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Foreword

This book is derived from the Symposium on "Estrogens in the Environment*
sponsored by the National Institute of Environmental Health Sciences and held
in Raleigh, North Carolina in September, 1972. The objectives of the Symposium,
stated quite simply, were to determine what an estrogen is and how it works,
and what effect estrogenic substances might have on human health. These objec-
tives seemed timely since many chemicals with diverse chemical structures, some
of which are common environmental contaminants, have been endowed with "estyro-
genic" properties.

To accomplish these goals, internationally recognized investigators in the
fields of endocrinology, toxicology and environmental health, as wéll.as repre-~
sentatives of federal agencies involved with the environment and human health,
were invited to participate in the Symposium. The discussions were open and
instructive and, where possible, have been included in the boock. I hope that
their inclusion will help recapture the excitement of the meeting.

New information presented at the Symposium included: Structure-activity
relationships of stercid hormones and estrogenic xenobiotics determined by X-
ray crystallographic and biochemical methods; the role of metabolism of natufal
and synthetic estrogens in hormone action; alternative models for the mechanism
of action of estrogens at the bicchemical, cellular and organ levels; detailed
analyses of the hormonal activity of halogenated hydrocarbons; ecosystem dynam-
ics of estrogenic substances including mycotoxins; potential routes of environ-
mental, occupational and therapeutic exposure to estrogenic chemicals related
to human health.

Interaction between investigators in different disciplines was stimmlating
and opened new avenues for future research. As such, this book should provide
a focal point for workers in a wide variety of fields such as chemistry, endo-
crinclogy, pharmacology, toxicology, as well as obstetrics and gynecology.
agricultural sciences, occupational and environmental health sciences, and
epidemiology. Morecover, the data presented throughout the book show how
limited our khowledge in this broad area is and should caution, as well as
provide information for, those charged with applying these data in regulatory
situations.

I want to thank the other members of the scientific committee, Dr. Kenneth
S. Korach and James C. Lamb, IV, for their help in organizing the Symposium.
They, Ms. Retha R. Newbold, and others were, in large part, respongible for the
meeting's success. I am also indebted to the individual participants of the



xvi

Symposium for their cooperation, and I am especially grateful to the distin-
guished scientists who presided over the five Symposium sessions for their
willingness to summarize the complex problems we were addressing. The question
raised many years ago by Sir Charles Dodds concerning the structural diversity
of estrogenic chemicals remains unanswered. We hope, however, that this volume

moves us closer to that goal.

John A. Mcltachlan, Ph.D.
Novenber, 1979

Estrogens: Chemistry and Biochemistry
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HODELS OF ESTROGENIC-HORMONE ACTION

JACK GORSKIT

+D2partment of Biochemistry, University of Wisconsin-Madison, Madison, Wiscon-
sin 53706

In the 20 years since Elwood Jensen introduced experimental systems in which
estrogen interaction with target tissues could be studied, a great deal of
progress has been made. Receptors have been isolated and partially
characterized. Specific regions of target cell genomes which are known
to respond to estrogens now have been isolated, cloned and characterized
te the extent that even the nucleotide sequences are largely known.
Although much has been achieved, it is also important to define what is
not known. This in turm will point cut the directions that must be taken
in future research efforts.

What 1s the function of the steroid-receptor complex remains the most
crucial of these unaswered questions. While we know in several cases that
increases in the specific products of certain genes occur in response to
hormone treatment, we have no idea how this comes about. Furthermore,
the cellular response to estrogen is invariably more complex than an effect
on one or even several specific gene loei.

A second major question is how steroid receptor concentrations them—
selves are regulated. This Includes developmental changes, as well as-
changes in receptor levels that occur during exposure to the hormone.

This involves the depletion of cytoplasmic receptor, its translocation to
the nucleus and the replenishment of cytoplasmic receptor.

An additional area of major interest, is the physical changes in the
receptor that cccur during its interaction with its ligand. Whether or
not such changes are due to stabllization of different equilibrium states
or induced conformaticnal changes, we need to determine if all ligands
cause essentially the same changes, or whether the chemistry of the ligand is
important. Currently we know that chemistry of the ligand is essential in
defining fts affinity for the receptor and its dissociation rate. This in
turn has drastic effects on the long term response to the hormone, However,

information {s needed on whether 1ligand chemistry has other effects on the
receptor,



This discussion will focus on the first of the questions ralsed above.
Current models of steroid hormone action have a general pattern in which
the receptor is found initially in the cytoplasm and upon interacting with the
steroid becomes "activated" (Figure 1). The activated sterold moves into
the nucleuws where it associates with the chromatin, either the DNA or chro-
mozomal proteins, or both. While this model is compatible with much of the
existing data, it does not provide a satisfactory explanation of how these

hormones with their receptors function. Furthermore, there is evidence
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Figure 1

that does not fit neatly inte this model. Since we have in the past out-
lired many of our reservations about current models, I would like to con-
fine my remarks in this paper to some recent reports in the literature
and work in our own laboratory.

The experimental system used in cur laboratory historically has been
the immature rat uterus. In the last few years, however, we have extended
our studies to the pituitary. These studies have demonstrated that estrogen
can regulate pituitary cells directly. Miller et al.l demonstrated that FSH
production in primary cell cultures of ovine pituitaries was inhibited by
10 -10 to 10~ -8 M estradiol-178. At the same time, in the same cultures,
TS production was sr.imulated.2 In both cases, removal of estrogen results
in rapid reversal of the effect. We have extended these studies to the
lactotrophs, which are the pituitary source of prolactin. Estrogen stimulates
prolactin production in cultured rat pituitary cells 3 to 5 fold, similar to
the increase seen in 3522.3 Further, these changes in prolactin production
appear to be due to increased prolactin biesynthesis, which in turn appears
to be due to increased preprolactin wmRNA concentrations present in the
estrogen treated ce.lls.l"5

At first glance these data seem to fit our steroid action model, i.e.,
estrogen is stimulating the production of a specific mRMA. However, it
must be remembered that at the same time the lactotroph is being stimulated,
estrogen alsc is stimulating thyrotrophs and inhibiting FSH producing cells.
The receptor binding and translocetion in all these cell types appears to
be similar, although there is mot much data on this subject. One is forced,
therefore, to come up with a model in which a common receptor mechanism
tesults in varied end point activities.

In a similar vein, McKnight6 has recently reported am in vitro system
in which chicken oviduct minces respond to the addition of estrogen and
progesterone, The classical responses of Increased ovalbumin and conalbumin
syntheses and their respective mRNAs to estrogen in the oviduct now have
been demonstrated in this in vitro system. There are curious differences
in the time course of these responses and their dose response. Conalbumin
synthesis appears to be a more sensitive response that is detected earlier
than ovalbumin synthesis. It should be noted that these responses all
depend on the use of a primed oviduct tissue. In the immature unprimed
chick, the oviduct will not initiate immediately the synthesis of egg

white proteins in response tc estrogen. Estrogen priming for several
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days causes cellular changes which permit egg white protein synthesis.

Thus, Iin the chick oviduct, estrogen has two types of responses depending

on the differentiated state of the cells. Again, the estrogen-receptor
complex has not been reported to be different in these two states., Any
general model of steroid action must therfore fit both of these differentiaced
states.

Another steroid hormone class, the glucocorticoids, has been shown to
have a similarly broad range of apparent genomic effects. Ringold and
Yamﬂmoto7 have shown that the synthetic glucocorticoid, dexamethasone
stimulates the expression of a wirus that has been integrated into the
target cell's genome. Thus, a new genomic component appears to be readily
regulated even though present at different integration sites in the
genome.

Another Interesting and related observation has been made by Ivarie
and O'Farrell.8 Two rat hepatoma cell lines in culture were treated with
dexamethasone and the newly synthesized proteins of these cells were analyzed
by the two dimensional gel electrophoresis systems developed by O'Farrell.g
The dexamethasone treated cells showed changes in synthesis of a 1imited
number of the many proteins that camn be resolved by two-dimensional electro-
phoresis. The dexamethasone dependent proteins have been termed by Ivarie and
0'Farrell as "domains.” A domain may Include proteins whose synthesis is
increased, as well as those that are decreased. Out of more than 1000 proteins
resolved in each cell line, only 7 proteins in one cell 1line and 8 proteins in
the other were inducible consistently. A point of particular importance is
that only one protein, tyrosine amino transferase, was common to both steroid
induced domains of the two cell lines.

Thus, with two steroild hormones in several cell or- organ culture systems,
we see a very heterogenous response to apparently homogenous receptors. While
there have been some suggestions of heterogeneity of receptors, the bulk of
the evidence suggests that for any class of steroids the target cell receptors
are homogenous. Perhaps the best evidence comes from the genetic studies of
Yamanotol0 and Bourgeois.ll Their data suggests that the glucocorticoid
receptor represents the product of a single gene.

¥hat kind of a model can one propose that will explain the cbservations
discussed above? It is my contention that Interaction with one genomic site
is highly improbable. Binding of a steroid-receptor te only one sequence of
DNA cannot explain the heterogeneity of responses unlese this single genomic

site in turn can control a variety of other genomic sites. A number of
the steroid responses have been characterized as being primary responses,
i.e., genomic responses that do not depend on prior protein synthesis.
Therefore, the concept of 2 single gene induction as seen commonly in pro-
karyote systems does not present a useful model for steroid induced tissue
responses,

An alternative model is that repetitive sequence of DNA might be recognized
by the steroid receptor. The repetitive sequences would in turn be associated
with a variety of unique sequences of DNA that would code for specific mRNAs.
The repetitive sequence would act in a manner analogous to promoter regions
of induced genes in prokaryotes. Various other chromesomal proteins might
bind also to the repetitive or its associated unique sequence DNA in various
differentiated states. These other protein-DNA interactions would determine
whether or not a particular gene would interact with or respond to the gsteroid-
receptor complex. The differential affinity of the steroid-receptor for its
specific DNAs versus non-specific DNA interactions might not be readily detect-
able with present methodology as pointed out by Yamamoto and Alberts.12

Studies to isclate potential regulatory sequences of DNA are underway in several

13 14
‘labs. O'Malley " and Chambon = have reported the isolation and cloning of

the oviduct gene. If promoter or other regulatory regions are adjacent to

the coding regions of the gene it should be possible to directly determine

if steroid-receptor complexes bind with higher affinity to these specific DNA
sequences. Recent work on eukaryote gene structure now has been extended to
the ovalbumin gene syetem by Chambonl4 and O'Halley.13 The complexity of the
transcribed region of the gene railses the potential that regulatory regions may
be complex and not necessarily close to the coding sequences.

Another possible model of steroid-receptor regulation of nuclear function is
that the steroid-receptor complex does not interact directly with the genome
itself. Regulation of gene expression in animal cells appears to be more
complex than originally believed. As pointed out earlier, studies with the
hemoglobin gene and the virus SV40 have indicated that these genes themselves
are more complex than originally thought with coding and non~coding "“inter-
vening sequences" interspersed. Furthermore, the evidence in these
systems Is that these genes initially are transcribed into large precursor
RNAs which ultimately must be cleaved and then spliced to make the mature
messenger RNA found in the cytoplasm. Several reports over the past few

Years have presented data indicating that transcription may not be the



ly site of regulation, but that regulation of what RNA is processed and
‘rmitted to exit from the nucleus, may be equally or more 1mportant.15

is may be especially important with mRNAs for regulatory proteins

esent in small quantities.16 With our new knowledge of the role of RNA
ocessing, it 1s easy to conjure up new sites for regulating RNA processing
d ultimately exit from the nucleus.

Furthermore, we know that modification of chromatin structure by modifica-
on of chromosomal proteins alsc would have major effects on gene expression.
us, there are a large number of potential sites of action in the nucleus
r sterclid receptors. Such a model mechanism must work on nuclear components
disting prior to the steroid receptor's entry into the nucleus. Therefore,
westigating newly synthesized proteins after hormone administration will
:seribe only the end points of gene expression and not its regulation.

Protein derivitization, such as phosphorylation, acetylation, methylation
] adenylation have all been described. Several studies have been done with
‘fects of steroids, including reports of increased phosphorylation of nuclear
‘oteins after estrogen treatment. However, in most cases the methods used
:re capable only of detecting gross changes in proteins present in great
wundance. It would seem more likely that changes will invelve.proteins
‘esent in smaller numbers than can be detected readily by column chroma-
graphy or single dimension gel electrophoresis. It will be necessary to
‘e other methodology such as twe—dimensional gels in which many proteins
mn be resolved.

It i{s well to remember that the steroid receptors themselves represent
:latively small populations of molecules; approximately 10,000 - 20,000 per
111, or lt)_8 M if randomly distributed in target tissues. Under physiological
nditions, 1,000 to 5,000 stercid receptors present in the nucleus has a
eat physiological effect. Changes in similarly small populatioms of
her nuclear proteins thus can be expected to be importamt.

Thus, its seems that future research must define a more encompassing model
" stercid-receptor regulation. This model must explain how an apparent
mogeneous steroid receptor system involving translocation of the receptor to
e nucleus gives rise to a very heterogenous variety of responses depending
. the gtate of the differentiation of the target cells.

—
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MOLECULAR BASIS OF ESTROGENICITY: X-RAY CRYSTALLOGRAPHIC STUDIES

WILLIAM L. DUAX AND CHARLES M. WEEKS
Medical Foundation of Buffalo, Inc., 73 High Street, Buffalo, NY 14203, USa

INTRODUCTION

From a careful examination of the molecular features of the numerous nat-
ural and synthetic products that have estrogenic or antiestrogenic properties
it should be possible to identify those structural features that are respon-
sible for receptor binding and hormonal function. However this task is com-
plicated by uncertainties concerning solubility, ttansport; metabolism, and
site of action of the compounds found to behave as estrogenic agonists or an-—
tagonists. An antiestrogen may act by competing for the target receptor site,
the active site of a metabolizing enzyme, or a receptor im a feedback mecha-
nism. Alternatively they may induce or inhibit the synthesis of other hormones
or proteins that alter the course of action of endogenous estrogens.

If a speéific receptor having a single estrogen binding site can be isolated
and purified it should be possible to determine the relative binding affinities
of a series of estrogen agonists and antagonists and the structural features

respousible for binding should become apparent.

STRUCTURAL COMPARISONS

The crystallographically observed molecular structures of a number of matu-
ral and synthetic estrogens and antiestrogens will be compared, and an effort
will be made to identify those features that determine binding and activity.
The compounds examined will include phytoestrogens, mycotoiins and pesticides
that have been demonstrated to exhibit estrogenicity. ‘

Estradiol and Estrone

The three-dimensional structure of estradiol observed in the crystal struc-
ture of the hemihydratel is 1llustrated in the stereo dlagram (Figure 1). This
is just one of three crystallographic determinations of the conformation of
estrgdiol. The others include 1:1 complexes with urea2 and prcopanol.3 A
superposition of two molecuses of estradiol (Figure 2a) illustrates that de-
spite variation in the immediate envircnment in the crystal complexes the
estradiol conformation has limited variability. Crystallographic data on

esl:rc:n:tell (Figure 2b) for which there are also three crystal forms containing
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Fig. 1. Stereoview of the crystallographically observed conformation of
estradiol.

a)
@

b)

Fig. 2. Comparison of conformations of three crystallographically independent
observations of estradiocl (a) and two crystallographically independent obser-
vations of estrone (b). Overlap of the C and D rings has been maximized using
a least-squares program, FITMOL, developed by G. D. Smith of the Medical
Foundation of Buffalo, Inc.

four crystallographically independent molecules* show 1t to be a more flexible
molecule than estradiol.

Most of the conformational flexibility in the 1,3,5(10)-estratriene back-
bone is located in the B-ring region, The B rings of all three estradiol mol-
ecules and three of the four estrone molecules are in 7a,8p-half chair con-
formations in which atoms C{9), C{10), C(5) and C(6) are coplanar and atoms
C(7) and C(8) are equidistant from that plane on opposite sides. The remaining
estrone molecule is found in an 8B-sofa conformation in which atous 629).

¢{10), C(5), C€(6) and C(7) are coplanar and C(8) is on the g side of that plane.

*Some crystal forms have two or more independent molecules in the unit cell.

At et - e
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Analysis of conformational data on these and 21 other 1,3,5¢10)-escratriene
struct:ures5 illustrates that exccyclic nonbonded interactions play a deecisive
role in determining overall steroid conformation. This is particularly trye
of interactions across the A/C- and B/D-bay regions of the stercid backhone.
Interactions between C(l) and C({11) stabilize the Ja,88-half chair conformatijion
of the flexible B ring in most 1,3,5(10)-estratrienes. 4-Bromo substitution
and C(14)-C(15) dehydrogenation introduce strains at the C(6) and C(7) posi-
tions that are relieved by a shift in B-ring conformation to the 8B-sofa form.
In estrone, estriol, and epiestradiol the 88-gofa conformation is of comparable
stability and, under favorable circumstances, conformational isomers will be
co-crystall;zed apparently as a result of long range conformational effects
involving inferactions between C(12) and 0(17). D.H.R. Barton7 first described
such long range effects in condensation reactions and called the phenomena
conformational transmission.

Legrand et dZ.6 have reported solution data further illustrating that
changes in the D ring of estra-1,3,5(10)-trienes may be transmitted to the
A ring. They found that the pKa's of estrome and estradiol in methanol differ
by 0.10 pK units and that estrone is more acidic. This pK difference is
consistent with the observed hydrogen bonding pattern in the crystal (Figure
3), a pattern that appears to require co-crystallization of solvent in crystals
of estradiol. The three different crystal forms of estrone are all unselvated,
whereas an unsolvated crystal form of estradicl has not been isolated to date.
In the solid state the more acidic estrone freely contributes its hydreogen

atom to form a single hydrogen bond, Estradiol, however, always acts as a

Fig. 3. Hydrogen bonding in crystals of (a) estradiol hemihydrate and (b)
estrone. The C(3})-hydroxyl of estradiocl acts as a hydrogen bond donor and
acceptor while that of estrone acts as a donor only.
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hydrogen bond donor and acceptor thus retaining a full hydrogen of its own.
The donor hydrogen bond comes from the co-crystallized solvent. It seems rea-
sonable to assume that these observed diffevences in overall conformation,
conformational flexibility, pK values and affinity for solvent may play an
important role in determining the considerable difference in affinity of

estradiol and estrone for the estrogenic receptor.

Diphenylethylenes
The structural features most widely regarded as important to estrogenicity '

are a phenolic ring and two hydroxyl groups appropriately arranged relative to
one another. A comparison of estradiol with one of the earliest synthetic
estrogens, diethylstilbestrol, contributed to the development of this model.
Early workers were overly enthusiastic in their efforts to 1llustrate a struc—
tural similarity between estradicl and diethylstilbestrol (DES), and they
commonly drew DES as illustrated in Figure 4a in order to maximize its
similarity to estradiol.g The crystal structures of anhydrous DES9 and DES
complexedlo with various solvents provide valuable information on the flexi-
bility of the molecule. The phenyl rings of DES are not coplanar and the

ethyl groups do not lie in the plane of the rings. Anhydrous DES (Figure &4b)
has a center of inversion at the wmidpoint of the C-C bond.

Fig. 4. {a) Diethylstilbestrol (DES) drawm to maximize its superficial resem-—
blance to estradiol and (b) DES conformation as observed in the anhydrous
crystal form. ’

The DES molecules found in several crystal complexes do not possess this

symmetry. Busetta et aZ.ll have 1llustrated that asymmetric DES more closely

(Lo

resembles natural estradiol in overall shape and hydrogen bonding (Figure 5).
Although both hydroxyls act as hydrogen bond donors and acceptors in all
crystal forms of DES, the geometry of the hydrogen bonds to ome of the phenol
rings in the asymmetric form more nearly resembles the hydrogen bonding in
the estradiol camplexes.ll

T

TR
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Fig'zsll Superposition drawing of acentriec DES and estradiol from Busetta
et al.

Numerous efforts have been directed toward correlating estrogenic activity
with the distance between the terminal oxygens. In 1950, Keasling and
Schueler mistakenly reported the interatomic distance between the terminal
oxygens on diethylstilbestrol (DES) and estradfol as being approximately
14.5312. The crystallographically observed distances between the terminal
oxygens in DES and estradiol are 12.18 and 10.9% respectively. The propensity
of estradicl to form hydrogen bonds to water or other solvents and the 1.22
disparity between the terminal oxygen distances iIn estradiol and DES suggest
that water may play a significant role in linking estradiol to the receptor
protein, The distance between 0(3) and a hydrogen bonded oxygen in estradiol
hydrate is 12.1%, identical to the 0-0 distance in DES. The overall conforma-
tional match between the two molecules is shown in Figure 6. The dimethyl
analogue of DES is reported to be inactive and has been knowvm to crystallize in
the centrosynmetric form (similar to Figure 4b) only, supporting Hospital's
proposal that the asymetric form is bound to the receptor. A tetra-
fluorinated derivative of DES 1s reported to have reduced binding affinity yet
retain some activity.13 The reduced binding could be a result of direct inter-
action of the fluorines or conformational change associated with the substitu-

tion. To date the structure of this compound has not been reported.

Fig. 6. Superposition drawing of solvated estradiol and DES, maximizing rela-
tive positioning of hydrophylic groups and hydroghobic bulk. 03" 1s the
hydroxyl group of an adjacent molecule in crystals of estradiol. Hydrogen
bonds are indicated as (===z= = 5.



16

@ CoHg CaHs @
a) | b)

© O ©

(CHy), NICHZ),0 (CH3,NCHZL0

Fig. 7. Chemical drawings of (a) trams and (b) cis-tamoxifen.

Triphenylethylenes

Many trans triphenylethylenes including the trans isomer of tamoxifen
(Figure 7a),14 clomiphene,l5 and broparestrol16 have been found to be anti-
estrogenic, Trans-tamoxifen, 1-p-(2—dimethylaminoethoxy-phenyl)1,2-trans-
diphenylbut—1l-ene, is reported to be weakly estrogenic as well. In contrast
the c¢ie isomer of tamoxifen (Figure 7b) behaves like a conventional estrogen.

15,16,17,18 31lustrate

X~-Ray crystal structure results on these four compounds
that the triphenyl rings are inclined 50-60° with respect to the ethylene
linkage (Table 1). The crystallographically cbserved conformaticns of cisl8
and trans tamoxifen are compared with that of the acentric form of PES in
Figure 8.

If the trans phenyl rings of DES are importamt for its activity, and since
it is cig-tamoxifen that 1s estrogenic, the O(CHZ)ZR(CHS)Z substituted ring
and the phenyl trams to it in cis-tamoxifen would appear to be the rings that
function in an analogous way to those of DES. In accordance with such a model
the O(CH3)2N(CH3)2 substituted ring would simulate either the steroid A ring
or D ring. In Figure §, we have elected to consider the substituted tamoxifen
ring as corresponding in function to the A ring at the binding site. This is
the simplest possible model that might account for the similarity in receptor
pinding of tamoxifen and estradiocl. The development of & model would be
gimplified if ome of the triphenyl rings were phemolic. It has been suggested
that the C(1} phenyl ring is metabolized in vive to preduce such a ring.l9
Other authorszo dispute these findings and report the principal metabolite of
tamoxifen to be an N—desmethyl derivative. There has also been speculation
about possible hydroxylation of the other phenyl rings.

Hydroxythmcxifen.[tnaus—l(p~dimethylamineethoxyphenyl)l(p—hydtoxyphenyl)z-
phenylbut-1-ene] (Figﬁre 10a) has been synthesized and is reported to bind to

4) <)

Fig. 8. A comparison of the conformations of (a) DES, ( i
. b) eis-tamoxif
(c) trons-tamoxifen viewed perpendicular to the plane'of the ethyle:e ::;u:ud

R = 0(CH,) ,N(CH,},.
TABLE 1

THE TRIFHENYLETHYLENE RING CONFORMATIONS
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a b c
4 AL %
cig-tamoxifen
molecule 1 51° -126° °
molecule 2 59 -131 vigg
trang—tamoxifen 48 55 ~-116
trans-clomiphene 54 57 -129
trang-broparestraol 42 51 ~119

Note: Atomic numbering is 1llustrated in Figure 8B.
a
¢ = c(6)-c(1)-c(7)-c(7")

Po, = C(6")-C(L")-€(7")-C(7)

°¢3 = C(6"M)-C{1™M-C(7)-C(T")

Fig. 9. Superposition drawin 4

gs of estradiol and (a) estrogenic ofg tamoxifen
ind (b) antieatrogenic frans tamoxifen assuming correspondence iu receptor
nteraction of the substituted phenyl ring of tamoxifen and the A-ring of

estradiol. The estrogenic isomer is observed to more
3 nearl
shape of estradiol. £y spproxinace the
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Fig. 10. Chemical drawings of (a) hydroxytamoxifen and (b) trans-p-methoxy-
a-phenyl-oa'—trifluoromethylstilbene.

a)

(CHy) o, N(CHy)5 O

OCH3

the calf uterine estrogen receptor with affinity equal to that of estradiel
and to be a potent antiestrogen.zl Potent antifertility activity is alsoc
reported for trans—p-nethoxy—a-phenyl—u'—trifluoromethylstilbene22 (Figure
10b). TIf the methoxy group in the latter compound were metabolized to the
hydroxy both of these potent antiestrogens could be expected to have two
phenyl rings in nearly the same conformation as DES, with one of them hydrox-
ylated. The antlestrogen behavior might then be attributed to either (1) the
absences of a hydroxyl on the frams ring, or (2) the interference of the third
ring with a protein interaction essential to activity. These data suggest that
the 0(032)2N(053)2 bearing ring does not gimulate the steroid A ring (as sug-
gested in Figure 9). This disparity might be resolved by assuming that the
estrogenic and antiestrogenic triphenylethylenes bind differently at the re-
ceptor (different rings mimic the A ring in each case), or that estrogenic and
antiestregenic receptors differ.23

Another tricycllic compound found to have great estrogenic activity is
cyclofenil (Figure 1la). Busetta has proposed that none of the phenyl rings of
eyclofenil wimics the steroid A ring, but that the interactions of cyclofenil
with the receptor resemble those of cis tamoxifenll (Figure 11b).

Phytoestrogens

Phytoestrogens are plant substances found to have estrogenic properties.

25 and gen:[steinz4 (Figure 12). Coumestrol

They include coumestrcl.z4 mirestrol
and mirestrol have ring structures comparable to that of a steroid, and
coumestrol is constrained by unsaturation to have a nearly planar conformation.
The connectivity and conformation of mirestrcl was determined in one of the
eariiest X-ray studies of a steroid.26 The comparison of the plant estrogen

mirestrol, the natural estrogen estradiol, and the synthetic estrogen DES
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Fig. 11. (a) Chemical drawing of cyclofenil. (b) Superposition of estradiol
(~———)}, cis-tamoxifen (- = = =), and cyclofenil (-......).

Fig. 12. {a) Coumestrol, (b) mirestrol, and (c¢) genistein are representative
phytoestrogens.

a)

) E E d)
Fig. 13. A comparison of the overall conformation of (a) estradiol, (b) a
brominated derivative of mirestrol, {c) DES, and {d) a wodified steroid 3-

me thoxy~-Ba-methyl-1,3,5(10),6-estratetraen-178~-yl bromoacetate, emphasizing
glmilarities of the A-ring regiom.
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(Figure 13), bolsters the argument that one phenyl ring of DES mimics the A
ring of the other two compounds and suggests the importance of the A rimg to
receptor binding. Change in configuration at C(8) can also produce a highly
estrogenic steroid having an overall conform.ation27 similar to that of bromo-
mirestrol {Figure 13d)}.

Indenestrol and indanestrol (Figure 14}, compounds synthesized as DES ana-
logues, bear a close structural resemblance to the phytoestrogen genistein.
Indenestrol has more than 100-fold greater binding affinity for the estrogen
receptor than does 1ndanestrol.28 The crystel structure determinstion of the
less active indanestrolzg reveals that the three hydrogen substituents on the
five membered ring are on the same face of the ring (Figure 15a). Because of
steric hindrance the ethyl and methyl substituents take up equatorial orien-
tations and the phenyl group 1s in an axial orientation relative to the fused
rings. The overall conformation of indanestrol which i1s compared with that
of estradiol in Figure 15b illustrates that the molecule is dramatically bent
as a result of the axial orientation of the phenyl substituent. In the more
active indenestrol the double bond in the five membered ring can be expected
to produce a wuch flatter molecule.

Poacdicae

Fig. 14. Chemical drawings of (a) indanestrol and (b) findenestrol A.

HO

Fig. 15. (a} Perspective view of indanestrol illustrating the orientation of
the hydrogen substituents on the five membered ring. (b) Superposicion
drawing of estradiol (darker) and indanestrol assuming that the fused rings
mimic the steroid A and B rings.
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Hycotoxins
Fungal toxins present in feeds cause various diseases in animals and may be

carried further in the food chain. Zearalenone* (Figure 16}, a mycotoxin pro-
duced by Fusarium graminearwm is the cause of estrogenic syndrome in swine.30
A number of analogues and naturally occurring derivatives of zearalenone have
been tested for estrogenic activity. Zearalenone has a phenolic ring and a
carbonyl group that might conceivably occupy positions in space corresponding
to these groups ip estrone. Examination of the crystallographically deter-
wmined conformations of trans-zearalenone31 and 1ts 8lhydroxy derivative32 and
their comparison with estradiol allow testing of such a hypothesis. The endo-
cyclic torsion angles of the l4-membered rings which define the conformation
of zearalenone and its 8'-hydroxy derivative are compared in Fiéure 16. The
Bthydroxy substituent Induces significant rearraugement of the l4-membered
ring but the overall conformation of the two molecules remains siwilar as

shown in Figure 17.

t~2133 §
2 431 18 N\

(1171 O
-172

HO.

OH

Fig. 16. Atomic numbering and the torsion angles of the l4-membeted rings in
trang-zearalenone (above} and its 8'-hydroxy derivative (below).

*
6-(10-Hydroxy-6-oxo~-trans-l-undecenyl-B-resorcyclic acid lactone.



Fig. 17. Comparison of overall conformations of trans-zearalenone (darker)
and its B'-hydroxy derivative when viewed along a vector from C(2} to C(4) in
the phenolic ring.

The greatest similarity in the observed conformations of 8'-hydroxy-trans-
Zearalenone and estradiol is obtained when the phenyl rings are nearly super-
imposed without hydroxyl overlap as showm in Figure 18. It is worth noting
that while the phenyl ring hydroxyls are not overlapping, their locations are
close enough to one another to allow hydrogen bond formation to the same site.
The relative location of hydrogen bonded water of solvation in 8'-hydroxy
Zzearalenone and estradiol hemihydrate are also shown in Figure 18. If the
relative orfentations of zearalenone and estradiol when bound to estrogen
Teceptor are as depicted in Figure 18, the 6-oxo group could act ag a hydrogen
bond acceptor whereas the 178-hydroxy of estradicl can ect as a hydrogen bond
donor and acceptor.

Fig. 18. Superposition drawing of estradiol and 8'-hydroxy zearalenone illug-
trating similarities In overall conformation and possible hydrogen bonding to
the same receptor eite (R).

Pesticides

The estrogenic activity of o,p'-DDT and certain other analogs of DDT has
been well d0cumented.33 Of particular interest is the fact that inhibition of
estradiol binding is found with o0,p'-DDT but not p,p'-DDE.34 The analegue
o,p'-DDD has been described as a more potent inhibitor of the human placental
178-hydroxysteroid dehydrogenase than many other structural analogues, non-
steroidal estrogens, and antiestrogens,35 In addition, McBlain, Lewin and
Wolf336 have shown that the (-)isomer of o,p'-DDT is a far more potent estro-
gen than the (4)isomer.

The crystal structures of the racemic mixture of o,p'-DDT containing two
molecules in the asymmetric un:l_t,37 the {~)isomer of o,p'-DDT,?8 and p,p'-
DDT37 have been reported. The conformations of the molecules ;re illustrated
in Figure 19 and the relative orientations of the phenyl rings in the four

structures are defined by the torsion angles listed in Table 2.

)

Fig. 19. Three crystallographically independent observations of the confor-
mation of (-}isomer of o,p'-DDT (a, b, and ¢) and a single observation of
pop'-DDT (d). Two of the isomers of ©,p"-DDT {(a and b) are co-crystallized in
the racemic mixture.

e

2 b
P
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TABLE 2
THE CONFORMATION OF o,p'-DDT aud p,p'-DDT

a b [
* AP 4
0,p'-DDT
molecule 1 87.4° 177.8° 76.3°
molecule 2 94.8 175.5 85.7
(-)o,p"-DDT 94.2 178.2 83.3
P»p'-DDT 92.1 174.3 94.8
Rote: See figure 19 for numbering scheme.
a

$; = C(1)~-C{2)-C(3)-C(4)

Ps, = C(2)-C(3)-C(4)-cA(S)

4, = C(2)-C(3)-C(6)-C(T)
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Although the crystal structure of DDE has not been reported, the ethylene
linkage is certain to produce a much flatter molecule and this difference in
shape accounts for some of the difference in activity. McBlain proposed that
the R form of o,pLDDT more nearly resembles estradiol in shape than the § form
and thét the (-)isomer must be the R form. The crystal structure determination
revealed that the more active (-}isomer is indeed the R form.38 In Figure 20a
the p substituted phenyl ring of (~)o,p'-DDT is superimposed on the steroid
A ring and the p-chlorine atom and the 3-hydroxy substituent are aligned. é

The estrogenic activity of the DDT analogue methoxychlor is probably due to
its metaboligm to {[2,2-bis{p-hydroxyphenyl-1,1,1-trichloroethane}(HPTE)}
Figure 2la) which has been shown to compete for the estrogen receptor.39 The
conformation of HPTE can be expected to resemble p,p'-DDT rather than o,p'-DDT.
In Figure 20b, p,p'-DDT is oriented to permit maximum overlap of the p-substit-
uents of the phenyl rings with the 0(3) and 0{17) hydroxyls of estradiol as
well as overlap of the hydrophobic middle of the two structures.

a) ct b)
) [+ 4

Fig. 20. (a) Superposition drawing of estradicl and (-)o,p'-DIT with phenyl
ring overlap maximired by a least-squares procedure (FITMOL). (b) Super-
position drawing of estradiol and p,p'-DDT in which the correspondence between
the p-chloride substituents in the DDT and 0(3) and 0(17) of estradiol as well
as the hydrophobic bulk distribution is maximized.

a) b c

Cl ci
o] Ct cl

I

Fig. 21. (a) HPTE, the pesticide having the greatest similarity to estradiol,
and (b) kepone, a pesticide competitor for the estrogen receptor bearing no
apparent resemblance to estradiol.

Cl

Cl

I3
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Another pesticide that is reported to have estrogenic activity 1is lua-pcme.‘m
Since kepone (Figure 21b) has a cage-like structure and no phenolic rings, it

is difficult to establish any structural similarity to the natural estrogens.

MECHANISHM OF BINDING AND ACTIVITY

The only structural element common to all of the estrogens and antiestrogens
discussed here (with the exception of kepone) is a phenyl ring, and there is
ample evidence that a phenol ring is a more potent competitor for the estrogen
receptor. Furthermore, l'la.zelle.r['1 has shown that simple alkyl phenols can
prevent binding of estradiol and displace the prebéund hormone from the estro-
gen receptor of uterine cytosol. Tetrahydronaphthol (Figure 22a), an analog
of the A and B rings of estradiol, is highly effective in preventing forward
binding of estradiol. p-gsec-Amyl phenol (Figure 22b) with a flexible alkyl
chéin corresponding to the B ring-of estradiol is highly effective at 0°C in
displacing estradiol which has been prebound by the receptor.

a) ‘ b)

HO HO

Fig. 22. Simple alkylphenols that prevent binding of estradiol and/or displace
prebound hormones: {a) tetrahydronaphthol and (b) p-sec-amyl phencl.

On the basis of analysis of steroids having the highest affinity for the
uterine progesterone receptor, we have previously proposed that the steroid
A ring is primarily respomsible for progesterone receptor bimding and that
gtructural differences in the D-ring region appear to be respomsible for
determining activity or distinguishing agonism from antagonism.4z On the
basis of the structural data presented above, it appears plausible that a
phenolic A ring having a propensity to behave as a hydrogen bond acceptor as
well as donor may be the most important determinant of high affinity binding
to the estrogen receptor (Figure 23). The composition and orientation of the
region of the estrogen and antiestrogen corresponding to the D ring of estra-
diol will govern subsequent hormonal events such as conformational change in
the receptor, stabllization of a possible dimeric form of the receptor, and

interaction with chromatin or DNA (Flgure 24)"2""3 in the nucleus. Strudtures
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Fig. 23. HModel for estrogen receptor binding in which the phenolic ring has
an intimate association with the receptor and differences in variable D-ring
region will control events subsequent to bimding that govern activity.

having D rings or psewdo D rings suited by chemical makeup, overall shape, and
spatial location teo promote the required interaction would behave as agonists
whereas structures lacking these features would behave as antagonists.

Clark, Pasko, and Peck find that long term nuclear retention of receptors
is required for estrogen regulation of tramscriptional events associated with
uterine grouch.éa Horowitz and McGuire suggest that nuclear processing steps
may be essential for the function of estrogenic compounds as inducers of pro-
gesterone receptor and that such a step is partially or completely impaired
in antiestrogens.4s Tseng and Gurpides have found that only phenolic stercids
possessing a 178-hydroxy group compete with estradiol for nuclear binding.46
These observations are consistent with a model incorporating A-ring control
of receptor binding and D-ring contrel of subsequent {nuclear) events.

SUMMARY
Some of the tentative conclusions that can be drawn from this analysis of

the crystallographically observed conformations of estrogens and antlestrogens
include the following:

(1) The greater binding affinity of estradiol over estrone may be due in
part to a pK difference of the C{3)-hydroxyl that 1s caused by long
range conformational transmission associated with C{17) substitution.

(2) The C{3) hydroxyl may act as a hydrogen bond donor and acceptor in
the active site.

DL AR L

Fig. 24. Some of the possible roles that the D-ring region may play in con-

trolling estrogenic behavior.
could cause antagonism.

change?

Induce or stabilize
genome interaction?

Absence of the appropriate D-ring feature
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(3) Asymmetric DES has & spatial arrangement similar to estradiol.

(4) Structural comparison of DES and estradiol suggests that water may
play an important role in estradicl receptor interactions. i

(5) 1If the trans phenyl rings of DES are essential to activity then the :
O(GHZ)ZN(CH3)2 bearing ring of cie-tamoxifen may mimic one of them
in its interaction with the receptor.

(6} The triphenylethylenes of Figure 10 suggest that the O(CHz)ZN(CH3)2

bearing ring of cis-tamoxifen does pot mimic the steroid A rimg or
that estrogens and antiestrogens may bind differently to the same site L
or to different sites. ;
(7) The phytoestrogens and myrotoxins demonstrate structural similarity
in the A-ring regions and diversity of the “D-ring" regions.
(8) A phenolic ring that can mimic the A ring of estradiol appears to be
sufficient to permit effective competition for binding to estrogen

receptors. :
(9) Considerable variation at the D-ring region of steroids or comparable

regions in nonsteroidal estrogens 1s compatible with high affinity

binding and mey differentlate between agonist and antagonist behavior.
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DISCUSSION

NAFTOLIN: The use of estrogen bmdmg as synonymous with estrogen actions is
hazardous and should be avoided,

DUAX: Your point is well taken, Nevertheless, most of the compounds reported
to have significant estrogenic activity do exhibit significant binding to the
estrogen receptor. This suggests that binding is required, but not sufficient
for activity. This opens the door to the possibility of a pure antagonist
that would bhind te the receptor but lack the structural feature responsible
for activity. I was attempting to determine whether any common structural
feature could be identified as being essential for binding. Our proposal that
the "D"-ring region may be the controlling factor in determining the degree of
agonist and antagonist behavior through mediating events subsequent to recep-
tor binding is meant to be highly speculative.

MUELLER: If one imagines that the estrogen enters with the “A"-ring and
becomes bound on the "D"-ring (leaving the receptor's "A"-ring site open), is
there anything in the crystallographic data which defines limitations for the
*p*-ring binding interactions? I ask this question because substitutions on
the "P"-ring of estradiol have such a dramatic influence on the binding of the
steroid even though the "A"-, "B*-, apd "C"-rings are the same and the phenol
binding site of the receptor appears to be open to such compounds as p-Sec
amyl phencl when there is estradiol already hound.

DUAX: The variability of the "D"-ring region in steroids that bind to the
estrogen receptor and the absence of a "D"-ring-like group in most non-—
steroidal estrogens make it difficult to detect the presence of a characteris-
tic "D"-ring that may contribute to binding. It is possible that the dramatic
effect that *D*-ring substitutions have upon binding affinity may result from
long-range conformational effects transmitted to the “A"-ring, such as the
influence of the 17-substituent upon the pK of the £(3) hydroxyl that Legrand
reported, In regard to the ability of p-sec amyl phencl to bind to the phencl
site when estradiol is prebound, it may be that even at 0°C, there is scme
equilibrium between free and bound estradiol and that some exchange with the
excess p-sec amyl phencl is possible.

QFNER: In support of Dr. Mueller's emphasis of the importance of the "D"-ring
in structure-activity relationships, I should like to mention ocur report
(Ofner et al., Cancer Chemthe_rapy Reports 16:285, 1962) of a large difference
in the estrogenic activities of 16a{very potent)- and 16B8(low potency)-fluorc
estradiol-178 biocassayed as the products of the placental aromatization of

16a (weak androgen)- and 16B(5 x l6u~F-stercid in chick comb potency)-fluorc-4-
androstene-3,17-dione.
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DUAX: We would suggest that "D"-ring substituents could influence receptor
binding by the mechanism of long-range conformaticnal effects transmitted to
the "A"-ring and could influence activity by direct participation in the
hormone receptor interactions and changes that follow initial binding. We
would be interested in undertaking the crystal structure analysis of léa- and
168-fluore derivatives of estradiol-178 in order to examine the nature of

electronic properties and hydrogen bonding patterns that might occur in the
crystals.

PATHRE: I have a couple of comments regarding your work on zearalenone. We
have examined the !3c-wMR spectra of zearalenone and its derivatives and found
that there is no change in the chemical shifts of carbon atoms with respect to
temperature (the lowest temperature, -120°C), which, I think, is consistent
with your conclusions that in zearalenone the overall conformation of the
molecule remains the same. Also, we found, as your model predicts, that
removal of the 4-0H group in zearalenone results in a decrease-in its utero-
tropic activity. Have you considered whether possible conformational dif-
ferences exist between the solid state and solution state of these estrogens?
Solvent interactions present in soclution may not be observable by the struc-
tures observed in the solid state,

DUAX: I am pleased to learn that your solution spectral studies indicate the
presence of a stable molecular conformation and that the 4-hydroxyl is as
important to binding as our model predicts. It is always possible that a
molecular conformation observed in an isolated crystal structure determination
may differ from the conformation of that molecule in solution. For this
reason it is important to analyze the data from as many closely related struc-
tures as possible and to study polymorphic forms of the same compound. Our
analysis of crystallographic data on over 300 estranes, androstanes, and .
pregnanes collected in the Atlas of Steroid Structure indicates that, in
general, the structures observed in the crystal are at, or very near, minimum
energy conformations and that crystal packing forces have little or no in-
fluence on conformation. Furthermore, the fact that many crystals, including
zearalenone, contain solvent of crystallization further suggests that the
intermclecular interactions observed in the crystal, such as hydrogen bonds,
have analogous interactions in solution. In the past, we have been able to
resolve ambigquities in solution spectral interpretation and unambiquously
demonstrate a correspondence between steroid conformation in sglid and solu-
tion. Studies in our laboratory of more flexible molecules such as thyroid
hormones, polypeptide hormones, and prostaglandins indicate that this corre-
spondence between structure in solid and solution occurs for these compounds
as well,

METCALF: 1Is it possible that the facile hydration of chlordeccne (Kepone)
provides a clue to the affinity of this compound for the estrcgen receptor in
a manner analogous to the mechanism you have suggested for solvated estradiocl
or estrone?

DUAX: That is a very good suggestion. If Kepone is energetically stabilized
by solvation, it is possible that a tightly bound water molecule in the plane
of the carbonyl group could play a role analogous to that of the 3-hydroxyl of
estradiol,
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INTRODUCTION

The biclogical activity of steroid hormones, such as estrogens, depends upon
their interaction with certain high affinity binding proteins, called receptors,
that are found in the cells of target tigsues. The interaction between a ster-
oid and its receptor is of high affinity {Ky = 0.1 - 1 nM} and is characterized
by a high degree of stereospecificity. Therefore, it is not surprising that
small alterations in the structure of certain estrogens can greatly affect the
receptor binding affinity of these compounds and their bhioclogical activity.

In this paper, we will examine several facets of the relationship between
the chemical structure of estrogens and antiestrogens and their biological
activity, both in terms of receptor interaction and physiological responses.

We will also consider the variety of chemical structureg that can embody estro-
genic activity. It will become apparent that the biological consequences of
chemical alteration have a dual origin - altered receptor affinity and altered
pharmacodynamics; both factors are important in determining biclogical activity.

RESULTS AND DISCUSSION
Optimization of the Selectivity of Estrogen Interaction with Receptor. In

addition to their desired interaction with the estrogen receptor, estrogens
interact with other binding sites. This non-receptor binding can be to speci-
fic serum binding proteins such as rat alpha-fetoprotein and human sex steroid
binding protein, to enzymes involved in estrogen metabolism such as dehydro-
genases and hydroxylases, and to low affinity, non-saturable (i.e., non-speci-~
fic) binding sites such as albumin and lipids. These interactions reduce the
fraction of a dose of an estrogen that is "free" and thus available for inter-
action with the receptor (serum and non-specific binders), and they can shorten
the serum half-time (metabolizing enzymes).

A considerable effort has been mounted by the pharmaceutical industry to
develop estrogens that will have increased potency because they interact with
the receptor more selectively. An example of this is found in a detailed study
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by Raynaud.l Raynaud has shown that two structural modifications, a 17a-
ethynyl group and an 1llB-methoxy group, both enhance the selectivity with which
an estrogen interacts with the receptor and increase its bioclogical potency

(Scheme 1). The l70-ethynyl group reduces binding to serum binding proteins

H

3
.--CH3
HO o
promages trone
(R 5020} OH
-"‘ 3
estradiol
moxestrol
(R 2858) o]
methyltrienclone
®Relative binding affinity (R 1881)
Scheme 1.

and blocks the action of the 1768-dehydrogenase, a major pathway of estradiol
metabolic inactivation; the 11f-methoxy group blocks binding to serum proteins
very effectively and also lowers the lipophilicity of the compound, reducing
its non-specific binding. A particularly important feature of these two modif-
ications is that, while they reduce non-receptor interactions dramatically,
they cause relatively small changes in the binding affinity to the estrogen
receptor. Thus, llf-methoxy-l17@-ethynyleéstradiocl {R 2858 or “moxestrol™) is an
estrogen with increased potency due to the increased selectivity of its recep-
tor interaction. Raynaud has also found that moxestrol is a preferable ligand
to use in measuring the concentration of estrogen receptors in in vitro
assays;z its increased selectivity of receptor interaction translates into
decreased levels of background or "non-specific® binding. Along a similar
wvein, the Roussel Company has developed analogs of testosterone (R 1881) and
progesterone (R 5020) that have increased selectivity of receptor interaction
due to their decreased binding to serum proteins (Scheme 1) .3

Another aspect of the selectivity of receptor binding concerns the extent to
which modified stercid hormones of one class will bind to receptors for another
class of hormones. Again, the most extensive work in this area has been done
by the Roussel Company where the binding affinity of a large number of modified
estrogens, androgens, progestine and corticosteroids has been measured tc the
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corresponding four receptor systems.3 The "parent” ligands, estradicl, testos—
tercne, progesterone, and cortisol, have high receptor selectivity, that is,
they bind with highest affinity to their own receptors. Structural modifica-
tions can be made that will increase the binding selectivity somewhat, but
ather alterations result in compounds with roughly comparable binding affini-
ties for receptors of two or more classes. These compounds can have interest-~
ing mixed activities.

Structural Modifications of Estrogen Derivatives Designed for Affinity

Labeling or Breast Tumor Imaging. We have been interested in developing two

types of estrogen “reagents", affinity labeling agents and tumor imaging agents.
Compounds of the first class are estrogens that contain a functional group that
is chemically or photeochemically reactive, so that once the estrogen-receptor
complex is formed, the two members can be covalently linked. The second type
of agent embodies a gamma-emitting radionuclide, so that its in vive distribu-
tion (and presumably its concentration in an estrogen receptor-containing breast
tumor) can be detected externally by gamma imaging techniques. A feature
required by both of these types of agents is high affinity for the estrogen
receptor, and in developing these agents we have made a considerable study of
how structural modifications affect receptor binding.

We have prepared derivatives in the two series based on the steroidal estro-
gen estradicl and on the non-steroidal estrogen hexestrol. The latter compound
has the advantages that it does not bind to high affinity serum binding pro-
teins, its affinity for the estrogen Yeceptor is three-fold greater than that
of estradiol, and its chemistry is simpler. 1In examining the receptor binding
affinity of various estradicl and hexestrol derivatives (see Table 1), we have
noted the following: For small structural modifications (entries 1 and 5), the
binding affinity of the derivative relative to that of the parent is rxoughly
equivalent in the two systems. However, with the introcduction of larger sub-
stitvents {entries 3, 6-9}, the binding affinity of the hexestrol derivatives
can exceed that of the estradiol derivatives by a wide margin.

We have suggested4 that the greater tolerance of hexestrol towards these

" sorts of substitution derives from its symmetry and conformational flexibility

(Scheme 2). For example, introduction of a substituent ortho to the phenolic
hydroxyl group in meso-hexestrol produces a racemic mixture of enantiomers, one
of which can bind with its substituent in a positicn congruent with either a
C-2 or C-4 substituted steroidal ligand, and the other which can bind at sites
roughly equivalent to steroid positions C-15 and C-17. Thus, while the corres-
ponding substituent at the 2- or 4-position of the steroid is positioned unam-
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TABLE 1

RELATIVE EFFECTS OF SUBSTITUENTS ON RECEPTOR BINDING OF STEROIDAL VS NON- i
STEROIDAL ESTROGENS®

Relative Binding AffinityP

Estradiocl Hexestrol
A B
1. H 100 100
2. CHy 3.0 6.5
. EtOCOCH, 0,034 0.54
X Y Z
4. H 100 100 100
5. F 86 128 68
6. NOo 0.03 6.2 5
7. Ha 3 0.9 24
8. Br 1.2 10 5.3
9, -1 0.03 0,03 4.6

g

pata from ref 4, 5.

bpinding affinities are measured in rat or lamb uterine cytosol by a competition
assay with 3H-estradiol {ref 4). Humbers are % K, relative to that of the un-
functionalized ligand.

biguously within the receptor binding site, the symmetry and flexibility of

hexestrol provide several alternative modes of binding for the group.
Stereochemical Ambiguities in the Mode of Binding of Hexestrol Derivatives.

In the preceeding argument we have implied that the hexestrol derivatives are

bound by the estrogen receptor in such a manner that the configuration at car-
bons 3 and 4 are congruent with carbon atoms 8 and 9 at the B-C ring junction
of estradiol {Scheme 2}. There are some binding data that indicate the impor-
tance of configuration at these centers (Scheme 3): Compared to mego-hexestrol,
(+)- and (-)-hexestrol have a binding affinity of only a few percent;e these
sterecisomers are epimeric at only one of these positions. A more extreme
example is the enantiomer of estradiol, which iz epimeric at all five chiral
centers in the stercid and is bound with an affinity only 1% that of estradiol.T

However, although these data are suggestive, one cannot say with certainty
that the receptor does not bind mego-hexestrol in a reiro mode (Scheme 3).

pair of
enantiomers

Scheme 2,

In the retro mode of binding, meso-hexestrol is rotated 180° from its presumed
normal orientation in which it mimics (+)-estradiol; this makes the configura-
tions of carbons 3 and 4 just the reverse of that found in (+)-estradiol. (The
term refrg is derived from steroid nomenclature to indicate a reversal of con-
figuration at two adjacent centers; thus, Bu,9B-estradiol could be called 8,9-
retroestradiol; Scheme 3). While a single inversion of configuration, such as
is found in (+)- and (-)-hexestrol causes a considerable distortion in the con-
formation and steric contour of the molecule, the steric dispositionh of meso-
hexestrol in the reir¢ orientation appears quite similar to that in the normal
orientaticn. Unfortunately, 8,9-retroestradiol, which would be tlie most appro-
priate steroid analog to use to judge the binding of meso-hexestrol in the
retro orientation, is not available for binding measurements.

Recently, we have prepared a number of hexestrol derivatives that are func—
tionalized at the end of the hexane chain.a These compounds have the same con-

. figuration at carbons 3 and 4 as meso-hexestrol, but because they are unsym-

metrical, they are alsc mixtures of enantiomers. In this series, we have been
able to resclve the enantiomeric derivatives by fractional crystallization of
the quinine salt of the acid dimethyl ether, so that binding measurements can
be made separately on the individual enantiomers. We had hoped to use the
bindirg behavior of these enantiomers to probe the question of the normal vs
retro mode of binding of meso-hexestrol.
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The various modes of binding of the enantiomers are shown in Scheme 4. If
the enantiomers are oriented in the normal fashion (with the configqurations of
carbons 3 and 4 congruent with the configurations of carbons 8 and 9 of estra-
diol), then one enantiower projects its substituent into the upper left region
of the receptor and the other into the lower right. However, if they bind in
the retfro fashion, then this is reversed: the first enanticmer projects its
group into the lower right and the second into the upper left. Therefore, if
the enantjomers show very different binding affinities, this indicates that the
corresponding regions of the receptor (upper left vs lower right) have very dif-
ferent tolerances for the substituent atd that the hexestrcols are being bound
unapbiguously in one mode (either normal or retro). If the enantiomers have
nearly the same binding affinity, then either the corresponding regions of the
receptor have very similar tolerance to substitution, or one epantiomer is
bound in the normal and the other in the retfro fashion.
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Ouxr preliminary binding data with two of these derivatives, the methyl and

the pentyl ester, are shown.in Table 2. It is clear that both enantiomers have

HO 002R

DH

TABLE 2
ESTROGEN RECEPTOR BINDING AFFINITIES OF 1-HEXESTROL ESTERS®

Relative Binding Affinity®

R racemic +) 7 {=1
~CHy 8.8 7.0 8.8
—CH,CH,,CH,CH,.CH 3.8 4.0 " 4.2

222 N

4pata are from 5. W. Landvatter, K. E. Carlson, and J. A. Xatzenellenbogen.
Unpublished,

bB.i.nd:i.ng affinities are measured in rat uterine cytosol by a competition assay
with 3H-estradiol (ref 4). Numbers are % K, relative to that of estradiol.

very similar binding affinities; so, at present, the gquestion of the mode of
binding of mesc-hexestrel to the estrogen receptor is unanswered. We are
planning to make other derivatives of these enantiomers, and should they prove
to show larger differences in binding affinity, they will help to resclve this
stereochemical ambiguity. While, as yet, we do not know the absolute configura-
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tion ¢f the enantiomers we have resolved, the confiquration of the corresponding
norhexestrol acids is knoun,g and we plan to interrelate the two systems.

We are hopeful that stereochemical studies of this type may permit us to
resolve another long-standing ambiguity: the preferential mode of binding of
the triarylethylene esfrogens and antiestrogens. This stereochemical uncer-
tainty can be exemplified by the antiestrogen tamoxifen (Scheme S}, where it is

not clear whether the molecule is bound at the estrogen binding site in orien-

estradiol

. 1]
tamoxifen Mezl(\/

Scheme 5

tation A or B relative to estradiol. The stereochemical mapping of receptor
bulk tolerance and mode of binding that we can do with the enantiomers of the
chain substituted-hexestrol derivatives may go a long way towards resolving
this ambigquity.

Prohormonal Estrogens: Chemical Modifications That Affect Both Receptor

Binding and Pharmacokinetics. When estrogens interact with the uterus in vivo,

they first bind to the unfilled receptor that is present in the cytoplasm;h “
This complex then is translocated to the nucleus where it interaci‘:s wit.:h o
matin binding sites in a manner that is thought to initiate the b:ufnlog:.cai -
response by differential alterationlzf gene expression. Prol? studies t_‘rfna

been done by ourse].vesm and Clark, = it is apparent that st:l.mulat-:ion o .
uterine growth in the rat requires estrogens that are capable of interacting
with the estrogen receptor and translocating receptor to t.l\le nucleus. 'f‘here

is an additional requirement, however: For the uterine growth sti-ultltlon to
be effective and long-term, it is essential that the compounds maintain ele-
vated levels of the nuclear estrogen receptor for an extended period of time.
Thus, estradiol, which binds tightly to the uterine estrogen receptor and main-
tains nuclear receptor levels elevated for 4-6 hours, causes a pronounced
uterine weight increase. O©On the other hand, estriol, wh:l.ch is boundlless
tightly and is cleared more rapidly, causes only a temporary {1 hr) increase
in nuclear estrogen receptor levels and consequently effects only minor
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increases in uterine weight. The short duration of action of estriol contrib-

utes to the "impeded™ nature of its responge.

Chemical modification of short-acting estrogens to produce prohormones (i.e,,

inactive hormone derivatives that are metabolized to active hormones) can have

the prohormonal estrogen may have a reduced receptor binding
yet its biological activity can be increased.
hormonal derivatives jin the stilbestrol series,
ticularly well illustrated, 12

a4 curious effect:

affinity, We have examined pro-

where this phenomencn is par-
The dose response curves for a 3-day uterine
weight response in the immature rat are shown in Figure 1 for es

tradiol,
diethylstilbestrol (DES) .

dimethylstilbestrol (DMS), and their corresponding

dimethyl ethers (DES—(CHe)z, DMS- (OMe)z) (Scheme 6). DES isa potent estrocen,

estrogenic stilbestrolg

diethylstilbestrol (DES} dimethylstilbestrol (DMS)

prohormonal stilbestrols

diethylstilbestrol
dimethyl ether (DES- (OMe)

dimethylstilbestrol
4} dimethyl ether (DMS—(Oue)ZJ

Scheme 6,

giving a uterine weight response like that of estradiol, but DMS is a weak,

impeded estrogen, active only at the highest doses. Conversion of the stil-

bestrols to the prohormonal form {dimethyl ethers) has an interesting effect:
The receptor binding affinity of 330% for DES (relative to 100% for estradiol)

drops to 1% for DES- (Q&e)z; the uterotrophic potency of DES-(OHe);'is'alsc

lower than DES. In contrast, while the receptor binding affinity of 21% for

DMS drops to 0.1% for DMS- (OHelz. the uterotrophic potency increases markedly.

While these results appear paradoxical when considered in terms of the receptor

binding affinities of the compounds themselves, thisg phenomenon can be under-

stood on the basis of differences in the pharmacckinetic broperties of DES,
DMS, and their dimethyl ethers.



42

UTERINE WET WEIGHT {mg)
-~
h

501
25+ .
1 L ) R 1 L s 1 i 1
o o2 05 4 2 5 ] 2 5 10 20 50 100

DAILY DOSE (pug}

Figure 1. Dose-response curves showing the uterotrophic activities of DMS, DES,
estradicl and stilbestrol methyl ethers. Rats (21 days cld) were injected s.c.
with the indicated daily dose of compound in 0.5 ml saline once daily at 24-h
intervals on 3 successive days and uterine wet weights were determined at 24 h
after the last injection. Control animals received saline alone. Each value
is the mean of determinations from at least 5 individual animals * SEM. {From

ref 12}

As can be seen in Figure 2A, DES causes a rapid accumulation of estrogen
receptor in the nucleus, with elevated levels being maintained for at least 12
hours; this temporal profile of nuclear receptor is very effective in stimu-
lating a uterine weight increase. DMS, on the other hand, causes only a tran-
sient increase in nuclear receptor, with levels returning to control by & hours
(Fig. 2B). This elevation is of insufficient duration to effectively stimulate
uterine weight increase. Conversion of both DES and DMS to the prohormonal
forms {(dimethyl ethers) causes the elevation in nuclear receptor levels to
persist for longer periods. .

In terms of the uterotrophic dose-response relationships (Fig. 1}, methyla-
tion has a differential effect, however: Methylation of DES, which is a potent
uterotrophic agent itself, simply decreases the total amount of active compound
that is made available through net-abolic activation, reducing its effectiveness
at low doses and shifting the dose response curve to the right. In contrast,
methylation of DMS, which is a weak uterotrophic agent because of its very
brief duration of action, makes it more potent because by extending its period
of action it provides a profile of nuclear receptor levels that is much more
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F]:.gure 2. Content of specific estrogen binding sites present in-nuclear frac-
tion of the immature rat uterus as a function of time after a single injection
of DES, DMS, DES(0OMe);, or DMS(OMe) 3 (Scheme 6) or control vehicle saline. Rats
(21 days old) were injected s.c. with 20 Ug of compound in saline and at :indi-
c?ted times, high affinity binding sites in uterine nuclear fraction were deter-
:.L:eeimgy an exchange a.ssay‘ (ref 12), Each point represents the mean of 2-3
binding?at](.:m@ wi:af :z;nten per determination, and is corrected for nonspecific

appropriate for the stimulation of uterine growth. Thus, methylation causes
the dose response curve for DMS to shift to the left.

There are undoubtedly many other examples of chemical alterations of hor-
mones (to prohormonal forms) that increase biological activity and potency by
a mechanism that does not involve receptor binding directly, but rather by
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causing appropriate alterations in pharmacokinetic properties of a metabolite
of the derivative (the free hormone}.

1
Antiestrogens: Prohormonal Estrogen Antagonists. Studies by Clark 3 indi-

cated that the triarylethylene-type antiestrogen nafoxidine can occupy uterine
estrogen receptor sites for greatly extended pericds of time. The prolonged
duration of action of this compound, as well as its relatively slow onset of
action {in terms of nuclear estrogen receptor elevation), together with related
studies we had done on the onset and duration of action of other antiestrogens
(notably CI-680 and its demethylated analog 9411)(2'“,14 suggested to us that
the antiestrogens commonly-administered may in fact be prohormonal forms that
are slowly converted into the active compounds jin vivo. 15

In order to investigate this point directly, we have prepared two anties-

trogens in high-specific activity, tritium-labeled form {Scheme 7).16'1? One

AP
o o

CI-628 U-23,469 nafoxidine
{Parke-Davis) (Upjohn) (Upjochn)
Scheme 7.

of these compounds, CI-628, is an antiestrogen that was synthesized by Dr.
Horace DeWald of the Parke-Davis Co. It is one of the more potent antiestro-
gens. The second cowpound U-23469 was prepared by Daniel Lednicer while at the
Upjohn Company. This antagonist can be considered to be an analog of the better
known Upjohn antiestrogen nafoxidine that was developed in order to eliminate
the undesirable photosensitivity reaction that was experienced by individuals
who. used nafoxidine. The sites of tritium labeling in each com.pound are shown
in Scheme 7.

We have investigated the interaction of both of these antiestrogens with
the uterine estrogen receptor in viﬂl"m'lv'la and have found that the bind-
ing characteristics of the labeled compounds correspond cleosely to those that
were previocusly measured indirectly on the unlabeled compounds, by competitive
binding assays with tritium-labeled estradiol. These compounds were then admin-
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istered to rats, and their in vivo receptor interactions were investigated. The
most striking finding was that in each case a more polar metabolite of the anti-
estrogen appeared to accumulate selectively in the nuclear estrogen receptor.

This was seen particularly clearly with 3H-—l.1—2!.'3469.M"]’8 Figure 3 shows thin

layer chromatograms of extracts of serum and of the uterine nuclear fraction
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Figure 3. Thin-layer chromatographic profiles of authentic 3H—U—23469 (panel E)
and of serum {panels A and B) and of uterine nuclear radiocactivity (panels C and
) after in vivo injection of 38-0-23469. Immature rats were injected with
34-u-23469 (25 1g sc/rat) and at 1 h and 13 h after injection, serum was pre-
pared and extracted with ethylacetate; at the same times, uteri were exciged
and homogenized and the three-times washed nuclear pellet was then ethanol
extracted. The extracts were concentrated and analyzed on thin-layer silica
gel plates developed in anesthetic ether:ethanol {98:2 v/v). (From ref 17)

3
at various times after ~H-U-23469 injection. The nuclear fraction has accumu-

lated a substantial.fraction of the polar metabolite by 1 hr (Fig. 3p), a time
when it is barely detectable in the serum; by 13 hr, the radiocactivity in the

nuclear fraction is due almost entirely to the metabolite (Fig. 3cC), while the
majority of the extractable serum activity is still U-23469 (Fig. 3A). Similar
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selective accumulation of a more polar metabolite in the uterine nuclear yecep-
tor fraction was observed after 3H-CI—628 injection. These data suggest that
the polar metabolites of both antiestrogens have a higher affinity for the
estrogen receptor than do the parent compounds and are thus selectiwvely accumu-
lated in uterine nuclear fraction by virtue of their higher receptor binding.

The lower chromatographic mbili.ty of the antiestrogen metabolites suggested
that a polar group was being unmasked or added, and it appeared most likely
that the methyl ef.her function of each antiestrogen was being cleaved oxida-
tively. Both of the free phenocls were synthesized, and by cochromatography in
several solvent systems, they were shown to be identical to the polar compounds
generated metabolically.

Table 3 shows the binding affinities of the antiestrogens, their polar
metabolites and several related compounds for the uterine estrogen receptor as
measured by competitive bhinding assays. With both the Parke-Davis antiestro-
gens, CI-628 and CI-680, the binding affinity increases by a factor of 7-15
upon removal of the methyl ether. A similar ratic is found between the binding
affinities of the phenol and phenyl methyl ether forms of the estrogens estra-
diol and hexestrocl. The antiestrogen U-23469, however, appears to be unigue in
that its binding affinity increases nearly 400-fold upon removal of the methyl
ether functicn. Also, in this system, addition of the glyceryl ether group
causes only a modest decrease in binding affinity (] vs 3 and 2 vs 4), while it
causes a 50-fold decrease in the binding affinity when added to hexestrol.
These data again indicate that in dealing with a stereospecific binding site,
analogous chemical modifications in different ligand systems can have very dif-
ferent outcomes in terms of receptor binding affinity.

The Estrogen Receptor - Stereospecific Yet Structurally Tolerant. The

results presented in the preceeding sections support the fact that the binding
of ligands to the estrogen receptor is stereospecific, and in numerous instances
small structural or sterecchemical alterations can cause large changes in b'.i.nd-
ing affinity and in biological potency. The receptors for other steroid hor-
mones demonstrate comparable stereospecificity. Omn the other hand, despite its
stereospecificity, the estrogen receptor does have a remarkable capacity for
binding (sometimes with high affinity) ligands with structures quite remote
from that of a steroidal estrogen. We have already seen examples of the bis-
phenol (hexestrol) type of estrogen (Table 1) and of the triarylethylene anti-
estrogens {Table 3), but even more remarkable is the binding affinity of the
estrogen receptor for the compounds shown in Table 4. These compounds include

plant natural pkoducts such as the flavones genistein, mirestrol, and the fluor-

TABLE 3

BINDING AFFINITY OF ANTIESTROGENS, ANTIESTROGEN METABOLITES ANRD
TIVES TO THE ESTROGEN RECEPTOR®
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RELATED DERIVA-

Compound Substituent RBAP
OH
. estradiol R=H 100
R=CH 3
RO 3
OH
@ meso- R=H 300
@ hexestrol *
R=CH -
RO 3 e 13
Q R=CH,CHCH_,OH 6.7
0N
"polar R= 100
matabolite”
CI-628 R=CH3 5
O
RO} N02
/‘\/\Nuez

9411X27 R=H 222
CI-&80 R=CH 34

O’Y\OH .

@ "polar R=H ] | 39
metabolite”
t:’. U 23,469 R=CH, 2 0.1
RO
OH
© A
o0
RO

Apata are from refs 14, 16, 17.
Bindigg affinities are measured in rat uterine cytosol by a competition assay
with “H-estradiol (ref 4). Numbers are t K, relative to that of estradiol.
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TABLE 4
a
STRUCTURAL VARIETY IN ESTROGENIC SUBSTANCES

Natural Products:

HO 0" o "
coumestrol (20}

0

a CH3

2 % H
zearalenone (P-1492) (1.8)°1 zearalamol (P-1496)(14)21
Xenobiotics:
o.p'-DDT €1 cl
(0.004) 22 1 c1 1o
1 1
@ ci- 1
1
c €1 €l po - c r‘!‘ c1
methoxychlor C Cl

Oth ics: 4,25
er Synthetics chloxrdecone (kepone) (O.Ot-‘.}2 ’
CH CH
3
SV

I, ’{o o8 °\\ Vs @)’C“a
/ \ C 'k\!q S~\N

/Si si ’@O/H CH 0@ L

\

3

HO
CH 0 0/ \CH;; azoresorcinel 3 sulforamide 5
g1 (02 {weakly estrogenic}?
cu{ \HJ

cis-2,6-diphenylhexamethyl-
cyclotetra siloxane

Bpelative binding affinities to the uterine estrogen receptor are given in
parentheses. Reference numbers are given as superscripts.
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escent coumestrol. The mold metabolite zearalenone (P-1492) and its more potent
derivative zearalanol (P-1496) are bound with good affinities; we have studied
in detail the estrogenic potencies and receptor binding of several compounds of
this type (B-resorcylic acid lactones) 2! Yenobiotics such as ©,p'-DDT bind
weakly, but others such as methoxychlor can be metaboliZed (demethylated) to
compounds with high affinity. Perhaps most remarkable is the estrogenic acti-
vity of chlordecone or kepone. We have investigated this compound and have
found it to have high uterotrophic activity in the rat, although its potency
{and receptor binding affinity) are 10w.24 Other synthetic materials with
unusual structures that are estrogenic are the cyclic tetrasiloxane, discovered
as an estrogenic contaminant in a “bicinert" dimethyl-methylphenyl silexane
copolymer, azoresorcinol and other azcbenzenes, which are also mutagenic (and
thus possibly carcinogenic), and even some sulfonamides that also have anti-
bacterial and antifungal activity. )

CONCLUSION

The estrogen receptor binds estrogens and antiestrogens with high affinity
and high stereospecificity, but it also binds a considerable variety of other
ligand types, stercids, stilbestrols, plant and mold natural products, xeno-
biotics and other diverse synthetic chemicals. In many cases, structural
changes affect binding affinity in a rational and predictable fashion, while
in other instances they do not. Since the uterine growth-promoting effects of
estrogens depend both. on receptor occupancy and the duration of that occupancy,
structural alterations that convert estrogenic agonists or antagonists into
prohormones can have a complex effect on biological activity and potency; while
the receptor binding of the prohormonal derivatives may be decreased, their
potency and activity may be increased due to their more favorable pharmaccki-
netic properties. Thus, a full understanding of structure-activity relation-
ships of estrogens and antiestrogens requires careful study of their receptor
binding in vitro and an examination of the time course of their action in wvivo.
An analysis of their metabolism is alsc important, as it can lead to compounds
with both decreased or increased biological activity. In the latter case, the
receptor itself can be used as an agent for the selective extraction'of metab-
olites with higher receptor binding affinity, ones that are presumed to be of
biological importance in the action of estrogens and antiestrogens.
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DISCUSSION

KUPFER: Is the metabolite of CI-628 estrogenic or antiestrogenic?

KATZENELLENBOGEN: The metabclites of the antiestrogens CI-628 and U-23,469
have been synthesized and tested for uterotrophic and antivterotrophic activi-
ty in immature rats. Both of the compounds have antiuterotrophic activity,

but like the parent compounds, they are mixed agonists/antagonists in terms of
this response,

KUPFER: Is nafoxidine demethylated in vive? In vitre, we cdould not demon-
strate demethylation of nafoxidine using liver microsomes, derived from rats
which were induced to elevate monooxygenase activity, and fortified with
NADFH.

KATZENELLENBOGEN: We have not studied nafoxidine, because we have not prepared
it in radioclabeled form. However, I believe that by analogy with CI-628 and
particularly U-23,469 (which is a nafoxidine analog that was prepared to
reduce phototoxicity), we should expect that nafoxidine will be demethylated
in vivo. Furthermore, this is supported by the available (though indirect)
evidence (prolonged activity and slow onset of receptor translocation to the
nucleus). We have found that liver microsomes can demethylate Ig-u- ~23,469 xn
vitro. The incubations were fortified with an NADPH-generating system, and
at low concentrations of the antiestrogen, 50% of the demethylated metabolite
was produced within 30 minutes. The capacity of the microsomal demethylase
activity is low, however; so, at higher U-23,469 concentrations, the precent
of demethylation is lower (this work is soon to appear - ref. 17, Katzenellen-
bogen et al., this volume). I doubt whether you could detect this demethyla-
tion 1nd;rectly (e.g., by formaldehyde analysis), because of the insensitivity
of these methods. We were less successful in observing demethylation of 3g-
CI-628 by liver microsomes in vitro. We suspect that the nitro functicn of

this compound may be shutt:l.ng down the electron transport system needed for P-
450 action.
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ESTROGEN ACTION IN NORMAL AND ABNORMAL CELL GROWTH

JAMES H. CLARK, CHERYL WATSON, SUSAN UPCHURCH, SHIRLEY MCCORMACK, HELEN
ADYKULA, BARRY MARKAVERICH AND JAMES W. HARDIN
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INTRODUCTION

Estrogens are hormones which stimulate growth and development of the second-
ary sex characteristics and organs in the female animal. Thus they constitute
a normal and very important component of the physiclogy of the femsle. Yet it
ig well known that estrogens can be dax-':gerous substances if not handled properly
or under certain abnormal patho-physiclogical states. In this article it is our
purpose to discuss both the normal and abnormal growth responses that are stim-
ulated by estrogens. In order to understand these relationships it is necessary
to clarify our current knowledge about estrogen action at the cellular and mol~-

ecular level.

II ESTROGEN ACTION IN NORMAL CELLS

The interaction of cellular components with stervid hormones depends on the
amount of free hormone that is available to the cell. This amount is determin-
ed by a complex interplay of mechanisms which involve binding components of the
. blood and intercellular spaces, Heither the interplay nor the mechanisms them-
selves are completely understood at this time. For a more extensive discussion
see Clark and Peck.l However, the following are the minimal points which should
be considered in deriving a model of this system: 5) Steroids are bound with
different affinities by specific and nonspecific blood binding components.

These interactions determine the quantity of free steroid available for entry
into cells. A stercid hormone that is not bound tightly to blood binding sites
is physiclogically more potent than one which is bound tightly, provided that
all other variables remain constant. b) Steroids have different matabolic clear-
ance rates and their physiolegic effectiveness depends on this variable. Thus
steroid receptors may have a low affinity for a given hormone and ‘y‘et. if this
hormone has a long half life in the bedy, its potency may be greater than anti-
clpated. ¢} Steroids which are bound to blcod components may enter intercellular
spaces of some organs via protein permeable vascular beds, thereby creating a
local elevation of total steroid concentration. Subsequent dissociation of
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these complexes will allow the maintenance of free steroid levels within the
intercellular space. d) Steroids can also enter the intercellular space in the
free form. There they may bind to intercellular proteins which augment the ab-
ility of blood binding components to maintain elevated tissue levels of hormone.

Free estrogen readily enters all cells at physiological temperatures and is
subsequently bound by many cellular components. The best known of these Compo-
nents is the cytoplasmic estrogen receptor which we will call the type I site.
Type I sites are soluble protein macromolecules with a high affinity for estra-
diol, a dissociation constant (.Kd) of 0.1-1.0 nM, and are present in target
cells at approximately 10,000-20,000 sites per cell. We have recently described
a second class of estradiol binding sites (Type II) which have a lower affinity
for estradiol, Kd of wxmmly 50 nM2+3 These sites also are soluble pro-
tein macromolecules and their numbers per cell can be 5-10 times that of type I
sites. Non-specific sites (NS) include a multiple array of cellular components
which have a much lower affinity for estrogen than either of the above mention-
ed sites, Kd of 1 - 100 uM; however, their number is extremely large and hence
they can be significant binding constituents.

The precise binding state of estrogens in situ is mot known, however all of
the above components undoubtedly contribute to the accumulation of estrogen by
target cells. Type 1I and NS sites may act as bu.ffer—lﬂ:e accumulators of est-
rogen that retain estrogen against a declining concentration gradient in the
blood. 8uch a function could easily occur becmise of the extremely large number
of these sites. Once such binding has occurred, reequilibration via dissocia-
tion of estrogen from these sites could elevate the cellular content of avai-
lable estrogen for binding to type I sites, The binding of estrogen to such
lower affinity sites may also facilitate the binding of estrogen to type I
sites. This is possible because the large mmber of lower affinity sites in-
creases the probability that estrogen binding of any kind will occur and hence
the likelihocod of binding to type I sites would be increased. This is especial-
1y true if there are localized interactions between type II and type I sites.
Anothéz posslbility is that type ‘1T sites are precursors of type I sites. Type
I sites are replenished to the cytoplasm by de novo synthesis and/or by recycl-
ing from the nucleus after estrogen administration?hs Little is known about
this ghenomenon but it appears possible that type II sites may constitute a
precursor form of such sites or are part of the nuclear mediated events which
ultimately lead to receptor replenishment.

Once the type I estrogen complex has formed it undergoes translocation to
the nucleus where it binds to a large number of sites on chromatin. Transloca-
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tion of type I estrogen complexes results in the depletion of these sites from
the cytoplasm. Chromatin binding sites can be classified as either acceptor or
non-acceptor sites. Acceptor sites are generally visualized as a specific com-
plex of chromosomal proteins, probably non-histone proteins, which the type I
estrogen complex recognizes and binds to with a very high affinity. Non-accep-
tor sites are considered to be secondary sites on chromatin where the receptor-
hormone complex can bind with a lower affinity. Although these non-acceptor
sites have a lower binding affinity for the complex, they are present in such
large numbers that they constitute a major component of the chromatin binding
mechanism. These binding interactions between the receptor-stercid complex and
non-acceptor sites may serve to maximize the number of receptor-hormone com-
plexes which can be accumulated and thus maximize the chance that binding of
some complexes to acceptor sites will occur.

The binding of type I estrogen complexes to acceptor sites is thought to make
gene sites available for transcription by RNA polymerase which subsequently re-
sults in elevated cellular RENA and protein synthesis. These synthetic events
may be wvery restricted such that the hormone appears to stimulate only a few
cellular functions. This is the case with aldosterone which enhances sodium
transport in kidney tubules but does not have a general metabolic or growth
effect on renal cells. In contrast, hormcnes that cause growth, such as estro-
gens and androgens, stimulate many cellular events which ultimately lead to
hypertrophy and hyperplasia of specific target tissues (For a review of the
topics discussed above see Clark and Peck’})

A second class of estradiol binding sites are also present in the nuclei of
uterine cells which we have called nuclear type II. These are not translocated
from the cytoplasm, but are stimulated or activated by e'strogen administration
and may represent chromosomal proteins which are present in the nucleus of
estrogen sensitive cells at all times>' '8 qne function of these sites is
not known; however, they may be thought of as integral components of the mechan-
isms which control RNA and/or DHA synthesis, and thus may represent "nuclear ac-
ceptors™ which are activated by the binding of type I complexes. Additional
possible functions for nuclear type II sites include the following: (a} an am-
plification mechanism to amplify the nuclear events initiated by binding of the
receptor to acceptor sites; (b} components of the nuclear processing machinery
which interact with the receptor estradiol complex and bring about recycling or
replenishment of the receptor; {c) components of the "off-reaction” involved
either in turning off receptor stimulated events or in removing hormone and/or

receptor from the nucleus. It is possible that all of the above functions
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could work in concert, and therefore, nuclear type II sites may represent a

combined genhe activation-receptor processing wnit,

III ROLE OF ESTROGENS IN CARCINOGENESIS

Chronic exposure of mice and rats to various estrogens results in preneoplas—
tic and neoplastic changes in the vagina, uterus, pituitary and mammary gland?-
15 Endometrial hyperplasia and cancer occur in women who have been exposed to
either endogenous or exogenous estrogéns for prolonged periods of time. These
cages include women with ovarian tumors which produce estrogems:!'6 women who

fail to ovulate and as a result are exposed to estrogen without the normal in-

tervention of the luteal phase of the o::y-::le’:w'18 and women who have taken estro-
gens for many years because they lack functional ovaries}g-zl Exposure of the

human fetus to diethylstilbestrol has heen associated with the development of
vaginal adenosis and clear cell adenocarcinoma in the female offsp;rim;z.z"24

In the studies cited above, the quantities of estrogen administered were
very high and/or the exposure was extended for long periods. Hence, the con-
clusion that estrogens play scme role in carcinegenesis, whether causative or
permissive, must be tempered by the realization that the hormone exposure was
non-physiological. Under normal physiological circumstances estrogens may have
no carcinogenic potential; however, as discussed below, it has been suggested
that certain estrogens do function in this capacity.

Diethylstilbestrol (DES) and estrone are considered by many people to have
specific cancer-causing "properties™. In contrast, estriol has been proposed as
a protective agent against the development of neoplasia.

Our viewpoint on these topics which differs from the above derives both from
considerations discussed in Part IX and from the following observations. A
single injection of estradiol to a female rat stimulates a number of biochemical
and metabolic events in the uterus as well as other target organs. Among these
are glucose oxidation, amino acid and nucleotide uptake, water imbibition, hist-
amine mobilization, eosinophil acoumulation and stimulation of nuclear RNA poly-~
merase activities, These activities are increased within the first six hours
after hormone administration and are normally termed early uterctrophic events.
Late events, such as DNA synthesis, sustained stimulation of RNA pPolymerase act-
ivitids and cellular hypertrophy and hyperplasia occur between 12 and 36 hours
after estradiol treatment. All of these responses can be stimulated maximally
by a single injection of a low dose of estradicl (0.2 ug/l00 g body weight}.
Thig level of hormone causes the nuclear accumulation and retention of approxi-
mately 10-20% of the total number of uterine type I sites (2000 sites/cell)
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and the activation of maximal levels of nuclear type II sites. The retention
or occupancy of nuclear acceptor sites by 2000 type I complexes/cell for six
or more houns appears to be a requirement for the stimulation of nuclear type
25-28

I sites and all of the above mentioned late uterotrophic events

The importance of long term muwclear occupancy by the estrogen receptor hor-
mone complex has been shown by using short acting estrogens such as estriol and
dimethylstilbestercl. These hormones do not stimulate significant uterine
growth after a single injection; however, they do stimulate all early utero-
trophic events. This failure to stimulate true uterine growth is correlated
with a rapid loss of nuclear sites by the receptor-estriol complexes and a
failure to stimulate e¢levated levels of puclear type II sites-."T These concepts
are presented in Table 1. The rapid loss of receptor estriol complexes from
the nucleus is probahly due to the dissociation of estriol from the receptor or
to a failure of the complex to bind tightly to nuclear acceptor sites. If type
I sites are kept continually occupied by either serial injection of estriol or
by estriol implants, true uterine growth occurs and nuclear type II sites are
elevated. Estriol has been classified as an estradiol antagonist and it clear-
ly is when the two hormones are administered as a single injection. However,
when the two hormones are implanted no antagonism is detected. This apparent
paradox is resolved by considering the fact that following injection, both re-
ceptor estradicl and receptor estriol complexes are in competition for nuclear
binding sites. Since the receptor estriol complex dissociates rapidly from
nuclear sites before it can fully stimnlate uterotrophic responses, the net
effect of receptor estradiol complexes is reduced. When the two hormones are
implanted, receptor estriol and receptor estradiol complexes accupy nuclear
retention sites equally well. Therefore, late uterotrophic events are maximally
stimulated resulting in no ant:a.gr:onimu?9

These results have several important implications. Estriol has been classi-
fied as a weak estrogen in the past, but from the above data it is clear that
it acts as such only when it is administered as a single injection. In con-
trast, when it is present in a continuous fashion, as it is under a number of
physiological eircumstances, it is a highly effective estrogen. A protective
role has been ascribed to estriol in breast cancer. This suggestion is based
on the observation that Oriental women, who have a high {Estriocl)/(Estradiol +
Estrone) ratio in the blood, also have a low incidence of breast cancer?o_zz
This hypothesis was formulated on the assumption that estricl was a "weak" est—
rogen under all circumstances and that during each menstrual cycle estriol would
act to reduce the “"carcinogenic potential™ of the more potent estradiol.



TABLE 1

EFFECTS OF ESTRADIOL AND ESTRICL ON EARLY AND LATE UTEROTROPIC RESPONSES

Response

Comparison of
Estradiol (Ez) and Estripl (E3)

Initial nuclear accumulation
of receptor hormeone complex

Long-term retention of re-
ceptor hormone complex by
the nucleus after an injection

Farly uterotropic events: RNA
polymerase I and II activity,
template activity, histamine
mobilization, water imhibition

Late tterotropic events: sus-
tained and elevated RNA polymerase
I and II activity, sustained-RNA
polymerase initiation sites, RNA +
DNA synthesis, cellular growth

True uterine growth after paraffin
implant of hormone

Receptor occupancy in the
nucleus after paraffin
implant of hormone

Stimulation or activation of
nuclear type II sites after a
single injection

Stimulation or activation of
nuclear type II sites after
paraffin implant of hormone

E_ ., longer than 6 hrs

E3, shorter than 6 hrs

.
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Our results and those of others33indicate that this theory is suspect and, in
light of recent evidence which shows that estriol and estradiol are of equal
potential in facilitating the onset of mammary tumors in mice?4 we suggest that
the estrio)l theory of mammary cancer protection is untenable,

Diethylstilbestrol (DES)} is oconsidered by some investigators and many lay
persons as a “"monster™ drug with special cancer producing potential. This at-
titude results from the public's knowledge of the studies mentioned above in
which DES was employed in an attempt to extend pregnancy and in which cervical
and vaginal abnormalities eventually developed in some 1:!11::vgen]r?2 Although DES
may be linked with the production of abnormalities in these cases, this does
not confer any special carcinogenic potential to this compound. Any estrogen
which is not bound tightly in the blocd such as DES or is given in sufficiéntly
high concentrations prcbably wonld produce similar results.. As mentioned ear-
lier, it has been known for many years that estradiol and DES will cause vaginal
cancer in mice and thus DES is really not different from the physiological est-
rogen.

Estrone has also been indicated as the estrogen which causes endometrial can-
cer in postmenopausal women?s Estrone is formed by the arcmatization of adrenal
androstenedione in adipose tissue and constitutes the major estrogen in post—
menopausal women. Siiteri et gl3,5 suggest that estrone may cause cancer by act-
ing as an unopposed estrogen. Howewver, they also suggest that estrone may dif-
fer qualitatively from estradiol in the biochemical events that result from
nuclear binding of receptor estrone complexes. The latter suggestion has led
many investigators to assign special significance to estrone as an intrinsic
cancer causing hormone. Our results suggest that no qualitative differences
exist between the steroidal estrogens except in their abilities to promote re-
ceptor retention in the m.u:leus?6 Ruh et al:.s?. examined the ability of estrone
to stimulate induced-protein synthesis in the uterus in vitro and could show
no qualitative differences between estradiol and estrone. Our interpretation of
the rcle of estrone as a carcinogenic agent in postmenopausal women is that the
wopposed action of any estrogen, when present in high steady state levels in
the blood, will provide an environment wherein the predisposition to cancer can
manifest itself. Hence we ascribe no special carcinogenic potential to estrone

as opposed to other steroidal estrogens.

IV UNOPPOSED ESTROGEN ACTION AND HYPERESTROGENIZATION

As discussed in Part III, continuous exposure to estrogens will result in
neoplasia of -the reproductive tract, This phenomenon probably results from the
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continuwous cellular activity which increases the probability that a "cancer
causing” event can manifest itself. Under normal physiclogical circumstances
the actions of estrcgen are modified and decreased by the presence of progester-
one. Progestercne decreases estrogen receptors in the cytoplasm of target cells
and elevates the activity of enzymes which convert active estrogens to less ac—

tive metabolities ?B, 39

In nddit_;ion, progesterone greatly reduces the amount
of type II estrogen binding sites in the l.n:ex:'us'.3 All of these actions decrease
the ability of estrogen to stimulate cell growth. Progestercne is present dur-
ing the secand half of the menstrual c¢ycle in the human and transforms an est-
rogenized uterus intc a secretory one which is capable of supporting pregnancy
if conception occurs. This monthly exposure to progesterche may be a very im-
portant modulator of esitrogen action and may act to protect: against continuous
exposure to estrogen. This protective effect of progesterone can be visualized
as a monthly fluctuation in the effectiveness of estrogen which results in nor-
mal female function. Without this protective effect of progestercne, estrogen
is free to act in an unopposed way which oould lead to abnormal development and
neoplasia of estrogen sensitiwe tissues.

We have examined the state of wnopposed estrogen by exposing rats to triphen-—
ylethylene derivatives such as Clomid and Nafoxidine?o-dz These compounds,
which are usually called non-steroidal anti-estrogens, are used to induce ovula-~
tion in anovulatory women and for the treatment of breast cancer. These drugs
are unusual estrogen agonists/antagonists that display estrogenic or antizestro-
genic properties depending on the type of target cell,

A :single injection of NHafoxidine will stimulate a submaximal level of true
uterine growth for longer periods of time than estradiol. This long-term stimu-
lation of uterotrophic function is assoclated with long-term nuclear retention
of the receptor-ligand complex and sustained stimulation of RNA polymerase act-
jvities and elevated chromatin RNA initiation sites, It appears that non-ster-
oidal estrogen antagonists are slowly cleared from their nuclear binding sites
and this long-term nuclear retention accounts for the prolonged stimulation of
uterine %-6'40

Muclear binding of the estrogen receptor that is induced by triphenylethylene
derivatives is accowpanied by a depletion of cytoplasmic receptors that lasts
for several days. This loss on cytoplasmic sites may be invelved in the mech-
anism by which these compounds act as estrogen antagonists. That is, these com—
pounds initially act as estrogens and undergo nuclear accumulation and reten-
tion, hence, they stimulate uterine growth. However, because they fail to sti-
mulate replenishment of the cytoplasmic receptor they act as estrogen antagon?
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Figure 1. Effects of daily injecticns of estradiol (E.) Nafoxidine (N) or E. +
N on uterine growth. ’ 2 2
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Figure 2. Differential cell stimulation of uterine luminal epithelium by Nafox-
idine or Clomid.
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ists upon subsequent estrogen injection. These varied interactions are undoubt-
edly involved in the complex mechanism by which triphenylethylene derivatives
act;-however, they do not explain how a compound can occupy a receptor for long
periods of time (several days) with continued stimulation of the transcriptional
machinery of the uterus and yet only result in limited uterine growth (Fig. 1}.
This paradox has been partially reconciled by the observation that triphenyleth-
ylene derivatives have a profound stimulatory effect on the epithelial lining

of the uterus and very little effect on the stromal or myometrial eiements%3
{Fig. 2). Therefore, most of the uterine growth that is observed after Nafoxi-
dine or Clomid treatment is due to growth of the epithelium. Since this compo-
nent represents only a small percent of the total uterine tissue, the growth
that is seen is slight when compared to that induced by estradicl which stimu-
lates growth of all uterine tissues. These orservations indicate that triphen-
ylethylene derivatives have estrogenic properties in some cell types while act-
ing as estrogen antagonists in others, These results make studies in which
these compounds have been considered only as antagonists difficult to interpret.
Such studies must be re-examined in light of these cell specific effects.

An important result of the above data with Clomid and Nafoxidine is the pre-
diction that long acting estrogenic sti-uiation of epithelial components of the
reproductive tract could lead to abnormalities and neoplasia. We have recently
demonstrated that Clomid will cause reproductiwve tract abnormalities in adult
animald when given as a single dose to one day old rats?1'42 Similar results
have been obtained by injecting Clomid into pregmant rats dn day 5 of pregnancy
and examining the off-spring after maturation. These results deomonstrate the
potential danger which is inherent in the use of these drugs for the induction
of ovulation in women. Women are treated for 5 days with-CIOmid in order to
induce ovulation, If the treatment fails, it is repeated after 40 days. This
exposure to Clomid every 40 days may continue for a year or more. Thus, some
women may be exposed tohyperestrogenization for long periods of time which re-
presents a potentially dangerous sitvation. Also, unless pregnancy is deter-
mined carefully, Clomid might be administered to a woman during early pregnancy
which could have profound effects on the fetus,

It is predictable from the above discussion that triphenylethylene deriva-
tives ‘would be estrogenic in some estrogen dependent tumors, even though these
drugs are routinely used to inhibit the growth of such tumors. We have observed
that Nafoxidine stimulates growth and the production of progesterone receptors
in a transplantable mouse mammary tumor line (MXT, Watson and Clark, in press).

Mafoxidine causes estrogen receptor accumulation and long-term retention in
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tumor nuclei which closely resembles that previously described for the rat uter-
us. Thus it appears that tripehenylethylene derivatives can be either estrogen~

ic or anti-estrogenic depending on the cell or tissue type.

v CONCIUSIONS

Steroidal) estrogens probably act as a result of their ability to occupy est-
rogen receptors. This occupancy of specific sites results in the stimulation
of transcriptional and translational events which cause appropriate responses
in target tissues. These interactions are a normal and necessary component of
the mechanisms which maintain the reproductive capacity of the female. Contin-
uous occupancy of estrogen receptors, whether by physiological or synthetic est-
rogens, <an cause tissue to grow abnormally {(Fig. 3). This uéually does not
occur in the cycling female because progesterone interrupts the action of estro-
gen. This cyclic switch to a progestational state probably acts as a deterent
to the inherent ability of estrogens to cause abnormal growth.

The concept of cell specific estrogen agonist/antagonists, as exemplified by
the triphenylethylene derivatives, brings a new perspective to the question:
What is an estrogen? Estrogens can no longer be classified as weak or strong
depending on simple uterotropic assays. If this were done, as it has been in
the past, Nafoxidine would be classified as a weak estrogen. If on the other
hand, one examined the ability of Hafoxidine to stimulate epithelial cell growth
it would be classified as a potent estrogen. The extent to which the cell spe-
cific estrogenicity of these drugs extends is not kmown at the present. However,
it is possible that these effects can manifest themselves in other estrogen tar-
get tissues. It is possible that cell specific estrogenicity may reflect dif-
ferential localization of receptor types. Cell specific localization of type II
estrogen binding sites is alsc likely to be involved in the mechanism of action
of these drugs. ”

Ancther complication is introduced by the concept of cell specific estrogen
agonist/antagonists is that estrogen receptor binding cannot necessarily be equ-
ated with estrogen acticn. This has-been a presumption in previous work on
estrogen agonists that will require revision and modification ifn the future.
The ability of Rafoxidine to act as an agonist in one cell and an antagonist in
another implies that events subsequent to estrogen binding are dictated by the
cell type. Control mechanisms must exist which determine whether the biosyn-
thetic machinery of a specific cell will respond t0 a receptor ligand signal.

All of these complexities make proper evaluation of estrogenic suybstances
difficult:; however, before a clear pitture of the pharmacology of éstrogens will
emerge, each of these problems must be addressed.
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DISCUSSION

SMITH, R.: <Can you tell us what organelle system(s) is observed by electron
microscopy to be hypertrophied in the epithelial cells of the endometrium
stimulated by nafoxidine?

CIARK: All cytoplasmic organelles are highly stimulated. In addition, the
nuclei of these cells contain nuclear bodies which may be associated with
hyperestrogenization.

LEROY: You mentioned that the aim of the saline injection of estradiol was to
avoid, as much as possible, receptor replenishment. To what extent did you
obtain that result compared with other types of administration?

CIARK: Since the replenishment of cytoplasmic receptors is not measurable
before 4-6 hr after an injection of estradiol, we probably accomplished this
goal. However, it is not possible to say how much recycling and reassociation
of nuclear bound receptor takes place during this early period. Estradiol
falls to extremely low levels in the blood after this time, and hence, it is
not likely that any binding to replenished cytoplasmic receptor takes place
during this period.

LEROY: In your nafoxidine and clomid experiments in which selective epithelial
hypertrophy occurred, was there also hyperplasia, particularly in neonatal
animais? As you know, the rat uterus does not respond to estradiol by
increased DNA synthesis before 20 days of age according to Kaye et al.

CLARK: We do not know whether there is hyperplasia in the neonate.

SONNENSCHEIN: The slides you showed did not show an increase in cell number
as measured by increased mitotic index when stimulated by clomid, but rather
indicate a significant hypertrophy which must not be related to hyperplasia.

CLARK: That may be the case; however, it should be remembered that the animals
were killed 96 hours after injection. Perhaps hyperplasia occurs before

this time., It is well established that DNA synthesis occurs between 12-30 hr
after estradiol administration in older animals. This time sequence may also
exist in the neonate.

CUNHA: The hypertrophy of neonatal uterine epithelium caused by clomid may
be mediated via the underlying stromal cells. One example of this can be
found in tissue recombination experiments hetween epithelium and mesenchyme
from wild-type and androgen-insensitive Tfm organs. In this case the
epithelial response to androgen is strictly dependent upon the presence of
wild-type {androgen-sensitive) mesenchyme.

CLARK: This is quite possible. However, the important point is, regardless of
the mechanism, hyperestrogenization of the uterine epithelium takes place.

MARTIN: I would like to comment on Dr. Cunha’'s remarks. We have studied the
effects of tamoxifen on adult rat uterus and find similar hypertrophy of
luminal epithelium but no DNA synthesis. Yet tamoxifen appears to hawe the
same effects as estradiol on stromal DNA synthesis. In view of this similarity
we suspect that the tamoxifen effects on epithelium are not mediated by dif-
ferential effects on stroma.
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PALMITER: Tamoxifen appears to be a pure antiestrogen in chickens. It has no
effect by itself on RNA induction in the chick oviduct and, when given with
estradiol, it can, at the appropriate dose, completely suppress estradiol-
induced RNA accumulation. This raises the guestion of whether these drugs
(tamoxifen, nafoxidine, and chlomiphene) are species specific in their action,
or whether they may be subject to metabolism into active estrogens in some
species {e.g., mice and rats) but not others (e.g., birds).

CLARK: I believe that this may be the case. As Dr. Martin will show, there
are species differences in the mouse and the rat. We have observed that
nafoxidine is fully estrogenic in a transplantable mouse mammary tumor line
{Watson and Clark, unpublished observations). Yet in other tumor systems it is
antiestrogenic, Perhaps we should call these drugs "species/cell specific
estrogen agonists/antagonists." It is difficult to believe that metabelism to
active forms is the solution to the problem since nafoxidine is estrogenic in
the epithelium and antiestrogenic in the myometrium of the rat uterus

{(assuming that metabolic activation is taking place in the liver and not in the
uterus}.

WEISZ: From an environmental and iatrogenic point of view, the cbviocusly
alarming aspect of your findings is the delayed effects of injection of
neonates with the so-called "antiestrogens," specifically the uterine tumors
and ovarian pathology found in adulthood. These findings suggest an effect
on the process of differentiation during a critical period in development.
Do you have any information on where the primary sites of damage might be?
Is it the uterus, the ovary, or the CRS? For example, did you find any
evidence of an effect on the ovary, such as depletion of cocytes shortly
following the administration of nafoxidine? Alternatively, did you note any
alterations in vaginal cyclicity during the period immediately after puberty --
alterations that might suggest changes in the differentiation of the CHS
mechanisms regulating gonadotrophin release., The change in cyclicity need
not necessarily be in the form of constant vaginal estrus since there may be
more than one way of altering gonadotrophin requlation.

CLARK: Neonatal and fetal exposure to clomid and the resultant estrogenization
of various target tissues, probably including the CNS, does occur during
critical pericds of development. In many ways the effects resemble the
persistent vaginal estrus syndrome, A large proportion of the animals exhibit
a high percent of estrus vaginal smears -- others are in persistent diestrus.
The ovaries vary from cystic to atrophic. It is quite ljkely that ococyte
damage has cccurred in many animals, I cannot answer this question fully
because the developmental studies are not complete.
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ESTRCGEN RECEPTOR IN THE MAMMALIAN LIVER

ARNOLD J. EISENFELD, RAYMORD F. ATEN AND ROBERT B. DICKSON
Section of Reproductive Biology, Dept. of Ob/Gyn and Dept. of Pharmacology,
Yale University School of Medicine, 333 Cedar Street, New Haven, CT, USA

INTRODUCTION

Estrogen effects on mammalian liver composition and functien including
synthesis of plasma proteins have been described over the past decadel?2,
Estrogen receptors have only recently been demonstrated in mammalian
liver. This chapter will describe some of the information available con-
cerning the estrogen receptor system in the mammalian liver. In several
respects, this liver system is of pertinence to the topic of estrogens in
the enviromment. One major source of exposure is the use of estrogen con-
taining birth contrel pills (and estrogens after menopause) by women. The:
estrogen related side effects of the oral contraceptives may be, at least
in part, initiated by interaction of estrogens with this receptor in the
liver. The liver is the site for extensive metabolism of estrogens and
other chemicals. Metabolites with estrogen receptor binding capability
might be formed in high concentration and attach to the estrogen receptor
in liver with the possibility of undesirable effects.

CYTOPLASMIC ESTROGEN RECEPTOR

Female Rat Liver Cytoscl Estrogem Receptor

Properties. Although putative estrogen receptors were easily demon-—
strated in the cytosol of target organs such as the rat uterus and pitui-
tary, early attempts to démonstrate an estrogen receptor in mammalian
liver cytosol were unsuccessful. In these early studies, liver prepara-
tions from immature female rate were used to aveid the possibility that
endogenous estrogen, secreted by the mature ovary, might have occupled
the estrogen receptors.r® This laboratory found that estrogen binding
is readily detectable when the liver cytosol is prepared from adult female
rats.' 10 The binding of tritiated estradiol (3H—estradiol) was deter-
mined using gel filtration columms to separate macromolecular bound radio-
activity from free radioactlvity. An unusual feature of the liver is
that the level of estradiol binding present in rat liver increases 5 to
10 fold at about the time of pubertys‘lo (Figure 1 top). The radio-
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activity extracted from the macromolecular bound fraction has been identified
as unchanged estradiol by thin-layer chromatography and by methylation to
3—methoxyestradicl.8
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Fig. 1. Developmental correlation of estrogen binding in liver and estrogen
induction of plasma renin substrate. Livers were homogenlized in 6 volumes of
buffer and cytoscl prepared by ultracentrifugation. Macromolecular binding of
2 x 107% {3H]Ez was measured by gel filtration after incubation in ice for 1
hour in 0.2 ml of liver cytosol from 27-day-old prepubescent rats and 200-g
adult female rats of the control groups (top). Groups of five animals each of
prepubescent and adult rats received subcutsneous injections of 100 ug of 1l7a-
ethinyl estradicl or the vehicle alone (propylene glyccl as control) at 0 and
24 hours. At 48 hours plasms renin substrate was measured by radioimmunoassay.
The control levels of plasma renin substrate were 1040 % B8O ng/ml for the pre-
pubescent group and 1100 + B0 ng/ml for the adult group. The graph indicates
the increase above control in the estrogen—treated groups (bottom). The bars
represent the standard error of the mean. Reproduced from Eisenfeld et al,

7

Science 191, 862-865, 1976. Copyright 1976 by the American Association for
the Advancement of Science.

The binding of 3H-estradiol to female rat liver cytosol is highly specific
for estrogens. Nonradiocactive estrogens including ethinyl estradiol and
diethylstilbestrol reduce the binding of 3H-estradiol, while other steroids
including testosterone, progesterone, corticosterone, cortisol and dexametha-
sone, even in 5000 fold molar excess, do not.B’9

Female rat liver cytosel binds JH-estradiol with a high affinity (0.7 x 1010
M at 4 C). The capacity of the high affinity system is 4.7 fmole per milligram
of tissue (58 fmole per milligram of supernatant protein).8 The concentration
of estrogen receptors in the adult female rat liver is approximately 1/3 of the
concentration found in uterine cytosol.? Assuming that one estrogen molecule
binds to each receptor, the number of estrogen receptors is estimated to be in
the range of 10,000 per hepatocyte.

The 3H-estradiol binding macromclecules appear to contain protein: the
binding is diminished after incubations with papain, trypsin or chymotrypsin
but is not diminished by incubations with ribonuclease. Sodium p-chloromercuri-
phenylsulfonate, a reagent which reacts with sulfhydryl groups, or heating the
preformed complex to S0°C for 10 min, will also diminish the binding.®s?

The sedimentation coefficients for the estradiol binding macromolecules from
female liver cytosol have been determined by ultracentrifugation im sucrose
gradients. The supernatants were incubated with 5 x 1079 radicactive estra-
diol in the presence and absence of 1 x 10"7H diethylstilbestrol for 1 hr in
ice, gel filtered and then the macromolecular bound fraction analysed by linear
sucrose gradients. For liver supernatant, the specific binding (the difference
between the binding in the presence and absence of diethylstilbestrol) is dis—
tributed as 38 percent in the 85 region and 62 percent in the 48 region.9 The
properties of the estrogen binding sites of the adult female rat liver cytosol
appear to be identical to those observed in uterine cytosel.

The liver estradicl binding protein has been partially purified by ammonium
sulfate fractionation. The protein is precipitated by ammonium sulfate at 30
percent of saturation. There is a 20-fold fncrease in the binding per milli-
gram of protein relative to cytosolllo

The properties of the putative estrogen receptor in rat liver cytoscl have
been studied by other laboratories using a variety of experimental techmiques.
All recent studies of the adult female rat liver cytosol have described a high
affinity, estrogen specific binding component.
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Beers and Rosner have studied binding of estradiol by adult female rat liver
cytosol after partial purification with ammonium sulfate at 40X of saturation.ll
The binding specificity and the Kd determined with this 40% fraction are iden-
tical to that previously indicated for cytosol. Both 8S and 45 peaks of bind-
ing activity are observed when the 40X fraction was analysed in linear sucrose
gradients containing low salt concentrations. Addition of nonradicactive
estradiol moderately diminishes the 8S and 45 peaks.

Chamness et al homogenized liver from adult female rats (Holtzman strain)
in thioglycercl and glycerol contailning phosphate buffer and analysed the
binding of the cytosol by sucrose gradients.12 Only the binding in the BS peak
is diminished by addition of diethylstilbestrol. Other drugs have been studied
for their ability to diminish the binding. One unusual finding in this study
1s that 17-alpha-estradiol is as effective a competitor as estrone and estra-
diol in reducing the 85 binding. A group of drugs have been described as anti-
estrogens based upon their ability, in certain experimental conditions, to
antagonize the effects of co-administered estradiol. Two anti-estrogens,
nafoxidine and CI-628 in 25 fold molar excess, also partially decrease the
radioactive estradiol binding in the 85 region of the sucrose gradients. These
and other anti-estrogens have previously been shown to partially compete with
estradiocl for binding to the uterine receptor when added im sufficient concen-
tration.

Estradiol binding has also been measured in protamine sulfate precipitates
of adult female rat liver cytosol.12 Protamine sulfate precipitates the 8S
estradiol specific binder observed by sucrose gradients. High affinity bind-
ing (Kd = 0.9 x IO-IGH) is observed by incubating JH-estradiol with the pro—
tamine precipitate.

Estradiol binding by adult female rat (Sprague-Dawley strain) liver cytosol
has also been observed by two additional laboratories.ls'la Both prepared
cytosols from livers homogenized in Tris-EDTA with dithiothreitol buffer.

When estradicl binding is determined using charcosl assays and the results
analysed by the method of Scatchard, Viladiu et al, observes a Kd of

0.9 x 107104 and a capacity of 13 fmoles per mg protein; Powell-Jones et al
observes a Kd of I x 10”?M and a capacity of 76 fmole per mg protein.13’14

Both laboratories have also analysed the estradiol binding using linear sucrose
gradients. Both observed both 85 and 4S peaks. Viladiu et al observes that
the 85 and 4S5 peaks are reduced when a 100 fold excess of nonradioactive estra-
diol is included although the 85 peak is reduced to a greater extent,13
Powell-Jones et al observed that the 85 peak alone is reduced by estradiol and
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diethylstilbestrol and that no reduction is observed with progesterone, dihydro-
testosterone or dexamethasone.l4 Thus, all recent studies indicate a high
affinity estrogen specific binding component in liver cytosol of adult female
rats, Except for differences in 85 versus 45 distribution of receptor (which
could be due to the various experimental conditions utilized), the results are
in agreement.

Developmental Correlation With A Response. As previously indicated, the

concentration of estradiol binding sites 1s several fold higher in the liver
cytosol from adult female than from prepubescent female rats. The adult rat is
known to respond to administration of ethinyl estradicl by an increase in the
concentration of plasma renin substrate. This is thought to be a direct effect
of estrogen on the liver; an estrogen added to the isolated perfused rat liver
increases the synthesig of renin substrate.l5 The effect of administration of
ethinyl estradiel on plasma renin substrate levels was examined in prepubescent

and adult female rats.8’10

Ethinyl estradiol (100 micrograms) was given to

25 day 0ld and to adult female rats. The controls received the vehicle alone.
The estrogen was Injected at 0 and 24 hours and renin substrate was determined
at 48 hours (by radioimmuncassay of angiotensin I generated by purified rat
kidney renin in the presence of inhibitors of converting enzyme and of angio-
tensinases). Plasma renin substrate levels increase. only 15% in the prepub-
escent rat while in the adult the increase is 167X above control (Figure 1
bottom). Plasma renin substrate is also increased by administration of gluco-
corticoids. In contrast to the ethinyl estradiol effect, the adminisctration
of dexamethasone markedly increases plasma renin substrate in both the pre-—
pubescent and the adult.lo These observations are consistent with the possi-
bility that the estradiol binding sites im liver are the receptor and that the
prepubescent rat has less plasma renin substrate response to ethinyl estradiol
administration because of an insufficient concentration of the estrogen

receptor.

Physiologic Variation of Cytosol Receptor. The maintainance or synthesis

of the estrogen receptor appears to requiré pituitary hormones. After hypophy-
sectomy, the estrogen receptor level in adult female rat liver cytosol dimin-
ishes to 5% of control.l? The level in the intact rats is 14 and in the
hypophysectomized rats 0.7 fmole per mg protein. Beers and Rosner have alsc
examined the level of estradiol binding by liver cytosol following hypophy-
sectomy. 2 weeks after hypophysectomy the level is one fifth of that present
in intact females. In contrast, the level of binding 2 weeks after ovariectomy
15 2 fold greater than that of intact females.ll
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Fig. 7. Schematic Interaction of Estrogens and Other Chemicals with the Liver
Estrogen Receptor.

Estrogens enter the liver parenchymal cell from the blood stream. These
estrogens or a subset of metabolites formed in the liver (METABy) may attach
to the estrogen receptor (R) in the cytoplasm. The complex may then translo-—
cate to the nucleus and attach to chromatin. Estrogens are also metabolized
to derivatives not capable of attaching to the receptor (METABy).

It {8 & theoretic possibility that some chemicals which are not usually
considered as estrogens or certain metabolites formed in the liver from chemi-
cals (HETABC) might also be capable of attaching to the estrogen receptor and
translocating as a complex to the nucleus.

(L) represents the ligand which can be an estrogen, estrogen metabolite,
chemical or chemical métabolite attached to the receptor.
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rate of receptor estrogen complex formation is second order, a low concentra-
tion of receptor and & low concentration of potent estrogem in ¢ytoplasm
may result in a lower rate, in liver relative to other target organs, in the
formation of receptor-estrogen complexes. As was stated earlier, 60 min
after subcutaneous administration of 5 micregrams ethinyl estradicl to adult
female rats, the receptor in the uterus is depleted from the cytoplasm and is
found in the nucleus while only a small fractiom of the receptor in the liver
is translocated. The number of receptor-estrogen complexes in the nucleus 1is
then estimated to be 800/liver cell and 8000/uterine cell. Only at higher
doses of ethinyl estradicl (e.g. 100 micrograms) is a substamtial portiom of
the cytoplasmic receptor in liver translocated to the nucleus. 2

A third and more speculative possibility is that there may be differences
among cell types at steps subsequent to the translocation of the estrogen
receptor complex to the nucleus. In the nucleus it is postulated that the
complex interacts with specific acceptors (acidic non-histone proteins) on the
chromatin, These multiple acceptors may regulate activity at different genes
and lead to the variety of responses. The characteristics of the binding of
the receptor-estrogen complex may vary at the chromatin acceptors among
different cells and even for the variety of chromatin acceptors responsible
for multiple effects in the same cell. It is proposed that the steroid-recep-
tor complexes may change the attachment of RNA polymerase to initiation sites
on the genes and may regulate the synthesis of selective messenger RNA mole-
cules.?? The quantitative and temporal relationships between binding of the
receptor-estrogen complexes to the chreomatin acceptors and the initial
responses (e.g. mRNA synthesis) may also be highly variable. It is known that
more cytoplasmic receptor—estrogen complexes translocate to the nucleus
shortly after estrogen administration than are retained for several hours. The
mechanisms for short and long—term disposal of the complexes in the nucleus are
not known.

Another possible difference is that certain metabolites of estrogens formed
in the liver might bind to the receptor, translocate to the nucleus and
influence liver function. This is illustrated in Figure 7 by a subset of
metabolites (METAB,). It has previously been indicated that catechol estrogens
are formed, bind and translocate the estrogen receptor in rat liver elices,2?

Catechol estrogens can compete with 3H-estradiol for receptor binding in
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several experiments have been interpreted to suggest that administered
catecho] estrogens may exhibit both estrogenic and anti-estrogenic activities?z
2-hydroxyestradiol has also been shown to stimulate dry and wet weight gains

of the uterus of the rat but was not as potent as estradiol.%3

The study of estrogen receptor translocation in liver slices is the first
demonstration of catechol estrogens bound to estrogen receptors in the nucleus
of a target organ. The nature of the bioclogic activity of catechol estrogems
in the liver is unknown but conceivably could encompass both forms of estro-
genlc acetivity. In addition, in liver, catechol estrogens may have other
effects. They can be converted by hepatic microsomal enzymes into highly
reactive, electrophilic compounds which will bind covalently to hepatic micro-
somal ptoteins.44 Incubation with mushroom tyrosinase will alsc lead to the
formation of reactive intermediates capable of binding to DNA.45 These data
suggest the speculative possibility that receptor-mediated localization of
catechol estrogens in the nucleus might enhance covalent binding to DNA and
contribute to hepatoma development.

Perhaps the wost important difference 1s that some administered estrogens
may vary wmarkedly in their capability to attach to the liver receptor and
produce liver effects. It {s likely that certain estrogens, which may be
potent in other target organs, will not bind to the receptor in the liver and
initiate liver mediated responses because they are rapidly comverted to in-
active metabolites upon entering the liver parenchymal cell. Furthermore,
wiile some estrogens may form metabolites which can bind TMETAB,) and which
might be toxlic, other estrogens might not form receptor binding and toxic
wmetabolites. This is illustrated in Figure 7 as another subset of metabolites
OETAB,).

The metabolism of most estrogens in the liver is directed toward bio-
inactivation. However, mestrancl, the other estrogen used in certain
preparations of the combined oral comtraceptives, is likely to require liver
wetabolism for activity. Mestranol 1s the 3 methyl ether of ethinyl estrsdiol.
Mestranol binds poorly to estrogen receptors.46 It has been shown that after
administration of mestrancl to rats, that it is o-dealkylated to ethinyl
estradiol and it is ethinyl estradiol which is retained in the uterus.?? 0O
dealkylation of mestranol to ethinyl estradiol 1s a reaction of the liver
microsomal drug metabolizing system.48
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This symposium will emphasize that other chemicals which are not usually
classified as estrogens may also be capable of binding to the estrogen receptor
and/or have some estrogenic activity (Fig. 7). Examples include the pesticide,
kepone,'('9 and alkyl phenols.so Since the liver is exposed to high lewvels of
dietary substances via the portal vein from the intestinal tract, the liver
may be exposed to higher levels of ingested environmental estrogens than other
target organs for estrogens. B

The liver might also convert compounds which are not capable of attaching
to the estrogen receptor into metabolites which are. This is illustrated in
Figure 7 by the subset of chemical metabolites (METAB.). Examples of metabo-
lites with enhanced estrogen receptor binding capability may include phenolic
derivatives of DDT*! and hydroxylated metabolites of dimethylbenzanthracene.52
These metabolites might be generated in the liver. Some of the liver-generated
metabolites with estrogen receptor binding capacity might be present only.im
the liver in sufficient concentration to attach and tramslocate to the nucleus.
It is also conceivable that this receptor interaction may stabilize otherwise
reactive compounds, translocate as a caiiplex to the nucleus and thereby brimg

potentially toxic compounds in proximity to the chromatin and DNA.

PHYSIOLOGICAL IMPLICATIONS

Hammals

High concentrations of estrogens are likely to be required for liver effects.
The liver estrogen receptor system may not have sufficient potent estrogens
attached to be functional in the non~pregnant state. It might become opera—
tional during pregnancy only in those mammals that have substantial increasges
in the concentration of maternal plasma estrogens during pregnancy. High
concentrations of plasma estrogens are observed during human pregnancy. Estro-
gen effects on the human liver during pregnancy may include changes in hepatic
composition and secretion, including increased synthesis of certain plasma
proteins (e.g. transcortin and thyroxine binding globulin) and decreased
synthesis of other plasma preteins (e.g. haptoglobin).l»2 The plasma concen-
tration of tramscortin begins to increase after the ninth week of human gesta-
tionzl age at a plasma threshold of 1,300 picograms of estradiol per ml of
plasma (about ten times higher than in non-pregnant women). As the plasma
estrogens increase with gestational age, the matermal transcortin levels are

also further elevated.53
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Non-mammalian vertebrates

A putative estrogen receptor has recently been demonstrated in chicken
liver cytosol. The receptor was separated from other estrogen binders by
precipitation with ammonium sulfate at 332 of saturation. After administra-
tion of estrogen in vive, the apparent receptor levels diminished in cytosol
and increased in the nucleus.’d The receptor has previously been gshown in the
nucleus after non-radioactive estrogen administration in vivo and using radio-
active estradiol exchange conditions with the nuclei.35~57

. In amphibia, fish and birds estrogens dramatically change liver functicn.
In response to estrogen an egg yolk protein precursor, vitellbgenin, is
secreted by the liver into the plasma. Vitellogenin accumulates in the
ovarian follicles where it is split into the egg yolk proteins, which are
. rhosvitin and lipovitellin.ss In model systems, addition of estradicl to
male amphibian (xemopus) liver maintained in culture can change the synthesis
of secreted proteins to 801 vitellogenin and decrease the secretion of albumin
from 30% to near zero.>>
Estrogen admipistration has also been shown to increase chick liver
synthesis of the triglyceride containing plasma proteins - very low density
lipoproteins. A correlation has been observed between the high doses of
estrogen required to increase nuclear receptors in the liver and to increase
plasma triglycerides.57

IMPLICATIONS FOR CONTRACEPTIVES

The combined oral contraceptives contafn an estrogen (either 17-alpha
ethinyl estradicl or mestranol) and a progestin. This combined pill is the
most effective method of birth control curreatly available.?® Users of the
combined oral contraceptive have a lower unwanted pregnancy rate and less
breakthrough bleeding than users of the oral contraceptive containing only a
progestin (minipill). The lower pregnancy rate of the combined pfll is in
part due to an estrogen &ctiom at the hypothalamic—pituitary axis. FSH secre-
tion 1s reduced and the ovarian follicles do not mature.5¢ The estrogen also
acts at the endometrium to prevent irregular shedding of cells which leads to
bleeding between periods. Accordingly, the inclusion of the estrogen provides
substantial benefits: however, there are also deficits.

Rare but serious eide effects associated with the combined oral contracep-

tives have been related to the presence of the estrogen. The estrogen may

o1

in incidence of heart attacks is most marked in women older than 40 years of
age who are still taking the birth comtrol pill and who alsc smoke cigarettes.
62 The rare liver tumors are usually benign, but a few fatalities have been
reported following hemorrhage into the liver and peritoneal cavity.63 For
women in their earlier reproductive years, the mortality from the pill is low.
It is lower than deaths related to unwanted pregnancies if no contraceptives
are used and is in the same range as the mortality due to other single, re-
versible methods of birth control (including deaths due to unwanted pregnan-
cies if the method fails).64

Estrogens have been used aleone in some other clinical situations. Estrogen
replacement therapy during and after menopause has been associated with an
increased risk of gallbladder disease.65 hypertension66 and the detection of
endometrial cancer.87:68 There has also been cne report of a hepatoma found
during estrogen therapy (which regressed after discontinuing the esttogen).69
An increase in thromboembolism was detected in therapeutic trials when high
doses of estrogens were administered to men either with prostatic cancer7° or
after a heart attack.’l

The mechanisms by which estrogens increase the incidence of the side

~ effects are not established. The side effects might be produced by the

estrogens acting in multiple organs and by several separate mechanisms. At
least some of the major side effects may be initiated by the interaction of an
estrogen with the liver producing changes in liver function which may then
countribute to a side effect in a susceptible person.

The liver is likely to be the estrogen target organ for the observed
increase in the incidence of gallstones and of the hepatomas. It has been
shown that women using the combined oral contraceptives have an increased
concentration of cholestercl relative to bile acid in the bile secreted by
the liver. The cholesterel, which is normally kept in colloidal solution by
the blle acids, 18 supersaturated in concentration and precipitates as stomes
in the gallbladder.72

Although the blood vessels are ultimately involved in the cardiovascular
complications, it is not known if this 1s a direct or indirect estrogen effect.
One report has described vascular lesfons thought to have some distimnctive
features in gqral contraceptive users with fatal thromboses. '3 Indirect
influences on blood vessels could be exerted by changes in clotting mechanisms,

platelet function, atherogensis and hypertension. The levels of plssma
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An increase in clotting factors VII and ¥’4 and a decrease in the clotting
inhibitor antithrombin 11?3 may contribute to the enhanced occurrence of
thrombosis. Estrogens might contribute to heart attacks both by clotting
sbnormelities and by accelerating atherosclerosis via enhanced hepatic
synthesis of plasma triglycerides and prebetalipoproteins.76 Elevated levels
of plasma renin substrate observed in oral contraceptive users might initiate
the development of hypertension.77 Renin substrate is cleaved by the enzyme
renin from the kidney into angioctensin I which is rapidly converted to the
potent vasoconstrictor, antigiotensin II. The metabolic changes mentioned
and some of the side effects (e.g. many cases of hypertension) are reversible
upon discontinuation of the oral contraceptive.

As a uvnifying concept, it is possible that most of the oral contraceptive
gide effects are due to an estrogen interaction im the liver. The estrogen
may change liver function including the synthesis of critical plasma proteins
that influence the cardiovascular system.

The newer combined oral contraceptives contain lower amounts of both the
estrogen, ethinyl estradiol, and of the progestin. Decreasing the amount of
the ethinyl estradiol to about 30 micrograms seems to retain contraceptive
effectiveness (and to produce regular menstrual bleeding patterns in most
women). Some estrogen related plasma proteim changes are observed with 30
micrograms ethinyl eatradiol in the combined pill, but the changes are less
than with higher doses of the estrogen.78 The only evidence to date that
reducing the ethinyl estradiol dose diminighes a major side effect is that
pills containing 50 micrograms increase the incidence of thrombosis less than
do preparations containing more than 50 -1crograms.79

It ig not yet knoum whether decreasing the ethinyl estradiol dose below 50
micrograms will further reduce the risk of thrombesls or of the other side
effects. An ongoing large-scele prospective study of oral contraceptive users
and non-users has recently indicated that an increased risk of cardiovascular
disease is still observed in orsl contraceptive users, but insufficient infor-
mation is available to assess the value of reducing the ethinyl estradiol dose
below 50 micrograns.ao'81

The doses of estrogens that elevate plasma transcortin (most 1likely a
direct liver effect) are relatively high in the human. The doses of estrogens
for half-maximal increase in transcortin (administered daily for 2 weeks to

man} ora 0N miecrmaorama athinvl eatvradint. 1.7 mi114orams Adsthviartd1hestrol
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Perhaps, a safer combined contraceptive might be obtained by changing the
estrogen. If the major side effects are mediated by estrogen-receptor inter-
actions in the liver, another estrogen could be selected or developed which
preferentially minimized the liver-estrogen interaction or function while
producing estrogen effects in the hypothalamic-pituitary axis and in the
endometrium,

Routes of administration other than swallowing the estrogen containing
contraceptives may aid in achieving desired systemic effects without liver
effects. Parenteral routes of administration avold the first pass effect of
the estrogen being absorbed from the gut into the portal vein to the liver.
By parenteral administration, systemic levels of certain estrogens may be
sufficiently high to produce the desired effects in other target organs but
upon entering the hepatocyte certain estrogens might be rapidly metabolized
to ipnactive derivatives and not attach and translocate the liver estrogen

receptor.

SUMMARY

An estrogen receptor has been demonstrated in the mammalfan liver. It is
a cytoplasmic protein with a high specificity and affinity for binding
estrogens. The receptor-estrogen complex can translocate to the nucleus of
the liver parenchymal cell. Thecretically, other chemicals or their metabo-
lites formed in the liver could also interact with the hepatic estrogen
receptor. The receptor-estrogen complex may modify hepatic function including
changing the eynthesis of some critdcel plasma proteinsg. At least some of
the major side effects of the estrogens in oral contraceptives (and in pre-
parations used after menopause) may be due to the estrogen directly acting at
the liver. Estrogen receptor function in liver may differ from that in other
targer organs in that the metabolism of the estrogen in the hepatocyte may
regulate the amount and identity of the estrogen attached to the receptor.
This difference might provide a molecular foundation for the possibility of
diminishing side effects while maintaining the desired effecte of estrogens.
It might provide a basis for the possibility that the newer combined oral
contraceptives with lower smounts of ethinyl estradiol will have less side
effects. Alternatively, further elucidation of the function of the estrogen

receptor in the mammalian liver might lead to the design or selection of a



94

ACKNOWLEDGMENRT 5
The research described in this review has been supported in part by NIH
Grant HD 8280. We thank Irepe Visintin for technical assistance and Susan

Losaceco for typing the chapter.

REFERENCES

1. Song, C.S., Rifkind, A.D., Gillette, P.N. and Kappas, A. (1969) Am. J.
Obstet. Gynec. 105, B13-847.

2. Seal, U.S., and Doe, R.P. (1969) In "Metabolic Effects of Gonadal Hormones
and Contraceptive Steroids, H.A. Salhanick, D.M. Kipnis and R.E. Vande-
Wiele, eds, Plenum, WY, pp. 277-318.

3. Jensen, E.V., Numata, M., Smith, 5., Suzuki, T., Brecher, P.I., and
DeSombre, E.R. (1969) Devel. Biol. Suppl 3, 151-171.

4. Clark, J.H. and Gorski, J. (1969) Biochim. Biophys. Acte 192, 508-515.

5. Stumpf, W.E. (1969) Endocrinolegy 85, 31-37.

6. Yamamoto, K.R. (1974) J. Blol. Chem. 249, 7068-7075.

7. Eisenfeld, A.J. (1973) Fedn. Proc. 32, 242,

8. Eisenfeld, A.J., Aten, R., Weinberger, M., Haselbacher, G.K., Halpern, K.,
and Krakoff, L. (1976) Sclence, N.Y. 191, 862-865.

9, Fisenfeld, A.J., Aten, R.F., Haselbacher, G.K. and Halpern, K. (1977)
Biochem. Pharmac. 26, 919-922,

10. Eigenfeld, A.J., Krakoff, L. and Aten, R.F. (1977) Biochem. Pharmac. 26,
923-927.

11. Beers, P.C. and Rosner, W. (1977) J. Steroid Biochemistry 8, 251-258.

12. Chamness, G.C., Costlow, M.E. and McGuire, W.L. (1975) Stercids 25,
63-371.

13. Viladiu, P., Delgado, C., Pensky, J. and Pearson, O.H. (1975) Endocrinology
2, 273-280.

14. P;uell—Jones. W., Davies, P. and Griffiths, K. (1976} J. Endocr. 69, 167-
168.

15. Nasjletti, A. and Masson, G.M.G. (1972) Circ. Res. 30-31 (Suppl. 2),
187-202.

16. Beurden-Lamers, W.M.0., Brinokman, A.0., Mulder, E. and VanDerMolen, H.J.
{1974) Biochem. J. 140, 495-502.

17. Helmer, O.M. and Griffith, R.S. (1952} Endocrinology 51, 421-426.

18. Aten, R.F., Dickson, R.B. and Eisenfeld, A.J. (1978} Endocrinology 103,
1629-1635.

19. Dickson, R.B., Aten, R.F. and Eisenfeld, A.J. (1978) Endocrinology 103,
1636-1646.

20, Roy, A.K., Milin, B.S. and McMinn, D.M. (1974) Biochim. Biophys. Acta.
354, 213-232.

721, Smirnov, A.N., Smirnova, 0.V. and Rozen, V.B. (1977) Biochem. (USSR) 42,
430~439.

22, Danzo, B.J. Krishnsmurthy, V. and Eller, B.C. (1977) Biochim. Biophys.
Acta 500, 310-321.

23. Aten, R.F., Dickeon, R.B. and Eisenfeld, A.J. Biochem. Pharmac., In Press.

24, Duffy, M.J. and Duffy, G.J. (1978) J. Ster. Biochem 9, 233-235.

25. Aten, R.F., Weinberger, M.J. and Eisenfeld, A.J. (1978) Endocrinology 102,
433-442.

A Moanavrd T Carreal P BAldme A avd B aem oA T D FINTAN woa T Yo

23.

31.
a2.

34.
3s.

36.

37

as.

40.
41.

42.
&4,
45.
46.
47.

48.
4.

50.
31,
52.
53.
54.
55.
56.
57.
58.
59.
60.
62.
63.

65.

95

Weinberger, M.J., Aten, R.F. and Eisenfeld, A.J. (1978) Biochem. Pharmac.
27, 2469-2474,

Kuntzman, R., Jacobson, M., Schneidman, K. and Conney, A.H. (1964) J.
Pharmacol. Exp. Therap. 146, 280-285.

Laurent, C., DeLauzon, S$., Cittanova, N., Nunez, E. and Jayle, M.F. (1975}
Biochem. J. 151, 513-518.

Adlercreutz, H. (1970) J. Endocr. 46, 129-163.

. Gelbke, H.P. and Knuppen, R. (1972) J. Chromatogr. 71, 465—471.

Paul, S.M. and Axelrod, J. (1977) Science 197, 657-659.

Eisenfeld, A.J., Aten, R.F. and Weinberger, M.J. (1978) Biochem. Pharmac.
27, 2571-2575.

Eisenfeld, A.J. and Aten, R.F. (1979) in Advances In Steroid Biochemistry
and Pharmacology, Corbin, A., ed,, In Press.

Eisenfeld, A.J. and Aten, R.F. (1979) in The Development of Responsiveness
to Steroid Hormones, Kaye, A., ed., Pergamon Press, Oxford, England, In
Press.

Eisenfeld, A.J. (1970) Endocrinology 86, 1313-1318.

Stumpf, W.E. (1968) Science, N.Y. 162, 1001-1003.

0'Malley, B.W. and Schrader, W.T. (1976) Scient. Am. 234, 32-43.

Davies, I.J., Naftolin, F., Ryan, K.J., Fighman, J. and Siu, J. {1975)
Endocrinology 97, 5$54-557.

Fishman, J. (1977) Neuroendocrinoleogy 22, 363-374.

. Martucei, C. and Fishman, J. (1977) Endocrinology 101, 1709-1715.

Marks, F. and Hecker, E. {1969) Hoppe Seyler's Z. Physicl. Chem. 350,
69-84.

Bolt, H.M. and Kappus, H. (1974) J. Ster. Biochem. 5, 179-184.

Eisenfeld, A.J. (1974) Endocrinology 94, 803-807.

Hahn, D.W., McGuire, J.L., Greenslade, F.C. and Turner, G.D. (1971} Proc.
Soc. Exp. Biol. Med 137, 1180-1185.

Kappus, J., Bolt, H.M. and Remmer, H. (1972) Acta Endo. 71, 374-384.
Bulger, W.H., Muccitelli, R.M. and Kupfer, D. {1979) Molec. Pharmac.

15, 515-524.

Mueller, G.C. and Kim, U.H. {1978) Endocrimology 102, 1429-1435.

Bitman, J. and Cecil, H.C. (1970} J. Agr. Food Chem. 18, 1108-1112.
Morreal, C.E., Schneider, $.L., Sinha, D.K. and Bronstein, R.E. (1979) J
Nat. Canc. Inst. 62, 1585-1588.

Moore, D.E., Kawagoe, S., Davajan, V., Hishell D.R., Nakamura, R.M. (1978)
Am. J. Obstet. Gynecol. 130, 475-581.

Lazier, C.B. and Haggarty, A.J. {1979) Biochem. J., 180, 347-353.
Gechwendt, M. and Kittstein, W. {1974} Biochim. Biopys. Acta 361, B84-96.
Lazier, C. (1975) Steroids 26, 281-298.

Snow, L.D., Eriksson, H., Hardin, J.W., Chan, L., Jackson, R.L., Clark,
J.M., and Means, A.R. (1978) J. Ster. Biochem. 9, 1017-1026.

Tata, J.R. (1976) Cell. 9, 1-14.

Medical Letter, (1974} 16, 37-40.

Swerdleff, R.S. and Odell, W.D. {1969) J. Clin. Endocr. Metab. 29, 157-163.
Medical Letter. (1976) 18, 21-23.

Manm, J.I., Vessey, M.P., Thorogood, M. and Doll, R. {(1975) Br. Med. J.
2, 241-245.

Klatskin, G. (1977) Gastroenterology. 73, 386-3%4.

Tietze, C. (1977) Family Planning Perspect. 9, 74-76.

Boston Collaborative Drug Surveillance Program, New England J. Med.



68.
€9.

70.

71.
72.

73.
4.
75,
76.

77.

78.
79.

8l.
82.

Horwitz, R.I. and Feinstein, A.R. (1978) N. Eng. J. Med. 299, 1089-1094.
Aldinger, K., Ben-Menachem, Y., and Whalen, G. (1977) Archs. Intern. Med.
137, 3571-359.

Blackard, C.E., Doe, R.P., Mellinger, G.T., and Byan, D.P. (1970) Cancer
26, 249-256,

The Coromary Drug Project. (1973) J. Am, Med. Assoc. 226, 652-657.
Bennion, L.J., Ginsberg, R.L., Garpick, M.B. and Bennett, P.H. (1976)
Kew Engl. J. Med. 294, 189-192,

Irey, N.S., Manion, W.C., and Taylor, H.B. (1970} Archs. Path. 89, 1-8.
Dugdale, M. and Masi, A.I. (1971) J. Chromic Dis. 23, 775-790.

Conrad, I., Samama, M. and Salomon, Y. (1972) Lancet 2, 1148-1149.
Rossner, 5., Larsson-Colm, U., Carlson, L.A. and Boberg, J. (1971)

Acta. Med. Scand. 190, 301-305,

Laragh, J.H., Baer, L., Brummer, H.R., Buhler, F.R., Sealey, J.E. and
Vaughan, E.D. (1972) Am, J. Med. 633-652.

Briggs, M.H. (1976) J. Reprod. Med. 15, 100-102Z.

Inman, W.H.W., Vessey, M.P., Westerholm, B., and Engelund, A. (1970)

Br. Med. J. 2, 203-209.

Royal College of General Practitiomers. (1974) Oral Contraceptives and
Health, Pitman, London, p. 43.

Beral, V. (1977) Lancet 2, 728-731.

Musa, B.U., Seal, U.S5. and Dog, R.P. (1965} J. Clin. Endocr. Metab. 25,
1163-1166.

Estrogenic Responses in vivo and in vitro



Copyright 1980 by Elsevier North Holland, Inc.
McLachlan, ed. Estrogens in the Environment 99

ESTROGENIC RESPONSES IN VIVO AND IN VITRO

CLAUDE A. VILLEE"
Department of Biological Chemistry and Laboratory of Human Reproduction and Repro-
ductive Biology, Harvard Medical School, &5 Shattuck Street, Boston, Massachusetts 02115.

The organizers of this symposium are attempting to address the questions of {1} What is
an estrogen? and {2) What is the extent and significance of the estrogenic burden in the
environment? In everyone's mind as we consider the “environmental burden of estrogens" is
the possibility that estrogens cause human cancer. There is no clear evidence that
estrogens cause human cancers. Indeed, the same studies in England that showed an
increased incidence of thromboembolic disease among women using the steroidal contra-
ceptive pill showed a decreased incidence of mammary tumors among the pill users.
However, the question remains to trouble us,

An estrogen was originaily defined operationally as a substance that would induce estrus
in an experimental animal such as the rat. Both the natural estrogens, such as estradiol 1%
and the synthetic nonsteroidal estrogens such as diethylstilbestrol are very powerful
hormones which produce effects at concentrations about three orders of magnitude lower
than those required for effects by other steroids such as glucocorticoids or progestins. A
great many investigators have used the uterus of the immature rat or the adult castrate rat
.as the target organ of estrogens. These have shown that estrogens injected in vivo increase
the blood supply, causing hypetemia, increase capillary permeability and the uptake of
water, electrolytes and amino acids by the uterine cells. The rate of glycolysis and certain
other aspects of carbohydrate metabolism are increased. Oxygen consumption is increased,
the synthesis of three major types of RNA - messenger, ribosomal, and transfer - are all
increased, estradiol increases the uptake of nucleotide precursors of RNA, the activity of
RNA polymerases, and the template activity of the chromatin in the uterus. Tt increases
the synthesis of phosphalipids and proteins and the population of ribosomes in the cell, It
increases uterine motility and the content of actin and myosin in the myometrium,
although the latter response is delayed for several days. It increases the activity, in other
words, of a host of enzymes within the uterus. The estrogen induced release of uterine
histamine, which appears to be involved in the rapid onset of hyperemia and the water
imbibition which occurs within the first hour or two of the treatment of a rat with
estradiol, is difficult to correlate with our usual concept that estradiol reacts with a



100

receptor and is taken into the nucleus to activate the genome. Thus, this effect on
histamine may represent an entirely separate hormonal action which serves to augment the
other biological effects of estradiol.

The surprising finding that in many systems the metabolite, dihydrotestosterone, has a
greater biologica! activity than the classic androgen testosterone has raised the possibility
that the biologically active form of other hormonal stercids may be a metabolite.
Specifically it has raised the question of whether some metabolite of estradiol or
diethyistilbestrol may have a greater biologica! activity than estradiol-178. Despite an
intensive search no such metabolite of the estrogens has yet been found. The fact that
responses to estradicl are demonstrable rapidly with in vitre systems makes it unlikely that
some metabolite of estradiol must be produced before the estrogeﬁic response Can oCcur.

Not too long ago it was generally held that estradiol, and indeed all hermones, can have
effects on their target cells only in vivo or only in a system with intact cells. With more
modern experimental techniques it has been readily possible to show that estrogens and
other hormones have clear-cut effects in cell-free systems, An early example was the
estrogen-dependent pyridine nucleotide transhydrogenase of human placenta described by
our laboratory in the 1950's,” The qiestion of whether this stimulation reflected an
estrogen activation of a transhydrogenase, as our laboratory reported, or whether it was
due to estradiol acting as a substrate for the estradicl - I78 hydroxysteroid dehydrogenase
as postulated by Talalay2 was settled when Karavolas and Enge_l3 confirmed our scparation
of the two enzymes and showed that the human placenta contains an estrogen-dependent
pyridine nucleotide transhydrogenase in addition to the 12 hydroxysterold dehydrogenase.
In the last decade the classic studies of Schimke,¥ OMalley” and their collaborators have
darified the molecular mechanisms by which estradiol or diethylstilbestrol stimulate the
production of ovalbumin by the chick oviduct. Our understanding of the first steps in the
process, the binding of estradiol to a specific cytosol receptor and the movement of the
estrogen-receptor complex into the nucleus, began with the work of Elwood Jensen and his
4.3ollt.eagt.les6 in the rat uterus. [t is now clear that under the proper circumstances cell free
systems as wel] as intact cells and entire organs will respond to exogenous estrogens,

More than 30 years ago it was found that prolonged estrogen treatment of the Syrian
hamster results in renal adenocarcinoma.’ These renal tumors are malignant and estrogen-
dependent and appear in essentially all male hamsters that have been treated continuously
with estradiol or diethylstilbestrol for 250 days or more. These experiments showed
further that progesterone has a protective effect in this system; animals can be protected
against induction of the tumor by estrogens if they are treated simultansously with
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can be transplanted into other hamsters only if the host has been estrogen treated. This
seems to be an excellent model system to obtain further understanding of the molecular
mechanisms involved in estrogen-induced tumorigenesis.

The question of whether the induction of a tumor by estrogen is similar_at the
molecular level to the hormonal effect of estrogen on its target tissue is an intriguing one.
Estrogen receptors are present in small amounts in the normal hamster kidney and increase
marfcedly in amount in response to long-term estrogen implc?.nts.8 Receptors for proges-
terone have also been defined in the hamster kidney and increase in amount within twe
months after the estrogen pellet is implan'h‘:vd.9 They are present in the renal adenocar-
cinoma and probably account for the anti-tumor effect of progesterone. It is known that
the chick oviduct responds to exogenous estrogen with the production of a different
spectrum of messenger RNA's, including a great deal of the mRNA that codes for
ovalbumin.lo An intriguing question at present is whether the kidney tumor produces a
spectrum of messenger RNA's that s different from that prodﬁced by normal kidney cells.
When the mRNA's from normal and tumorous kidneys are read out in a celi-free protein
synthesizing system, is the spectrum of proteins produced by the two systems different?
With the exception of one hybrid line of mice, in which the incidence of induced renal

tumors is some two per cent,”

the carcinogenic effect of estrogen on the kidney appears
to be unique to the hamster.
These renal tumors grown in organ culture are estrogen dependent and will survive and

grow when small amounts of estrogen are present in the medium. They undergo necrotic

- changes and fail to survive beyond the second week in the absence of estrogen in organ

culture medium.12 Work in our laboratory has shown that primary cell cultures of the

renal tumor require the addition of estradiol to the medium for growth. The cultured cells
contain an estrogen binding protein and the addition of estrogen increases the number of
progesterone binding sites.]? I contrast, the addition of progesterone to the medium
inhibits estrogen induced growth. The cells growing in monolayers were primarily ones
with an epithelial morphology, but some fibroblasts were present. About 20 percent of the
cells contained tufts of motile cilia. These remained motile for three or four days in
culture. Cilia are not observed on untransformed kidney cells, but are unique to the
estrogen dependent adenocarcinoma and have been reported in other estrogen dependent
tissues such as the oviduct. The tumor cells in culture had about 1,000 estrogen binding
sites per cell, a value about one-tenth that found in fresh tumor tissue or in isolated rat
uterus cells. A human renal carcinoma has some properties in common with the hamster
renal carcinoma, but there is no evidence to suggest that the human renal carcinoma is

induced by esti'ogen. Studies in our laboratory have shown that a specific estrogen binding
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protein is present in the renal cytosols of intact, castrated, and estrogenized hamsters as
well as in the primary renal tumors and its metastases,

An early event in the hormonal stimulation of the uterus by estrogens is an increased
activity of ornithine decarboxylase.” Increased ornithine decarboxylase is a feature of
most, if not all, processes involving increased cell growth such as the growth of the liver
after partial hepatectomy and the growth of hepatomas. An increased ornithine decar-
boxylase activity in the kidney can first be observed about three months after the
implantation of the estrogen pellet, at about the time when there is an increased synthesis
of progesterone receptors. When kidney cells from hamsters that have not been previously
treated with estrogens are prepared and grown in culture the cells respond when DES is
placéd in the culture medium with an increased ornithine decarboxylase activity that is
evident within ‘three hours. Estradiol - 178 also increased the activity of ornithine
decarboxylase in kidney cells whereas estradiol - 17 inhibited it. That these responses
represent de novo synthesis of the enzyme rather than activation was indicated by the fact
that the increased activity was completely inhibited by the addition of cycloheximide.
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ESTROGENS, ANTI-ESTROGENS AND THE REGULATION OF CELL PROLIFERATION IN THE
FEMALE REPRODUCTIVE TRACT IN VIVC

L. MARTIN
Hormone Physiology Laboratory, Imperial Cancer Research Fund, P.0. Box 123,
Lincoln's Inn Fields, London WC2ZA 3PX, U.K.

INTRODUCTION

Estrogens are often described as mitogenic hormones, and there is much
interest in how tney regulate cell proliferation, particularly in relation to
their putative carcinogenicity. Current literature sometimes gives the
impression that once the estrogen-receptor complex gains and holds the cell
nucleus, DNA synthesis follows inevitably. However, their name reminds us of
their many non-mitogenic actions, for 'estrogen’ means something that generates
estrus, i.e. female sexual receptivity or heat. In hamster and dog such effects
on behaviour are spectacular, yet in women, estrogens fail to induce a
‘vehement bodily appetite' (Oxford English Dictionary).

Comparable species differences in proliferative responses are common, and it
is salutory to reflect how different our view of estrogens might be had the
uteri of rabbit, dog, cat, ferret or spotted hyena been the popular test-beds,
rather than those of the rat, mouse and guinea pig,for in the former progestins
stimulate endometrial epithelial proliferationl-s, even to the extent of
inducing hyperplasias®s7, whereas in the latter, endometrial epithelial
proliferation is induced by estrogens and suppressed by progestins® 11,

Current views of how estrogens regulate growth derive largely from
homogenized—-immature-rat—uterus, yet results from this system may not apply to
the uterus and vagina of the adult rat or of a related species like the mouse.
Whole organ homogenate studies also disregard the fact that the uterus is a
collection of tissues, each responding differently to stimulation, even though
the primary estrogen—receptor interaction may be the same. The relatively easy
application of the techniques of molecular blology offered by homogenates and
the quest for unifying hypotheses at the molecular level leads to neglect of
the possibilities that specific tissue responses depend on the structural and
physiological integrity of the whole organ; that estrogen-induced growth is
regulated by cell and tissue {nteractions as well as modulation of receptors and

that such repulation involves physical and structural factors as well as
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It is pertinent that physical manipulations of target organs mimic the
effects of estrogens, A suture at the tip of the rodent uterus increases cell
proliferation along the length of the organl2 and may induce squamous
netaplasiala; dilatfon of the uterus with saline induces as much epithelial
proliferation as estradioll%; mechanical irritation induces cornification of
the vaginal®. It is also pertiment that no one has yet reproducibly duplicated
in vitro, the rapid and spectacular effects that estrogens have on target-cell
proliferation in vivoe. Although there are established cell lines which respond
in culture to estrogens and anti—estrogensls, primary monolayer cultures from
mousel? and human endometrium!® are insensitive to hormonal stimulation, rapidly
become multinucleate and polyploid irrespective of hormonal environment and
soon die out.

Organ culture has been as disappointing: eclaims that vaginal fragments
maintained on plasma:embryo—extract clots responded to esttogeu19 were not
confirmed by later workers who found that, even in synthetic media, the
epithelia grew and cornified whether estrogens were present or not20,21,

Grant?? ghtained limited effects on mouse uteri in organ culture with
progesterone but not estrogen: in simllar experiments Carter and McLaren? 3
claimed to duplicate the in vivo effects of estrogen and progestercme on
endometrial proliferation, but the responses were minute. Our own experiments2
with uteri from intact immature, or ovariectomized mature mice (maintained for
24-48 h on floating lens-paper in Eagle's medium containing 1 uc [3M]-thymidine/
ml plus combinations of varioﬁs dose levels of estradiol-178, progesterone,
insulin, prolactin, cortisol and fetal calf serum, with high and low oxygen
tensfons and monitored by autoradiography), uniformly falled to demomstrate any
stimulation of DNA synthesis in the epithelia or connective tissue stroma.

Clearly the conditions required to obtaln proliferative responses to
estrogen in vitro are stringent and have not yet been met. In vivo the
endometrium is well vascularized, with no cell far from a capillary; moreover
cell proliferation whether epithelial or stromal, induced by estrogen or
decidualization, 1s always preceded by increased endometrial hyperaemia and
vascular perneabilityzs-zs. These may be the crucial deficits in wvitroe.

To explain why estrogen-gensitive tumors become insensitive in vitro,
Sirbascu?? postulates that in vivo estrogens induce the synthesis of essential
circulating growth factors ("estromedins'). It seems unnecessary to invoke such

extra-target-organ factors for normal tissues since complete responses can be
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which are retained in the organ, the response being proportional to the amount
of hormone retained33 33,
SOME CONCEPFTS OF CELL KINETICS

In vivo the cell populations of the uterus and vagina are continuously
turning over, albeit at different rates. Turnover means that cells are
continually being produced by mitosis, and lost by desquamation or death in
g1tud®, the relative magnicude of the rates of cell birth and cell death
determining whether populations expand, decline or remain constant. In females
undergoing sexual cycles, rates of cell turnover im the reproductive tract are
amongst the highest 1in the body37+38  as the populations swing abruptly from
expansion to decline, rarely achieving a 'steady state'37+38, This 1s
important to remember, as most classical methods of cell kinetics are valid
only for populations in steady state growth or turnover3?.

Irrespective of whether populations fluctuate or remain steady, in the long-
term normal cells achieve 2z necessary balance — one dead for each one born.
Despite much speculation“? there is no unequivocal evidence that this is
because each division gives one stem cell and one cell destined to die, or

because amongst dividing cells there 1s an equal probability of one, both or

neither offspring surviving; operationally the alternatives are
indistinguishable.

Overall effects of a hormone on proliferation may be monitored by counting
the number of cells. By pinning rodent uteri to the same length before
fixation, the number of cells/transverse section is then a measure of the size
of the whole population*!, Birth rates may be estimated from the proportion of
cells in mitosis (Mitotic Index), 1f the duration of mitosis {Tk) is known;
often it i{s not and 18 also assumed to remain constant over widely differing
growth rates. On the other hand Ty 18 difficult to estimate with precision,
particularly in non-steady state conditions3?,

After mitogls there is an interval (G;) before the cell re-enters the
period of DNA synthesis (5), with a further interval (G;) between the end of S
and the next mitosis. Clearly the frequency of division in a population depends
on the average time taken by cells to complete the sequence.

The durations of § (TS) and Gy + M (Tc2 + M) can be estimated by the fractiom
of labelled mitoses (FIM) techuique“2, The population is exposed briefly to a
radioactive DNA precursor, usually [3H]-thymidine (pulhe—labelling), and the
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Fig. 1. Fraction of mitoses labeled vs time between injection and sacrifice.
Upper, hypothetical case where each phase of cell cycle is of constant duratiom,
tG2, tm and tg are respectively the durations of G2, M and §, T is generation
time and tj, labeling time. Lower, actual case; lower fleum C57 brown mice:
each point represents one animal, 100 mitoses scored in each case. From
Quastler and Sherman, 1959, with permission.

that were in § appear and the proportion of labeled mitoses rises to 100X, then
declines as cells that were originally in Gl enter mitosis. The interval
between labeling and the rising limb of the FLM curve gives an estimate of

TGz + M and that between the rising and falling limbs of the first peak an
estimate of Tg (Figure 1). Since cells in § normally proceed to mitosis,
knowledge of Tg and the [*M]-thymidine pulse-labeling index (L.1.) of the whole
population gives an estimate of the cell birth rate3?,

It is accepted that proliferation rate is regulated in G;, because its mean
duration (TGI) varies widely between populations growing at different rates
vhereas Tg and T, vary little, if at all*?. ©) 1s often regarded as a
determinigtic sequence through which cells pase slowly, rapidly, or not at
ali*%, If this were so, FLM curves would show a second peak whose position
varied ae Gl lengthened or ghortened: this is how text books usually show FLM

R—: ). | T Frmb  memmt ———— T ommaten memm Lmmmexvo v 0469 -

107

Intermitotic times are known to be extremely variable, even in homogeneous
populations in rapid steady state growth39:"3., Tissue culture and FLM studies
show that almost all this variability arises in Gl and increases with decreasing
proliferation rate3®, This led to the pr:n:ppr.vs.al'*:'l that after mitosis all cells
enter an indeterminate state (A), located In G1, which they leave at random, to

" enter a deterministic replical_:ive sequené:e (B) containing 5, G2, M and part of

G1, and that proliferation rates are reg_ulal:ed by altering the probability of
undergoing the random transition from the indeterminate to the replicative
phase, rather than the duration of the latter. ‘l‘bére is mow much evidence that
this 1s true for cells in tiseue culture®™52; in vivo data are compatible, but
ingsufficiently precise to preclude models Vuhich account for variability in G1 by
a normal distribution of proliferation ratesS3. .
In glowly proliferating tissues it is 'often envisaged that only a proportion
of cells cycle countinuously from mitosis to mitosis, the remainder being
sequestered into & non—cycl:lng compartment (Gy) from which they can be
stimulated to resume cycling3?, Such subpopulations have been postulated to
account f_ot discrepancies between ﬁztém&totic times estimated from Tg and L.T.
and those estimated from the peaks of FLM curves“®:%? and for the sudden
increases 1n L.I. seen. aftélf hormonal st:l.muiation. Allegedly, G, populations
u_.-l.n“be distinguished from those with a long Gy by techniques such as continucus
[%l-thynidinelabelins. In pri_:tﬁii'ée there are the problems of re-entry of G

‘cells into cycle, and of distinguishing putative Go cells from the dead, the
-oribundlnd the terminally differentiated®. Ome attempt to deal with these

prob].-s led to & model in which a1l cells enter G, and leave at random®*, and

which 1s :lnd:l.stinguishable from. the I:ransil:ion probability model"3,55,

Cell .proli.ferati.on in thﬁ vaginal 'gg' 1£heiium
Cornification of the vagina is the basis of the Allen-Doisy assay, the most
specific bloassay for estrogenicity. Substances are given intravaginally or

éystem:lcnlly to spayed rats or mice, and vaginal smears are taken 2-3 days
later; s positive smear contains cornified cells and no Ieucocytes“. Uterine
ue:lght tests are less specific in that various non-—estrogeuic hormone.s are
utetotrophic, on the other hand, some eatrogenic substances fail to induce

57

positive smears®’ or do so only transiently®5. The cornificatien response

depends on increased epithelial cell proliferation®? and assays based on this?
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Fig. 2. Transverse sections (51 H & E) of vaginas from adult ovariectomised
Sprague-Davley rats (b.w. approx. 300g) left, snd Q.5. mice (b.w, approx. 30 g)
right: a, b, untreated; c, d, 4 weeks after 2 s.cy injections in arachis ofl
24 h apert of 5 or 1.5 mg respectively of Tamoxifen; e, f, after 4 weeks with
800 or 100 ng/ml respectively of estradiol-17f in the drinking water.

In ovariectomized rodents. the epithelium comprises ome or twe basal layers
plus a superficial mucified layer of cells (Figure 2a, b)., Proliferatfon is
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rate of entry of the basal cells into S increases®?-6%, This lag variés with
route of administration, the estrogen used and the interval between ovariectomy
and experiment. Increases in mitotic index follow those in [JH]-thymidine
labeling index with no evidence of any cells being arrested in G in the
untreated animals®3. After a single administration of estrogen the mitotic
index rises to a peak 24-36 h later depending on dose and route of
administration3! 63 63: j¢ then falls, With increased cell production rate,
cell layers increase in number, and those on the surface stratify, then
cornify and finally desquamate (Figure 2e, f). Usually cornification develops
after the mitotic index has fallen3l+65,

The epithelium can be maintained in the cornified state indefimitely by
continuous administration of estrogen by injection, inclusion in the drinking
waterS6 or use of long-acting polymer®?. Im such experiments basal-cell
mitotic and [3H])-thymidine pulse labeling indices first rise to high values,
then decline, though always remaining well above comtrol values (Figure 3).
Continuous labeling with [*H]-thymidine shows that all basal cells
participateb?:68, FLM data indicate that increases in proliferation rate
arise mainly from shortening in the mean length of G, though there may also be

a shortening of § phase®9+70,

30
VAGINAL LABELLING INDEX

Fig. 3. Vaginal basal cell {3H]-thymid1ne pulse labeling indices (X) from
adult ovariectomized rats: 1 pefg b.w. [FH]-Tdr given 1 h before sacrifice;
2000 cells counted/organ: points are weans from at least 4 rats, S5.E.M.'s were
usually < 10X of mean. C, untreated; T', 250 ug Tamoxifen dally s.c. in oil;

T, 5 mg Tamoxifen s.c. in ofl days 0 and 1 only; E, 0.5 ug estradiocl-17g8
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The initial rise and fall in the indices of proliferation can be accounted
for as follows: initially most cells are in G, estrogen abruptly increases the
rate of transit from G; te S, producing a quasi-synchronous wave of cells In S
and M; as cells divide again, gynchrony decays because of the inherent
variability of the cell cycle, and the indices of proliferation settle at new
equilibrium values.

With continuous estrogenic stimulation, proliferation rates in the uterine
epithelia also rise sharply but fall back to control values (see later). The
difference between the two tissues may arise from the differimg paths followed
by new-born cells; vaginal cells rapidly move inte the superficial layers
exerting little comstraint on the basal population, whereas uterine cells
remain, to die in situ.

Using continuous estrogen administration, Peckham et al®® showed that basal
labeling indices and vaginal epithelial thickness measured in the same animals,
varied with hormone dose but correlated almost perfectly with each other,
suggesting that thicknegs 1s simply a reflection of proliferation rate. It
therefore follows that cells have essentially the same 1life span after leaving
the basal layer. The surface cells differeatiate into mucified or cornified
celle depending on the degree of estrogenic stimulation., If commitment to
differentiate happened at a set age it would cccur at different levels in the
eplithelium depending on the cell production rate, commitment to one or other
pathway being determined by the particular environmental factors at that level.

Growth and cell proliferation in the uterus

In immature rat uterl, estrogen stimmlates cell proliferation in all

71, This does not -happen in the adult organ?. Figure 4 shows transverse

tissues
sections of uteri from adult castrate rats and mice, to which this discussion
is confined. In both there fs an outer myometrium of two layers, one circular
and one longitudinal. Both react to estrogenic stimulation by hypertrophy and
changes in contractility, but in the ghort term show little cellular
l:n:ctlifer:ati.cms’9‘"‘]I which is usually a response to distension’2.

The myometrium encloses & complex comnmective tissue stroma, comprising a
nighly vascularized matrix of collagen, elastin, fibroblasts and mast cells
Plus an everchanging and often large population of wandering cells including
large and small lymphocytes, plasma cells, macrophages, polymorphs and eosino-
phyls. The eosinophyl content of the rat uterus is influenced by esttogen73,

Fig. 4. Transverse sections (54 H & E) from uteri of adult ovariectomised
Sprague-Dawley rats (b.w. approx. 300 g) left, and Q.S. mice (b.w. approx. 30g)

right: a, b, untreated; ¢, d, 4 weeks after 2 s.c. injections ir arachis oil

24 h apart of 5 or 1.5 mg respectively of Tamoxifen; e, f, after 4 weeks with
800 or 100 ng/ml respectively of estradiol-178 in the drinking water.

estrogen and progesteronel?, In general, there is little quantitative data

concerning these populatfons though they may contribute substantially to total
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in the ovariectomized animal following estrogenlc stimulation, but labeling and

mitotic indices remain low*1'76,

In ovariectomized mice such proliferation
sppears to be confined to the endothelial tells and occurs later than that in
the epithelia*l. With continuous estrogen treatment stromsl cell proliferation
remains elevated in the mouse uterus’® but returns to control values in the rat
{Figure 11). Extensive stromal proliferation occurg im the uteri of pregmant
mice?? and rats?8, immediztely before ovim implantation, and ecan be duplicated
in ovarlectomized animals by progesterome pretreatment followed by estrogen®'?,
In mice there is a lag of 6 h, the [3H]-thymidine pulse labeling index then
rises to a2 peak at 15 h, followed by a peak in mitosis’?. The cell population
concerned seems capable of only one divisfon in response to estrogen and then
becomes refractory to estrogenic stimulacionB9:81; this insensitivity also
involves the stromal vasculature?d. Thus prolonged treatment with estrogen and
progesterone does not induce a stromal hyperplasia: instead the stroma becomes
atrophic, and this may contribute to the long-term inhibitiom by progesterone
of epithelial proliferation in the mouse uterus®2. In the normal course of
pregnancy, stromal cells differentiate into decidual cells®, It seems likely
that the hormonal induction of one division followed by withdrawal from the
cell cycle are prerequisites, serving to bring cells into a state of
sensitivity to the transforming stimulus, Although a progesterone-induced
failare iﬂ$esttogen-receptor replenishment may account for the refractory state
in rats, we find no diminution in the uptake, retention or metabolism of {3|]
estradiol administered io vivo by mouse uteri in the refractory state®3,

The uterine epithelia are of particular interest because ia the humam,
hyperplasias of thege tissues are considered to be precursors of endometrial
cancers?®, most of which are epithelial in origin. In ovariectomized rodents
the epithelia constitute only some 10X of the uterime cell population®!, but
exhibit striking changes in proliferation rate with hormonal stimulation. The
luminal and glandular epithelia, though similar in morphology, are distinct
tissues showing striking differences in response to estrogens and anti-
estrogens.

In intact female mice the luminal c¢ell population appears to turn over
completely each estrous cycle35?38, After ovariectomy the uterus atrophies
and luminal cell pumbers plummet. One or two weeks after ovariectomy or
estrogen priming one finds 350-450 luminal cells/section and [3g]-thymidine
lsbeling indices ranging from 3-9%, 1If spayed animale are left for 2 months

withant catvrnocanir etdmilasrdan tha momboae oF o7 .. oA . - -
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cells (< 2%Z), and evidence of cell death- basophylic Feulgen positive droplets,
singly or in clusters, sometimes labeling with [3H] thymidine, which appear in
large numbers during epithelial regression?®:%l, Regression after brief
estrogenic stimulation does not involve shedding of cells into the lumen or
their phagocytosis by macrophages or granulocytes. Nuclei do not become
pycnotic. Cell death occurs by karyorrhexis; the products appearing between
and within otherwise normal-lecking cells and presumably phagocytosed by them*!,
We have found no intermediates between apparently normal cells and the debris,
nor do we know how long debris survives; however, it 1s a useful indicator of
the rate and timing of cell death.

Estimates of the average generation time in the luminal epithelium of
untreated spayed mice vary between laboratories¥1?8l, with disagreement as to
whether all or part of the population turns over“8'6Z, Egtimates of the
duration ef S also vary, but in ocur strain the FLM technique indicates 8-10 h®l.

Following systemic*l or local3? application of estradiol-178 to recently
primed spayed mice cthere is a lag of 5-6 h before the rate of entry of luminal
cells into S increases (Figures 5, 6). During the lag, cell debris disappears
within 2 h; vascular flow and stromal edema increase from 2-3 h omwards*!, amnd
protein synthetic rates peak at 4-6 h87*8%, From 6 h on the [2H)-thymidine
pulse labeling index rises rapidly unti{l 12-15 h then falls as cells leave S
to enter G; and mitosis. The mitotic index increagses from 12 h onwards,
giving an estimate for Ty . gy 1@ the stimulated epithellum of asbout 6 h%1.
This agrees well with estimates obtained from FIM curves®!, Cell death rates
vemain low throughout this period. Continuous labeling with [*H)-thymidine
(Figure 6) shows that all cells enter S: pulse labeling®l and FEM dataS!
indicate that some go through a second round of proliferation. Certainly cell
numbers double by 24 h (Figure 5).

In spayed mice left for 2 months without estrogenic stimulation, the response
is generally slower; & longer lag and a lower rate of entry into § and division
(Figure 5). As a result, cell numbers may not increase significantly by 24 h.
There are also strain differences; long-term ungtimulated spayed C57 wmice may
show no proliferation over the first day of stimulation’S, If a second dose of
estradiol is given 24 h after the first (Flgure 5), the lag before [3H]-
thymidine labeling indices rise again is 6 h irrespective of the length of the
first lag. If no further estrogen is given increasing mumbers of dead cells
appear and cell numbers fall precipitately"l. Clearly, continuing estrogenic
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Fig. 5 (left). Uterine luminal cell numbers and [3H)-thymidine pulse labeling
(1 uc/g b.w. [%]-thymidine 1 h before autopsy) indices () in ovariectomized
mice after a s.c. injection in oil of 50 ng estradiol-17g. Results are means
from 5 mice with representative S.E.Ms. Arrows in top graph show vhere cell
numbers double, Pl; Q5 mice primed 1 wk before experiment with 3 x s.c.
injections of 100 ng estradiol in oil. Ul, Cl; QS and €57 black mice
regpectively, ovariectomized snd left untreated for 2 months before experiment.
P2, U2, C2 are corresponding responses to second s.c. injection of 50 ug
estradiol 24 h after the first.

Fig. 6 {right). Percentage of dead, mitotic and [3H]-thym:|.d:l.ne labeled cells in
the luminal epithelium of ovariectomized primed QS mice: C, controls; E;, B3
after & 100 ng s.c. injection of estradiol-17g or estricl respectively at time
0, 1 pc/g b.w. [H]-thymidine was given every 3 h and the mice were killed 1 h
after the last injection (continuous labeling). c,ez,e3 indicate labeling
indices i1n the glands of these mice. Results are means for groups of 5 mice.

a lag of 6 h during which dead cells disappear; luminal cells then enter S at an
increased rate. Continucus [3H]-thymidine labeling shows that almost all do so
(Figure 6). Yet cell numbers do not :l.ncfe.ase“, for the cell death rate
increases at the gsame time as the mitotic rate (Figure £). In the whole uterus
(%H}-estriol is wot retained for as long as [3H]-estradiol®®. Apparently 1t is
retained for sufficient time to induce DNA synthesis, but not long enough to
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Fig. 7. Uterine luminal cell numbers, [3H]-thymidine pulse-labeling and dead
cell indices (%), 1n ovariectomized primed Q5 mice given s.c. injections of
100 ng estradiol-178 in oil at 24 h intervals. 1 pefg b.ow. [3B]-thymidine was
given 1 h before sacrifice, at time 0 h, or 15 h after the lst, 2nd or 3rd
estradiol injections. Dead cell counts (from a separate experiment) were made
at time 0 h or 24 h after each estradiol injection. Results are means *+ S.E.Ms
for 5 mice,

cell death, and cell yumbers double3?, Increased DNA synthesis followed by
premature cell death cen be induced by minute doses of estriol applied directly
to the uterine lumen, negligible amounts remaining in the epithelisl nuclei
six hours after instillation3?. Such experiments suggest that increased
transcription may be obligatory for doubling cell numbers but not emtry imto S.
Although initial stimmulation of the mouse uterus induces most luminal cells
to enter S, with continuing stimulation the proliferation rate drops until the
pulse-labeling and mitotic indices barely rise above the untreated control level
(Figure 7). This rise and fall has often been descr:lbed”—g", but the most
extensive kinetic data are those of Lee’® for C57 mice treated for 23 days with
estrone in the drinking water. Following an initial rise and fall, the mitotic
and labeling indices do not remain depressed but rise and fall again from days
7-13 (Pigure 8) and again from days 16-23., These patterns are not explicable
in terms of egtrogenic toxiclty, or a refractoriness developing from saturation
of some estrogen dependent process - otherwlse the indices would stay dowm.
Stormshak et al,.?% find that whole-uterus levels of DNA polymerase first rise,

then fall during continuous estrogen stimulation. UNowever, cell culture
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Fig. 8. Mean number of uterine epithelial mitoses/section for groups of 5
ovariectomized but unprimed C57 black mice given estronme (100 ng/ml)
continuously in the drinking water with and without daily s.c. injections of
160 yg progesterone: 50 ug colchicine was given s.c. 2 h before sacrifice.
Data of Lee®? with permission.

of changing prol:lfev;ation rate,

As 1in the vag:l.ni, init{al synchrony and subsequent desynchronization would
produce a peak mitotic index followed by a fall to a new equilibrium level, but
this would not account for the successively smaller synchromous responses to
estrogenic stimuletions, as cell numbers increase (Figure 7).

Conceivably those cells which survive ovariectomy-induced uterine regression,

are estrogen-sensitive stem cells, each capable of dividing into one stem cell
end one infertile cell. There is some evidence for this:
a) @ second injection of estradiol usually induces a peak [3H]-thymidine
labeling index of less than 502%!, c) continuous administration of [H]-
thymidine starting after cell numbers have doubled, labels only 25X of cells
compared with 100X in spayed cantrols®2, c) if a pulse of [3H]-thymidine is
given when cell numbers have increased fivefold and the population allowed to
regress by discontinuing estrogen administration, the same number of labeled
cells as were present 1 h after labeling is found 7 days later, although total
cell numbers have fallen by fivefold (Table 1).

Asymmetric division giving one stem cell and one infertile cell would halve

7

TABLE 1

PREFERENTIAL SURVIVAL OF [3H)-THYMIDINE LABELED LUMINAL CELLS DURING UTERINE
REGRESSION

1 hour 7 days
No. Labeled : No. Labeled
cells 3 No. cells 4 No.
1422 + 145 13,6 + 4.3 193 * 61 406 + 36 44.6 £ 3,5 181 + 14
1341 * 138 8.1 +1.0 109 1 13 372 + 34 36,0 t 4.3 134 % 16
1503 + 112 2.7 2 0.4 41 + 6 314 £ 20 14.8 * 4,3 46 t 13

Mice given [H]-thymidine (1 we/g b.w.) 15 h after the last of 3 s.c. injections
in 01l of 100 ng estradiol-178 were killed 1 h or 7 days later. See Martin et
al*l for techmical details, Results are means : $.E.Ms. for 5 mice.

within the proliferating population, and which involves a diminution in the
probability of leaving G but no incresse in 5, G3 or M5,

VWhat mechanisms might be responsible? We have gtudied the in wvive uptake of
[3B]-estradiol-178 by the epithelium throughout the period of decreasing
proliferation, and find only small decreases in total and nuclear conteat of
hormone which are entirely compatible with the increasing numbers of dead cells
which appear at this time®¢ (gee below). There is no fundamental reason why
changes 1n proliferation rate should depend on changes in estrogen binding.

All uterine tissues appear to bind estrogems equally well and translocate the
hormone receptor complex to the nucleus®? yet not all respond by proliferation.
!!ullc:nugh98 sugpgested that stem—cell proliferation is regulated by specific
mitosuppressive substances (chalones) produced by the differentiated progeny -

the concentration of chalones increasing with the size of the differentfated
population - & simple negative feedback. Lee%d finds no evidence for a
uterine epithelisl chalone srresting cells in G; (which one would predict from
the FIM data), but some evidence of a factor which blocks cells transiently in
Gz.

As discussed above, increases and decreases in uterine proliferation correlate
with increases and decresses in vascular flow and permeability, while dilatiem
of uteri induces as much epithelial proliferation as estrogen!“. We have slit
open in vivo the uterl of mice treated continuousgly with estrogen and seversl
days later examined the epithelium. It did not spill over the cut edge, but
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classes of protein in the uterine luminal epithelium®® pefore there is any
significant increase in incorporation of [%H] uridine intc RNA or in total RNA
content19?, Thus they probably result from increases in precursor pools as a
consequence of increased availability of nutrients due to increased vascular
flow and permeability. These various observations suggest that luminal
proliferation is regulated by availability of space and nutrients as well as
transcriptional events dependent om interactions of the estrogen receptor
complex with the cell nucleus.

If the probability of a cell entering § 1s linked to the rate of protein
synthesis“a, increased transcription and ribosome pmumber may not become
limiting until later stages of proliferation, a deficit leading to death only
as cells attempt to divide, as in the estriol experiments®3. Since total space
and total nutrient flow are finite, 25 cell mumbers increase, per capita space
and per capita nutrients diminish, reducing the rates of protein synthesis,
and of entry inte S, despite continual estrogen stimulation. Conceivably the
higher ribosome content of the stimulated cells allows the maintenance of a
higher population density.

Autophagocytosis apart, it seems likely that a luminal cell will obtain
nutrients primarily through its base: indeed the limits imposed by space may
operate simply by restricting nutrient flow/cell by this route. Despite
continuing estrogenic stimulation, dead cells appear in the lumen in increasing
numbers from days &-6 oowards and, as they do, another wave of mitesis develops.
It appears that the first synchronized wave of mitosis produces a population of
cells with a 1ife span of 4-5 days: as they die, cell numbers fall transiently
per capits space and nutrients increase and, with them, the rate of emtry into
S. The rat uterine luminal epithelfum exhibits similar but less extreme
fluctuations (Figure 9).

Whatever the regulatory factors, luminal cell numbers rise to a maximum
within a few days and remain there or even decline slightly.

Gland cell proliferation
Uterine gland cells of rat and mouse resemble the luminal cells in being
stimulated to proliferate by estrogens and prevented from doing so by

progesterone. Epifanova“® considered that luminal cellg derive from gland
cells but our observations indicate that in mice they probably don't — both
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turn over; a few {3H]-thymid1ne labeled, mitotic and dead cells are always
visible. After initial estrogenic stimulation DNA synthesis and mitosis
increase at the same time as in the lumen but peak indices are lower, cell
death rates rise earlier; also, continuous {3H]-thym1dine labeling shows that
only 50% of cells enter S (Figure 6). With continuous stimulation’® gland
proliferation rates rise and fall like those in the lumen (Figure 8). HNever—
theless, cell numbers continue to rise long after the first fall in mitotic
rate and all strains of mice tested rapidly develop adenomatous endometri;l
hyperplasias (Figure 4), which resemble those of the human endometrium!?l, where
they are also associated with prolonged unopposed estrogen action, and are
viewed as likely precursors of endometrial cancer. Experimental approach to
this question has been hampered by the rarity of spontaneous endometrial
carcinoma in laboratory species. The mouse uterus may be a useful model since
prolonged estrogen treatment does produce epdometrial adenocarcinomasl02:103,

Although mice rapidly develop endometrial hyperplasias when stimulated
continuously with estrogen, rats do not (Figure 4). For example, groups of 4
ovariectomized rats and of 5 mice were killed 5 or 8 weeks after being placed
on drinking water containing estradiol-17g (rats, 800 ng/ml; mice, 100 ng/ml)
or receiving s.c. injections in water of polyestradiol phosphate®’ (rats,

200 wg; wice, 40 ug) every 14 days. Vaginal smears were cornified throughout.
At autopsy uterl were cleared and examined microscopically: .16120 mouse uteri
showed full length development of hyperplasias, and histological sections
showed that 19/20 had developed the condition. Xone of the rat uteri showed
any signs of hyperplasia.

There deoes not appear to be any fundamental difference in sensitivity to the
mitogenic effects of estrogens, since uterine epithelial cell numbers plummet
after spaying and are restored by estrogen in both speclies. What factors
underlie such specles differences? It is significant that the hyperplasias
are restricted to the glands and develop after cell proliferation rates, which
increased at the start of treatment, have fallen back towards control values in
both lumen and glands. Estrogenic stimulation of excessive gland secretion
would tend to distend the glands, increasing available gpace and thus cell
nunbers. Species differences might then result from differences in secretion
rates or quirks of endometrial anatomy leading to retention of secretion. It

1~ tha Tattaw which cooame #a he fnunlved herea. Histolnedcal examination shows
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mouse become blocked, apparently by overgrowth of the lumipnal epithelium.

Several mechanisms can be envisaged whereby such hyperplasias might predispose
towards neoplasia. Increased frequency of replication and size of replicating
population would increase the chances of mutation. Breakdown products of the
retained secretion may be carcinogenic, as might the products of cell death,
which in the absence of any periodic sloughing of the epithelium, accumulate,
and underge autophagocytosis. Failure to undergo periodic sloughing might
itself be important, by sllowing the retention and accumulation of transformed
cells.,

The effects of anti-estrogens on target cell proliferation

Progesterone 1s usually regarded as am anti-estrogen. BHowever, as the name

suggests, its primary function is to support pregnancy. Since different speciles -

have different modes of ovum implantation, placentation etc., it is not
surprising that its effects on the uterus vary with spectes!"; antagonizing
estrogens in one,synergizing with them in amother. During early pregnancy in
mice and rats?7?78 proliferation ceases In the endometrial epithelia. This is
associsted with rising levels of progesterone and can be duplicated in spayed
animals with exogenous hormones. Im mice 3 daye progesteromne treatment
colpleiely suppresses the acute proliferative tegponses of the uterine epithelia
to estrogen®, and even brief treatment partially inhibits the response. Cells
are sensitive to progesterone early in G;, and are blocked in this phase and
not Gp; S 18 not prolongedlos. Coentinuous progesterone suppresses epithelial
cell turnover in otherwise untreated castrates79, and suppresses the epithelial
proliferation induced by continuous estrogen treatment®2. Our own studies
using homogenates of separated epithelium indicate that suppression does not
involve qualitative or quantitative changes in epithelial estrogen binding or
metabolism®?, though the pattern of epithelial protein synthesis 1a
altered38'106 Ip the rat uterus, progestercne alsc suppresses epithelial
prolifération, but autoradiographic evidence suggests that this finvolves
ishibition of estrogen binding in the luminal, though (somewhat surprisingly)
not the glandular, epithelium!®7:108

Progestercne is mitogenic in the uterine epithelia of rabbit! and bitch’.
The spectacular proliferation of the glands of the rabbit uterus is the basis
of highly epecific assays for progestinsl09+110  Tp this species progesterone
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stimulation}’!!!, Prolonged treatment induces endometrial hyperplasias in
rabbit® and bitch?: in both cases they are associated with excessive secretion.

One can relate these varying effects of progesterone to different modes of
ovunt implantation. Thus it suppresses epithelial proliferation when pre-—
implantation embryos remain small and must attach to, or penetrate the luminal
epithelium - processes which might easily be interrupted by division of the
epithelial cells - whereas it is mitogenic when the embryo increases in size
before implantation and requires increased glandular tissue to provide
adequate nutrition. OUne wonders whether progesterone's mitogenic effects
involve similar mechanisms t¢ the mitogenic effects of estrogens.

Dimethylstilbestrol is one of the first competitive anti-estrogens to be
described: given to spayed mice, intravaginally and simultaneously with
estrogen, it abolishes the latter's mitogenic and keratogenic effects!l?,
acting competitively to prevent retention of estrogen®?»3%, However, it 1s
only wholly effective in these limited conditions: intravaginally it is
ineffective when given minutes after the estrogenlla, fails to displace
estrogen already bound to receptors3> and disappears rapidly from the target-
organ itself, Given systemically it is only ever estrogenic despite many
attempts to demonstrate antagonism., This was first attributed to its
metabolism to estrogenic substancesl!?. However, doses which intravaginally
were anti~estrogenic in mitosis and smear tests were as effective as
estradiol-178 in stimulating early nucleoclar changes in the vaginal
epithelium!1¥. Thus DMS occupies receptors long enough to prevent the
binding of estrogen, which is then lost, and to Induce short-term responses,
but not long enough to induce long-term responses. When its level in the
vagina is maintained IMS is fully estrogenic: an Intravaginal dose which is
anti-estrogenic as a single application induces mitosis and cornification when
it is divided and given &s repeated applications over 5-10 hll%,  The
estrogenicity of DMS and &similar compounds, given systemically, thus reflects
the depot effect of whole body administration, as much as metabolism!l6,

Since all competitive anti-estrogens are weak estrogens it seemed that
estrogenic potency simply reflected the time substances remained at receptor
sites and that all anti- end impeded-estrogens would be fully effective
agonists in conditions of continuous applicationlls. This has not proved to
be true for triphenylethylene-related antagonists but seems to hold for
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dangers of compounds which appear to be only weakly estrogemic in conventional
assays but'which may be present continuously in the environment.

The classical "impeded' estrogen”’ 1s estriol, equipotent with
estradiol-178 in &6 h assays, but less potent in the long-term, and failing to
induce maximal growth when given once daily!20, Given with estradiol-178,
estriol reduces its effectiveness!l?, apparently competing for receptors but
dissociating rapidly from them!2!, Cole and McMahonl22 suggested that the
protection afforded against brkast cancer by an early pregnancy might result
from high levels of estrlol inhibiting the (putative) carcinogenicity of
gtronger estrogens. However, many groups have shown that estriol given
continuously, is as effective as estradiol-178 in all respects including the
genesis of mammary tumoursl!23, Thus it would seem unlikely to be an
effective antagonist in conditions of continucus secretion as in pregnancy.

The situation with non-steroldal anti-estrogens like Nafoxidinel24 and
Tamoxifen!23 {s far more complex. Emmens and I found insignificant antagonism
of estrogens with Nafoxidine in mice or rats126, Hsrper and Walpolel25 gn
their original evaluation of Tamoxifen found it to be a weak but effective
estrogen in mice. This was confirmed by Lee®? who found that both compounds
induced uterine cell proliferation in mice and failed to inhibit that induced
by continuous estrogen treatment. Emmensl27, using vaginal smear assays,
found subcutanecus injections of Tamoxifen had prolonged effects in mice which
were initially estrogenic but later. anti-estrogenic. .Jordan’® confirmed these
findings. Using similar treatments we also showed the initial production of
positive smears followed by negative onesl?8, put found that both vaginal and
uterine cell proliferation rates were raiged far above control values for up
to 60 days. The wvaginal epithelium remained hyperplastic and multilayered
throughout, though not cornified (Figure 2}, while the uteri developed hyper-
plasias like those induced by estradiol (Figure 4). We argued that Tamoxifen
ig simply a weak estrogen in mice, and that its inhibitery effect on pmears is
an artefact of the criteria used to evaluate the smears. An alternative
explapation is that Tamoxifen saturates the estrogen-receptor system in the
vagina fnitially iInducing maximal cell proliferation and thus sufficient cell
layers for surface cornification. Thereafter proliferation rate drops because
of desynchronization or non-receptor-mediated effects of the entagonist, the
epithelium is no longer maintained at a thickness at which cornification occurs:
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Fig. 9. [3}-Thymidine pulse-labeling indices (%) and mumber of cells/section
in uterine luminal epithelium of adult ovariectomized rats. The results are
means for at least 4 animals; S.E.Ms. were usually < 10X of the mean. 1 uc/g
b.w. [3H]-Tdr given 1 h before sacrifice, C, untreated; T', 250 pg Tamoxifen
daily s.c. in 0il; T, 5 mg Tamoxifen s.c. 1in oil, days O and 1 only; E, 0.5 g
estradicl-17g daily s.c. in oil (points up to day 5) or 800 ng/wl in drinking
water (14 and 28 day points), ET had latter plus 2 x 5 mg Tamoxifen days O and 1.

It has alwaye been apparent that neither Tamoxifen mor Nafoxidine are wholly
effective estrogen antagonists in rat uterine weight testsl2“7125  ang that at
dose levels which inhibit estrogen, both show significant though partial
agonist activity. This does not apply to the individual uterime tissues. In
adult castrate rats Tamoxifen induces prolonged hypertrophy of the uterine
luminal cells (Figure 4) but mo incresse in [H]-thymidine labeling index, and
cell numbers remain unchanged (Figure 9). Furthermore, it inhibits the acute
increase in cell proliferation induced by estradiol-178 (data not shown) and -
the increased cell numbers induced by prolonged estrogen treatment (Figure 9).

In the glands Tamoxifen does not stimulate proliferation but increases cell
death rate because, over 2-4 weeks the number of cells decreases six-fold below
those of untreated castrates {Figure 1), even when estradiol is administered.
This 1s the only case I know where an anti-estrogen reduces cell numbers below
those in the castrate.

In contrast, Tamoxifen increases the number of stromal c¢ells incorporating
{M]-thymidine more than estradicl. Even wmore striking is the observation that
the same doses of Tamoxifen in these animals significantly, consistently and
persistently increase both [3H]-thymidine labeling and mitotic indices in the
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Fig.10. Number of cells/section In the uterine glandular epithelium of adult
ovariectomized rats: symbols as in Figures 3 and 9.

The confusion is compounded by consideration of different species.

Tamoxifen is an. estrogen in mice, an agonist or antagonist in rats depending on
the tissue, but a pure antzgonist in chickens129, It was thought to be purely
antagonistic in women, where it induces remission of mammary tumors without the
side effects of ‘high dose estrogen therapy, but recent reports indicate that
these doses induce estrogenic changes in the vaginald0,

Difference in wmetabolism might account for some species differences in
response, but would not easily accommodate similar actions in one organ in
different species, and dissimilar actions in different organs of one specfes.
To account for such diversity in terms of estrogen-receptors one must postulate
that they vary, or that their ligand complexes act differently in different
cell types, e.g. binding to other chromatin s-ites. From examples cited
previously the disparities could involve tissue~ and species-specific cell
regulatory mechanisms that are not mediated by the occupation or replenishment
of estrogen-receptors. Oue must also consider that while the estrogenic
activity of compounds like Tamoxifen is mediated through the estrogen-receptor
pathway its amti-hormone activity may not be, i.e. the inhibitory effects are
non—specific but are enhanced in estrogen target tissues-b'} virtue of an
ability to occupy estrogen receptors. Tamoxifen may be a 'site-directed'
cytotoxic agent.

126

LABELLED STROMAL CELLE
- RAT UTERUS.

g £
T - Tr——
>

o R

Fig. 11. Number of stromal cells/section in the uteri of adult ovariectomized

rats, labeled by a pulse of [3H]-thymidine. Experimental details as in
Figures 3, 9 and 10.

cancer patients, therapeutically effective doses produce blood levels of

250 ng/ml or mre133, values far above those which saturate the estrogen—
receptor pathway. In rats, Tamoxifen affects some glycolytic enzymes in liver
and musclel3%,

As a further complication many responses stimulated by small doses of
estrogen are inhibited by large ones. This 1s true of embryo implantation!35
and mammary growth in mice!?®, In vitro, high doses of estrogen inhibit
various enzymes including the estrogen—sensitive human rldcental transhydro—
gena.se137. Low doges of estrogen accelerate mammary tumor appearance in mice
with pituitary isografts but high doses retard!38, Quite low doses of estrogen
inhibit growth of estrogen-sensitive rat mammary tumoral39+*1%0; paguive doses
induce regression of human mammary tumors!“l, but have unpleasant side effects.
Apperently the therapeutic usefulness of lower doses has not been investigated.

Where the same end-point can be achieved by agonism or antesgonism, and where
a compound is both partial agoniat end partial antagonist, one nust be cautious
in attributing any result to one or other mode of action. Reversing t]:-te effect
of a putetive anti-estrogen by estrogen indicates an antagonist origin;
failure to do so does not necessarily indicate en estrogem origin - the
underlying antagonism may not involve competition. For compoiumds like
Temoxifen the questions remain. Do they inhibit breast cancer growth because

they are estrogenic, because they are anti-estrogenic or because thev possess
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DISCUSSION

CUNHA: Since the effects of steroildal and nonsteroidal estrogens on the
developing reproductive tract have become appreciated in terms of teratogenic
and possible carcinogenic actions, it is important to understand the normal
development of the urcgenital system, Tissue recombination studies in my
laboratory have demonstrated that morphogenesis and differentiation of
Mullerian epithelia within the female reproductive tract are induced by the
subadjacent mesenchyme or stroma; that is, uterine epithelium differentiates
as such because of the inductive properties of uterine stroma which induces
and specifies this particular developmental course within the epithelium.
This general concept applies to the development of both the male and female
reproductive systems. One feature unique to reproductive organs is the
expression of hormonal responsiveness mediated by highly specific hormone re-
ceptors for estrogens, androgens, and/or progestins. Utilizing tissue
separation and recombination techniques, coupled with steroid autoradiography,
we have been studying the development of nuclear androgen-binding sites.
Tissue recombinations (UGM + BLE) composed of mesenchyme (UGM) of the embryonic
urogenital sinus (a prostatic indicator) combined with epithelia (BLE} of
enbryonic urinary bladder differentiate as prostate-like glands. The presence
of putative secretory products within the induced prostatic acini suggests
that the inductive influence of urogenital sinus mesenchyme upcn the bladder
epithelia involves both morphological as well as biochemical alterations.

This has been confirmed by autoradiographic localization of 3E-dehydrotesto-
stercne (®H-DET). Male hosts bearing UGHM + 4BLE recombinants weré grown for 30
days, castrated 24 hrs before injection of H—DHT, and autoradiograms prepared
by the methods of Stumpf and Sar. Epithelial cells of the host's prostate
exhibited the characteristic nuclear uptake of label indicative of an
androgen-target tissue. By contrast, epithelial cells of the host's urinary
bladder did not concentrate 3H-DHT over their nuclei. However, when embryonic
bladder epithelia is induced b§ UGM to form prostate, the epithelial cells of
the induced acini concentrate “H-DHT over their nuclei, a feature indicative
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MARTIN: I can only agree with you about the importance of the mesenchyme in
determining the type of epithelial response elicited by hormonal stimulation.
We have long been aware that uterine epithelial proliferation may be regu-
lated by changes in the state of the stroma, these in turn perhaps being
requlated by changes in the vasculature, For example, we have some evidence
from separated uterine tissues that the premature death of epithelial cells
which follows estriol administration, results from a deficiency in stromal,
rather than epithelial estriol levels. The changes in epithelial and stromal
proliferation, induced in vivo by various estrogen-progesterone regimes,
exhibit a striking reciprocity: as stromal mitosis increases, epithelial
mitosis decreases, and vice versa. The death of epithelial cells in the
antimescmetrial lumen of the mouse uterus that occurs during decidualization
is limited to the region where the underlying stromal fibroblasts dif-
ferentiate into epithelioid decidual cells, and does not occur until the
latter process is waell advanced, All of these examples are suggestive. To
prove stromal dependence is an entirely different kettle of fish, because
none of these phenomena can be induced in vitro, even in the intact organ,
let alone separated tissues. So one cannot, as yet, do anythlnq resembling
your own elegant crossover and recombination experiments.

LEROY: You said that glands and surface epithelia are totally different
organs, but during the estrus cycle there is, in late estrug, a tremendous
amount of luminal epithelial cells dying, while the glands are proliferating.
How do you visunalize the proliferative relationship between both compartments
in this light? Do they evolve in complete independence or is there migration
of cells from one compartment to the other? I would alsc like to know if you
can obtain epithelial hyperplasia with chronic high doses of estriol although
this latter is considered a weak estrogen?

MARTIN: I wanted to make the point that the two tissues behave as two dis-
tinct and different populations. I agree one cannot exclude the possibility
of some flow from glands to lumen, particularly in the circumstances you
describe. We have examined sections of mouse uteri over the first 3 days of
pregnancy when gland cells are proliferating and luminal cells are dying; and
while we lack precise data, it seems that the luminal population shrinks
while the gland population expands. The tissues and the boundary between
them remain distinct, the gland population later shrinking as cells die in
situ. However, in circumstances where large chunks of endometrium are shed,
as for example, after decidualization, or where the luminal cells are killed
or removed en masse then, almost certainly, the surface epithelium could
regenerate ‘from the glandular epithelium as in the human endometrium. Regatd-
ing your second question, we can generate hyperplasia of the luminai epithe-
Jium with continuous estriol treatment, in the sense that cell numbers in-
crease 4- to 5-fold over several days, We have not yet gone on long enough
to see whether we can also generate the glandular hyperplasias, although
experiments are planned. I would expect estriol tp be effective in this
regard alsc; there are now many groups who have shown that in conditions of
continuous administration, estriocl is capable of everything that estradiol
does.

Copyright 1980 by Elsevier North Holland, Ing.
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DISSOCIATION OF BIOLOGICAL ACTIVITIES IN METABOLITES OF ESTRADIOL

JACK FISHMAN AND CHARLES MARTUCCI
The Rockefeller University, 1230 York Avenue, New York, Wew York 10021, USA

The in vivo biological activity of any material represenés the sum of the
actions of the parent substance and of the products of its metabolism. The con-
cept that the metabolism of an endogenous material represents solely a mechanism
for its deactivation and disposition is now accepted as being largely invalid.
Numercus examples exist where the biological potency of a substance is exceeded
by one or more of its metabolites and in the case of hormones several have now
been relegated to the status of prohormone.l'2 While the notion that metabolic
transformation can enhance the potency of an endegenous substance is a familjar
one, the idea of metabolism modulating the gqualitative nature of a bioclogical
response is more novel. In this contribution we wish to present evidence that
the metabolism of estradiol controls the nature of the actions of thié hortone
and that therefore its bictransformation plays a critical role in its physiology.

The feﬁale sex hormone, estradiol, is distinguished by its exceptional
potency relative to the other steroidal hormones and also by its very wide
spectrum of biological activities which include profound responses in both cen-
tral and peripheral target sites. The metabolism of estradicl in man and
other mammals proceeds almost exclusively by oxidative pathways. An initial
transformation is a massive oxidation to estrone which is a:reversible re-—
action.3 The equilibrium heavily favors the oxidized state, making estrone the
central substance in the metabolic gcheme of the female gex hormone.3 The
principal routes of metabolism subsequent to the oxidation to estrone are
hydroxylations taking place at the terminal five carbon D ring or in the
aromatic A ring (Figure 1), Hydroxylation in ring D is predominantly at
the l6a position leading to l6a-hydroxyestrone which is then in part further
transformed to estriol one of the major end products of estradiol metabolism.
The epimeric product 1l6B-hydroxyestrone and the ensuing l6B-estricl are also
formed, albeit in much lesser quantities.4 A particularly intriguing product
of ring D hydroxylation is l5a-hydroxyestriol or estetrol which is derived
by successive 15z and léa hydroxylations.s' © This tetrol is the dominant
metabolite of estradiol in the human fetus and neonate but it virtuwally dis-
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the C-2 position giving rise to the catechol estrogen.z—hydroxyestrone.7
Hydroxylation at the other possible ortho site gives rise to 4—hydroxyestrone,a
a quantitatively lesser catechol estrogen with biological characteristics which
are quite different from the preponderant 2-hydroxy isomer. The catechol
estrogens are also found as the 178-hydroxy derivatives, 2-hydroxyestradiol

and 4—hydroxyestradiolg' 10 which are mainly the products of the enzymatic
reduction of the corresponding 17-keto catechol estrogens., In these cases

also the equilibrium heavily favors the 17-keto derivatives. 2 product of

both b and A ring hydroxylations, 2-hydroxyestricl is also ]._'.uresent:"1 but in

a quantity such as to suggest that the two hydroxylating sites are largely
mutually exclusive. The majority of the 2-hydroxyestrogens is excreted intact
in the form of conjugates, but a considerable fraction is further metabolized
to 2-—methoxyestrogens.12' 13 The O-methylation ig accomplished by the enzyme
catechol-0O-methyl transferasel4 and is remarkably specific for the 2-position
with very little of the 3-O-methylated product formed in viveo.

Even though a number of other metabolites of estradiol have been identified
the products of the above metabolic pathways account for 90% or more of the
total estradiol metabolism. For a long time studies of estradiol metabolism
focused almost entirely on estrone, estradiol and estriol since these were
considered to be the only quantitatively significant natural estrogens.
The catechol estrogens because of their exceptional lability were largely
destroyed during routine body fluid processing and their quantitative signifi-
cance was not appreciated. The development of procedures such as highly
specific radioimmunoassays requiring little separationls' 16 and radiocenzymatic
methods which utilized stable intamedintes]'?' 18 as well as the elaboration
of protective conditions for the preservation of the catechol estrogens during
workupls finally permitted their quantitation and confirmed their role as
the major metabolites of estradiol in the human. The content of the various
metabolites of estradiol under discussion in human urine is presented in
Table 1. The known plasma concentrations of the same estrogens as the free
compounds are listed in Table 2. It is clear from inspection of the urinary
data that the 2-hydroxylated estrogens exceed considerably the lé-hydroxylated
derivatives and that the former is therefore the dominant metabolic fate of
estradicl in man. In plasma the levels of 2-hydroxyestrone approximate
those of estradiol and estrone and far exceed those of estriol.

Evaluation of estrogenic activity has been largely based on the induction

of uterine weioht aain in vadante Aorriwad AF cndocenmis o PSR ...
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TABLE 1

URINARY CONCENTRATION OF MAJOR ESTROGENS

Women Men
Follicular Luteal
Estrone EX 10.142 3.1¢
Estradiol 7.32 6.72 2.7€
Estriol 11.12 13.0° 2.9¢
2-Hydroxyestrone 18, 2k 22.5b 9,7b
2-Methoxyestrone 14.2P le.4b 1z2.9%

All values are expressed as mean ug/24 hours,
2 5ee Reference 62.

2 Ball, P., Reu, G., Schwab, J. and Knuppen, R. (1979} Steroids, 33, 563-576.
Unpublished observations.

TABLE 2

PLASMA CONCENTRATION OF MAJOR ESTROGENS

Women Men
Follicular Iateal
Estrone 76> g1 a3®
Estradiol 1342 1362 33°
Estriol 20; 252 <10§
2-Hydroxyestrone. 62 ?lb 48

gll values are expressed as mean pg/ml.
Fistman, J., Pukushima, D., O'Connor, J., Rosenfeld, R.S., Lynch, H.T.,
b Lynch, J.F., Guirgis, H., and Maloney, K. {1978) Cancer Research, 38, 4006-401i.

Ball, P., Emons, G., Haupt, O., Hoppen, H,-0., and Knuppen, R. (1978)
Stercids, 31, 249-258.

€ Unpublished observations.

castration or by immaturity. This test has served as the principal yardstick
for establishing estrogenic potency in the extensive series of natural as
well as synthetic estrogens.lg In view of the large number of different
biolegical responses induced by estrogens it is somewhat unfortunate that
their physiclogic relevance has been judged by this sole criterion. In
addition, recently it has become apparent that even this pharmacological end
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point can be incorrectly interpreted. The uterotropic evaluation of estradiol
and its metabolites estrone and estriol indicated that estradiol was the
most potent uterotropic natural estrogen, estrone was less potent but
qualitatively identical to estradiol but estriol which induced only a
fragmentary uterotropic response20 was classified as an estrogen antagonist
or an "“impeded" estrogen.21 Furthermore, because estriol fajiled to induce
breast tumors in susceptible rodent strains and appeared to block such
induction by estradiol and estrone it was considered to be a safe estrogen.22
Indeed, its preeminence in pregnancy was then offered as the reason why an
early pregnancy reduced the risk for breast cancer. Recent studie523-25
showed, however, that these views of estriol were incorrect and that the
anomalous pharmacclogical response to estriol was due to the short residence
time of the receptor-estriocl complex in the nucleus. When the substance
was administered to the test animals not as a single injection but in a
continuous mode its uterotropic response is indistinguishable from that
elicited by estradiol.26 Similarly administered estriol has now alsoc been
shown to be an inducer of hreast tumors in rodents.zT Since endogenous
estrogens are secreted continuously the chronic administration mode approximates
the in wivo situation far better than that of a single or even infrequently
repeated injections. Endogencus estricl, therefore, must now be considered
to be a potent estrogen agonist equivalent to estrone and estradiol.

The demonstration that the administratlon schedule can have profound
effect on the uterotropic end point of a natural estrogen prompted us to
reevaluate the uterctropic activity of the principal metabolites of estradiol
under conditions of chronic administration.28 The test substances were
contained in subcutanecusly implanted osmotic pumps which allowed for
delivery at a constant rate of a selected amount of the estrcgen to oopho-
rectomized rats for a period of 3 days or longer. The increase in uterine
weight gain was monitored at 24, 48 and 72 hour intervals. The result of
these assays are presented in Table 3, where the wet uterine weights of the
test animals are given as percent of the uterine weights of control animals.
The relative dried uterine weights corresponded toc the wet weights in each
instance indicating that genuine tissue hyperplasia apd not solely water
inbibition was involved. It is clear that under these conditions of con-
tinuwous administration the ring D hydroxylated metabolites, léu-hydroxy-

estrone and estriocl are highly active uterotropic agents and are equivalent
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TABLE 3

UTEROTROPIC EFFECT OF ENDOGENQUS ESTROGEN ADMINISTERED CONTINUOUSLY

Hours After Implantation
24 48 72
{% of Control)

165 363 490
Estrone

Estradiol 177 374 506
l6a~Hydroxyestrone 155 365 474
Estriol 160 352 468
4-Bydroxyestrone 192 als 351
2-Hydroxyestriol 125 302 302
2-Rydroxyestradiol 233 288 285
4-Methoxyestradiol 139 194 260
4-Methoxyestrone 127 225 338
2-Hydroxyestrone 98 124 130
2-Methoxyestradiol 109 118 igé
2-Methoxyestrone ios 105

an with osmotic pumps containing propylene glycol with
?a:;/::r ascoe imgll;ict::id and 1 mg/ml of the various estl.rogel?s Fested (1 ug/:-u:).
Groups of animals were sacrificed at the 1ndicatt?d time intervals. Uter
were removed, blotted, and weighed. Each value is the mean of 4 animals
per time point. The standard errors of the mean were 10% or less.

to estradiol at the dosage employed. Im contrast, the major ring A hydroxylated
compound, 2-hydroxyestrone, exhibits only negligible uterotropic activity

and its metabolite 2-methoxyestrone is also similarly inert. The isomeric
4-hydroxyestrone as well as its 4-0O-methyl derivative have considerable
uterotropic activity, albeit very much lower than that of the léc-hydroxy
compounds. This difference in the uterotropic. activity of the 2-hydroxy

and 4-hydroxy derivatives emphasizes that the catechol estrogens canmot be
considered to be biologically homogenous and that a distinction in the
physiclogical role of the 2,3 and 3,4 ortho catechol estrogens must be

made. Even though 2-hydroxyestrone exhibits only minimal activity, the
178-hydroxy derivative, 2-hydroxyestradiol, did provoke a uterotropic response
but it was of an anc®alous nature. After inducing rapid uterine growth in

the first 24 hours the metabolite did not elicit any further significant
welght increases during the next 48 hours despite continuing administration.
The other active compounds showed a cumulative uterine stimulation during
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the entire 72 hour duration of the test. The reason and significance of

the unusual uterine growth pattern induced by 2-hydroxyestradicl is presently

unknown. Interestingly, 2-hydroxyestriol, the product of both 2- apd 16~
hydroxylations is of comparable estrogenic potency to 2~hydroxyestradiol but
also exhibits an unusual time course in its response. The initial response
to this metabolite is slower reaching a maximum at 48 hours but there ig no

further stimulation observed at 72 hours. Thus the 2-hydroxylated derivatives

possess either no uterotropic activity or if they do it is of a nature
different from that of estradiol and the other potent estrogens,
estriol and léc-hydroxyestrone.

The fetal and neonatal metabolite 15a-hydroxyestriol {estetrol) under the

conditions of the study proved to be a rather ineffective estrogen inducing
little uterine growth.

estrone,

As such, it is therefore a more suitable candidate
than estriol for the role of the protective estrogen of pregnancy which
could reduce the risk of subsequent breast cancer. It is possible to
speculate that the presence of this metabolic pathway in the fetus reflects
the need of the developing crganism for the deactivation of the potent
estrogens by either ring D or ring A hydroxylation, an aim which can be
achieved only in the case of the former by double hydroxylation at 15 and 16.

In any in yivo pharmacclogical evaluation there is concern about the
contribution of metabolism to the observed activity of the test substance,
In the case of the compounds in Table 3 such considerations may apply to
estrone whose activity may reflect its conversion in vive to estradiol.
Similarly l6c-hydroxyestrone activity may result from its transformation
to estricl. fThe observed activity of the major metabolites estriol and
2-hydroxyestrone, however, is not subject to these considerations. Estriel
is minimally metabolized except by conjugation29'3o while 2-hydroxyestrone
is only partially transformed to the equally fnactive 2-metrnxyestrone.12'13
The very small transformation to 2-hydroxyestradiol may be responsible for
the very minimal uterotropic effect of 2-hydroxyestrone.

The subcellular mechanisms of stercid hormone action requires binding
to a specific cytosolic receptor in the target tissue as a prerequisite for
the expression of estrogenic action. The affinity for such a receptor,
however, does not ensure that the substance will exhibit biclogical activity.
Table 4 contains the relative binding affinities of the metabolites of
estradiol for the cytosolic estradiol receptor of the rat uterus. In general,
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TABLE 4

RELATIVE BINDING AFFINITIES (RBA) OF ENDOGENOUS ESTROGENS FOR THE RAT UTERINE
CYTOSOL RECEPTOR

S.D.

or
Compound RBA Range n
Estradiol—-178 100
4-Hydroxyestradiol-178 45 ¥12 (5)
2-Hydroxyestradiol-178 24 + 7 {7)
Estrone 11 + 8B (5}
1-Hydroxyestrone 11 * 4 (3)
Estriol 10 + 4 {5)
lsa-Hydroxyestrone 2.8 + 1.0 (3}
2-Hydroxyestrone 1.9 £ 0.8 {3}
4-Methoxyestradiol-178 1.3 + 0.2 2)
4-Hydroxyestradiol-3-Methyl ether 0.6 * 0.3 (2)
1Sa-Hydroxyestriol (Estetrol) 0.5 + 0.2 N
4~Methoxyestrone 0.13 + 0.04 (2)
2~Methoxyestradiol-178 0.05 t 0.04 {2}
2-Methoxyestrone 0.01 (2}

the binding affinities correlate with the uterotropic potency of these estrogens
with several notable exceptions. The receptor binding of 2-hydroxyestradiol
exceeds that of estrone, estriol, apnd léa-hydroxyestrone but the reverse is
true of their uterotropic effects. Similarly, the significant binding of
2-hydroxyestrone ig out of line with its inert nature insofar as uterine
weight gain is concerned. This finding suggested that 2-hydroxyestrone may
functicon as an endogenous anti-estrogen in that it occupies the receptor
but fails to be processed for the expression of biological activity. In
initial studies,za however, when 2-hydroxyestrone was coadministered with
the estricl or estradiol the catechol estrogen falled to reduce the uterotropic
impact of estradiol or estriol. Therefore, under conditions of equivalent
concentration the substance does not play an anti-estrogenic role at the
uterine target site.

Factors which contribute to the blological activity of an estrogen are
not only its affinity for the receptor but also its availability for such
binding. In the human, testosterone-estradiol binding globulin (TEBG}
which is present in plasnm?'z is thought to play a role in the control of
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the bioclogical availability of circulating gonadal hormone. We therefore
measured the binding affinity of the various natural estrogens for thisg
carrier protein. The results of these measurements are presented in Table 5
which lists the affinities of the different estrogens relative to estradiol.33
An interesting feature of these results is the high affinity for TEBG of the
2-methoxy metabolites. They not only exceed that of their 2-hydroxy precursor
but are even more effectively bound than estradiol. The physiological
significance of this binding of the non-uterotropic natural estrogens to

TEBG is at present elusive. In contrast the isomeric and more potent 4-
methoxyestrogens are relatively poor ligands for the carrier protein. A

more important result which emerges from these binding studies is the
remarkable low binding affinity of the potent ring D hydroxylated estrogens,
estriol and léc-hydroxyestrone. This implies that in the human their activity
can be expected to be expressed out of proportion to their relative concen-
tration in plasma, since a much greater fraction of their circulating content

will be free and available compared to the other active estrogens, estradiol
and estrone.

TABLE 5

RELATIVE BINDING AFFINITIES (RBAs) OF TESTOSTERONE AND ENDOGENOUS ESTROGENS
FOR HUMAN TESTOSTERONE-ESTRADIOL BINDING GLOBULIN {TEBG)

Competitor RBA
Testosterone 460
2-Methoxyestradiol 130
2-Methoxyestrone 120
Estradiol-17g 100
4-Hydroxyestrone as
2-Bydroxyestradiol 28
Estrone 20
4-Methoxyestrone 12
4-Methoxyestradiol 9
2-Hydroxyestrone B
2-Methoxyestricl 4
Estriol 3
15a-Hydroxyestriol 1
léa-Hydroxyestrone <0.5
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The discussion up till now has focused on the peripheral activity of the
estrogen as exemplified in their impact on the uterus. Estrogens, however,
have also:profound central activities ranging from regulation of pituitary
hormone release34 to the control of sexual35 and feeding behavior.36
Heretofore, it has been implicity assumed that the uterotropic potency
reflected also the relative central activity of an estrogen. The demonstration,
however, that the brain of both the rat and human is capable of 2-hydroxylation

37, 38 suggested that the product of this transformation,

of estrogens,
2-hydroxyestrone, may have central actions even though it fails to exhibit
uterotropic activity. The finding that the catechol estrogens., inhibited

9 and hiosynthesism of catecholamine

enzymes involved in the metabolism3
neurotransmitters provided support for this concept. We therefore sought

to measure the impact of continuously administered 2-hydroxyestrone on the
plasma LH concentration of ocphorectomized rats and compare it with the
effects of the other natural estroqens.41 The result of such tests are
presented in Table 6. RAll of the potent uterotropic substances such as
estradiol, estriol and 16a-hydroxyestrone produced a pronounced suppression
of LH content with the latter being apparently the most _effective‘ An
ineffective uterotropic agent such as Z-methoxyestrone had no effect on the
plasma LH concentration. The limited uterotropic activity of 2-hydroxyestradiol
and also 4-hydroxyestrone was paralleled by the short term effects of these
substances on plasma LH, with the suppression apparently ceasing after 48
hours. Most noteworthy, however, was the increase in plasma LH concentration
induced by 2-hydroxyestrone. This material augmented the already high tonic
levels of LH in the ovariectomized animals by a statistically significant

40% at 72 hours. This result provides evidence that the 2-hydroxyestrone
which is inactive at the uterine target site has central effects and may

be involved in the positive feedback of estradiol on pituitary gonadotropin
secretion. This metabolite is therefore the first estrogen either natural

or synthetic in which a separation of central and peripheral activity has
been demonstrated and illustrates that estrogenicity should not be character—
ized solely in terms of uterotropic function.

An important consequence of the differential biclogical properties of
estradiol metabolites is that the metabolism of the hormone in wan has a
major role in the modulation of its activity. Hydroxylation in ring D
leads to compounds which retain or even exceed the uterotropic activity of
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TABLE 6

EFFECT OF CONTINUOUS ESTROGEN ON SERUM LH IN OVARIECTOMIZED RATS

Hours After Implantation
24 48 72
(% of Control)

2-Hydroxyestrone 110 134 142
4-Methoxyestrone a8 65 92
2-Hydroxyestradiol 35 31 61
4-~Hydroxyestrone 21 28 50
l6éa-Hydroxyestrone 24 8 7
Estriol 10 ] 18
Estradiol 12 12 19

estradicl and therefore this metabolic pathway serves to continue and extend
this action of the female hormone. In contrast the competing A ring
hydroxylation at C-2 leads to Z-hydroxyestrone and 2-methoxyestrone, hoth
substances devoid of uterotropic activity and therefore this metabolic
route terminates this particular biological role of the hormone.

The evidence that 2-hydroxyestrone possesses central activity renders
the role of metabolism even more important in the expression - of hormonal
action. Not only does a metabolic pathway havé the potential to alter
the quantitative aspects of estradiol action but it also modulates its
qualitative nature since 2-hydroxylation which terminates the peripheral
activity of the hormone apparently initiates specific central estrogenic
actions. It must be cautioned that at present it is uncertain whether the
2-hydroxyestrone formed peripherally and transported to the central system
duplicates the function of the same material synthesized i_nsi_tu.dz' 43

The physiclogical significance of the different biological actions of
the products of the two competing estradiol metabolic pathways can be gauged
from changes observed in these pathways in human metabolic studies. &
nimber of pathological situations have now been identified in which the
metabolism of estradiol is predictably altered to increase either the 16-
hydroxylation or the 2-hydroxylation pathway. Hyperthyroidism, whether
endogenous or drug induced is invariably associated with 2 large increase
in 2-hydroxylation of estradiol at the expense of l6u-hydroxylaticn which

is correspondingly <iecx.'e'ease¢i.M The reverse situation obtains in hypothyroid
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individuals who exhibit increased l6a-hydroxylation with a matched decrease
in the transformation at C-2. The consequence of these changes is that in
the presence of comparable secretion of the hormone, hyperthyroidism can
be associated with hypoestrogenicity and hypothyroidism with hyperestrogenic
consequences. The reproductive function deficits so frequently present in
dysthyroid women can then possibly be related to these alterations in estradiol
metabolism.

Another intriguing example of estradiol metabolic changes is the contrast
between obese women and the undernourished females with aporexia nervosa.
The latter exhibit estradiol metabolism distinguished by greatly increased

45,46 These changes in

2-hydroxylation which is suppressed in the obese.
metabolism related to changes in body weight may alsc be responsible in

part for the reproductive disturbances which so0 often accompany large changes
in body weight in women.47 More-importantly, the hyperestfogenic direction

of the metabolizm of estradicl in the cbese may contribute to the increased
risk for endometrial cancer in these individuals.48 Cirrhosis of the liver

has been shown to result in a great elevation of l6a-hydroxyestrone forma-
tiox:n49 and the potent estrogenic character of this metabolite may be resonsible
for the feminization so often present in men with cirrhosis.50 A mumber of
other examples of clinical syndromes associated with alterations of estradiol
metabolism have been reporte651'52 and it is important to consider these as
possible contributors to the symptomology of the disease.

Because of the relationship of estrogens to the etiology and progress of
breast cancer much attention has been devoted to a possible role of estrogen
metabolism in the epidemiolegy of this neoplasm. A dominant theme in these
studies, derived from the presumed innocuous nature of estriol, was the
estrio)l h)u:aothes:i.z.-.53'5‘4 This formulation proposed that a high content of
estriol relative to estrone and estradiol was protective of the disease
while a low ratic of estriol to estrone plus estradiol increased the risk.
Some studies have indicated that women with breast cancer excreted less
estriol than those without the disease55'56 but other investigators failed
to confirm this finding.s—"58 Blood production rates of estriol in breast
cancer subjects were alsc found not to differ from controls.59 Metabolic
studies utilizing radiolabelled tracer hormone suggested that men with
breast cancer60 and to a lesser extent women with the diseaseEI metabolize
estradiol via lés-hydroxylation to a greater extent than control subjects.

This would appear to conform better with the finding of the fully estrogenic
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character of estriol and its proximate precursor léa-hydroxyestrone and
the presumed relationship between uterotropic potency and carcinogenicity.

Prospective studies of individuals at risk for the disease failed to
disclose a decrease in estriol excretion in either ethnicsl or familial
increased risk categories.62 Young women who had an early pregnancy and
who have therefore a decreased risk for breast cancer were recently reported
to have increased urinary estriol excretion but it is uncertain whether
this is related to the decreased risk.63 In view of the accumulated biclogical
and epidemiological evidence it seems prudent to consider estriol and 16a-
hydroxyestrone as potent estrogens with all of the oncogenic properties of
estradiol. The role of the catechol estrogens in the process is as yet
unknown but based on their biclogical properties they could be expected to
be non-participants in cancer induction and maintenance, if these are
associated with the uterotropic character of the hormone.

The evidence that the consequences of the metabolism of estradiol include
not only modulation of the intensity of the biological response to the hormone
but alsc the very nature of that response adds another level of complexity
te the eventual understanding of hormone action. The existence of such
modulation needs to be considered in the study not only of the various
essential physiological functions of the female sex hormone but also of its
considerable real and presumed contributions to the etiology of several

pathologies which are currently under investigation.
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0 your observation that 2-hydroxyestradicl
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duces the synthesis of a
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ESTROGEN METABOLISM AND FUNCTION IN VIVO AND IN VITRO

$. C. BROOKS, L. HORN, B. A. PACK, J. ROZHIN, E. HANSEN AND R. GOLDBERG
Dept. of Biochemistry, Wayne State University School of Medicine, 540 E.
Canfield, Detroit, Mich. ysa

INTRODUCTION

It has become increasingly clear that steroid hormones are not simply syn-
thesized by endocrine organs and secreted into the plasma in order to be concen-
trated in and act upon target tissues. Recent investigations have pointed to
extensive and variable metabolic alterations in these steroids which occur in
peripheral tissues. Extra-endocrine conversions often have a distinct influence
on the plasma pattern of steroid hormone metabolites and ultimately on target
tissue responses.

The metabolic fate of steroids depends on the age of the animal, its die-
tary and drug regimen as well as normal fluctuations in the total hormonal mi-
lieu. The net result of the interaction of peripheral tissues with steroids has
been shown to include the conversion of precursors into active hormoneé and
partial or complete deactivation of the ultimate hormone. Aan example of peri-
pheral activation of systemic gonadal hormone precursors has been demonstrated
by Longcope et al’ and Schindler iil_._z in studies which established the aroma-
tization of adrenal dehydroepiandrostercne (DHEA) or androstenedione by adipose
and muscle tissue. The estrogen thus formed is active systemically and has been
implicated in the growth of postmencpausal endometrial cancer®. In another
example, plasma DHEA has been shown to be converted in situ te the active So-
dihydrotestosterone by the skin's adnexa“. In this latter case the active an-
drogen only stimulates the target tissue in which it has been formed and is
apparently not active systemically. 7

The classical role of peripheral estrogen metabolism hag been that of de-
activation. Principally the liver has been shown to be active in the oxidation,
reduction, hydroxylation and conjugation of estrogens®’®. pMost tissues, in
fact, may oxidize 17f-estradiol (B2) to the less potent estrone (E;).

While hepatically derived glucosiduronate conjugates of estrogens are
rapidly removed from the plasma and excrei:ed, Sulfurylated estrogens persist
for a considerable period in the plasma (7% hrs.7)., The estrogen sulfates are
readily tal{en—up by target tissues via hydrolysis®. Although the ovary secretes
an appreciable quantity of estrogens as sulfurylated hormones?®, it appears that
the liver is respeonsible for the persistent level of plasma estrogen sulfates!'®.
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HEPATIC ESTROGEN METABOLISM IN VITRO AND IN VIVO

Utilizing a rat model it is pessible to derive a clearer picture of the
role of hepatic tissue in determining the plasma pattern of estrogen metabo-
lites. The in vitro metabolic fate of estrogens in liver has been determined
in incubations of minces®‘®. 1In these experiments E; has been shown to be the
dominant product of hepatic metabolism of physiclogical levels of E:. Either
of these estrogens or their metabolites may be conjugated to sulfuric acid or
glucuronic acid®. wWithin the liver, glucosiduronidation is an end product of
metabolism destined for excretion. This is not the case, however, for the sul-
fate esters which appear as dynamic metabolic intermediates and are also

actively involved in target tissue uptake.

E\§ —— (2-HE,-38)——p 2-0eE,-5§ ——» 2-0kF,

E; ———» E;-175 ——» 60—(HE,-178 2-MeE.-17S
E;-3,17 di§ ——P 2-(HE,-3,17 diS —% 2-0MeB2-3,17 diS

{2-0HE,-35) — ¥ 2-Q%:E,-35 —p 2-0eE,

Fig. 1

An examination of the temporal relationships of the sulfurylated estrocgen
metabolites reveals certain precurser-product implications (Fig. 1 and ref. S5).
In these experiments E; is sulfurylated at position-3 before hydroxylation
(2-0HE:) and methoxylation {(2-OMeE;) occur at position 2. After the relatively
smaller amount of E2 is sulfurylated at pbsit.ion-l?B, a portion is hydroxyla_.ted
at position-6. However, the majority of the moncsulfate is disulfurylated and
converted, presumably through the 2-hydroxy-3,178-disulfate to 2-methoxy-
estradiol-17f-sulfats. An even lessor amount of Ez is monosulfurylated at
position-3 and converted to free 2-methoxy-17B-estradiol. This pattern does .
not change in liver takem from rats in the variocus stages of the estrous cycle .
Hepatic sulfurylation of estrogens is not without influence by systemic condi-
tions. For example, this metabolic.process is increased by the available oxygen

: . |
in vitro® and decreased by hypophysectomy in vivo™".
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Although the in vitro hepatic production of these metabolites in the rat
has been demonstrated in several laboratories®''?7}"%, the in vivo fate of this
pattern of estrogens and their conjugates has not been well documented. In
order to better understand the liver.:'s effect on estrogen homeostasis, it is

necegsary to study factors other than the in vitro hepatic metabolism of estro-

gens. A more complete picture of the hepatic influence on the make-up of plasma

estrogens requires that the fate of these compounds be studied in the entero~
hepatic circulation and answers be sought regarding the influence of the entire
hepatic system on circulating estrogens and their conjugates.

Analysis of biliary estrogen metabolites. Following I.V. injection of
0.2 ug (7.7 x 107 dpm) of SHE;, 1.06% of the radicactivity was secreted into the
cannulated bile duct within the first 3 hrs (Fig. 2). cannulation of the duct

in these experiments did not allow recycling of labeled estrogen metabolites
through the enterchepatic circulation. Therefore, the decrease in biljary

radioactivity over the initial 2 hr period represents, for the most part, rapid

03

02

Giucosiduronates

ol |

- Sulfotes

-

% INJECTED 17 B-ESTRADIOL-6,7-3H
T 1
[«]

— Unconjugated
o/
0z | 1 | |
5 | 2 3
HOURS

Fig 2, Secretion of labeled biliary estrogen metabolites following the injec-
tion of tritiated Ez (0 hr). The bile flow was 1.2 ml/hr.
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conjugation of circulating 3HE:. Most of the biliary estrogens were isolated
as glucosiduronates with a major portion being secreted as sulfates and a lesser
amount as unconjugated estrogen metabolites. WNoteworthy is the fact that during
the 3rd hr following administration of *HE, there was a marked increase in
biliary radicactivity. This increase was particularly significant in the uncen-
jugated and glucosidurcnate fractions.

Analysis of the unconjugated estrogens on ITLC-SA and GLC® has shown this
fraction to be made up of E;, E; and 2-0MeE:1. The sequential appearance of
these free estrogens in the bile over the three hour period is indicative of
the established hepatic oxidation of E2 to E) followed by conversion of E; to
2-0MeE,) .

Examination of the tritiated glucosiduronates recovered from bile showed
4 major peaks on DEAE-Sephadex dxramatography’s {Fig 3). Hydrolysis of the
conjugates in each peak utilizing ketodase revealed the presence of E;, 2-OMeE;,
2-OMeEz and two wery polar 3-compounds with characteristics of carboxylic acids

5600

F “Polar”
Estrogen

4800 ’—

4000 ’- €+
2-OMeE,

3200

2400

counts / min

1600
1200
800
400

TUBE NUMBER

Fig 3., DEAE-Sephadex chromatography of labeled biliary estrogen glucosiduro-
nates 2 hrs following injection of tritiated Ez ¢ ). Dashed line {(----}
depicts position of standard *HE;-178—glucosidurvnate, Elution was carried out
with a linear NaCl gradient (0.05 - 2.0M}.

151

after solution in 1.6% NaOH.* Again the increased biliary glucosiduronate

fraction, 3 hrs after administration of 'HE;, was the result of the higher
levels of 2-OMeE; and 2-OMeE; conjugates. The major polar peak had the charac-
teristics of a 2-hydroxy-estrogen with the A-ring ruptured following exposure
to alkali. The carbon-14 methyl ester prepared from this peak with '*c-

methane traveled on ITLC-SA with the methyl ester

diazo~
of authentic 2-0HE,; synthe-
sized following rupture with 1.6% NaoH (Fig 4).

L o OO ]
2 f [__ Front i

-110,000

12,000

“c-counts/min

*H-counts/min

Fig 4. ITIC-SA of the major *polar" peak of tritiated estrog, ili

strogen biliary glucc-
siduronates. The compound has been exposed to alkali (1.6% NaOH) and extracted
under acidic conditions before esterification with M c-giazomethane, {Peak B

3 i
H cpm; =c Feak A is the chromatographed product of 2-CiE,

treated similarily (R-'"c cpm). e migration of E
: - and
(CHCly: MECH, 97:3) is shown above. ! E1 in this systen

The concentration of biliary estrogen sulfates was more consistent over
the time period_ than were the levels of the glucosiduronate and unconjugated
fractions. Analysis of the four major sulfate peaks from DEAE-Sephadex chroma-

*The hydrolyzed estrogen metabolites wer t rough a modi
Brown rocesuec® & ot e routinely carried th a fied
\ rom phenols were extracted from alkaline media

(pH 9 bicarbonate buffered 1.6% NaOH) by ether. The carboxylic acids are then
extracted following acidification.
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tography showed that the sulfurylated biliary estrogens were also made up of at
least 2 polar metabolites as well as estrone sulfate (E;S, Fig 5). Significant
peaks of diconjugated estrogens were not found during this time span. One of
the polar peaks had the properties of a glutathione conjugate of 2-OHEz which

15

had previously been isolated by Kuss'~ and Jellinck17 from rat liver incubates

(Fig ).
5000
| "Polar” Esirogen
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‘Pig 5. DEAB-Sephadex chromatography of labelled biliary estrogen sulfates % hr
following injection of *HE, (—}. Dashed line (~---) deplcts position of
standard E;-5 and E;-35. Elution was carried ocut with a linear NaCl gradient
(0.05 - 2.0M).

It therefore appeara that in vive rat liver shares the capacity, demon-
strated in in vitro experiments, to synthesize 2-methoxyestrogens and form the
sulfate and glucosiduronate conjugates. The 2-hydroxy-estrogens, isclated
herein as ruptured A-ring acids, are also formed and conjugated. Present in
the biliary sulfategs is a polar metabolite with characteristics of the gluta-
thione conjugate seen by others in liver incubations. Curiously absent from
the labeled biliary estrogens are the disulfurylated metabolites which were
present in the incubation. Also evident from these experiments is the inability
of rat liver to form detectable quantities of estriol in vivo and in vitre.
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Fig 6.

TLC {phenol-H:0) of the major "polar” peak of tritiated biliary estrogen
sulfates following hydrolysis with sulfatase® (D).

Standard 2-OHEz~1-S-gluta-
thione-6,7% (E]) was a gift from br. J.5. Elce, Queens Univ., Kingston,
Ontario.

Analysis of plasma estrogen metabolites. Germain to the point being dis-

cussed is which of these hepatic estrogen metabolites enter the circulation for

possible influence on target tissues. The pooled plasma from 2 rats, each of

which had been administered 'HE; (0.14 ug, 6.7 x 107 dpm), was assayed for the
g y

levels of labeled estrogens at various times (1/2, 1. 2, and 3 hrs) following

the injection of labeled compound. Ez and E; were identified by ITILC and GLC

in the pooled plasma., Both these estrogens were found unconjugated, as esters

of sulfuric acid and as glucosiduronates. Also present., but only in the con-

jugated fractions, were the polar estrogens identified above as the 2-hydroxy-

metabolites. Detectable amounts of labeled 2-methoxyestrogens were not found

in the plasma during this time span.

It is of interest to examine the disappearance of these metabolites from

the plasma. 1In doing so we choose to compare the fate of the plasma estrogens

in control rats to that of rats which had received (intubated) 5 mg of dimethyl-

benz—(a}-anthracene (DMBA) 2 months prior. At this level the carcinogen will

bring about the appearance of hormone dependent wmammary tumors in one-half the '
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treated Sprague-Dawley rats!®. Tumors, however, had not yet appeared in thesge
rats.

In the treated and control rats the plasma *Hg, and 'HE, displayed a
similar rate of disappearance {Fig 7,8).Whereas the unconjugated estrogens and
glucosiduronates were each present in like concentrations throughout the 3 hr
period, the sulfate conjugates were initially lower in the plasma of the DMBA
treated group (Fig 7). Sharp differences were found in the fate of the plasma
estrogen sulfates in the carcinogen treated rats. EiS and E;-3S were present
in much lower concentrations.in the DMBA rats (Fig 9). More dramatically, the
sulfated "polar™ estrogens appeared in the plasma of the treated rats after 1 hr
and persisted at appreciable levels until 3 hrs. These metabolites did not
appear until 3 hrs in the control plasma. In treated rats the plasma gluco—
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rég 7. Conjugated gtate of labeled plasma estrogens following injection of
*HE3. fThe blood (approx. 12 ml/rat) was removed from each rat by heart punc—
ture. Each point represents the estrogens in the pooled plasma from 2 rats.
Solid lines depict estrogens from control rats. Dashed lines indicate estrogens
from DMBA-treated rats.
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:‘igle.- Disappearance of l.al;eled unconjugated estrogens from the Plasma of rats

(1:2: peo::_;gtl:? injection of *ME;. Solid lines depict estrogens from control rats
. Ant}). Dashed lines indicate estrogens from DMBA-t

poing Tt =.,A; - =O,D). reated rats (2 per

siduronates contained less *HE, and more of the *polar* estrogens (Fig 10).
These experiments placed 140 ng of *HE; into the Plasma pool of endogenous
E2. Normally the highest secretion rate of rat ovaries ig approximately 10 ng/
hr'? or 30 ng over the duration of this experiment, Although above the physio-
logical level, the quantity injected in these experiments would not be con~
sidered to be pharmacological, and it would be expected that the labeled E;
would experience the same metabolic fate as the endogencus E;. Alil of the meta-
bolites observed in the bile and plasma are known products of in vitro liver
estrogen metabolism. Furthermore, although other tissues have_h-e;:own to
hydroxylate and/or conjugate estrogens ( ovarjes?® adrenals®?, prajn2!,?2,
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23 none but the liver would be expected to carry out the rapid con-
d in these experi-

and uterus

versions of such large guantities of estrogens as were observe

The observed differences in plasma estrogens of DMBA treated rats are

v the intubation

ments.
the result of metabolic changes of long duration brouwght about b

of 5 mg of the carcinogen 60 days prior to analysis. The effect on target

ues of these plasma-borne sulfates of polar estrogens remains to be demon-

tiss
strated. -

It appears then that the pattern of plasma estrogen metabolites
Interestingly many of

may be

attributed to variations in hepatic estrogen metabolism.
terations in the estrogen molecule {principally hydroxylations
e representative of the highly inducible (by carcinogens such as

} are
these al

xnown to b
pMEr2 ") microsomal oxidase system (CYt Puse).
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Fig 9. Disappearance of labeled su.lfuryllted estrogens
foglowing the injections of SHg,. ‘Solid lines depict estrogens from m?t;d
rats. Dashed lines indicate estrogens from DMBA treated rats. The po.o eD ]
plasma from 2 rats was analyzed for each point. (E2=A ATEL= R E

polar estrogens= ' ).
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Fig 10. Disappearance of labeled egtrogen

; giuvcosiduronates from the plasma of
rats following the injection of ME,, solid lines depict estrogens ffom control
rats. Dashed lines indicate estrogens from DMBA-treated rats. The pooled

plasma from 2 rats was analyzed for each point. (E; = Y =
Polarestrogens-.'o)_ po (E2 =& ,Ay E1 .,D;

THE FATE OF ESTROGENS IN TARGET TISSUES

Estrogens gulfurylated on the 3-hydroxyl are readily taken into target
tissues such as the uterus®. Although hydrolyzed during uptake, these estrogens
concentrate in the uterus at twice the rate of unconjugated estrogens. Once
within the target cell E; shares a metabolic fate in addition to the well docu-
mented binding to and nuclear migration with its receptor.

In rat uterine cells the metabolic fate of Er is limited to the formation
of estrone, and this metabolism is only present in mature uterus at estrus®,
Higher mammals with longer estrous or menstrual cycles have displayed, in
addition to this E; dehydrogenase activity, an estrogen sulfotransferage capa-

25.29 )
city + In these tissues estrogen sulfotransferase appears to be induced by
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X s . a0
progesterone, appearing only after the initial ovulation in porcine uterus and
only in the secretory endometrium of the mature femalezs'zg. In the pig pro-

longed levels of plasma progesterone during implantation are reflected in a con-

tinuation of endometrial estrogen sulfuzylation”.

Therefore mature porcine and human uterine tissue have been demonstrated
to contain an estrogen receptor”’“(lizm and, in additiory E2 dehydrogenase
axc:tivi.t:yzs'zs as well as the estrogen sulfotransferasezs’“. The significance
of these two enzymes in normal cycling uterus is unknown, but their dependence
on the mature endocrine enviropment suggest that they may be important to the
target tissuve response mechanisms.

If one relates this metabolism of estrogens in target tissues to the nu-
clear uptake of EzR complex some jinteresting correlations emerge. First, con-
sidering only the sulfotransferase activity, it becomes clear in both porcine”
and human?® endometrium that at the times when estrogens are maximally sulfury-
lated, there is a decreased level of nuclear receptor complex (Fig 11). 1In
fact, if estrogen sulfurylation is maintained for a week or longer the nuclear
E2R disappears. Since at physiclogical levels E2-3S does not bind to receptor?
one could assume that during high sulfotransferase activity little or no EzR
is taken into the nucleus. The 3% day half-life of nuclear E:R thus cbserved
agrees with an earlier report“. Significant lewels of cytoplasmic EzR can be
demonstrated after sulfurylation begins. Soon thereafter the E:R concentration
decreases presmably since its nuclear induction by the chromatin interaction
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. Composite plot chowing relationship between gilt plasma E; levels
l(?:!igt}:éd line from rgf. 343, utgrine estregen sulfurylation (solid line), cyto-

plasmic Ex receptor (vertical striation) and nuclear E; receptor (’hc!::llrizontal
striaticn). Taken from a previous publication from this laboratory ™ .

159

of EzR complex has ceased®'. All of these changes cccur in the presence of
3

significant levels of plasma E; (Fig 11}. This inverse relationship between
endometrial estrogen sulfurylation and decreased nuclear uptake of EzR has also
been demonstrated in porcine uterus during and after implantation®% and in human
endometrial curettings“.

It has been postulated that oxidation of E; to E; by uterine tissue served
the purpose of deactivating the estrogen in situ particularly since E; binds
receptor less tightly and is therefore less estrogenic”. This is unguestion-
ably true; however, there is significant dehydrogenase activity in proliferative
porcine and human uteri?®~??. o this end the apparent increase in E; oxidation
in secretory tissue is related to the decreased estrogen effects on this tissue.
However, it may well be that estrogen sulfotransferase is more directly re-
sponsible for the retractiveness of gsecretory endometrium to E;.

It has been established that the K; of estrone in the estrogen sulfotrans-
ferase system is significantly lower that that of E;*®. the preference for Ej
over E; by the uterine sulfotransferase system is also apparent from the data
in Table 1. If minces of porcine uteri are incubated for 2 hrs with a physio-

logical level of "HE] oxidation of labeled substrate to unconjugated Mg, is

TABLE 1
UTERINE METABOLISM CF 17*B-ESTRILDIOLa

' Total
E2-35 -—S— Eg‘-_L' E; € _p Ey-S oxidation®
Porcine Utsrus poole pacle paole pmole pmole
Immature 0- 8.7 1.3 0 1.3
Proliferative 0 8.4 1.6 0 1.6
Secretory 1.7 3.3 1.7 3.3 5.0
Human Endometrium
Proliferative o 4.5 5.5 V] 5.5
Secretory 1.4 1.5 4.2 3.9 8.1

®Incubations were carried out for 2 hrs in 2.5 ml ¥rebs-Ringer bicarbonate
buffer containing 10 pmoles HE; and approximately 400 mg tissue.

bEstrndiol dehydrogenase

cEstrogen sulfotransferase

Ymotal oxidation = E; + E-S
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consistent in immature, proliferative and secretory tissue (Table 1). agll;l'nough
the degree of oxidation is greater in the human tissue, the amount of . E1 pro-
duced is also similar in both the proliferative and secretory endometrium (Table
1). Upon the appearance of estrogen sulfotransferase activity in the secreil:orjlr
endometrium of either species there is preferential conjugation of E1. It J:S in
this sulfurylated E) fraction that the increased conversion of Ez to E1 resides.
One could assume then, that the selective sulfurylation (removal) of the ET
produced by the dehydrogenase equilibrium could result in the increased oxida~
tion of Ez seen in secretory endometrium (see total oxidation column in Table ]..}.

This concept is supported experimentally. since it has been demonstrated in
secretory endometrium that the formation of Ei reached a plateau within the
first hour of incubation and the amount of E1lformed was constant for the dura-
cion of the 2 hr pericd?®. Furthermore the ratio of E15/E2-35 was al‘so constant
from 60 min on. Total sulfurylation, on the other hand, increased 1:..nearTy
throughout this time periodzs. Therefore while the formation of E1 in this
tissue appears to reach a steady state, sulfurylation continues as long as there
is substrate available. . »

A specific inhibitor of estrogen sulfotransferase would aid in acguirling
information concerning the importance of these two enzymes in secretor}: uterus.d
previous data from studies in our laboratory have elucidated an areomatic st:t':ll-:e
system for the transition state comprised of l:: and adenosine—B'-phosph:t:;out
phosphosulfate (PAPS) on the sulfotransferase®®. This knowledge brough o
the degign of an inhibitor which facilitated the stack through ::yﬂ.rogen bonding
between the 6—amino group of adenine and a 4-nitro group on E;¥?. A 3-methyl
ether prevented this analogue from being sulfurylated while blocking the sul-

f es ens . )
fmli:ico;a:i; ::ogporcine uterine minces with 4-nitro-3-methoxyestrone in the
presence of physiological levels of YHE» resulted in inhibiticn of estrogen
sulfotranferase (Table 2). Blockage was displayed by a 10¥-fold excess (over )
SHE,) of inhibitor but was nearly ccaplete (85% inhibition of sulfurylation) im
the presence of a 10"-fold excess of the analogue, Although a 10-fold ex?ess
was all that was required for 4-nitro-3-methoxyestrone to block the t?nzyme in
solt-ltion“, poor tissue permeability of this analogue necessitated higher levels

i ions.
" ut:‘lrl:n :ait:ta::ble 2 show that 4-nitro-3-methoxyestrone did not a.ffpjct E2
dehydrogenase activity since estrone made up the same fraction of unconjugated
(32-39%) and sulfurylated (65-74%) estrogens whether the inhibitor was present
or not. Furthermore neither was uterine steroid alcchol sulfgtransferase
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TABLE 2

INHIBITION OF PQRCINE UTERIME ESTROGEN SULFOTRANSFERASE BY 4-NO;-3-0Me-ESTRONE

Incubation®™ Unconjugated Es trogenc Steroid sulfates
Ez + E; E) Ez2-35 + E;S E1-5 Total Steroid
sulfatesd
pmoles pmoles % pmoles pmoles % pmoles
Control 1.8 1.2 32 6.4 4.2 66 66.3
b
+ 4-NQOz-3-0OMeE)
103fo1d 4.5 1.5 34 5.7 4.3 75 75.4
10%fo1d 9.2 3.7 4© 0.96 0.67 70| 8.5

Incubations were carried out for 2 hrs at 37° with 400 mg whole porcine uterine

tissue (day 5 of the estrous cycle) in 2.5 ml Krebs-Ringer bicarbonate buffer
containing 4 x 10-°M 6,7-*H-estradiocl-178 (sp. act. 44 Ci/mmole) and 1 x l0~"
Naz*%50, (sp. act. 554 mCi/mmole).
b4-Nitro—3-methoxyestrone was added to the experimental incubations at two con-
centrationssone 10 times and the other 10% times

the concentration of the
tritiated 17f-estradicl.

cFollwing the incubation, the estrogens were extracted from the buffer with
ethylacetate and from the tissue with CHCLj3: MEOH (3:1). The extracted estro-
gens were separated into uncenjugated and sulfate esters by neutral alumina
chromatngraphy" {SA. Gilman)}.

d‘l‘he total stercids conjugated to 35304 included egtrogens (product of estrogen
sulfotransferase) and neutral stercids. The neutral steroid sulfates are the

produ;:E of steroid alcohol sulfotransferase, an enzyme alsc found in porcine
uteri®”.

blocked by this estrogen analogue, since the pmoles of total 5504 conjugated to
stercids remained unchanged (66-75 pmoles) in the presence of inhibitor. (11-:
has previously been observed that porcine uterus conjugates neutral steroids to
sulfate equally throughout the estrous cycle?®).

Results of these studies utilizing a specific inhibitor of estrogen sulfo-
transferase with secretory uterine minces clearly demonstrated that in the abh-
sence of estregen sulfurylation less Ez was oxidized to E; (Table 2, E) + E;-5 -
= 5.4 pmoles in the control, or 4.4 pmoles in the presence of inhibitor).
However, under these conditions of inhibited estrogen sulfotransferase the
secretory endometrium contained a greater (2 fold, or 4.4 pmoles total E; from
10 pmoles E2 added, Table 2} capacity tc oxidize E; than did proliferative endo-
metrimm (1.6 pmoles total E; from 10 pmoles Ez2, Table 1).

It appears then that both these enzymes display an increased activity in

the gecretory tissue. Yet there is a more dramatic increase in the sulfotrans-
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ferase. Preparations of the 100,000g supernatant of porcine uterus which is
free of microsomal sulfatase activity has shown that the soluble estrogen sulfo-
transferase is at least 10-times more active in secretory uterus than in the
proliferative tissue. Presently kinetic studies are being carried out to esta-
blish further the extent of the variation of these enzyme activities in cycling
endometrium.

A consistent amount of unconjugated estrone was formed from E2 in incubates
of uterine tissue removed from the host with any of the various hormonal milieu
(immature, proliferative or secretory, Table 1). This value is near 15% in por-
cine uterus and 50% in human endometrium. Consequently the oxidation of Ez to

E1 appears to be a basic property of this target tissue. Recently it has been
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Pig 12. The fate of *HE; in MCF-7 cells during ccld and warm incubations.
After reaching confluence in Tys flasks the cells were harvested with a rubber
policeman and incubated with 'BE, as previously described"®. Top left. ILevels

of "EE, and g, are shown in extracts of the total cytosol from cells incubated

with 2 x 10-%M tritiated E2 for 20 min at 0° followed by a 1 hr incubation at
37° of these same cells in the absence of exogencus labeled E;. Bottom left.
The estrogens which were bound to high affinity, low capacity sites in these
same cytosols are shown at various times of the incubations. Each point
represents the cytosol from homogenates containing 0.231 tc 0.336 mg DNA.

The nuclei were from the cells described above. The 0.4M KCl (top right)
and ethanol (bottom right) extracts were cbtained according to methods pre-
viously described"®. The .yield of nuclear DHA after centrifugation through
2:2M sucrose in TEM buffer was between 0.048 and 0.080 mg. Es ens were
identified as previously described*?.  {Chart from Brocks et al1™"}
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demonstrated by Pollow et al’® that E; dehydrogenase activity can be found
throughout the uterine cell; in the soluble fraction, microsomes, mitochondria
and nuclei. The consistency of E) formation and the ubiquitous cellular dis-
tribution of Ea dehydrogenase activity suggest that either E; itself or the
oxidation of E; may have a role in uterine estrogenic response. In addition,
a recent report by Bayard et al has indicated the presence of both E; and E;
receptor in human uterine cytosoln. The ratic of these reported binding acti-
vities varied throughout the menstrual cycle.

TABLE 3

SPECIFIC ESTROGEN RECEPTORS IN THE NUCLEI FROM MCF-7 CELLS

WHOLE NUCLET®

Source of Specific Ez Bindingb Specific E, Bindingb

Nuclei

pmole/mg DNA Kgq x 10-* pmole/mg DNA Kg % 167

MCP-7 Cells® 0.31 0.73 0.15 3.3
0.6M KC1 EXTRACT®

MCF-7 Cells 0.45 0.78 0.07 1.8

+ 10-°M E,° 1.37 0.78 0.61 1.9
SALT RESISTANT®

MCF-7 Cells 0.07 0.46 0.06 1.3

.aNucle:L were isclated from cells homogenized in TEM buffer?? pH 7.5 vontaining

-0.1% saponin and washed twice with 0.25 M sucrose in TEKM. Exchange assays“
were carried out at 23° for 1 hr,

b .
5pe<!=if1c binding was determined by the Scatchard analysis utilizing 6 levels
of HE; + 200-fold wnlabeled E; or *HE; + 200-fold unlabeled E,.

“MCF-7 cells were grown past confluence in Eagles minimum essential medium
supplemented with non-essential amine acids, insulin and antibiotics and made
10% with respect to calf serum.

%uclear proteinswere extracted® by triturating nuclei at 0° for 1 hr in 0.6M

FCl in TE buffer pH 8.5 and the binding assayed by the protamine sulfate tech-
nigue of Horwitz and McGuire®!. Under these conditions receptor which is
bound to E2 will not exchange with %HE; at any temperature (0°, 23°, or 37%.

e
After attaining confluence cells were exposed to the control medium plus

10"‘!4!.‘53 for 1 hr at 37°, a procedure shown to saturate the nuclear receptor
gites .

f .
The salt resistant receptors were assyaed by the exchange assay*?® carried

out at 23° for 1 hr on the residual pellet from the 0.6M KCl extraction.



164

Utilizing the MCF-7 human breast cancer cell line, we have demonstrated
that E) formed from Ez in situ is bound to a cytoplasmic macromolecule with high
affinity and low capacity“. Furthermore E; is formed within the nucleus from
E2, particularly in the salt-resistant nuclear fraction (Fig 12). This unex-
pected discovery would predict the presence of E) specific nuclear receptors in
this neoplastic hwman cell line. We have carried out studies designed to gain
information regarding the presence of a nuclear E, binding component. Whole
nuclei, the salt extracted nuclear proteins and the residual nuclear pellet
displayed high affinity low capacity binding for both Ez and E; (Table 3).
Furthermore the binding capacity for either of these estrogens increased upon
exposure of the cells to 10-*M E;, a procedure shown to saturate nuclear re-
ceptors in the cells*?. fThe observed E, binding in these experiments is dis-
played even in the presence of 5 UM unlabeled E;.

The role of the E) receptor in estrogen activity is unknown at this time.
However, its nuclear concentration has been seen to vary with the growth con-
ditions of the cell culture (log growth vs stationary phase) and to vary in
cultures before and after their exposure to exogenous Ez (Table 3).

CONCLUSTON

In vivo the liver is a major site of peripheral estrogen metabolism. A
number of hepatic estrogen metabolites and their sulfate and glucosiduronate
esters enter the plasmz, some of which may interact with target tissues. This
plasma pattern of metaboclites can be demonstrated to have changed two months
after a single administration of DMBA. These alterations are particularly
evident in the increase in hydroxylated ("polar™) estrogens which are products
of the microsomal mixed oxidase system (Cytyseg).

Target tissues algo have the capacity to metabolize estrogens to presumed
less active forms. This metabolic activity is comprised of estrogen dehydro-
genase and sulfotransferase, two engymes which vary throughout the estrous and
menstrual cycle, indicating their dependence on the hormonal milieu. Both
enzymes increase in the secretory phase of the cycle. At present it appears
that estrogen sulfotransferase is essential for the in situ deactivation of Ez
during the progesterone controlled uteripe differentiation.

Uterine estrogen dehydrogenase, which is present throughout the cycle, may
have a role in estrogen activity. Evidence is accumulating which indfcates that
the interconversion between E; and E) may play a role in the nuclear interaction

of estrogen receptor complex.
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DISCUSSION

VILIEE: Do you think the variations in the relative amounts of estradicl
and estrone in different tissues simply represent variations in the relative
amounts of oxidized and reduced pyridine nucleotides?

BROOKS: The available ratios of NAD/NADH and NADP/NADPH in the different
tissues would undoubtedly affect the amount of estrone formed from estradiol
(e.g.., porcine uterus vs. human endometrium). It is also possible that the
reducing environment cf the uterine cells would be different throughout the
cycle in one species. However, we have shown in our experiments {(and Pollow
and Gurpide in their studies) that the estradiol dehydrogenase activity varies
as indicated throughout the cycle in cell fractions supplemented with NAD (the
preferred cofactor}.

MCLACHIAN: Do you think the oxidation of estradicl to estrone occurs while
the steroid is still on the receptor?

BROOKS: This we do not know. However, it is possible to sPeéulate from the
data available in Fig. 12 (Brooks et al., this volume) that the "bound”
estrogen in the salt resistant fraction was oxidized from estradiol to estrone
without mixing with the unlabeled estradiol in the cold chase. This figure
shows the amount of 3H-estradiol-associated radiocactivity which is lost in
the salt-resistant fraction during the 1 hr, 37°® incubation appears as a

like amount of radioactive JH-estrone.

KUPFER: Does the "nuclear™ estradiol dehydrogenase utilize NADP or WAD or
both?

BROOKS: Data reported by Pollow et al. (Acta Endocrinel. 1'9 134, 1975)
indicate that mitochendrial, microsomal and the soluble estradicl dehy-
drogenase prefer NAD over NADP {3-fold). This type of interaction is not
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available for the nuclear enzyme. However, the nuclear experiments were
carried out with RAD in the Pollow et al. investigation referred to herein
(ref. 39, Brooks et al., this volume).

MULDOON: Since progesterone has been shown to induce uterine estrogen
oxidoreductase, have you examined the effect of alterations in progesterone
levels on your putative oxidation of undissociated estradiol-receptor complex
to an estrone-receptor complex in the nucleus?

BROOKS: We have not yet examined the nuclear oxidation of "hound" estradiol
to estrone in porcine or human endometrial nuclei. Pollow et al. (ref. 39,
Brooks et al., this volume) have shown nuclear oxidation of estradiol to be
greater in the nuclei from secretory endometrium {over proliferative} but
these experiments did not indicate the bound state of the nuclear estrogens.
Our experiments reported here were carried out utilizing the MCF-7 cell line
which was cultured with only 10% calf serum as the hormone source. Although
progestercne was undoubtedly present, the amount was not controlled.

DUAX: &as I understand it, you propose that receptor bound estradiocl might be
metabolized to estrone in the nucleus. fThis appears to be consistent with our
proposed model in which the A-ring of estradiocl is the principal structural
component responsible for receptor binding and the D-ring regicn is open to
influence subsequent events such as the metabolism you propose.

BROOKS: Yes. I am aware of this. The support which your data gives to our

investigations is greatly appreciated.
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THE MECHANISM OF ESTROGEN ACTION: THE OLD AND A NEW PARADIGM

CARLOS SONNENSCHEIN and ANA M. SOTC
Tufts University School of Medicine. Department of Anatomy.
136 Harrison Avenue, Boston, MA 02111. USA,

This article deals with the mechanism of action of sex steroids with special
emphasis on the effects of estrogens (E) on cell maltiplication as opposed to
hypertrophy and synthesis of specific proteins.

AN HISTORICAL PERSPECTIVE

The following is a brief review of the process which led researchers to pos-
tulate the currently accepted paradigm of the mechanism of estrogen action. In
1896, Beatson provided the earliest ideas about ovarian hormones action on
certain secondary sex organs, Castration, he showed ,improved the survival of
women with breast cancerl. During the first half of the twentieth century,
physiclogists proved that castrated animals showed a significant atrophy of the
uteri, vagina, and certain histological changes occurred in the pituitary,
adrenals and other endocrine organs (For a comprehensive review, see 2). Aas a
result of the injection of ovarian extracts first, and purified estrogens later
on, cell multiplication and trophism of the secondary sex organs were reesf.ab-
lished. It is highly significant that no evidence of cell multiplication due to
local effect of E administration on bona fide target cells has been reported to
support the inference that E per se are able to affect the multiplication of
such cells,

Organ culture of the uterus and vagina was used as a tool to study the effect
of purified estrogens in an isolated system. This started in the '40s and still
is being done today3'7. The results are as varied as the techniques, species,
ages of the donors, and doses of estrogens used, Anocther variable is the lack

of evidence for the presence of E receptors in these short-term culture systems?
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The possibility of an indirect mechanism of E action was entertained by Clara
Szego during the 40's, She reported that E did not significantly affect the
uterus of eviscerated rats10, Despite this interesting finding the subject was
not pursued further, bDuring the 50's, Charles Huggins showed that either cas-
tration or large doses of E objectively induced the remission of experimental
wATAY Y tumors1il, A number of models to explain the hyperplasia and hyper-
trophy due to E administration to castrated animals have been proposed 12-17
They all center on the supposedly crucial role that E receptors play in the
growth and development of E target crgans. Receptors have been defined mainly
as protein molecules that have the ability to bind their ligand with specificity
and high affinity, Based on these‘features, Jensen has suggested that the term
“estrophilins™ instead of "E receptors™ be adopted because it more accurately
describes the properties of these molecules without prejudging their role in
the measured response14.

During the '70s, it became apparent that the hyperplastic effect seen in
uteri and vagina of castrated animals subsequent to E parenteral injection-
could not be reproduced consistently in culture conditions of comparably
designed experiments 18,19,20, During the current decade several laboratories,
including our own, investigated this spécific area of research within the broad
field of the mechanism of E action,

A SOMATIC CELL GENETIC APPROACH

We therefore must address the paradoxical finding that multiplication of E
target cells in animals is stimulated by E admipistration whereas the prolifer-
ation of thege same cells in culture conditions is not affected by E,

This analysis will focus on two main areas of research: a) the putative E-
mediated growth promoting (cell multiplying) effect on certain target cells, and

b) the induction of well characterized proteins as a result of E stimulation,

17

These twe functions may overlap in some instances -in animal experiments, but it
is well accepted that they must not be linked. Indeed, no previous round of
DNA synthesis is needed for E-sensitive specific proteins to be synthesized 21.
The application of cell culture techniques to the study of the mechanism of
estrogen action has brought into focus several issues not well appreciated by
means of animal studies alone., For example, the E "induction" of specific
proteins seen in animal studies could be reproduced with relative ease in cell
culture 21-28 but, the estrogen mediated cell multiplication of bona fide E
target cells remained elusive, Again, both short-term and long—-term systems
have been used in attempts to demonstrate this latter effect of E. Short-term
cultured cells, mentioned above, show a rapid fall of E receptors, bringing into
question their property of being E targets along the duration of the experiment?
Moreover, short-term culture experiments that necessarily invelve a mixture of
several cell types (epithelial and mesenchymal) have provided conflicting
evidence concerning the direct role of E in promoting cell multiplication3_8.
We will also examine the evidence obtained using bona fide E; target cells
in long-term culture, i.e., cells that have been established from E target
organs, of both normal and malignant corigin, These cloned cells carrying sig-
nificant amounts of estrophilins grow indefinitely in culture conditions. We
will briefly define the circumstances under which established clonal cell lines

multiply in culture conditions.

CELL GROWTH IN CULTURE

Mammalian cells, as well as bacteria 29 ana plant cellsao, growing in
adequate culture media show an initial lag pericd of limited growth followed by
a log or exponential period31'32. When the nutrients become exhausted, the
growth of the cell population declines. In the log phase, the cell number

increases exponentially with time, i.e., the logarithm of the cell number
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increases linearly with time, or, Ct = C,e Ot and In Ct = at, where C is cell
mass, t is time and a is the instantaneous growth rat:oconstant for the cultured
cells, Hence, the multiplication of cells in culture does not represent a
capricious, unpredictable or chaotic process, but follows principles valid for
all cloned cells growing under adequate nutritional conditions found in the
hosts from which they derive. One of the differences between in animal and in
culture systems, however, is the limitless capacity for cells to multiply in
culture conditions whereas cell multiplication is limited in the body of the
host. Cells in both animals and in culture multiply in binary fashion, Figure

1 schematically summarizes the possible growth patterns cells may follow in

culture and in live hosts,
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Fig. 1., Schematic representation of possible cell multiplication patterns of
Jhomogenous, discrete populations of cells growing in culture conditichg and in
live hosts. These slopes are representative of patterns of cell multiplication
under steady state.
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At this point we must call attention to the extensive literature on cell

multiplication in general 31'32. To the best of our knowledge, there is no
evidence that normal cells and malignant cells differ significantly in the

initiation of cell multiplication. As far as it is known, the difference

between normal and malignant cells resides with their respective abilities to
respond to signals to stop growing., HNormal cells are able to recognize and
process these signs, while malignant cells are not. Hence, in the study of cell
multiplication, the specific origin and hiclogical capacity for unlimited growth
are not critical factors.

Growth of rat E-sensitive cells in animal - in culture systems. Our under-

standing of the mechanism of E action derives from a Somatic Cell Genetic
approach in an 'in animal-in culture® system with cells carrying estrophilins
18, 33_36. These cells show two well characterized growth patterns: a) E-
sensitive-for-growth, i.e., cells grow more rapidly in animals in which the E
concentration is higher (intact females and E-injected males and castrated rats)
and b) autonomous or E-insensitive-for-growth, i.e., tumor cells that, despite
carrying estrophilins, grow at the same rate regardless of the sex of the rats,
the presence of gonads, or the sex hormone stimulation which the hosts may
receive, Obviously, the transplantation of tumor cells in such hosts require
that they should be isogenic, i.e., belonging to the same inbred strains from
which the tumor originated,

The estrophilins of rat tumor cells in culture have physicochemical proper-
ties similar to those present in the original tumors. Their concentrations in
the cytoplasm and the nucleus are similar to concentrations found in the tumors
growing in animals. When the ability of both the E-sensitive—for—growth and the
autonomous cells to react to a wide range of E; concentrations (10'7 to 10_11H)
is tested in culture, no increase in growth rate can be ascertained., Moreover,
the cells grew at their maximal known growth rate in the estrogenless control

medium (10-20% castrated and adrenalectomized calf and horse serum supplemented
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media)., These experiments were conducted in several laboratories with rat
pituitary tumor cells, rat endometrial tumor cells and rat mammary cells 18,19,
3336 qpe growth rate of these cells was always exponential and followed a
pattern predicted by the egquation C=C,e %t. That the rat pituitary cells are
indeed responsive to E, stimulation is indicated by the reproducible induction
of progesterone receptors or progestophilins (specific protein synthesis} both
in culture as well as in animal experi.l\entszs. Once again, the induction of
specific protein synthesis is not linked to a direct growth promoting effect,
One may ask, can the lack of E-dependent cell lines in culture be due to such
cells being selected against during the establishment process? This is a
verifiable possibility, By examining the behavior of these cells when they are
challenged to grow in iscogenic hosts, one can determine whether, in fact, these
cells are E-sensitive-for-growth or not., An E-related pattern is considered a
reliable criterion. This has been done with the rat cell lines mentioned above.
For obvicus reasons, human derived cell lines cannot be tested in this respect.
From the data briefly analyzed above we conclude that the growth rate of

estrophiling~carrying cells, be they sensitive or autonowous when injected to

animals, is not affected by the addition of E; to the media in culture condi-

tions, This finding conflicts with the putative growth promoting activity of
E over the uterus, vagina and other target organs in live animals.

The resolution of the paradox has been pursued in a few laboratories follow-
ing two main avenues: a) that which postulates the existence of intermediary,
synergistic growth promoting factors whose action is triggered by E administra-
tion and, b) that which acknowledges the data indicating that bona fide E-
sensitive cells in culture grow exponentially regardless of the presence of E,
in the culture media, and, hence, proposes a repressible model for cell multi-

plication. The first possibility postulates that E; acts on Ej-target cells by
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inducing the synthesis and/or release of hormones or growth factors which in
turn would affect E-sensitive-for—growth cells in the animal, or on cells in
culture. The possibility that the pituitary was such an intemediary organ was
investigated in the rat and in the quail {Coturnix coturnix Japonica) using as
end points growth parameters in the uterus and the oviduct, respectively, The
results indicate that the pituitary was responsible for 20-40% of the E-depen-
dent weight and macromolecular synthesis increase of the castrated rat uterus
39,40

+ and a comparable percentage on similar parameters in the young quail
oviductl, Therefore, between 60-80% of the growth of these target organs after
appropriate parenteral E, stimulation cannot be attributed to pituitary factors
and hence, is due either to E; per se or other mechanisms, It should be
remembered that in culture conditions, maximal growth of bona fide E-sensitive
cells is cbtained whether E; is added or not to the growth media, It seems
unlikely, then, that Es Per se is the growth promoting agent. The possibility
that such growth factors, secreted by target organs, are transported in the
serum and are responsible for the whole putative E, growth stimulation cbserved

in animals has bheen explored in a preliminary fashion 42. fThis approach awaits

further assessment.

A second approach, the one which we favor, based on some of the above
mentioned premises relgarding cell multiplication, postulates that b) as growth
appears to be a dominant, constitutive character in cells (normal and malignant),
growth inhibition may be central to the understanding of the mechanism of
estrogen action in this particular case, and to the subject of cell maltiplica—
tion in general 20,

We will analyze next the rationale of our new assessment of the data avail-
able derived from our lab and that from others. It is of great importance to

recognize at the outset that after a careful examination of the available



176

literature in the last 40 years we conclude that there is no evidence that the

hyperplasia following the parenteral injection of E is unequivocably linked to

pretation of the available data indicates, however, that the injection or intro-

duction of E, into castrated or immature females results in increased DNA, RNA
and protein content of target cells, i.e,, uterus, vagina, bird’s oviduct or E-
sensitive-for—growth tumors 43 while it is true that there is conclusive

evidence that labeled E; is indeed selectively taken up and retained by target
cells because of the presence of the estrophilins mentioned above 12 there is
no evidence that the interaction between the E» and any specific process will

result in subsequent DNA synthesis, The relationship is inferential amd, a
reascnable inference at that. Nonetheless, it is important to emphasize that
these events may be coincidental. As for the cause-effect relationship between
E; stimulation to bona fide estrogen—sensitive-for-protein synthesis cells that
resulté in specific induction of protein synthesis, this is probably an example
of close correlation between incoming E; binding to estrophilins and then, at
a _yet to be defined site, the influence of either the E-receptor complex or any
of its parts on the actual synthetic process or the triggering of the process,
Although it is clear that the induction of specific protein synthesis by E is
exerted both in animals and in culture conditions, the putative role played by
estrophilins is still unclear, as is the location of such an interaction, This
is so despite the elegant and thorough efforts of several laboratories 44,45

AN ONTOGENETIC PERSPECTIVE OF THE MECHANISM OF E ACTION

1. Mechanism of estrogen action during the perinatal period.

This approach rests on the premise that growth inhibition (measured as inhi-
bition of cell multiplication) is central to the understanding of the mechanism
of estrogen action, The coexistence of high endogenous levels of E with atrophy

of bona-fide E sensitive-for—growth cells in intact rats has been established
46-48,
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The case in point is the perinatal stage in rats where levels of E are above
those registered during the estrous cycle. At the same time, the levels of
a~fetoprotein (AFP), a plasma protein that appears early in embryogenesis,

are high during the perinatal stage diminishing to low levels toward the end of
the 4th week of life 49-54, AFP in murine species has the property of binding
with high affinity to E®3, To test whether the growth of the E-sensitive-for-
growth tumor cells we developed was atfected by the age of the hosts in wﬁich
they were inoculated, we compared the latent period of E-sensitive~for—growth
tumor cells incculated in newborn and adult rats, The results of these ex—
periments are presented in Figure 2, They indicate that the so called E
sensitivity-for-growth is waintained regardless of the age of the hosts at the
time of inoculation; equally important, there is a significant, equivalent
delay in the appearance of the tumor when these cells were inoculated into 1
day-old male and female rats (106 or 107celis), This delay was not due to the
trapping of all available circulating E because the latency period of the
tumors was not significantly affected and never approached the growth rate seen
in intact adult female rats when Rzgcg, a synthetic E that does not signifi-
cantly bind to AFP, was injected for the first 20 days of postnatal life54,

The inoculation of autonomously growing estrophilin-carrying cells, in this

instance F4c1 rat pituitary tumor cells or AMNU rat mammary tmnors'results in
a latent period similar in duration regardiess of the sex and age of the
host 36¢ 54-56 (cee Pigures 2a and B).

The somatic cell genetic approach has been advantageouslir used in this
situation because we could test whether the results cbtained in the animals
could be reproduced by exposing the same cells to an in culture enviromment in
which the conditions prevalent in the host had been reconstituted. Thus, we
demonstrated that increasing concentration of sera from fetal and newborn rats
prevents the cell multiplication of the Co9RAP cells in a typical dose-response

pattern (Figure 3),
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Fig. 2. Schematic representation of the growth pattern of rat pituitary tumor
cells (A} of E-semsitive-for-growth {C29RAP) and autonomous (F4C1) behavior,
Fat mammary tumors (B} of E-sensitive-for—growth (SMNU} and autonomous {AMNU)
behavior when injected into isogenic hogts iz also shown for compariscn. (see
ref, 54 and 57).
This is indicative that sera contain an inhibitory substance which we suspected
could be AFP, These experimental results suggested that AFY which is present
in sera of fetal, newborn and Hepatoma 7717-bearing rats is heavily involved in
the growth iphibitory responses seen in animals and in culture oornditionsﬂ.
Because it could be objected that the growth-inhibitory property of AFP
might be a peculiarity of the E-sensitive-for-growth cells used here, i.e. pitu-
itary tumor cells, we therefore demonstrated that indeed E-sensitive-for-growth
rat mammary tumor cells alsc share the property of being jinhibited during the
perinatal per.i.od57 (see Fig. 2). We have also confirmed this with rat endome-

trial cells that are E-sensitive-for-growth {unpublished results},
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Fig, 3. Comparative growth rate of E-sengitive-for-growth {C29RAP) and antono—
mous (F4C)) rat pituitary clonal cell lines challenged to grow in several con-

;:;t;:;:ions of aduit, fetal and Hepatoma 7777-bearing rat sera (see refs. 38

The objection that thig pPhenomenon, though related to high levels of AFP
prevalent during the perinatal period, may be a reflection of the "general
immaturity”™ of newborn rats was also considered, Again, using the somatic cell

genetic approach we next used methylnitrosourea {MRU) ~induced mammary tumors of
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E~gensitive-for—growth and autonomous behavior now transplanted into adult
hosts carrying high levels of AFP in their bloodstream. This was possible
thanks to the availability of rat hepatomas in BUF rats that secrete AFP and
others that do not secrete this protein in significant amounts, (These hepa—
tomas were developed by H.P, Horris®3:58), We demonstrated that rat mammary
tumors are prevented from growing and are, in fact, induced to regress in the
animals that carry Hepatomas 7777 which secrete high levels of AFP, whereas
they grow undisturbed and prematurily kill the host in animals bearing Hepato-~
mas 7787 and 7800 which do not secrete significant amounts of aFpS7e 59,

Recently we have purified AFP and by adding it to serum supplemented media at
concentrations comparable to those existing in newhorn rat serum we
demonstrated that AFP inhibits the cell multiplying ability of C,9RAP cells®C,
Purthermore, when AFP was washed off from cuitures where it was apparently in-
hibiting cell multiplication, and replaced by a medium without AFP, the “inhib-
ited" cells resumed cell multiplication at a rate similar to that of cells not
exposed to AFP (Fig, 4). This is, in fact, the same fate these C,9RAP follow
when injected in 1 day-old W/Fu rats. F4C; are insensitive to this treatment.
Therefore, we may now assert that AFP plays the role of a specific ‘inhibitor of
E-sensitive-for—growth cellsS4. We have not yet determined how this inhibitory
process is accomplished in molecular terms. This subject is currently being
developed in our lab and a report on our findings is forthcoming.

That the acknowledged affinity of E to AFP which may result in "trapping™ of
available E does not impede E from entering cells and binding to E receptors
with the same properties exhibited in adults, has been recently demonstrated in
5-day-old rats®l, mMoreover, it has also been shown that despite the 4 to 5
orders of magnitude differences registered between the molar concentrations of

AFP and E in the bloodstream, bona fide E sensitive-for-protein synthesis cells
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Fig. 4. Growth rates of E-sensitive-for—growth rat pituitary clonal cells
(C29RAP) placed under different concentrations of rat purified AFF,

® Borse Serum (HS) 10%, 4 HBS 10% + 3ng BSA/ml, @ #5 10t + 0.6 mg AFF/ml,
V HS 10% + 1.2mg AFP/ml, (O HS 10% + 3 mg AFF/m]l,A HS 10% + 3 mg AFP/ml

+ 107"y R2858, and O cells qrown for 7 days in H#S 10% + 3mg AFP/ml and from
then on in HS 10% devoid of AFP. The term E-gensitive-for-growth relates to
the ability of these célis to multiply in animals with high levels of E.
such as rat pituitary cells in situ are able to respond to changing levels of
circulating E during the perinatal period. Indeed, the negative feedback
control mechanism for gonadotropins is operative during this period 46,62,63,
These results warrant reassessment of the available data regarding "free" and
"bound™ hormone and the degree of consequent “activity™ %4, 1In sum, we have
been able to show that:

1) A discrete gubstance naturally occurring in normal and malignant states
in rats is able to prevent the sultiplication of both normal and malignant E-
sensitive-for .growth—celis,

2) The presence of estrophilins in cells does not constitute a reliahle

marker for their sensitivity to E, when both cell multiplication % and induc-

tion of protein synthesis markers28 are the parameter measured, Hence, though
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the presence of estrophilins may be considered necessary, it is by no means
sufficient to identify these cells as sensitive to E stimulation,

3) The effect of AFP on cell multiplication of E-sensitive-for-growth cells
does not seem to be related to its ability to bind E with specificity °°,

4) We have reproducibly shown that E-sensitive-for-growth tumor cells of
different origins (pituitary, mammary, endometrial) may be successfully and
predictably prevented from multiplying and even induced to regress by strictly
biological means 54,57,60,65,

The implications of these conclusions represent a significant departure from
generally accepted noticns about the eticlogy and pathophysiclogy of cancers.

We have recently found that AFP may affect the cell multiplication of andro-
gen-sensitive-for—growth cells in rats. Hepatoma 7777-bearing adult male rats
show atrophy and apparent hypoplasia in their prostate and seminal vesicles.
This hepatoma secretes high amounts of AFP into the bloodstream (up to 16mg/ml
serum), The effect of AFP is not reversed by dehydrotestosterone-filled
silastic tubes implanted in castrated and adrenalectomized rats {Sonnenschein,
Schatz and Soto, submitted), As AFP does pot significantly bind androgens, we
suggest that AFP is responsible for the growth~inhibition of sex accessories
in male and female rats during the perinatal stage,

It is well known that AFP is normally present .{n most mammals during the
pre- and/or perinatal stage, Different species have shown patterns that do not
chronologically overlap with the one we analyzed for the rat, For example,
mice have an AFP which binds with specificity to E as rat AFP does®3, On the
other hand, Syrian hamsters have an AFP which does not bind to E but follows a
concentration pattern of temporal disappearance similar to that in mice 67,
Preliminary evidence indicates that the role of AFP in hamsters does not differ
from the one we postulate above, namely, that of a Cell_-'mlltiplication inhibitor
of sex steroid-sensitive-for—growth cells (Schatz, Laugier, Soto and Sonnen-

schein, in preparation)}.
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In humans, the pattern of AFP concentration during the pre-and perinatal
stage is different from that of murine species and the Syrian hamsters and, in
addition, human AFP does not bind E with high affinity 5768,

To integrate these seemingly disparate pieces of evidence we can consider
the mechanism of E action from an ontogenetic perspective, Two main periods
can be identified within tl';is approach: a) a pre- or perinatal period, reviewed
above, and b) an adult period, to be reviewed next. We will first refer to the
rat model and then extrapolate briefly to the human model,

2. Mechanism of estrogen action during adulthood.

The evidence réviewed above suppo'rts our contention for the existence of
age—dependent, cell multiplication-inhibitory substances and explain available
data related to the mechanism of E action centered around the effects of AFF on
bona fide E-sensitive-for—growth rat cells of normal and malignant origin. It
is well documented that AFP is present in all vertebrates studied during the
perinatal stage 53, Hepce, the presence of AFP which is not under estrogenic
control, or any known control for that matter, iz unlikely to explain the
available evidence in adult females, It is well accepted that AFP plasma
levels become low beyond the first 4 weeks of postnatal life in rats. This,
chronologically relates well with the beginning of puberty in males and females,
As AFP levels are low in adult females, E; plasma concentration may be the
agent apparently responsible for stimulating the cell smltiplication of E,-
sensitive-for-growth cells of normal and malignant origin. As discussed above,
this is consistent only with facts as seen in animal studies, Again, E-sensi-
tive-for-growth-cells in culture grow at an exponential rate {Ct=Cge ut)
whether E2 is present or mot in the culture media 20, To reconcile this par-
adox during adulthood we postulate the presence of (a) substance(s), circula-

ting in blood that is (are) now under E, control for synthesis and/or release.
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MECHANISM OF ESTROGEN ACTION

AN ONTOGENETIC PERSPECTIVE FOR GROWTH

SIRTH 20 ADULYHOOD

Fig. 5. Schematic representation of the ontogenetic perspective for understan-
ding the mechanism of E action in the rat. A perinatal stage and an a(_iult
stage are suggested by available evidence (see Text). ¢ mi, indicates increased
mitotic index; Owx, ovariectomy; AFP, g-fetoprotein; Ez, 178 -estradiol. The
broken line suggests the uncertainty of the level of the putative Ep-gensitive
adult inhibitor during the prepubescent period.

Figure 5 schematizes the éntngenedc perspective of the mechanism of E action as
seen in the rat, In it there are two clearly defined periods: 1) the perinatal
period and 2) the adult period. The experimental data upon which we have based

our interpretation of the results during the perinatal stage, has been discussed
in the previous sections. For the adult period, we have reinterpreted data that
suggest that E; per se was the element acting at the level of the E; target to

elicit the cell multiplication effect considered central to the whole paradigm.
For example, the cyclical pattern of hyperplasia that characterizes the estrous

cycle in the rat uterus and vagina may now be interpreted as evidence for the
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cyclical increase and decrease of the levels of the putative inhibitor(s) that
are urder E; control, namely, the rise in E, concentration in blood precedes
the lowering of inhibitor(s} synthesis and/or release into the blcodstream, Eqy
again, would affect the synthesis of a protein. This is consistent with all the
evidence available regarding this item, It is well known that this is, in fact,
the only consistent evidence between data obtained in animal studies as well ag
in culture studies where E, has shown to either increase or decrease the
synthesis of specific, well defined proteins 21-28,

Moreover, the reproducible, unaltered exponential growth of bona fide Ej
sensitive—for-growth cells in culture conditions is compatible with the idea
that the serum supplemented to the basal media in this type of system may have
contained the inhibitors, but they were denatured during the process of shipping
and storing (freezing} or preparing (heat inactivation). Another possibility
in this context is that the inhibitor in question may be species-specific; that
is, that the use of calf or horse sera supplemented even at concentrations up
to 50-70% may not be effective to test the presence of a species-specific
inhibitory substance we may be dealing with at this time. These are, of course,
speculations over the meaning of negative data and it is justifiable to be
somewhat skeptical on phenomenological approaches to such a fundamental topic.

We are currently exploring each of the problems listed above in order to get
around the technical difficulties that have impeded the testing of our hypo-
thesis., At this time we may report that in preliminary experiments,castrated
female rat sera-supplemented media do not allow the growth of the E-sensitive-~
for-growth rat pituitary tumor cells in culture at the exponential rate we
observe when we supplement the media with intact female rat sera (éoto and

Sonnenschein, in preparation),
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The literature-at-large has carried data that supports our contention for
the existence of cell multiplication-inhibiting factors. One of the obvious
implications of our model suggest that inhibitors are secreted by a cell type
that may be at variable distance from the target of the inhibitory influence
(Figure 6). The argument for the existence of such a mechanism is exemplified
by the syndrome called gynecomastia present in men who suffer from alcoholic
cirrhosis. Here, the increased cell proliferation of the breast tissue in males
occurs regardless of the circulating levels cof ES9. we postulate that the lack
of adequate. amounts of healthy parenquimatous liver cells is responsible for
low levels of an inhibitor for the proliferation of breast tissue that is
tonically secreted by the liver under normal circumstances. Thus, the breast
cells that no longer are prevented from proliferating will multiply accordingly.

The anomalous secretion of elevated amounts of E by ovarian or adrenal tumors

. « th i
in girls results in a syndrome of precocious puberty 0* and ref erein  qe

hyperplasia of female secondary sex organs ensues as a result of the lack of
the E.sensitive cell-multiplication inhibitor. The removal of the tumor is
followed by the atrophy of such organs. At the onset of puberty, the same
proliferative process, but now under c¢yclical control, is established in these
same girls (Figure 5}.

Another example of the action of an E-sensitive cell-multiplication inhibiter
is exemplified by the natmral hist:ory. of the vaginal and/or uterine dysplasia
Been ag a fesult of B stimulation of female human and mouse embryos of fetuses

while in uterus 71'72.

To the best of our knowledge, these females do npot
develop this ancmalous growth before puberty. We interpret this information as
evidence for the presence of an inhibiting influence during infancy and child-
hood which prevents its expression. When the levels of E become high for pro-
longed periods {during pubertal cycles) the cells affected in uterus express
their potential at a time the inhibitor is prevented from either being synthe-

sized or secreted.
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Once again, we would like to emphasize that there is ample evidence to
indicate that Ez is able to affect the synthesis of specific proteins even in
16,48,62,63

and perhaps guinea pigs73. This effect

the presence of AFP in rats
on specific protein synthesis takes place despite the presence of E-insensitive
cell miltiplication-inhibitors (AFP).

We predict that a good number of growth anomalies that include some forms of
cancers may be better understood according to the schematic representation in

Figure &,
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Fig., 6. Schematic representation of circumstances under which the target for

" inhibition of cell multiplication~inhibitory function (cell E} may be released

from such inhibitory control. These circumstances include lack of sensitivity
to the "specific repressor™ at any of several locations where the influence is
exerted within cell A (1,2,3,4,5,6). An anomalous processing of the synthesis
or secretion of the "growth inhibitor™ may alsoc account for the release of cell
B from the inhibition. The secretion of a "growth inhibitor”" may be tonic (for
example, AFP), It is conceivable that the specificity of the inhibitory recog-
nition system (8) may require the interaction of the plasma membrane, the
"growth inhibitor" and other specific ligands (7). The processing of the
inhibitory message may also be affected and as result the target cell B is
released from the inhibitory influence and sporadic or continued cell multi-
plication ensues. This model does not require a mutation in cell P to account
for the transmission of the defect to the cell B preogeny.
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It illustrates a cell that secretes the cell multiplication—inhibitor and a
cell that recognizes this molecule and reacts accordingly. The analysis of the
evidence suggests, that:

1) The regulation of the synthesis and/or secretion of the inhibitor may be
the most effective mechanism to regulate cell multiplication. Hyperplasia and/
or hypoplasia may then be explained by an ephemer‘ral, or continuous, spontaneous
or experimental situation whereby the regulation of the secretion or action of
the inhibitor is regulated or can be manipulated; 2) The normal function of the
cell that secretes the inhibitor may be affected for prolonged periods of time,
This results in the inordinate proliferation of target cells for such inhibitor.
An example of this eventuality may be the gynecomastia syndrome briefly alluded
to abovesg. 3} The target of the inhibitor may be impervious to the message
carried by the inhibii:nr. This feature may develop spontanecusly or may be
induced experimentally (radiation carcincgenesis, chemical carcinogenesis or
"gpontaneous” loss of the recognition mechanism or the processing of the message
within the target cell) 74. Interestingly, the tymor that becomes autonomous
does 80 by ghowing increased growth rate in the host in which it had been
growing slmver75,

The secretion of the inhibitors postulated above is not done only by cells
distant from the actual targets, This is e:emp].‘ified by a strain of mice in
which about 50% of the females develop gradually increasing anomalies in the
cell multiplication control of cocytes, The case in point is the LT strain of
mice where oocytes‘ "spontanecusly” divide and in some cases become implanted in
the uterus and develcp np to approximately the 7th-day-embryo stage or in cases
develop as a teratocarcinoma’®. A strong indication that the initiation of
partenogenetic development may be due to the elimination of the cumulus cells

frow the oocyte has been p:resented”. This result added to that presented by
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the characteristics of the ovary in LT strain of mice and similar observations
78

in quinea pig ovarian tumors again, strongly suggest that the initiation of
cell multiplication, in this case of the cocyte, is triggered by the lack of
responsiveness of cells to their specific inhibitors. In the present case
analysis, the inhibitor is provided by a cell that is in close contact with
its target.
CONCLUSIONS

In the preceding sections we have briefly covered many of the possibilities
for the development of normal and anomalous cell multiplication patterns in in
animal-in culture systems, We would like to stress that attempts to resolve
the paradox of lack of reproducibility in culture conditions of the putative
E,- dependent growth promoting effects of E seen in animal experiments, must
account for the lack of compelling evidence for an "inducible"™ mechanism of cell
multiplication. Hence, we have explored the other alternatives, namely, that
1) cell multiplication is an inherent constitutive fupction of any living cell
and 2} that cells will effectively divide whenever the agents that prevent them
to do so are either eliminated, prevented from being secreted or else, when the
target cells for the inhibitors become insensitive to their action, These
generalirations cover most of the contingencies of the developmental aspects of
living organisms, as well as those of malignant development, We are, in fact,
suggesting again that the search for a character or sarker in malignant cells,
other than their inability to stop mmltiplying may be a fruitless enterprise,
The lack of a comprehensive approach to the understanding of malignancy when
the search for a circumstantial marker (chromosome aberratiéns, anomalous
enzymatic pathways, carcinoembryonic antigens, viral infections, chemical car-
cinogenesis, etc., etc,) has been stressed, is now painfully c1ear74, In

addition to the ontogenetic perspective proposed for the comprehension of the
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mechanism of E action, we postulate that cell multiplication and ultimately DNA
synthesis be considered “repressible® functions. Our “repressipble™ model,
consistent with evidence we have been able to analyze above, closely relates to
the question many investigators have posed themselves, namely, which is primum
movens in the cell multiplication process31'32? It should be borne in mind
that this is not just a semantic-: prcblem because we believe that the “repres-
sible" model embodies the probable approach to the control of cell multiplica-
tion common to normal and malignant cells.

Fifteen years age Charles Huggins wrote that... "With a single exception, all
of the procedures found to be beneficial for human cancer of the breast were
found directly at the bedside through clinical investigation. The vast amount
of work in the laboratory on mammary cancer has yielded little that has been
applied as therapy for women with cancer of the breast"-"g. We now believe that
our experimental approach may contribute substantially to change such perspec—
tive for breast cancer and other forms of human cancers, as well., Needless to
say, that we also believe that the new approach towards the understanding of
the mechanism of E action and cell multiplication should experiment significant
changes in priorities to be tested in the future,
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DISCUSSION

GOSKT: Extrapolations of studies of a fetoprotein (AFP) effects on tumor cell
growth in vitro to in vivo effects on normal uterine growth are dangerous. We
know that the rat uterus grows from the neonate to adult stages. We and other
groups have observed that some nonsteroidal estrogens will induce uterine DNA
synthesis in necnatal rats. Therefore, the young rat, in which AFP concentra-
tion is high, is capable of responding to estrogens. Estradiol is ineffective
in the neonate, possibly due to its binding to AFP. Therefore, I would accept
the data of Dr. Sonnenschein which indicate that AFP slows growth of cells in
culture. I would not accept the extrapolation of these results to a model in

which AFF is a primary regulator of uterine growth and cell proliferation in
vivo.

SONNENSCHEIN: Obviously, we differ in our understanding of the subject of
cell multiplication of the so-called estrogen-sensitive-for—growth cells. My
understanding of the subject is adequately stated in my presentation.

SHEEHAN: We have obtained data showing that both DES and ethynylestradiol fail
to bind effectively to AFP and that the estrogenic potency of these compounds
is over 100-fold greater than estradicl in the necnatal rat in which AFP levels
are high. Competent estrcgenic resgponses are obtained in this gystem with 5
daily doses beginning on day 1. The correlation of ligand binding with
estrogenic potency strongly suggests to us that AFP bhinding reduces the
availability of estradio) to target tissue and prevents premature estrogen-
ization in the neonate.

SONNENSCHEIN: Your results are at variance with those published by

J. P. Raynaud, A. Kaye, E. R. DeSombre and others, which I referenced in my
paper. Your interpretation of your results and those of others is at variance
as well as with ours. I am confident that the assessment of all the available
data, including that reported in this symposium, will eventually clarify
whether the lack of cell multiplication of estrogen-sensitive-for-growth cells
{of normal and malignant origin) during the perinatal stage is due to the
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effect of AFP per se or by the property of rat AFP to bind estradicl with high
affinity. We believe that we have shown sufficient data to support the first
of the two conclusions mentioned above.

MARTIN: In vitro, AFP stopped the increase in cell numbers; did it do so by
decreasing thelr birth rate or increasing their death rate? In other words,
did it simply kill the cells?

SONNENSCHEIN: AFP stopped cells from dividing. Our preparation did not kill
cells, as Figure 4 indicates (Sonnenschein et al., this volume). Once AFP
was removed from the cell-containing wells, they restarted growth at an
exponential rate,

MARTIN: You said there was no good evidence that estrogen increased prolifera-
tion by direct action on the actual target cells. However, there are many
experiments with mouse vagina and mouse uterus which show that minute doses of
estradiol applied directly into the organ induce cell proliferation. Moreover,
experiments with 3g-estradiol show that such minute doses are virtually

100% retained in the tissue., Furthermore, if retention in the target organ is
prevented by competing out the estradiol with the antiestrogen, dimethylstil-
bestrol, the proliferation response is abolished. Have you any comment?

SONNENSCHEIN: Your evaluation of the data on this subject differs from ours
and that of other investigators who showed estrogen-based ointments released
estrogens which are abscorbed into the bloodstream of treated human subjects
even when small doses are applied. Our experimental data are consistent with
this interpretation. We postulate that once estrogens enter the bloodstream,
they affect cell multiplication of estrogen-sensitive-for-growth cells
according to the scheme shown in Figure & (Sonnenschein et al., this volume}.
We do agree, I believe, that estrogens may affect specific protein

synthesis in those target organs where they become bound to estrophilins,

be they in the vagina, uterus, pituitary or liver, etec. This is valid to
normal or malignant cells that carry these estrophilins.

LEROY: You stated that pituitary tumors injected intoc newborn animals treated
with estradiol did not attain palpable size earlier than in controls. We did
something similar with respect to the uterine response and found that by giving
estradiol for 3 days starting at day 7 after birth, the mitotic response of
the uterine epithelium could be advanced and was obtained on day 13 instead of
day 20. So, there seems to be some discrepancy in this respect between your
pituitary cells and the uterus.

SONNENSCHEIN: As I mentioned in my preserRation, the study with pituitary cells
was reproduced with mammary and endometrial tumor cells. Your observation

is at variance with the results of a number of studies that I referred to in

my original paper.

WEISZ: Maybe I could suggest one possible bridge between the two opposing
views expressed so spiritedly during the discussion -— a suggestion at least
with respect to the in vitro studies, We have heard a little from Dr. Cunha
about the magic properties of the stroma and how it plays an essential
controlling role in the characterization and the function of epithelipl cells.
Maybe the appropriate stromal cells need to be added to cultures of cloned
cells to find out what estrogens can and cannot do.

195

SONNENSCHEIN: It is difficult to rule out the possibilities you propose
without having the necessary data to properly evaluate the question and the
answer. Of course, we realize that the epithelial cells get their nutrients
and specific inhibitors through vessels located in the stroma. I may, however,
speculate that it is not necessary to c¢laim an interaction between the stroma
and the epithelial cells in estrogen target cells to explain the evidence
presented,
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POTENTIAL FOR EXPOSURE TO ESTROGENS IN THE ENVIRONMENT
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Thousands of chemicals are intreduced into our environment with little
knowledge of their effects on twe physiological processes which are central to
our survival as a species -- reproduction and development. The overall human
exposure to common chemicals, including drugs, is not known. However, the
recent report that 8.5 kg/day of salicyclic acid was found in the waste water
effluent of Kansas Cityl should raise concern. With millions of women taking
oral contraceptives, some environmental contamination with estrogenic materials
is a distinct possibility.

Some idea of the potential environmental burden of estrogenic materials
can be illustrated by a few examples., The potent synthetic estrogen, diethyl-
stilbestrol (DES), has been used extensively as a growth-promoting ageént for
poultry, cattle and sheep for owver 20 years., In 1970 alone, over 27,000 kg of
DES was used in the U, §, livestock industxyz. The fate of this compound in a
model ecosystem has been described in detail by Hetcalfa. The well-known se—
qualea of prenatal exposure to pharmacologic doses of this chemical emphasizes
the enhanced susceptibility of the developing organism to its effects4.

o',~p DDT, an isomer of DDT which accounts for 15-20% of the commercial
mixture of this formerly ubiquitous {(estimated cumulative 200 million pounds
used) pesticide, has been reported to be estrogenic. DDE, a metabolite of DDT,
is commonly found in the body fat of humans and has been reported in human
milk. This compound is very weakly estrogenic (see 5 for review).

Another series of compounds structurally related to DDT, the polychlori-
nated biphenyls {(PCBs), have been reported to be uterotropic in rats. These
compounds have been widely used as sealants and additives to paints, plastics,
rubber, adhesives, printing ink and insecticides. These compounds represent
important environmental contaminants and as such have been found in human milk.
Gellert.6 has reported a correlation between the weak estrogenicity of some PCB
mixtures (especially Aroclor 122]) and their ability to permanently alter the
pattern of neuroendocrine reproductive function in rats exposed during develop-

ment. The relevance of these studies to humans remains to be established.
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However, PCBs have been reported to reach the fetus after maternal exposure in
7

a number of species including humans . \

Polycyclic aromatic hydrocarbons (PAH) are widespread environmental con-
taminants resulting from the combustion of fossil fuels. The report that a
hydroxylated form of one of these compounds possesses weak estrogenic activity8
raises the possibility that similar analogs of other PAHs may also be hormon-
ally active. It is of interest that structural similarities between this class
of chemicals and stercidal estrogens have been noted in the literature for many
years.

The chemicals described previcusly were all derived synthetically or, in
the case of PAH, were the result of a process such as combustion. It should be
noted that some chemicals occurring naturally in the environment are also
estrogenic. One, zearalenone, which has been described in detail by Mirocha's
groupg, is a product of the fungus, Fusarium, which commonly infests corn in
storage and has been implicated in hyperestrogenism in swine fed infested corn.
Another class of naturally occurring environmental estrogens are the so-called
plant or phytoestreogens., According to Lindnerlo, more than 40 species of
plants have been shown to contain substances that are active in biological
assays for estrogenic activity. Two such estrogenic substances, coumestrol and
genistein, have been extensively studied and interact with the cytoplasmic
receptor for estradiol. As an example of exposure and response to environment-
al estrogens, the early report by Bennets and Underwoodll of the large scale
outbreak of infertility of sheep grazing on subterranean clover in Australia
should be noted. Subsequently, genestein was isolated from this clover.

The literature on the hormonal actiwvity of marijuana demonstrates a need
for thorough mechanistic studies in this area and for a proper understanding of
the appropriateness of the test system. Since the report of gynecomestia in
men who smoked large amounts of marijuanalz, interest in the estrogenicity of
the active ingredient of this material has continued. Reports that Ag—tetra—
hydrocannabinol (THC), the active component of marijuana, was uterotrop1013
were followed by reports that THC was not only uterotropic but also interacted

with a high affinity with the uterine cytosolic estrogen receptorld. On the

other hand, Okey and Bondy15 have maintained that THC is not per se estrogenic
either as a uterctropic agent or a receptor binder. These results were sup-

ported by the recent report that THC is not estrogenic in a primate uterine

test systemls.
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Such results raise the possibility that some so-called estrogenic effects
of chemicals occurring as common environmental contaminants on a target organ
may be an indirect effect of the agent on an organ peripheral to the supposed
target. As an example, it has been reported (see Aulerich and Ringer for sum-~
mary, l7) that administration of certain PCB mixtures to rats induces altered
liver metabolism of endogenous estrogens and can result im a uterine weight
response which is less than untreated controls. Careful attention to indirect
peripheral effects of xencbiotics is crucial when evaluating them for hormonal
activity.

Thus, compounds to which we may be exposed daily can possess varying
degrees of estrogenic activity. Such exposures will obviously vary according
to locale and occupation. Likewise, the responses of individuals to the same
environmental agents may vary widely. Continued studies on the mechanism of
action of estrogenic agents, defined broadly, as well as their distributicn and
potential for impact on human health should help provide some of the informa-

tion necessary for better understanding our increasingly complex chemical

environment.
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MODEL ECOSYSTEMS FOR ERVIRONMENTAL STUDILCS OF ESTROGENS

ROBERT L. METCALF
Institute for Environmental Studies and Department of Entomology, University of
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INTRODUCTION

Laboratory model ecosystems were developed to evaluate under carefully
controlled conditions the digposition and fate of environmental contaminants
in various substrates and within a variety of representative organisms of
different phyla, class, and order (Metcalf 1977). The essence of model
ecosystem technology is comparative, both (a) among ecological, behavioral,
toxicological, and degradative processes in various corganisms, and (b) between
a wide range of contaminants where environmental effects can be related to
physico-chemical properties. Thus if the relative model ecosystem behavior
of a variety of organic compounds is compared to that of such widely studied
pellutants as DDT, dieldrin and PCB's, it is possible to make meaningful
judgments regarding the ultimate environmental fate of new organic compounds
that have not yet been released into the environment or about older compounds

whog= real world fate has not yet been scrutinized.

METHODOLOGY

The essential methodology of laboratory model ecosystem evaluation of
xenobiotics has been fully described (Metcalf et al 1971, Metcalf 1974,
Metcalf et al 1975, Metcalf and Sanborn 1975, Lu et al 1975, 1977, 1%78;
Coats et al 1976, Metcalf 1977) and only a brief outline will be presented
here, The espence of the invesfigation is the use of xenobiotic molecules
radiolabeled with Y4c, 31, 3%, 395 or 3% ¢1. The radiclabeled molecule can
be followed both qualitatively and quantitatively throughout the substrates
and organisms of the model ecosystem by liquid scintillation counting, thin-
layer chromatography of extracte, and radiocautography. Thus & wealth of
information can be readily obtained about distribution, bioconcentration, food
chain transfer, degradative pathways, comparative metabolism, and chemical
nature of degradative products. The results can be quantified for comparison
with other xenoblotics as bioconcentration or ecological magnification, 1i.e.
amount of parent compound in organism/amount in water; as biodegradability
index or amount of polar radiocactivity/amount of non-polar radicactivity (from
TLC plates); and as two parameters of total radioactivity in the organisms, the
X parent compound, and the X unextractable - both measuring the overall degrada-
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dative capacity of the organism. Gas-liquid chromatography can be used as an
alternative to radiolabeling but is less informative.

The model ecosystem used in a large variety of experiments with pesticides
(Metcalf et al 1971, Kapoor et al 1970, 1972, 1973, Metcalf et al 1973a, 1975a,
Metcalf and Sanborn 1975, Lee et al 1976), industrial chemicals {Lu et al 1975,
Metcalf et al 197%,1975b) energy conversion by-products (Lu et al 1978),
carcinogens (Lu et al 1977), and veterinary drugs (Coats et al 1976), consists
of a glass 10 gal. aquarium containing a sloping shelf of 15 kg of washed
white quartz sand, bisected by a "lake" of 7 liters of standard reference
water. On the terrestrial shelf are grown 50 Sorghum vulgare plants, com~
prising a "farme". The lake is stocked with a complement of microorganisms,
plankton, 30 Daphnis magna, 10 Physa snails, and a clump of alga Oedogonium
cardiscum, The aquarium is provided with a stream of air bubbles and Plexi-
glass top qﬁntaining a small screenwire portion to retard evaporation and to
permit gaseéus exchange. The entire model ecosystem is housed in an environ-
mental plaﬁt growth chamber with artificial “daylight™ at 5000 ft. candles
(54,000 lux) and kept at 26°C with a 12-hour daylight cycle., Contamination of
the model ecosystem with the radiclabeled xenobiotic can be accomplished in
several ways (a) by topieal application to the Sorghum leaves from acetone
using a micropipette, (b) to the sand or alternatively to a standard soil,

{c) directfy to the water, or {d) in a2 "model feed lot" modification {(Coats et
al 1976), ﬁy aduinistration in feed of 3 white Swiss mice or 3 baby chicks
housed in a 10 cm x 18 cm x 27 cm wire megh cage located midway over the
sloping shelf of sand so that their excretory products containing the radio-
labeled parent drug and degradative products is distributed over the terres-
trial “farm™ and the "lake™ of the model ecosystem. This "feed lot" model
écosysten is 1llustrated in Figure 1. More than 200 radiolabeled xenobiotics
have been evaluated in these model ecosystems and the radiolabeled xenobiotic
is typically applied-to the Sorghum using 0.5 to 5,0 mg per chamber, that is
equivalent to 0.1 to 1.0 1b. per A. (1.1 kg/hc) or applied to the 4 x 10 in.
terrestrial shelf of the "farm". Typically, 10 5th instar salt marsh cater—
pillar larvae Estigmene acrea larvae are added to the system after treatment
with the radiolabeled xenobiotic to consume the treated Sorghum leaves and to
serve as the dispersing agent for the radiolabeled pollutant. After the model
ecosystem has equilibrated for 26 days, 300 Culex pipiens larvae are added to
the "lake" and after 30 days, three Gembusia affinis mosquito fish, These
complete the food chain transfer of the xenobilotic and its degradation products.
The experiment is concluded after 33 days when the water, sand, and organisms
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Fig. 1. Terrestrial aquatic model ecosystem with "feed lot" modification for

evaluating environmental effects of veterinary drugs and feed additives (after
Coats et al 1976).

are removed and weighed, total radicactivity determined, and aliquots extracted
for TLC and radioassay.

RESULTS

Three xenobiotics with estrogenic properties of interest fo this Symposium
have been evaluated in the laboratory model ecosystem, i.e. diethyl stilbestrol
{DES), methoxychlor, and chlordecone (KeponeR). The results of the model eco-
stem evaluations will be reviewed briefly.

Diethylstilbestrol. This compound has been widely used as a feed additive
to promote welght gain in cattle. DES is customarily administered at about ’
0.1-0.2 mg per kg per day and it is estimated that about 60,000 kg were used
annually for this purpose in the United States. The environmental contamina-—
tion from a cattle feed lot with ca 100,000 animals could approximate 1 to 2
kg per day. This situation was modeled in the "model feed lot" shown in Figure
1 (Coats et a1 1976) by administering 14C (mnnethyl—llac),—DES, 52 wmCi/m mole,
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>98% radiopurity, orally in olive 01l to 3 white mice at 0.5 mg/kg and allow-
ing them to excrete into the model ecosystem for 3 days., Over this period,
95X of the administered drug was excreted, 61% as intact DES and 14% as polar
conjugate (Coats et al 1976). At the conclusion of the experiment the distri-
bution of 14C DES and its degradation products was determined as summarized in
Table 1.

The results indicate that DES is absorbed and stored in the organisms of the
model ecosystem in appreciable quantities even after passage through the white
mouse. The values for ecological magnification (E.M,} are low, snail Physa 36
and fish Gambusia 36. The biodegradability index (B.I.) values are correspond-
ingly high snail 2.0 and fish 0.76. The comparative values for DDT were snail
E.M. 34,500, B.I. 0.045, and fish E.M, 84,500, and B.I. 0.015 (Kapoor et al
20 solubility of 0.42
ppa and its relatively low octanollﬂzo partition coefficient 302 (Coats et al

1973). The model ecosystem behavior of DES reflects its H

1976). The phenolic groups of the parent molecule provide for ready conjuga-
tion and elimination of the molecule from the organisms.

Methoxychlor. This insecticide, 2,2-bis~{p-methoxyphenyl)-1,1,1-trichloro-
ethane, is a biodegradable substitute for DDT. Methoxychlor is readily de-
graded in vivo by O-demethylation to produce 2-{p~hydroxyphenyl)-2-(p-methoxy-
phenyl)-1,1,1-trichloroethane, and 2,2-bis-(p-hydroxyphenyl)-1,1,1-trichloro-
ethane (Kapoor et al 1970). This latter compound has obviocus stereochemical
simflarities to diethylstilbestrol and to estradiol and is the probable source
of the estrogenic properties of methoxychlor (Rittman and Cecil 1970). It is
estimated that about 10 million 1b. of methoxychlor is used annually as an in-
secticide for animal parasites and for home and garden. The model ecosystem
fate of methoxychlor was investigated by Kapoor et ai {1970) using 3H ring-
labeled compound, specific activity 4.52 mCi per m mole, radiopurity >99.9%.
The radiolabeled methoxychlor was applied directly to the Sorghum plants of the
model ecosystem at 1 1b. per A. The resgults are showmn In Table 2.

Methoxychlor is substantially degradable in the fish Gambusia but is stored
in relatively large amounts in the soail Physa. The E.M. values are fish 1545
and snail 120,000 and the B.I. values are fish 0.%% and snail 0.13 (Kapoor et
al 1973). The phenolic in vivo O-demethylation produ;;s of methoxychlor are,
11ke DES, subject to facile conjugation and elimination by the organisms of the
model ecosystem (Table 2), Thus the parent molecule methoxychloy azo golubility
0.62 ppm and octnnollﬂzo partition coefficient 2,050 (Kapoor et sl 1973} can be
viewed as a lipophilic wolecule that is readily absorbed from water by aquatic
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TABLE 1
MODEL ECOSYSTEM FATE OF 1“c-DIETMYLSTILBESTROLZ'
DES equivalents - ppb

H,0 Oedogonium Culex Physa Gambusia
(alga) (mosquito) (snail)} (fish)

total extractable 140 0.115 8.2 20.8 il.5 12.6
unknown I ®g0.90® - 2.2 0.5 1.1
unknowm II (Rf 0.73) - 1.8 1.6 1.4 2.4
unknowm IIX (Rf 0.63) - 1.9 - 1.3 2.9
DES (Rf 0.60) 0.0195 3.2 - 0.7 0.7
unknown VI (Rf 0.43) 0.0124 - 5.7 1.8 0.9
unknown VII (Rf 0.35) 0.0041 -— 1.9 1.3 2,2
unknown VIIT (Rf 0.30) 0.0030 2.3 5.0 1.4 -
unknowvm XI (Rf 0,10) 0,027 - 1.7 0.8 1.1
unknown XIT (R.f 0.05) 0.026 - - 1.0 -
polar (Rf 0.0) 0,022 - 2.7 1.4 1.2

unextractable 0.298

2/coats et al 1975

b/

~'TLC with benzene:acetone (7:3)

TABLE 2
MODEL,_ECOSYSTEM FATE OF 3HFMETE0X!CHL0R &/

methoxychlor equivalents - ppm

Culex Physa Gambusia
E.0 (mosquito) {snail) (fish)

2
total extractable -H 0.0016 0.48  15.7 0.33
b/
0330c6néc(-0012)c6naocna (Rf 0.32)% — —_— 0.7
CancsﬁkHC(CCI3)CsﬂaDCH3 (Rf 0.25) 0.00011 —_ 13.2 0.17
CBSOCSB‘HC(CCIS)Csﬂ&DH (Rf 0.07lf 0.00013 —— 1.0 trace
HOCGHAHC(CCIB)Cﬁﬂﬁoﬂ (Rf 0.0~ 0.00003 — trace trace
ef -
ﬂﬂcﬁlIAHC(OCla)CGH&OH (l?.f 0.0 0,.00003 —_ -—
unknowns 0.00009 - trace trace
polar (Rf 0.0) 0.00125 -— 0.8 0.16
2/gapoct et al 1970
k""I:I.(: with ether:hexane (1:1)
e/

<" separated by TLC with hexane:chloroform:methanol }3:2:1)
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organisms with subsequent in vive conversion t¢ estrogenic metabolites.

Chlordecone. This insecticide (Kepone R) is decachloro~octahydro-1,3,4-
methano-2H-cyelo buta-{cd)-pentalene-2-one. It was widely used as a stomach
poison bait for cockroaches and ants, and for thrips control on bananas. Pro-
duction in 1975 was about 846,000 1b. Chlordecone has been showm to have estro—
genic properties in laboratory animals (Eroschenko 1978) and in wildlife and
humans exposed to effluents during manufacturing where an estimated 100,000 1b.
contaminated the bed of the James River in Virginis. The model ecosystem fate
of chlordecone was followed using gas-liquid chromatrography. The Sorghum
plants were treated topically with 1.0 mg, of 99X pure chlordecone. After 33
days, the system was worked up in the standard way. The comwponents contained
the following concentrations of chlordecone: water 0.0206, alga 8.007, mosquito
larva 55,458, snail 104.241, and fish 28.584 ppm. No degradation products were
detected. The E.M. values for chlordecone were: snall 5066 and fish 1389,
and the B.I. values were <0.00l. <Chlordecone is therefore, a highly persistent
bicaccumulative pollutant than can be passed through aquatic food chains. Chlor-
decone has an octanﬂllﬂzﬂ partition of 4460 but has a relatively, high water
solubility, >4000 ppm at 100°C, because of the facile hydration of the C=0
group. This limits its bloconcentration to a moderate range. The model eco-
system results are in general agreement with the real world experience from
chlordecone contamination of the James River and Chesapeake Bay where the com-
pound has been showm to be highly persistent and bioaccumulative in a variety of
organisms. These propertiea in combination with its estrogenic action, neuro-
toxicity and carcinogenicity make chlordecome a particularly dangerous environ-

mental pollutant.

DISCUSSION

The laboratory model ecosystem provides & useful evaluation of the environ-
mental fate of a very wide variety of organic xenobiotic compounds including
estrogens. Model ecosystem studies provide reliable indicatore for bioaccumula-—
tion, biodegradation, and degradative pathways in a variety of organisms, The
data is useful quantitatively as well as qualitatively as shown in Figure 2
where log E.M. is plotted against log octanol/ﬂzo partition coefficient., There
is clearly.a highly precise relationship that has been confirmed for more than
200 xenobiotic compounds. The estrogenic substances chlordecone, methoxychlor,
and BES conform closely to this relationship and it can be used to predict the
propensity for bioaccumulation and food chain transfer of all estrogenic sub-

stances.
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Fig. 2. Results of model ecosystem studies showing relation of log ecclogical
magnification (E.M.) for the fish Gambusia vs log octamol/water partition
coefficient. Estrogenic substances (solid circles) 6-methoxychlor, 7-chlorde-
cone, 9-DES conform to general direct relationship as established with 1-DDT,
2-hexachlorobiphenyl, 3-DDE, 4-tetrachlorobiphenyl, 5-dieldrin, 8-chlorobenzene,
10~anisole, and 1l-aniline.
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DISCUSSION

GORSKI: Have you used the model ecosystem to study plant estrogens or other
naturally occurring estrogens? These estrogens are likely to make up a larger
environmental lcad or baseline than DES, The additional estrogen load due

to DES should be compared with the baseline load.

METCALF: We have not made such studies of naturally occurring estrogens (e.g.,
Fusarium estrogens), but they would be very informative. A major difficulty
is obtaining appropriate radiolabeled preparations of the estrogenic compounds.

RAC: In our environment, we have multiple chemicals simultaneously present

at any one place. Have you considered studying the effect of wultiple chemicals
in your model ecosystem? Such experiments may provide a measure of the environ-
mental load of chemicals and also may discern differential accummlation, if

any, of one chemical over the other.

METCALF: We have begun to study effects of combinations of xenobiotics, (e.q..
benzopyrene and pipercnyl butoxide). There was a major change in the amount
and nature of metabolites formed and stored in the animals of the model eco-
system. We have also studied effects of combinations of pesticides (e.q.,

the insecticide, carbaryl, and the herbicide, propanil). Major interactive
effects were demonstrated. The laboratory model ecosystems are very well
suited to measure and characterize such interactive effects.

SHIMODA: Is it possible to test the relative toxicities of certain compounds
in your ecosystems?

METCALF: The laboratory model ecosystem is designed to produce information
on the relative toxicities and ecological effects of xenobiotics. We have
published a considerable amount of data on this subject.

KNIGHT: When you tested DES in your model ecosystem, did the sand layer con-

tain any organic matter or any other source of enrymes such as polyphenclases?
If not, what was the purpose of an lnert "s0il" layer which is unlike any soil
in this country where DES is administered to livestock?
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METCALF: After much thought, we standardized on sterilized sand as the most
reproducible substrate for comparing a variety of xenobiotic compounds. The
use of sand alsc provides the most severe test for evaluation of the test com-
pound. If it is biodegradable under the standard test, this is a very positive
piece of information. Supplementary information has been obtained by replacing
the sand with two major soil types. The ultimate spectrum of chardcterization
of xenobictic compounds should perhaps involve both sand and soil. MNeverthe-
less, the evaluation with the standard system permits us to state that any
test compound has a relative environmental behavior compared with such widely
evaluated xenobiotics as DDT, dieldrin, individual PCB isomers, DES, etc.

WEISZ: As I understand it, biodegradation is defined in terms of polar
metabolite formation. This clearly diminishes the danger of these toxic
substances becoming concentrated in lipids. However, as a reproductive
biologist interested in developwment, I am concerned that these polar, water-
soluble metabolites that are clearly accumylating in our environment might
posae a special threat to the fetus. Fetuses are much more “"watery” than the
fully formed organism. Perhaps it is for this reason that steroids tend to
be highly hydroxylated (i.e., pelar), at least in the human fetus,
Therefore, the polar derivatives of xenobiotics might pose a special threat to
fetuses. It might be useful to introduce a pregnant mouse into your fasci-
nating model ecosystem.

METCALF: <This is a provocative suggestion. Clearly, highly polar metabolites
such as 2,2-bis-(p-hydroxyphenyl) 1,1,1l-trichloroethane produced from the
insecticide, methoxychlor, represent exogenous estrogens that may be hazardous.
Introduction of a pregnant mouse would be a logical way to evaluate this
hazard. However, the "methodology" is not obvious.
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ESTROGENS AND ESTROGENIC ACTIONS IN FISH, AMPHIBIANS AND REPTILES
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INTRODUCTIOR

Estrogenic hormones appear to be ubiquitous in the vertebrate kingdonl and
have been reported in invertebrate species and plants suggesting widespread
occurrence of this molecular configuration in the blota.2? Within the ver-
tebrates, synthesis occurs in the gonads and brain of both male and female non-
mammalian species.3 In mamals, the p’c].un:erltm.,l+ breast tissue, fat, adrenals,
kidney, lung, bone, 1iver, thymms, miscle and skin5 all have been found to
synthesise estrogen. While the vertebrate ovary hes been the major focus for
studies of the regulated synthesis of these steroids, the importance of other
sites of synthesis, particularly the brain, is difficult to deny on the basis of
recent observations. Further, although the testicular synthesis of estrogenic
steroids has been known for many years, it is only recently that studies on the
importance of estrogens in male reproduction have been made.

The intent of this paper is to summarise the current status of knowledge of
estrogen physiology in reptiles, amphiblans and fish since the great bulk of
information on estrogen physiology and biochemistry is derived from studies of
relatively few mammalian specles. It is hoped that this survey will aid in elu-
cidating unifying principles applicable to all vertebrates and the iden-
tification of useful non-mammalian animal models for experimental study of
specific problems.

SITES OF ESTROGEN SYNTHESIS

This subject has been thoroughly reviewed® and the following will serve only
to summarise the major findings of the recent literature.

The Ovary. Estradiol 178 (Ep) and estrone (E)) have been identified in
tissue extracts of the most primitive vertebrates, the agnathal gnd the
biosynthesis of estrone and estradiol ITP have) recently been demonstrated in
ovarian hoﬁogenates of Petromyzon merinus.d In Myxine glutinoes, ultrastruc-
tursl and steroid enryme histochemical studies suggest that the follicle wall is
the source of the steroids.? Similar studies of elasmobranche, teleosts, and
amphibians have been reviewedS and support the existence of estrogen synthe-

sising ability in the ovary of these groups. Studiea of reptiles are more
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mesgre but as in other vertebrates, biosymthetic studies bave identified the
ovarian follicle as the site of synthesiz of estrogens.l0

The Tegtis. Unlike the ovary, the testis has not been a frequently sought
source of estrogens in pon-mammalisn species. However, recent studiesl® have
demonstrated that testicular homogenates from the elasmobranch Squalus scanthias
(spiny dogfish) and the urodele amphibian, Necturus maculosus {mudpuppy) convert
androgen to estrone and estradicl lTﬁ +« In testicular homogenates from Necturus
aromatase activity was much greater than in ovarian homogenates at the time of

year at vhich the experiments were performed.

Central Nervous System. Since 1971, when aromatase activity was first
demonstrated in the human fetal brainll this enzyme has been identified in
geveral other mammals and in a variety of other species.3 Thus, hird,lo
turtle,12 gpake,l0 bullfrog,l3 mudpuppy, sculpin, skate and dogfish,10 all con-
verted androgen to estrogen. Aromatase activity was extremely high in the
teleost fish (Myoxocephalus octadecimspinosus) and amphibian (Necturus
maculosus), both specles in which gonadal aromatisation was low or negligible at
the time of the experiment. The contribution which the central nervous system
makes to peripheral estrogen levels remains to be determined.

PLASMA LEVELS OF ESTROGENS AND ESTROGEN BINDING PROTEINS

Plasma estrogen levels (Table 1)

The literature on blood estrogens in vertebrates cother than mammals prior to
1972 has been reviewed.® At this time, the reports were 12 in number (5 in
figh, % in amphibia). All identifications involved chromatographic techniques,
but for the most part the identity of the estrogen was tentative in mature.

Since 1972, a number of reports have been added using radioimmunoassay and &
reasonable assessment of the cyclic changes of plasma estrogens exists in one
teleost fish, Pleuronectes;l9 an amphibian, Rama esculenta;?5 and two reptiles,
the fresh-water turtle, Chrysemys picta;27 and water snake, Hatrix.28 In the
cage of the fresh-water turtle, plasma ievels of estradiol correlate well with
levels of vitellogenin.

Plaspa estrogen binding proteins (Table 2)

Sex hormone binding globulins (SHBG) have been identified in cyclostomes,
elasmocbranchs, teleosts and smphibians. Two high affinity binding proteins,
vhich bind B, and progesterone (P) have been identified in the plasma of the
lamprey Petromyzon marinus.29 Among the elasmobranchs, a SHBG has been char-
terized in the skate Raja radiatad® and in the dogfish Scyliorhinus canicula.3}
The elasmcbranch SHBG binds estrogen, androgens and progesterone. The relative
binding affinities are E3 > progesterone > dihydrotestostercne (DHT) testoster-

Teble I. Plasma Estrogens in Non-Mammalian Vertebrateg

Species Method Estradiocl- Estrone Referenc
174
FISH Plasma Levels in ng/ml
Scyliorhinus caniculus CH c.3 - 0,0L 0.05 - 0.1 1h
Torpedo marmarata CH 0.8 - 2.96 15
Anguilla anguilla CH 1.5 - 1.7 2.5 - 3.6 16
Conger Conger CH 1.1 - 2.2 0.7 - 3.2 16
Murena helana CH 7.2 1.7 16
Cyprinus carpio CH 0.5 - 2.5 1.5 - 4.5 16
Salmo salar CH 0.2 - 2.2 0 - 0.k5 17
Ictalurus punctatus CE 2 - 14 1.5 = 5.7 18
Pleuronectes platessa L. CH detected detected 19
AMPHIBIANS Plasma Levels in ng/ml
Pleurodeles wahtlii CH 0.6 " 0.6 21
Xenopus laevis CH Total estrogens = LO 22
Rana temporaria CH '3-5 10,0 23
Rana esculenta CH 110.0 - 230.0 24
Rana esculents 1A D - 1.0 KD - k.o 25
Fecturus maculosus () RIA 0.4 = 6.3 ¥D 26
{m) RIA 1.9 - 9.8 FD - 1.87

Rana catesbeiana (f) RIA 0.2 - 0.8 0.1 - 0.2 3

' (m) RIA 0.2 0.1 - 0.2
REPTILES Flasma levels in pg/mi
Chrysenys picta RIA ED - 1200 - 2
Hatrix fesciata RIA 10 - sko - 28
Chelydra serpentins RIA 13 - 284 - 20
KD - not detectable RIA - Radloimmnoassay
D - detected (1) ~ female
CE - Chromatographic (m) - male
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one (T) > corticosterone (B); diethylstibestrol binds poorly. The capacity of
the SHBGs in elasmobranchs are on the order of 10-514, 100 times the capacity of
SHBG in man. This elevated capecity is commensurate with the elevated levels
{10-TM) of circulating sex steroids in elasmcbranchs. At present , the agnathans
and elasmobranchs are the only vertebrates reported to have a single binding
protein for the C;g and C19 sex steroids, and the Cpy steroids.

Among the teleosts, SHBGs which bind E, and T with high affinity (K, 108w~1),
have been demonstrated in the Atlantic salmon Salmo salar, the halibut
Hippoglossus hippoglossus ,6 and the rainbov trout Salmo gairdnerrii 32 The
binding capacity of the teleost SHBG is in the range of 10-5M. while circulating
steroid levels are in the range of 10~TM.19s 20 wgpus o large percentage of the
total circulating stercid is still bound to & high affinity binding protein. In
many teleost species, ll-ketotestosterone appears to be the major circulating
androgen. In the Atlantic salmon, SHBG binde ll-ketotestostercne with a Ky =1
x 107!4‘1, but it is not clear whether testosterone and ll-ketotestosterone com—
pete for the same binding site.6 The large binding capecity of SHBG in teleosts
is sufficient to bind & large percentage of the total circulating steroid.

In emphibians, high affinity binding proteins for E, and T have been
demonstrated in the urodeles Pleurodeles waltlii and Salamandre salamandra, asnd
in the anurans Discoglossus pictus end Rana temporaﬁii.33.3h Binding capaci-
ties are in the range of 3-15 x 10~TM, commensurate with high circulating levels
of sex steroid (1-10 x 10~TM in urodeles, 1M in anurans).23

Although & "medium" affinity testosterone-binding protein is present in the
snake,38 4 the fresh-water turtle, Chrysemys picta, ve have found an SBP which
binds E;,T, DHT and P (K, = 2 x 10%1) sedimentation coefficient 6-75.39

PHYSIOLOGIC EFFECTS OF ESTROGENS

¥itellogenesis

The subject of vitellogenesis in vertebrates has been extensively reviewed in
the last 10 years.0,51,42,43,kk,45 1 summary, vitellogenesls is the process
of hepatic synthesis and sescretion of yolk protein and its transport vis the
blood stream, and subsequent deposition in the oocyte. This occurs in all sub-
mammalian vertebrate classes. During this process, large amounts of protein and
fat are mobilized and these changes are reflected in increased plasma levels of
phosphol ipoprotein, 1ipid, and calcium during the breeding season of fish, 6,47
amphibia b8,49 reptiles,50,51 and birds.52 Liver hypertroply50,53,5%,55,56,57
is a corollary of vitellogenesis. In all submammalian vertebrates tested, es-
trogen treatment of either non-vitellogenic femalea or males cause changes simi-
lar to those observed during the patural breeding season as indiceted above.l2
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The most detailed knowledge of this process and the role of estrogen comes
from studies with the South African clawed toad, Xenopus laevis, and the
domestic hen, Gallus domesticus. In the last two Years, however, new infor-~

mation has appeared in the literature concerning vitellogenesis in elssmobranchs
and reptiles. This nev work will be summarized below and compared to the
knowledge of amphibian and avian processes.

In elasmobranchs, the first demonstration of an estrogen effect was that of
Woodhead58 who degeribed an increase in plasma calcium after estrogen treatment
in Scyliorhinus canicula. Subsequently, Craik59 has monitored the appearance
of vitellogenin in blood and its subsequent disappearance and conversion into
Yolk granulee in the same species using an igotopic method. Vitellogenin half-
life times varied from animal to animal (132-303 hours, mean: 216 hours, at &
wvater temperature of T° * 29C) presumably due to differences in the stage of the
reproductive cycle. Similar variation was found in the rate of vitellogenin
synthesis. Estrogen-treatment (2.5 mg/ estradiol benzoate 13 days prior to
p32 injection) of a male dogfish increased plasma vitellogenin to & value higher
than in the normal mature females. Induction of vitellogenesis in nature

appears to be temperature dependent since exposure to winter water temperatures
in mid-surmer (when ovarian weight is decreasing) stimmlated vitellogenesis, but
& winter photoperiod did not. Compared to similar parameters in Xenopus laevis,
the rate of phosphoprotein synthesis in §. caniculs is one tenth, plasma
phosphoprotein levels about one fifth, and vitellogenin half-life approximately
four times greater.

In & second study, Craikb0 hag also measured plasma vitellogenin levels in
female S. canicula by immuncassay. Vitellogenin is found in plasma throughout
the year, the mean level of 0.4 mg/ml showing little seasonal variation except
for a brief decline in plasma vitellogenin in October. This level of vitelloge-
nin is one or two orders of magnitude lower than that typically found in other
vertebratea during vitellogenesis. The lack of seasonal variation may be
related to the fact that this species lays eggs continuously for 10-12 months.,
Craikbl. has demonstrated that the correlation between plasma estrogen level and
"vitellogenin™ is poor in Scyliorhinus, in contrast to the situation in
Chrysemys (see below).

Our own data on Squalus acanthias (the spiny dogfish) are of interest. Using
8DS-gel electrophoresis we have studied the level of vitellogenin in male and
female dogfish in June and July. Plasma from male and early pregnancy (stage A;
Hisaw and Albert, 19‘&786) female dogfish had no detectable vitellogenin but in
late pregnency femsles (stage C) with large (3-4 cm diameter) ovarian follicles,
low levels of vitellogenin were detectable in some fish. Injection of estradiol
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lTﬁ (4 x 1 mg) failed to induce a vitellogenin band In adult males and in stage
A pregnant females injected with estradiol, levels of vitellogenin were undetec-
table or very low. By contrast, in stage C pregnant fish plasma vitellogenin
increased progressively after estradiol injections and reached maximum on day 10
post injection (Fig. 1.) Since progesterone injections (4 x 2 mgs) reduced the
effect of estrogen in stage C animals, it is possible that vitellogenesis in
early pregnancy may be slowed by the presence of progesterone.

Fig. 1 Portion of the ovary and gel electrophoretic pattern of the plasma from
- different reproductive stages of the spiny dogfish Squalus acanthiag,
The left upper panel shows a portion of the ovary from a stage C
‘pregnancy fish wvith growing follicles and left lower from a stage A
‘preguancy fish with small follicles. The right panel shows the
electrophoretic pattern of the plasma from animmls rui oo 0.1% sodium
dodecyl sulphate, T-15% Dolyacrylamide gels. Fish were injected with
3 x 1 mg of estradiol-17f in sesame o0il and estrogen-induced vitello-
genesis was cbserved ounly in stage C animal (above) and not in stage A
animal (below). * ' '

21¢

In the reptiles, it appears that the endocrine control of vitellogenesis is
similar to that of Xencpus and the domestic hen. Thus estrogen {reatment
induced liver hypertrophy and hepatic ultrastructural changes indicative of pro-
tein synthesis in snakes?0 and lizards.52 Estradiol also stimulates RNA synthe-
sis in the liver of squamates ,63'61‘ as in Xenopus hevis-Gs

The appearance of & unique plasma protein after estrogen stimulation has beer
demonstrated electrophoretically in snakes’® and J_iza.rds.es.lncreased plasma
protein and calcium levels have been cbserved in estrogen~injected, as well as
naturally vitellogenic sc:jlumma.‘l'.e:s.5‘3o65-67o5T In chelonians, Rac%? noted an
increase in the gamma globulin protein fraction of the serum after estrogen
treatment in Testudo elegans. Hyperproteinemisa and hypercalcemia also occur in
female Chrysemys picta during the time of egg production and btreeding, and in
both male and female turtles during estrogen treatment .5l

Recent studies in our laboratory have described the covarian cycle of
Chrysemys picta, which ovulates in late May or early June in Massachusetts. (0
From August to September most of the larger follicles in the ovary are atretic,
but prior to hibernation in the fall, there is a 2 month pericd of vitellogene-
sis and ovarian growth, the largest follicles in the ovary reaching a size
somevhat less than that of the mature preoviulatory ococyte. On emergence from
hibernation in spring, a second burst of vitellogenesis occurs, culminating in
ovulation. Each of these period of vitellogenesis iz assoclated with an
increage in circulating estradiocl ITﬁ levels.2T With the development of a
radioimmnoassay for turtle plasma Yitellogenin,,n we have correlated high
plasme levels of vitellogenin with estrogen peaks in spring and fall. Flasma
vitellogenin levels drop precipitously in association with the periovalatory
estrogen decline and progesterone surge.

Ovarian changes in squamates are more dramatic than in chelonians, with only
a single, short period of intense yolk deposition prior to ovulation in the
spring. Thus, in the snake, plasma calcium levels suggest a eingle narrow peak
of vitellogenin production correlsting with follicular growth;50 this, in turn,
correlates with increasing intensity of ovarian 3 beta hydroxysterold dehydroge-
pase and an increase in oviduct mass58 suggesting an increase In plasma estro-
gen level. Measurements of plasma estradiol lTp in the viviparous snake,
Natrix, support these cbservations; snakes with the largest ovarian follicles
having highest levels of estradiol, and snakes with follicles in the hydration
stage the lovest .28

Few studies have investigated the possibility that hormones other than estro-
gen may be irivolved in the control of witellogenesis., Follett, Nicholls and
Redshaw®l found that hypophysectomy did not alter the vitellogenic response of
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Xenopus to estradiol lTp « In contrast, in the lizard Dipsosaurus dorsalis,
Callard et a_l.,&' wvere unable to elicit the usual estrogen related changes in
liver weight, ENA/DNA ratio or plasma protein concentrations in hypophysec-
tomized animals unless growth hormone was injected also. In keeping with the
observations of Follett and Redshaw,'] Wangh and Knowland,T2 and more
recently, Green and Tata,T4 guccessfully cultured fragments of Xenopus liver
and obtained in vitro gyothesis of vitellogenin in response to estradiol 1Tﬁ
added st physiologic concentrations.
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Fig. 2 Plasma vitellogenin level in male turtles as a function of time after
recelving & single dose of estradicl-178 (100 ug per 100 g body
weight}. FPlasma vitellogenin was measured by specific radioimmnoassay
and results were expressed in mg vitellogenin per ml plasma as mean
* 8.E.M. {n = 5).

Using the radicimmuncaesssy for vitellogenin in the fresh-water turtle,
Chrysemys picta, we have documented the time course of induction of vitellogenin
in male and fewale turtles. Vitellogenin wvas first detected in male turtle

221

plasma B hours after a single injection of estradiol 174 and reeched a maximum
{approximately 3 mg/ml for & dose of 1 mg/Kg body weight) at day 6 (Fig. 2.).
Female turtles receiving the same dose demonstrated a ten times greater response
and reached s maximum of approximstely 30 mg/ml plasma at 10-14 days after
estrogen administration. The level of vitellogenin in the plesma of estrogen-
treated females was comparable to that found in female turtles during the peaks
of vitellogenesis in the natural gonadal cycle. The estrogen-induced vitelloge-
nic response is dose-dependent and estrogen specific (Fig. 3.). Non-estrogenic

MG/Mt  FEMALE CHRYSEMYS PICTA
LLE

PLASMA VITELLOGENIN
W
\.——4

Fig. 3 Plassa vitellogenin level in female turtles, M picts as a func-
tion of time after receiving a single dose of 100 ug { m—=m 1}, 50 ug
( o—o ), or 25 ug ( 4—=4 ') estradiocl-1T8 per 100 g body veight.

Fe= , mean X SEM. (n= )5

steroids, including high doses of androgens, failed tc reproduce the estrogen
action. When glven multiple injections of estrogen, the level of vitellogenin
in male turtles reached that of aingly injected female turtles. Progesterone (5
mg/Kg body weight) delayed and suppressed estrogen-induced vitellogenesis, {(Fig.
k.} but lower doses of pi'ogesterone (.75 - 2.5 mg/Kg body weight) were ineffec-
tive. 1In contfa.st to progesterone, testosterone inhibited estrogen action at
the lowest dose, and was ineffective at the highest dose used (Fig. 5.). This
may be explained by aromatization of the androgen to estrogen in this

species.d When the rate of vitellogenin yroduction in vivo was measured by

p32 incorporation and secretion of labelled plasma protein, hypophysectomy
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reduced the rate of appearance of P32_labelled protein in the plasma of
estrogen-treated male and female 'turtlea. In addition, the maximal level of
P32_1pvelled protein reached in the plasma of hypophysectomized males was only
half that in intact males. Similar, though less marked effects were noted when
normal and hypophysectomized females were compared, possibly due to changes in
ovarian uptake (Fig. 6.). In both sexes, growth hormone injections improved the
egtrogenic response in hypophysectomized animals. These data suggest &
pituitary role in the regulation of vitellogenesis in turtles as has been
suggested for lizards.T5,6%
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@
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T .
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Fig. b Plasma vitellogenin level in male turtles, Chrysemys picta as a function
of time after receiving a single injection of eatndiol-l'rﬁ (1 mg/Kg
body weight) and various doses of rrogestercne. Control animals
received estradlol-178 only, ®-—8 « Three doses of progeatercone
were given ! pe—0, 0.T5 mg/Kg body weight; &—a& 2,5 mg/Kg
body weight. Results expressed es mean ¥ 5.E.M. {n = 5). Symbols **,
and %: giatistically different from control values at the levels of
P<0.01 and p<0.001.

More recently, we have Investigated the in vitro synthesis of vitellogenin by
turtle liver explant cultures. The rate of vitellogenin synthesis reached a
. maximum 5 days after estrogen 1784 esdministration (minimal effective dose -
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10 ug/100 g body weight}. In animals injected with 5 mg/100 g body weight,
hepatic vitellogenin production represented 80% of total protein secreted during
the peak of vitellogenin synthesis. In in vitro studies over 15 days, using
liver explants from castrated female turtles in completely defined media it was
demonstrated that vitellogenesis can be reedily induced by addition of estradiocl
1Tﬂ (106 . 10-8 M} to the medium. In contrast, in similer studies using male
liver explants in complete medium with or without fetal calf serum and a variety
of other additives, the synthesis of vitellogenin was not demonstrated.Td
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Fig. 5 Plasma vitellogenin level in male turtles, Chrysemys picta &s & function
of time after receiving a single injection of estradiol-17f8 (1 mg/Kg
body weight) and various doses of testosterone. Control animals
received eatradiol-174 only, & —# « Three doses of testosterone
vere adminigtered: O=——0 , .75 mg/Kg body weight; o—0o , 2.5 mgfkg
body weight and aA—a , 10 mg/Kg body weight. Results expressed as
::an‘f S.E.M. (n = 5). Statistical differences indicated as in

g. L.

Effects of estrogens on the brain and expression of sex related behaviors

Estrogens have long been recognized to have important regulatory actions on
the endocrine system through the central nervous system. In addition, beha-
rioral patterns are sex and estrogen related in many vertebrate species.'n As
noted above, estrogens are also synthesised in the brain and probably have
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Fig. 6 BRate of p32 incorporation into plasma protein in estrogen-treated male
and female turtles. All animals received six Injections of estradiol
~1TA (1 mg/Kg/body weight) on alternate days. One group of hypophysec—
tomized animales received daily injections of growth bormone (100 ug NIH
GE-By). On day 12 after the first estrogen injection, 10 uCi p32 was
injected i.m. to each turtle. Controls (E, only): m—m; hypophysec-
tomized and E;: D—0 ; hypophysectomized and E; plus GH: O—0O .
Results are expressed as mean ¥ S.E.M, (n = 5); %, &% &#%  jpdicates
significantly different from control values (32 alonei at elther p<.05,
<.01 or <.001. NS ~ not significant.

important actions when introduced into the brain in a metabolic fashion.3 &
number of investigations, particularly in teleost fish (for review, see 6) nave
demonstrated that esi-;rogen injections prevent gonadal growth, Although a
centra.l'nervm_m or pitultary site of action of estrogen was accepted as
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possible, this was not directly demonstrated in a poikilothermic species until
L:I.slc'TB observed that estradiol 17ﬁ implanted directly into the hypothalamus of
male or female lizards (Dipsosaurus dorsalis) inhibited seasonal gonadal recru-

descence., This cobservation was confirmed and extended in female Sceloparus
cyanogenys. In this species, estradiol implants did not interfere with seasonal
gonadal growth once begun, but prevented ovulation in lizards with mature
oocytes-79 Similar direct cbservations of an estrogenic negative feedback com-
ponent in the regulation of ovarian function in smphibians and fish is currently
lacking, although the involvement of the hypothalamus in gonadal regulation is
quite clear.80,81,82 purther, it is unlikely that the regulatory actions of
estrogen are restricted to the hypothalamus since pituitary binding of labelled
estradiol has been demonstrated in fish.83

That estrogen sensitive brain areas exist in non-mammalisn species is sup-
ported by studies involving autoradiographic localization of sex steroid binding
regions of the brain. Thus Morell and Prarf83 have demonstrated estradiol bind-
ing cells in the ventral telencephalon, precptic area, and hypothalamus
following administration of H3 estradiol l'i’ﬁ in fish. Similar observations
have been made in other fish,sl* two el.lllpl:nibia.ns,e’5 a J_iir.aa.rd,8338’4 and a
turtle.ah Thus, in these species, as in mammals, areas of estradiol 17ﬁ con~
centration are predominantly in the anterior brain stem and basal forebrain. In
general, no sex differences in the distriﬁution of estradiol lTﬁ binding
neurcns have been observed.

Although it is clear that labelled estradiol 17/ can be taken up by neurons
after peripheral injection, it is also clear that estrogens may be synthesized
in situ from androgens by an active aromstising system found in representatives
of a11 vertebrate classes {see above and Callard, G. V. et al.3) Although
cytoplasmic and nuclear estrogen receptors have not been investigated in the
brain of non-mammalian vertebrates, the autoradicgraphic studies described
above, as well as correlated blochemical studies of Kelley et g_]:.,aa suggest &
binding of steroids to cell nuclei, if not cytoplasmic receptors. The relative
importance of estrogen formed in situ from androgenic precursors (aromatisation)
and estrogen obtained directly from blood remains to be clearly demonstrated.
However, in some non-mammalian species, at least, the in situ conversion of
androgen to estrogen appears to be important for the expression of certain beha-
vicral patterns.

In general, sex behaviors abolished by castration can be restored by androgen
treatment in males and estrogen treatment in females.l! However, evidence
exists which suggests that the behavioral effects of testosterone in rodents mey
be due to the in situ conversion of androgen to estrogen and dihydrotestos-
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terone. Aromatase and other androgen transforming enzymes are present in the
brain of representative species of all vertebrate classes,3 and there are phy-
siological and behavioral studies that support the view that central target
organ metabolism may be a phylogenetically ancient component of androgen action
on sex behavior. A direct test of the role of androgen metabolites in the
expression of male sex behavior in Xenopus laevls was made by Kelley and
Praff.89 fMhese studies found that the restorative effects of testosterone and
dihydrotestosterone on masculine type behavior in castrates were comparable; but
that Ep was ineffective. In contrast to these studies, in castrated Rana
Bipiensg,orestora.tiou of clasping appears dependent upon aromatization since the
restorative effects of testosterone were blocked by a steroidal aromstase
inhibitor; further, estradicl alone was an adequate substitute for testosterone
in allowing expression of this behavior. Etudies of this nature have also been
performed in the lizard Anoclis carolinensis «91 In brief, although T is more
effective than DHT or E, alone in restoring sex behavior in castrated lizards,
there is some evidence for an interaction of the two metabolites and poten~
tiating effects of DHT on estrogen-induced copulstory behavior have been clearly
demonstrated. Thus, there may be species differences in the relative importance
of T apd its central metabolites E, and DHT in restoring male type sex behavior
in castrates. Furthermore, circulating androgen and central androgen metabo-
lism way also have a significant function for female receptive behavior in
pumerous animal species including Anolis.3
Secondary sexual characters

The comprehensive review of estrogenic effects on the secondary reproductive
characterigtics of fish, amphibia and reptiles by ozon® leaves no doubt as to
the importance of this class of stercids in regulation of the reproductive
system in these vertebrate classes. The effects range from stimlation or main-
tensnce of oviduct weight in intact and castrate enimals (amphibia, fish and
reptiles) and stimilation of oviduct alkaline phosphatase levels {amphibia) and
differentiation of the Wolffian duct (elasmobranchs), to induction of gonopodisl
growth (teleost fish}, cloacal swelling (cyclostomes) and inhibitlion of andro-
gen-dependent nuptial coloration (telecst fish). More recently,92 ve demonstra-
ted that estradiol 17p injections increases the amplitude of contractions and
decreased the rest period between coantractions in turtle oviduct segments in

vitro.

The lowest limits of sensitivity of various parameters of estrogen action in
fish, amphibiarie and reptiles appear to be similar (10-30 ng/g body weight) if
the dose of estrogen administered is expressed on the basis of body weight.93

However, the duration of exposure to hormone varies widely, and use of shorter
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exposure periods and lower doses is necessary particularly in sharks and
teleosts. On the basis of available studies, it appears that the mammalian
uterus is more sensitive to estradiol than currently known estrogen sensitive
systems in other vertebrates. With expansion of our knowledge of non-mammalie
receptor systems the reasons for the apparent differences may become clear., 1
iz possible, for example, that important differences in the hormone delivery
systems of non-mammalian and mammelian species exist. Thie 18 certainly sug-
gested by differences in the amount of circulating estrogen, estrogen binding
Proteins in plasme in non-mammallian species, and problems encountered by inves
tigators in the identification of estrogen receptors in at least one estrogen

sensitive system of non-mammalian species, the liver (see sbove).

MECHANISMS OF ACTION

All of the physiologic actions of estrogen discussed above are presumed to
occur in assoclation with a specific interaction with receptors in steriod sen
sitive cells. Classically, receptors are endoplasmic proteins which bind the
Btericd with high affinity, low capacity and strict stereospecificity. The
steriod-receptor complex thus formed is translocated to the cell nucleus and
there binds to chromatin. This interaction alters the pattern of gene expres-
&ion in the target cell. Although there is a plethors of studies on mammalian
and avian intrecellular receptors (for review, see 94,95 s96} very little infor
mation exists for reptiles, smphibians and fish.

In the Reptilia, we have examined estradiol binding in cytosol prepared fro
turtle oviduct.97 Using the conventional techniques of charcoal-adsorption an
&lycerol density gradient centrifugation, no receptor binding of estradiol 17 f
was evident in turtle oviduct cytosol. However, a binding protein similar to
that from plasma (see above Section IIb) in specificity, affinity, end sedimen.
tation coefficient and dissocilatlon kinetics, was found., In the presence of
such & high affinity, high capacity binding globulin (Tabdle 2.), it was neces-
eary to use DHA cellulose affinity chromotography in order to demonstrate rece:
tor binding. Using thls technique an estrogen-specific, high affinity, low
capacity, estrogen binding protein wvas demonstrated in turtle oviduct tissue.
In these parameters, the turtle material was comparable to the estrogen recep-
tors of mammalian target tissues.

In additicn to our own studies, Botte and his co—workers%d reported high
affinity binding of both Es and T in oviduct cytosol from the lizard, Lacerts
8icula. There are several other reports of stercid binding in target organs o:
non-mammalian species. D'Istria and co-workers9? have reported binding of Ep
and T in cytosol prepared from the skin and thumb pads of amphibians. Cytosol
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Table 2. Binding characteristics of sex-hormone binding globulin
throughout the vertebrates.
Ligands Bound Ky Capacity Reference
(M-1) (M)
1. Agnaths
Petromyzon marinus Es - - 29
P - _
2. Chrondrichthyes
a. Rajiformes .
Reja radiata T 5-8x107 1-2x10-6 30
Baja eglanteria Ep,P,C* - -
b. Squalifcormes
Scyliorhinus canicula T 7.5x107  1.6x10-6 31
B 3.2x108 2x].0'_'g
P 3-kx108  1-2x10
c 3-6x107 1x10~6
3. Osteichthyes
Salmo gairdnerrii T 3208 2.4x10-6 32
Ep 2.8a08  2:a
4, Amphibia
a. Urodela
Pleurodeles waltlii T sx108  1,7x10°6 34
Ep 1302 s5x10-T
Selamandra salemendra T oxod  1.2x1076
I Es 109 = 6xa0~T
b. Anurs
Discoglossus pictus T 8x108 1x10-6 34
Es k108 1.kx0
Rans tewporaria T 1x109 3a0~T
- Ep 5x108 3x10-7
5. Reptilia
Chrysemys picta E, 2.kx109 4-8x10-T 39
6. MHammalia
Homo sapiens T 1-2x209  4-8x10~8  -109;110
=20 FRpRas Es h6x108 ’

-y et =
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prepared from the skin of the newt, Triturus cristatus, contained a high affi-
nity binder for E, (k, = 5-9 x 108y1),

An appropriate tissue for an investigation of estrogen receptors is the non-

mammalian liver, since this organ is a model system for the investigation of
estrogen action. Despite this, cytosolic estrogen receptors have not yet been
confirmed in adult bird liver, although present in nuclei.l100,101,102 KFaverthe-
less, Lazier1l03 has confirmed the existence of a cytoselic receptor in embryonic
chick liver. Similarly, an estrogen receptor has been reported in nuclear
extracts of amphibian liverl0l and recently in cybosol.l0W

It is of interest that in both birdl05 ang amphibian liver cytosol, other
non-specific stercid binding proteins of varisble afriniﬁy have been reported,
and these do not appear to be present in extracts due to blood contamination.l06
Similarly, in turtle oviduct we have found a high affinity but non-specific
(binds E; P and T) protein. The possibility exists that such binding proteins
are ultimately of vascular origin since perfusion does not eliminate CBG - or
SBF - like proteins from homcgenates or enzywe-dispersed washed cells 107 Thus,
these binding proteins may serve to transport and concentrate steroids both
inside and outside .the cell and regulate the relative concentrations of free
steroids in the cytoplasm. Watson et E.IOB have recently shown that other
steroids can competitively inhibit formation of the estrogen-receptor complex.
Thus, SEP, by maintaining high levels of non-receptor bound estrogern, may be a
eritical factor in the expression of steroid action. In non-mammalisn species
with high SBG and high stercid levels {See Tables 1, 2.) the function of SBG may
be of even greater importance.l106

SUMMARY AND CONCLUSIONS )

Examination of the recent literature from studies of non-mammelian species
reveals that the synthesis of estrogen occurs in both teetis and ovary.
Further, levels of estrogen found in the plasma of these species may be several
orders of wmagnitude greater than in mammals, a fact probably related to higher
levels of sex steroid binding protein in plasma. In addition, although extrasgo-
nadal sources of estrogen have been reported in mammals, the brain of certain
lover vertebrates appears more active in synthesising estrogen than either homo—
logous gonad or the brain of mammalilan species. Based on data from studies of
direct estrogen feed-back effects on the nervous system, as well as estrogen
binding studies, it is clear that estrogen exerts important regulatory effects
on reproduction through the hypethelamic-pituitary unit. This {s supported by
behavioral studies, vhich are estrogen and possibly aromatisation-dependent. As

might be expected, a variety of secondary sexual characteristics are dependent
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upon estrogen for their expression. These include synthesis of vitellogenic
protein, growth of the reproductive tract and gonopodial growth. Cytoplasmic
and nuclear estrogen receptors have been demonstrated in amphibian and reptilian
tissues, suggesting a mechanism of action in common with estreogens in mammalian
species. However, the difficulties encountered in the identification of puta-
tive estrogen receptors in amphibian (and avian) liver, along with the
demonstrated presence of other less specific, but high affinity "binding
proteins' in liver and oviduct, suggest that alternate mechanisms of estrogen
action may be encountered in non-mammalian forms. Such findings may also have
application for mammalian studies. Because of both similarities and differen-
ces, the use of non-mammalian forms as model syst.enis in which to study specific
hormonal problems encountefed in mammalian endocrinology is of value; in addi-
tion, such studles will aid in the elucidation of unifying principles applicable
to all vertebrates. Of perticular value as a model for understanding estrogen
effects is the non-mammalian liver. This organ is markedly influenced by estro-
gen, responding by synthesis of a number of proteins, of which vitellogenin is
most readily quantifiable. Since it is likely that estrogenic effects on the
mammaiian liver are a product of the evolutionary history of the vertebrates, an
understanding of estrogen action in the regulation of hepatic metabolism in non-
manmmalian species ie of great importance.
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DISCUSSION

HERTZ: We found in our work on avidin induction in the avian oviduct that

both

estrogen and progesterone were required. We alsc found that the turtle

egg contains avidin. This leads me to ask whether you have found a proges—
terone binding protein in turtle oviduct,

CALLARD: Recent work with Dr. W. Leavitt, at the Worcester Foundation,
indicates that a progesterone receptor is present in the turtle oviduct.
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ESTROGENIC PROPERTIES CF DDT AND ITS ANALOGS

DAVID KUPFER AND WILLIAM H. BULGER
Worcester Foundation for Experimental Biology, Shrewsbury, Massachusetts, USa

INTRODUCTION

Early studies in mammals and birds with chlorinated hydrocarbens (CH's) of
the DDT class* demonstrated that these compounds exhibit effects which could be
interpreted as causing alterations of the hormonal state of the animal. In
turn these effects by CH's appeared somewhat conflicting and could be attri-
buted to either estrogenic, antiestrogenic or antiandrogenie actionsl.

The probable reasons for the somewhat confusing cbservations were due to
several factors: {a) Studies were conducted with technieal grade DDT prepar-
ations containing several DDT isomers; the p,p' isomer is the major component
of technical grade DDT, however the o,p' isomer is usually present as a major
contaminant (up to 20%); (b) p,p'DDT is a potent inducer of the hepatic micro-
samal cytochrome P-L50 monoc):v:ygemn.f.»'.e‘:e’3 which catalyzes the metsbolism of
oumerous xenobliotics and steroids, among these estrogens and androgens. Hence
enhanced metabolism of an estrogen or androgen (endogenous or administered}
by pretreatment with p,p'IDT would probably result in s decrease in estrogen
and androgen activity and likely would be interpreted as an antiestrogenic or
antiandrogenic action of DDT; and {c) o,p'DDT yields a "mixed bag" of effects,
i.e., it can elicit both an induction of hepatic monocoxygenase and exhibit
estrogenic a.ctionLT; these two effects of o,p'DDT might at times work in
opposing directions and thus yield confusing observations.

In fact, an attempt to use techniecal grade DDT as an inducer of mono-
oxygenase to diminish the uterotiropic activity of administered estradiol 178
(Ea) led to the serendipidous discovery that o,p'DDT is estrogenics’s. This
observation and that of Bitman et E.T prompted mmerous studies which demon-
strated that o,p'DDT is estrogenic in several speciesl and could produce in
necnatal rets the 2o called "early imprinting' {i.e., persistent vaginal
estrus and anovulat;ton)e.

*Abbreviations and common names: p,p'DDT |2,2-bis| p-chlorophenyl)-1,1,1-
trichioroethane]; o,p'DDT |2,2-bis(p-chlorophenyl, o-chlorophenyl)-1,1,1-
trichloroethane]; p,p'DDE [2,2-bis(p-chlorophenyl}-1,1.dichloroethylene];
methoxychlor [2,2-bis{p-methoxyphenyl)-1,1,1-trichlorcethane]; BPTE [2,2-bis(p-
hydroxyphenyl)-1,1,1-trichloroethane]; Eo (estradiol-178); cytosolic estrogen
receptor (Ro); muclear estrogen receptor (R,); ornithine decarboxylase {OIC).
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: . 9,10
Due to its relatively short half-life in the environment and mammals N

methoxychlor has been proposed as & potential substitute for DDT, dieldrin

6,13
11’12. However, the estrogenic activity of methoxychlor '

and chlordane
might be of some potential toxicological concern. It was previously observed
that technical grade methoxychlor is more estrogenic than the purified

13’11‘, raising the possibility that the estrogenic activity of

preparation
methoxychlor is primarily or solely mediated by contaminants. Also early

observations demonstrated that HPTE (a didemethylated analog of methoxychlor)
15. Since HPTE appears

is estrogenle, sustaining estrus in ovariectomized rats :
10,18 ihe possibility

to be a major metabolite of methoxychlor in mice and rats
that methoxychlor acts via its metabolite(s) hag been considered.

In the current studies we addressed ourselves to the following
guestions:

1. Do chlorinated hydrocarbons behave like typical estrogens in female

and male rats?

2. Is o,p'DDT estrogenic in humans?

3. 1Is o,p'DDT per se estrogenic or are its metabolites estrogenic?

Does o,p'DDT exhibit antiestrogenie activity?

5. Is methoxychlor per se estrogenic or is the estrogenic action due

to contaminants and/or metabolites of methoxychlor?

In this presentation we would like to share with you our findings on
sttempts to resolve the above questions and to expose some of our frustrations
that in many incidences we have not been successful in designing experiments
which would "end all experiments" and thus have been hitherto unable to
unequivocally answer all of the posed questions.

In view of the multifaceted nature of the experiments performed in these
studies, we described only briefly the methodology used and provided references
vhere the interested reasder could consult for more detailed procedures.

METHODS
A. Assays Involving the Estrogen Receptor:

1. Sucrose gradient sedimentation analysis of the in vitro binding of
3

H-E2,'in the presence or absence of chlorinated hydrocarbons, to the cytosolic
estrogen receptor (Rc] derived from rat uteri or testes or from human

17,18
tumers .

2. Dextran coated charcoal analysis for construetion of & Scatchard plot
and determination of total binding sites, sffinity constants (K.D) and inhibition
constants (KI)lB’lg.

241

3. Determination of the change in distribution of uterine eytosolic re-
ceptor (Rc) and nuclear receptor (Rn). Performed after administration of a
compound of interest (e.g., E, or 0,p'DDT) to rats or after incubation of

20,21

isolated uteri with these compounds Rc and Rn are determined by an

"exchange" involving incubation with 3H—E2 at 30° and 3T°, respectively as

previcusly described22’23.

k4, Determination of the effect of metabolism in vitro on the distribution
of uterine RC and Rn performed by simultanecus incubation of a given compound

{e.g., methoxychlor) with rat liver microscmes in the presence of uteri from

immature ratsah.

B. Assay of Uterine Ornithine Decarboxylase

After the administration of the potential estrogenie compound to immature
or overiectomized rats, the rate of decsrboxylation of [1-1hC]—ornithine is
s o2 20=2T '
determined .

C. Determination of Metabolism of o,p'DDT or Methoxychlor in vitro

1. Examination of the formation of acidic (phenolic) metabolitesi®.
llhc]—o,p'DDT or [1hC]—Metho:qrchlor is incubated with rat liver miecrosomes
and NADPH. Resction is terminated by addition of base and the residual
substrate is extracted with an organic solvent. The radioactivity remaining
in the aqueous phase, which upon acidification is soluble in organic solvents,
represents acidic metabolites.

With methoxychlor, the rate of demethylation is alsc measured by assaying
the formaldehyde form 16.

2. Determination of products formed fram methv:»x;rchlorl6

. The base-
soluble products (see sbove) were isolated, separated by tle and high pressure
1iquid chromatography (HPLC). The products which were more polar than methoxy—
chler, contained a monodemethylated methoxychlor (MDM} and a didemethylated
methoxychlor (HPTE) and at least two more polar metsbolites. The structure of
MM and HPTE was assigned based on chromastographic mobility in tle and RPLC
{coinjection with authentic compounds ) and by GC/MS of derivatized metabolites
{to be published elsewhere).

RESULTS AND DISCUSSION
Do chlorinated hydrocarbon pesticides behave as typical estrogens?
1. Interactions with the uterine estrogen receptor

The cbservations that among DDT derivatives o,p'DDT stands out as

6,27,28

being by far the most estrogenic s prompted investigations on the mechan-

ism of o,p'DDT-medisted estrogenic action. Thus, Nelaonll' demonstrated in
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vitro that the addition of o,p'DDT to rat uterine cytosol inhibits 3’Ii[-l§2
binding. This study used a charcoal procedure to remove unbound 3}l—E2 and
measured residual radiosctivity, however, did not establish whether o,p'DDT did
in fact inhibit the binding of 3lfl-E2 to the BS cytosolic protein (estrogen
receptor, Rc). Subsequent studies by us and others, using a sucrose gradient
sedimentation analysis, have shown that o,p'DDT interferes with the binding of
3H-E2 to the 88 Rc18’28’29; also it was shown that the inhibition by o,p'DDT
appears to be competitive without alteration of the number of total EQ_

binding siteslh’la, irdicsting that o,p'DDT does not destroy the Ez-binding
sites on the receptor.

To determine whether o,p'DDT acts in vive like s classical estrogen we
examined whether the administration of o,p'DDT to rats affects the distri-
bution of the cytosolic (Rc) and the nuclear (Rn) estrogen receptors. As
expected of an estrogen, o,p'DDT lowered R and inereased Rn. Hovever, by
contrast to E2, the duration of this effect was substantially longer with
o,p'DDT than with E2 (see section "Are DDT anslogs estrogens or also

antiestrogens1"). Also, we observed that the incubation of o,p'DDT with
isolated rat uteri causes transolaction of R_ into'R (see section below
"¥s o,p'DDT per se estrogenic?™). These findinge suggested that o,p'DDT

behaves like an estrogen.
2., Interactions with the testiculer estrogen "receptor”

DDT given to cockerels inhibited testlcular growth and development
of secondsry sex chs.re,::ter:lati.nt:a30 and subnormal reproductive activity was
observed in male dogs after DDT feeding3l. Thus, the possibility that
o,p"DDT interacts with the testicular high affinity estrogen-binding pro-
te1n33% ) vas examined. In fact, we cbserved that o,p'DDT inhibited the
binding of JB-E, to the rat testicular eytosolic 85-"receptor”, ss cbserved in
a sucrose gradient sedimentation and Scatchard plct analysis; the KI for
o,p'DDT was 2.k + 0.1 uHBS. The lack of iphibition of 3H-E2 binding by
methoxychlor or p,p'DDE, like ¥ith the uterine Rc' indicates that only estro-
genic DDT anmalogs bind to the testicular estrogen receptor. Thus, it is
tempting to speculate that the abnormalities produced in males by DDT are in
sane fashion related to the o,p'DDT, present in DDT, interacting with the
testicular estrogen receptor.

3. Ornithine decarboxylase

To obtain additional information on the estrogenic action of o,p'DDT,
we directed our studies to effects by o,p'DDT and E2 on uterine ornithine
decarboxylase (ODC). The extremely short half-life of ODC in certain tissues
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and the cobservation that this enzyme catalyzes the key step in biosynthesis of
polyamines which in turn are thought to be involved in various steps of pro-
tein synthesis and cell growth, has prompted specwlations that ODC is in-
volved in control of growth regulation36’37.

We observed in the rat that o,p'DDT, like E2, dramatically elevates
uterine ODC levels (Table 1) and that this elevation most probably involves de

TABLE 1

EFFECT OF DDT ANALOGS ON UTERINE ORNITHINE DECARBOXYLASE IN THE
AND IN THE OVARTECTOMIZED RAT : IMMATURE INTACT

Treatment oDe
(10 mg/100 g BW) treated/control
Intact
o,p'IDT 208
o,p'DOD 162
P,p'IDT 3b
P>p'DDE 2
p,p'DIDD 1
Ovariectomized
o,p'lDT 1n®
o,p'DED 362
p,p'IDT 14°
p.p'DDE lb
P,p'IDD 2

~

® P <0.001; P <0.025 ° P < 0.005
ODC activity (pmol COthr/mg protein) was 36.6 + 5.3 and 4.6 + 1.1 in intact

and ovariectomized cofitrel rats, respectively. Results sbstracted
and Kupfer.2T ? 1y racted from Bulger

27
novo protein synthesis®'. As expected ©,p'DDT was found to be the most active

DDT analog in elevating ODC levels. Whereas the pesk of ODC activity was at b
and 5 hours after E2 administration in saline and corn oil, reapectivelyzs’zT,
the peak of ODC after o,p'DDT injectlon in corn oil was at 6-T hours>! . This
delay in o,p'DDT peak sctivity versus E2 is also reflected in the time course

of diminished. Rc and increase in Rn produced after o,p'DDT administration

{see below). The extent of induction of ODC by o,p'IDT and E_ in ovariectomized-
adrenalectomized ratszr is similar indicating that o,p'DDT acfivity is not

mediated via release of endogenous E2. Lastly, we established that the induced

uFerine Ol?c 'by various compounds fEe, DES, o,p'DDT, methoxychlor) exhibits
similar kinetic constants; the Ky values for ornithine decarboxylation in
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induced and control ODC were similar, ranging from sbout 2-3 x 107°M, also the
KI of inhibition by putrescine of induced and control 0DC was similar38. These
results suggest that induction of ODC by the variocus “estrogens”, merely pro-
duced more of a similar, if not identical enzyme. Though, more work is neces-
sary to establish whether induced ODC's by the various compounds are indentical,
the sbove findings, nevertheless, support the treatise that the estrogenic
activities of chlorinated hydrocarbons and of E2 are mediated by the same
mechanisms.

Is o,p'DDT estrogenic_in humans?

Though o,p'DDT has been shown to exhibit estrogenic activity in several
species’r’ag, there is currently, to our knowledge, no direct evidence to
indicate whether o,p'DDT is estrogenic im humans and vhether the levels of
0,p'DDT which have accumulated in human fat are sufficiently high so that
estrogenic activity could- be manifested.

To obtain evidence on whether human tissues might be expected to respond
to the estrogenic action of o,p'DDT, we utilized human breast and uterine

tumors as model tissues for normal human tissues39.

The tumors selected were
assumed to be hormone dependent, since they contained relatively high levels
of a cytosolic high affinity estrogen binding protein {(ERP*). The purpose of
the study was to determine whether o,p'IDT binds to the same BS fraction of
EBF as does 3H—E2 and to determine whether the concentration of o,p'DDT re-
quired to interfere with 3H-E2 binding to EBP could be realistically achieved
from exposure to envirommental contamination.

Using a previously described procedurela, we prepared a 105,000g cytosol
from B mixture of seversl numan breast tumors or uterine tumors. To aliquots
of the cytoscl vere added o,p'DDT or the vehicle and subsequently 3H—E2 and
the resulting solution was layered on top of & 10-30% sucrose gradient which
was centrifuged for 15 1/2 hours at 250,000g. One-tenth ml fractions were col-
lected from the bottom of the centrifuge tubes and the radicactivity repre-
senting 3H-E2 in each fraction was determined (for details see ref. 18). As
can be seen in Table 2, o,p'DDT inhibited the binding of 3H-E2 to the 85 EBP
ir mammary and uterine tumcrs.

To determine whether o,p'IDT diminished the binding of “H-E, by inter-
acting with the same site on EBP or by merely deactivating the binding site,
the effect of o,p'DDT on the binding of nonsaturating concentrations of 3H—E2

¥This term has been used interchangibly with the terms estrogen receptor.
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-to EBF was analyzed by a Scatchard plot. Figure 1 demonstrates that o,p'DDT
3

competitively inhibited H-E2 binding without altering the total number of
binding sites (see converging lines on the abscissa) indicating that there was
no deactivation of the binding sites. Also as expected from a competitive
s 3 iqs

inhibitor, the KD for H—E2 binding increased with increased concentration of

o,p'DDT (Table 3). In turn the K, for o,p'DDT inhibition of 3H—E2 binding was

TABLE 2

THE EFFECT OF ADDITION OF o,p'DDT ON THE BINDING OF 3u E., TO THE CYTO
- SOLIC 85
ESTROGEN-BINDING FROTEIN (EEP) FROM HUMAN BREAST AND UTERINE TUMORS®

Tissue Addition Binding of 3H—E
{uM) (% of Control)
Exp. 1 Breast tumor —_— 100
o,p'DDT (48) 59.3
o,p'IDT (96) 38.k
E, (0.8} 0
Exp. 2 Uterine tumor — 100
o,p'IDT (96) 58
E, (0.8) 0
.s.g{:l];zi%g?.i from a sucrose gradient sedimentation enalysis (Kupfer and
TABLE 3

EFFECT OF o,p'DDT OF THE K, VALUES OF JH-E, BINDING TO HUMAN MAMMARY TUMO
CYTOSOLIC EBP D 2 HHARE "

Additions K, (M)
— 0.3 x 10710
0,p'IDT (0.33 M) 0.5 x 10°1°
0,p'DDT (1,67 yM) 1.8 x 10710
0,p'IDT {6.67 mM) 3.3 x 10710

Determined bty a Scatchard plot analysis, from Kupfer and Bulger.39
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1.0

BOUND/FREE

T T
0 0.01 0.02 0.03

BOUND pmoele/ml

Figure 1. A Scatchard plot analysis of the inhibition of 35k, vinaing to
cytosolic EEP from humen mgumary tamors .

® No o,p'DDT

= ©,p'DDT (0.33 uM}
m o,p'DDT (1.67 uM)
‘ o,p'DDT (6-67 'IJM)

For detalls see Kupfer and Bulger39. Reproduced with permission of FJD
Publications, Ltd., Westbury, H.X.
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calculated using the equation for competitive inhibition: KI = %IE%J{'D where
KD and Kl') represent affinity constants of 3H-E2 for the uninhibited and the
inhibited EBP, respectively; [I] represents the molar concentration of the
inhibitor (o,p'DDT). The mean value of three determinations gave a K=

0.5 + 0.1 w8,

As to concentrations of o,p'DDT in human fat {ug/g fat), there is only
limited amount of 1nf0rmationho: 0.04-0.29 (Cermany); 0.68 (Italy) and 0.12-
2.16 (Luxemburg). Among workers in a DDT fectory the mean of o,p'DDT was 2k
+ 3 ug/g rat'l, If one assumes that 1 g of fat is equal to 1 ml then the
concentration of o,p'DDT in human fat in these Buropean countries was 0.1-1.1
uM and in the U.S. in a DDT factory was sbout 6T uM. The KI for o,p'DDT
calculated by us (0.5 yM) is hence in the range of these concentrations of
0,p'DDT in human fat. However, whether such concentrations of o,p'DDT do in
fact accumulate in the human estrogen target organs and more importantly at
the estrogen receptor sites in these organs is not known.

Is o,p'DDT per se estrogenic or are the metabolites estrogenic?

In their first study describing the cbservation that o,p'DDT is the estro-
genic component of technical DT, Welch gil_a.i.'s addressed themselves to the -
question wvhether o,p'IDT is active per se or vwhether the metabolite(s) are
responsible for the estrogenic action. Based on the inhibition of the utero-
tropic action of o,p'DDT and potentiation of this sction of E, by the prior -
treatment of rats with Oclh [a hepatotoxin known to diminish markedly mono-
oxygenase activity], Welch et al. concluded that by contrast to E2, o,p'DDT is
not active per se, but requires metsholism for estrogenic action (see Tgble L},

In view of the obeervations thet there are stringent structural require-
ments for ¢ DDT derivative to be estrogenic, e.g., p,p"DDT 18 only weakly
estrogenic as compared with o,p'DDT and p,p'DDE and p,p'DDD are both inactive ,
it made sense to assume that the o-chlore substituted ring in o,p'DDT under-
goes & monooxygenase-catalyzed hydroxylation at the pars position, yield-
ing = p-phenclic derivatlve which, by analogy to the classical nonstercidsl
estrogen diethylstilbestrol {DES), is the estrogen. Im fact, rats treated
with o,p'IDT excreted pherolic metabolites of o.p'DD‘I'sG. Hence, the sug-
gestion that o,p'DDT i not the estrogen per se but requires metsbolic acti-
vation remained unchallenged for some time.

However, the observations that o,p'DDT inhibits campetitively 3H-E2
binding to the uterine cytosolic high affinity estrogen binding protein
{estrogen receptor, Rc)lh’la’ag demonstrated, st least in vitro, that o,p'DDT
is active as an "estrogen" and suggested that o,p'DDT might have intrinsic
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TABLE &

THE EFFECT OF CARBON TETRACHLORIDE AND SKF 525A ON THE UTEROQTROPIC ACTIVITY
OF c,p'DDT AND E2 IN IMMATURE RATS

Uterotropic Activity (¥ Control) Ref,
Pretreatment Treatment Uterine wh.{+A%) Uterine wt/BW (+A%)
—_— o,p'DDT 167 Welch et al.6
cc1, o,p'IDT 132 {-35)
- E, 14
ey, E, 138 (+24)
L2

_ o,p'DDT 1252 N Nelson et al.
cCl1 o,p'DDT 137 (+12)a.
SKF525A o,p'DDT 138 {413}
_ o,p'DDT (13) 1ko 135 Current
cc1y o:g'm (13) Ak (+1) 1h9 (+1h) studies
—_— E, (14) 136 154
cen,, B (13) 116 (-20) 116 (-36) "

CCl, was given orally in corn oil {0.67 ml/kg); SKF 5254 {25 mg/kg); o,p'DDT
given i.p. (10 mg/kg) in dimethyl sulfoxide, E, given i.p. (0.6 ug/kg) in Welch
et a8l.” and in current studies. Under txreatment in parentheses number of
‘animals used.

PThese values were calculated from a bar graph, hence are only approximations.

activity in vivo as well. In fact, thesesﬁ.ndings prompted other in‘vestiga.tors
to reexamine the findings of Welch et al. . OSurprisingly, Nelscn et al.
obtained dlametrically opposing results, namely CClh or SKF 5254 treatment 4id
oot inhibit ¢,p'IDT action but in fact slightly potentiated the utero-
tropic sction of o,p'DIDT (Teble 4). TIn view of these findings, these investi-
gators proposed that o,p'IDT is active persse. To attempt to resolve the
controversial observations by Welch et al.” on one hand and by Nelson et al.
on the other, we attempted to reproduce these experiments. In our hands, ceLy,
had no inhibitory effect on the o,p'IDT-mediasted uterotropic activity; however,
1t eppears that CC1, ichibited the E, effect {Table 4)}. Currently, we have no
explanation for the contradietory observations in different laborstories.

To further explore the question whether o,p'DDT is active per se,
we examined the effect of 001h pretrea‘hnenthgn the induction of uterine orni-
thine decarboxylase (ODC) by 32 and o,p'DDT °. To our surprise, CCl, inhibited

both the E2- and o,p'DDT-mediated induction of ODC without affecting the basal

L2
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levels {Table S5). "he inhibition by CClh of ODC induction was not accompanied

TABLE S

EFFECT OF PRETREATMENT WITH CCll‘ ON THE ESTROGENIC ACTIVITY OF <,p'DDT AND E2
IN OVARTECTOMIZED RATS

R
onc® ¢ Cytochrome
{Ratio @
Pretreatment  Treatment treated Total -10, P-450
binding KD( 10 )
to eontrol} t
sltes

—_ e 1 2,2 0.7 0.4

cer, - 1 2.3 0.8 0.24

—_ 0,p'DDT 154

cey, ©,p'DDT sg

S E, Thd

ey, E, 32

85D¢ in pnol of Cothr/lg protein; ®in pol 3H-E2 bound per mg protein.
Cytochrome P-4S0 in mmol/mg of hepatic microscmal protein.
dpi0.0ES; CCll. pretreated vs corresponding control.

Pretrestment: ccly, (0.6T ml/fkg body weight) given orally in corn oil, 24
hours before trestment.

Treatment: o,p'DDT (5 mg) and E, (0.015 ug) per rat were given i,p. in 0.2
ml corn ¢il, 6 and 5 hours priorTto sacrifice, respectively,

Results calculated from Bulger and Kupfer. 3

by cbservable effects on the affinity for 3H—E2 nor on total binding sites for
3H—E2 in the cytosolic estrogen receptor '(Rc); 8lso there was no evidence for
the presence of an inhibitor of ODC in the uterine cytosol from CClh—treated
rats. These studles suggested that CClh effects on ODC Inductions were not
related to effects on EE or o,p'DDT metabolism by the liver, though & decresse
in both hepatic cytochrome P-450 and momcoxygenase activity (not shown) was
observed. We also cbserved that CCLy, treatment 1 1/2 hours after fhe admini-
stration of E2 had no effect on the induction of ODC by E2, suggesting that

after the "message" has been in progress, CCl, is no longer effective in
inhibiting ODC induction.
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Further evidence that o,p’'DDT most probably possesses intrinsic estrog-
enic metivity was recently obtained by us in vitro. As expected of an estro-
gen*, the incubation of o,p'DDT with rat uteri for one hour resulted in the
translocation of R into the nucleus (Rn) without changing the total amount of
receptor (Rc +R_), (Table 6); a similar incubation with p,p'DDT end p,p'DDE,

TABIE 6

HPTE OR E» WITH ISOLATED
EFFECT OF INCUBATION OF o,p'DDT, p,p'DDT. p,p'IDE, 5
UTER]I FROM IMMATURE RATS 6N THE DISTRIBUTIOR OF THE CYTOSOLIC (Rc) AND

NUCLEAR (Rn) RECEPTOR

Compound a a Sum of
added (uM) Rc R1'1 Rc + Bn
Exp. 1 — 377 197 S5T4
0,p'DDT (10) 24P 303° kT
_ . Lhé2 135 597
E, {0.02) 80 STL 654
Exp. 2 —_ 111k 82 1196
p,p'0IDT (10) 967 76 103
p.p'DDE (10} 1123 68 1191
BPTE ( 2) 311° 531° 8l2

®Mean values in fmol 3H—E2 bound to Rc or Rn per single uterus.
Pp0.05; “P<0.001

Exp. }: n =4 for o,p'DIT and its econtrol (—) )
n =1 for E’ and its control; E_, was merely included as a positive
control, ingarisbly ylelding translocation of K_.

Exp. 2: n =8, 3, 3 and 2 for control, p,p'DDT, p,p'DDE and HPTE respectively.
which exhibit little or no estrogenic activity, had no such effect. We believe
that though pessible, it is unlikely that in vitro uteri significantly convert
0,p'DDT into a hydroxylated "estrogenic" metabolite(s). Preliminary experiments
with [1%01-0,p'DDT demonstrate that uteri could, at best, heve formed 11 pmol of
a base—soluble product of which only a porticn appears to be ascociated with the
uteri. Whether this represents sufficient amounts of a highly estrogenic com-
pound remains to be established. Also uteri do not possess significant

Tnder these conditions, we cannot distinguish an estrogen from en anti-
estrogen.
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monoxygenase-like activity, since uteri alone cannot demethylate methoxychlor
into a phenolic product(s) which behave in yitro like mctive estrogens (see
below).

The observations that phenolic derivatives of o,p'DDT, known to be formed
in lilg56, are active estrogensST may explain the reason for the confusion as
to which are the active species in vivo. Most probably the estrogenic action
of ¢,p'DDT in vivo represents the resultant activity of the parent compound as
well as that of the metabolites. In fact, our findings in vitro support this
conelusion; we observed that the incubation of o,p'DDT with liver microsomes
and NADPH* (in the presence of uteri) did not slter the magnitude of "estrog-
enic" ectivity (translocation of R, to Rn) of o,p'DDT as compared with a
similar incubation of o,p'DDT with inactive (boiled) liver microsomesah
suggesting. that o,p'DDT and metabolite(s) are similarly active.

Lastly, our. dbservation that o,p'DDT inhibits the binding of 3H-E to

2
mouse uterine Rcla, but nevertheless has little or no estrogenic activity in

>

vivo in that species ', points to the possibility that in that species metabo-
lism of o,p'DDT yields inactive products; obviously other interpretations for

such species peculiarity are possible®*,

Is methoxychlor per se esirogenic or is the estrogenic activity due to
contaninant(s)?

The observations that technicsl grade methoxychlor exhibits higher estro-

genlic activity than the more purified preparatiocns of methoxychlor suggested
that a conteminant{s) was responsible for the estrogenic activity of methoxy-
chlor., Thus we addressed ourselves to the following questions: (a) Is
methoxychlor estrogenic or cnly the contsminants are estrogenic?; end (b} If
methoxychlor is not estrogenic are the metabolites of methoxychlor estrogenic?
To attempt to answer this question, we cbtained laboratory grade methoxy-
chlor (99% pure) and further purified this preparation by base extraction of
the impurities and récrystal]ization of residual methoxychlor from hemeh'r.
We observed that purified methoxychlor did not inhibit the binding of 3H—E2
to the rat uterine cytosolic Rc (Table T); by contrest the laboratory grade

* Such conditions were shown by us to yield acidic (probably phenclic)
o,p'DDT products.

*% Tn the mouse p,p'DDT was initislly thought to be inactive &s inducer of
hepatic monooxygﬁnaﬁg and subseguently found to be a much weaker inducer
than in the rat ‘2+36, Hence, it is possible that a higher dose of o,p'DDT
would be estrogenic in the mouse.
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TABLE T

EFFECT OF METHOXYCHLOR AND ITS DIDEMETHYLATED METABOLITE (HPTE) ON THE BINDING
oF 3H-E2 T THE RAT UTERINE CYTOSOLIC ESTROGEN RECEPTOR

Compound added (uM) £ Inhibition

of 3H-E2 binding®
Purified Methoxychlor (18) g
Leboratory grade Methoxychlor (us) . T
HPTE { 0.04) 27
HPTE { 0.40} 8o
Diethylstilbestrol { 0.ho) 9L

8 termined from the radioactivity under the aree of the 85 peak in & sucrose
gradient sedimentation analysis from the data of Bulger et al.

methoxychlor was inhibitory to 3H—E binding. Furthermore, the isolated
i h

impurities were also inhibitory to -E2 binding to Rc. Also in vivo the
purified methoxychlor was somevhat less active estrogen than the less pure
preparation {Table 8). Lastly, ve cbaerved thet incubation of purified
methoxychlor with isclated rat uteri did not produce a translocation of Rc to
R {(Table 9). These cbservations demonstrated that methoxychlor does not bind

5 trogen.
significantly to Rc and most probably in wvivo is not the active esirog

Is methoxychlor estrogenic or are the metabolites of methoxychilor estrogenic?
To examine this question ve compared the in vivo activity of purified
methoxychlor with that of the didemethylated metsbolite of methoxychlor (HPTE).

Our fipdings demonstrate that the metabolite iz at least 50-fold more potent
¢han methoxychlor, using induction of uterine arnithine decarboxylase (0nC) as

e monitor (Table 8). These results strongly suggested that in vive methoxychler
is not active per se, but d14 not rule cut scme intrinsic activity of methoxy-
chlor. Thus we examined vhether the incubation of methoxychlor with rat liver
microsomes would yield metabolites which exhibit in vitro “agtrogenic" action,
i.e., interference with 3II-E2 binding to Rc and whether the major metabolite
(HPTE) would translocate in vitro R into the mucleus.

TABLE &

253

EFFECT OF ADMINISTRATION OF ESTRADIOL, LABORATORY GRADE {LG), AND PURIFIED
METHOXYCHLOR AND OF THE DIDEMETHYLATED METABOLITE OF METHOXYCHLOR (HPTE) OR
UTERINE WEIGHT AND ORNITHINE DECARBOXYLASE (0DC) IN OVARIECTOMIZED RATS

Caompound injected onc Utercotropic action
(amount/rat) (treated/control)?
Purified Methoxychlor (5 mg) 7 1.k
Methoxychlor (LG) (5 mg) 1L 1.6
EPTE (0.1 mg) 17 1.2
HPTE {0.5 mg) 55 1.3
E2 (0.1 pg) ST 1.8

8411 treated wfge significently different from controls (P_<_0.05); adapted from

Bulger et al.

We cbserved by tlc and HPLC that at least four metabolites were formed

in vitro: the least polar is most probably the monodemethylated methoxychlor,
the next in polarity is the didemethylated methoxychlor (HPTE)* and the most
polar ones probably represent compounds with additional hydroxylations on the
rings. All the metabolic products exhibited inhibition of 3H-E2 binding to Rc’
HPTE being the most potent inhibitor (Table T},

demonstrated that HPTE inhibited competitively
vithout eltering the mmber of binding sites'|

Seatchard plot analysis

-, binding to R (K, = 6am)

In eddition, incubstion of

HPTE vith isolated rat uteri translocated the R into the nucleus (Table 6).
Lastly we examined whether conditions which generate metabolites of methoxychlor
in vitro in the presence of uteri would simmltaneously cause the translocation
of uterine Rc into the nucleuaah. In that experiment, we incubated methoxy-
chlor with rat liver microsomes (active vs. bolled) and RADPH in the presence

of immature rat uteri. The incubation of methoxychlor with active, but not

with boiled, microsomes caused a translocation of R, (Tebles 6,9). These
findings support the hypothesls that in vivo also methoxychlor is not an
estrogen, but requires metabolic transformation for estrogenic activity te be
manifested, Surprisingly, the pretreatment of rats with SKF 525A to inhibit

®HPTE was characterized by tlc and HPLC (coinjection with an authentic compound),
by GC/M3 and by methylating with dimethylsulfate to yield a compound with
chromatographic mobility identical to methoxychlor.
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TABLE 9

EFFECT OF INCUBATION OF METHOXYCHLOR (M) OR THE DIDEMETHYIATED METABOLITE COF M
(HPTE) WITH ISOLATED UTERI UNDER METABOLIZING CONDITIONS ON THE DISTRIBUTION OF
THE ESTROGEN RECEPTOR IN UTERINE CYTOSOL (Rc) ARD RUCLEI (Rn)

Incubation® R, R, R+ R
L1
c?ﬁzﬁgsﬁﬂg * 1m0t ¥ 318° 128
Complete minue HADPH 230 174 Loy
Complete minus microsomes 271 77 Ly8
.. Complete minus M 25 169 kio
E
Control Lgo 188 679
Control + HPTE 187° 512° 699

® Incubations for 1 hour at 3T with & uterine horns (equivalent to 3 uteri);
M (2 uM} or EPTE (2 1M) and liver microsomes (ca. 1.5 mg protein) as pren-—
oua]y deacribed by Kupfer and Bulger {values abstracted from that study).2

® Re 4nd Ry in fuol SE-Ep per single Biepye vere assayed by an exchange

with 3&-32 as previously described.

€ P<0.01 against corresponding control (Exp. 2) or against incubations lacking
an incubation constituent (Exp. 1}.

E_xp. 2: These incubatione did not contain NADPE and microsomes.

or with phenobarbital to stimulate the metgboliam of methoxyehlor, did not
affect the uterotropic activiiy after administration of methoxychlor'

It 18 possible that the uterotropic actlion of methoxychlor in this study re-
flects the combined activity of methoxychlor and of the inherent impurities.
Thus, since the impurities are more potent estrogens than methoxychlor and
probably do not underge further metabolic activation, SKF 525A and phenobarbi-
tel would not be expected to have an effect. Therefore, it is surprising,
albeit iﬁteresti.ng, that pretreatment with CCl, potentisted the activity of
methoxychlorha. Currently no satisfactory explanation could be provided for

this finding.
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Are DDT annlogs estrogens or also antiestrogens?

Attempts to answer this question 2 prieri suffer from the lack of basic
knovledge about the mechanism of action of antiestrogens on the molecular
level. Hence, the question whether DDT derivatives are frank estrogens or
also possess antiestrogenic activity has not been adequately explored. Also,
the clessical procedure to determine antiestrogenic activity which usually
involves the demonstration that the administration of a given compound inhibits
the uterotropic action of E_, is not suitable for DDT analogs. These com-
pounds possess two activities which might confuse the interpretation of
results; i,e., they exhibit uterotropic activity and also they induce hepatic
monooxygenase which in turn would result in increased metabolism of E2 and
lowered !':2 activity.

Several laboratories described differences in setion between antiestrogens
and estrogens. Thus, Clark et al. 48,49 observed that whereas estrogens
permit & relatively rapid replenishment of Bc and dissppearance of Rn,
antiestrogens ceuse retention of P‘n for a long duration and prevent the
replenishment of Rc. Support for the findings that inhibition of estrogenic
action by an entiestrogen is probably relsted to the duration of depletion
of Rc by the latter was presented by Ferguson and l{atzenellenbogenso. Also,
studies from the same grcmpsl indicated that the above observations probably
414 not merely reflect the longer half-life (tl /2} of the antiestrogen as
compared with the t, /2 of E2. Baged on widely different time span retention
of puclear receptor (Rn) with ‘estrogens and antiestrogens and on the degree
of salt extractability of these receptors, Ruh and Blaudendistel’2 proposed
that there are different miclear binding sites for estrogen— and antiestrogen-
receptor complexes, Studies by Gardner et _a._l_.53 with nafoxidine indicate
that antiestrogens do not interfere with the early response to E2 but do
block the secondary (24 hours} respomse to E, and suggest that uterine nuclei
contain different receptor acceptor sites for the regulation of the short and
long term responses to estirogens. Horwitsz et _gl.sh, using cencer cells in
long term culture observed with the antiestrogen tamoxifen (T) a dual dose-
dependent phenomena, i.e., at high concentrations (1uM), T acted like an
antiestrogen by ichibiting cell growth and induetion of the progestercne
receptor (PR). At low concentrations (<Q.luM) T acted as an estrogen by
enhancing PR formation. By contrast, nafoxidine acts es expected of an anti-
estrogen, by inhibditing cell growth and not inducing FR. Recently, Jordan
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55 contrast to estrogens, antiestrogens {tsmoxifen)
et al.”’” proposed that by
support only minimal cellular mitosis and DNA synthesis, ylelding primarily
hypertrophy; again no plausible mechanism for the differences is currently

k]

available. N

As cen be seen, knowledge on the mechanism of antiestrogen action at the
molecular level is still inadequate. Despite these uncertainties as to the
differences between eétrogens and antiestrogens, we decided to examine whether
0,p'DDT behavea more 1ike an estrogen or li{ke an antiestrogen. Hence, we

*
exsmined the time course of depletion of the uterine cytosolic estrogen
o,p'DDT

receptor (Rc) and the elevation of the muclear receptor (Rn) a.!:ter P
administration to immature rats. As can be seen (Fig. 2), o,p'DDT appears

1L
Y pal
] 18
Time after Injection (Hr)

-]
L

gur ingle dose of
. Time course of distribution of R, and Ry after a s

l::a.ip'l::llt.f.\'l‘z(:l.oo wgfkg BH, ip). Velues egent £ of O-time control (100%)

ﬂ:, and Ry ylelding 1975 and 119 fmol “H-Ep bound per uterus, respectively.

An asteriek indicates values different from O-time at P<0.05.
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to affect Rc and Rn essantially like E2', also similarly to EE’ o,p'DDT

produces higher levels of R at L8 hours than were initia}éyusresent at
O-time; apparently antiestrogens do not ceuse this effect "* ., However,
o,p"DDT alsc mimics somewhat the charscteristics of antiestrogens in ss far
as both produce & longer retention of Rn and longer depletion of Rc than
observed with E2. The possibility thet the differences in duration of action
of o,p'DDT and E, is due to the different vehicles {corn 0il vs. saline) used
in the two studies has not been examined, Interestingly enough, however, the
time course of the uterotrople activity of o,p'IDT closely resembles that of
EE’ and both curves return to control levels at T2 hours.

The unlikely possibility that o,p'DDT effects are mediated through re-
leaging endogencus estrogens in intact immsture rats was examined by comparing
with effects in ovariectomized rats {Table 10). Results demonstrate that

TAELE 10

THE EFFECT OF ADMINISTRATION OF o,p'DDT ON UTERINE WEIGHT AND ON THE DISTRIBUTION
oF Rc AND Rn IN INTACT IMMATURE AND OVARIECTOMIZED RATS

Hours after

o,p'DDT Uteri (mg)/Bw (100g) R, R, R, + R
Intact
o 73.4 + 3.5 1sok + 277 97 + 13 1601 + 289
8 110.5 + 5.7% .. 162+ 114® 262 + W® 1024 + 102
Ovariectomizedd
] 29.2 + 1.0 936 + 57 10k + 15 1040 + 62
8 56.6 + 3.3% 637 + 55° 179 + 11° 816 + 18
%P <0.001; ° P <0.05 P < 0.025

There was no difference between O-time and 8 hours in DNA levels,
4 Used T days after ovariectomy.

o,p'DDT is also estrogenic in ovariectomized rats, increasing uterine weight
and translocating R into R end elevating ODC {Table 1), indicating that these
activities of o,p'DDT are not mediated via ovarian stercids,

We decided to exemine whether there are differences in the ghility of
antiestrogens (tamoxifen and nafoxidine) to induce uterine ODC versus thaet of
E2 and o,p'DDT and whether antiestrogens or o,p'DDT could block the in-~
duction of ODC by E, or o,p'DDT. The injection of tamoxifen (T) and nafoxidine
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(N) to ovariectomized rats dramatically elevated ODC (Table 11}. The duration
of elevated ODC after T and N was markedly longer than after either E‘,2 or
o,p'DDT. ODC essentially returned to control levels at about 18 hours after
0,p'DIT or E,, but not after T or N which had a much longer duraticn of acti-
vity. It is interesting that when the levels of ODC in animals pretreated with
T or o,p'DDT, were allowed toc return to control levels the subseguent induction
of 0DC by either E, or o,p'DDT was markedly suppressed (Table 12). A similar
pretreatment with E2 gave inconsistent results, i.e., only occasionally
suppressed the induction of ODU by subsequent doses of E2. The mechanism of

TABLE 11

TIME COURSE OF INDUCTION OF UTERINE ORNITHINE DECARBOXYLASE (0ODC) AFTER A
SINGLE INJECTION OF NAFOXIDINE (N) OR TAMOXTFEN (T) IN OVARIECTOMIZED RATS

2!

TABLE 12

EFFECT OF PRETREATMENT WITH TAMOXIFEN, o,p'DDT OR P,p'DDE ON THE INDUCTION
OF UTERINE ORNITHINE D
o ECARBOXYLASE (0DC) BY E2 OR ©,p'DDT IN OVARIECTOMIZED

Time after ODC activity s

injection of N or T ~ {Ratio of treated/control)
(brs) NAFOXTDINE TAMOXIFEN

Controi® 1 1

2 2.8 3.9

4 24.6 26.8

6 155.5 138.3

2k 220.0 71.1
L8 7.7 uD

59

.: Calculated from Bulger and Kupfer ™.
Hefoxidine hydrochloride (50 ug)} or tamoxifen citrate {1 mg) in Hz0 were

e given 1.p.
O-time controls for N and T were 3.6 + 1.7 and 9.1 + 1.2, pmol Cozlhr/mg
protein, respectively; ND = not determined.

the inhibition of ODC induction by antiestrogens and o,p'DDT is not understood.
It is possible that inhibition of the "recycling" of R, interferes with the
action of E2k9. Several other possibilitles were considered. The possibllity
that the inhibition of E2 action merely reflects an increase in Ea metabolism
by the hepatic P-450 monmooxygenase induced by T or o,p'DDT does not seem
likely. We cbserved that p,p'DDE is a more potent inducer of the hepgtic
microsamal P-USO and monooxygenase activity than o,p'DDT, hovever, by contrast
to o,p'DDT, p,p'IDE does not induce uterine ODC nor does it iohibit ODC in-

duction by either E, or 0,p'IDT. Algo tamoxifen does not induce hepatic

Pretreatment Treatment ODC activity®
(Increase over control; control = 1)
Exp. 1 —_ - 1
— E, 37.3
—_ o,p'DDT .30.0
0,p"DDT — 0.1
o,p'DDT E2 4.8
o,p'IDT ©,p'DDT 1.2
Exp. 2 - _— 1
—_ E, 129.8 .
— 0,p'DDT 143,34 &
Tamoxifen _ 1.9
Tamoxifen E, ko
Tamoxifen o,p'DDT 3.6
Exp. 3 — —_ 1
-— E2 50.3
——— o,p'DDT 37.7
p.p'DDE —_— 1.7
P,p'DDE E, 46.0
p,p'DDE 0,p"DDT ko.8

Scalculated from Bulger and Kuprer.h

Pretreatment: o,p'DDT or p,p'IDE were injected i.p. (100 mg/kg BW) in 0.2
ml corn oil for 2 days. Tamoxifen citrate (1 mg/kg) was injected 1.p. for &

Treatment: E, (0.5 pg/kg) or o,p'IDT (100 mg/kg i 3

o , mg/kg in Exp. 1,3; 50 mg/kg in
Exp. 2) were injected 2 days after pretreatment with o,p'DD‘]’.‘ :;r p,p'DDE and
18-19 hours after Tamoxifen.
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monocoxygenase, but nevertheless induces ODC and inhibits ODC induction by E2
or o,p'DDT.

Another possibility for inhibition of ODC induction is that a product is
being formed which inhibits ODC induction. In fact, we observed that the
sdministration of putrescine, a metabolic product of ornithine decarboxylation,
inhibits the induction of ODC by o,p'DDT but had no effect on the basal
enzyme a.ctivit_v.38 Also we found that the addition of putrescine (1-4 mM)} to
o~ and o,p'IDT-treated rats competitively inhi-
bited ODC. It 1s also possible that induction of ODC by T or o,p'DDT generates
a specific protein which inhibits ODC activity by binding to ODC, & mechanism

propesed by Heller, gg.sa for the polyamine-mediasted inhibition of ODC.

uterine cytosol from controls, E

CORCLUSION

The results presented indicate that o,p'DDT acts as a typical estrogen on
8 variety of biolégical paremeters. However, o,p'DDT also behaves possibly
like an entiestrogen with respect to causing inhibition of the induction of
uterine ornithine decarboxylase in response to subsequent treatments with E2 or
o,p'DDT.

With respect to whether o,p'IDT per ge is the estrogen or whether the
wetabolites are the active species, our findings and those of others indicate
that both o,p'DDT and its metabolites are estrogenic. WNevertheless, the
question whether in vivo o,p'IDT is active per se has not been uneguivically
ansvered.

As to the estrogenic action of methoxychlor, evidence strongly indicates
that methoxychlor is not actlve per ge, but is metabolized by the hepatic
moncoxygenase into active phenolic metabolites. Also it sppears that most
preparations of methoxychlor contain base-soluble contaminents which are
largely responsible for the estrogenic sctivity of the crude methoxychlor
preparations.

Our newly developed in vitro assay which combines the "machinery" for
metabolic activation of a proestrogen with the uterine detection systemah,
should be helpful in the future in resclving questions whether a compound
1s active per se¢ or is a proestrogen.
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BISCUSSION

50T0: Your experiments show that both tamoxifen and nafoxidine induce
ornithine decarboxylase while they are known not to induce hyperplasia of the
rat uterus. Similarly, the uterus of newborn rats responds to estrogen by
inducing ornithine decarboxylase in the absence of a growth response to
estrogen. Would you or someone in the audience care to comment on the apparent
lack of correlation between ornithine decarboxylase induction and growth?

LEROY: Since ornithine decarboxylase biosynthesis is generally considered ta
be related to tissue growth, I would like to ask if you have any idea how
DDT derivatives affect uterine DNA synthesis and cell division?

KUPFER: We did obhserve that DNA levels increase following o,p-DDT treatment.
We have no information on the mechanism of this increase and did not examine
effects on cell division.

STARCEL: In response to Dr. Soto's and Dr. Leroy's questions, I would just
like to say that o,p'-DDT administration to immature rats, similar to the ones
Dr. Kupfer has been using, stimulates uterine DNA synthesis to a degree which
is quantitatively very similar to that seen after estradiol administration.

LUCIER: In a normal individual receiving chronic low level DDT exposures,
most of the DDT would be seguestered in adipose tissue and not create a
direct estrogenic hazard. However, in dieting individuwals, much of the DDT
could be released thereby creating the possibility of estrogenic action. Are
dieting individuals at special risks to the estrogenic actions of DDT and
other estrogenically active organohalogens which are stored in adipose tissue?

KUPFER: There is currently no data to bear on this point. However, with
respect to DDT stores in rats, German investigators have shown that following
a single dose of DDT, the induction of hepatic moncoxygenase lasts for about
90 days. However, if subsequently these animals were starved, the level of
the monocoxygenase "sky-rocketed.® This was interpreted as being due to
release of DDT from fat depots. Thus, if one is allowed to extrapolate these-
findings to the human and to o,p'-DDT, then one might answer your question
affirmatively. Alsc loss of fat due to disease would most probably release
the DDT from fat into the circulation.

MARTIN: Do you know if the ormithine decarboxylase is present in all of
the uterine tissue or restricted to only one cell type?

KUPFER: We have not studied this and, to my knowledge, no one else has; but
we feel that it is important that the localization of ornithine decarboxylase
in specific cells of uteri be established.
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MYCOTOXINS AS ESTROGENS

S.V. PATHRE' AD C.J. MIROCHA'

*Department of Plant Pathology, University of Minnesota, St. Paul, M¥ 55108,
usa ’

INTRODUCTION _

Mycotoxins are substances produced by funmgi in feed and foodstuff which
upon consumption cause deleterious effects in man and animals. Only one group
of phytoestrogens cause mycotoxicoses in animals and these are called the
zearalenones. They are produced by various species of Fusarium, but most
frequently and most abundantly by F. rosewm' Graminearum'.

Species of Fusarium are comon and widespread in nature, occurring as
saprophytes in the soil ard in decaying plant material; they cause a variety
of diseases such as wilts, blights and rots. Fusarium can cause serious
econamic losses in the major cereal crops such as rice, wheat, barley, rtye,
millet, sorghum ard maize. Com is most often infected by this pathogen in the
corn belt of the USA and accoumts for the majority of the cases of
hyperestrogenicity found in swine.

Zearalenone ard its derivatives are wnique among the mycotoxins in that,
according to the animsl to which they are administered, they can either cause
serious Injury (zearalenone and zearalenol when consumed by swine), have
little or o effect (zearalenone consamed by laying hens and broilers),
pramte growth (zearalanol as an ear implant in cattle and sheep) or serve as
a beneficial drug (zearalanol when taken to alleviate post-menopausal distress
in women). Swine are most frequently affected in nzture. In the prepubertal
gilt, the vulva become swollen and edematous and vaginal prolapse may result;
the mammae increase in size. The uterus becomes enlarged and tortuous and the
ovaries atrophied. Young males exhibit a feminizing effect, with atrophy of
the testes and enlargement of the mammary glands. The most serious problem
econanically is infertility.

Recent and thorough reviews on the zearalenones can be found by Mirocha and
Caristensen! and Mirochs et al.’

ZEARALENONE: AND ITS DERIVATIVES

Zearalenone is routinely produced in our laboratory by growing a high
vielding isolate of Furarium roseun on autoclaved moist polished rice at a
moisture content of about 60%. The rice cultures are incubated in 1 liter
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flasks at 24 ~ 27° C for 7 days and 10 - 12° C for 4 to 6 weeks to produce
zearalenone between 1000 to 15000 mg per kg dry weight of cultures.> Same
strains of F. roseum produce copious ammnts of zearalerone when grown on rice
at room tetrperamre.a. Intermational Minerals and Chemicals Corp. (Terre
Haute, IN) was successful in obtaining a mutant of F. roseum (chemically
induced) which produces large amounts of zearalenone in submerged fermentation
tanks® as opposed to solid culture, the usual method of production.

Several derivatives of zearalenome have been isolated as minor metabolites
of Fusarium roseum; they are listed in Figure 1. The hydroxylated derivatives
of zearalerone are believed to be the products of metabolism by Fusarium. None
of these derivatives except zearalerol has been fourd to be estrogenic. The
metabolites, 3'-hydroxyzearalenone and S5-formylzearalemone, have not been
tested for biclogical activity. o-Zearalemol is sbout 3 - & times more active
in the rat uterotropic test than the parent ca:mxﬂ.6

R R K R R R R
m‘: B K 0 & E B &
O-ZEARALENOL Al L H O H H H H
s'-amxmmmqs 8 H =0 K, H H H
e T T T T
68 -INDOCIRNEE 0 B 6 B & &
4',5'-mmmmmzm E & K B8 & H H
r-mimmm:f H B = &K K §H =

Fig. 1. Derivatives cof zearalenone produced by Fusarium roseum .

H
BB OR
= 3 Z1640-1 0 o oOg
71640-2 OH OH OH
3R,

Z1640-3 =0 OH OH
Z1640-4 OH OR OH

Lederle culture 21640
{(Unfdentified fungus)

d,1-Ethionine

"% P

Curvylarin Dehydrocurvularin

Fig. 2. Macrolides related to zearalenone produced by an unidentified fungus
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Recently Ellestad et al.? isolated four zearalenone-like macrolides (Fig.

2) fram an unidentified fungus labeled lederle Culture Z1640. All these
derivatives were &4-methyl ethers, and did not exhibit any uterotropic or
anabolic properties characteristic of zearalenone. ! They attributed the lack
of activity to the presence of phendic ethers. Their attempt to cbtain the
corresponding diphenolic compounds by incubating the cultures with
D,l~ethionine resulted in the production of curvularin  and dihydro-
<:l.1'm.rl.11arin.8 The latter metabolites, although related to zearalencne, are ot
estrogenic.
STRUCTURE AND UTEROTROPIC ACTIVITY

After zearalenone was patented as an anabolic agent by Ardreas and Stob,
10 mich attention was given to modify the molecule to enhance the amabolic
activity. The estrogenic activity, as measured by the uterotropic response in
either the rat or mouse, has been discussed by Pathre and Mirocha.ll

9,

TABLE 1.

ESTROGENIC ACTIVITY OF THE 7'-SUBSTITUTED DERIVATIVES OF ZEARAIANE. THE
ACTIVITY IS COMPARED WITH ZEARALENONE AND DIETHYLSTILEESTROL.

?f
Campound R Uterotropic Activity
Relative to
Zearalenone Diethylstilbestrol
Zearalane H 0.22 - 1.0 0.0001 - 0.0005
7'-Formylzearalane a0 50.1 0.025
{diastereomeric Mixture) .
7-Formyl zearalane G 18.0 0.009
(Isomer A, 141 146 C)
7'-Formyl zeaalane CHO 9.0 0.047
(Isomer B, 148 -152 C) ’
7'-Carboxyzearalane COooH 100.0 0.050
{Diasteresmeric Mixture)
7'-Carboxyzearalane COOH 192.0 0.096
(Iscmer A)
7'-Carboxyzearalane O0CH 18.0 0.009
{Isomer B}
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Zegralenone is approximately 0.005 times as active as diethylstilbestrol.
Reduction of the double bond {1', 2') andfor the ketore (6') enhanices its
uterotropic activity. Deoxygemation of the 6' position does not impair the
activity; however, substitution at the 6' position with a substituent other
than an -CH group dimishes the uterotropic response. Introduction of any

function in the aliphatic ring in addition to &'-ketone diminishes its

estrogenic activity.

Jensen et al.l? modified the aliphatic ring of zearalemone to obtain

several 7'-substituted derivatives of zearalane. Some of these derivatives are
more active than zearalenonel> (Table 1). A diastereamer of 7' —carboxy-
zearalane 1s almost one-tenth as active as diethylstilbestrol and 192 times
more active than {ts parent compourd. The formyl derivative is almost as
active as the 7'-carboxy derivative. Although the uterotropic activity of each
diastereamer is not similar, all the diasterecmers of the 7'—substituted
derivatives are significantly more active than zearalenone.

The ring size of the zearalenone molecule appears to be important since the
natural macrolides such as lasicdiplodin and de-O-methyllasiodiplodinl® which
have a smaller ring size are devoid of estrogenic properties.

lasiodiplodin de-0O-methyllasiodiplodin

A marked reduction in the activity of zearalenone was noted when the 4
position was modi fied. 11 In our tests mttnxyzearaiem ard 2,4-di-
methoxyzearalenone failed to show any sipnificant uterotropic response in rats.
Modification of C-2 yields the derivatives with varying degree of activity;
nevertheless, they are less active than zearalenone.ld
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Configurational changes in the zearalemone molecule also affect the
estrogenic activity. Zearalemol, as mentioned earlier, is 3 - 4 times more
active than zearalemone where its diasterecmer, 8-zearalerol is equal to
zearalenone in ao::t:i\arity.6 Peters and Hurd'® demonstrated that the inversion of
the configuration of zearalanone at C-10' results in loss of uterotropic
activity. The ism:eri.zationﬂ of the trans double bond {1, 2) in zearalenone
gives the cis isomer which is about 3 - 4 times more active than
trans-zearalenone in the rat uterotropic assay.18
BINDING CHARACTERISTICS OF ZEARALENONES TO ESTROGEN RECEPTORS

The interaction of zearalemone and its derivatives with specific estrogen
binding sites has been recently described.'® Boyd and Witt11£2 examined the
inhibition of estrogen binding sites in cytosol of lactating mammary gland by
zearalenone and zearalanol. They found that: {i} both compounds inhibited
[3H]—175-estmdiol association with its binding site in a competitive fashion,
and (ii) that zearalanol has a binding affinity five times greater than
zearalencme. The dissociation constants determined in this binding study were
1.2 X 1077 M and 2.2 X 108 M for zearalenone and zearalanol, respectively.
The binding affinity of 17g-estradiol to cytosol receptor was 5.8 X 10—10 M.

Kiang et al.1? studied the potency of some derivatives of zearalemome in
competing with 17 g-estradiol for binding at the receptor sites. These
derivatives were: cis-zearalenone, zearalenol (diastereomeric mixture),
zearalamol, 8'-hydroxyzearalenone (F-5-3) and 6'-aminozearalenone. Their
relative order of binding was foud to be cis-zearalenone > trans-zearalenone

> zearalenol > zearalanol. The other two derivatives, 8'-hydroxyzearalenone
(F-5-3) and 6'-aminozearalene were inactive even vhen the concentration was
increased by 100 fold. These two derivatives were also inactive in rat
uterotropic assay.

Katzenellenbogen et al.?! found that zearalanol (high melting point iscmer)
was more active in conpeting with estradiol for cytosol receptors than the low
melting point diastereomer of zearalanol.

Zearalenone derivatives exhibiting binding to cytosol receptors have been
shown to elicit an immediate translocation to the mucleus with prolonged
mnuclear retenl:ion.zo’ 2

Martin et al.Z noted that zearalenone and zearalenols interact with the
estrogen receptors of human breast cancer cells (MCF-7) in culture and that
these derivatives markedly evhance tumor cell proliferation.

Zearglenone, like tamoxifen, has a ruclear retention greater than 178
-estradiol; however, unlike tamxdfen, zearalenone stimlates the replenish-
ment of the depleted cytosol receptors.l?
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Despite the high affinity that zearalenone and its derivatives show for
receptors, they are relatively weak uterotropic agents. From a dose-response
curve, the uterotropic activity of zearalenone and ¢-zearalanol is approxi-
mately 1000 and 200 fold, respectively, less than that of estradiol.

Hobson et a1.23 examined the hormonal poterky of zearalenone in non-human
primates and used the estrogen-induced gonadotropin depression (LH depression)
as a measure to estimate Che estrogenic potency. Since the estrogen-induced
gonadotropin depression occurs at lower levels of estrogen exposure, the assay
system Hobson et al. developed was able to detect the injected estradiol,
diethylstilbestrol or zearalenome at a lewel near that of the mouse or rat
uterine-weight assays. They found that zearalenone is only slightly less
potent than 17g-estradiol or diethylstilbestrol if given in a subcutaneous

injection, but its potency when administered orally is significantly reduced.
ZEARALENONES IN ENVIROMMENT

Zearalenone is unique among mycotoxins insofar that it alone can be used as
a commercial product.

A derivative of zearalenone enhances the growth rate in cattle and allevi-
ates post menopause discomfort in women. The occurrence of the estrogenic
syndrame in swine axd of zearalemore in- feedstuff has been documented by
Mirocha and dil'nx'l'.stensm:l1 and Mirocha.? Zearalenone has been found in com,
wheat, barley, oats, sorghum, sesame, hay, comercial animal rations and corn
silage. Eppley et al.2% reported a 17% tncidence of zearalenone in 223 samples
of marketable cormn found in the corn belt ranging in conceutration between 0.1
~ 5.0 ppm. The occurrence of zearalenone has been summarized by Stoloff, 2>
Suffice it to say that it has been fouxd in most parts of the world where
maize or other cereals are grown. The feedstuff submitted for analysis is
usually associated with problems of infertility in swine and dairy cattle.

Not all cases of hyperestrogenism reported in farm animals are due to
zearalenone a&s same feedstuff is contaminated with diethylstibestrol or
brat:h.26 A more recent finding, perhaps of more significance, is that
zearalenone has been found occurring together with trichothecene toxins in
feedstuff, wusually maize. Trichothecenes are a group of toxic compouds
produced by fusarium and other fungi imperfecti.Z’ As shown in Table 2, of six
feed samples submitted to our laboratory for analysis because of possible
implications in toxicosls to animals, five samples contained zearalenone
together with deoxynivalenol and one together with T-2 toxin. The potential of
synergism of the toxins often complicates diagnosis of the disease by a

practicing veterinarian because of the different signs incited by the two
toxins.
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TABLE 2.

NATURAL OCCURRENCE OF FUSARIIM TOXINS IN FEEDSTUFF

Sample Mycotaxins Concentration Diagnosis Feedstuff
No. Fourd (ppb)

FS-356  Deaxynivaleroll 1,800 Feed refused Maize kernels
Zearalenone 250 by swine (Michigan}

FS-362 Decxynivalenol 1,000 Feed refused Maize kermels
Zearalenone 175 by swine (Indiana)

FS3984 Deoxynivalenol 100 Feed refused Maize kernels
Zearalenone 1,750 swine (Chio)

FS-463 Decxynivalenol 40-60 Feed refused Cammercial
Zearalenone 3,600 by swine; and pelleted

bloady stools

FS-417  T-2 Toxin 76 Blocdy stools; Mixed feed
Zearalenone 100 bovine (Nebraska}

FS-483  Deaxynivalenol 1,000 Emesis in dogs M:xed i)feed

Towa

1 Also known as vamitoxin,

Table 3 lists additional samples of feeds in which zearalenone has been
fourd. Notable of these is the presemce of zearalenone in sesame seed used as
a supplement for turkey feed.

TABLE 3.

NATURAL OCCURRENCE OF ZEARALENONE IN FEEDSTUFF ASSOCIATED WITH
HYPERESTROGENISM IN SWINE

Sample Concentration Feedstuff

Fs-4351 100-150 Maize kernels (Mirmesota)
FS-449D, 150 Dry sow raticon (Vancouver)
FS-453A' 66 Farrowing ration (Vancouver}
FS5-453B 150 Dry sow ration (Vancouver)
E‘S—MI!Bz 200 Corn kernels (Vancouver)
FS-4434 250 Dry sow ration (Vancouver)
FS-A47A 1,000 Lactation ration {(Vancouver)
FS-447B 500 Gestation ration {Vanocouver)
FS-475, 2,000-5,600 Milo (Mirmesota}

FS-477 1,500 Sesame meal (Univ, of Mirm.)
FS—468A2 120 Comn kernels (Ohio)

FS-468B 120 Mixed feed corn (Ohio)
FS-469 6,400 Corn kernels (Minnesota)
FS-470 6,800 Comrercial pelletted

Mixed feed (Mimmesota)

% Rectal prolapse in gilts.

Diethylstilbestrol was also present in these samples.
Associated with hyperestrogenism in turkey poults.,

w
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Schroeder and Hein?® reported the isolation of zearalemone from freshly
harvested grain sorghum in Texas. They suggested that zearalenome contamina.
tion of sorghum in the field may be important when Fusarium head blight is
severe in maturing grain sorghum during warnm, highly humid weather. No mention
of the concentration of zearalenone foud was made. In sddition, Stipanovie
arﬂ Schroeder?? reported zearalamol production by isolates of F. roseum
obtained from milo. Refer to Figure 1 for a list of the defivatives of
zearalenone produced by Fusarium in laboratory culture.

Sharaf and Negam30 veported that corn oil used in their experiments
exhibited estrogenic activity in rats and mice. This oil is used in animal and
human diets in Egypt ard they expressed concern. Although no tests were made
for zearalenone or its presence implied, it is likely that the corn oil in
question contained zesralenone and possibly some other Fusarium toxins.

Gross and Robb! attempted to determine vhether zearalemone would he Formed
in field grown barley inoculated by an isolate of Fusarium culmorum, a known
producer of zearalenone. The grain was analyzed for zearalenone at time of
harvest but none was found; however, after storage for a 20 week period,
zearalenone was detected. An unsprayed control plot was also handled in a
similar mamner; no zearalenone was found at time of harvest but did dewelop in
storage. It is not surprising that zearalenone developed in both the
experimental and control barley as it was stored at a moisture content varying
between 34 ard 42%. It appears that, at least in this study, the greatest
potential for zearalemone production ocaurs in storage at moisture concentra-
tions near optimum for development of Fusarium.

Caldwell and Tuite?! conducted experiments to determine if dent comm
inoculated with Fusarium roseum in the field would produce significant amounts
of zearalenone. Small amowunts of zearalemone were produced but never exceeding
5 ppu. They concluded that the biosynthesis of zearalenone is more important
in storage than in field development. Zearalenone, however, can be foud in
freshly harvested comn. 3

Sutton et al. ¥ presented evidence for the tmml@dm of zearalenone
from inoculated stems into the esr of the comn but not vice versa, The highest
concentration found in the ear was about (.18 ppm whereas the inoculated stem
averaged about 1.32 ppm. Inoculated ears contained an average of 12.4 ppm.
Although, zearalenone was fourd in the ears of corn inoculated with Fusarium,
it is not clear whether the metabolite was actually translocated or formed in
situ by Fusarium spp. unaccounted for. Zearalenone is water insoluble and i;

translocation is difficult to explain unless a water soluble conjugate (e.g.,
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a glucuronic acid adduct) was formed. The significance of this finding at this
time 1s not clear. .
The importance of a-zearalemol in nature was evidenced when Hagler et al.
demonstrated that s-zearalenol, which is three to four times more active than
zearalerone, is the only diasterecmer of zearalenol prodtx:ecl by Fusarium. The
natural occcurrence of a-zearalenol was recently reported3 ard is presented in
Table 4. A sample of oats, received from Finland, suspected of being
contaminated with mycotoxins and another sample of corn ‘associated with
procine hyperestrogenism and refusal of feed by swine in New York contained
a—zearalerol together with zearalenone. Decxynivalenol was also present in all

these samples in significant amounts ranging from 0.15 to 4.0 ppm.

TABLE 4.
ooammwammmwmmmm

Sample Zearalenome  o-Zearalenol Decuéygivaleml

Qats 25.0 1.5 .
Qats 135.0 4.0 5.0
0.15 1.0

Corn - 18.0

In 1978, stalk rot resulting fram infection by Fusarium spp. was common in
field corn in Mimesota. Because of wet weather early in the growing seasoa,
the roots of many corn plants did not penetrate deeply into the soil, and with
the advent ofdryweatherinlatem;gustazﬂseptelber,mm'lyofthesermts
dried, providing an avenue of entrance for fingi into the basal portion of the
stem. Subsequently, the interior tissues of the lower internodes were decayed.
The decayed tissues of some of the stems were pink or reddish, characteristic
of com invaded by some species of Fusarium. Stems of such corn were found to
be assoclated with significant amounts of Fusarium texins narrely zearalenone
(2.8 ppm), T-2 toxin {(0.11 ppm) arﬂdemcynlvaleml (1 -5 ppm). 36 corn stalks
are often eaten by grazing cattle or fed to them as silage. The implication of
corn stalks posing a hazard when fed to farm animsls is apparent.

ZEARALENONE AND REPRODUCTIVE DISCEDERS IN FARM ANIMALS
The effect of zearalenone manimlslusbeenanplyreviewedbymrod-:a
and Mirocha and Christensen.l. Suine are the most semsitive of the large
domestic animals and most commonly affected with hyperestrogenism on the farm
although bovine hyperestrogenism due to zearalenone is also suspected. Other
farm animals affected are dalry cattle, chickens and turkeys. Animals
experimentally affected are rats, mice, guinea pigs, mockeys and lambs.
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In swine, this estrogenic mycotaxin seems to cause more marked clinical
signs in prepubertzl animals than in mature swine. The praminent clinical
signs consist of hyperemia and edematous swelling of the wulva along with a
slightly Gurbid mucus discharge. Same gilts have vaginal prolapse and some
also have rectal prolapse in severe zearalenone taxicoses.

Swine given feed amended with Fusarium infected cultures during gestation
produced weaker piglets; stillbirth, weak piglets, mumifaction and spaylegs
resulted in the offspring. g is mot clear what part zearalenone played
because of the use of unpurified zearaslenone.

Palyusik et a1, demmstrated that zearalenone—containing feedstuff
decreased or completely inhibited the fertility of ganders and turkeycocks,
deperding on the concentration of toxdn. The quantity of sperm and viability
of spermatozoa were reduced. The epithelial cells of the testicles were seen
in the convoluted tubules.

Vanyl and Szailer39 reported that animal species whose spermatopenesis is
irhibited by zearglenone in vivo are sensitive in the monolayer testicular
cell cultures; testicular cells from resistant animals (chicken) were not
affected. Swine testicle cultures were most sensitive followed by twrkey and
calf.

Zearalenone according to Vanyi et al.m causes sterility in sows by
inciting a malfunction of the ovary. The ococyte dies in the Graafian follicles
and despite signs of estrus, there is no owulation. Zearalenone appears to
initially cause maturation in gilts by stimulating primary and secordary
follicles in the owvary and proliferation of uterine glands. Degeverative
lesions develop, after one week of treatment (100 ppm in foodstuff) in the
ovary and midpart of the uteral horm. After stopping toxin treatment, the
clinically observed wulvar edema disappears, but the regressive lesions
remain. Apparently degeneration of the uterine glands in the mucosa of the
uterus contribute to the infertility by not supporting the settlement and
nourishment of a ferilized owm,

Chang et a1.%? studied the effect of pure zearalenone on the fertility of
experienced sows with the cobjective of determining effects on conceptiom,
possible abortion or fetal resorption, litter size and condition of piglets at
parturition. ‘The animals were fed a ration amended with pure zearalenone at
concentrations of 25, 50 and 100 parts per million. They were fed the ration
from the time of breeding until parturition or end of the gestation period.
The animals were bred 4 days after weaning their previous brood, a time most
conducive for conception. Reproductive disorders cbserved in this experiment
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included infertility, small litters, small pigs, a deformed pig, juvenile
hyperestrogenism, ard possibly fetal absorptions. These reproductive problems
are similar to those associated with fusariotadcosis. At 100 ppm of
zearalenone, complete infertility was observed; clinical signs of infertility
in all the treated infertile sows were nymphomania or pseudopregnancy. Besides
the small size of pigs and one deformed pig, all the female suckling pigs in
litters from sows treated with 25 or 50 ppm zearalenone developed
hyperestrogenic signs within 7 days after birth.
EFFECT OF ZEARALENONE ON MICROORGANISMS

Tnvestigations with Cochliobolus carborum indicated that zearalemcnme at
concentrations ranging from 50 to 200 yg inhibited the perithecia pro-
duction® there was an increase in rumber of perithecia of certain isolates of
this species. In F. roseum perithecial formation was enchanced as much as 100%
after treatment with 0.1 to 10 g of zearalenone.*’ Atounts in excess of 10 ug
inhibited perithecia formation. It has been now demonstrated that zearalenone
acts as a hormone in Fusarium roseum where it regulates the production of the
sexual stage; i.e., the formation of perithecia. In the fingus system,
zearalenone acts in concert with cyclic 3'-5'-edenosine monophosphate to
regulate perithecia productim.M
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DISCUSSION

ULFELDER: Does estradiol produce the same clinical picture in swine as
does zearalenone?

FATHRE: Yes,

REEL: Since various estrogenic materials are found at random to contaminate
laboratory rodent feeds, it would appear that the newly instituted

"certified chows" should be assayed by the vendor and guaranteed not to
contain estrogenic contaminants at some stated level. Ef this is not provided,
then the chow should not be a “certified chow.”™ This requirement ghould be
written into the FpA and EPA nonclinical guidelines for good laboratory
practices.

PATHRE: I could not agree with you more on this point. Regardless of
the FDA or EPA guidelines, it is a sound practice for laboratories to
independently establish that the “certified chow" they are using is free
of estrogenic contamination.

Xenobiotics as Estrogens
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FUNCTIONAL MICROHETEROGENEITY AMONG ESTROGEN RECEPTORS: POSSIBLE RELEVANCE TO
RECEPTOR ACTION. ’

GERALD C. MUELLER
McArdle Laboratory for Cancer Research, The University of Wisconsin HMedical
School, Hadlson, WI 53706 USA

INTRODUCTION

More than 25 years have passed since It was flrst demonstrated that a pro-
tein exists In the cytoplasm of target cells (l.e., a receptor) that binds
estradiol with high afflnlty'. Despite many direct correlations of the
presence of this entity with the bilological responsiveness of tissues to
estrogens in vivo and numerous attempts to recapltulate aspects of these
responses with receptor preparations In subcetlular systems, the role of the
receptors has remalned an enigma. Most of the studles, however, have emanated
from the view that estrogen receptors may act as all or none titrants In
switching on or off the genetic expression mechanisms at specific gene sites,
From the limited success of these studies it appears that this static view of
receptor action may not apply so simply.

For this reason our laboratory has initlated studles In which the estrogen
receptor Is visualized as a working machine--transducing the conformational
changes of the receptor, arising from a'cycllc interactlion with an entering es-
trogen, to a target molecule which is presumably another proteln in most cases.
To test the validity of this concept, we have looked first for evidence that
receptors undergo some sequence of conformational changes durlng the binding of
estradlol and second for evidence that endogenous and exogenous factors can
modify this chaln of events. Uslng simple alky} phenols as analogs, we have
found that the binding of estradiocl is very )lkely an ordered process at the
level of the receptor molecule and that the entry and exit of estradlio] from
the receptor can be Influenced differentially by related alkyl phenol analogs,
certain local anesthetic agents, low affinity steroids, and unidentified endo-
genous factors. The concentration-dependent effects which have been observed
with certain of these agents have demonstrated a functional microheterogeneity
of the receptors as they exist In fresh uterine cytosols. The possibility that
this heterogeneity Is related to thelr function Is discussed. Flnally, a hy-
pothesis of receptor action Is proposed in which the receptor functlons as a
mechanlcal transducer of conformational change to & range of target molecules.
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INFLUENCE OF ALKYL PHENOLS ON THE BINDING AND RELEASE OF ESTRADIOL BY ESTROGEN
RECEPTOR.

Estrogen receptors are noted for thelr high affinity (dissociation constant
KD = 3 x I0-9H at o—h‘c)z; at low temperatures, the displacement of bound es-
tradlol by the free sterold Ts nearly negligible. Elevation of the temperature
to 30-37°C facllitates the exchange process and has provided the basis for as-
say of occupied receptorss. One interpretation of this situation Is that an
entering estradiol molecule triggers a chain of conformational changes in the
receptor molecule that end'up capturing the stercid in some cage-llke crevice
or structure which effectively isolates It from the surrounding aqueous medium
containing the high concentration of free estradiol. In such a case the {nter-
action between the Initlal estradiol and the receptor need not be the same as
that involved in the high affinity binding; it also follows that the exit of
estradiol from the receptor may be by a different route than its entry.

While actual proof of this postulation will have to awalt & structural
analysls of the isolated receptor molecule, support for the concept has been
obtained by studying the ability of simple alkyl phenols to compete with or
influence the binding of estradiol by receptors of the uterine cytosol“. From
the 1ist of compounds presented in Table | It 15 clear that alkyl phencls, con-
taining a nonpolar mass that approximates the size of the B-ring of estradiol,
are effective In preventing the binding of estradiol. The time course of such
a competltion reactlon is shown in Figure 1 for tetrahydronaphthol-2 (THN},
which was selected as a standard since it Is equivalent to the A + B rings of
estradiol. It [s of interest that with each increase In the concentration of
THN & greater fraction of the receptors was prevented from rapidly binding
estradiol. This Is particulalry striking as it was found that THN was rela-
tively Ineffective in displacing estradiol from the receptors once it was
boundh.

p-secondary Amy! phenal (pSAP}, a structural analog of the A + B rings of
estradlol, presented quite a different plcture. Mot only did this compound
Inhiblit the forward binding of estradiol by receptors of the uterine cytosol,
It proved to be highly effective at 0°C in releasing or displacing estradlel
which was already bound to the receptors (Fig. 2). The displacement appears
to proceed with complex kinetlcs in which there 1s a fraction of receptors
which fapldly release bound estradiol--followed by & much slower release of
estradial from the remaining receptors. The fractlon of the receptor that was

TABLE |

INHIBITION OF [SH]ESTRADIOL BINDING BY ESTROGEN OF RAT UTERINE CYTOSOLS
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% THN Actlvity

fhenols with a fixed B ring
5.6,7,8-Tetrahydronaphthol-2 (THN)
naphthaot=2
naphthol-1
6-Bromo-2-naphthol
3-0OH-naphthoic acld-2
3-N02-Tetrahydronaphthol-2

Assorted Phenols
Phenol
p-Ethoxyphenc]
2,4,6~Tribromophenol
3.4-Dimethyl-6-ethyiphenol
a-Phenylcresol
k%' -Dihydroxybiphenyl

Phenols with flexible 4-carbon side chalns
4-sec-Butyl phenol
2-sec-Butyl phenol
p-OH-¢innamic acid

Phenols with flexible S-carbon side chain
p-sec Amyl phenol (pSAP)
p-Isoamyl phenol
p-tert-Amy| phenol
o-sec-Amyl phenol
p~{a-0H-iscamyl) phenol

100
105
90
90

(===}

65
100

105
100
65
50
0

Cytosols were Incubated for 1,5-3.0 h at 0°C with 1 x 103 ug/ml [3H]estradlol

in the presence of 50 yg/mi of the Indicated alkyl phenol. The level of re-
amples of the cytosol

ceptor-bound [“H]estradlol was measured assaying 0.1 m! s.

using the hydroxyapatite assay. The data are compiled from a series of exper-
Iments In which each test compound Is compared to the activity of 50 pg/m! of

THN 1n that experiment. The data are expressed as percentage of
obtained for an equal welght of THN. Source: Mueller, G.C, and Kim, U.H.

{1978) Endocrinol. 102, p. 1431,
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caused to rapldly release estradiol increased 1inearily with the concentration
of pSAP (Fig. 3), whereas the rate of the slow release was not affected greatly
by varying the level of pSAP in the absence of a diluting source of unlabeled
estradiol.

These results show clearly that pSAP In contrast to THN Is an effective
agent for rapidly displacing receptor-bound estradiol at 0°C and that the frac-
tlon of the receptors affected Is directly proportional to the concentration of
the pSAP which is used. The observation that this fraction is not representa-
tive of an equilibrium process Is taken as evidence that not all the receptors
of the cytosol are functionally equivalent. It appears that a microhetero-
 genelty exists among them with respect to thelr susceptability to pSAP.

COUNTS/MiNx 10-3

Fig. 1. Effect of THK on the binding of [3H]estradlol. A cytosol from mature
rabbit uteri,was pretreated with ;-50 pug of THN/m} for | hr at 0°C and then
exposed to,[-H)estradiol (1 x 10°3 ug/ml) at 0°C. At the Indicated times, the
level of [“H]estradlol binding was determlined by adsorptien on hydroxyapatite
colums., Data are expressed as counts per minute per 0.1 ml of cytosol.
Source: Mueller, G.C. and Kim, U.H. (1978} Endocrinol. 102, p. 1430.
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Fig. 2. Dlsplacement of [3H]estradlol from estrogen receptors by pSAP in the
presence and absence of unlabeled estradiol. A cytosol from mature rabbit
uteri wes prelabeled with [3H]estradliol {1 x 1073 pg/ml) for 1.5 hr at 0°C.
At this time, lsvels of pSAP (10, 25, 35, or 50 pg/ml), alone, (so0tid 1lines)
or in the presence of 1 pg/ml unlabeled astradiol (dashed lines) as Indicated
ware added to the Incubatlon mixture. Control incubations were run In the
absence of pSAP, with (0-—0! or without (@—®) added unlabeled estradiol.
The level of receptor-bound [3H]estradiol was assayed over the next 3 hr at
0°C using the hydroxyapatite assay. Oata are expressed as counts per min per
0.1 ml allquot of cytosol. Source: Mueller, G.C. and Kim, U.H. {1978)
Endocrinol, 102, p. 1432.
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Fig. 3. Effect of pSAP concentration on the rapld release of receptor-bound
[*H]estradlol. The fraction of receptors which are caused to release 3u]-
estradio) in response to Increasing concentrations of pSAP versus that fraction
which Is resistant has been determined by subtracting the amount due to the
slow release in Flg, 2 (i.e., the pSAP independent rate determined in the
Interval from 3 to 4.5 gr) from the total released. The data are plotted as %
of the receptor-bound [3H]estradio) which Is resistant to a glven concentratlon
of pSAP.

The finding that increasing concentrations of THN can act competively in
the forward binding process to prevent increasing fractlons of the receptor
from binding estradiol, Is taken as further evidence of this functional micro-
heterogeneity. However, the fact that THN 1s relatively ineffective in dis-
placing receptor-bound estradiol at 0°C argues that THK and pSAP affect the
receptors In different ways. It is Important to note that the effects of both
THN and pSAP are mediated through Yow affinlty Interactions with the recaptors,
since gel flitratlon, sedimentation through a sucrose gradlent, or treatment of
the receptor praparation with dextran-charcoal is sufficlent to completely free
the receptors of elther agent.
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INFLUENCE OF OTHER ESTROGEN ANALOGS ON THE BINDING OF ESTRADIOL.

In the course of these experiments, a series of D-ring derivatives of estra-
diol were synthesized in the attempt to Introduce 2 llgand which might be used
to retrieve native receptors from cytoscls by adsorption con an affinity column.
When tested for their ability to bind to the receptors, it was found that
estradio]l derlivatives with a chain of 3 or more carbons at the 17a position
failed to bind to the receptor with high affinity. An example of such a com-
pound is 17a-(2',3'-dihydroxypropyl)-17p-estradiol. While this compound only
shows a low affinity interaction with estrogen receptors {at graded high con-
centrations; 100 to 1000X the level of estradiol), It acts like THN In blocking
fracticns of the receptors from binding radloactive estradiol at 0°C. Like
THN, this agent Is unable to displace receptor-bound estradlo] even when the
temperature {s elevated to 30°C. 1In fact, elevating the temperature overcomes
the inhiblting sctlon of 17a-(2',3'-dlhydroxypropyl)-17B-estradiol and results
in a2 binding of the [3H]estradlol. Similar to the situation with THN the
fractlon of receptors which is affected by thls steroid Increases with the con-
centration of the agent.

In this same serles of studles, it was found that the so-called antl-estro-
gens, tamoxifen and nafoxidine, affect the estradlol receptors of rabblt uter]
in a similar manner. HNelther compound binds with high affinity, however, they
prevent the binding of estradicl at 0°C in & manner which s overcome by
elevating the temperature to 30°C. Again the fraction of receptors which is
affected 1s linearly proportional to the concentration of the agent.

EFFECT OF TETRACAINE ON THE BINDING OF ESTRADIOL BY RECEPTORS

Additlonal evidence for the functional microheterogeneity of estrogen re-
ceptors comes from studies of the effects of local anesthetic agents on estro-
gen receptors. As shown In Flg. 4, the addition of increasing concentrations
of tetracaine (TET) causes increasing fractlons of receptor bound {3H]estradlo!
to be rapidly exchanged or displaced by a dlluting source of unlabeled estra-
dlol at 10°C. The fractlon of rapldly exchanging receptors is )inearly propor-
tional to the concentratlon of tetracalne In a manner which Is simllar to that
clted above for pSAP. The fractlon of receptors sxhlbiting rapid exchange with
a glven concentration of tetracalne Is also llnearly proportional to the temp-
erature within the range of 0-20°C. In effect, Increasing concentrations of
tetracaine lowers the temperature at which a finlte fractlon of receptors will
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Fgg. k. Effect of tetracaine concentration on the exchange of receptor bound
[2Hlestradiol. Rabbit uterine cytosol was pretreated for 1.5 hr at 0°C with
{Bﬂlastrldlol. After this Interval the Indicated levels of tetracalne were
added 2 a dituting pool of unlabeled estradiol and the temperature of the
system was elevated to 10°C. At the lndlcatnd3tlms allquots were assayed by
the hydroxyapatite method for receptor-bound [’H]estradlol. The data are

expressed as cpm x 107¢ of receptor bound [3H]estradlol. Mueller, G.C. and

Kim, U.H., unpublished observations.

exchange their bound estradiol. As will be shown elsewhere, tetracaine func-
tions by relaxing the specificlty of estrogen receptors for estradiol analogs
as well as thelr afflaity for estradiol. Presumably, It does this by reacting
as a large hydrophobic snlon at the surface of the receptor--possibly at

sites which bind calcium, such as regions containing phosphatidyl serine. It
does not mimlc estradlol in anyway or compete directly at the estradioi binding
site. The observation that the receptors respond fractionally to increasing
concentrations of tetracalne suggests that the receptors differ from each other
at a humber of such sites. Thls situatlon may be responsible as well for the
differences In the behavior of the receptors In the experiments with pSAP, THN,
and estrogen analogs.
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ESTROGEN RECEPTORS AS MACROMOLECULAR TRANSDUCERS ~ A DYNAMIC CONCEPT OF RECEP-
TOR ACTION.

These new observations on the properties of estrogen receptors have been
integrated Into a concept {Fig. 5) in which estrogen receptors are visualized
as functioning cyclically as macromolecular transducers. It s proposed that
the estrogen or analog interacts Initially with the estrogen receptor at site
A--a site that Is distinct from the reglon of the receptor that finally binds
estradio] with high affinity (site B). The Interaction with site A s visual-
{zed as setting Into motion a wave of conformational changes which spread
through the structure of the raceﬁtor and uitimately causes the receptor to
close on the steroid to capture It at site 8. The observation that 17a analogs
of estradicl, as well as analogs with extra mass or charge at position 16 fail
to bind with high affinity, suggests that the binding may concern primarily the
C-D region of the estradiol. At the very minimum, Tt suggests that the steric
constraints are Severe with respect to the receptor's ability to encompass the
D~ring end of the steroid molecule.

To explain the ablitity of pSAP to displace estradiol at 0°C it s sug-
gested that site A is unoccupled and exposed even though an estradiol molecule
may already be sequestered at site B. pSAP, 1ike any other entering estrogen
analog, is visuallzed as directing a wave of conformational changes in the
receptor which momentarily opens site B and releases the bound estradiol mol~
ecule. It Is proposed that pSAP can do thls at 0°C In contrast to THN or
estradiol because the flexlble secondary amyl side chaln {l.e., bulk equivalent
to the B-ring} directs the flexing of the receptor iIn quite a different manner
than does the fixed B-ring structure of THN or estradiol. 1In thls view it is
proposed that the character of the structural change resulting from an
attacklng steroid Is significantly directed by the structure of the entering
molecule. It follows that the apparent difficulty In exchanging receptor-
bound estradiol may arise in part from secondary estradiel molecules directing
the conformational changes In a manner that reenforces the binding of the
estradiol molecule that already occuples the high afflnity site B, The ob-
served Interference of I?u-(z'.3‘-dlhydroxypropyl)-l?ﬁ-estradf;!, nafaxidine,
and taroxifen in the competitive binding of estradlol may be explalined In a
stmilar manner {f one assumes that the Induced changes In the structure of the
receptor are unfavorable to the capture of estradloj at site B, In this con-
nection, it Is Important to keep In mind that the varfous peptide chaln vibra-
tlons underlying the conformatfonat changes would all disptay indlvidual time



Fig. 5. A concept of estrogen receptor sction. Estrogen receptors are depic-
ted as flexible proteins which Interact conformationally to form complexes with
a range of proteins and/or nucleic acld-protein associations which exhlbit some
common recognition group or peptide character. It Is proposed that the enter-
ing estrogen or analog sttacks at site A to set in motion a wave of conforma-
tional changes amld the peptlide chalns of the receptor whose character is
determined by the structure of the entering molecule. With estradiol and
closely related estrogens, this wave of changes ends up with the capture of
estradiol at site B {l.e., high affinlty binding}. With certaln atky! phenols
and the estrogen antagonists, the Induced conformational changes are contrary
to those required for high afflnity blading of estradlol. In all cases, how-
ever, it Is proposed that ths conformational changes of the receptor are
transduced to the associated macromolecules of the receptor complexes. When
the Induced change in the target molecule makes the latter more fit for par-
ticipating In a genstic expression process or s maltienzyme catalytic process,
a hormone response Is achieved. The functlonal microheterogeneity of estrogen
receptors which has been observed in binding studies s attributed to adsorbed
smail molecules which may play a role in the adaptive recognition and Inter-
actlion of the receptors with thelr target molecules. Receptor action Is
visuallzed as operating cyclically.
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constants--yet the high affinity binding would most likely be the result of a
timely combination of Interactions between the receptor chalns and the sterocid
molecules. Accordingly, a single, wrongly-directed movement of the peptide
chains making up the receptor, might strikingly reduce the probabllity of
having a combinatorial arrangement of chalns that is favorable to high affinity
binding of estradiol.

While the postulated sterald-induced changes in receptor structure can be
easily seen as playing a part in the high affinity binding of estradiol, it
is proposed that they may play an even more Important role through the confor-
mat{onal changes they Infllct on assoclated macromolecules. In this con~
nection, 1t should be noted that estrdgen receptors hardly ever exist In a free
state. In a low lonlc environment they centrifuge as a broad set of receptor
complexes with other protelns and are loosely referred to as the 8-95 recep-
tors. The latter are dissoclated to the 4s receptor state by 0.4 M KCI1 treat-
ment, but reassoclate again to glve a new sedimentation pattern which reflects
both the type and amount of other proteins that are present in the receptor
preparations during this processs'ﬁ. Recent studies from our laboratory have
also shown that the original 8-9s receptors of rabbit uterine cytosols are
divisable into distinct subsets of receptor complexes according to the level of
KC1 that is required to dissoclate them to the 4s state. 1In additlon, it has
been found that the dissociation of certaln fractions of these receptor com-
piexes can be Influenced by the low affinity estradiol analogs and the estrogen
antagonist, tsmoxifen. Finatly, we have found that both estradiol and dexa-
methasone Influences the uptake of specific proteins from the cytosol Into
nucleochromatln7.

These observations Tead to the hypothesis that estrogen receptors, and very
likely other sterold receptors, function by transducing steroid-induced confor-
mational changes of the receptors to adjacent macromolecular targets. The
altered target molecules, which are probably proteins In most Instances, then
fit with greater or lesser efficiency Into the structural assemblies affecting
the genetic expresslon processes or into the multienzyme complexes that are
involved In certaln catalytic mechanisms. In this way receptors are proposed
to mediate selectively both positive and negative changes In gene expression or
existing metabolic systems.

Inherent in this concept Is the operation of a recognition mechanism between
the receptor and Its target molecules. In view of the heterogeneity of the
receptor complexes in fresh cytosols and the range of blologlcal responses that
are medlated by a single hormone In target cells, it appears most probable that



292

the recognition is medlated by the complementarity of the receptor to some
small peptide sequence, carbohydrate chaln, 1lpid association, or other pros-
thetic group which is carrled commonly by a specifle range of proteins. This
situation would be equivalent to a class-llike recognition of certain targets
and could account for the domain-1ike nature of the genetic responses which has
been observed for at least one sterolda. The functional, microheterogeneity of
estrogen receptors which has beon observed in our present experiments would be
best explain by lipids, peptides, carbohydrates, or other small molecules which
are picked up or become associated with the surface of a common receptor
protein during the course of the receptor-target molecule Interactlions, These
components, whose association appears to be subject to considerable revision
during fractionation and treatment of estrogen receptors with salts or elevated
temperatures, may also play a role during the recognition process by contrib-
uting to the stability of the receptor-target Intermedlates or the release of
receptors from such complexes as they function cycllcally.
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OXIDATIVE METABOLISM OF STILBENE ESTROGENS
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INTRODUCTION

More than 40 years ago, the synthesis of diethylstilbestrol (DES, Figure 1)
and the discovery of its estrogenicity started a new area in therapy with hor-
mones.1 For the first time in medicine, a synthetic compound mimicing the ef-
fect of a hormeone was available. Aside from being inexpensive, the synthetic
estrogen even had certain therapeutic advantages over the natural estrogens,
viz. a longer lasting effect and efficacy after oral administration. Dienestrol
and hexestrol (DIES and HES, Figure 1), other synthetic estrogens discovered at
the same time, alse shared these properties. Although DIES and HES do not real-

ly contain a stilbene moiety, they are generally considered together with DES
as "stilbene estrogens®.

HOOH HO @ H "

EE-DIES HES

Fig. 1. Chemical structures of several stilbene estrogens.
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Interest in the metabolism of stilbene estrogens arose soon after their syn-
thesis, but faded away quickly after the identification of the glucuronides as
the major metabolites. For several reasons, the belief became widely accepted
that glucuronidation was the only metabolic transformation undergone by the
stilbene estrogens.

Several years ago, however, interest in the metabolic fate of these com-
pounds was revived by the association of in uterc exposure to synthetic estro-
gens with genital tract abnormalities, including tumors, in young women (for
review, see 2). Since the early sixties, enormous progress has been made in
the field of chemical carcinogenesis and teratogenesis. It is now generally
accepted that electrophilic reactivity is one prerequisite for an organic com-
pound to be carcinogenic; most compounds gain this reactivity through biotrans-
formation in the affected organism, a process called metabolic activation. This
raised the possibility that metabolism was important for the carcinogenic ef-
fects of DBS.% Subsequent ip wivo and in vitro studies have led to the identi-
fication of numerous oxidative metabolites of DES, and evidence is beginning

to emerge that metabolic activation may, indeed, play a role in the carcino-
genicity and fetotoxicity of this synthetic estrogen. These aspects are brief-
ly reviewed in the present paper, together with new data on the metabolism of

other stilbene estrogens.

METABOLISM OF DIETHYLSTILBESTROL

Structure of metabolites and intermediates
Oxidative metabolites of DES have been identified in the excretory products,

mainly urine and bile, of humans, chimpanzees, Rhesus monkeys, mice, rats, and
hamsters, as well as ip in vitro experiments with microsomes and peroxidase
(for review, see 4) . The structures of eleven metabolites have been elucidated
so far, and these compounds are arranged in a metabolic scheme in Figure 2,
together with their probable intermediates. The structures of 3'-hydroxy-DES,
Z,Z-DIES, indenestrol A, 1-hydroxy-Z,Z-DIES, and 4'-hydroxypropiophenone (HFF)
were confirmed through cowparison with authentic reference compounds.

Figure 2 shows that at least four oxidative pathways are operative in DES
metabolism: 7
- aromatic hydroxylation leading to the catechol, 3'-hydroxy-DES, and possibly
proceeding through an arene oxide intermediate. The catechol is then methyl-
ated, probably at the 3'-oxygen, toc yield 3'-methoxy-DES. At least in the rat,
this reaction may occur at both aromatic rings, thus giving rise to 3',3''-

dimethoxy-DES.

H CHy

HO ®‘\ @ o
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HO

CHO o

HO CHO
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Fig. 2. Metabolic pathways of diethylstilbestrol., For nomenclature see 5.
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- oxidation of the stilbenediol structure, finally yielding Z,2-DIES. This re-
action has been shown to be mediated by pemxidases.6 and probably proceeds
through a semiquinone and quinone. The resulting Z,Z-DIES may undergo further
reactions, e.g. wmethoxylation, cyclization to indenestrol A, or hydroxylation
to 1-hydroxy-Z,Z-DIES.

~ aliphatic oxidation of DES leading to 1-hydroxy-DES. Whether this metabolite
is the precursor of 1-hydroxy-#-DES is still unknown.

- cleavage of the DES molecule resulting in the formation of HPP. There is some

; : 7
evidence that this reaction preoceeds through an olefinic epoxide.

Species differences in DES metaholism

The pattern of oxidative DES metabolites excreted as urinary glucuronides
by different species (Figure 3) reflects considerable species differences,

conjugation pattern of metabolites in the fraclion
Species | urinary metabolites of urinary glucuronides
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Fig. 3. Species differences in conjugative and oxidative metabolism of DES.
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particularly between certain rodent species and primates. For example, the rat

does not excrete significant amounts of DES as urinary glucurcmide,8 whereas

the parent compound constitutes the major glucuronide in the urine of Rhesusg

monkey,g chimpanzee,g and a.n.a Some of the minor urinary DES metabolites, such

as indenestrol A apd l-hydroxy-3'-methoxy-y-DES, are not included in Figure 3.

Others, such as 3'-hydroxy-DES and its methylated derivatives are predominantly

found in the bi.le.B Differences in conjugation reactions are much less pronoun-

ced, since glucurcnidation predominates in all species {Figure 3).

Metabolism in fetal angd newborn animals

Oxidative metabolites of DES have also been detected in the whole body ex-
tract of several rodent species Quring perinatal life, a susceptible period
for DES carcinogenicity and teratogenicity. Thus, by using GLC-mass fragmento-
graphy, Z,2Z-DIES, i-hydroxy-2%,2-DIES, and 1-hydroxy-y-DES were identified in
the glucuronide fraction from 1, 4, and 8 day old mice injected i.p. with 1‘I'C-
DES.? More recently, eight oxidative metabolites have been identified in the
whole body extracts from 15 day old hamster fetuses and placentas after adminis-
tration of 14C--DES to the mother or after intrafetal :i.njection.10 Z,Z-DIES,
indenestrol A, 1-hydroxy-DES, 1-hydroxy-y-DES, 1-hydroxy-2,2-DIES, 3'-methoxy-
DES, 3'-methoxy-DIES, and HPP were identified in the extracts through GLC-mass
fragmentography after HPLC separation. It is likely that most of these metabo-
lites were formed in the fetus rather than in the maternal organism, since the
fetal concentration of metaholites was greater when DES was injected directly
into the fetus than when the same dose was given to the mother. One to six per-

cent of the tissue radioactivity could not be extracted from the fetus or pla-
centa.

DES metabolites in human Pplasma

GILC-mass fragmentography was also used for the identification of DES meta-
bolites in the plasma of two postumenopausal women treated with DES for remis-
sions of breast cancer {Metzler, unpublished data). In the glucuronide fraction
of plasma obtained 3 hours after an oral dose of DES (0.5 mg/kg), 3'-methoxy-
DES, Z,Z-DIES, 1-hydroxy-Z,Z-DIES, and traces of indenestrol A were found.

GENOTOXICITY OF DES AND ITS METABOLITES

The studies reported have amply demonstrated that DES is metabolized by
oxidative pathways in mammalian species including those which are susceptible
to the carcinogenic and fetotoxic effect of DES. Several of the oxidative
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routes are likely to involve reactive intermediates, such as the aromatic and
olefinic epoxide of DES or the DES semiquincne and quinone (Figure 2). Indeed,
it has been frequently obsexved in metabolic studies with radio-labelled DES

that some non-extractable binding to tissue macromolecules occurs. Scme of the

reported findings are listed in Table 1.

TABLE 1

NONEXTRACTABLE BINDING OF DIETHYLSTILBESTROL METABOLITES TO TISSUE MACROMOLE-
CULES IN VIVO AND IN VITRO.

Metabolic condition Tissue macromelecules Reference
In vivo Rat hepatic tissue 11
' Rat plasma proteins 12
Necnatal mouse tissue 7
Hamster fetal tissue 10
Rat hepatic microsomes Microscmal proteins 13,14
DNA 15

Mouse hepatic or uterine microsomes DNA 16 _
Mouse uterine peroxidase preparation DNA and protein [

Although these findings lend support to the formation of reactive metabo- .
lites, their importance to the toxic effects of DES remains to be established.
The genotoxic activity of DES is still an open question., No mutagenicity of
DES or its metabolites could be detected in the Ames Salmonella test system.
Lately, however, DES has been reported to be active in other systems which
assay genetic damage {(Table 2). This was particularly pronounced in the sister
chromatid exchange assay {(SCE), where the potency-of DES exceeded that of
hemz(n);:tyxrerl.23 Moreover, this study showed that DES gains genotoxicity
through metabolic activation, since its efficacy was suppressed by G-naphto-
flavone, a.i)--irmjhir.or of drug metabolizing enzymes. The DES metabolites
E-DES—3,4-éiide and Z,Z-DIES (see Fiqure 2) were more active than DES in
this test by a factor of 10 and 70, respectively.

TABLE 2

REPORTED GENOTOXICITY OF DIETHYLSTILBESTROL

Assay System for Genetic Damage Result Reference
Salmonella test under activating conditions Questionable 17
Negative 18
Mammalian cell transformation in vitro Negative 19
Induction of unscheduled DRA synthesis in - Positive 20
HeLa cells in the presence of microsomes
Skin test in hairless mice Positive 21
Mutations in a mouse lymphoma cell line Positive 22
Sister chromatid exchange in human fibroblasts Positive 23

METABOLISM OF TETRAFLUGRO-DES AND HEXESTROL

For a future evaluation of the role of metabolites in estrogen toxicity it
appeared to be of interest to study the biotransformation of derivatives of
DES, in which certain metabolic pathways are blocked through structural alter-
ation of the molecule. Examples for this are 3',5°,3*' ¢S''-tetrafluoro-DES
(TF-DES, Figure 1) and meso-hexestrol (HES), both of which are potent estro-

gens.24

In vitro studies with peroxidase have shown that TF-DES could be oxidized
to the respective tiitanest:rol.z‘1 However, the aromatic hydroxylation resulting
in catechol formation should be precluded by the four fluorine atoms in the
molecule. In accordance with this assumption, no indication of a ring-hydroxy-
lated or -methoxylated metabolite was found when the glucurcnide fraction from
rat bile was analyzed by GLC-mass spectrometry {Metzler, unpublished data). Un-
changed TF-DES and a small amount of TF-DIES (Figure 4) appeared to be the only
metabolites present in the bile. This is in contrast to the biliary metabolites
found after DES administration, in which the moncmethoxy- and dimethoxy-DES
were major metabolites.a

When analogous studies were performed with hexestrol, no oxidation to dien-
estrol by peroxidase in vitro could be observed (Metzler, unpublished data).
The biliary glucuronides from HES-dosed rats, on the other hand, contained a
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Fig. 4. Oxidation of TF-DES to its respective dienestrol derivative.
variety of metabolites (Figure 5), chiefly ring-hydroxylated and methoxylated
compounds. Thus, HES metabolism proceeds via the aromatic hydroxylation pathway
and not the peroxidase-mediated oxidaticn pathway. It will now be of consider-

able interest to see whether the toxic effects of TF-DES and HES differ from
that of DES and, if so, whether they can be correlated with different metabolism.

3'-hydroxy - HES 3'- methory - HES

)
Nox Wow
3:3"-dimethoxy - HES

ono ' \ OH L
“OH O “°;

I-hydroxy - 3’-methoxy - HES I-hydroxy - 3"~ methoxy- HES=

Fig. 5. Oxidative metabolism of meso-hexestrol (HES).
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CONCLUSION

The extensive oxidative metabolism of DES to reactive and genotoxic com-
pounds raises the possibility that metabolic activation of DES may be involved
in the carcinogenicity and fetotoxicity of this synthetic estrogen. Several me-
chanisms may be considered for the role of reactive metabolites in the toxic
effects of DES in estrogen target organs. For example, some of the metabolites
may retain their estrogenicity and utilize the estrogen receptor" for accumula-
tion in the target tissue and for facilitated access to the nuclear DNA for
covalent binding. The estrogenicity of some of the metabolites of DES has re-
cently been 1nvestigated,25 and E-DES-3,4-oxide was found to be highly estro-
genic in vivo and in vitro. The organotropic effect of DES could also be ex-
plained by the f.ormation of reactive DES metabolites within the target tissues.
This is exemplified by the oxidation of DES to DIES by estrogen-induced uterine

peroxidase.6
Comparative studies of DES metabolism and DNA binding in susceptible and
nonsusceptible organs and in responsive and nonresponsive assay systems, as
well as the effects of structural alterations of the DES molecule on its
toxicity, should help further clarify the role of metabolic activation by
distinguishing critical and moncritical pathways of mwetabolism.
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DISCUSSION

KUPFER: Since you indicated that DES-3,4-oxide is chemically stable, have you
determined with this compound whether the cleavage product iz actuaily formed
in wivwo?

METZLER: Yes. After administration of radiclabeled DES-3,4-oxide to mice,
4-hydroxypropiophenone (HPP)} was the major in viwo metabolite identified in
urine., However, the site of formation of HPP is still unknown. It may be the
liver, but it could alsc be the intestinal bacteria due to enterchepatic
cireulation.

KUPFER: I hope you would not be surprised if hydroxylation of the fluorinated
DES does, in fact, occur with displacement of fluorine atoms.

METZLER: We would not expect displacement of fluworine atoms. Nevertheless,
we have sScreened the biliary wetabolites of tetrafluoro-DES for both tetra-

fluorinated and trifluorinated hydroxy and methoxy-DES, but did not find any
of them.

OFNER: Do you have evidence for bis-catechol formation in the hepatic micro-
somal metabolism of DES?

303

METZLER: We have indeed found a bis-catechol of DES among the major products
of microsomal DES metabolism, when microsomes from rat liver were used.
Interestingly, it was not found in significant amounts with microsomes from
hamster and mouse liver. This nicely fits the findings that the respective
dimethoxy-DES is only found in the bile of rats but not other species.

KATZENELLENBOGEN: Quantitatively, how much DNA binding is seen with DES as
compared with that seen with classical carcinogens?

METZLER: As far as I recall, the data for the in vivo and microsomal in vitro
binding of DES to DNA, it is one to two orders of magnitude below that of
benzo{a)pyrene. :

KATZERELLENBOGEN: Since DES is now showing up as positive in some short term
tests, it should be possible to address the very important gquestion -- ig the
genetic toxicity of estrogens related to their estrogenic potency? It would
be important to test estradiocl, ethylnylestrogens, zearalenone, and phyto-
estrogens as well as DES.

METZLER: I agree with you that other estrogens should alsoc be tested for
genotoxicity. The only comparative study I am aware of is that of Forsberg,
who, by using a skin test in hairless mice, found that DES is positive in
that assay, whereas dienestrol {presumably the estrogenic isomer, E,E-
dienestrol) and ethynylestradiol are not.

KATZENELLENBOGEN: Is there any conversion of hexestrol into DES?

METZLER: In our preliminary study, using unlabeled hexestrol and looking at
the biliary metabolites in the rat, no evidence for the conversion of hexestrel
into DES has been found.

REEL: Does naphthoflavone also prevent covalent binding of DES (or its
metabolites) to DNA or proteins? Such an experiment would indicate whether
oxidized reactive intermediates (e.g., epoxides) are involved in covalent
binding to macromolecules. Covalent binding of reactive intermediates might
explain the positive activity of DES in the sister chromatid exchange assay
as well as the teratogenicity of DES.

METZLER: The effect of a-naphthoflavone on the covalent binding of DES to DNA
and proteins has not yet been investigated in this system.

SONNENSCHEIN: Could you let us know what ig the concentration of the
metabolites in plasma that are particularly genotoxic in cells in culture, and
what is the concentration at which these metabolites are tested in culture
conditions?

METZLER: Very little is known about the chemical nature of DE5S metabolites
in plasma; those identified in human plasma by GLC-Mass fragmentography have
not been quantitated. Only two metabolites of DES have been tested for
genotoxicity so far; one of them, Z,2-dienestrol has been demonstrated in the
plasma of humans and mice; the other one, E-DES-3,4-oxide does not appear in
plasma. In the culture system used for sister chromatid exchange, positive
results were seen at nM concentrations of chemical.



Copyright 1980 by Elgevier North Holland, Inc.
McLachian, 8d. Estragans in the Emviroament 308

ESTROGENICITY OF KEPONE IN BIRDS AND MAMMALS
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INTRODUCTION

Estrogens are essential for the normal development and function of the female
reproductive system of vertebrates. However, excessive amounts of these com-
pounds can have adverse effects on the function of reproductive organs in both
sexes. All of the physiologically important estrogens are l7-carbon steroids,
e.g. 17B-estradicl, estrone and estriol, that are synthesized in the ovary in
response to pituitary hormones. A balance between synthesils, binding to serum
proteins, metabolism to inactive compounds, and clearance keeps the affective
concentration of these naturally occuring estrogens within a normal range during
reproductive cycles. In addition to these naturally occuring steroidal estro-
gens, an Iincreasing number of nonsteroidal compounds have been shown to have
estrogenic activity. Some of these compounds are as potent as 17f-estradiol,
e.g. diethylstilbestrol and hexestrol. Morecver, many of these escape the
normal mechanisms involved in modulating estrogenic activity by not binding to
serum stercid-binding proteins and by resisting metabolic degradation. The
introduction and widespread use ‘of insecticides has revealed that a number of
chlorinated hydrocarbons, e.g. o,p’ DDT and Eepone, also have weak estrogenic
activity in birds and mammals. Because they are concentrated in the food chain,
the estrogenicity of these compounds can become a serious problem.

Kepone, alsc known as chlordecone, is a chlorinated cage compound with the
structure shown in Fig. 1. In the past, relatively small amounts of Kepone
have been used to control insect pestsa. However, a related insecticide, Mirex
(Fig. 1), has been applied to vast areas of the Southeastern United States to
help control fire ants, and recent investigations have showm that Mirex can be
converted to Kepone in the enviropmentl. While Mirex has been deliberately
applied in the field, Kepone was discharged into the air and water at its site
of manufacture in Hopewell, Virginia where it contaminated large areas of the

2,3, 1n addition to being an acutely toxic chemical to

aurrounding environment
a wide range of animals, including man, Kepone also has adverse effects on

vertebrate reproduction. In this paper we summarize our data relating to the
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Fig. 1

estrogenic effects of Kepone on the reproductive organs of birds and mammals.

RESULTS

Effects of Kepone on quail oviduct and liver. Four to six-week—old, female
Japaneaé. quail were reared under reduced photoperiod of 6 hr light. Feed mixed
with 10 to 200 ppm of Kepone was availsble ad Iibitum; another group was inject-
ed daﬂy with 178-estradiol (40 ug/day). After 3-4 weeks of this treatment,
estradicl increased the wet weight of the oviduct 60-fold (Table 1). Kepone
produced a dose~dependent increase in oviduct weight; 160 ppm was as effective
as estra.dioll"s (Table 1). When the ssme concentrations of Kepone were fed to
mature, egg-laying quail, no significant changes in oviduct weight we:e noted.
Kepone also doubled the weight of the liver in both females and wmales , and the

Table 1. Effects of Kepome on Quail Oviduct and Liver Wet Weight

. Chenical Dose __Duration _ Oviduct Weight Liver Weipht
daye g g :
‘none - 26 . 0.02 2.84
Kepone 10 ppm ) 26 0.03 -
Kepone 40 ppm 26 0.10 -
" Kepone 80 ppm 26 0.36 -
- Képcme 160 ppm . 26 1.12 -
'Kepone 200 ppm .21 1.60 6.41
Estradiol 40 ug/day 26 1.13 -

Kepone was dt'.sa.alusd in acetone and then mized in the fged at the
concentrations indicated. 178-estradiol was dissolved in sesame oil
{400 ug/ml) and injected intraperitoneally.
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livers were yellow as is characteristic of estrogen stimulation of egp yolk
production in this organ (Tables 1 and 2).

Effects of Kepone on quail testes. Feeding maturing male quail a diet
containing 200 ppm Kepone for 3 weeks produced a significant increase in testes
weight; all testes appeared large and edematous. When the same diet was fed
for & weeks, some of the testes were still twice as large as controls, while

others were smaller a.nd atrophied; the average weight was still significantly
greater than eonl:rols (Table 2). The effects of Kepone on gross weight and
appearance of the testes were not reversible within 60 days, whereas the effects
on the liver were completely reversible.

Table 2. Testicular Weight Change due to Kepone Ingestion

Treatment Concentration Bird Duration of Testes Liver
age treatment welght weight
Ppm wegks veeks g g
Control - 6 0 1.59 2.63
.Kepone 200 6 ) 3 2,72 7.75
Control - 12 )] 2.76 2.52
Eepone 200 12 6 4.47 7.65

Kepone wae dissolved in acetone and applied to the feed at 200 ppm

Effects of l17f—estradiol and Eepone on the morphology of immsture quail
av:l.duc‘f. Daily. injection of 178-estradiol {40 ug/day) stimulates dramatic
morphological changes ‘fn the immature quail’’®. Within a few days, tubular
gland cells evaginate from the original, pseudostratified epithelium into
the underlying stroma to form long.tubular glands in both magnum and shell gland
reg:lona of the aviducl:. Furthernore, the epithelis] cells lining the main lumen
.of the oviduct become heavily ciliated. The cilia exhibit a tall, uniform
sppearauce with geatle bending. Secretory granules begin to appear in the
Iuminal epithelial cells as well as in the tubular gland cells. During the
next weeks, the acctmlat:l.on of secretory granules continues and this process

is usociated with a highly developed endoplmic reticulum and Golgi appara-

I:usg. :

Ingestion of Kepone produces similar changes in the immature oviducts’7.
The -ﬁst rapid develbp-ental changes were observed with the highest doses
of Keponé. The lowest dose (10 ppm for 26 days) increased the muber of micro-
villi initiated cilia growth and promoted tubular gland formation in both
magnum and shell gland. Feeding Kepone at 40 ppm for 26 days produced further
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Fig. 2. Tubular gland formation (T) end imvagination of lwminal epithelium
farrow) in quail magmam after ingestion of 40 ppm Kepone for 26 days. 1500%.

Fig. 8. Pully eiliated magmen epithelium and tubular gland cell gecretory
g:";rmles (mz'gw) after ingestion of 160 ppm Kepome for 12 days. 1500X.
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increases in ciliation and accelerated tubular gland formation in the entire
oviduct (Fig. 2)}. Secretory granules were not observed in the tubular gland
cells until 80 or 160 ppm of Kepone was fed for 18 or 12 days, respectively
(Fig. 3). A large number of secretory granules were observed in both the mag-
num and the shell gland after 26 days of Kepone diet at 160 ppm. This secretory
activity was correlated with abundant polyribosomes, well-developed endoplasmic
reticulum, and dilated Golgi complex as shown in Fig. 4. The surface epithelial
cells had a profuse covering of cilia (Fig. 5). e

Fig.4. Tubular gland cells in quail magmm after ir_zg'eation of 160 ppm Kepone
fog 26 days. WNote the granules, swollen mitochondria (arrows) and Iloop-like
eonfiguration of the Golgi. 14,000X.
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Fig. 5. Ciliation of quail shell gland. epiihelium with oooasional granules
{arrove) qf‘ea-'gingcstim of . 160 ppm Kepone for 12 days. 3,800X.

Although, the morphology of oviduct celis From birda treated with Kepone
rue-bled dut of estradiol-treated b:iﬂa or l._nyin";-,quail in most respects,
some fututesappured abuormal and these are ﬁr;ob;lli_ly due to toxic effects of

" Kepone. Yor example, thelmiml epithelial cells exhibited extreme swelling
and the ¢ilia frequently appeared more twisted and bent then in birds
treated with estradiol (Fig. 6). Some mitochondria appeared swollem or
vacuolated with a disrupted matrix and cristae (Fig. 4). Other mitochondria

Fig. 6. Distorted cilia and extreme apioal protrusion of epithelial cells of
the quail ghell gland after ingestion of 80 ppm Kepome for 12 days. 12,750X.

exhibited myelin-figure formation. The Golgi complex formed loop-like
structures around condensing iracuoles. other cistefuae or multivesicular

bodies (Fig. 4). The secretory granules in the tubular gland cells of Kepone-
treated quail were somevhat smaller and less abundant than in the estradiol
group. Most of the granuies were either entirely electron dense or semiopaque,
presumably representing different stages of condensation. However, some
granules vere not uniform in appearance, but rather seemed to contain material
of two or three different densities (or compos{tion) within the same granule.
Similar granules have been observed in the chick oviduct after combined estrogen
and prbgeél:erone treatment 9. 'Since we have shown that Kepone can elevate
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serum progesterone levelslQ, this effect of Kepone may explain the appearance
of these multi-component granules.

Reproductive performance of quail during chronic Kepone ingestion.
Administration of 200 ppm Kepone to adult quafl over an 8-month period

aignificantly and irreversibly affected egg-laying performance. The total
number of eggs laid per bird was only 30X of that of controls and less than half
of these eggs were :I.ntactu (Table 3). Although the size of Intact eggs was
normal, they were significantly thinner and weaker in both dimensiohslz

(Table 3).

Egg-laying became an important factor in quall longevity. Those quail
that ceased laying soon showed signs of toxicity and died within an average
of 17 days after laying the last egg. Post-mortem examination revealed that
the ovaries were either totally regressed or contained mature follicles whose
ovulation was apparently inhibited. These observations suggest that Kepone
interferes with the secretion of gonadotrophins from the pituitary, perhaps

Table 3. Effects of Kepome on Reproductive Capacity of Adult Quail

*
Parameter Group Duration of Kepone Ingestion
4 monthe 8 monthe
Total number of Control 21.2 17.9
eggs/bird fmonth Kepone 14.5 5.4
Number of intact Control 14.3 16.3
egge/bird /wonth Kepone 7.7 2.3
Mean number of Contreol 5.7 4,1
eggs/clutch Kepone 3.8 2.6
Mean number of days Control 1.5 2.6
between laying Kepone 3.1 3.2
Mean egg weight (g} Control 9.9 9.4
Kepone 10.2 10.0
Eggshell weight (g} Control 0.70 0.75
Kepone 0.70 0.68
Eggshell thickness Control 0.21 0.21
{mm) Kepone 0.20 0.185
Hortality (%) Control 0.0 0.0
Kepone 54.8 90.5
*
200 ppm
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due to either the estrogemic or toxic effects of Kepone. Since egg-laying
helps eliminate Kepone from the body, the reduced reproductive function is self-
perpetuating and l_eads to greater and greater toxicity.

Effects of Kepone on the histology of quail testes. Ingestion of
Kepone (200 ppm) by male quail for 42 days resulted in 35% mrtality5 and
had pronounced effects on the testes (Table 2). Micrescopic examination of
the testes of Kepone-treated birds showed that the seminiferous tubules were
dilated and the germinal epithelium was .eroded compared to controls (compare
Figs. 7 and B8). Some of the teetes were atrophied and in these spermatogenesis
was severely reduced. In both the swollen and the atrophic testes, abnermal
sperm with bulbous heads and coiled or bent tails were observed. The vas
deferens of some testes contained phagocytic cells and cellular debris.
Testicular atrophy is often associated with estrogenic Influence on males.

Fig. 7. Testis from adult conirol quail. 350X.



314

Fig. 8. Testis from quail fed 200 ppm Kepome for 42 days. Rote severe

dilation of seminiferous tubules and diemption of germinal epitheliwm. 350X.

Fig. 9. Téatis from a quail 60 daye after Kepona (200 ppm for 42 days)

showing some reversible changes in seminiferous tubules, germinal epi-
thelium and spermatogenesie. 1600X.
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Removal of Kepone from the diet for 60 days occasionally reversed the morpho-
logical appearance of the testes, The germinal epithelium became taller and
more uniform and there was a substantfal increase in the number of developing
and mature sperm (Fig. 9). 1In other quail the testes became discolpred and
necrotic (Fig. 10).

Fig, 10. Necrosis and degeneration in the testis of a quail 60 days after
Keponie (200 ppm for ¢2 days). 350x.

Effects of,':!gg' one on the i-e'g'roduct:lve' tract of neonatal femsle mice. One-

day-old fenéle‘qice received 10 daily injections of 17g-estradiol or varying
amountg of Kepone.. At,legjt-S'neoqates were terminated every 2 days for
hiatolog;hal eiamiﬁation._fCelluinr proliferation and hypertrophy were
obvious in the' entire Teproductive tract after estradiol injections and

. keratinizatioh of the vagina was observed within & days in all animals.

Microvilli increased in sige and number in the non-ciliated cells of the
uterué and Fallopian tube. The wet weight of the reproductive tract more
than doublgd (Table &),
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Table 4. Effects of Kepone on Mouse Reproductive Tract Weight
and Vaginal Keratinization

Treatment Reproductive tract First appearance Mortality
weight of keratinization

mg ~ days %
Control 12.0 none
Kepone (30 ug/day) 29.0 10
Kepone {60 ug/day) - 6 14
Kepone (125 ug/day) 45.3 4 17
Kepone (250 ug/day) - 4 K}
Estradiol (10 ug/day) 22.0 4 0

178-Estradiol and Kepone were Fiseolved in gesame oil and injected
intraperitoneally.

Fig. 11. Vagina of neonatal mouse- affer 4 ing'eéf;imw of_Kepone (125 ug/day).
Note the fully developed and keratinised vaginal epitheliwm. 1000X.

]

7

Kepone also stimulated reproductive tract growth in a dose-dependent manner
(Table 4). At concentrations greater than 125 ug/day , complete vaginal
keratinization was evident within 4 days in over half of the neonatesla(Table
4 and Fig. 11). Scanning electron microscopy also revealed that ciliation and
microvilli elaboration in the presence of Kepone closely resemble that obtained
with estradiol. However, in areas of the Fallopian tubes and uterus, Kepone
produced apical protrusions similar to those seen in quail oviduct after
Kepone ingestion.

Histology of wouse testes after neonatal infection of Kepone, Neonatal
male mice received the same daily Injections of estradicl or Kepone as the
females shown in Table 4 and they were terminated 10, 30 and 60 days after the
last injection. The most dramatic chauges in all of the testes were seen at

the longer times. Estradiol effectively suppressed spermatogenesis; numerous
seminifercus tubules were empty of developing and mature sperm. Neonatal
injection of Kepone was less effective at all concentrations than estradiol
at surpressing spermatogenesis. Even at the highest concentrations, most of
the seminiferous tubules showed signs of active spermatogenesis. However,

a few tubules were totally denuded of germinal epithelium and were lined
instead by a single layer of lipid-containing cells. The severe swelling,
discoloration and atrophy of the testes that was observed in quail reared

on a Kepone diet was not seen in either neonmatal or adult mice injected with
Kepone.

Induction of egp white protein synthesis in chick oviduct by Kepone. The
effects of Kepone on quail oviauct morphology, especially the proliferation
of tubular gland cells nnﬂ the accumulation of secretory granules, strongly
suggest that Eepone is eatrogenfic. We assume that the secretory granules in
the magmm tubular gland célls reflect the induction of egg white proteins:
ovalbumin, conalbumin, ovomucoid and 1ysozyue1&. To investigate this aspect
of Kepone actidn we have relied on the chick oviduct system where the effects
of estradiol and other classes of stervid hormones on the induction of egg
white protein synthesis is the subject 65 intense studyls. Figure 12 sghows the
effect of Kepone on the induction of conalbumin synthesis. Kepone was ef{ther
added to the food or injected intraperitoneally and at various times the
uﬁgﬂum portion of the oviduct was removed and pulse—labeied with 3H-1eucine.
The percentage of total isotope incorporated into conalbumin was then deter-
mined ﬁununologica11y14. With intraperitoneal injectious of 12.5 mg/day,

the rate of conalbumin synthesis rose from 1% to 12% of total protein synthesis
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within 3 days. This is the same extent of induction cbserved with an optimal
dose of 173—estrldiol-benzoate“. The initial rate of accumulation of con-
albumin synthetic capactiy (=RMA) is equivalent to that obtained with subcut-
anecus injection of 10 ug of 17B-estrad-10116. With 50 mg of Kepone, the
induction of conalbumin synthesis was nearly maximal (equivalent to that
observed with 40 ug of 178-estradio1'®) but this smount of Kepone is lethal
within 8 hr. Fig. 17 also shows that 2000 ppm of Kepone in the feed induced
conalbumin synthesis, but at a lower rate than by injection. With Sogoppm.
conalbumin synthesis was 5.5f of total protein synthesis after a week™  and
never roase much higher. These results clesrly show that Kepone induces egg
white protein synthesis in vivo, but they do not prove that Kepone itself is
estrogenic. Kepone might be acting indirectly by increasing the concentration
of one ot more of the naturally occurring active gteroids, perhsps Iin a manner
similar to that observed with other toxic compounds, e.g. ethionine, actino-

ayein D, and thicacetanidel’ 18
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Kepone acts directly on the chick oviduct. To ascertain whether EKepone

can act directly on the oviduct, we took advantage of the fact that oviduct
minces will respond to stercids in culture in a manner that is qualitatively
similar to that observed in vivolg. Table 5 shows that both conalbumin and
ovalbumin synthesis are induced in culture by estradiol, progestercne and
dexamethasone (a potent glucocorticoid)., Other studies (not shown) reveal that
each of these hormones acts via its own receptors. Kepone is as effective in
this culture system as any of the steroids. To ascertain which of these
receptors Kepone might be interacting with, we included the anti-estrogen,
tamoxifen, in a parallel set of cultures. Tamoxifen binds to estrogen
receptors but does not elicit estrogenic activityzo; hence, it competes with
compounds that normally bind to estrogen receptors. Table 5 shows that
tamoxifen blocked the estradiol and Kepone-mediated induction of ovalbumin and
conalbumin synthesis but had little effect on progesterone or glucocorticoid-
mediated induction of these same proteins. This experiment shows that tamoxifen

and Kepone are specific for estrogen receptors and that tamoxifen is not toxic
at the concentration used.

Table 5. Induction of Ovalbumin and Comallbwmin Synthesie in Chick Oviduct
: Cultures by Steroid Hormones and Kepone: Antagonism of Estradiol
and Kepone Aetion by Tamoxifen

Chemical Tamoxifen Ovalbumin Conalbumin
addition synthesis synthesis

% of total protein synthesis

none - 0.03 1.36
178-Estradiol - 0.61 3.32
17g-Estradiol + 0.01 0.84
Kepone - 0.59 3.01
Kepone + 0.00 0.98
Progesterone - 0.99 2,31
Progesterone + 0.75 2.70
Dexamethasone - 0.81 2.97
Dexamethascne + 0.82 2.61

Ovidunt tissue from estrogen-withdram chicks was inoubated at 410
Ham's P-10 media supplemented with 12% fetal ealf serum (dextran-charcoal
extrasted) and the indicated hormones (10 nM) or Kepome (2.5 w). Tamomifen
was used at 10 WM. After 8 hr, tissue was removed and labeled for 30 min
in Hanks® salts containing 12 wCi/ml of 3H-leucine. The incorporation of
leusine into ovalbwri?# conalbumin and total protein was determined as
deseribed by Palmiter~.
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Kepone binds to muclear estrogen receptors. To pursue the observation that

Kepone may be interacting directly with estrogen receptors, we measured the
ability of Kepone to compete with labeled estradiel for nuclear estrogen recept-
ors. Exchange assays have been devised in which unlabeled estrogen bound to
nuclear receptors can be exchanged for labeled estradiol of known specific
activit316’21; these assays are useful both for quantitating the aumber of
nuclear receptors and for measuring the relative affinity of different compounds
for these receptorsls. Fig. 13 shows that Kepone competes with 3H-éstradiol in
an exchange assay with nuclei from estrogen-treated chicks but it is about 0.02%
as effective as estradiol; hence its affinity for the estrogen receptor is

about 5000-fold lower than that of estradiol. Kepome does not compete with
3H—progesterone for nuclear progesterone receptors, demonstrating the specif-
icity of these exchange assayslo'le. The telative affinity of Kepone for the
nuclear estrogen receptor shown in Fig., 13 is about an order of magnitude lower
than that originally publishedlo. We belleve that the values shown here are

correct since they were obtained with three different preparations of Kepone.
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Fig. 13. Competitiom of Kepone with “H-estradiol binding to nuclear egtrogen

receptors. Nuclei from iaying hens were incubated with 3H-17B-estradiol ]
{13 nM; 97 Ci/mmot) and the indioated molar excese of unlabeled {?s-eatradwl
(o) or Kepome (three d‘i{femt prepervations @, W, A) as deseribed by
MuTvikill and Palmiter 186,
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Fig, 14. Induction of cvalbumin mRNA by Kepone (K} and 17B-estradiol (E).
Induction was for 11 hr (A) or 16.5 hr(B} as deseribed in Table 5; subseripts
indicate micromolar concentrations. Samples of total mueleie acid were h"ybsid-
ized with cDNAand the % hybridization was used to caleulate mRNA comtent 1

Induction of ovalbumin mRNA in culture by Kepone. More recent biclogical

assays are also consistent with a lower potency of Kepone than reportedlo. For
these assays, we monitored the induction of ovalbumin mRNA by hybridizing
radicactive complementary DNA (cDNA) to samples of total nucleic acid isolated
from oviduct cultures after 10-16 hr of induction. In these assays, 1 pg of
ovalbumin wRNA per microgram of total nucleic acid is equivalent to about 5
molecules of ovalbumin mRNA per celllg. Fig. 14 shows that 25 uM Kepone induces
ovalbumin wRNA in oviduct cultures almost as effectively as 100 nM 17g-estradiol
{20 oM estradiol is the minimum concentration that gives maximal ovalbumin mRNA
inductionw). Other studies (_not shown) indicated that 1.6 uM Eepone gave

only marginal induction of ovalbumin mRNA; thus, there is about a 1000-fold
difference in biological activity of Kepone and estradiol in culture and

in vivo (see above). The differences in biological potency of Kepone and
estradicl compared to their relative affil.:lities for receptors (Fig. 13) are
small and may relate to differences in uptake of these two compounds by oviduct
cells. Fig. 14 shows that 100 uM Kepone is less effective in culture
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than 25 yM. This is probably due to toxic effects since this concentration of
Kepone also inhibits the action of estradiol (Fig. 14).

DISCUSSION AND CONCLUSIONS

A large number of vertebrates have been, and will continue to be, exposed
to Kepone., Our experiments have shown that when Kepone is administered to
birds or mice in large amounts, it is quite toxic and the animals quickly
succumb. When Kepone is administered in sub-toxic amounts, its estrogenicity
becomes evident. In the enviroument, insecticides generally accumulate
gradually and persist for long times in the bodies of exposed species. Thus,
the presence of small amounts of Kepone in the environment may not pose an
immediate hazard to animal life, but may instead pose an 'estrogenic hazard'
in which reproduction of animals is threatened.

The undeveloped reproductive organs of mice, quail and chickens serve as
convenient target organs for studying the estrogenic activity of insecticides.
We have shown that Kepone induces the growth and development of the entire
reproductive tract in females of these species. In mature animals, ¥epone also
has deleterious effects on reproductive function in both males and females.
Until recently, the mechanism of Kepone action on the vertebrate reproductive
system Was not understood. We have shown that Kepone mimjics estrogens by
promoting cell proliferation and stimulating the accumulation of a complex
secretory apparatus including polyribosomes, endoplasmic reticulum, and Golgi.
Kepone &lso induces egg white protein synthesis and the accumulation of secret—
ory granules in the avian oviduct. It does so by inducing the mRNAs for these
proteins as is typical of steroid hornancszz. Since Kepome acts in culture,
we conclude that it is acting directly om oviduct cells. The observations that
Kepone competes with i78-estradiol for binding to nuclear estrogen receptors
and that its action is blocked by the anti-estrogen, tamoxifen, strongly
suggest that Kepone acts in the oviduct by binding to estrogen receptors.
Presumably Kepone allows the translocation of cytoplasmic receptors into the
nucleus where these receptors mediate MRNA transcription in the same manner a6
naturally cccurring esttogenSZS. The mechanisms of transcriptional regulation
by estrogens are currently under investigation. Kepone also has estrogenic
effects in mice and rat524, end Bulger et al.zs have receatly shown that it
competes with estradiol for rat uterine estrogen receptors; thus it ds
1likely that its mechanism of Kepone action in mammals is similar to that
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proposed for birds. In both the avian and the mammaljan23 species Kepone
acts as a weak estrogen with a potency about 1000-fold lower than 178-estra-
diol.

The estrogenicity of Kepone is surprising considering its structure (Fig. 1).
This railses the question of whether it is Kepone itself, a contaminant of
Kepone, or a metabolite that has estrogenic activity. Although it is possible
that Kepone is metabolized in vive, it is unlikely that these metabolites are
responsible for the estrogenic activity since Kepone is also estrogenic in
culture and in cell-free receptor binding experiments where the potential for
metabolic conversion to other compounds is minimsl. The possibility of an
estrogenic contaminant in Kepone preparations is more difficult to eliminate;
however, we have noted that three different preparations of Kepone have essen—
tially the same activity (Fig. 13). Two of these preparations were highly
purified and were obtained from different laboratories. It seems unlikely that
a trace contaminant would be present in all three preparations at the same
relative concentration. Also, other chlorinated hydrocarbons have been shown
to have similar estrogenic activityzG. The best studied examples are the
analogs of DDTZT'23 which have recently been éhown to compete with 178-
egtradiol for estrogen receptotszé. '

Although Kepone appears to be acting as a pure estrogen in culture, it is
likely that its action in vivo is modulated by other hormones. For example, we

have noted that Kepone leads to adrenal hypettrophy"‘7

and potentially to the
secretion of active steroids such as glucocorticoids and progesterone. Indeed,
we have shown that progestercone levels in the serum are significantly increased
by Kepcnelo, and we know that combinations of estrogen and progesterone have
different effects on the oviduct than estrogen aloneg. In addition,

Kepone has obvious toxic effects in vivo and in culture that undoubtedly
modify its estrogenic activity.

From the available data it appears that the estrogenicity of certain
chlorinated hydrocarbons is mediated by direct binding of these compounds to
estrogen receptors which then elicit pleiotrophic effects on target celle by
mechanisms that are not yet fu;ly understood but probably invelve the regula—
tion of gene transcription. &8 long as these estrogenie pesticides are present
in the enviromment, their effect on the reproductive functlons of animals will

rewmain of significant importance.
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DISCUSSION

SONNENSCHEIN: We have demonstrated that the 20-40% increase in wet weight and
macromolecule synthesis in the quail oviduct that has been attributed to the
role played by the pituitary is, in fact, mediated by the estrogen—dependent
stimulation of ACTH secretion; this, in turn, would increase the level of
corticosterone, which acts on the oviduct (Laugier, Sonnenschein, and Brard).
Also, it is very comforting to see the reproducibility of the induction of
specific proteins in guails by Kepone carried out in a culture system.
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A MODEL FOR THE MECHANISM OF ACTION OF 2,3.7.B-TETRACHLORODIBENZO-P-DIOXIH+

ALAN POLAND*™" AND EDWARD GLOVER
HcArdle Laboratory for Cancer Research, University of Wisconsin, Madison Wis-
consin 53706

A consideration of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)* in this
symposium is not because this compound or its congeners possess any known
estrogenic activity, but rather because these halogenated aromatic hydrocarbons
produce their blochemicat and toxical actlons by binding reversibly to a cyto-
sollc protein which mediates the ensulng gene expression in a manner analogous
to that of 17B-estradlo} and its receptor. I want to stress the 'biclogy' of
the TCDD Induced effects and not detail the properties of the receptor, and
coﬁpare the system to that of sterold hormones.

AGURE T - 2,3,7.8 TETRACHLORODIBENZO-P-DIOXIN

Toxicity
TCOD is the prototype of a large series of halogenated aromatic hydro-

carbons which Includes other chlorinated dibenzo-p-dioxins, dibenzofurans, azo-
and azoxybenzenes, and biphenyls, al) of which produce a similar and charact-
eristic pattern of toxle responses‘-g. TCOD {and congenefs) produces a

+SUpported In part by National Institute of Environmental Health Sclences
Grant RO1-ES0-01884, Natlonal Cancer Instltute Program Project Grant
PO1-CA-22484,

tReéipient of Research Career Development Award KO4-ES-0017.

*Abbreviations: TCOO - 2,3,7,8-tetrachlorodibenzo-p-dixoln; AHH - aryl hydro-
carbon hydroxylase; MC - 3-methylcholanthrene; ALAS - S-aminolevulinie acld
synthetase; ED5 - dose which produces one half the maximal response, in this
case inductlon gf hepatic AHH activity; KD - equilibrium dissoclation constant
for binding.
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wasting syndrome with & latent perlod to death of days to weeks which is
characteristic of the specles. Specles differ In their sensitivity to TCDOD:
acute-oral L050 1 pglkg guinfg_fggs. 20 ua/kg rats, 100 pg/kg mice, and 2> 1000
u#g/kg hamsters and bullfrogs . This histopathic damage produced is also

species specific and consists of: 1) lymphoid involution especially the

thymus, accompanied by supression of cellular jmmunity occurs In most species;

2} embryotoxicity and teratogenesls also is observed in mose species; 3)

chloracne and hyperkeratosis has been observed in humans, rabblts, monkeys and

hatriess mice; 4) an edematous syndrome Is characteristic in chickens and to a

lesser degree In mice; 5) hepatocellular damage is observed in rats, mice and

rabbits and a disturbance in hepatic porphyrin synthesis (hepatic porphyria)
has been reported {n humans, and mice); and 6} bone marrow depression has been

reported in monkeys. All of the congeners which have been tested have been
reported to produce all of these symptoms. _

The yltimate target organ, that tissue whose functional disruption leads
to death, Is unknown. TCDD produces histopathology in a variety of tissuves,
but cellular necrosis has rarely been described, except fn the liver where
parenchymal cell necrosis Is mild to moderate, and as infrequent focal necrosis
seen in the thymus cortex.

Pharmacokinetics and drug metabolism

The pharmacokinetics of TCDD has been most thoroughly studied in the rat,
where it is primarily concentratad in the liver and to a lesser degree in fat,
with a whole body haif-1ife of about 3 weeks'h. There is evidence that TCDD

is slowly and partially metabollized to as yet unidentifled metabolites
h,15

appearing In the blle However, there (s no evidence of appreciable
covalent binding of tritium-labeled TCDD to cellular macromolecules in vivo,
and no evidence to suggest that TCDD metaboiites are involved In toxicity.
Enzyme Induction

The report by Bleiberg et al'6

that workers In a factory producing the
herblicide 2,4,5-trichlorophenoxyacetic acid, and exposed to the contaminant
TCOD, developed chloracne and porphyria cutanea tarda, a disturbance of hepatic
porphyrin synthesls, suggested a specIfic blochemical lesion that could be
studied in laboratory animals. At the time, 1t was bellieved that porphyri-
genic chemlcals act by inducing & -aminolevulinlc acid synthetase {ALAS), the
initial and rate-}imiting enzyme in the heme pathway. We found that the
administration of TCDD to chlicken amﬁryos produced a dose-related induction of
ALAS activity and that for 14 other halogenated dibenzo-p-dloxin congeners,

|
there was a well defined relationship for Inductlon of enzyme actlvity 7.
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In rats and mice, TCDD does not significantly induce ALAS‘B. but it does
produce porphyria in m!cela, apparently by reducing urcporphyrinogen decar-
boxylase activityzo. Since a major fractlon of the heme synthesized in

tiver is Incorporated into cytochrome P-450, compounds which disturb heme
synthesis often produce some alteration in the concentration of cytochrome
P-450 mediated microsomal monocxygenase activity. The microsomal monooxygenase
system, Is responsible for the metabolism of 1ipophilic compounds to more polar
derivatives. Several distinct spacles of cytochrome P-450 have been purified
from rat and rabbit Ilverz"zz. and shown to differ in thelir primary struc-
ture, and the spectrum of substrates they catalyze. These cytochrome P-450
specles are differentlally induced by the administration of certain compounds .
Aryl hydrocarbon hydroxylase (AHH) activity, assayed as the in vitro rate of
metabol ism of benzof{a)pyrene to its 3-hydroxy metabolite, can be conslidered a
measure of one or two of these cytochrome P-450 spacies (cytochrome P|-450)
which are selectively induced by polycyclic aromatic hydrocarbons and by TCOD.
Induction of hepatic AHH activity In the chicken embryo

Following the administration of TCDD to 18 day old chicken embryos there
Is a dose-related increase In hepatic AHK activity; one half of the maximal
fnduction (EDso) s produced by 3 ng/egg or 0.3 nmoles/kg. A large number of
halogenated dibenzo-p-dioxins have been tested for their potency to induce AHH
activity and the following structure-activity relationship has emerged: 1)
hatogenated must occupy at least 3, and for maximal potency, four of the
lateral ring positions, - positions 2, 3, 7 and 8 (see Figure 1); 2) the
order of substltution Is 8rycCi1YF, NO,; and 3) at least one ring position
must be unsubstituted. (The octachloro-congener s inactive, but both
hepatochloro-analogues are inducers.) The same structure-activity relation-
ship was cbserved for the Induction of ALAS activity (18),

The most important observatlon has been that for'chlorlnated dibenzo-p-
dioxins there is an excellient correlation between thelr potency to Induce AHH
actlvity {and ALAS actlvity) and their toxic potency.

Genetic Expression of AHH Activity In Inbred Strains of Mice

The classical Inducers of AHH activity and cytochrome PI-QSO are the poly-
cyctlc aromatic hydrocarbons, such as 3-methylcholanthrene (MC). In a com-
parison of MC and TCDD for thelr capacity to Induce hepatic AHH activity In
the rat, we found MC and TCDD produce paralle! dose-response curves, both
compounds produce the same maxImum response, sImultanecus administration of
maximally Inducing doses of MC and TCOD produces no greater response than that
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evoked by either drug atone. However, TCDD Is 30,000 times as potent as MC,
and a single administration produces sustalned enzyme induction which lasts

23. a reflection of the -long biological half-1ife of the compound.

over 35 days
When randomly bred or certain inbred strains of mice are administered MC,
they respond with the induction of hepatic AHH activity; certaln other inbred

strains when challenged with MC fall to respondzn'zg.

The prototypical strain
responsive to MC is C57BL/6J and prototypical non-responsive strain is DBA/2J.
In crosses and backcrosses between C57BL/6J and DBA/2J mice, the trait of
responsiveness to aromatic hydrocarbons is inherited in a simple autosomal
dominant mode and the genetic locus controllling this trait is called the Ah
locus.

Cell cultures derived from DBA/2J fetuses are moderately inducible in
culture by benz{a)anthracene and HC, and application of MC topically to the
trachea and skin of nonresponsive strains induces AHH activity. These obser-
vations suggest that the mutation in nonresponsive mice is not due to a
defectlve structural gene for cytochrome P-450, but rather a regutatory
mutation controlling the expresslon of the cytochrome.

The extraordinary potency of TCDD relative to MC prompted us to examine
its effects In inbred strains which are responsive and non-responsive to NC.
TCOD induced AHH activity I[n all strains tested regardless of thelr response
to chs. In C578L/6J mice, the enzyme activity and the spectral properties
of the cytochrome Pl-luso that were Induced by MC or TCOD, or both compounds
administered together, were found to be similar to those Induced in DBA/2J mice
by TCDD. These results suggest that the same gene product(s) Is Induced in
€578L/6J mice by both compounds, and in DBA/2J mice by TCDD.

Thus, mice which are nonresponsive to MC, do respond to a more potent
stimulus, TCOD, and therefore these mice do have the structural and regulatory
genes necessary for the expression of AHH activity. The fallure of these mice
to respond to MC suggests that they fall to recognize MC as a signal for
induction. We postulated that the mutation in nonresponsive mice results In
a defective recognition or receptor site for AKH induction, a receptor which
has a diminlished affinlty for KC. Consider the hypothesls that TCDD acts as
the same receptor as MC, but because of 1ts greater potency, and hence its
presumed greater afflnity. it is able to saturate this receptor even in non-
responsive mice, and Initiate the Induction of AHH activity. This hypothesis
predicts inbred mice which are nonresponsive to MC, should respond to TCDD,
but should be uniformly lass sensitive to TCDD, than stralns which are
responsive to MC. .

3

We administered various doses of TCDD to six Inbred strains of mice and 24
hours later measured their hepatic AHH actlvttyn. The data are presented
in Figure 2 as the log of the dose versus the fractional response {control
activity = 0, maximal activity = 1.0). The three inbred strains which are non-
responsive to MC (DBA/2J, AKR/J and SJL/J)} are less sensitive to TCDR, than
are the responsive strains (C57BL/64, BALB/cJ and A/J), l.e. the log-dose
response curves for the nonresponsive strains are shifted to the right. The
EDSO for AHH Induction in responsive strains is approximately 1 nmole/kg, and
for nonresponsive strains the Ebso is 2 10 nmoles/kg. The data support the
hypothesis that TCOD and MC act on the same receptor, and that the mutation
in nonresponsive stralns Is due to a receptor with a diminished affintty for
Inducing compounds,
Cytosolic Binding Species

We next wished to search for a macromolecular specles which had the i_n.
vltro binding properties one would predict for the hypothesized receptor based
on the in vivo blology. Specifically, one would expect such a molety to have
the following l_n!_!_!:_n_-_g_ binding properties: 1) reversibly bind TCDD with a
high affinity and the binding afflnity (KD) should correspond to the In vive

1.0

FRACTIONAL RESPONSE
=3
rF 3

n-?

TCDD (moles /4g)

Flg. 2. Log dose-response curves for the inductlon of hepatic AHH activity by
TCOD in six inbred strains of mice. The mice were inJected Intraperitoneally
with varylng doses of TCOD dissolved In p-dioxane; 24 hours later the animals
were killed and their livers were assayed for AHH activity. The data are ex-
pressed as fractional responses to eliminate straln differences in basal and
maximally induced enzyme activitles (see text). Each point repressnts the
average of four or five animals,
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potency (EDSO) for AHH Inductlion; 2) the binding species from mice which are
nonresponsive should have a lower affinity for TCOD than the binding specles
from responsive mice; 3) the renk order of binding affinitles of other halo-
genated dibenzo-o-dioxins, and other chlorinated aromatic hydrocarbons should
correspond to thelr rank order of potencles to Induce AHH activity, and 4}
other compounds, such as the polycyclic aromatic hydrocarbons, which induce
AHH activity, should bind to this molety.

[1.6-(3H)]—TCDD of high specific activity (52.5CI/mmole) was prepared. An
Initlal series of experimsnts suggested that there was a molety which bound
3H-TCDD In the liver cytosol (105,000xg supernatant fraction) of {57BL/6J mice.

The binding of 3H—TCDD to liver cytosol was measured by the charcoal-
dextran binding assay. When hepatic cytosol from C5781/6J mice was incubated
with varying concentrations of 3H-TCDD and 3H-TCDD plus a 200-fold excess of
unlabeled 2,3,7,8-tetrachlorodibenzofuran, we observed a smal! pool of high
affinity sltes (Fig. 3A)28. In Fig. 3B the same data for specific binding
{dtsplaceable, high affinity binding) is presented in a Scatchard plot. The
binding affinlty for TCDD, KD' is 0.27 nM which compares qulite favorably with
the In vivo potency for AHH Induction Tn C578L/6J mice (EDSO = | nmolefkg).

The specific binding of 3H-TCDD to lliver cytosocl from C57BL/6J mice was
greater at all concentrations of the radioligand, than was the specific
binding to liver cytosol from DBA/2J mice. Unfortunately, the limited aqueous
solubi\lty of 3H—TCOD prevents us from achleving a sufficient concentration to
saturate the cytosol binding specles from nonresponsive mlce and estimating
the KD‘

Another expectation of the cytosol binding species If It Is the receptor,
Is that the In vitro binding affinity of halogenated dibenzo-p-dioxin congeners
should correspond to thelr In vivo potency to Induce AHH activity. The
bindlng affinities of these unlabeled congeners are measured by their capacity
to compete with the specific binding of 3H-TCDD to mouse 1iver cytosol, and
the results In Fig. & are expressed relative to the binding affinity of TCOD
(TCDD = 100). The biologlical potencles of these congeners to Induce hepatic
AHH in the chicken embryo (EBSO) are alfo expressed relatlve to TCOD. As seen
in Figure 4, there 1s a very good correspondence between the rank order of
binding affinity and biological potency for these compounds.

Other compounds which Induce AHH activity and cytochrome P]-hso duch as
the polycyclic aromatlic compounds (MC, benzo[alpyrene and benz[a]anthracene}
and B-naphthoflavone compete for speciflc cytosol binding sltes; but other
compounds which nduce different types of mlcrosomal monocoxygenase activicles
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Fig. 3. A) Total, nonspeciflc and speclfic binding of (3H)-TCDD to hepatic
cytosol from C57BL/6J mice. The cytosolic fractlon of liver from C57BL/6J
mjce at 2 mg prgtelnlml In buffer was incubated with varying concentrations of
("H)-TCOD and ("H)-TCOD plus a 200 fold excess of 2,3,7,8-tetrachlorodibenzo-
furan for 2 hours at 0°. Samples were treated with 2 suspension of charcoai-
dextran to gemove unbound ligand, and the radiocactivity quantified. Tota
binding = (’H)-TCOD alone {0}; nonspecific or nondisplaceable binding ~ [“H]-
TCOD plus 2,3,7,8-tetrachlorodibenzofuran (A); specific or displaceable
binding {O). B) Scatchard plot of the specific binding in A.

(e.g. phenobarbital} fail to compete with 3H-TCDD for specific binding In the
cytosol. 17@8-Estradic], testosterone, progesterone, hydrocortisone, and
thyroxine (all at a loh or 3 x 10" fold molar excess} fail to compete with
3H‘TCDD speciflc binding.

The cytosolic binding specles has 211 the properties predicted for the
induction receptor, most notably, stereospecific recognition of Induclng
compounds. Recent experiments both in vitro and In vivo, indicate the
cytosol binding species mediates the specific uptake and binding of 3H-TCDD
to hepatic nuclei, and the experiments suggest that the )igand-receptor
complex In the cytosol translocates to the nuc!euszg. The Ab locus, which
determines the trait of responsiveness or nonresponsiveness to polycyclic
aromatic hydrocarbons or greater or lesser sensitivity to TCDD, appears to be
structural gene locus for the cytosolic receptor protein. (The blochemical
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Fig. 4. The cytosol binding afflnitles and biological potencies of dibenzo-
p-dloxin congeners relative to TCOD. The binding affinities of the dibenzo-
p-dioxin congeners for hepaslc cytosol were estimated by the capacity of these
compounds to compate with (*H)~TCDD for specific binding sites in C57BL/6J
tiver eytosol. The binding affinitles are expressed relative to TCDD which is
assigned a value of 100, For inactive enalogues, the highest concentration
tested that was judged to be soluble is given In parentheses.

The biological potency (ED. } of each congener was the dose that produced
one half the maximal fnductfon Sf hepatic AHH activity in the chicken embryo,
and potency was expressed relatlve to TCDD {TCDD=100). For inactive com-
pounds, the highest dose tested (in moles/kg) Is given iIn parentheses. This
assumes the welght of &n average chicken egg Is approximately 50 g.

a - The absolute value of the for TCOD Is 0.27 nN.

b - The absolute value of the E for TCDD induction of hepatlic
AHH activity in the chicken &3bryo Is 0.31 nmoles/kg.

¢ - The highest concentratlon tested that was Judged soluble in
moles/1iter.

d - The highest concentration tested In moles/kg.
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and genetic evidence all suggest, but does not prove this}. The mutation in
nonresponsive mice results in an altered receptor with a diminished affinity
for the inducing compound.

Carlstedt-DukesD et al have further characterized the properties of the
TCOD-binding protein in liver cytosol. They found the ligand-receptor com-
plex, but not the unbound receptor, bound to a DNA-celiquse column. The
receptor-BH-TCDD complex migrated in a glycerol gradient with a sedimentation
coefficient of 65. These investigators found that if 3H-TCDD was added to
cytosol, diffuse bands were formed on isoelectric focusing presumably due to
aggregation of the receptor3|. If the cytosol was treated briefly with
trypsin, the 3H-TCDD-receptor focused as a sharp peak at pI 5.2,

Coordinate Gene Expression

The administration of NC or TCDD to lsboratory animals stimulates not only
AHH activity, but a number of other hepatic enzyme activities. There is
evidence for several of these enzymes, that this increase in activity repre-
sents true induction, i.e. de novo protein synthesis. KC and TCDD have been
shown to induce the following hepatic enzymes: § -aminolevulinic acid
synthetase, UDP-gtucurcnosyl transferase, glutathione-5-transfarase B, alde-
hyde dehydrogenase, DT-diaphorase, and ornlithine decarboxylase. The induction
of several of these enzyme activities have been shown to segregate with the
Ah locus In inbred strains of mice, (for a more detalled discussion see ref.
32). It would appear that the Ah locus controls not only the expression of
AHH activity, but also the coordinate expression {and perhaps repression} of
a number of other enzymes {Flg. §).

Structure~activity relationship
Other halogenated aromatic compounds, the chlorinated dibenzofurans, azo-

and azoxybenzenes, and biphenyls and the brominated biphenyls produce similar
toxic responses to that of Tc0033. Each of the congeners of these compounds
which has been tested, Induce AHH activity and compete with 3I-I-TCI)D for
cytosol specific binding.

We can generalize about the structure-activity relationship of each of
these classes of halogenated aromatic hydrocarbon. Consider a prototype of
each class - TCOD, 2,3,7,8-tetrachlorodibenzofuran, 3,%,3',4'-tetrachloroazo-
xybenzene, and 3,4,3',4'-tetrachlorobiphenyl - depicted in Fig. 6. These
compounds are all approx.imate sterecisomers and their molecular structures can
be thouglit of as roughly fitting Into a rectangle 3 x IOI\ with halogen atoms
In the four corners. Planarity or near planarity seems to be essentfal. In
Figure 6 the in vitro binding affinlty In the chick for each of these com-
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Fig. 5. Schematic representation of the model proposed for the plelotropic
response mediated by the TCDD-receptor complex. BP Is the TCDD-binding

protein or receptor.

pounds, and for a number of other tetrahalogenated aromatic compound which
are approximate sterecisomers, are compared. The toxicity of these latter
compounds has not been tested.

A Model for the Mechanism of Toxlcity

For the halogenated dibenzo-p-dioxins and the other halogenated aromatic
hydrbcarbon congeners, there is a correlation between their potency tc induce
AHH activity and their toxic potency. It is difficult to envision how the
Induction of AHH activity, per se, Is involved In specific organ toxicitles
such as chloracne, thymic Involution or teratogenesis. We suggest that the
toxlcity of these chlorinated aromatic hydrocarbons is mediated through the
receptor, that is, the initial event In thelr toxic action is the stereo-
specific recognltrion and binding to the cytosolic binding species. It is
postulated that the ligand-receptor complex controls a battery of genes, and
the sustained expression (or repression) of one or more of these genes which
are coordinately expressed results In the observed toxic syndrome.

The model has an obvious prediction. Since the Ah locus determines the
receptor, Its binding affinity, and sensitivity to Induction of AHH activity,
toxicity should segregate with the locus. That is, inbred strains of mice
with a high affinity receptor, and sensitivity to induction of AHH toxicity,
should be sensitivity to toxicity from TCDD, and mice with a low affinity
receptor should be less sensitive to the toxicity of TCDD.
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Fig. 6. Isosteric tetrahal ompa
ogenated aromatiec hydrocarbons: rison of
:?:Ie:;:::lt:o:::::;aoﬂ::tlﬂw agd the;r cyt?sm Ic bindlng afflnlties? ;::Ir
compound was determined from the log dose-
curve for inductlon of hepatlc AHH acti bryo. The Tose
. vity in the chicken embryo.
::'t‘:"('gli;f;::;; t}’ of each congener was determined by its capaclgoto I:;pete
or specific binding sites In 1fver cytosol from C5781/6J mice.

We have found that C578L/6J mice are more sensitive to the dose-related
thymic involution produced by TCDD, than are DBA/2) mice, and the ;I-wbrid
BGMFI/J mice show lntemgdtute sensltivity. In the backcross of B&D2F. /)
and DBA/2J mice, thymlc fnvolution segregated with the locus. In 10 Inllwed
strains of mice, sensitivity to teratogenicity, measured as the Incidence of
cleft palate formatlon, followed the strain distribution of An locus, (with

one exceptl
ce;k on, & responsive strain CBA/J which falled to develop cleft
palates)” ',



In summary, |) the correlation between the structure activity relationship
of congeners to bind to the receptor and their toxic potency and 2) the
segregation of toxlcity produced by TCDD with the Ah locus, suggest that the

‘toxicity of halogenated aromatic hydrocarbons Is medlated through their

binding to the receptor and the gene expresslon that ensures.

We do not understand why nonhalogenated agonists for the receptor, e.9.
polycyclic aromatic hydrocarbons and B-naphthoflavone do not produce the
characteristic spectrum of toxlc responses produced by TCOD and Its congeners.
There are two obvious possibillties. The nonhalogenated agonists some how
bind differently to the receptor or the receptor-ligand complex binds dif-
ferently to the nuclear sites and doesn't fully express the same battery of
genes that the halogenated aromatic hydrocarbons do. Alternatively it is
possible that ft is the sustained occupation of the receptor that is
essential, and the long blolegical half-1lves of halogenated aromatic com=
pounds relatively to the rather rapldly metabolized polycyclic aromatic
hydrocarbons accounts for this difference. In support of this latter pos-
sibility we have found that MC and B-naphthoflavone will produce thymlc
involution, a response characteristic of TCDD toxigity.

The data suggest that while the cytosol receptor may be essential for
toxicity it may not be sufficlent. We recently examined over 20 cell lines
In culture, primary cell cultures, established cel) lines, and transformed
cells, for toxlcity to TCOD. While & number of the cells showed AHH induction
in response to TCDD, Indicating the presence of the receptor, none show any
signs of toxlclty such as Inhibited growth rate, cell death, or reduced
plating efficiency {Knutson, J. and Poland A. - wanuscript in preparation}.

At present, we do not know the slze of the gene battery controlled by
the receptor, not {ts physiologic functions other than Increase in the
enzymes which metabolize foreign chemicais, nor if there is a andogenous
modulator cf the receptor.

Hutagenlcity and Carcinogeniclity

Recently, several groups have found TCOD to be a potent carcinogen In
chronic feeding studiesjs'zs. Koclba 53_51,35 in a very thorough study
maintained rats on diets supplying a daily dose of 0, |, 10 and 100 ng/kg
for two years. Female rats feed the highest concentration of TCDD developed
a significant increase In hepatocellular carcinoma, strat{fied squamous cell
carclnoma of the hard palate and nasal turbinate and keratinlzing squamous
cell carclnomas of the lung, At a dose of 100 ng/kg/day nearly one half the
female rats developed one of these neoplasms, suggesting TCOD has a carcino-

genic potency comparable to that of aflatoxin Bl' which at lifetime dose of
1 pg/kg/day has been estimated to produce a 50% incidence of hepatocellular

carcinoma in rats37.

The carcinogenic potency of TCDD is surprising in light of 1) the lack
of convincing evidence that TCOD is mutagenic in any Jn vitro bacterial test
systemsaa-ko. and 2) fallure to demonstrate significant covalent binding in
vivo. We have recently examined the in vivo binding of 3H-TCDD to rat |i::}
macromolecular frlctlons“'. If one assumes unextracted radicactivity Is
equatable with covalently bound 3H-TCDIJ, the maximum binding to ONA Is 6 pmole
of TCOD per mole of nucleotide, & to 6 orders of magnitude lower than that of
most other chemical carclnqgens“z, and equivalent to one molecule of TCDD
bound to the DNA in every 35 diploid cells. These results suggest that it
is unlikely that the mechanism of oncogenesis is through covalent binding and
somatic mutation.

Recently Pltot et a1." have shown that partially hepatectomized rats
which received a single dose of diethylnltrosamine and then administered a bi-
monthiy dose of TCDD equivalent to 100 ng/kglday. developed a large Increase
in altered hepatoceltular foci and hepatocellular carcinoma. This suggests
TCOD acts as a tumor promoter, inm the liver and is approximately a mitlion
times as potent as phencbarbital in this system.

The mechanism(s) by which TCDD produces toxlcity and carcinogenicity are
unknown. Understanding these processes Is Important because 1} TCDD {s the
prototype of a large series of the halogenated aromatic hydrocarbons, many
of which are environmental contaminants, 2) the studies to date suggest this
series of compounds acts by rather a unique mechanism (s).
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DUAX: For your tricyclic compound, the corner pocket theory would appear to
be a safe one, However, in some of your compounds, like TCAB and TCAOR, it
isn't clear to me that the rings must be coplanar. - Three halogens {the number
yYou show to be necessary) could sit in the corner pockets without having the
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rings be coplanar,

POLAND: I agree with you. The idea of planarity came from a study of halo-
genated biphenyls. We are not sure whether the 3 or 4 halogen atoms have to
have the same planar touchdown points or whether the intervening rings must
also be in the same place. 1Ideally, a hexachlorinated tryptycene would
answer this guestion, but we haven't synthesized it.

XUPFER: Is methylcholanthrene or BNF more toxic to responsive mice than to
nonresponsive ones?

POLAND: As you know, Dr, Nebert and his colleagues at NIH, have looked exten-
sively at the question of whether the toxicity and carcinogenicity of poly-
cyclic arcmatic hydrocarbons segregate with the Ah locus. The evidence
suggests that it depends on the particular polycyclic, the route of adminis-
tration and the particular toxic response. I have suggested that methyl-
cholanthrene can produce two kinds of toxicity: one arises from its metabo-
lism to reactive metabolites which can cause cell damage by covalent binding
to macromolecules; the second mechanism, less recognized, is that methyl-
cholanthrene, BNF and the halogenated aromatic compounds elicit certain
toxicities by binding to the cytosol receptor. This requires a tissue where
the monooxygenase activity is low, so the polycyclic aromatic hydrocarbons
persist long encugh, and where the response from reactive metabolite formation
and toxicity, does not mask the toxicity arising from the gene expression.

STANCEL: You mentioned that TCDD will cause atrophy of the thymus. Gluco-
corticoids will also produce this effect, Hawve you determined whether this
response to TCDD and glucocoritceids is additive or synergistic?

POLARD: TCDD will produce thymic atrophy in adrenalectomized rats. Dr. Joyce
Knutson has found that the mouse lymphoma cell line 549G3, which was killed by
dexamethasone, does not respond to TCDD. Glucocorticoids do not compete with
3H-TCDD for receptor binding,

LUCIER: If the Ah locus correlates with the toxicity for TCDD, then why is
the guinea pig, which is nonresponsive to the inductive actions of TCDD, the
most susceptible species to TCDD toxicity?

POLAND: George, I wish I understood the difference in species sensitivity.
Let me point out that among all the halogenated aromatic compounds that
comprise this group, the potency of a congenex to induce aryl hydrocarbon
hydroxylase (AHH) activity (measured in chick liver or a rat hepatoma cell
culture) corresponds to its toxic potency in a variety of animals. The
chicken embryo and mouse are about equally sensitive to TCDD induction of
hepatic AHH activity (EDSO, 0.3 to 1.0 x 10 ° moles/kq), but differ cver 100~
fold in their sensitivity to the LDgg of TCDD. Dr. Knutscn has looked at over
20 cell lines in culture, and while many are inducible with TCDD, none show
toxicity. I suggest that the receptor is essential for toxicity, but not
sufficient.

SHIVERICK: Does TCDD induce benzo(a)pyrene hydroxylase activity in extra-
hepatic tissues, particularly adrenals and lung?

POLAND: TCDD is an excellent inducer of AHH activity in nonhepatic tissues
including lung, bowel, kidney, and skin, I do not have data on the adrenal
gland.

34;

MARTIN: Would you care to speculate why God gave the cell a specific receptor
system for TCDD.

POLAND: You have abviously asked the major question. My working hypothesis
is that TCDD and other xenobiotics which bind to the receptor are mimetics of
a physiologic regulator {an endogenous inducer). We have locked for the

presence of a small moclecular weight (dialyzable) factor which would compete

~ with 34-1¢DD for receptor binding and not found anything as yet. One coral-

lary of your question is that it is not certain that the "purpose" of this
regulation is only the inducticn of the drug~metabolizing enzymes. So both

the overall function of the response, and a physiclogic inducer remain specu-
lative,
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PERSONAL EXPERIENCES EMPHASIZING THE ENVIRONMENTAL IMPACT OF ESTROGENS

ROY HERTZ, M.D., Ph.D.
Research Professor of Pharmacology, The George Washington University Medical
Center, 2300 Eye Street, N.W., Washington, D.C. 20037

In these few minutes given me for our orientation to this morning's session
it seemed of interest to briefly describe for you three past personal encounters
with environmental estrogens.

About 20 years ago the Director of the N.I.H. laboratory at Helena, Montana,
complained that his previously fertile mouse breeding colony had become vir-
tually non-productive during the preceeding two months. He also noted that
his male mice had developed a high frequency of inguinal hernias so that they
would be dragging a scrotally placed mass of intestine behind them as they
walked across the floor of the cage.

Gardner et a'l.] had described such hernias in male mice chronically treated
with estrogens. Also infertility 1n sheep ingesting a form of clover producing
effective amounts of an estrogenic flavone had been described in New Zea]andz.

These features of this laboratory's probiem suggested that the cause of the
trouble might be a dietary source of estrogen. The affected colony had been
maintained for years on a widely used brand of dried peliets. We found that an
extract of these pellets contained a uterotrophic substance in sufficient con-
centration to provide a fully effective dose n a few days ratfon.

During these investigations some of the untreated control mice in our own
studies on other aspects of estrogen metabolism began to show enlarged uteri.
After severely reprimanding our animal care-taker for mixing up our animals we
cleaned house and scon again encountered the same phenomenon in untreated
ovarfectomized mice.

The cu1pah1e substance in both our own and in the Montana laboratory was
found to be diethylstilbestrol which had inadvertently contaminated Targe lots
of the pelleted feed. The feed had been milled on the same equipment used by
the manufacturer to prepare highly potent concentrates of stilbestrol for ad-

"mixture to cattle feed.

A year or so later a distinguished pediatrician referred to me a five year
old girl and her seven year old hrother who presented at about the same time
with bi-lateral modular breast eniargement (Figures 1 through 4). This simul-
taneous occurrence within a family suggested an exogenous source of estrogen,
particularly since Zondek in Israel had just written me of an outbreak of
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Figure 1. 7 year old boy with breast enlargement.

Figure 2. 5 year old gir] with breast enlargement.

Figure &,

Breasts

of boy in Figure 1.
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gynecomastia in a kibbutz attributable to the ingestion of chicken necks con-
taining residual stiibestrol pellets. Exhaustive study in our patients’ home
one evening with emphasis on the medicine chest revealed no probable estrogen
source. However, as I was about to leave the home I noticed that the mother
had set the table for the following morning's breakfast and had provided each
child with a large vitamin capsule. The mother and father were fortunately
obliged to omit this dubious health practice for budgetary reasons,

The remaining vitamin capsules were found in our laboratory to be heavily
contaminated with diethylstilbestrol, each containing the equivalent of 150
gamma of estrone. They had been manufactured in a garage in Philadelphia by
a marginal firm which also prepared stilbestrol tablets, on the same uncleaned
equipment. The F.D.A., which moved rapidly in those days, soon terminated
this practice.

$ix months later a physician referred to me her 8 year old and 10 year old
sens who had simultaneously presented with an abrupt nodular gynecomastia
(Figures 5 and 6}. S$he had been giving these boys daily doses of isoniazid
because of prior bousehold exposure to tuberculosis. This medication had been
obtatned from a firm of dubtous standing and proved to be heavily contaminated
with stilbestrol®.

Two years later our untreated control rats began showing a highly sporadic
occurrence of uterine enlargement. The spotty character of this effect in the
Taboratory this time exculpated the diet and the animal care-taker, and the
technicians. However, this feature suggested an environmental effect in our
laboratory. Then one day we found the same scattered effect among a group of
rats freshly received from our central animal production facility. Careful
review of the practices 1n that facility revealed that the rats were being
dusted at various times with an insecticidal powder in order to keep their in-
festation with ectoparasites to a minimum. It had been determined previously
that the insecticide DDT had some estrogenic potency and so we undertook a
study of the dusting powder in use, The active estrogenic ingredient proved
to be technical grade Methoxychlor, which the animals had ingested by grooming
themselves and their cage partnerss.

I hope that this account of these experiences will prove fnstructive for
you and will serve as an appropriate introduction to this morning's discussion
of ambient estrogens.
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Figure 5. Breasts of 8 year old boy.

Figure 6. Breasts of 10 year old boy.
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ASSOCIATION OF EXOGENOUS ESTROGENS AND CANCER IN HUMANS

Robert Hoover, H.D., D.Sc.
Environmental Studies Section, Environmental Epidemiology Branch, National
Cancer Institute, 3C07 Landow Building, Betheasda, MD 20205

INTRODUCTION

When an epidemiologist is invited to discuss a specific carcinogen or
clase of carcinogens at a meeting composed primarily of laboratory scientists,
the relevant human observations frequently are of great biologic interest in
offering insights into basic mechaniems of carcinegenesis but of minor
public health gignificance becsuse of the relatively few humans exposed to
the substance in question. Thie is often the case for therapeutic drugs
which exhibit carcinogenic potentizl. In these circumstances the public
health signficance of exposure is even further diminished because the indi-
viduals exposed are often quite ill and willing to accept substantial risk
of serious side effects in order to obtain the potential benefits of the
therapeutic drugs in question.

Estrogenic drugs, however, certainly do mot fit this description. These
agents, for which there is abundant laboratory evidence of carcinogenicity,
have been, and continue to be widely used at high doses for long periods of
time by large numbers of healthy women. It is estimated that between 4 and
6 million Americans (mothers, daughters, sons) have been exposed to diethyl-
stilbestrol (DES) during pregnancy.l A recent survey indicated that as many
as 50% of all recently menopausal women in one area of the U.S. have taken
epgtrogens for climacteric symptoms for a median duration of 10 years.z
Current estimates also indicate that approximately 80 million women in the
reproductive ranges throughout the world use orel conttlceptive:.a Therefore,
not only is the human gpecles currently participating in a magsive natural
experiment to evaluate the potential cercinogenicity of these compounds, but
the public health significance of even small alterations in carcinogenic
risk due to these drugs is substantial.

As evidence of the level of concern over the carcinogenicity of these
drugs, in the last two years I have participated in two comprehensive reviews
of various aspects of this subject for two intermational agencies.a'4
However, new information is appearing at such a rapid rate, that such reviews
need to be updated at least annually. In attempting to review the human
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evidence with respect to potential carcinogenicity of a wide variety of
estrogenic drugs, I will rely heavily on these two recent reviews, updated
with subsequently published studies and the results of several studies
completed but not yet published.

EARLY STUDIES

Until the mid 1960's, only a small proportion of the general population
used estrogens, and only a very small proportion had used theam for extended
periods of time. Thus, the few early case~control studies to assess this
exposure were inadequate to detect any alteration in cancer risk.s-T Six
follow-up (cohort) studies had been done of women intensively exposed to
estrogen preparations either for symptoms of the climacteric or for treatment
of osteoporosis.s-lk As recently as 1971 several of these studies were
cited as indicating that estrogen replacement therapy waes associated with
"protection™ against virtually all forms of cancer.ls If correct, the
biologic and public health implications of these observations would have
been impressive. However, little attention had been paid to these observa-
tions of spparent protection by either cancer researchers or the general
public, a fact lamented by the author summariring these observations in
1971.15 Perhaps part of the reason for this lack of sttention arose from at
least an implicit underztanding of some of the deficiencies of these studies.
In each of these studies, rather thap jidentifying s group of exposed persons
and then follouing thea for cancer, information was simply extracted from
existing medical records. Often a group was composed of only those patients
who were followed up to a certsin date; in others patients were included
only up to the date they were last seen, with no additional follow-up efforts
made. These methods could have resulted in underestimates of the cases of
cancer occurring in these groups.

A few other comments concerning these early studies are in order since
they are often resurrected in current debates over these medications. In
several of the studies, only a small number of patients and/or a short
follow-up period were involved. Most carcinogenic effects manifest them-
selves only after long lateant periods, so the relevant follow-up pericd may
occur only many years after initial exposure. Indeed, endocrine phenomena
associated with changes in bresst cancer risk (e.g., oophorectomy and an
early age at natural menopsuse} do not exert their effect until about 10
years following the event.‘ In addition, small cohorts and short follow-up
make it likely that & relatively small or moderately increased risk will be
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overlooked. With this in mind, it is important to note that in the &
studies cited above: a) In two no women were followed more than 10

8,14

years ; b) in one only 86 women were followed for more than 10 yearsll

c) in one the number followed for 10 years could not be determined, but t;e
longest follow-up was only 15 yearslo; d) io one although the longest
follow-up was 25 years, the average for all 292 patients was 5 vearsg, in-
dicating that very few women were followed up for more than 10 yearsg; e) in
one the entire study group consisted of those who had used the medication
for 10 years, but the longest follow-up was only 14 years after starting
usela. Many of these studies also suffered from flaws in their analysec.
Such flaws included calculating expected numbers of cancers for periods of
time during which the group was not under observation for malignancy, cal-
culating expected numbers of cancers for organs that had been removed from
these populations (e.g., the uterus and ovaries among women having undergone
total hysterectomies), and making no adjustments for the protective effect
against breast cancer of an ocophorectomy or an early age at natural mepo-
pause.

In summary, prior to the early 1970's, the numbers of persons exposed to
estrogens, particularly long term users, were too few for an adequats evalua-
tion to be made by case-controls studies. In addition, each of the 6 early
cobort studies was so deficient in either conduct or analysis that the
results were uninterpretable.

DES DURING PREGNARCY

In 1971, the same year that the protective effect of estrogens was being
promoted, an epidemiclogic study was published which indicated that an
unusual cluster of a rare form of vaginal cancer in females aged 14 to 22
years, noted at one hospital, was related to intrauterine exposure to DES by
these young wo-en.l6 Later studies confirmed these results and indicated
that the in-utero exposure relatéd to an excess risk of clear cell adeno-
carcinoms both of the vagina and the cervix.1 Shortly thereafter a registry
of this disease in young women wasz established. Currently, this registry
contains reports on over 350 cases of clear cell adenocarcinoma of the

17

vagina or cervix. Among those capes with an available maternal pregnancy

history, approximately 2/3 indicated in-utero exposure to DES or similar

. estrogens, such as hexestrol and diéne:trol. ¥hile the relative rarity of

this tumor, along with a lack of accurate estimates of exposure, have made
an estimation of the actual risk of this malignancy among the exposed difficult,
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a reasonable range for this estimate has been establigshed. It appears that
the incidence of clear cell adenoccarcinoms is somewhere between 1 per 1,000
to 1 per 10,000 through the age of 24, among the exposed daughters.17 Since
the use of DES during pregnancy was not common pricr to the early 1950's, |
accurate astimates for what occurs beyond the age of 24 are not yet available.
An analysis of theé age-incidence pattern for this disease is quite interest-
17 The rateé rise very sharply at sge 14, peak at sge 19, and then
decline rapidly. The steepness of the ascending limb of this curve is
noteworthy, considering that the relevant exposure occurred 15 to 20 years

ing

prior. Usually, if the latent period for a disease is long, it tends to
have a wide range. In this circumstance, while the average latent period is
19 years, the range is quite constrained. It appears that scmething associat-
ed with puberty (perhaps the concomitant surge of endogenous estrogens) is
acting as a powerful promoting agent, leading to the manifestation of this
disease.

With the enthusiasm for describiag various features of clear cell adeno-
carcinoms associsted with in-utero DES exposure, it is easy to forget that
the influence of thie exposure on cancers of other hormonally sensitive
gites hags not yet been evaluated adequately. Recent reports have suggested,
and denied, that cervical and vaginal intraepithelial neoplasia (squamous
cell dysplasia and carcinoma in-situ) might be more common in DES exposed

.18’19 The women exposed to DES 1n-ﬁtero are just now entering the age

range where cﬁncern of the cervix and breast begin to sppear, and it will be
a number of years before they reach the high risk ages for cancers of the
endometrium and ovary. Therefore, the need for continued evaluation of this
exposure seems to be obvious. '
Male Offspring

It has been noted recently that males eiposed in-uterc to DES demonstrate
a number of teratogenic effectl.20 There is & clear excess of abnormalities
of the external genital tract among exposed males. These consist primarily
of a history of cryptorchidiem and the finding of an increased number of
hypoplastic testes and epididymal cysts. In addition, single semen determina-
tions suggest &n increase in sperm abnormalities, such as low sperm counts,
decressed sperm motility, sand possibly an increased number of abnormal sperm
forms. The implications of these findings for potential carcinogenic’ effects
are as yet unknown. However, two small case-control studies of testicular
cancer have raised the suspicion of an increased risk of this tumor associated
with in-utero exposure to DES.I'Z1
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Hothers

It is often overlooked that the mothers who took DES during the pregnancy
had a substantial, albeit short-term, exposure to exogenous estrogens. The
dose regimen most popular in the late 1940's and early 1950's called for
between 10 and 12 grams of DES to be sdministered during the pregnancy.
Currently the only information we have concerning the potential risks to the
mother associated with thie exposure comes from the follow-up of women who
participated in a randomized clinical trial conducted at the University of
Chicago in the early 1950's.22 Among this group, more patients in the
DES-exposed group developed cancer in reproductive organs than among women
not treated with DES. Thirty-two cases of breasgt cancer were observed in
the 693 women exposed to DES compared to 21 cases in the 668 women in the
comparison group. More cases of ovarian cancer (4 versus 1) and cancers of
the uterine cervix (7 versus 3) occurred in the DES-exposed group than the
comparison group. However, fewer cases of endometrial cancer {3 versus 5)
occurred in the exposed in comparison to the unexposed. Thirty-eight of the
exposed women have died compared to 28 in the comparison group. All of this
difference was seemingly attributable to deaths due to cancers of the breast
and gynecologic organs (e.g., 12 deaths were attributed to breast cancer
among the exposed versus & among the comparison group). These observations
provide some cause for serious concern about the carcinogenic potential of a
large dose of DES for the breast and gynecologic organs of the mothers
taking the medication. However, there iz need for caution since the dif-
ferences observed in this study were based on & relstively small number of
cancers and could be due to chance alone. Further studies will be needed to
confirm or deny the implications of these observations.

MENOPAUSAL ESTROGENS

As noted, early studies of menopausal estrogen use failed to identify any
excess risk, and indeed had implied & substantial amount of “protection™
against virtuslly all malignancy. Since 1975 there has been a dramatic
reversal in the weight of the evidence concefning the carcinogenic con-
sequences of the use of these substances,

Endometrisl Cancer

Late in 1975, two case control studies were published which indicated

that the use of conjugated estrogens for symptoms of the climacteric was
23,24
The

first study, conducted in a cancer climic, indicated a 4 to 8-fold increased

assoclated with a relatively high risk of endometrial cancer.
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risk of endometrial cancer among estrogen users compared to nonusers. The
second study, from a large prepaid health plan, indicated an B8-fold excess
risk overall for users of estrogen, and a dose-response relationship with
duration of use, riging to 14-fold among those who had used estrogens for 7
years or more. Both of these studies were based on record reviews. A
subsequent Btudy in & large retirement community utilized both health plan
records and personal interviews and obtained results similar to the first
tuu.zs In addition, this study indicated a comparable relative risk sssociated
with the use of nonconjugated estrogens, and a dose-response relationship

with the dose of the tablet usually used. Since thege first reports, eight
independent investigations have found similar results using a wide variety

of study designs.zﬁ-33 Three were case-control interview studies,zs-z8 two
were case-control studies involving a review of medical records,29'3° two

were case-control record-linkage studies in large group practices,31’32 and
one was a cohort study of the frequency of subsequent primary maligpancies

of the endometrium among breast cancer patients treated with non-steroidal
estrogens.33 Since the first reports, the methods employed in a number of
these studies have been criticized and questioned in a variety of vays.3°’34
Targets for criticism have included the following: the use of control women
who had diseases with risk factors different from those of endometrial

cancer; the possibility of inadequate control for endometrial cancer risk
factors in the analyses; an interval between first exposure and diagnosis

that vas too short to be consistent with current concepts of carcinogenesis;
the exclusion of women who had had a hysterectomy from contral groups; the
accuracy of the endometrial cancer diagnoses; and the possibility of a
surveillance bias (those using estrogens being more likely to have endometrial
cancer diagnosed or diagnosed earlier than those not using estrpgens). Ip

the variety of studies that have been reported since the initial papers, and
4,34,35 each of these criticiems has been addressed
adequately, without altering aay conclusions concerning the association.

In addition, the conclusions of these analytic studies have been supported
by evidence of rising incidence rates of endometrial cancer follouing-the
dramatic increase in use of estrogens for symptoms of the climacteric in the
United S:ates.36'37

in several commentaries,

In summary, a number of recent studies utilizing a variety of designe
have found a consistent, strongly positive sssociation between » number of
estrogenic substances and the risk of endometrial cancer, with positive
dose-response relationships both with the strength of the medication and

359

with the duration of use. These observations have been supported by a
dramatic rise in the incidence fates of endometrial cancer in concert with
the dramatic increase in the use of these medications.

While most of the important issues have been addressed adequately by the
current studies, there are at least two remaining issues that need to be
addressed. First, no adequate evsluation has been made of the influence on
endometrial cancer risk associated of the addition of progestational agents
to estrogenic compounds used for hormonal replacement therapy. It has been
suggested that thie addition might at least partially diminish the risk of
38,39 Until such
time as this has been evaluated, however, it should be noted that the sequential

endometrial cancer in women undergeing estrogen therapy.

¢yclic use of estrogen and progestine in oral contraceptives has been related
to an increased risk of endometrial car:.t:er."0 The other major issue requiring
further data concerns the risk among women who have stopped using estrogens.
Very recent evidence seems to indicate a plateaning of the incidence rates

of endometrial cancer, and perhaps even a slight downturn in the rates,
following quite closely on the dramatic reduction in use of menopausal
estrogens after the initial reports in 1975.37 In fact, a receat study of
individusls in a large group practice indicated that the decline in iacidence
rate in this group practice following the reduction in estrogen use was due

to the decrease in use, since the incidence rates among those using estrogens
remained at the same high level.32
to address the risk among former users has been report.ed.z8 While the

Very recently, the first study to attempt

numbers of relevant observations are small, two featurés are noteworthy.
First of all, even among former users who stopped some time ago, z substant-
ial elevation in risk remains. However, after gtandardization for amocunt of
estrogen received, there iz evidence of a meaningful reduction in the excess
rigk of endometrial cancer very soon after the women stopped using the
medications. These observations are particularly exciting for their immediate
relevance to cancer prevention, apd for their biologic implications with
respect to understanding cancer initiation snd promotion.
Breast Cancez

A pumber of reports from a cohort study carried out in Nashville, Tennessee
have appeared in the literature since the early 197()'::."1 Although this
study had some of the same faults as those described under "early studies™,
it was better designed and analyzed and was the first that did mot describe
“protection” against breast capncer. Among the 735 women who were followed
for an average of 15 years, 21 cases of breast cancer were observed versue
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18 expected. A criticism of the development of the expected value in the
study has indicated that it may be too high. In addition, although half of
the total group had undergone bilateral oophorectomy, the anticipated pro-
tection against breast cancer due to this procedure did not occur.

Io 1976, another, and much larger, cohort study was reported in which
1891 women given conjugated estrogens for symptoms of the climacteric were
followed for an average of 12 years.‘z Breast cancer was observed in 49,
whereas 39 were expected on the basis of rates in the general population.

The relative risk of breast cancer increased with duration of follow-up,
progressing to about two-fold after 15 yeare. In addition, after ten years
of follow-up observation, two factors related to lower risk of breast cancer,
nulliparity and ocphorectomy, were no longer so related. Io this study,
estrogen use was also related to an increased risk of breast cancer among
women in whom benign disease developed after they had started the drug.

A number of recent case-control studies of breast cancer have shown no
significant association with estrogen use; however, none of these have been
able to address the questicon of long-term use.“3-48

Since the cohort studies had raised the question of excess risk in
long-term users, a number of case-control studies to evaluate this associa-
tion have been initiated. As yet the results from these studies have not
been published. However, I am aware of the preliminary results of at least
three of these studies, all three of which seem to lend some support to the
estimate of a two- to three-fold excess breast cancer risk among long ters
users of conjugated estrogens.‘g“SI
Ovarian Cancer

In a recent study, a statistically significant excess risk of ovarian
cancer was reported among a small group of women who had been treated both
with DES and conjugated estrogens for symptoms of the c1inacteric.52 in
this study, there was no zignificant elevation of risk for those women who
had received only conjugated estrogens. As noted previously, in a follow-up
study of women exposed to DES, four women treated with DES during pregnancy
subsequently developed ovarian cancer, compared with 1 in a control group of
comparable size.22 On the other band, one recent record linkage case-control
study, and one interview case-control study have not found an association
53,54 Taken
in the aggregate, the human observations, together with a suggestion of an
association between DES and the development of ovarisa cancers in laborstory

between conjugated estrogen use and the risk of ovarian cancer.

indicate the need for further investigation. Several studies
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of ovarian cancer designed to address this issue are currently reaching
their analysis phase.
Other Cancers

Two cohort studies since 1971 have reported lower than expected numbers
of cancers other than those of the breast and reproductive system, and

especially of colon cancer.‘u’42

While the lack of any evidence of a dose-respouse
relationship for this association weakens arguments in favor of a protective
effect, additional studies need to be done to explain these observations.
Benign Breast Diseasge

The only benign neoplase that has been extensively evaluated for its
relationship with the use of estrogens for symptoms of the climacteric is
benign breast disease. However, the results of these evaluations have been
conflicting. Three case-control studiec have failed to find an association

between estrogen use and the rigk of surgically confirmed benign breast
43,47,57
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disease, while one case-control study has found a two and one half-fold

excess risk.

ORAL CONTRACEPTIVES

The situation for oral contraceptives is somewhat different than that for
DES and other estrogens used jn treatment. For these other hormones, adequate
husan evzluations lagged behind the use of these medications for am unfor-
tunately long period of time. The human exposure circumstances surrounding
oral contraceptive use is truly a story unique in the annals of therapeutic
drug history. Prior to 1960 essentially no cne had used these agents outside
of the clinical trisl context. In legs than ten years of their introduction
in 1960, fully 60% of young women in this country had had significant exposure
to these potent combinations of estrogemic and progestational agents.sg As
noted previously, current estimates are that 80 million women worldwide are
using these medications for contraception.3 Because of this abrupt widespread
use by a healthy population of potent physiologic agents for which there was
laboratory evidence of carcinogenicity, a aumber of people started calling
quite early for appropriate evaluations to be done in vonen.eo Bacause of
this concern, the literature on the subject is quite extensive.
Benign Breast Disease

With one exception, a number of case-control and cohort studies have been
consistent in finding a deficit of benign breast disease in current oral
contraceptive users. (Tables 1 and 2) This deficit is consistently ohserved
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with respect to fibrocystic disease but has only been inconsistently linked
to fibroadenoma. The apparent protective effect is related to duration of
use and may persist for some time after cessation, however the association
amoug former users has yet to be investigated adequately. For current users
of oral contraceptives with & total exposure of longer than two years, the
risk of being hospitalized for benign breast disease is only about 25% of é
those who have never used oral contruceptives.61 The cohort study from the
Royal College of General Practitioners was able to take advantage of the
popularity of two varieties of a particular brand of conlraceptive.ss The

only difference between the two varieties was in the dose of progestin

—_— 0.7

1-
1.1
C.4

involved. This study seemed to indicate thet the apparent protective effect
was directly related to the strength of the progestational component.
Obviously, the important question is whether this apparent protective

effect against benign breast disease will be relevant to breast cancer.

<1
0.6

Sioce benign breast disecase identifies a group at high risk for breast
cancer, these findings with respect to diminished risk of benign breast

disease have been somewhat encouraging. However, a recent study indicates

Of Oral Contraceptive Use

Breast Cancer

Relative Risk by Duration (Years)

caution.69 In this study, the cases of benign breast disease were reviewed

aod scored according to an index of ductal atypia. The marked protective

1.0
1.0
[

Never Used
1.

effect associated with oral contraceptives seemed to apply primarily to the
form of the disesse associsted with the least atypia (the form that may not

16

be a risk factor for breast cancer). Iz fact, for the type of benign disease
asscciated with the highest subsequent risk of breast cancer (the one with

the most severe atypia), oral contraceptives were associated with an actual

Number
of Casea
31
137

increased risk.
Breast Cancer

To date, studies on the relationship of oral contraceptive use to breast.
cancer have yielded inconclusive results.

Cohort studies have provided only limited information, due to the small
numbers of incident cases observed thus far (Table 3). In one study, 16

Cohort Studies of Oral Contraceptive Use:
Age Range
(Years)
15-49
25-49
25-39

cases have been reported and the lowest rate was among those using oral
contraceptives, however, the differences were not significant.67 In another
cohort study, 31 cancers were reported, and the etandardized rates were no
different in users, ex-users, and nonusers.65 It should be noted that in
this study only 5% of women had used hormones for more than five years. In

another cohort evalustion, hospitalization rates for breast cancers in ugers

Practioners (65)

of General
1974

Investigator
and Year

1976
1976

Royal College
Ory et al. (66)
Vessey et al. (67)

Table 3.

and nonusers based on 137 cases of cancer observed over a 30 month period
yielded no significant differences between the rates in users and
nonusers.66
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An increasiog number of case-control evaluations of oral contraceptive
use have been reported (Table 4). The most recent report from the ongoing
case-control study at Oxford has the largest numbers of cases reported to
date.71 Among the 621 total cases and their matched controls, there was no
evidence of excess risk associated with ever use of oral contraceptives and
no evidence of a dose-response relationship with number of years of use.
When analyzed by age there was some evidence of excess risk in the oldest
age group under study (ages 46-50). However, the trends in the next oldest
age group (ages 41-45) were for the most part in the oppesite direction and
the authors interpreted this as evidence that the positive association was
likely a result of chance, since they had investigated the risk in a number
of subgroups. Among the 487 patientz for whom clinical stage information
was analyzed, those who had never used oral contraceptives had more advanced

tusors at presentation than those using the pill in the year prior to diagnosis.

The former pill users occupied an intermediate position with respect to
¢linical stage. These differences in clinical stage were reflected in
differential survival patterns also. Since there was evidence that these
differences were not due to a diagnostic (surveillance) bias, the authors
suggested that these resu;ts may indicate that oral contraceptives may have
had a benefiéial effect on tumor growth snd gpread. Even in & study of this
size, because of the recency of introduction of oral contraceptives only
3.5% of the control group had used oral contraceptives for more than 8 years
(the longest duration of use category evaluated).

Additional studies have produced similarly negative results, with the
same reservation as that of the Oxford study, that of a paucity of long-term
users.

Two recent case-control studies may be worthy of separate mote. In one,
no significant differences were found in the risk of breast cancer between
cases and controls who had ever used coutraceptives.63'72 However, a positive
association was noted for long-term contraceptive users who also had a
history of surgically treated benign breast disease, and among a small group
of women who had used orsl contraceptives prior to their first childbirth.
In the other study, no cverall association between contraceptive use and

70

breast cancer was noted. However, among women with a natural menopause

there was a consistent finding of excess risk among oral contraceptive users
with evidence of a dose-response relationship for those women who had another
breast cancer risk indicator (those who had a bistory of surgically treated
benign breast disease, those who had a late age at first birth, those with a

Case-Control Studies of Oral Contraceptive Use:

Breast Cancer (100 or More Cases)

Table 4.

Relative Risk by Duration {Years) of

Number
of Cases

Age Range

Investigator
and Year

(Years)*

Oral Contraceptive lise

Never Used

»2

<2

Arthes at al. (5)

1971

0.6

1.0 0.8

119

15~75

Ravnibar et al. (47)

1979

190 1.0 0.9 1.0

20-49

0.8
1.7

izé
160

PRE

NAT

Brinton =t al. (70)

197%

Vesaey et al. (71)

1979

1.0

0.9

1.0

621

16=50

15-49 452 1.0 1 1.3

Paffenbarger et al.

(72)
1977

* PRE = Premenopausal

* NAT = Natnral Menopause
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family history of breast cancer, and those with a late age at natural menopause).

There are a variety of difficulties involved in interpreting studies in
which a2 number of subgroups have been evaluated. Interpretation of the
studies reported here is hampered by these difficulties. However, the
observations of excess risk associated with long term use of oral contra-
ceptives by women who are already at high risk because of the presence of
another breast cancer risk indicator should be cause for concern, and shoﬁld
stimulate more intensive evaluations for possible synergistic effects. In
addition, the suggestion of increased risk among oral contraceptive users

who used the pills at a young age needs attention also. This time in a
woman's life appears to be one when she is particularly sensitive to hormonal
and other events that influence breast cancer risk.73’74

Endometrial Cancer

Since 1975, numerous case reports have appeared concerning the development
of endometrial carcinoma in young women with a higtory of use of sequential
oral contraceptives. A report in 1977 concerning a series of 30 women under
age 40 who both developed endometrial carcinoma and had a history of oral
contraceptive use found that the propertion of users of sequential oral
contraceptives among this group was much higher than expected from natjiomal
rates of use of sequential versus combination agents.75 This association
became even stronger when women with other known risk factors for the disease,
short durations of contraceptive use, or use for reasons other than contra-
ception were removed from the analysis. In addition, women who developed
endowetrial carcinoma in associstion with sequential contraceptive use had
fewer of the previously established risk factors for the disease than did a
similar series of young endometrial canocer patients diagnosed prior to the
introduction of oral contraceptives. The proportional exposure method used
in this analysis is open to criticism, However, taken in the aggregate,
there appears to be 2n increaged, although not quantified at this time,
risk of endometrial cancer among users of sequential oral contraceptives.
Cancer of the Uterine Cervix

Few data are available concerning the risk of invasive carcinoma of the
cervix associated with uge of oral contraceptives. The data available
relate primarily to the risk of development of dysplasia and/or carcinoma
in-gitu of the uterine cervix. Thus, much of the evidence is made more
difficult to interpret because of the varicus controversies in pathology
and epidemiology concerning these entities.
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A number of studies concerning the possible carcinogenic effects of oral
contraceptive use on the uterine cervix have utilized data abstracted from
programs for the cytolegical detection of cervical neoplasis by comparing
the prevalence of cervical neoplasia in users and noousers of oral contra-
ceptives.76-85 These studies therefore have been based on data that were
not collected with a view to research on the effects of oral contraceptives
and they have yielded conflicting results and are difficult to inﬁgrpret.

Four case-control studies have been o::o:mclut:i:e:.i.86-89 Three have found no
association, while the fourth89 conducted among black women attending a
Ecreening program in Atlanta, Georgia, found a positive association with
some evidence of a dose-response relationship (the risk rising to five-fold
over that of nonusers for contraceptive users of three years or greater).
While the results of this study were standardized for a number of factors,
no information was available on a number of confounding factors directly
related to sexual activity. Another problem was the substantial dicagree-
ment with the original histologic diagnosis of cancer in-sitn on the part of
one of the two pathologists who reviewed the slides.

Four cohort studies have thus far been reported.go—QS In two, no sgigni-
ficant differences in cancer or in-gitu precancerous lesions were found
between contraceptive users and users of methods other than the diaphragm.
Diaphrags users have been noted on a number of occssions to have a zubstan-

90,91

tially reduced rigk of cervical neoplasia. One cohort study concerning
17,942 women enrolled pre-paid health plan detected a significantly increamed
relative risk of cancer in-situ among oral contraceptive users, a risk which
increased with duration of e:posure.gz

A number of risk factors were taken into account into the analygis of
this study, but information on risk factors related to sexual activity were
not available. A subsequent investigation of these variables in this group
indicated that when these factors were taken into account, the association
between duration of oral contraceptive use and carcinoma in-situ remained,
but was less marked.’® This finding again illustrates the importance of
sexual activity as a major confounding variable with regard to t#; study of
cervical neoplasia and contraception. 7

In 1977, the results of & 7 year follow-up of a group of contraceptive
users and nonusers was reported.93 This study was a follow-up of patients
with cervical dysplasia. Rates of progression of cervical dysplasia to
carcinoma in-situ were compared for users of oral contraceptives and nonusers.

Over 90% of the nonusers used intrauterine devices. The resulte of this
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study suggested that extended oral contraceptive use (for 6 years or greater)
appeared to increase by several times the rate of conversion of cervical
dysplasia to carcinoma in-situ among women with dysplasia at the time they
began to use oral contraceptives.

Ag this brief review indicates, the studies addressing the issue of
cervical neoplasia and contraceptive use have been numerous, conflicting,
and difficult to interpret. Detailed discussions of the metheodelogic issues
involved could occupy a number of pages, and have been summarized elsewhcre.3’4
The gemeral conclusion that can be achieved at this time based on the available
data would be that there is a suggestion of an increased risk of cervical
dysplagia and carcinoma in-gitu among long-term oral coutraceptive users who
also have other factors predisposing them to these conditions. However, to
date, all of the potential sources of bias and confounding in these studies
have not been controlled adequately, so this conclusion must remain a tentative
one at this time.
Ovarian Cancer

Three recent studies have suggested that patients with ovarian cancer
have a less frequent history of use of oral contraceptives than
controls.sa'gs’96 It has also been noted that this apparent “protective"
effect is biologically consistent with the other risk factors for ovarian
capcer, vhich indicate that patients with "incessant™ ovulatory activity
tend to be a higher risk than those who have had less ovulatory activity.
It should also be emphasized that this sppareant protective effect may be a
relatively acute effect, with the long-term consequences of contraceptive

96

use on ovarian cancer yet to be evaluated.
Liver Neoplasas

Increasing numbers of reports of hepatocellular adencmas in young women
have appeared in the literature szince 19?3.97’98
benign, are highly vascular and often present as emergencies because of
intrahepatic or addominzl hemorrhage with shock.

Two case-control studies have linked these tumors to the use of oral
99-100

These neoplasms, although

The relative risk associated with oral contraception
is quite high (100 times that of nonusers for those who have used contracep-
tives for 3 to 5 years and over 500 times that of nonusers for those who

contraceptives.

have used for 7 years or more). The relative risk also appears to be higher
for contraceptive users over age 30, and appesrs to be higher among contracep-
tive users who took pills with higher doses of estrogen and progestin.

While the relative risk is high, the absolute risk does not appear to be
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large for this rare tumor. Preliminary calculations suggest that the amount
of hepatocellular adenoma among women under age 30 is no more tham 3 per
100,000 contraceptive users per year.3 Over age 30 the absolute risk is
greater, but not yet estimated.

Several malignant hepatomas of the liver have been reported among women
using oral contraceptives. In one instance, such malignant tissue was found
in an hepatic adencma in a contraceptive user.m1 Whether these reports
indicate any excess risk or not is impossible te determine, since no controlled
study has been conducted to date.

Malignant Melanoma

A possible associatjon between orsl contraceptive use and malignant
melanoma of the skin was based on analysie of incidence dats from a cohort
of 17,942 wonen.loz A total of 22 cases were found during the period of
observation and the age adjusted rate per 100,000 persons per year was 17.6
for those who had never used contraceptives, 24.1 for users of less than &
years, and 29.5 for those using & yesrs or longer. These differences were
not statistically significant. As an adjunct to this study, an additional
case-control stgdy of 37 melanoma cases in the tumor registry of the same
health plan, but not among women in the identified cohort, was conduct.ed.102
The estimated relative risk for who had ever used oral contraceptives was
1.8, but again this excess was not statistically significant. The excess
risk among users of contraceptives appeared to be localized to the lower
limbs. In neither study was any information ascertained about exposure to
sunlight, the most important known risk faétor for malignant melanoma. If
users of contraceptives are more likely to spend more time out doors than
nonusers, this could have biased the results of these studies. Evaluations
are underway to test this hypothesis after control for sunlight exposure.
Other Tumors .

Seversl series of cases of adenoma of the pituitary have been reported ia
young women, & high proportion of whom had recently stopped using oral
103,104 To date an adequate test of whether these tumors are
related to contraceptive use has not been conducted.

contraceptives.

In a review of 611 women who had been followed after the removal of a
benign hydatidiform mole, approximately 10% subsequently developed an invasive

-ole.m5

Twenty-five percent of those who had taken oral contraceptives
prior to the return of human choriogonadotropin levels to normal underwent
this maligoant transformation in compsrison to about 9% of those who had mot
taken oral contraceptives. This suggests that increased development of

invasive trophoblastic disease may be due to the use of oral contraceptives.
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CONCLUSIONS
Diethylstilbestrol was first produced in 1938. That same year the occur-
rence of cancer was reported in animals exposed to DES.106 Similar timely

laboratory observations followed upon the introduction of conjugated estrogens
and the various synthetic components of oral contraceptives. [nfortunately,
sppropriate human evaluations could not be carzied out on the same agents
until the proscribed latent periods associated with human tumors had elapsed.
Unfortunately alsc, even when these latent periods had elapsed appropriate
human evaluations were often not undertaken. The last eight years has seen
an aggressive attempt by a number of investigators to rectify this lack of
appropriate evaluations. This has led to the cascade of reports in the
literature which this review has attempted to susmarize. As indicated, many
questions remain unanswered, new questions have been raised, and the appropriate
latent periods for a pumber of tumors have pot yet elapsed. However, a
substantial leap in our understanding of the neoplastic effects of estrogenic
medications in humans has occurred in this time. Unfortunately, most of the
nevs is not good. In-utero exposure to DES has been firmly linked to vaginal
and cervical clear cell adenccarcinoma. In addition, an association of this
exposure with congenital malformations of the externsl genitalia in males

has been establiched, and s suspicion of increaesed risk of testicular cancer
has been raiged. Similarly, suspicion of an excess risk of cancers of the
breast and gynecologic organs among the mother: taking this medication has
been raiszed. The influence of this in-utero exposure to daughters on other
tumors (cervix, breast, etc.) must await the aging of the exposed cohort

into the ages at high risk of these tumors.

Marketedly elevated risks of endometrial cancer have been clearly linked
to use of menopausal estrogens and recent observations have also raised a
distinct suspicion of increased breast cancer risk among long-term users of
these medications.

The use of sequential oral contraceptives has been related to an incressed
risk of endometrial cancer in young women and the prolenged use of oral
contraceptives have been firmly linked te benign, though definitely neoplastic,
liver tumors. Suspicions have also been raised with reipcct te oral contracep-
tive use and increased risk of cancers of the breast and cervix, at least
among specific groups of womer (particularly high risk women). These suspicions
are currently being aggressively evilusted. In addition, evidence linking
these agents with the development of malignant melanosa, pituitary adenoma,

and choriocarcinoms have appeared.
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Even initial optimism aver notstions of diminished risk of benign breast
disease associated with oral contraceptive use has recently been moderated

with the observation that this may not apply to the premalignant form of

benign breast disease. It is hoped that the initial observations of diminished

risk of ovarian cancer among oral contraceptive users are also not subsequently

reversed when long-term effects are svaluated adequately.

The public health consequences of the use of any medication are ultimately
judged on a risk versus benefit basis. Adequate assessment of risks and
benefits of estrogenic drugs will take zome time to determine, In the
interim, these evaluations of the fumerous natural experiments underwsy in
human beings should be utilized to their fullest to elucidate biologic
mechanisms of hormonally related neoplasia. Perhaps in this way we will be
able to link this material with laboratory results in order to identify
those laboratory observations which are particularly relevant. Hopefully, in
this way we can establish a scientific basis for evaluating the wisdom of

allowing human exposure to a substance without having to wait 20 to 30
years.
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OCCUPATIONAL EXPOSURE TO ESTROGENS - PROBLEMS AND APPROACHES

DENNIS D. ZAEBST, SHIRO TANAKA, M.D., AND MARIE HARING
Division of Surveillance, Hazard Evaluations and Field Studies, National

Institete for Occupational Safety and Health, 4676 Columbia Parkway,
Cincinnati, Ohio 45226,

INTRODUCTION

The Industry-wide Studies Branch (IWSB) of the National institute for

Occupational Safety and Health is currently engaged in an assessment of the

extent and nature of occupational exposure to estrogenic compounds, and the
possible resultant effects of that exposure.

This report will discuss briefly some of the available 1iterature concerning

reports of adverse effects of occupational exposure to estrogens, and the back-

ground and impetus for the current study. The report will caonclude with an
overview and discussion of the activities of {WSB and some of the current
findings.

HISTORY OF OCCUPATIONAL EXPOSURES

Although considerable literature exists regérding acute and chronic effects
of estrogens in women {primarily as a result of widespread contraceptive and
other medical uses of estrogenic pharmaceuticals), reports of occupational
exposures and the effects on males have been relatively few.

To date, a review of the literature has revealed approximately 15 reports of
occupational ‘etlology and perhaps half a dozen or so reports of effects of non-
occupational etiology in women, men and chlldren.

These reports began approxi-
wately in 1940, and continue to 1978.

Although space does not permit the
discussion of details from all of these reports, it would be germane to
summarize some of the circumstances described in these reports,

and some of the
pertinent clinical findings.

The hyperestrogenic syndrome (involving primarily acute or subacute toxicity)

has been associated In varlous reports with exposures to dlethylstilbestrol

(DES) and its derivatives, natural or con jugated estrogens, hexestrol and its

derivatives, and steroidal synthetics such as ethynyl estradiol and mestranol.

There have aléo been a few reports of toxicity syndromes associated with some

Progestogenic compounds, including acetoxyprogesterone, and vinylestrenolone In

combination with éthynyl estradiol. No studies recording long term followup of

men and women occupationally exposed to eétrogens or progestogens have been
found .
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Since DES was the first estrogen synthesized on a large scale, most of the
earlier literature is concerned with subjective observations and objective
clinical findings resulting from exposure in both occupational and non-occupa~
tional situations to DES. These findings were reported in association with the
synthesis of DES (Scarff and Smith, 19425 Fitzsimons, 1944 Watrous, 1947,
Klavis, 1953; Paganl, 1953; Watrous and Olsen, 1953; Pacynski, 1971; Burton and
Shumnes, 1973; and Meyer et.al. 1978) 172 and with the manufacture and use of
diethylstilbestrol pellets for caponizing cockerels (Katzenellenbogen, 1956).|o
Two of these papers {Pacynski, Katzenellenbogen) also reported signs of hyper-
estrogenism in the worker's children as a result of carryover of contamination
to the worker's homes.

Two additional interesting reports of non-occupational exposure to DES
involved the treatment with DES of a male criminal with a history of repeated
sexual offenses (Dunn, 1940)1! and the Inadvertent exposure of two boys who
apparently used hair lotion containing DES (Stoppleman et.al., 1955) .12

The principal features of hyperestrogenism in males reported in these studies
have included nipple sensitivity (manifested as tingling or tenderness of the
nipple), or a feeling of pressure in the breast area, progressing In some cases
to breast hyperplasia and outright gynecomastia. Subjective manifestations
reported by some of the workers also included decreased libido and/or sexual
potency. Findings in females included irregular menstruation, nausea, head-
aches, breast pain, leukorrhea, and ankle edema. Symptoms in exposed male and
female children have included areclar pigmentation and enlargement of the
nipples or breasts.

Goldzieher and Goldzieher (1949) 12 and Fisk (I950)]“ reported a total of six
cases of gynecomastia, with elevated urinary excretion of estrogens, in male
employees involved in the extraction processes of natural or conjugated estro-
gens. The case reported by Goldzieher was apparently due to skin absorption
of estrogen after prolonged contact with concentrated alcoholic solutions (most
estrogens are highly soluble Tn alcohol). Principal findings included tender-
ness and Increased size of the breast and nipple pigmentation. Weight toss,
headache, reduced 1ibido and reduced size of the genitalia were alsc noted.

Pagan! (1953)% reported menstrual disorders in two female pharmaceutical
workers after pulverizing and seiving blocks in hexestrol intermittently for
eight weeks. Also noted were headaches, lumbar pain, mastodynia, and leukorrhea,
Breast tenderness and enlargement were also reported In a number of male
employees working with hexestrol dipropionate. Alterations in sexual function-
ing (decreased 11bido and potence) were also reported by the workers, although
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no further details are given. One worker working with and exposed to hexestrol
powder, apparently wearing contaminated clothing home, inadvertently exposed
his daughter, who later developed symtoms of pressure in the breast area,
increased areclar pigmentation, and leukorrhea.

Gambini et.al. (1976)!5% reported a clinical case of a male worker weighing
and wet mixing ethynyl estradiol and vinylestrenolone in acetone. Principal
findings in this case included gynecomastia and dysspermia (significant drop
in sperm number and motility without signs of cell degeneration). After removal
from work with the estrogens, both symptoms returned to normal within six
months. The author theorized that the effect on spermatogenesis may have been
due to the combined effect of the estrogen and progestogen. Briggs and Briggs
(IB‘]'{)I6 reported the preduction of azoospermia in five male volunteers given
20 ug of ethynyl estradiol and 10 mg of methyltestosterone twice per day for
12-18 weeks In the course of research in developing a male contraceptive. The
effect on spermatogenesis proved to be reversible, and no other signs of hyper-
estrogenism were apparent, possibly as a result of the methyltestosterone
present in the "pill' used.

Suciu et.at. (1973)17 reported abnormal spermatcgenesis, coincldent with
occupational exposure to a progestogen alone. The author reported observations
in Poland of 22 workers employed in the preparation of acetoxyprogesterone.
Seven of the workers were hospitalized for detailed examinations., Three of the
seven had reduced number and motility of spermatozoa. Two cases also showed
signs of sperm cell degeneration.

Finally, Harrington et.al. (3978)'8 reported a study of a worker population
manufacturing oral contraceptive pitls in which the principal active raw
materials were mestranol and norethindrone. Five of the 25 male workers had
clinical gynecomastia or a history of such, with or without decreased 1ibido.
Among 30 female workers, 12 reported at least one episode of intermenstrual
bleeding in the preceeding 12 months, while none of the 60 non-factory matched
controls reported such effects. Elevated serum levels of the ethynyl estradiol
(2ctive metabolite of mestranol) in workers were more frequent in those with
high potential exposure, but the difference was not statistically signlficant
(p = 0.08}. However, blood sampling was not necessarlly timed colncident with
time of exposure. ([ndustrial hygiene sampling data indicated wide variation
in personal sampler values ranging from below the analytical limits of detection
to 8.6 ug of mestranol per cubic meter of air, and up to 5%.5 ug of nore-
thindrone per cublc meter of air. 1t is interesting to note that despite

subjective impressions that exposure potential was higher in the granulating
and compression areas than in the packaging area, personal sampler results from
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the packaging area averaged substantially higher than did similar samples ob-
tained during the compression phase. However, the sampling and analytical
methodology were at that time not perfected, and some caution should be used

in interpretation of the sampling results.

IMPETUS FOR CURRENT NIOSH SURVEY

Based on the available literature, and in particular the recent study by
Harrington et.al. as well as the suspicion that other pharmaceutical companies
in the Unlited States may well have had similar experiences with occupationally
induced hyperestrogenism, an industry wide assessment of the extent and nature
of the problem was begun by NIOSH Tn late 1977. The purposes of the study have
been to focus on pharmaceutical companies synthesizing or using synthetic and
natural estrogens, to delineate the extent of the hyperestrogenic syndrome in
employees of the various firms involved, to evaluate the environmental situa-
tions at these sites, and 1f feasible, to conduct epidemiological studies
designed to evaluate chronic or delayed effects,

INDUSTRY-WIDE STUDIES - OVERVIEW OF APPROACH

Before discussing the activities of NIOSH in the last year on this project,
a brief overview of the research design used by the IWSB for this and many
other occupational studies would be useful.

Basically, the approach consists of five major phases:

(1) Literature search

(2) Slte selection

(3) Walk through surveys

(4) Protoco! development and review
~ (5) Detailed studies

The literature review needs little discussion, but these are typically
accomplished through manual searches as well as extensive use of available
computerized data bases. such as NIOSHTIC, Mediine, Toxline, and others.

The slite selection process utilizes information available from a variety of
sources including trade assoclations, Industrial directories, other government
ageﬁctes, and direct contact with potential study sites. In the present study,
for example, data from F.D.A. and industrial directories were utilized in
developing a 1ist of estrogenic products and mnufacturing sites. These
were followed up by direct contact with a number of manufacturing sites.

Once manufacturing sites of interest have been identified, site visits are
arranged for the purpose of conducting walk through surveys. These surveys are
essentially fact finding visits designed to provide a detailed description of
each site in terms of the facility itself, the workforce, personnel and medical
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records, and environmental conditions. These surveys include a tour of the
pertinent operations to learn more about the manufacturing process and to
observe first hand environmental conditions at each site.

Having completed the walk through surveys, an analysis of the sTtuation in
terms of need and feasibility for in-depth studies Is made, and if indicated,
a detalled study protocol is prepared in writing and subjected to peer, human
subjects, and statistical reviews. B

Finally, in-depth studies are conducted at those sites selecfed as repre-
sentative of the industry. Depending on the study, in-depth industrial hygiene,

epidemiological or cross-sectional medical studies may be conducted at each of
the selected sites.

RESULTS TO DATE

To date, the literature search, site selection processes, and the walk
through survey phase have been completed. A detailed study protocol for in-
depth studies s now being developed.

Thirteen walk through surveys have been conducted to date tnvolving 10
separate companies. These have included nine sites primarily manufacturing
oral contraceptives containing various synthetic estrogens and progestogens
(several of which also manufacture other products containing synthetic or
natural estrogens or progestogens), one firm manufacturing estrogen replacement
pharmaceuticals from synthetic estrogens, two firms manufacturing estrogen
replacement pharmaceuticals from natural conjugated estrogens, and oné firm
manufacturing pharmaceuticals from DES, and which had in earlier years synthe-
sized DES. ]

In general, many of these manufacturing sites {(or facilities) are new and
relatively small, although many of the established pharmaceutical companies
are involved. In most of these companies, the workers involved with estrogens
are rotated to work with other pharmaceutical products, introducing the
possibility of confounding exposures. In general, estrogens are not synthesized
In the United States at present, although it would have been desirable to
evaluate such sites. Sites using DES In varlous products are numerous, but are
usually very smali operstions Involving sporadic production and few workers,
and were thus rot Included (with the one exception noted) among the final sites
selected for walk through surveys. Although these sites might be amenable to
industrial hygiene evaluation, they were not considered to be good potential
sites for medical or epldemiotogical studles,

Before dlscussing some of the findings from these surveys, it would be
deslrable to summarize (for orientatlon purposes} a typical tablet manufacturing
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process, and an overall description of the workforce favolved tn manufacturing
estrogen containing tablets.

Process Description. As with most dry product drugs, most estrogenic

preparations are manufactured stepwise Tn batch operations. As shown in the
block diagram, the basic steps include assembly and weighing of active ingre-
dients, batch mixing of ingredients (usually wet mixing with subsequent drying
and mi1ling of the mix) foltowed by compression of the finished "granulation"
into tablets by means of a tablet press. Tablets are then usually blister
packaged (sealed between laminates of plastic and aluminum foil) or bottied,
coated or uncoated, depending on the product. Drylng of the wet granulation
may be done "in-situ", or separately with a fluid bed dryer, tray-rack drier,
or a spray drier, in which a slurry of the mix Is pressure sprayed into a heated
chamber. Subjectively, the greatest potential for operator exposures occurs
during material transfers or loading of equipment, drying, milling, and tablet

compression operations.

Bxirtan

Fig. 1. Block flow diagram, tablet manufacturing.

However, some exposure via inhalation or skin contamination is also possible
in (1) the packaging area (particularly in the areas in which uncoated bulk
tablets are handled, or during tablet Inspection and rework), (2) during the
sampling and quality control testing of raw materlals, granulation, and flinish-
ed tablets, and (3) during maintenance and cleanup of production equipment and
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air hand1ing systems.
Bescription of Workforce. Among the plants visited, Jjob categories are

fairly similar, although a variety of job titles are used, The general cate-
gories of jobs involved in Yestrogen'’ areas, the approximate toral number of
persons employed in these areas at the plants visited are:

(1Y Processing technicians: these workers assemble and prepare the batch

mix (granulation) and then conduct and mon]tor the tableting process.
Depending on the specific site, those people preparing the granulation
and conducting tableting processes may be the same or different
employees (300 employees).

(2) Packaging area operators: these employees load and package tablets,

conduct product package Inspection and re-work, and operate a varjety
of manual and automatic packaging equipment (1200 employees).
(3) Quality assurance and laboratory technicians: these employees collect

samples of and inspect raw materlals, granulations, and tablets for
physical attributes and composition to verify quality (150 employees).
(4) Maintenance personnel : these employees are responsible for repairing

and maintalning production equipment, air systems, and other facllities
(200 employees).

Persons in a variety of auxiliary job categories may also be exposed to
estrogens from time to time, such as area supervisors, materlals handlers,
janitors, etc. A rough estimate of the total number of employees in these
jobs is 120.

Sumnary of Plant Inspections. One of the principal objectives of the present

study is to delineate the extent of adverse clinical effects among workers
occupationally in contact with estrogenlc hormones. Although it is not possible
to provide a definite answer to this question without detaited on-site studies,
it may be valuable to present a brief overview of the history of the hyper-
estrogenic syndrome reported by the various drug companies visIited during the
previous phase of this project. A total of approximately 180 cases of symptoma-
tology in employees were recorded by the thirteen companies visited, covering
a time span from ca. 1940 to 1978. These cases have Included both males and
females, and have represented Symptoms rangling from those purely subjective
{e.g. nipple sensitivity) to overt gynecomastia or irregular menstruation.

By far the largest percentage of the reported incidents were in males.

Although detalls were not avallable from all plants, It was apparent that {In
the companies from which a breakdown was available) the majority of symptoms
were associated with the processing technicians, although occasionally other
job cétegories were Involved.
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It should be noted that among the companies involved, the criteria for
dlagnosis of hyperestrogenism vary considerably. A summary of the history of
cases reported by company physiclans is presented in the following table (cases
include some “repeats', T.e. more than one incident per individual):

TABLE 1.
HYPERESTROGENISM RECORDED IN THE THIRTEEN PLANTS BY COMPANY PHYSICIANS:
CA. 1940-1978.

Cases Recorded No. of plants (of 13)
Date (male & female) in {X) olant} Mfg. estrogen pharm.
ca. 1940-1972* 58 (DES) | -—=-
1955-1978# ca., 20 1 - _—
1966 1 1 7
1967 2 1 8
1968 0 1 9
1969 1 1 1o
1970 18 3 10
1971 2 2 H
1972 5 2 11
1973 13 4 11
1974 14 4 12
1975 16 5 13
1976 15 5 13
1977 8 5 13
1978 8? b7 13
ToTAL 181

%The first tu6 lines refer to cases recorded by two companies for which
a breakdown by year was not available.’

Although it may appear from this table that the incidence may have Increased
somewhat in recent years, the data must be interpreted with caution. Flrst of
all, it is obvious that the number of manufacturing sites had been Inc}easlng
(unti} 1975), as well as the population at risk. Second, case finding by
company physicians may have become more aggressive, reporting of symptoms by
employees may have been more frequent in recent years, and record keeping may
have Improved. |t should also be noted that case flnding activities have
varied conslderably from plant to plant, ranging from annual or biannual
physicals to frequent and aggressive lnterviews and examinations; In at least
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one plant, the latter has been done daily. Thus, the fact that a plant has
reported a larger number of cases over the years may reflect more active case
finding and more careful record keeping.

{t is clear that definlte statements regarding the past and present extent
of hyperestrogenism cannot be made in a meaningful way from this data. However ,
although considerable progress has been made in environmental conditons at the
various manufacturing sites, it is apparent that the industry has not totally
solved the problem.

In the plants surveyed, the overall impression was that substantial effort
has been made to improve environmental conditions and to protect employees at
risk. A number of general approaches have been taken by various companies to
accomptish this. Representative of these are;

(1} tsolation of the potentlally most hazardous operations by such means

as dedicated "estrogen® production facilities with separate air
supply and exhaust systems, often with integral multiple filtration
systems, and frequently with '"double doors" or airlocks.

(2) Improvements in local exhaust systems and materials handling methods
{e.g. closed system transfers of dry powders, i.e., pneumatic or
gravity flow through closed pipes and condults).

{3} Process changes to reduce the hecessity for open handling or transfers
of materials {e.g. use of fluld bed driers, "In-situ'"" drylng instead
of tray racks and ovens, and ellmlnation of dusty procedures such as
milling).

(4) institution of strict work practices including procedures for entry
and exit from isolated areas, and worker rotations to and from work
with estrogens.

(5) Personal protective equipment such as disposable clothing, air supplied
air hoods or helmets, and full alr supplied suits of impervious
material.

The above list of measures is a “composite' 1lst of representative improve-

ments made at various manufacturing sites. Mot all of these have been
instituted at all sites, and the above Is certainly not an exhaustive list,

The above also does not mean there Is no room for improvement. [n spite of
the near "ultimate' personal protective equipment used at many sftes, it is
apparent that exposures to estrogens are still occurring. Even the best
personal protective equipment Is not likely to totally eliminate exposure where
It 1s used 1n areas with a high potential for environmenta) contaminatlon, or
where the personal protective equipment is regularly used for long periods of



386

time.

This is not to advocate the phasing down or elimination of persconal pro-

tective equipment, but it is likely that substantial improvement in reducing

inadvertent exposures may necessitate the development and institution of better

engineering contrels including the use of totally enclosed processing methods.
Paradoxically, it should be noted that it is not easy for pharmaceutical

companies to rapidly institute process changes or other environmental controls

sTnce each such change has to be approved by F.D.A.

CONCLUS { ONS
The following conclusions have been drawn based on the walk through surveys

conducted from May, 1978 to June, 1979.

(1)

(2)

(3)

Subjective evaluation of the plants visited In the last year indicated
considerable effort by the companies to reduce or eliminate exposures
of employees to estrogens, and prescriptions for work practices and
personal protective equipment appeared in general to be appropriate.
In spite of this, the infrequent but continuing appearance in many of
the plants of symptoms in employees attributable to exposure to exo-
genuous estrogens indicates that exposures are (at least occasionally)
still occurring. It is not clear in many cases how this is happening.
Periodic breakdown in the use of safety procedures by employees, or
hypersusceptibility of some employees, cannot be ruled out. Further
in-depth industrial hygiene studies would be necessary to precisely
define hazardous operations and the most significant sources of expo-
sure and route(s) of entry.

Medical screening studies would be desirable in a representative
sample of manufacturing sites to further define the nature and extent
of hyperestrogenism in employees, and in particular, to better define
the prevalence of "lesser' or less obvious clinical effects which
might go unreported by employees, or which might not be so easily
recognized with a routine physical examination,

Although epidemiclogical studies (e.g. cohort mortality or reproductive
studies) would be desirable to focus on possible chronic effects of
exposure to estrogens, it appears that (with one possible exception)
this would not be feasibte. A cohort of sufficient size and/or latency
for mortality studies has not been located, and reproductive studies
wodld have to be conducted mainty with women working in the packaging
areas, where exposure is very likely limited.

However, In one plant which has manufactured products from natural

estrogens since approximately 1940, it may be possible to observe

the effects of long term exposure to exogenuous natural estrogens,
although the total cohort size may not be large enough to detect
relatively rare conditions. A final decision on this possibility
is pending at this time.
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252:585-6 ZAEBST: Although the question is very relevant to case finding efforts, or

17. Suclu, 1., V., Lazar, 1. Vislnescu, A. Cocirla, 0. Zegreanu, A, Sin, Z to the possible establishment of a case registry of estrogen exposed workers,
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sures to estrogens be expanded or redirected to other areas.

ARCOS: Hormones are used as growth promotants, as well as for feed effi-
ciency and estrus control, in farm animals. Do you know of, or have you
considered investigation, of human exposure during feed handling, preparation
or administration?

DISCUSSION
. ZAEBST: We are aware of the potential for human exposure to diethylstilbes-

MURRAY: You indicated in one of your slides that, at least in the last trol and other estrogens in industrial plants preparing feed and in feedlot
couple of years, the majority of the plants which you studied reported no employees administering pellets or handling feed mixed with DES. To date,
cases of hyperestrogenism. You also suggested that varying approaches have however, our efforts in this study have focused primarily on occupational
been used by these plants to contrel estrogen exposure. During your recent exposure in pharmaceutical companies which manufacture estrogenic drugs for
walk-through visits, did you find a correlation between better contrcl meas- human use. Available resocurces have thus far limited our investigations to
ures and a lack of reported hyperestrogenism? In other words, were the this aspect of occupational exposure to estrogens. In addition, the recent
plants which reported recents cases of hyperentrogenism,those which had less ban by the FDA on manufacture and transport of DES for use as a farm animal
comprehensive programs to prevent estrogen overexposure? growth promoter (effective July, 1979), may limit or negate studies in this

' area. However, should FDA lift this ban in the future, we would consider
ZAEBST: BAn obvious correlation such as the one suggested was not evident expanding the scope of our study to include feedlot workers and other workers
from the findings of our walk-through survey. This is not surprising, how- who may be exposed to estrogens.

ever, in view of the number of variables which must be considered in locking
for such a relationship. We consider the data presanted in the table on the
number of cases of hyperestrogenism (Zaebst ét al,., this volume) a rather
crude measure of the actual extent of adverse effects resulting from either
acute or chronic exposure to estrogens. This is true for several reasons.
First, these numbers represent case finding and record keeping activities at
various plants ranging from very good to dismal or even nonexistent. Second,
reporting of symptoms by employees between plants and populations may vary
considerably, depending on such factors as the background and beliefs of the
employee population, as well as the guality of education and training given
by the plant to its employees, Third, the numbers given in the table include
only acute or subacute effects of a rather distinct nature, and do not neces-
sarily include less obwvicus symptoms which an employee may not associate with
exposure to estrogens, and thus will not report to the plant physician- {e.q.,
slight nipple sensitivity, hypertension, or reduced libido)}. The presence of
other variables also may explain the lack of an apparent correlation between
extent of health effects and effectiveness or type of control measures., For
example, frequently a plant with less comprehensive hygiene programs also had
poorer record keeping, or may have manufactured estrogens less frequently, or
used a Jess potent estrogen. We 4o, however, believe that improved hygiene
measures are essential for minimiring exposures and prevention of hyper-
estrogenism. We have actually documented such a successful program in at
least one plant.

GREEN: I wonder whether more data could be cbtained by adopting some of the
techniques used by manufacturers to recall products. By spot radio or news-
paper advertising one could ask persons who might have had occupational
exposure to come forward. They might then be asked the appropriate ques-
tions. Exposures could have occurred in laboratories other than those men-
tioned, i.e., universities and hospitals.




Published 1980 by Elsevier North Hatland, Inc.
Mcl.achian, ed. Estrogens in the Enwi 391

ESTROGENS ADMINISTERED TO FOOD-PRODUCING ANIMALS: ENVIRORMENTAL CONSIDERATIONS

Woodrow M. Knight
Bureau of Veterinary Medicine, Food and Drug Administration
5600 Fishers Lane, Rockville, Maryland 20906, USA

The use of estrogens to alter animal production started in the 1940's
with diethylstilbestrol being used to caponize poultry. Currently slaughter
cattle, sheep and poultry way be fed or implented with estrogens (Table 1).
Estrogenic materials may not be administered to food producing animals without
specific permission from the Food and Drug Administration. The approval and
withdrawal of approval of estrogenic products for livestock and poultry produc-
tion has been a very sctive area for the past 30 years for this regulatory
agency. This report will concern only the estrogenic products that were
available during the last decade since this is when the use of such chemicals
appears to have peaked. The contribution of plant estrogens to the environ-—
mental load will not be discussed here.

Estrogens in animal agriculture come from one of two sources: those that
are administered exogenously and those that are produced endogencusly. The
exogenous estrogens include diethylstilbestrol (DES), estradicl benzoate,
estradicl monopalmitate and zeranol. Estradiol beuzoate1 and estradiol mono-
palmitate are broken down in vive to estradiol 17B. The endogenous estrogens
include estradiol, estrone and estriol and they are produced by all species.
sexes and classee of farm animals., Because estrogens are one of the most
effective chemicals available for increasing the rate of weight gains and the
efficiency of feed utilization in healthy animals they have become widely used
in food animsl production. Extremely small quantities of estrogens are effec-

2, 3 and sheep&. Because of ineffi-

tive in producing these effects in cattle
ciency of absorption, more drug is required to produce a similar effect

orally than when the drug is implanted or injected.
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Table 1

Estrogens Approved in the United States for Food-Producing Animals®

Route and Quantity

Compound Animal of Administration Use Restriction
Estradiol Implant after
Monopalmitate Roasters 10 mg - implantation 5 weeks of age

& at least 6 weeks
before slaughter

Diethyscilbestrol® Slaughter Oral - 5-20 mg/day Cattle may be
Cattle Implantation - slaughtered after
30 or 36 mg 120 daye & orally
treated cattle after
7 days
Diethylstilbeatrolc Slaughter Implantation - 3 mg Sheep may be
sheep orel - 2 mg/day slaughtered 70

days after implanta-
tion & orally dosed
animale after 7 days

Estradiol Benzoateb Steers . Implantation - 20 mg Steers may be
and Progestrone Estradiol alaughtered 60
(Synovex—$) days after
implantation
Estradiol Benzoateb'SIaughter Implantation - 20 mg . Heifers may be
and Testosterone heifers Estradiol slaughtered
(Synovex-H) 60 days after
implantation
Zeranol Slaughter Implantation - 36 mg Cattle may be
cattle and ) slaughtered
suckling beef 65 days after
calves implantation
Zeranol Slaughter Implantation - 12 =g Lawbs may be
lambe slaughtered
40 days after im-
plantation

2Title 21 Code of Federal Regulatione, Part 500-599, 1978

bCurrently the subject of regulasary action intended to withdrawal approval
of its use in the United States

“Withdraval of approval has been ordered6
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DIETHYLSTILBESTROL (DES)

The most widely used estrogen in food animal production is DES. During the
past 30 years it has been used in poultry (caponizing agent), cattle and sheep.
Its use in poultry began in 1947 and lasted until 19665. At that time FDA
withdrew its approval because DES residues were found in edible portions of
treated birds. Even during peak use periods, the use of DES pever exceeded
1.0 of the marketed chickens,

The use of DES in cattle and sheep began in 1954 and 1958, respectively.
Even though the use of DES has been ordered discontinued6 a stay of the order
is anticipated. Too the quantity (Table 2) of DES that has been used and nay
now still be in the environment makes a discussion of DES very pertinent if
one i to evaluate the enviroumental load of estrogens due to animal agri-
cultural uses. DES was approved prior to current envirommental assessment re-
quirements go the sponsors have never conducted studies to evaluate its im-
pact on the environment. Hence, the movement of DES has never been followed
in a single study, through the snimal to the so0il, to the streams and to the
aquatic life.

Callantine, et a1’, Hinds, et 21® Melumpy et a1® and Mitchell et a1l
using varied snalytical sophistication, showed that most of the DES admin-
istered to ruminants is excreted in the feces and urine regardlese of the

route of administration. More recently Aschbacherll, Aschbacher and Thacker12

15

Agchbacher 55_51}3, and Rumgey 55_51}4' used 14C-DES in sheep and cattle

and showed within experimental error {Table 3) that all orally adminietered

DES can be sccounted for in the feces and urine within seven days after dosing.
Within the times tested all the DES absorbed from an implant can also be

accounted for in the urine and feces (Table 3),
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Table 2

Estimate of DES Used in Cattle and Sheepa

Year Amount of DES (kg)
1970 27,600

1971 27,600

1972 26,100b

1973 400

1974 8,900

1975 5,700

1976 4,500

1977 29,200

1978 3,500

8Federal Register40

Approvals for oral DES withdrawn from Jam. 1

s 1973 to

Jan. 24, 1974; approvale for implant DES were withdrawn from
April 27, 1973 to Jan. 24, 1974.

Table 3

14

C-DES Excretion in Urine and Feces

Recovery of Dose

Route of Administration Species ) Reference
Implantation Steers 86.8 41
Oral Steers 95.5 14
Implantation Steers 80.8 15
Oral Sheep 9.9 11
Oral Steers 97.0 12
Injection Chickens 90.8 42

Since the animal waste is not routinely seperated in practical animal
production situations, it is not important whether the urinery or fecal route
of excretion dominates for eavironmental considerations. Except, however that
the metabolites in the urine and feces are different. The fecsl excretory
material is dominated by the free, unconjugated DES, whereas the urine con-
tains mostly conjugated materials which are water soluble. In both cattle
and sheep DES is excreted mainly in the fecesls-

Several laboratories have studied the stability of DES in soil. Zoundek
and Sulman17 reported that when a saturated water solution (about 12 ppm} of
DES is permitted to migrate through "soil" over 97% of the DES "adheres" to
the soil. Gregets-ﬂansonls showed that the soil effect on DES is independent
of soil microbes. He sterilized soil uith.y-irradiation (215 megarads - a
levél that ensures complete sterilization) and showed sterile soil to be

4¢_pEs (labeled in the ethyl side

capable of degrading DES. When 100 mg
chains) is stored in 90 g "loamy s0il"™ for three months, 70-80% of the DES
radioactivity is not extractable with benzene. After 10 months over 95% of
the radiocactivity is not extractable with benzene, Since the COz production
could not account for the loss in DES, the author concluded that a change in
the DES moiety takes place that does not involve a degradation of the ethyl
groups.

The instability of aqueous solutions of DES has been reported. Aqueous
neutral solutions of DES rapidly lose their estrogenic activity whether they

19

are held at room te-peuture17 in the cold™”, in Alkalizo or under weak

acidic conditions. The stability of DES in solution is influenced by its
concentration with more dilute DES solutions being less stable than saturated

lolutionslg.
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The importance of soil microorganisms in the degradation of DES is not
clear. Zondek and Sulmaul7 shoved some bacteria to be very sensitive to DES,
In fact Hanka and Lockhart21 proposed an antimicrobial assay for DES using

Staphylecoccus aureus Strain IT. Thayer et lzzshowed the Bacillus and

Cellulomonai species to be very sensitive to DES whereas the Pseudomonas and
Escherichia species are rather insensitive to DES., Yotis and Banman23
determined that DES exerts its antimicrobial effect by causing cell leakage
and they also concluded that gram negative organisms are less sensitive to DES
than gram positive microbes. After studying the microbial isclates from
stockpile cattle manure, Thayer gE_!l?zfound no evidence of apparent bacterial
selection in either bacterial species or numbers.

Hacker et _g-}_ﬂ'

used waste from a 1"'C—DES implanted steer to study the fate
of DES in acidic {(pH6.5) and elkaline (pH7.5) eandy loam scils and to study
the ability of certain plante to take up such radioactivity. During a S5-week

growing period onions, wheat, lettuce, radish and bean parts (roots, leaves,

bulbs, stems or fruit) were capable of accumlating significant levels of radio-

activity, The plants grown in the acidic soil tended to have higher levels of
radiocactivity (except for lettuce). Bowever, only radish leaves and lettuce
roots grown in the alkaline soil showed estrogenic activity based on the mouse
uterine agsay and only about 50X of the radioactivity present corresponded with
the biological activity. Cored sampling of the s0il showed that the radioac-
tivity did not migrate. Extracting of the soil with ethanol removed less than
152 of the radioactivity after 8 weeks.

Rumsey, 25_51?5 fed steers 20 mg DES per animal per day for 180 daye and
found 3.1 g of the 3.6 g of DES fed in fresh aniial waste (urine and fecea).
When & portion of this waste was stored for 12 weeks the DES comcentration

dropped from 0.83 ppm to 0.64 ppm. Some of the waste was spread on a pasture

for six months after which no DES could be found in the waste (assay sensitivity

of 20 ppb) or in the top 20 cm of soil (aesay semaitivity of 1 ppb).
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Gregers-ﬂanson26 showed that the radicactivity incorporsted into rye grass
or red clover grown in the presence of 20 mg DES (5 microcuries) per 1.3 kg
"sandy soil", the plante after 8 months of plant growth were too smali to be
identified as DES. However, DES-Glucuronide waé more rapidly taken up by corn
plants than is free DES when the plants are grown in aqueous solution.

Thayer2 reported that DES in stockpile manure in Texas is approximately
1/2 the feed concentration. Thus in arid areas DES does not appear to be de-
graded as rapidly as in uoist25 areas. Some reputable feedlot consultants
have gpeculated that some of the animals with DES residues who had not been
fed DES for long periods before slaughter may have been re-exposed by the DES
in feedlot waste,

In a 33-day terrestrial-aquatic model ecosystem Hetcalf28 showed 1"4C-DES
to be taken up by certain aquatic species (snail, alga, water flea, mosquito
larva and mosquito fish) and concentrated in their tissues to a greater con-
centration than was in the water. In this system free DES persisted throughout
the 33-day study. The source of th; DES was excreta frow mice and day old
chicks injected with laC-DES.

ZERAROL

Resorcyclic acid lactone {Zeranol} is a weakly estrogenic material isolated
from the fungus, Gibberella teae, It is administered by ear implantation
(Teble 1) to cattle and sheep for the purpose of making them grow more rapidly
and more efficientlyzg. This material was firet isolated from moldy corn so
there is & natural source in the environment. Sharp and Dyerso implanted a
steer with lkC-Zerlnol {72 mg) and found the ratio of radioactivity in urine
to feces to be about 1:5. No attempt was made to characterize the nature of
the radicactivity; however it may be fair to assume that the material in the
fecee was wostly free zeranol and the material in the urine congsisted of

. 31
zeranol conjugates™ . No data was found in the literature onm the stability of
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32 reported that when fresh cow manure is spiked

zeranol in soil or water. Craig
with zeranol to create an 1100 ppm zeranol mixture and stored at room tempera-—
ture, it degrades at the rate of 60 ppm per week. This product enjoys a sub-

etantial portion of the potential slaughter cattle and sheep markets.

ESTRADIOL BENZOATE AND ESTRADIOL MONOPALMITATE

Estradiol benzoate and estradiol monopzlmitate are used in slaughter cattle
and poultry production, reepectively (Table 1). These compounds are broken
down in vivo to yield free estradiol 17-B. Cattle metabolize estradiol to
estrone, estradiol 17-< and conjugates of estrone and estradiol lli. Unlike
other animals the major metabolite of estradiol 17R in ruminants is estradiol-
1733. Estradiol 17°C has very little estrogemic activity and is thought to be
analogous to estriol in man. About 20% of the slaughter cattle are treated

with estradiol.

The wajor metabolite of estradiol 17-B in poultry is estrome and estradiol
172&8 35. Less than 1.0 of the chickens slaughtered in this country are
treated with estradiol monopalmitate. Both estradiol monopalmitate and estra-—
diol benzoate are the subject of proposed regulatory action by the Focod and
Drug Administration that could lead to their withdrawal from the narketas.
Considering the quantity of estradiol curremtly given exogencusly to either
cattle or poultry, the quantity of endogenous estrogen produced im vivo and
excreted inte the enviromment far exceeds the quantity given exogenously.
Adult cows excrete about 30 mg estrogens per day:;7 cycling heifers excrete
about 2.2 mg estrogen per dayaa and hens excrete 1.6 mg of estradiol per gram
of dry excretaag. No reference was found on the excretion of estrogens by
steers. Other farm animals (ewine, horses and goats) also excrete large
quantities of estrogens into the environmentaa. However no exogenous estrogens

are approved for swime, horses and goats intended for slaughter.
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No research report was found on the stability of estradiol, estrone or

estriol in soil or fecal material. In water solutions natural estrogens

appear quite stable., Wilder Smith and Williams'? found an estrone-water

solution (1 mg estrone/ml) to recain 94% of its estrogenic activity after
27 weeks at room temperature. A similar solution of estradiol retained 69%
of ite estrogenic activity after 28 weeks. Plant tyrosinase has the capacity
to inactivate estronelT. Beet roots, potato juice, and mushroom extracts also
have this capacity to inactivate estrone. Certain bacterial speciesl? can

degrade estrome. However no asgociation of these microbes with s0il or fecal

species has been made.

CONCLUSION

Large quantities of eetrogens are entering the environment via animal
production. Several thoueand kilograms of diethylstilbestrol, estradiol

benzoate, estradiol monopalmitate and zeranol are intentially added to cattle
»
sheep and poultry annually. The fate of thege chemicale in animal excreta

in the soil and in water {streams, rivers, etc.) is not well known. Much of
the data svailable on the degradation of estrogens is old and was collected
using amalytical methodologies which do not meet today's standards of
sophistication. No one knows the effect of 116 million cattle, 3 billion
chickens, 58 million swine and 12 million gheep excreting estrogens intoc the

environment. All available data indicate these estrdgens just disappear with

uo carbon balance studies being available to show exactly where they do

One can take comfort from the fact that animals have been excreting estrogens
into the soil and water for hundreds of years with no apparent accumulation or

toxicity to plant or animal life,



400

REFERENCES

9,

10,

11.

12,

13.

14,

15.

16.
17.
18,

19,

20,

21.

Dunn, T. G., Kaltenbach, C. €, Koritnik, D. R., Turmer, D. L. and
Niswender, G. D. (1977) J. Anim. Sci., 45,659-673.

Brown, Ross G. (1970) J. Amer. Vet. Med. Assn., 157, 1537-1539.

Burroughs, W. C,., Culbertson, C. C., Easteul, J., Cheng, E. and
Hale, W. {1954 Science, 120, 66,

Preston, R. L, (1975) J. Anim. Sci., 41, 1414-1430.
30 Federal Register 2315, (1965),
44 Federal Register 39619 (1979b).

Callantine, M. R., Stob, M., and Andrews, F. N. (1961). Amer. J. Vet. Res.,
22:462-465

Hinds, F. C., Draper, H. H., Mitchell, G. E. and Neumann, A, L.
(1965) J. Agric. Food Chem., 13, 256-259,

Melampy, R. M, Gurland, J. and Rakes, J. M. (1959) J. Anim. Sei.,
18, 178-186.

Mitchell, G. E. Jr., Neumann, A. L. and Draper, H. H. (1959)
J. Agric. Food Chem., 7, 509-512,

Aschbacher, P. W. (1972) J. Anim, Sci., 35, 1031-1035.

Aschbacher, P, W. and Thecker, E. J., (1974) J. Anim. Sci.,
39, 1185-1192.

Aschbacher, P. W., Thacker, E. J. and Rumsey, T, 8. {1975) J. Anim.
Sei., 40, 530-53a.

Rumsey, T. S., Oltjen, R. R., Daniels, F. L. and Kozak, A. S. (1975a)
J. Anim. Sci., 40, 539-549,

Rumsey, T. S., Oltjen, R. R,, Kozak, A. S., Daniels, F, L. and
Aschbacher, P. W., (1375b) J. Anim, Sci., 40, 550-560.

Aschbacher, P. W. (1976) J. Toxicol. and Environ. Health, Suppl. 1, 45-59.
Zondek, B. and Sulman, F. (1943) Endoerinol.,33, 204-208.
Gregers-Hansen, B. (1964a) Plant and Seil, 20, 50-58.

Wilder-Smith, A. E. and Williams, P, C. (1947) 7. Endocrinol.,
5, 152-157.

Venderlinde, R. E., Vasington, F. aad Westerfeld, W. W. (1955),
J. Amer, Chem. Soc., 77, 4176-4178,

Hanka, L. J. and Lockhart, W. R. (1958) Antibiotics and Chemotherapy,
8, 584-589,

22,

23,

24,

25,

26.
27.
28.

29,

30.

il.

32.
313.

34,

5.
36.
37,

38.

39.

Thayer, D, W., Unfred D W. and Ando, R, K. (1974) Bull. Envi
Contam, Toxicol,, 6, 554-562. H Baviron.

Yotis, Williem W, and Baman, Sudhaker 1. (1970) li i i
19, epite Applied chrob1ology.

Hacker, R. G,, Cruea, D. D., Shimoda W. and Hopwood M. L. 1967
J. Avim. Sci., 26, 1358-1369. ' preooss (1967

Rumgey. T. S., Miller, R. W, and binius, D, A, (1977) Arc. Environ,
Toxicol., 6, 203-7212,

Gregers~Hansen, B. (1964b) Plant and Seil, 20, 215-220.
Thayer, D. W. Sim News, (Nov. 1977) P, 23-14,
Metcalf, R. L. (1976} Sixth quarterly report, Contract FDA 17-127,

Perry: T. W., Stob, Martin, Ruber, D, 4. gnd Peterson, R, C. (1970)
Jeo Anim, Sci,, 31, 789-793,

Sharp, G. D. and Dyer, I. A. (1972} J. Anim, Sci., 34, 176-179.
Hoffmann, B. and Rarg, M. (1976) F. Coulston and F. Korte (ed.).
Supplement Vol. V. Anabolic Agents in Anjmal Production,
Georg-Thieme, Stuttgart. 181-19],

Craig, John T. (1979) Personal Communication,

Velle, Weiert, (1963) Gen. and Comparat jve Endocrinol., 3, 621-635,

Common, R, H., Aingworth, L., Hertelendy, F. and Mathur, R. 8. (1965)
Can. J. Biochem., 43, 539-546.

Mathur, R. S. and Common, R. H, (1969) Poultry Sci., 48, 100-104.
44 Federal Register 1463, (1979a).
Loebr, Raymond, (1978) Environmental Health Perspectives, 27, 261-273,

Erb., R. E., Randel, R. D., Mellin, T. N. and Estergreen U. L, Jr,
(1968) J. Dairy Sei., 51, 416-419,

Calvert, €. C., Smith, L. W. and Wremm, T. R, {1978) Poultry Sci.,
57, 265-270.

401



Published 1580 by Elsevier North Holland, Inc,
MclLachtan, ed. Estrogens in the Enwironment 403

DESCRIPTION OF THE ESTROGEN-TREATED POPULATIOH OF YOUNG
WOMEN IN THE UNITED STATES

JUDLITH P. ROOKS, CHM, MPH, MSc.

Office of Population Affairs, Office of the Assistant Secretary for Health,
Department of Health, Education and Welfare,* 200 Independence Avenue, S.U.,
Washington, D.C. 20201, UsA

INTRODUCTION

In addition te the €xogenous estrogens which most of us are exposed to indi-
rectly from our envirooments, work places, and food, wmany Americans, mostly
women, use estrogens directly and on purpose, as treatments intended to achieve
desired effects. This paper degscribes the extent to which teenaged American
WOmen use treatments based on estrogen. It 1s an updated version of g paper
which was originally prepared in December 1977 for a Conference on Estrogen
Treatment of the Young. 1 The purpose of that conference, sponsored jointly
by the Kroc Foundation, the Lawson Hilkins Pediatric Endocrine Society, and
The National Institute for Child Health and Human Developmen;, was to examine

the risks and the benefits of the estregenic treatments uged by young American

women, and te examine the balance between those benefits and risks, especially o

in tegard to estrogen used to limit the growth of unusually tall girls,

FATERTALS AND METHODS

There is no single source of data.by which one can measure or even estimate
how many American teenagers are treated with estrogenic drugs. It {s possible
to estimate the extent of their estrogen (reatment, however, by putting toge-
ther data from several different sources, The informatfon in this paper iz of

that nature —— estimates inferred from census data, natality data, survey data

*The opinions or assertiong contained herein are the author's and are not to be
construed as official policy of the Department of HEW.
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and special studies. The oldest data used as a basis for the estimates is the
percent distribution of 1519 year-old women by marital status and race, which
1s from the 1970 census. The most recent data used in the estimates is the
number and rates of births to 10- to 19-year old women, by race, in 1977. All
of the other data used in the estimates are from special studies and national
suéveys which were conducted between 1973 and 1976. The outcomes are estimates
of the proportions of American teenagers treated with estrogen during the mid-
1970's. The last sectlon of the paper is a discussion of recent trends which
indicate that estrogen use by this age-group of women may have decreased
slightly during the late 1970's.

Host of the data in this paper relate to 15-19 year-old females, although
some incidental information on estrogen treatment of even younger children is
included. Throughout the paper the term "teenager" refers specifically to 15—

19 year old girls.

RESULTS

An estimste of the proportion of American teenagers treated with estrogen
during any 12-month period during the mid-1970's is presented in Table 1.
Approximately 20% (1 in 5), used some form of estrogen treatment each year.
The treated proportion was a little lower, about 18%, for white teenagers.
Black teenagers were twice as likely as white teenagers to be treated. Approxi-
mately 1 of every 3 black American teenagers was treated with estrogen during
1975. Only 14X of this estrogen use was for treatment of medical conditions.
Host of it was estrogen use by healthy young women for non-medical purposes —-—
mainly for contraception and, to a lesser extemnt, for supprésaiou of lactation
following childbirth. The basis for each component of the estimate presented
in table 1 1is explained as each category of estrogen use is more fully descri-

bed later in this report.
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TASLE 1

ESTIMATED PERCENT OF 15-TO 19-YEAR OLD WOMEN IN THE UNITED STATES USING ESTRO-

GEN DURING ANY 12-MONTH PERIOD IN MID-1970's, BY RACE

Purpose of
Estrogen Use All White Black

Oral Contraceptives
for the Purpose of
Contraception 15.8 14.0 29.7

Oral Contraceptives
for Non-Contraceptive

Reasons 0.7 0.7 o7
Suppression of Lacta- .

tion 2.3 1.9 4.5
All Other Purposes .0 1.0 1.0
ALL 19.8 17.6 35.9
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Oral contraceptives (0Cs)

Oral contraceptives are the major source of estrogen taken by teenagers. As
shown in the top part of table 2, nearly 16X of teenage girls (1l of every 6)
used oral contraceptives in 1976. This proportion, however, varies widely
with marital status, race, and single-year-of-age within the age group.

Table 2 1s organized in 3 parts by race. The data for all 15-19 year-olds,
regardless of race, are shown at the top of the table; datas for white 15-19
year—clds are shown in the middle of the table; data for black 15-19 year-
olds are at the bottom of the table. For each raclal grouping, the data on
oral contraceptive (OC) use by marital status is shown in two ways: In the
firgt column the point prevalence of OC use within wmarital status groupings
is ghown as found in two national surveys conducted in 1973 and 1976. The
1973 National Survey of Family Growth measured oral contraceptive use by
married 15-19 year—old women. 2 A 1976 survey by Kantner and Zelnick measured
oral contraceptive use by never-married teenagers. 3 Since previpusly-
married teemagers were excluded from both of these studies and no other inforw
mation was available to describe their use of oral contraception, previously-
married teenagers were arbitrarily ascribed an oral contraceptive prevalence
halfway between that of married and of ummarried teenagers of the same race.
Because the data in table 2 were developed from 3 different sets of data,
each collected at a different time, the percentages presented are only
estimates. Most of the OC use 1e among never-married women and the informa-
tion on never-married women was collected In 1976; therefore, 1976 1s the
best reference date for the estimate. Although most teenagers who take oral
contyaceptives do so for their contraceptive effect, OCs are prescribed for
some teenagers as treatments for medical conditions. The data in table 2
reflect all OC-use for married teenagera but only contraceptive use of 0Cs

by never-married women in this age group.
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TABLE 2

PERCENT OF 15-19 YEAR-OLD WOMEN USING ORAL CONTRACEPT
Io8 (OC
MARITAL STATUS AND RACE, UNITED STATES, 1976 e wy

ALL RACES
Distribution of 15-19 Year-0id

Marital Status 2 Using OC Women by Marital Status and OC Use
Using OC Not Using OC Total®
Never Married 12.2P 10.8 77.4 88.2
Currently-warried 43.9° 4.7 6.0 10-7
Previously-married  28.19 0.3 0.8 1.1
TOTAL 15.8 15.8 84.2 100.0
WHITE
Distribution of 15-19 Yesr-0ld
Marital Scatus X Using OC Women by Marital Status end OC Use
Using OC Mot Using OC Total®
Never Married 10.2° 9.0 79.0 8
Currently-married 43.6 4.8 6.2 10
Previously-married 26.9 0.3 0.7 1.0
TOTAL 14.1 14.1 85,9 100.0
BLACK
Marti Digtribution of 15-19 Year-Old
rital Status % Using OC Women by Marital Status and OC Use
Using OC Not Using 0C Total®
Never Married 2810 24.9 63.7 88.6
Currently-married 42.7d .1 5.5 9.6
Previously-married 35.4 0.6 1.2 1.8
TOTAL 29.6 29.6 70.4 100.0

a. Distributiom of 15~19 year-oid women

1970 Bten ot ool gatajz by marital status and race is based on

b. Based on data from Zelnik M, and Kantner J.F.: Sexual and Contraceptive
Experience of Young Unmarried Women in the United States, 1976 and 1971.
Family Planning Perspectivea 9: 35-71, 1977. Includes only oral contra-
ception used for the purpose of preventing pregnancy,

c. Based on data from the 1976 Hational Survey of Family Growth, Nat{onal Cen~
ter for Health Statistics.? Includes all OC use, including that for pur-
poses other than contraception.

d. The percentage of Previcusly-married women using oral contraception was
arbitrarily set midway between the percentages for never-married and for
currently-married women.
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As of the mid-1970s, approximately 12% of all never-married and 44% of all
currently-married teenagers wWere using oral contraception. Although 0C-use
was more common among married than among unmarried teenagers, relatively

few teenagers were married and 2 of every 3 teenagers using oral contraception

‘had never been mar¥ied.

In 1976 the proportion of black teenagers using oral contraception was more
than twice the proportion of white teenagers using oral contraception. This
difference was due entirely to greater use of OCs by nmever-married black as
compared to never-married white teenagers. White and black teemagers were
extremely similar in the percent who were married and in the prevalence of

0C use by married teenagers. Five of 6 black teenaged OC-users were single.

Since many young women discontinue oral contraception after only a relatively
short period of use, the number of teenagers who have ever-used 0Cs is always
-greater than the number usihg OCs at any given point in time. Table

73 shows the percent of never-married teenagers who indicated that they had
ever-used oral contraception and the percent who said that they were
currently using oral contraception when they were interviewed for the 1976
Kantner and Zelnick study of teenage sexual and contraceptive practices.
Slightly more than 15% of the total group had used OCs at some time. For
every 15 girls who had ever used them, almost 11 were still using them at

the time of their ianterviews,

With each year of additional age within the age group, the proportion of
girls who have ever-used OCs increases, the proportion of girls currently
using OCs increases, and the differenée between the proportiomn who have ever
used and the proportion currently using widens. By age 15, 5% of never-
married teenage girle have tried oral contraceptives, and & of the 5 (80%)

who have tried them are still using them. By age 19, more than a third of
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all never-married teenagers have uded OCs, but only 562 of those who have

tried them are still using them.

TABLE 3

PERCENT OF 15- TO 19-YEAR-OLD NEVER-MARRIED WOMEN WHO HAVE EVER USED OR
CURRENTLY ARE USING ORAL CONTRACEFTIVES (0Cs), BY RACE, UNITED STATES, 1976

Have Ever Used OCs Currently Using OCs

Age

(Years) All White Black All White Black
15 5.0 3.8 12.9 4.0 3.1 10.5
16 7.9 6.2 26.3 6.2 4.9 21.90
17 13.0 11.8 29.3 9.6 8.8 22,3
18 26.1 23.2 49.0 17.3 14,6 33.5
19 34.2 29.7 56.3 19.3 16.0 3.5
15-19 15.3 13.0 34.0 10.8 2.0 24,9

Based on data from: Zelnik M, Kantner JF: Sexual and Contraceptive Experience
of Young Unmarried Women in the United States, 1976 and 1971. Family
Plaoning Perspectives 9:55-71, 1977.

For the entire age group, both ever- and current-use of oral contraception

is 2 to 3 times higher among black than among white teenag;fs. The racial
difference in OC use is greatest between white and black 15- and l6~year-olds,
and diminishes with increasing age. The prevalence of beth ever- and
current-0C-use is-mofe than 4 times greater for black than for white 16-year-—
olds, but is only 2 times greater for black than for white 19-year-olds.

This difference is assoclated with Zelnik and Kantner's finding of a 2- to
3-fold greater prevalence of sexual experience in black as compared to white
15~ and 16~year-clde, with less than a 2-fold difference between the races
for ages 17,18, and 19. The difference between ever- and current-use is
smaller for black than for white teenagers in each year-of-age group. This
means that, once they start using oral contraception, black teenagers are

less likely than white teenagers to discontinue its use.
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Medical (non-contraceptive)} use of oral contraceptives

The overall estimate of the percentage of teenagers using estrogen, which was
presented in table 1, included an estimated 0.7% of 15- to 19-year-old women
using oral contraceptives for non-contraceptive (medical) reszsons. Those
medical reasons include dysmenorrhea, menorrhagia, functional uterine bleeding,

amenorrhea, oligomenorrhea, intermenstrual bleeding, oily skin, and acne. 3

The estimate of 0.7 is based on data from the National Disease and Thera-
peutic Index (NDTI)}, which projects data on physician prescribing practices
based on information supplied by a representative, rotating sample of physi-
cisns in private practice. During the 12 months from April 1974 through
March 1975, NDTI estimated that approximately 3 1/2 million prescriptions
for oral contraceptives were written by private physicians for U.S. females
between the ages of 10 and 19. 3 During the same time period, NGTI physi-
cians reported that 12% of the OCs they prescribed for women of all ages
were prescribed for purposes cther than contraception. The non-contraceptive
reasons they listed most frequently were regulation of menstruation (5% of all
OC prescriptions), control of bleeding (2X), correction of hormone imbalance
(1%), “cyclic therapy" (11), reduction of discomfort (1X), and other reasons

including treatment of acme and oily skin.

In table 2 the estimated proportion of 15~ to 19-year-old women using OCs
is based on data which included any use of OCs by married women, but omly
contraceptive use of OCs by never-married women. Since the proportion shown
as never-married and using OCs does not include never-married women ualng
0Ce for non-contraceptive reasons, the estimate for that group is too low.
As shown in the top section of table 2, approximately 11X of all women in
this age group are never-married women using OCs for the purpose of contra-

ception. Approximately 54% of that 11 received their 0Cs from private
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physicians, 3 Thus, about 62 (54X of 10.8 = 5.9%) of the total age group
are never-married women using OCs prescribed for thelr contraceptive effect
by private physicians. Assuming that 12X of the OCs prescribed by private
physicians for women in this age group were prescribed for non-contraceptive
purposes, then the total percentage of ummarried 15- to 19-year-olds re-
ceiving OCs from private physicians is about 12% higher (6.6% instead of
5.9%). This adjustment adds 0.7% to the total proportion of teenage women
estimated to be using OCs, an adjustment necessary to include teenagers using

0Cs for non-contraceptive purpoges in the total.

Type and dosage of estrogen contained in oral contraceptives used by teenagers

Although the daily dose of estrogen in most OC formilaticons is relatively
low, they are taken regularly over an extended period of time. The total
dose of estrogen received by the young women who use them depends on how long
they remain on oral contraception and on the type and amount of hormone con-
tained in the specific OC formulations they use. Except for the progegtin
only "mini-pil1," all OCs contain one of two synthetic estrogens -~ mestranol
(ME) or ethinyl estradiol (EE). EE is 50-100% more effective than an equal
welght of ME in producing some of the bioclogic actions of estrogen. 6 Since
1973, about 52X of the OC market have been formulations containing ME; about
48Z are formulations containing EE. 6 A trend towards decreasing use of
high estrogen dose OCs began in 1969. Sartwell et al found that OC formu-
lations containing 100 or more micrograms of either type of estrogen accounted
for approximately 57X of OC sales in 1969, 47X in 1970, 362 in 1971, 31X in
1972, 27X 4in 1973, and 26X in 1974, 7 0C formulations contalning 50 or fewer
micrograms of estrogen were introduced in 1972 and accounted for 51% of the
U.S. market that year. By 1977 only 17% of OCs sold in the United States
contained 100 or more micrograms of estrogen and 70X of them contained 30

or fewer micrograms.
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Teenagers who use oral contraception may be even less likely than older
women to use the higher dosage formulations., WNational Disease and
Therapeutic Index data indicate that of the 0Cs prescribed by private
physicians during the period from April 1974 through March 1975, less
than 19% of those prescribed for use by 10- to 19-year-old women contained
100 or more micrograms of estrogen, as compared to more tham 25% of the
0Cs they prescribed for use by older women.s The fact that younger
waqmen recelved a greater proportion of lower dose formulations could be
due either to purposeful prescribing of lower doses to younger women,
or to a tendency of women to stay on the same OC formulation once they
have started on it, so that trends in pre;cribing practices affect mew
{younger) OC users more than older users. This tendency was documented
during a recent study in which careful oral contraceptive histories of

more than 200 women were taken and verified by medical records. 9

Lactation suppression

The second most frequent purpose for which estrogen was prescribed for
young women during the mid-1970's was to suppress lactation in newly-
delivered mothers who were not planning to breast feed their infants.
Unlike OCs, which provide a low dose of synthetic estrogen taken over
extended periods of time, estrogen given to suppress lactation is
aderinistered as a large dose given as a egingle injection which is
absorbed over several days or as tablets taken during the first several
days postpartum. The supposed effect of the estrogen, which is given
either alone or in combination with testostercne, is to relieve the
discomfort and shorten the process of “drying up the milk." Although
national data on thie form of estrogen use are not available, it has
been an extremely common practice. ' In the late fall of 1977, I asked

nurgeg working in the labor and delivery suites of all hospitals with
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obstetricg departments in the vicinity of Atlanta, Georgla, about the use
of estrogen for lactation suppression in their hospicals., They reported
that in each hospital at least 95% of obstetric patlents who were not
planning to breast feed received this treatment, and that in geveral
hospitals prescription of estrogen was part of the "standing orders" for
postpartum nursing care. Nurses in those hospitals asked all new mothers
if they were planning to nurse their infants and, unless their physicians
wrote specific orders to withhold the wedication, administered estrogen

to any hot planning to breast feed.

The estimated percentage of teenagers treated with estrogenic drugs each
year during the mid-1970s (table 1), includes 2,3% of all teenage girls
(and 4.5% of black teenage girls) treated with estrogen for lactation
suppression. The basis for these estimates is laid out in table 4, which
alsc shows the number of births and the birthrate per thousand teenagers
in 1977. The estimates on use of estrogen for lactation suppression are
based on 2 assumptioms: (1) At least 42 of new teenage mothers do not
attempt breast feeding, and (2) every mother who does not attempt breast
feeding receives the treatment. The first assumption is based on data
from 1,303 expectant mothers who were questioned about their infant
feeding plans during a 1976 study conducted for the American Baby
Ega::lne.lo

Of 571 expectant mothers less than 25 years old, 57.6% of those expecting
their first baby and 51.5% of those expecting a second or higher-order
child planned to breast feed the baby. - The study alsc found that of
women pregnant with their First child, the percentage planning to breast
feed decreased with age {77% of women over 30, 69% of 25- to 29-year—ocld
women, and 57.6% of women less tham 25). The data in table & are based

on the assumption that 57,.6% of women who deliver babies before the age
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TABLE 4
BIRTHS TO WOMEN LESS THAN 20 YEARS OLD AND ESTIMATED INCIDENCE OF

TREATMENT WITH ESTROGEN FOR SUPPRESSION OF LACTATION, BY RACE,

UNITED STATES, 1977

Race and Births 2 Treatment for Lactation
Age (Years) Suppression
No. Per 1000 No.b Per 1000 ©
All Racesd
12-14 11,455 1.2 4,857 0.9
15-17 213,788 34,5 90,646 14.7
18-19 345,366 81.9 146,435 35.8
15-19 559,154 53.7 237,081 22.9
White
12-14 4,671 0.6 1,981 0.4
15-17 138,223 26.5 58,607 11.3
18-19 253,560 71.1 107,679 30.2
15-1% 392,183 44,6 166,286 19.0
Black
12-14 6,582 §.7 2,791 3.3
15-17 71,182 81.2 30,181 34.4
18-19 84,008 147.6 35,619 61.6
15-19 155,190 107.3 65,800 45.3

a. Source: National Center for Health Statistice: Final Natality
Statiatics, 1977, Monthly Vital Statistics Report, Vol. 27,

FNo. 11, Supplement, 1979.

b. Assumes that 42.4% of mothers wére treated,

c. Rates baged on population projecticns from U,.S. Bureau of the
Census, Curreat Population Reports, Series P-25, Ro. 601, "Pro-
Jections of the Population of the United States: 1975 to 2050,"

U.5. Goveroment Printing Office, Washingtom, D.C., 1975.

d. Totals for al) races is greater than the sum of white and black

because of births to teenagers of other races.

of 20 attempt to breast feed, and that the other 42.4% receive estrogen
for lactation suppression. This assumption probably underestimates the
proportion of teenagers who recelve lactation suppression medication
because of the follewing 2 reasons: (1) Approximately 20% of births to
15~ 19-year-old white women and 29% of births to 15- to 19-year—old
non-white women are second and higher-ordered births, 1 which were found
to be assoclated with a lower expectation of breast feeding. (2) Because
the expectation of breast feeding decreases with age, it is likely that
the percentage of teenage mothers who plan to nurse their infants is

less than the percent planning to breast feed among the entire group

less than 25 years old.

I conservatively estimated that approximately 23 of every 1,000 15- to
19-year—old women, {(2.3%), received estrogen for lactation suppressibn
in 1977. As with OCs, the percentage of the population treated Increases
steadily with age and is more than twice ag high for black as for white
women in every age group, a difference due entirely to the higher rate
of youmg childbearing by blacks as compared to whites. Lacking better
data, the same assumption of 42.4% ﬁot breast feeding has been applied
to both races. This may have resulted in a further underestimate of the

use of estrogen to suppress lactation in black teenagers.

Other uses of estrogens

Aside from contraception and gupptession of lactation, other reasons for
which estrogen products are prescribed for teenagers include a varilety of
ovarian and menstrual disorders; hirsuitism; vaginitis; certain skin
problems common to adolescents; failure to stop growing tall; a number of
rare but serious endocrine abnormalities such as Turner's Syndrome; and

5,12

for postcoital contraception. NDTI projections indicate that of all
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estrogenic products prescribed by private physicians for 10- to 19-year-old
women from April 1974 through March 1975, 91.1% were 0Cs and 3.2% were
products usually used to suppress lactation. Less than 6% were products
with other purposes — 2.5% (about 95,000 prescriptions) were topical
preparations or suppositories used mainly to treat vaginitis, 1.8% (about
69,000 prescriptions) were products usually used to treat ovarian or
menstrual disorders, amd 0.6% (about 25,000 prescriptions) were for oral
forms of diethylstilbéstrol (DES}, for which postcoital contraception is
probably the main use in this age group. The data for that same period
algo showed 37,000 préscriptions for tOpical application of eatrogen to
females less than 10 years old, 57X of which was for girls less than

3 years old.

Unless the prescribing patterns of physicians practicing in prepaid
health plans, medical. centers, public health agencies, or elsewhere in
the public sector of medicine are extremely divergent from those of
private physicians, it is unlikely that more than about 1X of 15~ to
19-year-old women annually receive estrogen products other than OCs or

eatrogen to suppress lactation.

Prenatal exposure

The youngest group of Americans receiving estrogen are those exposed
pfenatally. A study of 920 mothers who delivered babies with birth
defects in .Atlanta, Georgia, hospitals between 1970 and 1975, found that
15 had received exogenous hormones during their pregnancies. 13 That
152 included 2.7% who took 0Cs while pregnant, 8.5% who had been given
hormonal pregnancy tests, and 5.7% treated with hormones for threatened
abortion. In May 1975 the Food and Drug Administration published a

recommendation that estrogen not be used as a hormonal pregnancy test,

and there are indications that this use has declined since that time.
The majority of the 5.7% treated for threatened abortion received

progestational rather than estrogenic agents.

Trends

Several recent trends suggest that estrogen use by American teenagers
may have decreased slightly in the past year or two. Although "the pill"
is still the most popular method of contraception in the United States,
the proportion of married couples using OCs decreased from 25,1% in 1973
to 22,3% in 1976. This decrease ig thought to be related to increased
publicity about health risks assoclated with oral contraception during
the past several years. 1 Although the popularity of oral contraception
has declined most among older women, teenagers may also be effected to
some degree. In 1972 81% of the teenaged patients of federally-subsidized
family planning clinice were using cral comtraception. The percentage
choosing pills has declined slowly since then and was 781 in 1976.16

The total percentage of teenagers using contraception of gome type is
increaging, 3 however, so that this slight decrease, 3% in a 5-year
period of time, may not mean that a smaller percentage of teenagers are
using OCs. The trend towards {ncreasing use of the lowest dose pills

and less frequent prescription of higher dose formulations is probably

continuing.

The number of teenagers being treated with estrogen for suppression of
lactation is probably also decreasing, Birth rates for 16-19 year olds
decreased steadily during the 19703.17 Although birth rates for even
younger teenagers increased until 1973, fertility im this age group has
also begun to decline. With a smaller proportion of teenagers giving

birth, fewer are available to be treated with estrogen. The percentage
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of American mothers who attempt to breast feed thelr infants is increasing.
In 1978 the American Academy of Pedfatrics formally endorsed breast-feeding
and recommended that Physicians encourage all mothers to nurse their
infants. Although teenage mothers are less likely than older mothers to

breast-feed, this trend probably effects them too.

A third factor that may eventually have a large impact on decreasing the
number of women given estrogen for lactation suppression is that the
effectiveness of the treatment has been challenged. Much data is now
available which demonstrates that the lactation suppression effect of
estrogen is only temporary. A rebound of milk production occurs when
the therapy is stopped. 18,19,20 Evidence to that effect was presented
on January 31, 1978, to the Food and Drug Administration (FDA), which
azy have a public hearing on it, In the meantime, FDA has removed

lactation suppression as an approved use for estrogenic formulations,

Most of the data on which the estimates in this paper are based were
collected during the mid-1970s. Since then there has been increasing
concern among women, health profeasionals, and the FDA regarding the
safety of estrogen treatwent. Ever since July 1977, FDA has tequired
that literature to inform patients of the contraindications to use of
estrogen and of the risks assoclated with its use be made available to
every woman before she receives an estrogenic preparation to insurg that
she has given informed cunsent.21 The concern which this kind of policy
reflects, coupléd with declining teenage fertility and increasing
interest in breast-feeding have probably reduced, to some extent, the
proportion of young American women who are using estrogén today.

Nevertheless, the downward trend, if any, 1s slight.

41¢

SUMMARY

It is estimated that each year approximately 20% of all 15- to 19-year

old American women receive estrogens in the form of a pharmaceutical
agent. The proportion of black teenagers who receive some form of
estrogen therapy is estimated at 36%, twice the proportion of treated
white teenagers. The majority of €his estrogen is used for the purpose
of contraception, Less than 2% of teenagers receive estrogen for

treatment of medical conditions.

REFERENCES

1. Rooks, J. (1978) Pediatries, 62, 1098-1103.

2. National Center for Health Statistics (1976) Monthly Vital Statiscics
Report 25 (7). '

3. Zelnik, M., Kantner, J.F. (1977) Family Planning Perspectives, 9, 55-71.

4. V.S, Bureau of the Census (1973) Census of Population: 1970, Detailed
Characteristics, United States Summary. U.S. CGovernment Printing Office,
Washington, pp. 1-640-642, '

5. 1IMS America Ltd. (1975) National Disease and Therapeutic Index,

PP. 1487-1553,

6. Heinen, G. {1%71) Contraception, 4, 393-400.

7. Sartwell, P.E., Stolley, P.D,., Tonascia, J.4., Toclman, M.§,, Rutledge,
A.H. and Wertheimer, D. (1976} Preventive Medicine, 5, 15-19

8. Population Reports A-5 (1979).

9. Rooks, J.P., Ory, H.W., Ishak, E.G., Strauss, L.T., Greenspan, J.R.,

Hil1l, A.P., Tyler, C.W. (1979} Journal of the American Medfcal Assn.,
242, 644-648.

10, American Baby Magazine (1976) A Study of the Infant Feeding Market.
Bast Greenwich, Rhode Island.

11, Baldwin, W.H. {1975) Intercom 5, 11.

12. Speroff, L. (1978) 1n Hormonal Contraceptives, Estrogens, and Human Welfare.
Academic Press, pPp. 15-29,

13. Persomal Communication with Godfrey Oakley, M,D., Chief, Birth Defects
Branch, Center for Disease Control.

14. Nationsl Center for Health Statistics (1978) Advance Data, Vitsl and
Health Statistics, No. 36.

15. Balog, J., Langhauser, €. and Rhine, X. (1977) Contraception, 15, 553-561.

16. Torres, A. (1978) Pamiiy Planning Perspectives, 10, 83-85.

17. National Center for Health Statistics (1976) Fertility Tables for Birth
Cohorts by Color: United States, 191.7-73, DHEW Publication No. (HRS)
J6=1152, U.s. Govermment Printing Office, Washington, p.37.

18. stirrat, G.M,, Andergon, G.E. and Grant, 0. (1968} J. Obstet. Gynaecol.

Br. Commonw., 75, 313-315.

19. Brett, I., Douglas, C.P. and Walker, E.H. (1971) Brit. J. Clin. Pract.
25, 379-1380,

20. Schwartz, D.J,, Evans, P.C., Garcla, C.R., Rickels, K. and Fisher, E.(1973)
Obstet. Gynecol., 42, 399-606,

21. Federal Register, Vo1, 42, No. 141, July 22, 1977.



Acne, 328, 410
Adenocarcinama, estrogen—induced
enodmetrial, 119
renal, 100-102
Adenoma, liver, oral contracep-—
tives associated with, 370
Affinity labeling, 35-36
Allen-Doisy assay, 107
Amenorrhea, estrogen treatment
for, 410
Mminolevulinic acid synthetase
(ALAS), dioxin effect on,
328-29
Amylphencl, estrogenic activity
of, 25
Androstanediol, 74
Anesthetics, estrogen response
to, 2687-88
Animal, food-producing. see
Livestock
Anorexia nervosa, estradiol
metabolism in, 142
Antiestrogens, 11, 255
binding affinities of, 40,
44-46, 47
cell proliferation effects of,
120-25
DDT derivatives as, 255, 257-60
liver activity of, 72
prohormonal forms of, 44
structural analysis of, 11,
16-18B, 25-26
Aromatase, 225-26
Aryl hydrocarbon hydroxylase,
dioxin effects on, 329-31,
336
Azoospermia, estrogen-induced,
379
Azoresorcincl, estrogenic
nature of, 48, 49
Azoxybenzenes, 335-38

Benign hreast disease, 36l1-64

Binding

antiestrogen, 40, 44-46, 47, 49

estrogen, 11, 25-28, 34
to chromatin, 86, 87
non-receptor, 33-34
sterecchemistry of, 36-39
types of sites for, 54-56

dioxin cogeners, 333-34

Binding protein, estrogen. see

Index

Receptor complex
Biphenyls, activity of, 335-38
Bleeding, intermenstrual, 410
Bone marrow depression, dioxin-

induced, 328
Breast cancer
diethylstilbestrol associated

with, 357

estriol role in, 57-59, 122,

135, 142-43

oral contraceptives and, 364-68
replacement therapy and, 359-60
rigk factors for, 366-68
Tamoxifen treatment of, 124-25
Breast disease, benign, 361-64,
373
Breast enlargement, estrogen-

induced, 186, 200, 347-50,

351, 378-79
Broparestrol, structure of, 16-17

Cancer, estrogen associated,
56-60. 99-101
diethylstilbestrol, 56, 59, 100,
301, 353, 355-57, 372
dioxin similarities to, 338-39
electrophilic mechanism in, 294
endometrial, 56, 91, 119, 357-
59, 368, 372
estriol, 57-59, 122, 135, 142-
43
estrone, 56, 59
liver, 90, 91
oral contraceptives, 364-70
ovarian, 357, 360-61, 369-70
replacement therapy, 357-61, 372
risk factors for, 366-68
Tamoxifen treatment of, 124-25
Cell death, 113-15
Cell kinetics, 105-107
Cell proliferation
antiestrogens influence on,
120-25
in culture, 171-76
a-fetoprotein influence on,
177-83
estrogen-mediated, 103, 110,
112, 113, 121-22, 173-83
inhibition of, 177-90
gland cell, 118-20
kinetics of, 105-107
physically induced, 104
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Cell proliferation (continued)
protein synthesis and, 118
vaginal epithelium, 107-10
uterine, 110-20

Central nervous systems, estro-

gen synthesis in, 214
Cervical cancer, uterine, 368-70
Chalones, cell regulation by,

117

Chloracne, dioxin-induced, 328

Chlordecone. see Kepone

Cholesterol, estrogen influence

on, 91
Chramatin, estrogen-receptor

binding to, BG6, &7
Chymotrypsin, estrogen binding

and, 71

CI-680, 46

CI-628, 44, 46, 72, 75

Climacteric. see Menopause

Clomid, uterine activity of,

60, 62
Clomiphene, structure of, 16-17
Clotting factors, estrogen

influence on, 91-92

Conalbumin, estrogen stimulation

of, 5, 317~318

Conformations, estrogens, 11-15,

25-28
Contraception, postcoital, 415,

416 see also Oral

Contraceptives

Cornification, vaginal, 107-10

Coumestrol
binding of, 46-49
estrogenic activity of, 200
structure of, 18,19

Crystallographic determinations
of antiestrogens, 16-18
of estrogens, 11-14
of synthetic estrogens, 14-15

Curvularin, 267, 268

Cycloferril, 18, 19

Cytochrome P-450, dioxin influ-

ence on, 329

o,p' DDT

antiestrogen activity of, 157-
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derivatives of, 243, 255, 258-
60

estrogenic activity of, 23-24,
48, 49, 239-51, 257, 305,
350

in the enviromment, 199

metabolism of, 247, 257

De-O-methyllasicdiplodin, 269
Dexamethasone
genomic effects of, 6
protein synthesis induced by,
319
Dibenzofurans, chlorinated, 335-38
Dimethylbenz- (a) —anthracene,
153-57
Diethylstilbestrol (DES)
carcinogenicity of, 56, 59, 100,
3o0l, 353, 355-57, 372
competition in estrogen binding,
74, 75, 84
derivatives of, 299-300
development of, 293-94, 372
food contamination with, 347-51
genotoxicity of, 297-99
in livestock, 199, 391, 392,
393-97
metabolism of, 294-97, 298
in model ecosystem test, 205-206
207
ocoupational exposure to, 378
pharmacokenetic propetrties of,
41-42
for postcoital contraception,
416
in pregnancy, 355-57
species differences in, 296
stability of, 395-96
structure of, 14-15, 28
uterine stimulation by, 41
Dihydrocurvalarin, 267, 268
Dihydrotestosterone, 100
Dimethylstilbestrol (DMS)
cell-proliferation effects of,
121-22
pharmacokenétic properties of,
41-42
Dioxin
binding of , 331-35
carcinogenicity of, 338-39
enzyme induction by, 329-31
metabolism of, 328
structure-activity relaticnship

for, 335-38
toxicity of, 327-28, 329,
336-38
Diphenylethylenes, ,structure of,
14-15
DNA polymerase, uterine levels,
115-16

pomains, steroid-induced, 6

Dysmenorrhea, estrogen treatment
for, 410

Dysspermia, estrogen-induced, 379

Edamatous syndrome, dioxin-induced,
328
Endometrial cancer, 56, 91
estrogen replacement associated
with, 357-59, 372
oral contraceptive use and, 368
Environmental contamination,
estrogenic, 199-201
pDT in, 350
diethylstilbestrol in, 347-51
model ecosystem test for,
203-209
occupaticonal exposures, 377-87
Estetrol, 131, 132, 136, 137,
138 see also Estrogens
Estradiol benzcoate, in animals,
391, 392, 398-99
Estradiol 17-f
binding of, 34, 35-39, 71-75,
281, 289-92
alkyl phenol effect on,
282-86
estradiol derivative effect
on, 287
local anesthetic effect on,
287-88
cell proliferation in response,
113-15
concentrations of, 305
estrogenic potency of, 122
liver activity of, 71-75
metabolism of, 100, 131-33,
141-43, 287
ornithine decarboxylase response
to, 102
pitujtary response to, 5
puberty levels of, 69-70
structure of, 11-14, 19, 22
uterine response to, 40, 57-58,
61, 134-37, 159-60
see also Estrogens
Estradiol monopalmitate in
animals, 391, 398-99
Estriol
carcinogenicity of, 57-59, 122,
135, 142-43
conformation of, 13
estrogenic potency of, 121-22
uterotropic response, 40-41,57,
58, 135, 136=-38
Estrogens, 99, 103
activity tests for, 133-38,
140-41
for affinity labeling, 35
binding affinities of, 33-36,
137-39, 291
binding proteins and, 71-72
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pharmacckenetic influences on,
41-44
structural determination of,
11, 25-28
in carcinogenesis, 56-60, 99,
100~102
catechol, 87-88
chronic administration of, 135
in contraceptives, 90-93
effects of, 53-63, 99, 103,
216-27
liver activity of, 69-89
metabolism of, 147-57, 227-29
in cell proliferation, 110,
173-83
in protein synthesis, 176, 186
non-stercidal, 35-36
occupational exposare to, 377-87
pituitary regulation by, 5
progesterone influence on, 60
prohormonal, 41-44
receptors for. see Receptor com-
Plex
replacement therapy, 353, 354,
357-61
selectivity of, 33-35, 36-40
sexual behavior and, 225-27
skin abscrption, 378
structures of, 11-15, 25-28
sulfurylated, 147-61
synthesis of, 213-14, 223
synthetic, 12-14, 293-94
for tumor imaging, 35
urinary concentractions of,
133-34
vitellogenesis response to, 216-23
Estrogen dehydrogenase, 157, 158,
163, 164
Estrogenic activity tests, 133-38
Estrogen replacement therapy, 353,
357-61
Estrone
in carcinogenesis, 56, 59
metaboliam of, 131, 162
structure of, 11-14
uterctropic evaluation of, 134-37
Estrus, 157
Bthinyl estradiocl, 379, 411
Epiestradiol, 13

a-Fetoprotein, cell response to,
177-83

Flavones, binding of, 46-48

FLM curve, 1l06-107

Follicle stimulating hormone, regu-
lation of, 5

Fusarium, 200, 265, 271-76
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Gallbladder disease, 90, 91
Gene expression, sterocid regu-
latien of, 6-8
Genistein
binding of, 46, 4B
estrogenic activity of, 200
structure of, 18, 19
Gland cell, proliferation of
uterine, 118-20
Glucocorticoids
genomic effects of, 6-7
¥epone influence on, 323
Glucosiduronated estrogens,
149-57
Growth, estrogenic treatment for,
403, 415
Growth, cellular, see Cell pro-
liferation
Growth factors, estrogen response
to, 104
Gynecomastia, 186, 200, 347-51,
378~79

Heart attack, 90-92
Hernia, 347
Hexestrol
binding of, 35-39
metabolism of, 299-300
occupational exposure to,
378-79
Hirsuitism, 415
Histamine, uterine, 99-100
Hormonal pregnancy tests, 416-17
HPTE, estrogenic activity of,
240, 252-54
Hydrogen honding, estrogen, 13-14
2-Eydroxyestradiol, 132, 133, 136,
137
4-Hydroxyestradiol, 132, 133, 136
l6a-Hydroxyestriol, 131, 132,
135, 136
in disease states, 142-43
receptor hinding of, 138
2-Hydroxyestrone, 132, 133, 136
binding of, 138
in brain, 14¢, 141 :
4-Hydroxyestrone, 132, 133, 136
178-Hydroxysteroid dehydrogenase,
100
Hydroxytamoxifen, 16~-18
Hyperemia, 99 .
Hyperestrogenic syndrome, 377-78,
384
Hyperkeratosis, dioixin-induced,
328
Hyperplasia, endometrial, 119
Hypertension, 90, 91

Hyperthyroidism, estrogen influ-
ence on, 141

Hypophysectomy, estrogen binding
and, 72

Hypothyroidism, estrogen influ-
ence on, 141-42

Indanestrol, structure of, 20
Infertility, estrogen-induced,
347

Kepone
estrogenicity of, 25, 48, 49,
305, 307-12, 318, 322
in model ecosystem test, 205,
208
protein synthesis effects of,
317-18, 320-21
reproductive effects of, 306-19,
322
structure of, 306
toxicity of, 305, 313, 318
Kineties, cell, 105-107

Lactation suppression, estrogens
for, 404, 412-1%5, 417-18
Lasiodiplodin, 269
Liver
adenoma of, 370
antiestrogen activity in, 72
cirrhosis, 142
dioxin-induced damage to, 328,
339
estrogen binding in, 69-78,
85-90
estrogen metabolism in, 142,
147-57
oral contraceptive effects,
90-93, 370-71
physiological effects of estro-
gen binding in, 89-90
tumors in, 90, 91
Livestock, estrogen administra-
tion to, 199, 200, 265,
271-76 .
diethylstilbestrol, 391, 3192,
393-94
zeranol, 391, 392, 397-98
Lymphoid involution, dioxin-
induced, 328 ,

Macrolides, zearalenone, 267,
268, 269
Marjijauna, estrogenicity of, 200
Melanoma, malignant skin, 371
Henopause
estrogen binding after, 75

replacement therapy for, 91,
353, 354, 357-61
Mestranol
liver-dependent activity of,
88
occupational exposure to, 379
in oral conceptives, 411
Metabolism, estrogen, 147-57,
227-29
Methoxychlor
estrogenic activity of, 48, 49,
240, 251-52, 154
metabolites of, 240, 252
in model ecosystem test, 205,
206-08
2-Methoxyestrogen, 132, 133, 136
Methylcholanthrene, 329-31
Methyltestosterone, side effects
of, 379
Methyltrienolone, structure of,
34
Mirestrol
binding of, 46, 48
structure of, 18, 19
Mirex
bioconversion of, 305
gtructure of, 306
Mitotic index, 105, 109
Models
ecosystem, 203-209
for estrogenicity, 11, 1€, 18,
20, 21, 25-28
for receptor responses, 4-5,
6-8, 227-79, 289-92
Moxestrol, binding affinities
of, 34
Mutagenicity, dioxin, 338-39
Mycotoxins, 11, 265
structural analysis of, 21-22,
28
see_also zearalenone

Nafoxidine
liver activity of, 72
structure-activity relation-
ships for, 44
uterine response to, 60, 61-63,
122-23
Norethindrone, occupational ex-
posure to, 379
Muclear translocation, receptor,
75-85

Obesity, estrogen metabolism in,
142

Occupaticonal estrogen exposure,
377-80

epidemiological studies of,
380-87
Oligomenorrhea, estrogen treat-
ment for, 410
Cral Contraceptives, 90-93
cancer risk and, 359, 361-71
dosage, 411-12, 417
in teenagers, 404, 406~12, 417
occupational exposure to, 381
Organ culture, estrogen testing
with, 104
Ornithine decarboxylase, 102
DT effect on, 242-44, 257-58
Ovalbumin, estrogen stimulation
of, 5, 317, 319
Ovarian cancer
diethylstilbestrol association
with, 357 :
oral contraception and, 369-70
replacemknt therapy and inci-
dence of, 360-61
Ovariectomy, estrogen binding
effect of, 73

Papain, 71
Pesticides, 11
DDT, 241-50
estrogenic activity of, 23-25
methosychlor, 240, 251-52, 254
Phenols, estrogen inhibition by,
282-86
Phytoestrogens, 11, 18-2¢, 28
Pituitary, estrogen interaction
with, 5, 73, 371
Plasgma renin substrate, estrogen
influence on, 74, 92
Polychlorinated biphenyls, utero-
tropic effects of, 199-200
Polycyclic aromatic hydrocarbons,
estrogenic activity of, 200
Porphyria cutanea tarda, dioxin-
induced, 328, 329
Poultry, estrogen administration
to, 391, 398
Pregnancy
estrogens associated with birth
defects, 355-57, 416
hormenal tests for, 416-17
Premarin, 92
Primary monolayer cultures,
estrogen testing with, 104
Progesterone
antitumor activity of, 100-102
cell proliferation effects of,
120-21
estrogen response to, €0
kepone influence on, 319, 323
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prolactin, S

Proliferation of cells. see
Cell proliferatiocn

Promegestrone, structure of, 34

Protein synthesis

cell growth response to, 118

estrogen—mediated, 91-92, 185

dexamethasone-dependent, 6

dioxin-induced, 328-31, 33%

Kepone influence on, 317-18,
320-21

Puberty, 69-70, 186

Pyridine nucleotide transhydro-
genase, estrogen—depend-
ent, 100

Receptor complex, 33, 71-75, 87
action mechanism of, 227-79,
289-~92
altered affinity of, 36-39, 48,
54, 137-38
competition for, 11, 25, 44,
74, 75, 84
dioxin binding, 331-35
kepone binding, 320-23
in liver, 85-90
eytosol, 69-75, 78
translocation of, 75-85, 87
microheterogenity of, 6-8, 281,
289-92
alkyl phenol effect on,
282-86
estradiol derivatives
effects on, 287
local anesthetic effects on,
287-BR
nuclear, 75-85, 158-5%9, 164,
320-23
physical changes in, 3, 6
pituitary hormone influence on,
73-74
progestercne binding, 10l
regulation of, 3, 25, 73, 78,
282-88
sites of, 54-56
stereospecificity of, 46-49
fearalenone binding, 270-71
Replacement therapy, estrogen,
91, 353, 354, 357-61
Ribonuclease, estrogen binding
response to, 71
Ribonucleic acid, regulation of,
S, 7-8, 101

Sexual behavior, estrogen in-
fluence on, 225-27

Sodium-p-chloromexcuriphenylsul-

fonate, 71
Spermatogenesis, abnormal, 27S,
379
Stem cells, estrogen-sensitive,
116-17

Stilbene estrogens, 293-94
see also Diethylstilbestrol
Stroma, uterine, 110, 111-12
Structure-activity relationships,
halogenated aromatic com-

pounds, 335-38 -
Sulfonamine, estrogenic nature of,
48,49

Sulfotransferase, estrogen

in estrogen metabolism, 157-62,
164

inhibition of, 160-61

Sulfurylated estrogens

metaboligm of, 147, 148B-56

in target tissues, 157, 158-61

Synthetic estrogens, development
of, 293-94

Tablet manufacturing, estrogen-
containing, 381-82
Tamoxifen
antiestrogen activity of, 319
antitimor activity of, 124-25
binding of, 40
estrogenic potency of, 122-23
structure of, 16-17, 19, 28
toxicity, 319
Teenagers, estrogenic treatments
of, 403, 404-405, 416-19
lactation suppression, 412-15,
417-18 )
oral contraceptives, 406~12, 417
Testes '
diethylstilbestrol-induced can-
cer of, 372
estrogen synthesis in, 213, 214
kepone effects, 307, 312-13, 315,
317
Testosterone-estradicl binding
globulin, gonadal hormone
regulation by, 138-39
Tetracaine, estradicl binding ef-
fects of, 287-88
Tetrachlorodibenzo-p—dioxin. see
Dioxin
Tetrafluorodiethylstilbestrols
2 299-300
4" -Tetrahydrocannibincl, estrogen-
icity of, 200
Tetrahydronaphthol, estrogen

response to, 25, 282-86

Tetrasiloxane, estrogenicity of,
48, 49

Transcortin, estrogen influence
on, 92

Trichloroethane. see DDT

Trichothecenes, 271

Triphenylethylenes, structures
of, 16-18, 28

Trypsin, estrogen response to,
71

Tumor imaging, 35

Turner's syndrame, 415

Tyrosine amino transferase, 6

Uterus

antiestrogen stimulation of,
60-62

cell proliferation response
in, 40-41, 57, 58, 103,
110-18, 133-38

DDT influence on, 350

regression in, 116-17

U-23469, 44, 46

Vagina
cell proliferation response in,
107-10
estrogen treatment of, 415
Kepone effects on, 314, 316, 217
Vitellogenesis, estrogen-mediated,
216-23

Xenobiotics
estrogenic nature of, 48, 49
in model ecosystems, 203-209
see also DDT and Methoxychlor

Zearalenones
animal administration of, 391,
392, 397-98
derivatives of, 266, 268-70
in enviromment, 265, 271-7e,
397-98
estrogenic effects of, 48, 49,
200, 265
function of, 276
structure of, 21-22, 269





