and, if necessary, modifying existing legislation to incorporate any additional adverse
effects that may be identified. For that purpose, the European Chemical Industry Association (CEFIC)
established an Endocrine Modulators Steering Group (EMSG) in 1996, which coordinates the activities
and efforts of industry as well as the different industry-funded research activities [58].

The Commission Scientific Committee for Toxicity, Ecotoxicity and the Environment (CSTEE)
presented its “Opinion on human and wildlife health effects of endocrine disrupting chemicals, with
emphasis on wildlife and on ecotoxicology test methods”. In March 1999 [63], concerning
“Toxicological test guidelines and testing strategies”, the CSTEE comes to the following conclusions:

. “present regulatory toxicological test guidelines, in particular the guidelines for eco-
toxicity testing, cannot detect all endocrine disrupting effects. Therefore, current test
guidelines have to be enhanced or new guidelines developed. In this process, inter-
national co-operation (EU OECD, EMSQG) is essential to avoid duplication.

. reliance on in vitro assays for predicting in vivo endocrine disruptor effects may gen-
erate false-negative as well as false-positive results. Thus, the development of in
vitro pre-screening test methods is not recommended. Instead, major emphasis
should be put on in vivo assays.

d the current enhancement by the OECD of the existing 407 repeated oral toxicity test

in rodents and the existing OECD 416 reproduction toxicity test has priority sup-
port.”
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With respect to “Ecological risk assessment and toxicological test guidelines”, the committee
concluded:

“Ecological risk assessment is intended to evaluate risks on the structure and functioning of
ecosystems. The strategy for ecotoxicity assessment must focus on relevant endpoints for
the detection of population-community effects. The analysis of current protocols for eco-
logical risk assessment indicates a concern on the capability of low tier levels to detect the
ecological risk of endocrine disruptors because of problems related to the suitability of the
test species and the extrapolation from acute lethality to long-term effects.”

A common consensus exists among academia, authorities, and industry that further research in
this area is urgently necessary to fill the obvious data gaps. These data gaps and research needs were
addressed in several workshops [64—66]. Further epidemiological and laboratory studies as well as field
tests might be appropriate to better define the scope and nature of the potential problem. Both in vitro
and short-term in vivo tests, as well as suitable biomarkers for endocrin