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Endocrine-Disrupting Contaminants and
Reproductive Abnormalities in Reptiles

Recent studies show that environmental contamination of reptiles is associated with popula-
tion declines due to lethal and reproductive effects of the contaminants in embryos, juveniles,
or adults, developmental abnormalities of embryos, including major teratogenic effects in tur-
tles and more subtle effects on the development of the reproductive siystam of alligators, and
abnormalities of the endocrine system. We examine the datz available on abnormalities of the
reproductive system in reptiles induced by endocrine-disrapting xenobiotics. We discuss the
role of these xencbiotics in light of experimental evidence showing that estrogenic steroids
are capable of stimulating sex reversal—male to female—in developing reptilian embryos
exhibiting environmental sex determination. A hypothesis is presented suggesting that any
compound that disrupts the normal steroid miliew of the developing embryo will have signif-
icant, life-long consequences on sex determination and the organization and function of the
reproductive system. These endocrine-disrupting compounds may directly influence embry-
onic development by altering the steroid dynamics that facilitate sex deterntination.

Key Words: alligator, wrile, sex determination, gonadal steroidogenesis, estradiol-17b,
testasterone, androgen, estrogen, gonadal morphology, egg viability

Many environmental contaminants kill wildlife: the species affected are
as diverse as water fleas, hermit crabs, bass, bald eagles, and alligators.
It is not surprising that this is so, as many xenobiotic compounds, for ex-
ample, insecticides, herbicides, and fungicides,~—are designed tobe lethal.
Although most of these compounds are developed for specific applica-
‘tions in agriculture or industry, their affect on the environment is not spe-
cific, for soine have had and continue to have wide-ranging and long-term
influences on the environment. The lethal effects of pesticides and their
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most obvious mechanisms of actions were presented to the public in
Rachel Carson’s classic book Silent Spring. She clearly reviewed the mu-
tagenic and carcinogenic qualities of many of the common chemicals in
use in the United States and throughout much of the developed world dur-
ing the middle part of this century. Although the chemicals Carson iden-
tified as extremely detrimental to wildlife (such as dichlorodiphenyl
trichloroethane [DDT], dieldrin, aldrin) are today banned or controlled in
the United States, many are still synthesized, exported, and used in other
countries.’ )

Although the use of DDT was controlied almost 20 years ago, DDT
and its major breakdown products, DDE and DDD, are still commonly
obtained in chemical analyses of wildlife and human tissue.” The con-
centration of these compounds in wildlife and human tissue has decreased

markedly since the 1960s so that today many regulatory agencies believe

that the current concentrations pose no health hazard. This assumption
has persisted because regulatory agencies continue to focus principally

on the lethal, carcinogenic, or exireme teratogenic actions of these com-

pounds. Evidence from a number of sources suggests that we must now
consider another mechanism of action for xenobiotic environmental
chemicals, that of endocrine disruption.

CASE STUDIES—FIELD STUDIES
Lake Apopka’s Alligators

Specific problems associated with the eggs and the reproductive system
of alligators (Alligator mississippiensis) obtained from Lake Apopka,
Florida, have been documented recently.*” Lake Apopka is adjacent to an
Environmental Protection Agency (EPA)-designated Superfund site, the
former Tower Chemical Company. Lake Apopka is the fourth largest body
of freshwater (12,500 ha) in Florida and is highly polluted®® with conta-
minants historically derived from agricnltural activities, a sewage treat-
ment facility, and a major pesticide spill. The Tower Chemical Company
was the site of a major spill of dicofol (contaminated with DDT and its
metabolites DDD, DDE, and chloro-DDT), and sulfuric acid in 1980
(EPA: Unpublished report).

The alligator population on Lake Apopka has been studied formany years
by a team of collaborating researchers.™ Studies of the American alligator
on Lake Apopka from 1979 to 1981, characterized the population as com-
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posed of healthy and reproductively viable individuals (Woodward A:
Personal communication). In fact, this lake was chosen for studies of alli-
gator harvest-management because of the large numbers of adults and nests
inhabiting the lake. The alligator population changed dramatically during
the early and mid 1980s. A significant decline in the juvenile alligator pop-
ulation occurred following the Tower Chemical spill into Lake Apopka in
1980* The population declined by 90% over the years 1980~1984 and re-
mains at this low density today. In contrast to Lake Apopka, other stady pop-
ulations showed stable or increasing population densities during the same
period. In addition to a severe decline in the population density of juveniie
and hatchling alligators, clutch viability on this lake decreased significantly
during the mid-1980s and remains depressed today when compared to clutch
viability on other comparable lakes in central and southern Florida.*¢ Poor
clutch viability contributes to the reduced density of hatchlings and juve- -
nile alligators seen today. Interestingly, a rapid decline in clutch viability
was not observed until 1984; 4 years after the spill and 3 years after a sig-
nificant decline in juvenile popuiation density had occurred. We suggest that
the initial decline in the population was a direct consequence of the lethal
effects of high dicofol/DDT (or its metabolites) contamination of hatchlings
and juveniles living in the lake, whereas the current reduced population den-
sity of these age groups is a result of poor clutch viability.

Why is clutch viability poor today, almost 15 years after the spill? An
analysis of embryonic mortality in alligator eggs has been performed and
suggests that greater than 80% of all embryonic mortality takes place dur-
ing the first month after fertilization of the egg.” Numerous contaminants
are lethal to wildlife embryos. Specifically, dicofol, DDT, or DDE kill
embryos of fish and birds."-* Bald eagle eggs containing concentrations
greater than 3.5 ppm DDE produce no viable neonates.” A study has iden-
tified elevated levels of the contaminant p,p’-DDE in alligator eggs from
Lake Apopka (collected during 1984 and 1985) when cotnpared to eggs
from two other lakes, ™ but this study could not directly correlate elevated
organochlorine compounds with poor egg viability. The mean levels ob-
served, 5.8 ppm wet weight (1984: n =3 eggs; range, 3.4 to 7.6 ppm) and
3.5 ppm wet weight (1985: n =23 eggs; range, 0.89to 29 ppm) are above
the concentrations known toinfluence adversely avian eggs and embryos. B
In addition to p,p’-DDE, 23 alligator eggs collected in 1985 from Lake
Apopka had detectable levels of p,p’-DDD (ND 1.8 ppm), dieldrin (0.02
to 1.0 ppm), and cis-chlordane (ND, 0.25 ppm).” These concentrations
are elevated compared to eggs collected on several other lakes. Each of
these compounds has been identified as an endocrine disruptor.”
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Laboratory studies have shown that exposure to subthreshold concentra-
tions of many contaminants are additive and even synergistic, leading to
biological actions even thongh the concentrations of the individual com-
pounds never exceed known threshold levels.'"

The lethal effects of contaminants are well documented but what is sur-
prising is that juvenile alligators hatched from eggs collected on Lake
Apopka exhibit abnormal gonadal morphology and plasma sex steroid
concentrations.® Male juvenile ailigators from Lake Apopka, siblings of
the females described later had poorly organized testes with unigue, aber-
rant structures within the seminiferous tubules® A nomber of the germ
cells have clear mitotic figures, suggesting that premature spermatogen-
esis has been induced as no mitotic or meiotic activity is seen in the testes
obtained from the control males. Ovaries from alligators 6 months of age,
hatched from eggs collected on L.ake Apopka, had prominent polyovular
follicles and many of the cocytes were multinucieated.® A normal ovar-
ian follicle contains a single oocyte that has a single nuclens. Polyovular
follicles contain more than one cocyte and in the case of the alligator as
many as six discrete oocytes can be counted in a single follicle. All of the
females hatched from eggs collected on Lake Apopka exhibited this con-
dition, whereas it was not observed in control females.

The abnormal morphology of these ovarian follicles and oocytes is sim-
ilar to that observed in mice treated with the estrogenic chemical di-
ethylstilbestrol (DES). Rodent polyovular follicles can be stimulated to
ovulate and are capable of fertilization in vitro and in vivo, although the
number of eggs fertilized is significantly lower than for uniovular folli-
cles.”* Fertilized ova from DES-induced polyovular foHicles develop to .
implantation stage embryos, but the frequency of embryos reaching this
stage is significantly reduced compared to embryos derived from uniovu-
lar follicles.” Thus, the reported reduction in the viability of embryos in
those species exposed to xenobiotic estrogens could be in part due to their
release from polyovular follicles. This suggests one method by which
clutch viability is reduced in alligators and this phenomenon could con-
tribute to the low hatching rates reported for various wildlife species ex-
posed to estrogenic xenobiotics.”* :

In addition to morphological abnormalities of the gonad, Lake Apopka
male and female juvenile (¢ months of age)* and hatchling (Guillette and
Gross: Unpublished data) alligators exhibited abnormal plasma sex steroid
concentrations. Males from Lake Apopka have greatly reduced plasma
testosterone concentrations; concentrations are one fourth of those observed
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in juvenile males from the control lake, Lake Woodruff. Additionally, the
males from Lake Apopka exhibit elevated plasma estradiol-17[ concentra-
tions compared to control males. The females from Lake Apopka have ele-
vated plasma estradiol-17B concentrations compared to the females from
the control lake. These data concerning plasma sex steroid concentrations
suggest several hypotheses: (1) steroidogenesis is abnormal due to devel-
opmental abnormatities of the gonad, (2) gonadat steroidogenesis is normal
but degradation of the sex steroids is modified, thus resulting in abnormal
plasma concentrations, (3) the ratio of free to bound hormone has been mod-
ified due to a modification in the concentrations of the various plasma pro-
teins bound to steroid hormones, or (4) abnormal secretion of gonadotropin
(luteinizing hormone, follicle stimulating hormone) or gonadotropin-re~
leasing hormone from the pituitary and hypothalamus, respectively, could
result in altered stimulation of the gonad and, thus, abnormal plasma sex
steroid concentrations. These hypotheses are not exclusive and the obser-
vations reported may be due, to various degrees, to all of these factors.

The first hypothesis is supported by experiments in which in vitro in-
cubation of the gonads was used to determine endogenous and go-
nadotropin-stimulated rates of steroid synthesis.” In vitro synthesis of
estradiol-17P was significantly different, with ovaries from females ob-
tained from Lake Apopka synthesizing more estradiol-17f than ovaries
from control females.” Additionally, testes from males obtained from the
contaminated lake, Lake Apopka, synthesized significantly higher con-
centrations of estradiol-17[ when compared to testes obtained from con-
trol males. In contrast, testosterone synthesis from the testes displayed a
normal pattern with no difference noted between lakes. As expected,
testosterone production from the testes was greater than that observed
from ovaries from females obtained from either lake. Interestingly, the
pattern of in vitro gonadal steroidogenesis’ differs from plasma concen-
trations of these hormones obtained from the same individuals.®

Taken together, these data suggest that the differences in plasma steroid
concentrations observed between alligators from contaminated and con-
trol lakes are due in part to modifications of gonadal steroidogenesis with
additional changes in degradation pathways and gonadotropin release
from the hypothalamo-hypophysial system. Although no data on the ac-
tivity of various enzymes associated with gonadal steroidogenesis nor data
on degradation pathways in alligators exposed to various contaminants
are available at this time, it is clear that changes in these systems have oc-
curred and future studies must examine these systems.
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Do these changes in plasma sex steroid concentrations persist in an-
imals from Lake Apopka? Juveniles alligators (2 to 5 years of age: 30
to 122 cm) from three lakes in central Florida (Apopka, Woodruff,
Orange) have been examined.” Females exhibited similar plasma estra-
diol-17f concentrations among 2ll three lakes, whereas plasma testos-
terone concentrations were significantly increased on Apopka animals
compared with those from the other lakes. Morphologicaily, females
exhibited normal secondary sex characteristics except for a few females
on Lake Apopka, which had a hypertrophied clitoris. Wild juvenile
males from Lake Apopka showed plasma estradiol concentrations sig-
nificantly elevated compared with the males coliected on the other
lakes. Plasma testosterone concentrations were significantly lower in
males from Lake Apopka compared with Lake Woodruff but not Orange
Lake. These data suggest that endocrine functioning of the wild juve-
nile males from Lake Apopka was modified and further implies that
males from other lakes (such as Orange Lake) may also be affected to
some degree. ‘

A significant modification in androgen functioning in male alligators
from Lake Apopka is further supported by morphological observations
that many of the males from Lake Apopka had a significantly reduced
phallus size when compared to males from the control lake, Lake
Woodruff (Figure 1 from Guillette, Percival, Abercrombie, Pickford,
Rooney, and Rice: Unpublished data). Interestingly, the greatest reduc-
tion in phallus size is observed in juvenile males living in the vicinity
of Gourd Neck Spring {Apopka-GNS), located in the southwest corner
of Lake Apopka and immediately adjacent to the stream draining the
marsh that connects the Tower Chemical Superfund site and Lake
Apopka. Although experimental studies have not been performed on
Lake Apopka males to determine if they would exhibit phallic growth
in response to exogenous testosterone treatment, previous studies have
demonstrated that phallus development and growth is androgen depen-
dent in alligators? and crocodilians,” as observed in other reptiles* and
in mammals.” Interestingly, Ramaswani and Jacob® observed that the
penis of juvenile Indian Mugger crocodiles (Crocodylus palustris) ex-
hibited the greatest androgen responsiveness of any male reproductive
organ they examined, which included the secondary sexual ducts, the
Wolffian duct, and renal sex segment of the kidney. Thus, phallus size
apparently represents an obvious marker of abnormal androgen con-
centrations in the alligators of Lake Apopka.
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FEGURE 1 Mean phailus size in alligators from two regions ofa contamina&éd lake (Lake
Woodrff). Lake Apopka samples are separated into two

Woodruff

Apopka) and 2 control Jake (Lake ‘
localities, the Gourd Neck Spring area (Apopka-GNS) where the contaminants from the
Tower Chemical Spill entered the lake and the northwestern part of the lake (Apopka-NW),
away from the spill. Penis size is presented as.an index (penis tip length X penis base width
{ snout vent length). Values from the different lake regions are significantly different (F =
23.99: d £ = 2, 91; p < 0.0001): (Data are from Guillette, Percival, Abercroimbie, Pickford
and Rice; Unpublished findings.) :

Although the effects of contaminants on Lake Apopka alligators are
obvious, two fundamental questions remain: (1) Which contaminants
are responsible for the developmental abnormalities described? (2)
What is the source of the contaminants in alligator eggs? Although p.p-
DDE is present in the greatest concentration in eggs. and alligator tis-
sue, many other contaminants detected in alligator eggs are known
endocrine disruptors, such as p,p’-DDD, dieldrin, and cis-chlordane.
The effects described are likely to be the result of the combined effects
of all the contaminants present. Two possible sources for the contami-
nants found in the eggs exist: maternal transfer of contaminants, viathe
blood, into the oocyte during growth, or transfer through the shell once
the egg is laid in a nest. We believe that the major source of egg cont-
amination is via transfer directly from the female as previously reported
in other reptiles.** However, as will be described, experimental evi-
dence is available demonstrating that contaminants applied to the out-
side of the egg shell of turties and alligators are transported internally
and affect embryonic development.? Further research is needed to elu-
cidate the individual, additive, and synergistic effects of particular con-

. taminants and to clarify the modes of contaminant exposure in the
alligators of Lake Apopka.
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Snapping Turtles of the North American Great Lakes

Snapping turtles {(Chelydra serpentina), like the American alligator al-
ready discussed, feed near the top of the food chain. Thus, they bioaccu-
mulate and biomagnify environmental contaminants found in their
habitats. The snapping turtles of the Laurentian Great Lakes region of
North America have been examined to determine the relationship between
contaminant body burdens, egg contaminant loads, and reproductive ab-
normalities.” Snapping turtle eggs collected from various localities on
Lake Ontario, Lake Erie, and the upper St. Lawrence River exhibit ele-
vated levels of polychlorinated biphenyls (PCBs), dibenso-p-dioxins,
dibenzofurans, and various organochlorine pesticides or their metabolites
(p.p"-DDE, dieldrin).”* Using the practical causal inference techniques
of ecoepidemiologists,” Bishop and colleagues® examined the cause-ef-
fect linkage between environmental cortamination and the development
of snapping turtle eggs. They observed that eggs containing the highest
contaminant levels exhibited significantly higher rates of embryonic mor-
tality and embryonic deformities when compared to control sites where
egg contamination was lower. Although they could not show that conta-
mination of eggs preceded the occurrence of elevated levels of embryonic
mortality, low embryonic mortality and deformity is the norm for eggs
from control sites in the Great Lakes® and elsewhere.* Interestingly, as
described for the alligator eggs collected from Lake Apopka, the major-
ity of embryonic mortality in the highly contaminated snapping turtle eggs
cccurred early in development.”

Although gross anatomical deformities were noted in many hatchlings
obtained from the eggs collected at the sites with the highest contaminant
levels, a histological examination of these hatchlings was not performed.
Thus; at this time it is unknown whether the reproductive organs of these
animals are normal or abnormal. Likewise, no data are available on the
hormonal miliex present in these hatchlings. It would be extremely in-
teresting to know the sex ratio of the offspring produced at these sites.
Snapping turtles exhibit environmental sex determination® and estrogenic
chemicals stimulate sex reversal of male embryos to females (see later).
Examining the sex ratio of eggs incubated at a temperature expected to
produce a 1:1 sex ratio could provide a simple bioassay of the presence
of estrogenic compounds in the eggs of turtles. A recent study has demon-
strated that various PCB congeners can induce sex reversal in turtles when
applied to the outside of the egg shell, as has been repeatedly demon-
strated following estradiol-17B treatment (see discussion on
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Mechanisms). Bergeron et al¥ observed that 2',4",5"-trichloro-4-bipheny-
lol induced 100% sex reversal. (based on histological examination of go-
nads and internal ducts) in the red-eared turtle (Trachemys scripta),
whereas treatment with 2,3,4",5'-tetrachloro-4-biphenylol stimulated
total sex reversal in 50% of the embryos and partial sex reversal (inter-
sex) in 21% of the embryos. Additionally, treatment of eggs with both of
these estrogenic PCBs together (given at a dosage 10 to 20 times below
the effective dose of the individual compounds) produced a synergistic
effect,” Interestingly, turtle neonates from Lake Apopka have either ap-
parently normal ovaries or ovotestes (Gross and Guillette: Unpublished
data). Moreover, chorioallantoic fluid concentrations of estradiol-17p and
testosterone indicate that few hatchlings from Lake Apopka produce a
normal androgen synthesis pattern (Gross and Guillette: Unpublished
data). Reptiles represent excellent models to determine the extent of es-
trogenic xenobiotic contamination in an ecosystem due to the apparent
lability of sex determination in response to the presence of estrogen or es-
trogen-like compounds.

POSSIBLE MECHANISMS OF ACTION

Lability of Gonadal Differentiation in Temperature-Dependent Sex
Determination Reptiles

Sex determination in many reptiles is dependent on the temperature of
embryonic development, and the specific sex-determining regimen varies
among species.* For example, warm temperatures produce males and cool
temperatures produce females in the American alligator,®” whereas the
opposite is true in the freshwater turtle Trachemys scripta elegans.® Qver
the last decade much research has been dedicated to understanding tem-
perature-dependent sex determination (TSD) inreptiles, and T. scripta el-
egans has been used as a model species for elucidating the complexities
of TSD. In this species, temperature-shift experiments have revealed that
both duration and magnitude of incubation temperature affect gonadal de-
velopment during roughly the second trimester of egg incubation.*'*
These experiments indicate that sex determination is extremely labile dur-
ing the temperature-sensitive window. Could factors other than tempera-
ture alter sex determination in animals with TSD? An answer t0 this
question requires an understanding of the events surrounding and mech-
anisms controlling TSD. -
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The exact mechanisms by which temperature affects gonadal develop-
ment are still unknown, but several lines of evidence suggest that the gonad
is influenced indirectly by temperature. In cultured gonads excised from
the sea turtle Lepidochelys olivacia (a species with TSD), cuiture tem-
perature has no effect on the differentiation of the gonad.®* Additionally,
cultured gonads of embryonic T. scripta elegans secrete no detectable
progesterone, testosterone, or estradiol-17p during embryonic develop-
ment.* Cultured kidney-adrenal complexes, however, secrete proges-
terone, corticosterone, and testosterone, but these steroid secretions do
not exhibit sexvally dimorphic pattems.* If gonadal development is fa-
cilitated by the presence of sex-specific steroids (testosterone in males
and estradiol-17f in females) as traditionally thonght,* then two alter-
native hypotheses exist: (1) differential steroid production occurs in or-
gans other than the gonad, adrenal, or mesonephros, or (2) differential
activity of enzymes with steroidogenic action is present in or around the
developing gonad. The second hypothesis is supported by studies on the
fetal adrenal of mammals showing that estrogen can directly regulate
steroidogenesis by altering steroidogenic enzyme activity.”

It is widely acknowledged that exogenous estradiol-17(} can cause go-
nadal feminization of T. scripta elegans embryos that are incubated at male-
producing temperatures. Higher doses of estradiol-17p result in the
production of significantly more female turtles and, thus, the effects of estra-
diol are said to be dose dependent.® Exogenous estradicl-17[ alters gonadal
differentiation during the same developmental period as temperature sensi-
tivity.® These results suggest that temperature and estradiol act in a common
pathway in TSD, but the direct effects of estradiol are not completely un-
derstood. Autoradiography reveals that radiolabeled esteadiol-17f is local-
ized in the mesonephros prior to gonadal differentiation, the mesonephros
and oviduct during gonadal differentiation, and the mesonephros, oviduct,
and interrenal gland after gonadal differentiation.* The lack of estradiol-17p
incorporation in the gonad and the significant incorporation in the
mesonephric area support the hypothesis that sex determination int animals
with TSD is not a direct influence on the gonad. It has recently been sug-
gested that both estradiol-17 and female producing temperatures ensure fe-
male sex determination: by facilitating medullary cord regression ™

Experifental treatments have been used to discern the effects of vari-
ous hormones or endocrine-disupting compounds on gonadal develop-
ment of turtles” and alligators™ (see Table I). Exogenous estradiol-178
alters sex determination in both tortle (7. scripta elegans) and American
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alligator (A. mississippiensis) embryos; thus, environmentai contaminants
that alter the dynamics of endogenous estradiol and possibly other sex
steroids could also affect gonadal development. A review of both studies
suggests that estrogenic chemicals can induce embryonic feminization,
some androgens can induce feminization, and alterations in aromatase (the
enzyme responsible for conversion of androgens to estrogens) activity can
cause abnormal gonadal differentiation. All of these effects may be species
or dose specific. The finding that testosterone can induce feminization
seems odd, but can be explained by the fact that aromatase converts this
androgen readily to an estrogen. Any contaminant that alters aromatase
dynamics is expected to cause abnormal estrogen to androgen ratios which,
in turn, can alter reproductive tract development and function. Wibbels and
Crews™ use fadrozole (a potent inhibitor of aromatase activity) to induce
male sex determination in the embryos of the parthenogenic lizard
Cnemidophorus uniparens, and in freshwater turtles (T. scripta elegans).
Taken together, these studies indicate that masculinization and feminiza-
tion of developing reptilian embryos can be induced by exogenous agents.
Based on the relative doses and potencies of the administered agents, it ap-
pears that feminization is more easily induced. This can be attributed to
the fact that ovarian differentiation appears dependent on estrogens, but
that testicular differentiation may be independent of steroid hormones.*

Thus, xenobiotics that alter estrogen dynamics could have greater de-
velopmental effects than those that alter androgen dynamics. That is, if a
compound acts as an estrogen or antiandrogen, it will change the hor-
monal mileau so that the developing gonad experiences an estrogenic en-
vironment. It is again important to emphasize that it is not the absence or
presence of sex steroids that is important to the developing embryo but
the relative ratio of these steroids that influences sex determination and
the organizational development of the reproductive system. The relation-
ship between the steroidal milieu and the development of the reproduc-
tive system is not specific to reptiles with TSD, but appears to be almost
universal among vertebrates.’ Reptiles with TSD, however, make excel-
lent model systems due to the responsiveness of the reproductive system
t0 exogenous estrogenic compounds.

Mechanisms of Endocrine Disruption

Three variables regulate the potency with which a contaminant distupts
the-endocrine system: functional similarity of the contaminant &0 a hor-
mone, magnitude of exposure, and timing of exposure. The action of many
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endocrine disruptors appears to be defined more by function than struc-
ture® and, thus, the functional similarity of the contaminant to an en-
docrine regulator is of importance. Magnitude of exposure is of obvious
importance (higher exposures elicit greater effects), but the timing of an
exposure is perhaps the most overlooked and important variable in dic-
tating the potency of an endocrine-disrupting contaminant. For a devel-
oping embryo, development and growth are accelerated by hormones, and
exposure to endocrine-disrupting contaminants are especially harmful
during this critical period. This has been shown in humans,” wildlife in
general,'* and reptiles in particular.* With these three variables in mind,
we shall explore specific mechanisms by which contaminants may dis-
rupt normal endocrine control of reproduction. Contaminants can act by
altering the expression of hormone-induced genes, the expression of genes
whose product can modify hormone-induced genes, or the genetic ex-
pression of steroidogenic enzymes (Fig. 2). ‘

In the simplest scenario, the environmental contaminant binds directly
to a hormone receptor, stimulating or blocking the expression of hormone-
induced genes. A number of synthetic estrogens (such as diethylstilbes-
terol) and xenobiotic contaminants (such as o,p"-DDT, some PCBs,
nonylphenol) are known to elicit effects through estrogen réceptors, 4!
but the majority of environmental contaminants have not been tested for
their ability to bind estrogen, or any steroid, receptors.® Detergent com-
ponents in sewage effluent stimulate in vivo® and in vitro® production of
vitellogenin (a major yolk protein found in fernale plasma after estrogen
stimulation of the liver) from rainbow trout (Oncorhyncus mykiss), a phe-
nomenor experimentally demonstrated to be mediated via the estrogen
receptor.® If contaminants mimic the actions of an estrogen, one would
predict that sex ratios would be skewed in wildlife populations where es-
trogens are capable of stimulating sex reversal of males to females—pop-
ulations of reptiles exhibiting TSD.

Contaminants may also bind to hormone receptors, blocking normal
hormonal functions. The fungicide vinclozolin is an example of a conta-
minant that is an androgen antagonist. Two metabolites of vinclozolin bind
to and block the action of androgen receptors, causing demasculinization
(but not complete feminization) of male rats exposed to this contaminant’s
breakdown products in utero.” The increased frequency of developmen-
{al abnormalities of male phallic structures, as reported in humans,® fish,*
and alligators,® is most easily explained by hypothesizing that circulating
androgen concentrations have been reduced during embryonic develop-
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cisculating E,

Steroid Modifier - Antagonist
TR —— Decreased conversion of

Aromatase gene androgens to estrogens. Less
circulating E,

Indirect Modifier

ESSEREESRER ——— Products of other genes can

Contaminant-induced gene themselves alter E ;-induced
genes.

FIGURE 2 Mechanisms of action of possible endocrine-disrupting contaminants, The bind-
ing of a contaminant to a hormone-induced gene (in this case the estrogen-responsive ele-
mentof anestrogen-induced gene) can resultin agomistic and antagonistic effects. Similarly,
the production of steroid modifiers such as aromatase can be induced or inhibited.
Contaminants also may alter endocrine functioning through indirect mechanisms. E, =
estradiol.

-

ment and early life. If xenobiotic contaminants can act as antiandrogens,
the developing male reproductive tract would see a cellular environment.
deficient in androgens but relatively rich in estrogens. This internal envi-
ronment would create the abnormalities observed in the alligators of Lake
Apopka—a reduced or structurally abnormal phallus. To test for en-
docrine-disrupting effects of specific contaminants, McLachlan™ has sug-
gested screening contaminants for their ability to bind and activate or
inactivate various steroid receptors. It is important to note that inactiva- -
tion of a receptor-hormone complex required for normal development is
as critical to the embryo as its inappropriately timed activation.
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Many contaminants elicit a broad spectrum of responses. 2,3,7,8-
Tetrachlorodibenzo-p-dioxin (TCDD) exerts partial demasculinization
and feminization of male rats exposed in utero without altering estrogen
receptor binding.* The exact mechanisms have not been discerned, but
the antiestrogenic effects of TCDD appear to be mediated indirectly
through the aryl hydrocarbon (AH) receptor.® Many PCBs may also exert
effects via the AH receptor,” and AH receptor induction should be stud-
ied to elucidate any associated endocrine disruptions.

Environmental contaminants may also alter hormonal conditions by ex-
pression of genes whose product can modify the synthesis or fanctioning
of steroidogenic enzymes. The cytochrome P450 enzyme system is the
predominant biotransformation pathway in the initial detoxification of
toxicants, and eight distinct gene families of cytochrome P450 enzymes
have been characterized. The gene families can be separated into two
groups differing in function: families I, II, O, and IV are involved in xeno-
bictic biotransformation, whereas families X1, XVII, XIX, and XXI are
involved in steroid hormone biosynthesis. Cytochrome P450 enzymes add
a hydroxyl moiety to a compound that, in the case of xenobiotics, facili-
tates excretion: of the substance and, in the case of steroid biotransfor-
mation, converts androgens to estrogens. On chemical insult from
inducing agents(such as halogenated pesticides, PCBs, steroids, and diox-
ins), the synthesis of cytochrome P45() enzymes is increased.® This en-
zyme induction is thought to function in xenobiotic transforrmation for
enhanced excretion but, if steroid hormone biosynthesis is also stimu-
lated, may be responsible for the altered hormonal conditions associated
with exposure to endocrine-disrupting contaminants, For example, juve-
nile male and female alligators from Lake Apopka have elevated plasma
estrogens and males have greatly reduced plasma androgen concentra-
tions compared to control juveniles. Although it has been hypothesized
that modified gonadal steroidogenesis is responsible for this phenome-
non,® in- vitro testing of gonadal steroidogenesis suggests that other or-
gans may be involved, such as a modification in liver P450 degradation
of steroids.” Other enzymes that facilitate hormone degradation may be
up-regulated directly or indirectly by contaminants. The hypothesis that
contaminant-induced activation of liver or gonadal aromatase activity
stimulates the degradation or conversion of androgens to estrogens, and
thus modifies the stercid milieu of developing embryos, has rarely been
considered but deserves much further examination. This research is of
particular importance given the data demonstrating that many chemicals
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have apparent endocrine-disrupting actions but are structurally unrelated
to the hormones they mimic or block, - '

FINAL PERSPECTIVES

This article reviews some of the data on the lethal and reproductive ef-

fects of environmental contaminants on reptiles. Among the reproductive

effects are sex reversal as well as other, less conspicuous changes such as

altered sex hormone dynamics and increased morphelogical abnormali-

ties of the reproductive system (such as polyovular follicles, decreased

phalius size). It is important for researchers to recognize the continuum

of effects that can be cavsed by environmental contaminants—from degth
to a subtle change in hormonal regulation. The “subtle” changes cap have
a tremendous impact on populations of animals, evidence of which is ob-

tained by consideration of the Lake Apopka alligator population.

Abnormalities. of reproductive function may be sublethal to individnals,

but such alterations are lethal to a population of animals. As stewards of
ourenvironment, scientists and conservationists must monitor and attempt

to rectify any abnormalities induced by our own actions.

Reptiles with TSD are particularly susceptible to disruption of the en-
docrine system and, thus, provide a good model for monitoring the en-
docrine perturbations caused by environmental contaminants. Both acute
(such as sex reversal) and chronic (such as increased frequency of poly-
ovular follicles; decreased secretion of hormones) reproductive effects
have been recognized in reptiles, and such parameters should be consid-
ered when monitoring the effects of contaminants. The effects of conta-
minants on reproduction of reptiles are important in themselves, but may
also elucidate a problem of broad spectrum and consequence. In humans,
elevations in the rates of breast cancer, cervical cancer, testicular cancer,
and infertility are all attributed to abnormal endocrine fimction, and it has
been hypothesized that endocrine-disrupting contaminants are in-
volved “ Intense effort should be made to establish a clear cause-effect
relationship between environmental contaminants and reproductive dys-
function in as many model systems as are relevant and economically (time
and funds) realistic, eliminate problematic contaminants, and establish
screening tests for detecting chemicals that are endocrine disruptors.
Studies of wildlife clearly demonstrate that environmental contamination
continues adversely to affect them and their offspring.
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