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Abstract

Historically, invertebrates have been excellent models for
studying endocrine systems and for testing toxic chemicals.
Some invertebrate endocrine systems are well suited for
testing chemicals and environmental media because of the
ease of using certain species, their sensitivity to toxic
chemicals, and the broad choice of models from which to
choose. Such assays will be useful in identifying endocrine
disruptors to protect invertebrate populations and as screen-
ing systems for vertebrates. Hormone systems are found in
all animal phyla, although the most simple animals may
have only rudimentary endocrine systems. Invertebrate en-
docrine systems use a variety of types of hormones, includ-
ing steroids, peptides, simple amides, and terpenes. The
most well-studied hormone systems are the molting and
juvenile hormones in insects, the molting hormones in crus-
taceans, and several of the neurohormones in molluscs and
arthropods. These groups offer several options for assays
that may be useful for predicting endocrine disruption in
invertebrates. A few invertebrate phyla offer predictive ca-
pabilities for understanding vertebrate endocrine-disrupting
chemicals. The echinoderms, and to a lesser extent mol-
luscs, have closer evolutionary relationships with the verte-
brates than the arthropods and these phyla. The recently
identified estrogen receptor structure within the genome of
the marine gastropod, Aplysia, indicates that the estrogens,
and probably the basic steroid receptor, are quite old evo-
lutionarily. This review of the recent literature confirms the
effects of some endocrine-disrupting chemicals on inverte-
brates—tributyltin on snails, pesticides on insects and crus-
taceans, and industrial compounds on marine animals.
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Introduction

Colborn and Clement (1992) addressed the problem of en-
vironmental chemicals interfering with endogenous hor-
mone systems in a publication that assembled information
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from scientists conducting research on experimental ani-
mals, wildlife, and human health. The contributing scien-
tists and editors focused on the toxicological and
endocrinological similarities among responses of humans
and wildlife, specifically vertebrate wildlife. Since that
1992 publication, public interest has focused on human
health-related aspects of endocrine-disrupting chemical
(EDC") exposures (Colborn et al. 1996; NRC 1999), al-
though research scientists have investigated well-known
cases in fish and wildlife, especially those with obvious
endocrine effects (Kendall et al.1998; NRC 1999). Few re-
ports (deFur et al. 1999) have considered the invertebrates
despite the abundance, importance, and utility of inverte-
brate systems in toxicology, the importance of invertebrates,
and the knowledge of insect endocrine systems (Fingerman
1997; Nijhout 1994). Authors of at least two recent reviews
(Hutchinson et al. 2000; Oberdorster and Cheek 2001) and
one research needs summary (Ankley et al. 1998) evaluated
the use of invertebrate assays in assessing EDC activity,
and concluded that invertebrate assays are an important part
of a comprehensive program that seeks to protect natural
systems.

There are excellent reasons to include invertebrate as-
says as necessary components in the research program and
efforts to control or regulate EDCs (Guillette and Crain
2000). First, invertebrate animals are essential elements of
the planet Earth’s ecosystems, necessitating protection from
the harmful effects of EDCs. Invertebrates provide food for
other animals, transfer and store metabolic energy in trophic
systems, and decompose plant and animal material. The
effects of EDCs on invertebrates, however, may well go
un-noticed for some time, as was the case with marine gas-
tropods (reviewed in deFur et al. 1999), with far-reaching
and even devastating consequences.

Second, invertebrate EDC assays may be useful in pre-
dicting or indicating potential EDC responses in vertebrates,
in part because some invertebrates can be more readily ma-
nipulated than vertebrate systems. In this capacity, inverte-
brate assays may serve either as sentinels of potential effects
from exposure to conditions or chemicals, or as actual pre-
dictors of effects that have a counterpart in other or many

! Abbreviations used in this article: ASTM, American Society for Testing
and Materials; Ecy, ecdysone; ED, endocrine-disrupting; EDC, endocrine-
disrupting chemical; EPA, Environmental Protection Agency; JH, juvenile
hormone; MF, methyl farnesoate; MIF, molt-inhibiting hormone; TBT,
tributyltin.
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species. Invertebrates have been used for decades as the
primary research model in such fields as neurobiology,
muscle physiology, and structure and function of hemoglo-
bin, among other areas (Mangum and Hochachka 1998).
Advantages of select invertebrates systems include the ease
of manipulation, diversity of animals for test systems, short
generation times, ease of culture of some species, and fewer
legal/regulatory issues.

This is not to say that all species are useful or usable for
all purposes, but that among the hundreds of thousands of
species of invertebrates, a large number have great value
and potential in EDC assays. Two notable challenges using
invertebrate assays as predictors for vertebrate systems are
(1) identifying the functional relationships between inver-
tebrate and vertebrate responses, and (2) the inability of
invertebrate systems to duplicate whole animal vertebrate
systems. Luciferase and its gene comprise one notable ex-
ample of invertebrate material that has been used with great
success in various molecular and cellular assays. In addi-
tion, some invertebrates may contain genes or other biologi-
cal components that are sufficiently similar to vertebrates to
offer predictive powers. Thornton and colleagues (2003)
recently demonstrated that invertebrates also contain the
DNA sequences (and thus, the putative genes) for vertebrate
hormonal systems, even when the invertebrate gene is a
homolog or analog.

The current federal effort of the Environmental Protec-
tion Agency (EPA') to screen and test chemicals for endo-
crine activity emphasizes the effects of EDCs on humans.
The Endocrine Disruptor Screening and Testing Advisory
Committee (EDSTAC!) recommended the examination of
three specific vertebrate hormonal systems—estrogen, an-
drogen, and thyroid (EDSTAC 1998). Although the screen-
ing and testing program now focuses on vertebrates, both
the congressional authorization (the Safe Drinking Water
Act of 1996) and EPA directives include other hormones
and other animals. The battery of assays that EDSTAC rec-
ommended does include one arthropod, the Mysid shrimp
assay. The basis for including the Mysid assay is that the
assay is sensitive, is known to respond toxicologically, and
has been used for decades in aquatic toxicology (ASTM
1993). This assay should be able to detect at least some of
the invertebrate endpoints, at least for arthropods. However,
incorporation of additional invertebrate assays will offer
greater species diversity and improve the likelihood of pre-
venting harm to ecological and human systems.

In this article, the role of invertebrates in the suite of
tools for detecting EDCs and protecting environmental re-
sources against harm from these compounds is discussed.
The text provides a context for EDCs in invertebrates, a
brief summary of invertebrate endocrine systems, and sev-
eral examples of known EDC effects with assays that have
proven useful in evaluating chemicals. Exhaustive reviews
of invertebrate endocrinology, toxicology, or the literature
on endocrine disruptors are beyond the scope of this article,
and the reader is referred to other sources for those reviews
(e.g., deFur et al. 1999; Fingerman 1997).
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Historical Consideration of EDCs in Insects

Synthetic chemicals were first intentionally developed and
used as endocrine disruptors in the late 1970s as agents to
control invertebrates, specifically insects (summarized in
deFur et al. 1999). These insecticides were the modern gen-
eration of chemicals intended to target a specific group of
pests by disrupting the hormone system that controlled
growth or molting or both, and they were first called insect
growth regulators. Chemical companies focused on the
molting system and on juvenile hormones (JHs') that con-
trol maturation or development at the molt in insects. The
molting hormone itself did not prove to be highly specific
and practicable, but the JHs could be mimicked or blocked,
and with some specificity. Interestingly, enzyme systems
that regulate chitin synthesis (chitin synthetase) are also
sensitive to chemical alteration by pesticides (e.g., difluben-
zuron), even though chitin synthesis is not functionally part
of an endocrine pathway (deFur et al. 1999).

The discovery of the JH structure led to the synthesis of
JH agonists for use as insect control agents that would dis-
rupt the normal molting and metamorphosis processes (Le-
Blanc et al. 1999). The JH agonists proved to be stable,
specific, readily manufactured and effective on target spe-
cies with little effect on nontarget organisms. The ecdyste-
roids, developed to disrupt the molting system, had not
demonstrated all of these features; they were more difficult
to synthesize, proved less stable, and affected nontarget or-
ganisms. Since their discovery, several insecticides have
been synthesized commercially and have mainly targeted
the JH system, although the newer pesticide tebufenozide is
an agonist of 20-OH ecdysone (Ecy') (reviewed in LeBlanc
et al.1999).

Insect endocrine-disrupting growth regulators may tar-
get either the JH or Ecy system in several ways. First, the
agent may act as an antagonist or agonist, thereby directly
interfering with the target tissues in the organism. Second,
the agent may target the organ that synthesizes JH, the
corpora allata in insects. Third, the agent may affect one of
the other hormones or organs involved in the process, such
as uptake or release of calcium or cholesterol on which the
molting hormone system depends (reviewed in LeBlanc et
al. 1999).

Summary of Invertebrate Endocrinology

The invertebrate phyla include an incredibly diverse array
of animal forms, from simple sponges to insects, hemichor-
dates (acorn worms), and urochordates (sea squirts). Arthro-
pods constitute the largest and most abundant group of
invertebrates, in no small part from the number of insect
species and the sheer abundance of microscopic plankton in
the sea. Molluscs are often considered the most diverse
phylum because of the body forms and life histories repre-
sented by bivalves, which comprise seven diverse classes,
including the bivalves, gastropods, and cephalopods, plus

485



four minor groups. A number of invertebrate groups (anne-
lids, nematodes, and arthropods) include important parasites
(endo or ecto) on humans, livestock, or domestic animals,
making these animals important in the work of veterinary
(as well as human) medicine.

Invertebrates use a wide variety of hormones to regulate
growth, development, metabolism, and other physiological
processes in the same manner as vertebrates. Invertebrate
hormones include, at a minimum, steroids, proteins, terpe-
noids, and amides, with the great likelihood that other mol-
ecules will be identified as research progresses (reviewed in
deFur et al. 1999). The most well-known and -studied hor-
mone systems are those of the insects because of the eco-
nomic and ecological importance of this class of animals.
The crustacean endocrine systems, similar to insects, are not
as well known but appear equally as complex, relying on
steroid, terpenoid, and protein hormones. Other inverte-
brates have not been as well studied, with the result that the
distribution of hormonal types is poorly known. Most in-
vertebrates, however, appear to rely on nonsteroidal hor-
mones (and receptors) to regulate biological functions,
although not to the complete exclusion of steroid hormones.

Invertebrate endocrine systems are composed primarily
of neuroendocrine components, with fewer true glands than
are present in the vertebrates. The arthropods, notably the
insects and crustaceans, are the only group with true endo-
crine glands derived from epithelial tissue and functioning
the way vertebrate glands function. The arthropods, espe-
cially insects, have been studied more extensively than other
invertebrate phyla. Other arthropods, such as the horseshoe
crabs, spiders, and mites, possess true glands but the sys-
tems are not as well described.

The most well-studied hormonally controlled system in
arthropods is molting. The process of development and/or
maturation is critical in a specific molt during the life of
every arthropod. In most if not all arthropods, there is a
specific molt at which the reproductively viable form de-
velops from the juvenile. The maturation and molting pro-
cesses are under endocrine control from hormones other
than the molting hormone.

Molting hormone, or Ecy, is a steroid hormone that acts
in arthropods much as the vertebrate steroid hormones act,
through a nuclear receptor system that binds to DNA. Ecy
occurs in arthropods in several forms (Figure 1), depending
on species and metabolism. The active form in most arthro-
pods is 20-OH Ecy.

The molting hormone in insects is chemically identical
to the molecule found in other arthropods, including crabs,
shrimp, crayfish, lobster, spiders, mites, and horseshoe
crabs. One of the more interesting properties of the Ecy
system is the structural similarity between the arthropod
nuclear protein receptor for Ecy and the vertebrate retinoic
acid receptor. The Ecy nuclear receptor is a dimer, of which
one unit, termed ultraspiracle, is homologous to the retinoid
X receptor. This characteristic places Ecy in the retinoic
acid group, rather than the estrogen steroid family.
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Crustacean molting hormone systems are not as well
known as insect molting hormone systems and have several
important differences. The molting hormone Ecy is the
identical molecule in both groups, and is active as the 20-
OH form of the compound. Ecy and 20-OH Ecy are not the
only active compounds; rather, several different ecdyste-
roids occur in the various arthropods, although 20-Ecy is the
most common (Figure 1). In both groups, Ecy released into
the hemolymph prepares metabolic processes before the ac-
tual molt. To this point, all arthropods are similar. The
differences reside in the control over release synthesis and
of ecdysteroids. In insects, Ecy synthesis and release from
the prothoracic gland is under positive control exerted by
the prothoracotropic hormone, which is secreted by neuro-
secretory cells in the brain (reviewed in deFur et al., 1999,
LeBlanc et al. 1999; Nijhout 1994). In crustaceans, Ecy
synthesis and release are under negative control from molt-
inhibiting hormone (MIH'). MIH secretion declines in the
premolt period, permitting Ecy titers to increase in prepa-
ration for molting.

Insect molting and maturation are also affected by the
hormone that maintains the juvenile form, JH (Nijhout
1994). The presence of this hormone at the appropriate time
preceding the molt will result in a juvenile form; the with-
drawal of JH will cause the molting insect to develop ma-
ture features and characteristics when other factors such as
body mass are sufficient. Thus, JH exerts a negative or
inhibitory action on the maturation process at the molt in
insects. Changes in normal JH titer in the premolt period can
alter the normal molt cycle and pattern in insects.

The crustacean counterpart to insect JH differs in sev-
eral functional aspects from the insect system. After a sci-
entific search of many years for the JH counterpart in
crustaceans, Laufer and colleagues (1987) finally identified
methyl farnesoate (MF b (Figure 2) as the homologous com-
pound in crustaceans. MF is structurally similar to one form
of JH, JH III. In crustaceans, MF has juvenoid activity. It
also stimulates reproductive organ growth and maturation in
several species. The presence of MF in premolt animals
appears to stimulate vitellogenesis and organ maturation in
both male and female aquatic crustaceans. Research by Le-
Blanc (1999) indicates that MF plays an important role in
reproductive maturation and development in the microcrus-
tacean Daphnia, and the conservative nature of crustacean
endocrine systems suggests that similar patterns exist in
other species.

Invertebrate Endocrine Disruptors

Several compounds or groups of compounds are known to
disrupt specific invertebrate endocrine systems, including
development and reproductive function (Table 1). These
substances currently serve as the reference standards for the
scientific and regulatory communities to use in developing
screening and testing assays, model systems, and investiga-
tive approaches to detect EDCs and increase knowledge of
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