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Abstract

The screening and testing program the US Environmental
Protection Agency (EPA) is currently developing to detect
endocrine-disrupting chemicals (EDCs) is described. EDCs
have been shown to alter the following activities: hypotha-
lamic-pituitary-gonadal (HPG) function; estrogen, andro-
gen, and thyroid hormone synthesis; and androgen and
estrogen receptor-mediated effects in mammals and other
animals. The value and limitations of mammalian in vivo
assays are described that involve the use of the laboratory
rat, the EPA Endocrine Disruptor Screening and Testing
Advisory Committee species of choice. The discussion in-
cludes the evaluation of high-priority chemicals positive in
the Tier 1 Screening (T1S) battery, and of subsequent test-
ing in the Tier 2 (T2) battery, with additional short-term
screening assays proposed for use in T1.5 to eliminate any
uncertainty about T1S results. Descriptions include the in
vivo uterotropic assay, which detects estrogens and anties-
trogens; the pubertal female assay, which assesses steroido-
genesis, antithyroid activity, antiestrogenicity, and HPG
function; and the Hershberger assay, which detects the
weight of androgen-dependent tissues in castrate-immature-
male rats (antiandrogens). Of the several alternative mam-
malian in vivo assays proposed, a short-term pubertal male
rat assay appears most promising for inclusion in T1 or
T1.5. An additional in utero-lactational screening protocol
is being evaluated, but appears to be better suited for T1.5
or T2 due to the size, complexity, and duration of the assay.
The adult intact male assay, also proposed as an alternative
for T1, attempts to identify EDCs in a hormonal battery, but
has limited value as a screen due to lack of sensitivity and
specificity. For Tier 2 testing, the number of endocrine-
sensitive endpoints and offspring (F1) examined in multi-
generational tests must be thoughtfully expanded for EDCs
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on a mode-of-action-specific basis, with consideration
given to tailoring T2 based on the results of T1S.

Key Words: androgens; antiandrogens; endocrine disrup-
tion; estrogens

Introduction

he potential effects of endocrine-disrupting chemicals

(EDCs') on human health and the causal effects of

EDCs demonstrated in wildlife constitute a major con-
cern among the public and the scientific community.” In
1996, due to potential gaps in the current testing of chemi-
cals, the US Environmental Protection Agency (EPA') re-
ceived a mandate under the Food Quality Protection and
Safe Drinking Water Acts to develop a screening and testing
program for endocrine effects. Some of the impetus for the
mandate arose from a Work Session in 1991 on Chemically
Induced Alterations in Sexual Development: The Wildlife/
Human Connection (Colborn and Clement 1992), which
stated, “Many compounds introduced into the environment
by human activity are capable of disrupting the endocrine
system of animals, including fish, wildlife, and humans.
Endocrine disruption can be profound because of the crucial
role hormones play in controlling development” (Colborn
1994; Colborn and Clement 1992, p. 1). The scientific con-
sensus of the workshop “estimated with confidence” that
impairments in humans have resulted from exposure to en-

! Abbreviations used in this article: ADME, absorption, distribution, me-
tabolism, and excretion; AR, androgen receptor; EDC, endocrine-
disrupting chemical; EDSP, Endocrine Disruptor Screening Program;
EDSTAC, Endocrine Disruptor Screening and Testing Advisory Commit-
tee; EPA, Environmental Protection Agency; ER, estrogen receptor; HPG,
hypothalamic-pituitary-gonadal; HTPS, high-throughput prescreening;
ICCVAM, Interagency Coordinating Committee on the Validation of
Alternative Methods; insl-3, insulin-like 3 peptide; OECD, Organisation
for Economic Cooperation and Development; OPPTS, Office of Preven-
tion, Pesticides and Toxic Substances; QSAR, quantitative structure activ-
ity relationship.

The research described in this article has been reviewed by the National
Health Environmental Effects Research Laboratory, US Environmental
Protection Agency, and approved for publication. Approval does not sig-
nify that the contents necessarily reflect the views and policies of the
Agency nor does mention of trade names or commercial products consti-
tute endorsement or recommendation for use.
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docrine disruptors. Laboratory studies corroborate the ab-
normalities of reproductive development observed in the
field and, in some cases, define toxic mechanisms causing
adverse effects. Among the chemicals of concern are pes-
ticides and industrial chemicals, pharmaceuticals, phyto-
chemicals, “inert” ingredients, food supplements, personal
care products, and “natural” products, often referred to as
“nutraceuticals.”

In response to the 1996 legislative mandate for an en-
docrine screening and testing program, the EPA formed the
Endocrine Disruptor Screening and Testing Advisory Com-
mittee (EDSTAC'), which proposed a tiered screening
and testing strategy for EDCs in its final report in 1998
(http://www.epa.gov/scipoly/oscpendo/history/finalrpt.
htm). The EDSTAC proposal included the following: (1) a
process to prioritize chemicals for evaluation and recom-
mendations, for (2) screening (Tier 1), and for (3) testing
(Tier 2) batteries. The chemical “universe” under consider-
ation includes more than 80,000 chemicals, of which only a
subset of high-priority chemicals would first enter the
screening program. Initially, EPA planned to estimate the
ability of the chemicals to interact with steroid hormone
receptors in the prioritization process, and to examine using
either the quantitative structure activity relationship
(QSAR'), for chemicals that bind steroid receptors, or high-
throughput prescreening (HTPS'), using hormone-
dependent gene expression assays. However, neither robust
validated HTPS methods nor QSAR models for steroid re-
ceptors interactions have yet been developed. These meth-
ods are currently unavailable for the prioritization of
chemicals for screening.

The screening battery recommended by EDSTAC was
designed to detect the following: alterations of hypotha-
lamic-pituitary-gonadal (HPG') function; estrogen, andro-
gen, and thyroid hormone synthesis; and androgen receptor
(AR')- and estrogen receptor (ER')-mediated effects in
mammals and other taxa. Based on a “weight-of-evidence”
analysis, chemicals positive in Tier 1 would be considered
as potential EDCs and subjected to testing (Tier 2). Equiv-
ocal effects in Tier 1 could be replicated or evaluated further
in additional short-term assays before more extensive Tier 2
testing was initiated. Tier 1 should include assays sensitive
enough to detect EDCs, whereas issues of “dose-response,
relevance of the route of exposure, sensitive life stages and
adversity” would be resolved in the Tier 2 testing phase.

Based largely on the EDSTAC recommendations, the
EPA Office of Prevention, Pesticides and Toxic Substances
(OPPTS") designed the Endocrine Disruptor Screening Pro-
gram (EDSP'), and the Agency began to implement ele-
ments of the program in 1998 (the report to Congress is
available at http://www.epa.gov/scipoly/oscpendo/
index.htm#currentstatus). Meeting summaries, background
documents, final reports of studies performed on contract
for EPA, and slides that summarize the results of the studies
are available at http://www.epa.gov/scipoly/oscpendo/
assayvalidation/meetings.htm. Many current efforts related
to the uterotropic and Hershberger assays are being coordi-
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nated internationally with the Organisation for Economic
Cooperation and Development (OECD') (described at
http://www.oecd.org//ehssENDOCRIN.HTM). OECD is
also evaluating in vitro assays for endocrine screening.

Due to limitations of the in vitro assays, it is necessary
to include in vivo assays in the screening battery. In vitro
assays alone cannot account for absorption, distribution,
metabolism, and excretion (ADME"), and they yield false-
negative and false-positive results. In particular, many false-
negatives result from the inability of the in vitro assays to
activate EDCs metabolically. In addition, in vitro assays at
high concentrations lack specificity and produce many
false-positive results. Because in vivo assays not only ac-
count for ADME but also can integrate all of the endocrine
and nonendocrine toxicities, the combination of both in vivo
and in vitro assays is recommended for screening.

In vivo assay development and validation are supported
by recommendations from the Endocrine Disruptor Meth-
ods Validation Subcommittee, as described on the EDSP
website; whereas in vitro assay development and valida-
tion efforts are reviewed by the Interagency Coordinat-
ing Committee on the Validation of Alternative Methods
(ICCVAM') of the National Toxicology Program Inter-
agency Center for the Evaluation of Alternative Toxicologi-
cal Methods (http://iccvam.niehs.nih.gov/methods/
endocrine.htm). At the request of the EPA, ICCVAM
convened an independent panel of scientists in 2002 to as-
sess the validation status of in vitro assays proposed as
screens to identify EDCs that acted via the ARs or ERs,
including binding and transcriptional activation assays. This
panel proposed minimum performance standards for in vitro
assays and provided lists of chemicals that could be used to
validate the assays (see Final ICCVAM Evaluation Report
at http://iccvam.niehs.nih.gov/methods/endodocs/edfinrpt/
edreport.htm).

EDSTAC recommended the laboratory rat as the species
of choice for the endocrine screening and testing assays. In
this article, we discuss the use of the laboratory rat as an
animal model to detect endocrine alterations of HPG func-
tion, estrogen and androgen hormone synthesis, and AR-
and ER-mediated effects. The reader is referred to a recent
workshop review of the assays of thyroid function, which
provides an excellent overview of this pathway (Jahnke et
al. 2004).

Rat and Human Reproductive Function:
Similarities and Differences

Research on the reproductive physiology and endocrinology
of the rat as an experimental animal began in the 1930s.
Since then, the species has been more thoroughly charac-
terized in these research fields than any other laboratory
animal model, and it has been the species of choice for
multigenerational testing studies for several decades. In
1962, an expert panel published several standardized and
validated short-term assays for the purpose of screening for
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endocrine activity in the rat (Dorfman 1962). Among those
screening assays were the uterotropic assay, designed to
detect estrogens, and the Hershberger assay (Hershberger et
al. 1953), designed to detect androgens and antiandrogens.
The pubertal male (Gray et al. 1988a, 2001; Monosson et al.
1999; Stoker et al. 2000) and the female rat assays (Goldman
et al. 2000; Gray et al. 1988b, 1999a, 2001; Mclntyre et al.
2000) were developed at the EPA in the 1980s; and the adult
intact male rat assay (Cook et al. 1993) was first proposed
in 1993. In 1996, a workshop sponsored jointly by the EPA,
the Chemical Manufacturers Association, and the World
Wildlife Fund recommended the use of both in vitro and in
vivo assays to screen chemicals for endocrine activity (Gray
et al. 1997a). The approach proposed by this panel was very
similar to the proposed EDSTAC Tier 1 Screening battery.

The utility of the laboratory rat as an animal model for
endocrine screening is evident in the literature, which not
only contains a wealth of information about the endocrine
control of reproductive function and development, but also
is rich with evidence on the effects of endocrine-disrupting
toxicants on this system. Short-term in vivo assays were
first used to screen pesticides for estrogenic activity in the
1960s. To extrapolate effects in the rat to humans and other
vertebrate species, we must use the wealth of information
that is available in the literature, some of which dates back
to the 1930s. We must recognize not only the similarities
(Table 1a) among mammals in reproductive endocrine func-
tion, but also the differences (Table 1b).

Cellular and Molecular Levels

At the cellular and molecular levels, reproductive endocrine
function is highly conserved among mammalian species.
All mammals appear to have a single AR and two ERs—
alpha and beta. In contrast, some fish have two ARs, and at
least four ERs have been described in some species. In all
vertebrates, the steroid hormone receptors act as nuclear
transcription factors that regulate hormone-sensitive gene

expression. The AR and ER bind natural and synthetic li-
gands, recruit coactivators, and form homodimers. This
complex is translocated to the DNA, where they bind to
hormone response elements on the genes, resulting in alter-
ations of gene expression, protein synthesis, cell growth,
and function. These receptors show a high degree of se-
quence homology among mammals, especially in the ligand
binding domain. It is therefore reasonable to expect that a
chemical that acts as an antiestrogen or antiandrogen in an
assay using the laboratory rat would also produce predict-
able reproductive alterations in humans. Species differences
in responses to man-made chemicals would be the rare ex-
ception, rather than the rule, at the level of androgen or
estrogen receptor binding and transactivation.

The steroidogenic pathways involved in synthesis of go-
nadal and adrenal hormones are also highly conserved, al-
though different species have “preferences” for specific
steroidogenic pathways. Drugs that inhibit cytochrome
P450 enzymes in these steroid synthesis pathways can be
expected to affect steroid hormone synthesis in both rats and
humans. Generally, these chemicals also are effective in
fish, amphibians, birds, reptiles, and some invertebrates. For
example, drugs that inhibit aromatase and other P450 en-
zymes in the rat produce antiestrogenic effects in fish, and
inhibit ecdysteroid synthesis and reproductive function in
invertebrates (Mu and LeBlanc 2002). However, it is im-
portant to note that the K; values of P450 inhibitors can
show considerable variation between mammals and fungi,
and such species differences may also exist among vertebrates.

Anatomy and Physiology

At levels of biological organization higher than the cellular
and molecular level, the anatomy and physiology of the
endocrine system also are highly conserved among verte-
brates. However, as the level of biological complexity in-
creases, species differences also increase. For some
hormones, like estradiol and testosterone, the functions are

Table 1a Examples of reproductive physiology similarities among humans and rats?

» Steroid hormone control of reproductive function relies on testosterone, dihydrotestosterone, estradiol, and progesterone.
¢ CNS-hypothalamic secretion of GnRH controls pituitary release and synthesis of FSH and LH.
* FSH and LH regulate germ cell development after puberty, LH surges induce spontaneous ovulation in the female, LH

regulates testis Leydig cell testosterone production.

* Placental support of embryos. Placenta and fetal unit also produce hormones critical for pregnancy maintenance after the

first week.

¢ Hormonal regulation of uterine function and onset of delivery.

¢ Androgens required to maintain male spermatogenesis and secondary sex characteristics.
* Hormone-dependent mating and other sexually dimorphic behavior. “Rough and tumble” play behavior is sexually

dimorphic behavior being imprinted by early androgens.
¢ Lactation under complex hormonal regulation.

* Dramatic endocrine changes resulting from CNS-HPG maturation responsible for puberty in males and females. Females
generally attain puberty at an earlier age than males of the same species.

4CNS, central nervous system; GnRH, gonatropin-releasing hormone; FSH, follicle-stimulating hormone; LH, luteinizing hormone; HPG, hypo-

thalamic-pituitary-gonadal.
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Table 1b Examples in which the reproductive strategy of the rat differs from that of the human?

—_

10.

. The rat is a short (22.5-day) gestation species. Pregnancy in humans is 9 mo.

The rat placenta lacks aromatase; estrogen is produced during pregnancy by the ovary. Human placental tissue
expresses high levels of aromatase.

. In the rat, sexual differentiation of the reproductive tract is perinatal, whereas central nervous system (CNS) sexual

differentiation is a postnatal event, regulated to a great degree by aromatization of testosterone to estradiol (play
behavior, an exception, is androgen dependent in both rats [Hotchkiss et al. 2002, 2003]° and humans [Hines 2003]).?
In nonhuman primates and presumably humans, more CNS events are prenatal, and androgens are more important
than in rats (Goy and Phoenix 1972; Goy and Resko 1972; Goy et al. 1988; Hines 2003).”

. The rat has a 4- to 5-day estrous cycle, with no functional corporus luteum. The estrous cycle can be monitored easily

by examining daily cytology. The female rat displays sexual receptivity only during estrus after “lights out” after a
proestrus vaginal smear. This behavior is exquisitely dependent on estrogen followed by progesterone. Humans have a
menstrual cycle approximately 28 days in duration and do not display periods of peak behavioral estrus during the
cycle. Corpora luteal function is sustained for approximately 10 days by mating-induced cervical stimulatory prolactin
surges in rats, whereas the human menstrual cycle has a spontaneous luteal phase of 10 to 14 days after ovulation.
Male rat sex behavior can be induced by estrogens and involves multiple series of ejaculations in a single mating.
Mating involves approximately 10 mounts, with intromission before each ejaculation, followed by a postejaculatory
interval before the onset of the next series. In nonhuman primates and presumably humans, male sex behavior is
androgen mediated.

Both ovaries spontaneously release several ova in response to a luteinizing hormone surge into separate uterine horns,
each with a separate cervix in the rat; whereas in women, a single ovum is typically ovulated during each cycle.

. Pregnancy is easily disrupted by estrogens in rats, but not in humans. Rats, unlike humans, are a litter-bearing species.

Most strains used for toxicology testing have litters of 10 to 12 pups. Spontaneous reproductive malformations are very
rare in the rat, whereas in humans, some malformations such as cryptorchidism occur in 3% of newborn boys.
Spermatogenesis begins at approximately 5 days of age in the rat; the spermatogenic cycle is about 53 days of age,
and sperm appear in the epididymis at about 55 days of age. In humans, spermatogenesis begins during puberty at 10
to 14 yr of age, and the entire spermatogenic cycle is approximately 75 days in duration.

Puberty in the rat (as measured by the age at vaginal opening and the onset of estrous cyclicity) occurs at about 32
days of age in females and 42 days of age (as measured by preputial separation an androgen-dependent event) in
male SD and LE rat strains. In humans, puberty occurs at 9 to 12 yr of age in girls, and 10 to 14 yr of age in boys.
Fertility begins to decline in the female rat at about 6 mo of age, especially if never mated and allowed to cycle
continuously. Fertility begins to decline in women at about 35 yr of age, and at 40 yr of age, approximately 50% of
women are infertile.

“For a review of reproductive physiology, see Knobil E, Neill JD, eds. 1994. The Physiology of Reproduction. 2nd ed, Vol 1 and 2. New York:

Raven Press.
“See text for references.

highly conserved among vertebrates and are important for
reproduction. However, the role of prolactin is extremely
diverse among vertebrates.

Anatomically, both rat and human reproductive function
involves central nervous system hypothalamic-pituitary
control of gonadal function. All eutherian mammals share
common endocrine-modulated traits such as internal fertil-
ization and intrauterine development. Hormones are re-
quired to induce implantation, maintain pregnancy, initiate
parturition, and induce lactation and maternal and reproduc-
tive behaviors. However, as the rat and human have very
different reproductive strategies, significant differences ex-
ist in specific endocrine-regulated events. Selected ex-
amples of these are shown in Table 1b.

In Vivo Mammalian Assays

In vivo assays are required in T1S due to the following
major limitations of in vitro assays: (1) In vitro assays can-
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not account for metabolic activation of xenobiotics resulting
in “false-negative” responses (positive in vivo, but negative
in vitro). (2) These assays also can yield false-positive re-
sponses when chemicals are examined at in vitro concen-
trations orders of magnitude that exceed those seen in vivo.
(3) In vitro assays can produce false-positive responses at
high concentrations due to a lack of specificity as assay
conditions deteriorate. Although such false-positives can be
eliminated by experimental measurement of K; values, few
in vitro screening strategies include K; determinations to
ensure that the effects seen in binding and gene expression
assays are the result of competitive inhibition of ER or AR.
As aresult, a high percentage of screened chemicals that are
determined to be “positives” in vitro may not be true recep-
tor ligands. For this reason, QSAR models of ER or AR
binding based on ICs, values or relative binding affinities
rather than K, values may have a considerable amount of
misinformation in the training set data used to program the
computer to recognize ligands. (4) Finally, because in vitro
screening assays are unable to integrate the endocrine re-
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