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Abstract

Many estrogenic chemicals found in the environment (xenoestrogens) show a lower a�nity for plasma estrogen binding

proteins relative to the natural estrogens such as estradiol. These binding proteins, which include alphafetoprotein in rats and
mice, sex hormone binding globulin in humans, and albumin in all species, regulate estrogen uptake into tissues. Therefore, the
in vivo estrogenic potency relative to estradiol of xenoestrogens that show lower binding to these serum proteins will thus be

underestimated in assays that compare the potency of xenoestrogens to estradiol and do not take serum binding into account.
We have examined the e�ects of the binding components in serum on the uptake of a number of xenoestrogens into intact
MCF-7 human breast cancer cells. Since most estrogenic chemicals are not available in radiolabeled form, their uptake is

determined by competition with [3H]estradiol for binding to estrogen receptors (ER) in an 18-h assay. Serum modi®ed access
(SMA) of cell uptake of xenoestrogens is calculated as the RBA in serum-free-medium6the RBA in serum, and the bioactive
free fraction of xenoestrogen in serum is then also calculated. We predicted the concentration of two xenoestrogens, bisphenol A
and octylphenol, required to alter development of the prostate in male mouse fetuses. Whereas octylphenol was predicted to be

a more potent estrogen than bisphenol A when tested in serum-free medium, our assay predicted that bisphenol A would be
over 500-times more potent than octylphenol in fetal mice. The ®nding that administration of bisphenol A at a physiologically
relevant dose predicted from our in vitro assay to pregnant mice from gestation day 11 to 17 increased adult prostate weight in

male o�spring relative to controls (similar to the e�ect of estradiol), while the same doses of octylphenol did not alter prostate
development, provided support for our hypothesis. # 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

It has been suggested that environmentally relevant

exposures to chemicals currently present in the en-

vironment have the ability to disrupt the endocrine

system of humans and wildlife, and these chemicals

have been termed `endocrine disruptors' [1]. An endo-

crine disruptor is de®ned by the US Environmental

Protection Agency as `an exogenous substance that

changes endocrine function and causes adverse e�ects

at the level of the organism, its progeny, and of popu-

lations or organisms' [2]. A number of these chemicals

in the environment have estrogenic activity and are

referred to as `xenoestrogens', as they are produced

outside of the body. Phytoestrogens are naturally

occurring xenoestrogens produced by plants [3±6],

however, most xenoestrogens are synthetic compounds

produced by man. While some xenoestrogens were

designed to be estrogenic, such as ethinyl estradiol

which is used in oral contraceptives, many xenoestro-

gens were designed for other purposes and only coinci-

dentally have estrogenic activity [7±9].

There are more than 75,000 man-made chemicals in

the Toxic Substances Control Act Inventory, but only
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a few have been tested for endocrine disrupting e�ects.
At this time about 60 chemicals have been identi®ed as
endocrine disruptors. For example, bisphenol A and
the alkylphenols, nonylphenol and octylphenol, have
been reported to have estrogenic activity [7±11].
Bisphenol A is an essential component of epoxy resins
used in the lacquer lining of metal food cans [12], as
the monomer used to manufacture polycarbonate plas-
tics [8], in some dental sealants [13], and as a ¯ame re-
tardant (after bromination). Bisphenol A leaches out
of products into food or liquids stored in containers
made from or lined with bisphenol A [8,13].
Approximately two billion pounds of bisphenol A are
produced per year. Some alkylphenols, such as octyl-
phenol and nonylphenol, which are used in a wide var-
iety of detergents and plastics, have been reported to
show estrogenic activity as well as environmental per-
sistence [9]. These chemicals are found in rivers near
textile mills and have been related to developmental
abnormalities in ®sh living in these rivers [14,15].
Many other synthetic compounds have also been
reported to show estrogenic activity [16].

2. The issue of relative potency of xenoestrogens and
estradiol

A critical issue with regard to the hypothesis that
amounts of endocrine disrupting chemicals being
encountered by wildlife and human populations are
su�cient to result in adverse e�ects relates to both the
potency of the compounds and the type of e�ect being
examined. Many xenoestrogens have been considered
safe because they exhibit very low acute toxicity.
However, these same chemicals can show estrogenic
activity at concentrations many orders of magnitude
below the concentration at which toxicity occurs
[17,18]. Furthermore, some xenoestrogens show estro-
genic activity in mice and in cell culture systems at
concentrations within the range of current human and
wildlife exposure to these chemicals [19,20].

Many in vitro assays used to assess potency of
xenoestrogens relative to estradiol have not taken into
account a number of critical factors that in¯uence the
bioactivity of a xenoestrogen in vivo. The bioactivity
of a xenoestrogen in the animal is determined by the
concentration that reaches intracellular estrogen recep-
tors, and this concentration is in¯uenced by a number
of factors. Some of these factors include absorption,
metabolism and rate of clearance relative to the route
of administration, partitioning, serum transport, a�-
nity for estrogen receptor subtype in the cell, and the
interaction of the ligand-receptor complex with tissue-
speci®c transcription factors. Many of these factors are
currently being addressed by our laboratory and
others. In this paper we summarize how incorporating

just one additional factor, serum transport, with the
assessment of a�nity for the estrogen receptor into a
cell culture assay system, signi®cantly improves the
prediction of biological activity of some xenoestrogens
in fetal mice over in vitro assays that do not incorpor-
ate this factor.

A number of investigators have shown that some
xenoestrogens which show full activity as estrogen
receptor agonists show little or no binding to the
speci®c high a�nity estrogen binding plasma proteins
sex hormone binding globulin (SHBG) in humans, and
alphafetoprotein (AFP) in rats and mice [21±27].
These ®nding have led to suggestions that the in vivo
potency of these xenoestrogens will be increased rela-
tive to estradiol, which shows signi®cant binding to
these plasma proteins. In contrast to the approach of
examining speci®c components of blood for their inter-
action with xenoestrogens, we will describe below our
cell culture assay system using human MCF-7 breast
cancer cells and complete serum. We use this assay sys-
tem to compare the ability of an xenoestrogen to pass
into cells and bind to intracellular estrogen receptors
from medium containing 100% human serum, com-
pared to medium containing no serum. This assay sys-
tem thus takes into account the e�ects of all
components of serum on cell uptake of xenoestrogens.
One of the objectives of developing this new assay sys-
tem was to determine the physiological range of ac-
tivity of xenoestrogens. Prior to discussing the assay
system, we will discuss the issue of physiologically rel-
evant doses, since this is an issue that has been largely
ignored in both in vitro and in vivo pharmacological
and toxicological studies in which estrogenic chemicals
have been examined.

3. Physiological range of activity of estradiol:
concordance of in vitro studies with MCF-7 cells and in
vivo studies with mice

The mechanism of action for steroidal estrogens has
been well characterized, so when examining a xeno-
biotic's potential for estrogenic activity much is
already known about its mechanism of action.
However, in many areas of research this information
has been largely ignored when designing studies to
examine the mechanisms of action of xenobiotics that
act through endogenous hormone receptors. For
example, estrogen receptor-mediated responses occur
at low receptor occupancy, most often between 0.1
and 10% receptor occupancy. This corresponds to a
concentration 10 to 1000-fold lower than the dis-
sociation constant (Kd) for hormone receptor complex.

However, many experiments designed to study the
estrogen receptor-mediated e�ects of xenoestrogens are
conducted at hormone concentrations far above those
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that saturate estrogen receptors, many orders of mag-
nitude above their dissociation constant (Kd). E�ects
seen at these ligand concentrations cannot be assumed
to be mediated through the estrogen receptor, since at
very high concentrations, there can be considerable
binding of estrogenic chemicals to other steroid recep-
tors, e�ects on enzyme systems, as well as general
toxic e�ects. The very high doses of xenoestrogens,
which are typically used in toxicological studies [28], as
well as in studies of estrogen action are thus not within
a physiological range of estrogenic activity. In the next
section we will describe how we established the physio-
logical range of estrogenic activity in mouse fetuses.
The bioassay that we used to detect changes in estro-
genic activity during fetal life was the size of the pros-
tate in subsequent adulthood. The physiological range
of activity of estradiol and xenoestrogens in this in
vivo assay system corresponds closely with ®ndings
from studies using cultured human MCF-7 cells.

4. Estrogen action in adults and fetuses

Steroidal estrogens circulate and act in both males
and females. However, estrogens have been best
characterized with regard to regulating a variety of
functions in females, such as stimulation of growth
and activity of the mammary gland and endometrium,
preparation of the female reproductive tract for sper-
matozoal transport, and stimulation and maintenance
of female secondary sexual characteristics [29]. These
actions typically seen in the adult are referred to as
activational e�ects and are reversible, i.e. once the es-
trogen is removed the response diminishes. However,
there can also be irreversible e�ects of estrogens in
adults. At puberty in humans in both males and
females, epiphyseal fusion is estrogen dependent and
irreversible [30]. In mice and rats during pregnancy,
mammary gland di�erentiation requires estrogen, pro-
gesterone, and prolactin [31], and some changes persist
in the postpartum mammary gland relative to the pre-
pregnant state. However, most described actions of es-
trogens in adults are reversible.

In the fetus, however, estrogens have developmental
e�ects in both males and females which are irreversible
and permanent (referred to as organizational e�ects).
A considerable amount of work has demonstrated that
the perinatal mouse (a period which corresponds to
sexual di�erentiation in the human fetus during the
second trimester) is sensitive to the permanent organiz-
ational e�ects of exogenous estrogen exposure,
prompting Dr. Howard Bern to coin the term `fragile
fetus' to describe this phenomenon [32]. In addition,
evidence suggests that the fetus may in fact be very
sensitive to endogenous estrogens [33±35], and this is
discussed in more detail below.

In addition to the developmental e�ects observed
from exposure to estrogens in rodents, humans
exposed in utero to the synthetic estrogen diethylstil-
bestrol (DES) throughout the 1950's and 1960's illus-
trate the disastrous and irreversible e�ects that
exposure to a high dose of a xenoestrogen can have
during development. DES was administered to preg-
nant women in the mistaken belief that this would pre-
vent spontaneous abortion and promote healthy
pregnancies [36,37]. `DES sons and daughters' have ex-
perienced an increase in reproductive tract cancers and
other abnormalities, as well as subfertility and inferti-
lity due to administration of DES to their mothers
during the ®rst trimester of pregnancy [36,37]. Our pri-
mary interest in xenoestrogen action is centered
around potential e�ects in fetuses during development
due primarily to the permanent e�ects that estrogens
can have during this time.

5. The intrauterine position phenomenon: correlation
between estradiol and prostate development in fetal mice

Our interest in the relationship between estrogen
and prostate development began with an observation
which, at ®rst, appeared to contrast with the accepted
view that exposure to an increase in estrogen inhibited
normal prostate development in rodents [34,38]. We
had observed that there were higher serum concen-
trations of estradiol in female relative to male mouse
fetuses, and higher serum testosterone levels in male
relative to female mouse fetuses [39±41]. The transport
of both estradiol and testosterone between adjacent
fetuses within a uterine horn serves as a source of vari-
ation in these steroids during fetal life. We refer to this
as the intrauterine position phenomenon, which is
mediated by steroid transport between fetuses across
the placental membranes via the amniotic ¯uid [42]. As
a consequence of steroid transport between fetuses,
male mice that develop in utero between two female
fetuses (2F males) are exposed to higher blood concen-
trations of estradiol (about 35% di�erence) and lower
blood concentrations of testosterone (about 30%
di�erence) than are male fetuses that develop between
two male fetuses, referred to as 2 M males [41]. There
are a wide range of traits that di�er as a function of
random intrauterine placement in comparisons of both
males and females [41]. With regard to the prostate
and other reproductive organs, however, a logical pre-
diction would be that 2 M males would have enlarged
reproductive organs relative to 2F males. In contrast,
the prostate in 2F males was found to be signi®cantly
larger (by about 30%) than that in 2 M males. The
enlarged prostate in 2F males was associated with a
three-fold greater number of prostatic androgen recep-
tors in 2F relative to 2 M males [35].
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An important aspect of studies of the relationship
between natural variation in gonadal steroid concen-
trations in fetal blood and subsequent phenotype is
that the normal physiological range of activity of these
hormones during fetal life was established.
Development of a modi®cation of a procedure (cen-
trifugal ultra®ltration dialysis) for determining the very
low percent of total estradiol not bound to plasma
binding proteins (the free fraction) in rat and mouse
fetuses was critical in this regard [43]. Prior studies
had only determined total (bound plus free) levels of
circulating estradiol during development. However, it
is well recognized that the free fraction of circulating
steroids has signi®cantly greater predictive value for
clinical outcomes relative to information provided by
only total concentrations. These experiments provided
a basis for comparison of the free concentration of cir-
culating estradiol in rodents and the bioactive concen-
tration of estradiol in cultured human breast cancer
cells. In addition, they provided the basis for predic-
tions concerning the consequences of altering blood
levels of estradiol during critical periods of organ
development in mice.

6. E�ects on prostate development of an experimental
increase in estradiol in male mouse fetuses

We examined the hypothesis that an increase in
estradiol within a physiological range during fetal life
would permanently increase prostate size. We exper-
imentally increased serum estradiol levels in male
mouse fetuses during the time of fetal prostate devel-
opment by implanting pregnant females with a Silastic
capsule containing estradiol [44]. The dose of estradiol
that we chose to administer via Silastic capsule
resulted in a 50% increase in free serum estradiol in
male mouse fetuses from 0.2 pg/ml (in controls) to 0.3
pg/ml. This 0.1 pg/ml increase in free serum estradiol
was associated with an increase in total serum estradiol
of 52 pg/ml (from 94 pg/ml in controls to 146 pg/ml;
the percent free estradiol in fetal mouse serum was
0.2% in both). This increase in estradiol was chosen
since it produced a mean value for serum estradiol in
all treated male fetuses that was at the high end of the
normal range of estradiol values measured in the
serum of individual 2F males (that have the highest
levels of circulating estradiol), and thus represented an
increase in estradiol that was within the normal phys-
iological range.

The 0.1 pg/ml increase in free serum estradiol
increased the number of developing prostate glands by
40%, based on a three-dimensional reconstruction of
the prostate collected from male fetuses on gestation
day 18, one day after initiation of fetal prostate devel-

opment [44]. In addition, the developing prostatic
glandular ducts were enlarged in estrogen-treated
males relative to control males. This e�ect on the pros-
tate was permanent. In adulthood, males exposed to
the 50% increase in estradiol during fetal life had
enlarged, hyperplastic prostates (by 40%) that showed
a six-fold increase in prostatic androgen receptors rela-
tive to prenatally untreated males. The same perma-
nent stimulation of prostate growth in male mice
occurred with maternal ingestion of 0.02, 0.2, or 2 mg
of DES per kg body weight per day from gestation
day 11±17. Males exposed during fetal life to these low
doses of DES had signi®cantly enlarged prostates in
adulthood relative to control males [44].

7. Opposite e�ects of high (toxicological/
pharmacological) and low (physiological-range) doses of
estrogen on the developing prostate in male mice

Using diethylstilbestrol (DES) as an example, we
have shown how ignoring the issue of dose can lead to
false conclusions about doses of estrogenic chemicals
that appear not to produce an e�ect (referred to as the
NO E�ect Level or NOEL in toxicological studies).
We fed pregnant mice a broad (5-log) range of doses
of DES, and we found opposite e�ects on the prostate
in adult mice exposed as fetuses to the highest dose of
DES from those seen at much lower doses.
Speci®cally, as described above, the prostate in male
o�spring was permanently enlarged by feeding preg-
nant mice (from gestation day 11±17) low doses of
DES (0.02, 0.2 and 2.0 mg/kg body weight). In marked
contrast to the e�ects of these low doses of DES, the
prostate was permanently reduced in size by a dose of
200 mg DES/kg body weight, which is 10,000-times
higher than the 0.02 mg/kg dose that increased prostate
size [44]. The possibility of opposite e�ects occurring
at high (toxicological) and low (physiologically rel-
evant) doses has relevance not only in toxicology, but
also in endocrinology and in the study of pharmaceuti-
cals and other xenobiotics.

8. Steroid binding proteins and the free fraction of
estradiol in serum

Steroidal estrogens circulate in blood associated
with serum proteins [46]. This association reduces
hepatic metabolism and thus their clearance [47]. In
adult women, approximately 2, 4, and 8% of the
total estradiol, estrone and estriol is free, respectively
[48,49]. The glycoproteins, sex hormone binding glo-
bulin (SHBG) in humans and alpha-fetoprotein in
mice and rats, are speci®c estrogen binding proteins
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[22,49]. An SHBG homodimer [50] binds both testos-

terone and estradiol with high a�nity (Kd 1 1.5 nM)
and circulates at approximately 30 nM in men and 40

nM in women [49]. Albumin binds estradiol with

low a�nity (Kd 1 10 mM) but with high capacity,
circulating at around 560 mM. Albumin thus accounts

for 80% of the protein in plasma in both men

and women. In women, of the total circulating estra-

diol, approximately 37% is associated with SHBG,
and approximately 61% is associated with albumin

[49].

About 1 to 3% of the total estradiol is free or
unbound in circulation in adult women and men. The

free fraction of circulating steroid is generally

accepted to be the bioactive fraction [51], i.e., the

fraction that is able to pass from serum, dissolve in
and pass through cell membranes, and bind to intra-

cellular receptors where the estrogen receptor complex

functions as a ligand-dependent transcription factor.
This concept that the free fraction of estradiol is the

bioactive fraction is generally referred to as the free

hormone hypothesis [51,52]. While there is relatively

little information available concerning the free con-
centration of estradiol in di�erent species and at

di�erent physiological and pathological states, it is

widely accepted that the clinically-relevant levels of,
for example, thyroid hormone and testosterone, are

the concentrations of free hormone rather than the

total. Serum estrogen-binding proteins thus provide a

mechanism to limit the cell-uptake of and response to
steroidal estrogens in target issues.

The possibility that SHBG may interact with its

plasma membrane receptor to sequester or deliver
both estradiol and testosterone to target tissues has

also been suggested [53]. The serum proteins SHBG,

AFP and albumin have all been shown to be interna-
lized through receptor-mediated endocytosis in MCF-

7 cells [54,55]. Many tissues in the reproductive tract,

such as the breast and the prostate, contain SHBG

and AFP receptors. Two studies with di�erent cell
lines have examined the role of the SHBG receptor

in determining the bioactive fraction of steroids.

Fortunati et al. [56] examined estrogen stimulated

proliferation of MCF-7 human breast cancer cells,
and Damassa et al. [57] examined the conversion of

testosterone to dihydrotestosterone by LNCaP human

prostate cancer cells. In both of these studies, SHBG
signi®cantly decreased the bioactivity of the steroid.

These ®ndings do not support the hypothesis that the

bioactive fraction of estradiol may include or be

restricted to the SHBG-bound fraction of hormone,
but rather provide support for the free hormone hy-

potheses that albumin as well as SHBG serve to

determine the bioactive fraction of testosterone and
estradiol in serum.

9. Development of an in vitro assay that provides
information concerning the physiological dose range for
xenoestrogens in animal studies

We describe here a new approach that we developed
to incorporate mechanistic information from an in
vitro assay to predict the physiologically relevant
range of activity of xenoestrogens in animals based on
a comparison of activity of the xenoestrogen with that
of estradiol. This approach focuses on the e�ects of
serum in regulating bioactivity of endogenous estro-
gens and xenoestrogens. The following approaches
were used to address the issue of how serum in¯uences
the bioactivity of estradiol and xenoestrogens. First,
the bioactive fraction of estradiol in adult human male
serum was examined (due to ready availability in com-
parison to fetal serum). Speci®cally, saturation analysis
of estrogen receptors in intact MCF-7 cells was used
to compare the whole cell uptake of tritiated estradiol
from serum-free medium with the uptake from serum.
This approach was then modi®ed to determine the
bioactive fraction of xenoestrogens in adult male
serum. This was accomplished using a competition
assay where the ability of a xenoestrogen to inhibit the
binding of tritiated estradiol to estrogen receptors was
compared in serum-free medium with its ability in
serum. Next, the ®ndings of how serum a�ected the
bioactive fractions of xenoestrogens was used to pre-
dict the in vivo estrogenic bioactivity in fetal mice of
two xenobiotics, octylphenol and bisphenol A.

Serum is a complex medium which consists not only
of estrogen binding proteins but also many other pro-
teins and lipoproteins, and in the animal, estrogens
that exert estrogenic activity must travel from serum
through cell membranes prior to binding to intracellu-
lar estrogen receptors. We used 100% human serum
and MCF-7 human breast cancer cells to develop a tis-
sue culture model to measure the bioactive fraction of
estradiol and xenoestrogens in serum. MCF-7 cells
express not only estrogen receptors but also the plasma
membrane receptors for both SHBG and AFP [56,58].
While these receptors have not been found to play a
role in the bioactive fraction of estradiol in serum, the
interaction between estradiol and serum albumin, AFP
and SHBG with their membrane receptors in 100%
serum is also assessed in this assay.

9.1. Determination of the bioactive fraction of estradiol
in adult human serum

In our assay, we ®rst measured the concentration of
[3H]estradiol required in serum-free medium outside of
cells to occupy 50% of estrogen receptors inside of
cells (which occurs at the dissociation constant or Kd).
We note that the Kd of estradiol for the estrogen
receptor measured in this assay (0.053 nM) is indistin-
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guishable from the Kd ®rst measured in cell-free recep-
tor extracts of MCF-7 cells [0.051 nM, [59]]. In adja-
cent wells on the same 24-well plate, the same assay
was performed using 100% human serum and an
apparent Kd was measured. We have no evidence that
serum alters the a�nity of estradiol for its receptor,
and our assumption is that the Kd for [3H]estradiol is
the same whether the [3H]estradiol is added to serum-
free medium or serum prior to entering MCF-7 cells in
this assay. However, more estradiol must be added to
serum to provide enough free estradiol to occupy the
same number of estrogen receptors as in serum-free
medium, because a large fraction (198%) of the estra-
diol is bound to serum proteins and unable to pas-
sively di�use into cells and occupy estrogen receptors.
There is thus the appearance of a shift in Kd. By calcu-
lating the ratio of the concentration of [3H]estradiol
required to occupy 50% of the receptors (which occurs
at the dissociation constant, Kd) in serum-free medium
divided by the concentration required to occupy 50%
of the receptors in 100% serum (which occurs at the
apparent dissociation constant measured in serum) in
each assay, the bioactive fraction of estradiol in serum
is determined using Eq. 1.

Bioactive fraction of tritiated estradiol �

Kd in SFM� apparent Kd in serum
�1�

Using this equation, we calculated the bioactive frac-
tion of estradiol in adult male serum to be 2.39%2
0.17% [19].

Traditionally, the free fraction of estradiol (or any
hormone) in serum has been determined using dialysis
techniques (for example, ultra®ltration dialysis). In
these assays, separation of free from bound estradiol
in serum is accomplished by di�usion of [3H]estradiol
to equilibrium across a membrane with pore sizes of
10,000 to 30,000 MW. [3H]estradiol associated with
SHBG (MW=90 kDa) or albumin (MW=70 kDa) is
retained, and only the [3H]estradiol that is not associ-
ated with these large serum proteins can pass through
the membrane. Dialysis techniques provide very accu-
rate measurements of the free fraction of estradiol in a
given serum.

However, we measured the bioactive fraction of
estradiol in serum by incorporating several additional
factors that may determine the fraction of estradiol
available to bind to intracellular receptors, not only

Fig. 1. Model of xenoestrogens in blood. In humans, 17b-estradiol is primarily associated with the serum binding proteins, sex hormone binding

globulin (SHBG), and albumin, and only a small fraction is unbound or free. Xenoestrogens (X) that escape serum binding will have a greater

e�ective concentration in serum available to compete with estradiol for estrogen receptors [61].
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serum binding proteins, but also potential cell uptake
or exclusion mechanisms and sequestration in serum
and cell lipids. The bioactive fraction of estradiol cal-
culated from the whole cell uptake assay (2.39% 2
0.17%) was indistinguishable from the measurement of
the free fraction of estradiol using ultra®ltration dialy-
sis (2.4620.08%), providing support for the hypoth-
esis that the free fraction alone is the bioactive
fraction in this cell system [19]. The saturation assay
using MCF-7 cells is thus a new method to calculate
the biologically active fraction of estradiol in serum.
Since MCF-7 cells contain not only estrogen receptors
but also progesterone, androgen, and glucocorticoid
receptors, this approach could be modi®ed to examine
the bioactive fractions of progestins, androgens and
glucocorticoids.

9.2. Determination of the bioactive fraction of
xenoestrogens in adult human serum

Since serum binding proteins provide a mechanism
to limit the cell-uptake of steroidal estrogens, xenoes-
trogens that do not bind to serum proteins will escape
this mechanism (Fig. 1). A number of xenoestrogens
show little binding to SHBG, including DES [22], ethi-
nyl estradiol [23], DDT, dieldrin [24], octylphenol [25]
and several phytoestrogens [21]. Also, DES, zearale-
none, and zearalanol show little binding to the major
serum estrogen binding glycoprotein in rodents, alpha-
fetoprotein [22,26,27]. Thus, these xenoestrogens may
have greater access to cells from blood than estradiol.
This may increase their bioactive concentration relative
to estradiol and lead to increased estrogenic activity of
these compounds in vivo relative to their predicted ac-
tivity from cell-free or serum-free assays. The period
when this would have the greatest impact would be
during fetal life, when the concentration of plasma
binding proteins, such as alphafetoprotein in rats and
mice, are dramatically higher than in adults.

In order to determine the bioactive fraction of
xenoestrogens in human serum, we developed a cell
culture assay to assess the degree to which serum mod-
i®es the access of xenoestrogens to intracellular estro-
gen receptors. The objective was to understand how
serum contributes to the physiology of delivery of
xenoestrogens, and to use this information to be able
to predict bioactive doses of xenoestrogens in animals
more accurately than do assays that did not incorpor-
ate information regarding serum binding.

While many factors determine the ®nal concen-
tration of a xenoestrogen available to interact with in-
tracellular estrogen receptors, they can be summarized
in four steps: (1) absorption and metabolism relative
to the route of exposure; (2) partitioning between lipid
and aqueous compartments; (3) bioactive concen-
tration in circulation determined by how a xenoestro-

gen is carried in blood; and (4) the intrinsic estrogenic
activity of a xenoestrogen or the a�nity of an xenoes-
trogen for the estrogen receptor. We developed the
relative binding a�nity serum modi®ed access (RBA-
SMA) assay to better estimate the biological activity
of xenoestrogens by incorporating the intrinsic estro-
genic activity of a xenoestrogen with how a xenoestro-
gen is carried in blood, and partially assessing how a
xenoestrogen partitions between aqueous and lipid
compartments in serum and cells. Since most xenoes-
trogens are not available in radiolabeled form, we
designed a competition assay to determine the bioac-
tive fraction of a xenoestrogen, similar to the method
used to measure the bioactive fraction of estradiol in
serum described above.

Relative binding a�nity (RBA) assays were per-
formed with intact MCF-7 cells by adding increasing
concentrations of unlabeled competitor to a constant
concentration of [3H]estradiol in either serum-free
medium or in 100% serum. RBAs for xenoestrogen
are expressed relative to estradiol by dividing the IC50

of estradiol (the concentration of non-radioactive
estradiol required to inhibit 50% of [3H]estradiol from
binding to estrogen receptors) by the IC50 of the
xenoestrogen and expressing the ratio as a percent.

We used the data from the RBA assays to calculate
the inhibition constant (Ki) from these competition
assays for each xenoestrogen in serum-free medium
and in serum, since the Kd for an unlabeled xenoestro-
gen cannot be measured directly. The Ki was calcu-
lated as described by Bylund et al. [60] and is shown
in Eq. (2).

Ki � IC50 � �1� F� Kd� �2�

The IC50 is the concentration of unlabeled competitor
required to inhibit 50% of [3H]estradiol binding, F is
the concentration of [3H]estradiol in the medium or
serum, and Kd is the dissociation constant in serum-
free medium or the apparent dissociation constant in
serum. The bioactive fraction of a xenoestrogen was
calculated using Eq. (3).

Bioactive fraction of unlabeled estrogen �

Ki in SFM� Ki in serum
�3�

Thus, using the same technique described above for
assessing the bioactive fraction of estradiol in serum,
the RBA assay is performed in both serum-free med-
ium and with 100% serum. This is done to determine
how serum modi®es the access of the xenoestrogen to
intracellular estrogen receptors in a manner similar to
the e�ects of serum on estradiol. These results are
quanti®ed by calculating a serum modi®ed access
(SMA) value as shown in Eq. (4).
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Serum Modified Access �SMA� �
RBA in serum � RBA in SFM �4�

We have compared the RBAs for phytoestrogens in
serum-free medium and in serum from adult men. For
the three phytoestrogens (Fig. 2), the RBAs were simi-
lar when examined using MCF-7 cells in serum-free
medium. However, in adult male serum their inhibition
pro®les separated. For example, genistein's compe-
tition pro®le was closer to that of estradiol in serum
than in SFM, revealing that a greater proportion of
the genistein added to serum was biologically active
(48%) in comparison to estradiol (approximately 4%).
The in vivo potency of genistein (calculated as an
RBA) will thus be underestimated in assay systems in
which the e�ects of serum are not taken into account.
A summary of the Ki (inhibition constant) values for a
number of xenoestrogens and their calculated bioactive
fractions in 100% adult male serum is shown in
Table 1.

We note here that we have recently made some
changes in the procedures for conducting these assays
that have resulted in slightly di�erent ®ndings from
those initially reported. Speci®cally, the initial assays
were conducted without rocking and at high cell den-
sity. These changes in recent experiments have resulted
in the bioactive fraction of estradiol being somewhat
lower (2.39%, [19]) than initially reported (4%, [61]),
however the relationship between the bioactive fraction
of estradiol and xenoestrogens is the same.

10. Relative binding a�nity-serum modi®ed access
(RBA±SMA) assay predicts in vivo xenoestrogen
bioactivity

We next incorporated the information concerning
the bioactive fraction of xenoestrogen with its ability
to bind to the estrogen receptor in order to predict the
estrogenic activity of two industrial chemicals in vivo.
The in vivo bioassay we used to assess the estrogenic
activity of these chemicals (prostate size) was based on
our prior ®nding that estrogen exposure during fetal
life results in enlargement of the adult prostate in male
mice. Our approach was to determine the amount of
xenoestrogen delivered in serum to fetal cells as free
(unbound) xenoestrogen that would supplement the
endogenous free estradiol to lead to net increased free
(unbound) estrogenic activity that would equal the
high end of the physiological range. As noted above,
this level of total free estrogenic activity, that from en-
dogenous estradiol plus that from free xenoestrogen,
would be predicted to lead to developmental disrup-
tion that we would measure as prostate enlargement.
In this experiment the chemicals were fed to pregnant
female mice. Since at the time this experiment was con-
ducted we did not have information concerning the
absorption, fetal uptake and rate of clearance of these
chemicals, we viewed this experiment as providing a
rough initial estimate of the in vivo bioactivity of the
chemicals.

The environmental estrogens we used in these stu-
dies, bisphenol A and octylphenol, like most endocrine
disruptors, were not available in radiolabeled form for
direct determination of free levels in serum. Due to the
low binding a�nity of these chemicals for estrogen
receptors, this would require a very high speci®c ac-
tivity to accomplish. Therefore, we used the RBA±
SMA assay to estimate the free fraction of these xeno-
biotics in fetal serum to use in predicting a bioactive
dose of these chemicals to administer to pregnant
mice.

Relative binding a�nity-serum modi®ed access
analysis was conducted using bisphenol A and octyl-
phenol. As indicated above, these chemicals are used
in a wide variety of products, and exposure of wildlife

Fig. 2. Relative Binding A�nity±Serum Modi®ed Access (RBA±

SMA) assay. Relative binding a�nity (RBA) analysis conducted in

serum-free medium (SFM) in (A) or in 100% male serum in (B).

Unlabeled reference estradiol (Ð*Ð), genistein (ÐQÐ), daidzein

(ÐrÐ) and biochanin A (ÐrÐ) competed with 1 nm

[3H]estradiol in SFM or 10 nM [3H]estradiol in 100% adult male

serum [61].
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and humans to these chemicals occurs as a result.
Competition pro®les for bisphenol A and octylphenol
from a single experiment conducted in serum-free med-
ium and in 100% human adult serum are shown in
Fig. 3. In serum-free medium (Fig. 3A), octylphenol
exhibited an RBA that was approximately 10-fold
greater than the RBA of bisphenol A, consistent with
prior reports of the relative estrogenic activities of
these compounds [8,9,62]. However, when the compet-
ing compounds were tested in 100% serum, the re-
lationship of the competition pro®les was in fact
reversed, and the RBA of bisphenol A became ap-
proximately four-fold greater than that of octylphenol
(Fig. 3B).

A summary of results and calculations from RBA±
SMA assays of bisphenol A and octylphenol is shown
beginning in Table 2. Table 2 includes the RBA
measured in serum-free medium, the RBA measured in
100% adult serum, and the calculated serum modi®ed
access (SMA), which is the ratio of the RBA in serum
to the RBA in serum-free medium. The RBA of
bisphenol A in serum was 1.7-fold higher than that
measured in serum-free medium (Table 2, SMA=1.7
for bisphenol A), indicating that its biological impact
relative to estradiol would be greater in serum than
that which would be estimated by this factor in serum-
free assays. In contrast, octylphenol showed an SMA
of substantially less than one (Table 2, SMA=0.045).

Table 1

Calculations of the bioactive fraction of xenoestrogens in human seruma

Compound N Ki (M) in SFM2SEMa Ki (M) in serum2SEMa Bioactive in serum %2SEM

Estradiol 9 3.99E-1120.17 8.80E-1020.44 4.0620.19

Phytoestrogens

Coumestrol 3 2.86E-720.83 5.77E-720.88 47.828.10

Equol 3 2.94E-721.65 5.89E-722.71 49.729.82

Genistein 3 1.76E-720.24 3.83E-720.42 45.821.33

Daidzein 3 2.19E-720.10 1.25E-620.24 18.722.99

Biochanin A 3 2.66E-720.72 1.19E-520.12 2.4220.93

Formononetinb 3 4.94E-720.96

Synthetic estrogens

Diethylstilbestrol 5 2.12E-1020.40 9.02E-1021.07 26.927.53

Moxestrol 3 6.92E-1120.88 3.00E-1021.43 33.6213.48

Dienestrol 3 2.52E-1120.96 4.92E-921.59 0.5120.06

Hexestrol 3 7.58E-1222.15 1.61E-920.61 0.5720.17

Antiestrogens

Raloxifene 3 1.39E-1020.29 2.10E-920.50 6.8120.59

Tamoxifen 3 2.91E-820.18 3.53E-620.85 0.9420.25

Commercial additives a,b,

Bisphenol A 3 3.70E-720.57 6.64E-623.32 7.8422.27

Nonylphenol 3 1.14E-720.52 2.57E-521.85 1.3420.92

Octylphenol 3 2.73E-722.47 8.02E-524.14 0.3120.14

a Abbreviations: N=number of assays, Ki=inhibition constant, SFM=serum-free medium, SEM=standard error of the mean.
a Numbers are in exponential notation; 3.99E-11=3.99�10ÿ11.
b Solubility limited the measurement of an IC50 in serum [61].

Table 2

Relative Binding A�nity±Serum Modi®ed Access (RBA±SMA) assay. Relative Binding A�nity (RBA) analysis conducted in serum-free medium

(SFM) and in 100% adult male serum. Serum modi®ed access (SMA) values are the mean of three independent RBA±SMA assays. Bisphenol A

showed enhanced access from serum while octylphenol and nonylphenol showed decreased access from serum relative to estradiol [18]

Compound N RBA in SFM2SEMa (%) RBA in serum2SEMa (%) SMAb2SEMa

Estradiol 3 100 100 1.00

Bisphenol A 3 0.006020.0009 0.010020.0012 1.7020.29

Nonylphenol 3 0.02620.0069 0.003920.0011 0.2020.11

Octylphenol 3 0.07220.0152 0.002920.0005 0.04520.013

a SEM=standard error of the mean.
b SMA (Serum Modi®ed Access)=RBA in serum6RBA in serum-free medium.

S.C. Nagel et al. / Journal of Steroid Biochemistry and Molecular Biology 69 (1999) 343±357 351



Hence, its activity would be overestimated in serum-
free assays. We chose these chemicals to examine for
their in vivo bioactivity as a result of this ®nding and
after screening a number of chemicals for the possi-
bility that they would be in¯uenced in opposite ways
by serum.

The results obtained for the e�ects of serum on the
activity of bisphenol A and octylphenol were used to
estimate what the relative bioactivities would be in
fetal mice, and what maternal doses would result in
the developmental changes in the prostate described
above. Ideally, the e�ects of serum modi®ed access on
the estrogenic activity of these compounds would have
been calculated directly from RBA values determined
in fetal mouse serum. However, the volumes of serum
required for these measurements were not available
from fetal mice. In the absence of fetal serum data, we
extrapolated the SMA calculations obtained in adult
male serum, to what would be expected in fetal mouse
serum.

The free fraction of estradiol in fetal mouse serum

Fig. 3. Relative Binding A�nity±Serum Modi®ed Access (RBA±

SMA) assay. Relative binding a�nity (RBA) analysis conducted in

serum-free medium (SFM) in A or conducted in 100% male serum

in B. Unlabeled reference estradiol (Ð*Ð), octylphenol (ÐRÐ) or

bisphenol A (ÐQÐ) competed with 1 nM [3H]estradiol in SFM or

10 nM [3H]estradiol in 100% adult male serum [18].
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during the time of sexual di�erentiation and initiation
of prostate development is 0.2% which is 20-fold
lower than the 4% bioactive free estradiol initially
measured in adult male serum in the RBA±SMA assay
[19,44]. We have observed a linear relationship
between the percent free estradiol in serum and the
SMA when the RBA assay was conducted with serial
dilutions of adult serum [19]. Therefore, we estimated
that the e�ects of fetal mouse serum on the access of
xenoestrogens to estrogen receptors would be approxi-
mately 20-fold greater than the e�ects we had
measured in adult serum. The deviations in the SMA
from the value of 1.0 in adult serum were thus altered
by a factor of 20 for both bisphenol A and octylphenol
in order to predict the SMA in fetal serum, and this
calculation for conversion of the SMA in adult serum
(4% free estradiol) to the estimated SMA in fetal
serum (0.2% free estradiol) is shown in Table 3A. The
calculation step (multiplication of division) involving
the correction factor (20-fold) depends on whether the
SMA value showed enhancement (SMA>1) or inhi-
bition (SMA < 1) of cell-uptake. If the SMA>1, the
degree of enhancement of cell uptake was determined
by multiplying the SMA in adult serum by the correc-
tion factor; hence, the enhancement will be greater
relative to estradiol. If the SMA<1, the assumption is
that in fetal serum the cell-uptake would be even less
than estradiol, and the SMA value was divided by the
correction factor.

The SMA values for bisphenol A and octylphenol
predicted for fetal mouse serum were then applied to
adjust the activity of the compounds measured in
serum-free medium to the bioactivity predicted in fetal
mouse serum (Table 3B). The predicted bioactivity in
fetal mouse serum was calculated by multiplying the

RBA measured in serum-free medium by the predicted
SMA in fetal serum. These calculations predicted that
in the presence of fetal mouse serum, bisphenol A
would exhibit over 500-fold greater bioactivity than
would octylphenol in mouse fetuses, despite the higher
estrogenic activity of octylphenol (RBA=0.072% for
octylphenol vs 0.006% for bisphenol A) that was
observed before taking serum into account [18].

Finally, the results of the RBA±SMA assay were
used to calculate the circulating concentration or
`Reference Dose' in pregnant mice and their fetuses
that we expected would produce an increase in pros-
tate weight in male o�spring. Calculation of reference
dose was based on two factors. (1) The initial study
described above in which male mice that had devel-
oped as fetuses between female fetuses (2F males) were
found to have enlarged prostates relative to males
located in utero between other male fetuses (2 M
males), and this was associated with an increase in
total serum estradiol of 23 pg/ml (84 pM) in 2F male
fetuses relative to 2 M male fetuses [35]. (2) The pre-
dicted bioactivity, relative to estradiol, of bisphenol A
in serum of fetal mice calculated in Table 3B (pre-
dicted bioactivity=0.09%). This prediction of bioactiv-
ity for bisphenol A was determined based on the
hypothesis that the free concentration of estrogen in
serum, not the total circulating concentration, would
determine bioactivity in the animal. With these two
pieces of information, reference doses of bisphenol A
and octylphenol were calculated that would be equival-
ent to an increase in serum estradiol in male fetuses of
23 pg/ml (84 pM), and would thus be predicted to pro-
duce prostate enlargement [18].

This calculation (Table 4) predicted that bisphenol
A at 21 ng per g would lead to an increase in prostate

Table 4

Reference Dose for the xenoestrogens bisphenol A and octylphenol that would result in adult prostate enlargement in the o�spring, based on the

observation that an elevation of 23 pg/ml serum estradiol(=84 pM) in fetal mice results in adult prostate enlargement. The calculation of refer-

ence dose used the predicted bioactivities in fetal mouse serum from Table 3B (SERUM), the results from the RBA±SMA assay. For compari-

son, reference doses were also calculated using the RBAs that we determined in serum-free medium (Serum±free) [18].

Calculation of Xenoestrogen Reference Doses

Estradiol reference (pM)a Predicted Bioactivity (%)b Equivalent estr. act. (m)c MW, mg/mmol Reference dosed (mg/kg)

Serum

Bisphenol A 84 6 0.09 = 0.093 � 228.3 = 21

Octylphenol 84 6 0.00016 = 52.5 � 208.3 = 10,900

Serum-free

Bisphenol A 84 6 0.006 = 1.400 � 228.3 = 320

Octylphenol 84 6 0.072 = 0.117 � 208.3 = 24

a Fetal estradiol elevation that resulted in adult prostate enlargement: 84 pM=23 pg/ml [3,4].
b From Table 3B, activity relative to estradiol, based on relative molar concentrations; the predicted bioactivities Serum-free are the RBAs

measured in serum-free medium.
c Equivalent estrogenic activity; molar concentration of xenoestrogen predicted to equal the estrogen activity of the estradiol reference.
d Equivalent estrogenic activity in mole/litter converted to mass, mg/liter; value then expressed as mg/kg for reference dose; MW of bisphenol

A=228.3; MW of octylphenol=208.3.
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weight in male mice. Strikingly, this dose is thousands
of fold lower than the levels which had previously
been thought to be without biological e�ects in
humans or animals (see NOEL dose, see below). We
administered 20 mg/kg bisphenol A per day (the ap-
proximate reference dose) and 2 mg/kg bisphenol A per
day to pregnant mice on days 11 to 17 of pregnancy.
Both of these doses are within the range of reported
daily human exposure [12,13]. Our expectation was
that if the RBA±SMA assay correctly predicted estro-
genic bioactivity in the animal, then the 20 mg/kg does
of bisphenol A would result in enlargement of the
prostate in adult male o�spring. Because octylphenol
was predicted to be over 500-fold less estrogenic than
bisphenol A, neither of the two doses we administered
(2 and 20 mg/kg body weight) was predicted to pro-
duce an increase in prostate weight in males exposed
to octylphenol (Table 4).

Prostates were collected from six month old males
whose mother had been fed vehicle, bisphenol A or
octylphenol at 2 or 20 mg/kg body weight per day
from gestation day 11±17. Males exposed to either
does of bisphenol A had signi®cantly heavier prostates
than control males (Fig. 4); the 2 and 20 mg doses of
bisphenol A resulted in prostate weights that were 30
and 35% greater than control prostates, respectively
[18]. Body weight was not related to prostate weight,
and thus we did not correct prostate weight for body
weight. Interestingly, however, body weight was
reduced by about 10% by bisphenol A, and the magni-
tude of the e�ect of bisphenol A on prostate enlarge-

ment would have appeared larger had we corrected for
body weight. As predicted, prostates from males
exposed prenatally to either the 2 or 20 mg doses of
octylphenol were not signi®cantly di�erent from the
prostates from control animals (Fig. 4). Based on the
doses that we administered in this preliminary exper-
iment, bisphenol A appeared to be at least 100-fold
more estrogenic than octylphenol, which is consistent
with the prediction derived from the calculations from
the RBA±SMA assay above.

Since bisphenol A exhibited estrogenic e�ects at the
lowest dose we administered (2 mg/kg), and since the
calculation of reference dose above did not include the
e�ects of metabolism and pharmacokinetics, bisphenol
A appeared to be even more estrogenic in vivo than
predicted. In addition, the estrogenic activity of
bisphenol A was only 100-fold lower (or less) than
that of DES when using the prostate as a bioassay; a
dose of 0.02 mg/kg DES enlarged the prostate to a
similar degree [44], again indicating that bisphenol A
appeared to be more estrogenic in vivo than predicted.

Several possible mechanisms could explain this. (1)
Our predictions were based on the estrogen receptors
in MCF-7 cells which are ER-alpha, while, after our
work was completed, a novel estrogen receptor, ER-
beta, was cloned from the rodent prostate [63]. This es-
trogen receptor has been reported to show eight-fold
greater a�nity for bisphenol A than does the classical
ER-alpha present in MCF-7 cells we used [64], and
this could account for increased biological activity of
bisphenol A in the mouse prostate. (2) Two- to four-
fold increased bioaccumulation of labeled DES in fetal
circulation has been reported in the mouse fetus after
administration to the mother [45]. Similar or greater
fetal bioaccumulation of bisphenol A could increase its
bioactivity by another several fold. (3) Alternatively,
bisphenol A may be bioactivated in vivo to a more es-
trogenic metabolite, either in maternal or in fetal circu-
lation [65]. (4) There are several reports that some
xenoestrogens can act cumulatively and/or synergisti-
cally and have several-fold greater (e.g., three-fold
greater) activity in mixtures than predicted when the
individual compounds are assayed alone [66]. It is
possible that bisphenol A acts synergistically or addic-
tively with the phytoestrogens including genistein
known to be present on soy-based mouse chow. (5)
Finally, bisphenol A may bind even less to the serum
proteins in fetal mouse serum than to those in adult
human serum, thus having greater activity and greater
serum modi®ed access in fetal mouse serum than was
predicted by extrapolation from results obtained in
adult human serum. One or more of these mechanisms
may be su�cient, with the e�ects of serum on the
physiology of xenoestrogen delivery to fetal cells, to
explain the high bioactivity of bisphenol A in these ex-
periments.

Fig. 4. Prostate weight in adult male mice (six months old) exposed

as fetuses to bisphenol A or octylphenol. Mothers were fed 2 or

20 mg/kg body weight/day bisphenol A or octylphenol from days 11

to 17 of pregnancy. Error bars are the SEM, n=7 for bisphenol A

and octylphenol, and n=11 for unexposed controls [18].
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11. Implications for endocrine disruptors

In our study a maternal dose of only 2 mg/kg per
day bisphenol A enlarged the prostate in male o�-
spring. This dose is equivalent to a daily dose of 50 mg
for a 25 kg child or 150 mg for a 75 kg adult. In this
regard, Olea et al., have shown that after a 50 mg den-
tal sealant treatment, the saliva measured in a one
hour collection after the application of the sealant
from human subjects contained from 90 to 931 mg of
bisphenol A [13]. Brotons et al., analyzed vegetables
packaged in food cans with lacquer coating and found
that as much as 23 mg of bisphenol A was recovered
from 50 ml of the liquid portion of one food can [12].
An important aspect of our study is the proximity of
the maternal doses of bisphenol A administered to
pregnant mice and the reported ranges of human ex-
posure to this chemical.

Our ®ndings reveal that fetal exposure to bisphenol
A can alter the reproductive tract in rodents at much
lower doses than previously thought to be active. The
predicted NOEL (no observed e�ect level) for bisphe-
nol A has been estimated at 50 mg/kg body weight/
day [17], however, bisphenol A was active in rodents
at 2 to 20 mg/kg/day, which lies near or within the
reported ranges of current human exposure to this
chemical [12,13,67]. Until additional information show-
ing actual safety at these exposures is obtained, default
risk assessment applied to bisphenol A would indicate
that far lower doses of human exposure to bisphenol
A would be prudent [68], particularly during preg-
nancy, but also during childhood development.

12. Conclusions

We have described a new approach to estimate low
doses of xenoestrogens that are expected to exhibit es-
trogenic e�ects in developing mice. Initially we con-
ducted a series of studies to characterize the e�ects of
estrogens at physiologically relevant concentrations in
fetal mice. We have shown that a 50% elevation of
estradiol during fetal life results in mice with enlarged
prostates in adulthood, and that prenatal exposure to
diethylstilbestrol results in the same e�ect at physio-
logically relevant concentrations (low doses), while
opposite e�ects on prostate weight occur at high doses
[44]. These studies led to the development of an in
vitro assay to estimate concentrations of xenoestrogens
expected to have estrogenic e�ects. The relative bind-
ing a�nity±serum modi®ed access (RBA±SMA) assay
incorporates the a�nity of xenoestrogens for the estro-
gen receptor and the e�ects of serum on their bioactiv-
ity. Results from this assay indicated that serum can
dramatically alter the ability of a xenoestrogen to
enter cells and bind to estrogen receptors, and thus

alter their estrogenic bioactivity. By incorporating this
information with the developmental e�ects of estradiol
on fetuses described above, we improved the ability to
predict in vivo estrogenic activity from in vitro results,
and accurately predicted the low dose activities of the
xenoestrogens bisphenol A and octylphenol.

Importantly, we have shown that: (1) under physio-
logical conditions estradiol meditates developmental
e�ects in mice; (2) xenoestrogens can mediate these
same e�ects at low doses; (3) the potency of xenoestro-
gens can be dramatically altered by how they are car-
ried in blood; (4) by incorporating this information
from our cell culture assay, physiologically relevant
doses of xenoestrogens can be accurately predicted;
and (5) these e�ects can be seen at environmentally rel-
evant exposure levels.
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