Challenging
Risk Assessment

Traditional toxicological testing cannot detect the adverse effects

of very low doses of environmental chemicals.

BY FREDERICK S. VOM SAAL AND DANIEL M. SHEEHAN

urrent methods of risk

assessment for some

manufactured chemi-

cals may not accurately

predict the risks of ex-
posure to humans and animals. In
fact, we are beginning to realize that
very low levels of exposure to some
chemicals present in the environ-
ment disrupt the endocrine system,
particularly during fetal develop-
ment, at doses to which humans and
animals are routinely exposed. Re-
cent research on environmentally rel-
evant exposures raises great concern
since endocrine signals regulate the
differentiation and growth of cells
in fetuses.

The endocrine system consists of
cells that produce chemical signals
or hormones that regulate the de-
velopment and subsequent adule
functioning of other cells in the
body. As the fetus grows, hormones
control the development of cells and
thus determine the formation of all
the body’s organs. Adult organs may

never function properly if hormonal
signals are disrupted at this crucial
developmental stage. Even very small

.changes in levels of endogenous

hormones, whether natural or experi-
mentally induced, produce significant
changes in organ function through-
out the remainder of life. In short,
organs, especially the reproductive
organs and brain, are highly sensitiv-
ity to endocrine distuption during
fetal development.!

For this reason, the major concern
regarding endocrine disruptors is with
exposure during critical times in fetal
development when organs are form-
ing.? Exposure to endocrine
disruptors at this stage may reduce
or destroy reproductive capability
and result in the loss of entire popu-
lations.?

Not only has the issue of the
unique vulnerability of the fetus
been ignored in some recent re-
views,® but the term endocrine
disruptor has been replaced by some
authors with the term endocrine

modulator. This change in terminol-
ogy is intended to convey an entirely
different meaning, namely, that these
chemicals are causing a small adjust-
ment in function. In fact, endocrine
modulation typically occurs in
adults, where alterations of the adult

- endocrine system, such as result

from taking oral contraceptives,
typically lead to transient—revers-
ible—effects that disappear when
exposure to the chemical ceases and
the chemical is cleared from the
body.

On the other hand, a chemical
that interferes with the normal
functioning of the fetal endocrine
system and irreversibly alters the de-
velopment of reproductive organs
and the brain is appropriately de-
scribed as an endocrine disruptor.
We consider permanent effects of
endocrine disruptors on physiologi-
cal processes to be adverse.

Even more disturbing, current
toxicological testing for potentially
harmful substances that are being
released into the environment is
designed to assess very high doses
of chemicals, while recent findings
show that many of the most harm-
ful effects occur at doses so low they
are rarely tested.

Dilution Not the Solution

Decades ago, the Great Lakes region
was home to many predatory birds
that fed on fish in the lakes. In the
late 1960s, wildlife biologists ob-
served that entire populations of
birds, salmon, and trout were not
successfully reproducing, and their
reproductive organs were abnormal.
Moreover, the children of women
who ate these contaminated fish
from the Great Lakes displayed de-
velopmental abnormalities and a
decrease in 1.Q.% Scientists now
know thar these effects are related
to exposute to endocrine-disrupting
chemicals, chemicals that are ubig-
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uitous in the environment. These
chemicals are found in plastics, pes-
ticides, detergents, cosmetics, fab-
rics, and building materials such as
insulation and carpets, to mention
just a few examples.

In addition, endocrine-disrupting
chemicals are how found in lakes,
rivers, oceans, and the air, where
they contaminate fish and other ani-
mals. Currently, there are about 60
known endocrine-disrupting chemi-
cals, but only a very small number
of the approximately 80,000 manu-
factured chemicals in use today have
been tested for endocrine-disrupt-
ing effects. New findings concern-
ing these chemicals conflict with ear-
lier toxicology studies that con-
cluded that concentrations of endo-
crine-disrupting chemicals in the en-
vironment arc safe.®

Recent legislation, including
1996 revisions of the Safe Drink-
ing Water Act and regulations
enforced by the U.S. Food and
Drug Administrations (FDA) and
the Environmental Protection
Agency (EPA), has resulted in a
plan to reevaluate these chemicals.’
Legislation and regulations are
being implemented even though
many toxicologists have yet to ac-
cept the possibility of adverse effects
from low-dose exposure to environ-
mental chemicals. In fact, the toxi-
cological research community re-
mains deeply divided on the
assumptions that underlie risk
assessment.

While some toxicologists and
government regulators continue to
defend the traditional model of risk
assessment for all environmental
contaminants, we offer a new model
for endocrine-disrupting chemicals
that challenges the traditional as-
sumptions in toxicology, assump-
tions that have until recently gov-
erned our national regulatory pro-
cesses.

False Assumptions

For many years toxicologists have
studied adverse effects of chemicals
that are hormonally active either
through hormone receptors or other
mechanisms.® Yet in spite of our ex-
tensive knowledge of how certain
hormones act naturally, toxicologi-
cal studies of chemicals that mimic
or block these hormones have not
always taken this basic information
into account. As a result, toxicol-
ogy will now have to reevaluate the
assumptions underlying current test-
ing strategies for chemical toxiciry.

Almost all prior studies of hor-
monally active chemicals used study
designs that were assumed to be ap-
propriate for chemicals that do not
directly damage genes—which endo-
crine disruptors are generally
thought to be.

These methods are based on the
assumption that high-dose testing
predicts low-dose outcomes; in
other words, information from test-
ing a chemical at doses that may be
millions of times higher than those
encountered in the environment can
be used to predict effects at envi-
ronmental exposure levels. This, in
turn, is based on the assumption
that a threshold exists below which
no adverse effects are seen and that
there is a monotonic dose-response
cure; that is, as dose increases the
response increases or stays the same,
but the response never first increases
then decreases. If either of these as-
sumptions is incorrect with regard
to an endocrine-disrupting chemi-
cal, then the acceptable safe dose
derived from high-dose studies will
be incorrect. This would be the case,
for example, if the response to a
chemical were to first increase at
very small doses and then actually
decrease at much higher doses—a
non-monotonic dose-response
curve. Recent research has shown
that this, in fact, does occur.

12 « FORUM for Applied Research and Public Policy

It is inappropriate for regulatory
agencies to base acceptable exposure
levels on an assumption applied
uniformly for all classes of chemi-
cals when existing data contradicts
that assumption in specific cases.
Nonetheless, many toxicologists
vigorously defend the concept of a
measurable threshold for adverse
effects and a simple, monotonic
dose-response funcrion for all
chemicals. They do so because the
assumptions appear reasonable on
the surface and because, over many
years, a variety of toxic and carci-
nogenic substances have been found
to actually behave this way. How-
ever, in the case of endocrine-dis-
rupting chemicals, recent research
sheds doubt on the conventional
wisdom that the “dose makes the

H B
pmson.

No Safe Dose

Traditional toxicological studies aim
largely at establishing a no-observed-
adverse-effect level. To do so, re-
searchers study very high doses that
produced acute toxic effects—such
as a decrease in body weight—in
laboratory animals and then lower
the dose to a point where no ad-
verse effects are observed. There is
seldom greater than a 50-fold dif-
ference between the lowest and
highest doses in these studies. This
type of testing, though apparently
simple, is not without its problems.

For example, the validity of this
type of test is statistically limited by
the number of animals required by
regulatory agencies to be tested in
cach dose group. The smaller the
group size, the more difficult it is
to reliably detect an adverse effect.
Moreover, because the purpose of
testing is to establish a safe level,
doses below the apparent level at
which there is no acute toxic effect
are rarely tested; therefore, the as-
sumption that very low doses are




safe has rarely been investigated.

Toxicologists Edward Calabrese
and Linda Baldwin estimate that
fewer than 2 percent of toxicologi-
cal studies have been designed to
assess the possibility that effects
might occur at doses below those
that do not produce acute toxicity.
As a result, there has been a dra-
matic miscalculation of the doses of
endocrine disruptors that can result
in abnormal development in ani-
mals.

The Numbers Game

Some endocrine disruptors repre-
sent a unique class of toxicants that
can act via the same mechanisms—
for example by binding to a hor-
mone receptor—as endogenous hor-
mones.'® These chemicals provide a
model to examine the validity of the
two assumptions of a threshold dose
and a monotonic dose-response
function. We will review evidence
from two experimental systems
showing that current toxicological
testing methods used to examine
environmental chemicals are inap-
propriate for determining endocrine-
disrupting effects at environmentally
relevant doses. Additionally, these ex-
amples, along with other informarion
we will present, provide an explana-
tion for the dramatic miscalculation
of the doses of endocrine disruptors
that can result in abnormal develop-
ment in animals.

In our research, we have shown
how exposure to environmental
chemicals that mimic the hormone
estradiol affects the development of
the prostate gland in male mice. The
prostate develops from the embry-
onic tissue that forms a portion of
the vagina in females, and like the
vagina, it has estrogen receptors and
responds to estrogen.

To determine whether an envi-
ronmental chemical has estrogenic
activity, we first measured the effects

of elevating the natural estrogen es-
tradiol in male mouse fetuses via
maternal treatment to levels at the
high end of the normal physiologi-
cal range. Next, we looked for simi-
lar effects from administering a dose
of a chemical thought to mimic this
very small increase in estradiol.

Specifically, we first increased the
levels of estradiol in male mouse
fetuses by an infinitesimal amount
as measured in picograms, or tril-
lionths of a gram. We increased the
amount of free, biologically active
estradiol in the blood of male mouse
fetuses during the time that the
prostate is forming—from the natu-
ral levels of 0.2 picograms per mil-
liliter of serum in untreated males
to 0.3 picograms per milliliter, a 50-
percent increase of only one-tenth
of a trillionth of a gram of estradiol
per milliliter of serum.

This very small increase in an al-
ready very low endogenous estradiol
concentration resulted in significant
changes in the prostate of treated
males. There were 40 percent more
glandular ducts and double the
number of androgen receptors per
cell. Androgen receptors determine
the capacity of cells to respond to
male sex hormones, and also medi-
ate the effects of male sex hormones
on the development and function-
ing of the prostate. Of great impor-
tance, the abnormal enlargement of
the prostate in treated males was
permanent and persisted into adult-
hood."

This experiment illustrates an
important principle in developmen-
tal toxicology. Brief exposures to
endocrine-disrupting chemicals that
interfere with fetal hormones—even
to low doses—during a critical pe-
riod in development can result in
irreversible lifetime effects, even
though no trace of the chemical that
caused this effect can be detected in
the adult. Only if chemicals persist

for a very long time after entering the
body might some trace remain from
exposure during fetal development.

We next examined the effects on
prostate development in mice of an
estrogen-mimicking chemical called
bisphenol A, which is the monomer
used to manufacture polycarbonate
plastic bottles, including baby
bottles, the lining of food and bev-
erage cans, dental sealants, and
many other products. Free, biologi-
cally active bisphenol A is released
into food and drinks stored in plas-
tic containers or in cans and is also
released from dental sealant placed
on teeth.

In 1996, the plastics industry re-
ported to the U.S. government that
the dose of bisphenol A that pro-
duced no effect in their standard
toxicological studies was 50 milli-
grams—or thousandths of a gram—
per kilogram of body weight per
day.'? We fed pregnant mice
amounts of bisphenol A within the
range being consumed per day by
people through dietary and environ-
mental exposure. These doses were
thousands of times lower than those
used in previous standard toxicologi-
cal tests reported to have no effect.
Pregnant females were fed bisphenol
A at a dose of either 2 or 20 micro-
grams, or millionchs of a gram, per
kilogram of body weight per day for
only seven days during the time that
the prostate and other reproductive
organs in male fetuses are forming.

We observed numerous effects in
adult male offspring, including per-
manent enlargement of the prostate
and a decrease in daily sperm pro-
duction.” [n female offspring, we
found an earlier onset of puberty.
Orther effects of bisphenol A on the
breast and pituitary gland at doses
below the previously reported no-
dose-effect level of 50 micrograms
have also recently been reported in
studies with rats.' The 2-micro-
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gram dose of bisphenol A that sig-
nificantly altered fetal development
is 25,000 times below the 50-milli-
gram dose that the plastics indus-
try found to produce no adverse ef-
fects in animals tested by the tradi-
tional high-dose toxicological test-
ing methods.

Margin of Error

How can there be such discrepan-
cies between the effects of seemingly
safe, high levels of endocrine-dis-
rupting chemicals and drastically
smaller doses of the same com-
pounds? An experiment we con-
ducted with the manufactured es-
trogenic chemical diethylstilbestrol
(DES) provides an explanation for
the huge error that can occur in es-
timating safe doses of endocrine-
disrupting chemicals in traditional
toxicological tests.

DES is often used in toxicologi-
cal studies as a control estrogen,
since it is as potent as estradiol, but
unlike estradiol, DES can be admin-
istered orally, which is the route of
exposure for chemicals such as
bisphenol A. When pregnant mice
were fed very low doses of DES—
0.02, 0.2 or 2.0 micrograms per ki-
logram of body weight per day for
seven days—using the same proce-
dures as those for bisphenol A, we
found a significant increase in pros-
tate size in the adult male offspring
relative to untreated males. Like
estradiol and bisphenol A, then,
DES administered during fetal de-
velopment can, even at very low
doses, produce significant adverse
effects, in this case permanent en-
largement of the prostate. However,
with a higher dose of DES, 20 mi-
crograms per kilogram, the prostate
was actually smaller than in the low-
dose animals and was no different
from controls. Finally, at a dose of
200 micrograms per kilogram, a
dose 10,000-times higher than that

which increased prostate size, the adult
mouse prostates were significantly
smaller than controls, after correcting
for body weight. In addition, at this
very high dose, the mice exhibited a
10-percent decrease in body weight
relative to controls.

By plotting these results on a
graph, it’s easy to see that adminis-
tration of very low to very high
doses of DES produce an inverted-
U dose-response curve. That is, low
doses stimulated inappropriate en-
largement of the prostate while high
doses inhibited normal prostate de-
velopment, and males exposed to
some intermediate doses did not
differ significantly from controls.
An inverted-U dose-response func-
tion was also found for adult pros-
tate weight following prenatal treat-
ment with different doses of estra-
diol.?’ If low doses had not been in-
vestigated, the very small, 20-mi-
crogram per kilogram dose of DES
would have been considered a no-
adverse-effect-level dose.

In traditional studies of the
effects of estrogens on the prostate,
only high doses were used, and only
the decrease in prostate weight was
observed. However, other effects
have been observed in adult mice
that received DES in low doses dur-
ing fetal life. A similar inverted-
U dose-response curve was observed
for a behavioral effect of the same
prenatal doses of DES. Specifically,
at low doses of DES, adult mice
displayed increased territorial behav-
ior, but at the highest dose,
territorial behavior declined signifi-
cantly.'¢

The current risk-assessment
model—the basic design for toxico-
logical tests—that assumes a simple
monotonic relationship between
dose and response cannot accom-*
modate a data set in which response
first increases and then decreases as
the dose increases.
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Circular Reasoning

In the traditional model, informa-
tion from the high-dose study is
used to predict effects at lower doses
found in the environment, which
are virtually never directly tested.””
This constitutes circular reasoning.
That is, the assumptions drive the
study design, and researchers sim-
ply don’t examine low doses. Fail-
ure to directly study low-dose effects
reinforces the misconception that
there is, in fact, a safe dose for cer-
tain endocrine-disrupting chemi-
cals. This has lead to false conclu-
sions concerning safe doses of these
substances.

We have found permanent, and
thus adverse, effects for every one
of the endocrine-disrupting chemi-
cals we tested at doses below the
supposedly safe levels derived from
results of very high-dose studies, in-
cluding the plastic monomer
bisphenol A'® and two insecticides,
DDT and methoxychlor.’ Meth-
oxychlor is still in use in agricul-
tural and other applications. [t is
likely that other endocrine-disrupt-
ing chemicals will also be found to
produce adverse effects at doscs be-
low the established safe-intake level.

Dependingon the dose used in a
toxicological study, very different
conclusions about the effects of an
endocrine-disrupting chemical can
be reached. This leads to the ques-
tion of how doses are selected in tra-
ditional toxicological studies and
how the data from these studies are
used in risk assessment.

In che traditional model, the
highest dose is established at a level
that produces acute toxicity, such as
a 10-percent reduction in body
weight. The middle dose is typically
about five times lower than the
highest dose, and the lowest dose
used is typically 10 to 50 times
lower than the highest dose. The

lowest of these three doses is ex-




pected to be the no-observable-ad-
verse-effect level. To account for sev-
eral uncertainties inherent in ex-
trapolating the results from animals
to humans, and because individu-
als vary in their response to chemi-
cals, this level is reduced by a factor
of 100. This adjusted dose is sup-
posedly safe and predicted not to in-
crease risk from exposure to the
chemical.

From these data, EPA establishes a
level of safe exposure—a reference
dose—and the FDA establishes an ac-
ceptable daily-intake dose. Is this
method of calculating risk adequate
to predict the possibility that much
lower doses found in the environment
might have effects mediated by hor-
monal response systems that operate
at millions of rimes lower doses?

In our study with DES, we found
that the prostate of the developing
fetus was permanently enlarged by
a maternal dose 10,000 times lower
than the 200-microgram-per-kilo-
gram dose that caused an acute toxic
effect, including decreased body
weight and an inhibition of normal
prostate development. We also
found
than the acutely toxic 200-micro-
gram-per-kilogram dose did not sig-
nificantly stimulate or inhibit pros-
tate development relative to un-
treated males and did not signifi-
cantly decrease body weight.?® This
dose would traditionally be consid-
ered the no-observed-adverse-effect
level, and would be used as the ba-

that a dose 10 times lower

sis for calculating safe exposure lev-
els. Correcting 100-fold for uncer-
tainties, the predicted safe dose of
DES would still be 100-times
higher than the maternal dose that
permanently enlarged the prostate
in male offspring.

Is it reasonable to assume that
other estrogenic chemicals will also
show an inverted-U dose-response
relationship similar to that for DES

and estradiol? Unless all environmen-
tal estrogenic endocrine disruptors
behave differently from our natural
estrogen estradiol and the manufac-
tured estrogenic chemical DES, we
have to assume that in a traditional
toxicology study design, the endo-
crine-disrupting effects at low
doses—in many cases similar to
amounts being consumed by
people—could be missed. We pro-
pose that until endocrine-disrupt-
ing chemicals are tested using doses
within the environmentally relevant
range that people and wildlife are
being exposed to, we cannot assume
that these exposure levels are safe.
Current testing procedures need to
be revised, and chemicals in use to-
day that are being released into the
environment need to be tested for
endocrine-disrupting effects at en-
vironmentally relevant doses.

No Threshold Dose

Not only do we find that very low
doses of estrogenic chemicals can
have significant adverse effects, we
also maintain that there is no
threshold, or level of exposure be-
low which there is no effect. The no-
threshold-dose hypothesis has been
tested in sex-determination studies
in turtles and in breast cancer stud-
ies in women. These studies have
shown that there is no threshold
below which there is no response to
estrogenic chemicals. There may
also be no threshold for a response
to other endocrine disruptors that
operate through different endog-
enous response mechanisms.

The concept of a threshold for
any potential toxicant is a theoreti-
cal concept because no matter how
low the dose that gives a statistically
significant response, it can always
be argued that the threshold lies
somewhere below that dose and was
missed by the experiment. Also,
even if a large number of animals

are examined in a study, research re-
sults may show no significant dif-
ference between the control and the
animals that received the dose. This
may suggest that there is a thresh-
old. However, by further increasing
the number of animals in these stud-
ies, a significant response may be
revealed no matter how small the
dose. In many cases, therefore, the
question of whether a threshold ex-
ists cannot be resolved.

However, in some circumstances,
it is possible to show that a thresh-
old dose will not be observed in an
experiment involving administra-
tion of a chemical that mimics the
activity of a natura] hormone—such
as estradiol—that is already present
at levels above the threshold for re-
sponses. In this situation, whether
or not there is a threshold for a par-
ticular response to the endogenous
hormone is irrelevant, because re-
sponses to the hormone are being
observed. For example, consider the
situation in which the maternal ova-
ries and placenta are sccreting estro-
gen that passes into the fetal circu-
lation—which occurs in a human
pregnancy—and estrogen causes ir-
reversible developmental effects. The
threshold for an estrogenic effect is
already exceeded by the animal’s own
estrogens before any dose of an estro-
genic endocrine-disrupting chemical
is administered to the animal.

In rodents, for example, endog-
enous estradiol influences develop-
ment of numerous tissues and al-
ready exceeds the threshold dose.
Very small changes in circulation of
estradiol produce lifetime differences
in the functioning of organs.?' This
natural estrogen thus causes irrevers-
ible effects. Any added dose, no mat-
ter how low, of an estrogenic chemi-
cal that increases the number of es-
trogen receptors activated by estro-
gen will permanently alter the course
of development, and thus experi-
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mentally no threshold dose will be
observed.??

Of Turties and Women

In some species such as turtles and
lizards and in all crocodilians, tem-
perature determines whether the
animal develops testes or ovaries.??

Unlike mammals and birds, these
animals possess no X,Y chromo-
somes that determine sex. Instead,
the incubation remperature of the
egg in which the embryo develops
determines gonadal sex. For the red-
eared slider turtle, for example, dur-
ing embryonic life, low temperatures
stimulate production of testes and
produce males, while higher tem-
peratures spur production of ova-
ries and produce females. At inter-
mediate temperatures, different pro-
portions of males and females are
found, with the proportion of fe-
males increasing with temperature.
The evidence is that the level of en-
dogenous estrogen production in
the egg is controlled by temperature
and that estrogen mediates sex de-
termination.

If estradiol or other estrogenic
chemicals are applied to the eggshell
at temperatures that would nor-
mally lead to the development of
testes, the undifferentiated embry-
onic gonads develop into ovaries. As
temperature increases, lower doses of
exogenous estrogen are required to
produce ovaries in the embryos that
would otherwise become males, be-
cause background levels of endogenous
estradiol increase as temperature in-
creases. Conversely, when eggs are in-
cubated at the higher temperatures
that normally produce all females, ad-
ministration of an inhibitor of the en-
zyme aromatase—the critical enzyme
involved in the synthesis of estra-
diol—results in a decrease in the pro-
portion of embryos with ovaries. In-
stead, embryos develop testes.

Incubation of eggs at tempera-

tures that produce a minority of fe-
males meets the criteria for testing
the threshold-dose hypothesis. At
these temperatures there is a mea-
surable background incidence of sex
reversal-—formation of ovaries
rather than testes. This is due to the
elevated circulating level of endog-
enous estrogen in the eggs that oc-
curs because of a slight increase in
temperature over levels that result
in 100-percent males.

Analysis of three published estra-
diol dose-response data setsreveals no
threshold dose.” This means thatany
dose, no matter how low, will result
in some response, and that the inci-
dence of the response at any dose be-
low the lowest one used in the ex-
periment can be directly calculated.

Thus, a dose that produces no ef-
fect does not exist. There can be no
safe dose.

Numerous human studies have
established that some women may
develop breast cancer even if they
are never exposed to any exogenous,
endocrine-disrupting chemicals.?
Likewise, in animals, ovarian estro-
gens increase the incidence of breast
cancer in a variety of experimental
models, and the incidence of breast
cancer is markedly lower in ovariec-
tomized animals.?® Treatment of
ovary-intact animals with any one
of a wide variety of estrogens in-
creases the incidence of breast can-
cer above that found in controls be-
cause there is an increase in estro-
genic stimulation of the breast.
Therefore, women, as a population,
are already above the threshold dose
for estrogen-induced disease, and
exposure of breast tissue to estro-
genic endocrine disruptors at any
dose should increase the risk for
breast cancer.

Reception Problems

The breast cancer example shows
that exposure to endogenous hor-
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mones at concentrations within the
normal range can, at some stages of
life, induce adverse effects and con-
tribute to the background prevalence
of adverse effects within a popula-
tion. Another example is that the
incidence of testicular cancer in
males has been related to fetal expo-
sure to levels of natural estrogen.?”’

These findings lead to two con-
clusions. First, since the background
incidence of adverse effects such as
breast and rtesticular cancer is al-
ready high, there is no threshold
dose for exogenous estrogenic
chemicals to increase the likelihood
of these adverse effects. This lack of
a threshold dose is of profound im-
portance. It means that every dose
carries risk. There is no safe dose;
there are only levels of risk that so-
ciety deems acceptable.

Second, inverted-U dose-re-
sponse curves are a consequence of
normal physiological regulatory
mechanisms under the control of
endogenous hormones. Such non-
monotonic, inverted-U curves are
commonly encountered in endocri-
nology.

One reason fora lower response at
high doses is that high doses can de-
crease the numbers of hormone re-
ceptors in hormone-responsive cells
while much lower doses of the hor-
mone can produce an increase in re-
ceptors.”® Also, hormones usually bind
to their corresponding receptors: es-
trogen to estrogen receptors, andro-
gens to androgen receptors.

At high, toxicological doses, hor-
mones may bind to inappropriate
receptors. For example, at high
doses, estradiol binds not just to es-
trogen receptors, but also to andro-
gen receptors that normally bind to
the masculinizing hormone test-
osterone. This interferes with the ef-
fects of androgen in cells. During
fetal life, this permanently interferes
with normal masculinization in




males. Thus, at high doses, estro-
genic chemicals interfere with a cell’s
ability to respond normally to other
hormonal signals.

Within the normal physiological
range of hormonal activity, there is
a delicate equilibrium that hormone-
mimicking environmental chemicals
disrupt. High or toxic doses of natu-
ral hormones or hormone-mimicking
chemicals can produce effects that are
dramatically different from low doses
that disrupt this balancing act.

An important issue with regard
to the concern over permanent ef-
fects of endocrine disruptors dur-
ing fetal life is that effects in fetuses
can be quite different from effects
of the same chemicals in adults.
This finding relates to whether the
principle of homeostasis, the regu-
latory mechanisms that govern the
maintenance of a constant internal
environment, can be applied to em-
bryos and fetuses based on studies
of these same mechanisms in adults.
While some regulatory mechanisms
exist in the developing organism,
homeostasis as described in adulcs
does not.

For example, administration of a
high dose of estradiol to pregnant
mice results in an increase in circu-
lating testosterone in male fetuses,
while high doses of the same hor-
mone in adults result in a decrease
in testosterone.?” In addition, female
fetuses have high levels of pituitary
gonadotropic hormones, which
regulate estrogen levels in adults,
together with high levels of circu-
lating estrogen. This is clearly in-
consistent with the homeostatic
mechanisms of the adult female en-
docrine system in which estrogen
exerts a negative feedback effect on
the pituitary and suppresses the go-
nadotropic hormones.?® Therefore,
studies of adults cannot predict how
hormones and hormonally active
chemicals will behave in the fetus.

Recent research has revealed new in-
formation about the way estrogenic
endocrine-disrupting chemicals be-
have. This information seriously jeop-
ardizes the validity of traditional toxi-
cological studies. In fact, we can now
say that there is a biologically plau-
sible basis for the hypothesis that there
is no safe or threshold dose of these
chemicals. These issues, which have
now been addressed for two classes of
endocrine disruptors—estrogenic
chemicals and dioxin-like chemicals—
now need to be explored in many other
experimental systems and for other
classes of endocrine disruprors.”*

As we obtain more information
and a better understanding of how
these previously unanticipated phe-
nomena occur, the procedures for
establishing socially acceptable ex-
posure levels will likely change. If
we accept that endocrine-disrupting
chemicals do not show a response
threshold in some circumstances,
we will have to abandon the tradi-
tional concept that there are safe ex-
posure levels that pose no increase
in risk. We should acknowledge that
there are risks involved in the use
of products containing endocrine-
disrupting chemicals and establish
levels of risk that society deems
acceptable.m

Frederick S. vom Saal is a repro-
ductive endocrinologist in the Divi-
sion of Biological Sciences at the Uni-
versity of Missouri, Columbia, and
Daniel M. Sheehan is a developmen-
tal toxicologist at the National Cen-
ter for Toxicological Research, U.S.
Food and Drug Administration in
Jefferson, Arkansas.®

NOTES

1. F.S vom Saal, "Sexual differentiation
in litter bearing mammals: influence of sex of

adjacent fetuses in utero,” Journal of Animal
Science 67 (1989), pp. 1824-1840; F.S. vom
Saal et al., "Prostate entargement in mice
due to fetal exposure to low doses of
estradio! or diethylstilbestrol and opposite
effects at high doses,” Proceedings of the
National Academy of Science 94 (1997), pp.
2056-2061.

2. T. Colburn and C. Clement, Chemically
induced alterations in sexual and functional
development: The wildlife/human connec-
tion (Princeton, NJ. Princeton Scientific
Publishing, 1992); T. Colborn, F.S. vom Saal,
and A.M. Soto, “Developmental effects of
endocrine disrupting chemicals in wildlife
and humans,” Environmental Health Per-
spectives 101 (1993), pp. 378-384.

3. R.J. Kavlotk et al., "Research needs
for the risk assessment of health and
environmental effects of endocrine disruptors:
A report of the U.S. EPA-sponsored work-
shop.” Environmental Health Perspectives
104 {1996), pp. 715-740.

4. J. Asbyetal., “The challenge posed by
endocrine-disrupting chemicals,” Environmen-
tal Health Perspectives 105{1997), pp. 164-169

5 J.L. Jacobson and S.W. Jacobson,
"Intellectual impairment in children exposed
to polychlorinated biphenyls in utero,” New
England Journal of Medicine 335 {1996}, pp.
783-791; E. Lonky et al., "Neonatal behavioral
assessment scale performance in humans
influenced by maternal consumption of
environmentally contaminated Lake Ontario
fish,” Journal of the Great Lakes Res 22
{1996), pp. 198-212.

6. DM. Fry and C.K.Toone, "DDT-in-
duced feminization of gull embryos,” Sci-
ence 213 {1981}, pp. 922-924; J.L. Jacobson
and S.W. Jacobsan, “Intellectual impairment
in children exposed to polychlorinated
biphenyls in utero”; Lonky et al., “"Necnatal
behavioral assessment scale performance;”
H.B. Daly et al., “Maternal consumption of
Lake Ontario salmon in rats produces
behavioral changes in the offspring,” Tox/-
cology and Industrial Health 14 (1998), pp.
25-39; F.S. vom Saal et al., “A physiologically
based approach to the study of bisphenol A
and other estrogenic chemicals on the size of
reproductive organs, daily sperm production,

Fall 1998 « 17




and behavior,”
Health 14 (1998).

7. Compilation of laws enforced by the
U.S. Food and Orug Administration and
related statutes, vol. 2 (Washington, DC: U.S.
Government Printing Office, 1996); Safe
Drinking Water Act amendment of 1996,
Public Law 104-182; http://www.epa.gov/
watrhome/regs/sdwa.htmi.

B. Kavlock et al., (1996), "Research
needs for the risk assessment of health and
environmental effects of endocrine disruptars:
A report of the U.S. EPA-sponsored work-
shop.”

9. E.J. Calabrese and L.A. Baldwin, "The
dose determines the stimulation {and poison):
Development of a chemical hormesis data-
base," International Journal of Toxicology 16
{1997), pp. 545-559.

10. W.R. Kelce et al., “Persistent DDT
metabolite p,p’-DDE is a potent androgen
receptor antagonist,” Nature 375 {1995), pp.
581-585; T. Colborn, M.J. Smolen, and A.
Rolland, “Environmental neurotoxic effects:
The search for new protocols in functional
teratology,” Toxicology and Industrial Health
14 (1998}, pp. 9-23.

11. vom Saal et al., "Prostate enlargement
in mice.”

12. Society of the Plastics Industry, "Re-
port on the potential exposures to bisphenot
A from epoxy can coatings” {Washington,
DC: 1996).

13. S.C. Nagel et al., "Relative binding
affinity-serum modified access (RBA-SMA)
assay predicts the relative in vivo bioactivity
of the xenoestrogens bisphenol A and
octylphenol,” Enviranmental Health Perspec-
tives 105, pp. 70-76.

14. J.B. Colerangle and D. Roy, “Profound
effects of the weak environmental estrogen-
like chemical bisphenol A on the growth of
the mammary gland of noble rats,” Journal of
Steroid Biochemistry and Molecular Biology
60, (1997), pp. 153-160; R. Steinmetz et al.
“The environmental estrogen bisphenol A
stimulates prolactin release in vitro and in

Toxicology and Industrial

vivo," Endocrinology 138 (1997), pp. 1780-
1786.

15. vom Saal et al., "Prostate enlargement
in mice.”

16. F.S. vom Saal et al., “Estrogenic
pesticides: Binding relative to estradiol in
MCF-7 cells and effects of exposure during
fetal life on subsequent territorial behavior in
male mice,” Toxicology Letters 77 (1995), pp.
343-350.

17. Calabrese and Baldwin, “The dose
determines the stimulation {and poison).”

18. Nagel et al., “Relative binding affinity-
serum modified access (RBA-SMA}"; W.V.
Welshons, F.S. vom Saal, and S.C. Nagel,
“Bisphenol A in food cans: An Update,”
Environmental Health Perspectives 105
(1997}, pp. 571-572.

19. vom Saal et al., “Estrogenic pesti-
cides.”

20. vom Saal et al., “Prostate enlargement
in mice.”

21, vom Saal, "Sexual differentiation in
litter bearing mammals”; M.M. Montano,
W.V. Welshons, and F.S. vom Saal, "Free
estradiol in serum and brain uptake of
estradiol during fetal and neonatal sexual
differentiation in female rats.” Biology of
Reproduction 53 {1995}, pp.1198-1207; vom
Saal et al., "Prostate enlargement in mice.”

22. D.G. Hoel, “Incorporation of back-
ground in dose-response models,” Feders-
tion Proceedings 39 (1980), pp. 73-75; D.W.
Gaylor et al., "The threshold dose question in
teratogenesis,” Teratology 38 (1988}, pp.
389-391; G.P. Daston, "Do thresholds exist
for developmental toxicants? A review of the
experimental and theoretical evidence,” H.
Kalter, eds., in /ssues and Reviews in
Teratology, vol.8, pp 169-197 (New York:
Plenum Press, 1993).

23. D. Crews et al., “Temperature-depen-
dent sex determination in reptiles: Proximate
mechanisms, ultimate outcomes, and practi-
cal applications,” Developmental Genetics
15 {1994) pp. 297-312.

24.1bid.

18 & FORUM for Applied Research and Public Policy

25. A. Clarke, A.B. Dickson, and M.E.
Lippman, “Hormonal aspects of breast
cancer: Growth factors, drugs and stromal
interactions,” Critical Review of Oncology
and Hematology 12 (1992), pp.1-23.

26. T.L.S. Tsai and Katzenellenbogen,
“Antagonism of development and growth of
7.12-dimethylbenz({a)anthracene-induced rat
mammary tumors by the antiestrogen RU
23,469 and effects on estrogen and progest- ‘
erone receptors,” Cancer Research 37
{1997), pp. 1537-1543

27. R.M. Sharpe and N.E. Skakkebaek,
“Are oestrogens involved in falling sperm
count and disorders of the mals reproductive
tract?” Lancet 341 (1993), pp. 1392-1395.

28. K.L. Medlock, T.M. Forrester, and D.M.
Sheehan, "Short-term effects of physiologi-
cal and pharmacological doses of estradiol on
estrogen receptor and uterine growth,”
Journal of Receptor Research 11{1931), pp.
743-7; K L. Medlock et al., “Estradiol down-
regulation of the rat uterine estrogen
receptor,” Proceedings of the Society for
Experimental Biology and Medicine 196
(1991}, pp. 293-300; vom Saal et al., "Prostate
enlargement in mice.”

29. vom Saal et al, “Prostate enlargement
in mice.”

30. F.S. vom Saal, C.E. Finch, and J.F. Nelsaon,
“Natural history and mechanisms of aging in
humans, laboratory rodents and other selected
vertebrates,” in Physiclogy of Reproduction, E.
Knobil, J. Neill and D. Pfaff, eds. (New York:
Raven Press, 1994), pp. 1213-1313.

31.G.W. Lucier, C.J. Portier,and M.A. Gallo,
“Receptor mechanisms and dose-response
models for the effects of dioxins,” Environ-
mental Health Perspectives 101 (1993), pp.
36-44; C.J. Portier et al. {1993), "Ligand/
receptor binding for 2,3,7,8-TCOD: Implica-
tions for risk assessment,” Fundamental and
Applied Toxicology 20 (1993), pp.48-56.

32. The opinions expressed here do not
necessarily represent those of the Food and
Brug Administration.




