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THE PHARMACOLOGY OF THE ESTROGENS

An annual review may be considered to have achieved some measure of
success if it assembles in cogent form apparently unrelated facts and re-
veals in them a common theme. This has proved to be most difficult at the
present time in relation to the pharmacology of estrogens as the two most
important lines of development; the study of the metabolism of the com-
pounds and the mechanism of their action at a cellular level have little com-
mon ground, and appear to be following widely divergent courses. Impres-
sive technical developments now permit a most detailed study of biosyn-
thetic and catabolic pathways in vivo and in vitro. The availability of tri-
tium-labeled estrogens and estrogen precursors (1) at high specific activity
permits in vivo study in human subjects without risk, while the development
of subcellular techniques has made it possible to follow these changes in
vitro almost down to molecular levels (2). The combination of gas-liquid
chromatography in conventional and capillary columns with the mass spec-
trograph (3) used as an analytical tool, now permits isolation and charac-
terization of products at a level never dreamt of by the classical biochemist
of a few decades ago. Yet in spite of these advances, the proliferation of
minor metabolites, the recognition of conjugated forms, and the character-
ization of the principal enzymes systems, there is no evidence that any of
these metabolic transformations has any direct connection with the action
of estrogens at the cellular level. On the contrary, the considerable progress
which has been made in the study of the action of estrogens on hormone-
dependent tissues continues to emphasize the uniqueness of molecular struc-
ture in compounds, natural and synthetic, which possess biological activity

(4).

METABOLISM OF ESTROGENS

Biogenesis.—The biogenesis of estrogens in the mammalian species during
the menstrual cycle and in early pregnancy is centered in the ovary and is
probably controlled via the hypothalamus by gonadotropic factors of pitui-
tary origin. With the decay of the corpus luteum, the contribution of the
ovary to the supply of estrogens and progestogens declines and the substan-
tial increase in steroidogenesis which characterizes the latter stages of
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pregnancy is achieved by the placenta and fetus acting as a co-ordinated
endocrine organ—the feto-placental unit (5, 6). There is little doubt that at
this stage of gestation too, gonadotropins play a significant role in balancing
the production of estrogens and progestogens, but the precise nature and
function of these factors remain unknown. Certainly the major proportion
of the urinary gonadotropins that appear in late pregnancy are of chorionic
rather than pituitary origin (7).

The small but significant amounts of the classical estrogens, estrone, es-
tradiol, and estriol—which males excrete (8)—are probably of adrenal ori-
gin, for there is evidence that the adrenal cortex in vivo and in vitro (9) is
capable of forming C,s;-phenolic steroids from conventional precursors. The
possibility that some estrone is formed from 4-androstenedione in peripheral
tissues cannot be excluded (10).

The main steps of the biogenesis of the C,s-phenolic estrogens have been
known for some time (11, 12). The organism prefers to build up C, units to
the large C,; cholesterol molecule and to form the biologically active estro-
gens by a series of stepwise attacks by desmolase enzymes (C,;- Cpy- Cyy)
(13) completing the process by an aromatase enzyme (C;o- C;3) found in
the placentae of many species (14-16). Aromatization of the neutral C,q
steroids proceeds by a series of oxidative attacks on the C,, angular methyl
group, producing in turn the 19-hydroxy steroid, the 19-oxosteroid, and
finally with the loss of formaldehyde (17) or formic acid (18) the C,;-phe-
nolic estrogen. The final step which can be achieved in vitro using a micro-
somal fraction from human placenta has been studied in detail by several
groups (19, 20). The enzyme that carries out this aromatization is very
widely distributed, having been found in human, bovine, and equine placen-
tae; human, dog, rat, mouse, and frog ovaries; in cow adrenal and stallion
testis, and in human fetal liver (21). It is located in the placental microso-
mal fraction and requires both NADPH and molecular oxygen (14). The
enzyme appears to act specifically on C,, steroids and 19-nor-C,,-steroids
and is not inhibited by oxygen substituents at C-18, C-28, C-68, C9a, or
C-1la (22). The presence of a 118-hydroxyl substituent appears to inhibit
aromatization. A similar, and possibly identical enzyme, which has been iso-
lated from the microsomal fraction of equine and human placentae, is capa-
ble of aromatizing ring-B and thus producing the ring-B unsaturated estro-
gens equilin and equilenin (23). The immediate precursor of these com-
pounds is believed to be A%7-androstadiene-3,17-dione. The same enzyme
converts 3B-hydroxy-AS".-androstadien-17-one into the nonphenolic ring-B
aromatic C,q-steroid, 3B-hydroxy-A%7® estratrien-17-one (Heard’s ketone)
(24).

Catabolic pathways—If the biosynthesis and secretion of estradiol repre-
sents the main purpose of phenolic steroidgenesis, it is difficult to under-
stand the diverse ways in which excess hormone is squandered by deactiva-
tion and excretion. Known metabolites of the classical estrogens already ex-
ceed thirty (21) and the number grows annually as techniques improve and
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the scale of operation expands, yet none have significant estrogenic activity.
The principal sources of new compounds have been late pregnancy urine or
the urine of normal subjects after the injection of isotope-labeled estrogenic
compounds. In vitro studies, carried out with tissue slices, homogenates, or
sub-cellular fractions, complement in vivo results, and in both techniques
the use of radioactive precursors has greatly simplified problems of detec-
tion and isolation. Minor metabolites that have recently been characterized
include 2-hydroxyestrone, 2-methoxyestrone, 2-methoxyestradiol, 2-methoxy-
estriol, 6a-hydroxyestrone, 6-hydroxyestriol, 11-dehydro-17a-estradiol (25),
14a-hydroxyestrone (26), 15a-hydroxyestrone, 158-hydroxyestrone, 15a-
hydroxyestradiol, 158-hydroxyestradiol, 16a-hydroxyestrone, 168-hydroxy-
estrone, 16-oxoestrone, 16-oxoestradiol, 16-epiestriol, 17-epiestriol, 16-17-
epiestriol, and 18-hydroxyestrone (21). These compounds and other metabo-
lites arise mainly as a result of enzymic hydroxylation at C-2, C-6, C-7, C-11,
C-14, C-15, C-16, and C-18 followed in some cases by reversible oxidation to
the corresponding oxo-steriod (27, 28). In gencral, steroid hydroxylase en-
zymes require NADPH and molecular oxygen and there is increasing evi-
dence that cytochrome P450 is the oxygen activating catalyst common to
many steroid hydroxylations (29). The enzymes are difficult to solubilize
and are found in the microsomal and mitochondrial fractions of liver and
adrenal tissue. Enzymes capable of introducing a hydroxyl substituent into
aromatic steroids at C-6a, C-683, C-16a, C-168 (microsomal), and at C-7a,
C-7B, C-148, C-15a (mitochondrial), have been characterized (21). Cyto-
plasmic oxido-reductase enzymes active at C-16a-OH (30), C-168-OH
(31), C-17a-OH (32), and C-17B8-OH groups have been identified in many
species; the latter enzyme, soluble 178-hydroxysteroid dehydrogenase, has
been extensively purified (27).

Hydroxylation at C-2 in the aromatic A-ring which is achieved by mi-
crosomal hydroxylases of the liver has quantitative significance in estrogen
metabolism. The three compounds 2-hydroxyestrone, 2-hydroxyestradiol,
and 2-hydroxyestriol are formed in vivo and in vitro (33, 34) ; they have
been isolated from hydrolysed human urine and are formed in vivo when
the corresponding estrogen is incubated with a microsomal fraction pre-
pared from rat liver (35). The yields in vitro are surprizingly high (30%)
and in the case of oestrone trace amounts of 4-hydroxyestrone (19 ) have
also been identified. Hydroxylation at C-10 has also been observed in vitro
using rat liver microsomes with estrone as substrate; the product has a
p-quininoid structure in the A-ring, and being unstable has so far only been
isolated as the 2,4-dinitrophenylhydrazine derivative (36). The kinetics of
the reaction of this enzyme suggest that it is different from the liver micro-
somal enzymes which cause hydroxylation at C-2 and C-4.

Transmethylation of 2-hydroxyestrogens occurs in man and can readily
be demonstrated in vitro by incubating 2-hydroxyestrone, 2-hydroxyestra-
diol, or 2-hydroxyestriol with a cellular supernatant fraction prepared from
rat liver (37). The enzyme S-adenosylmethionine:O-diphenol-O-methyl
transferase (EC 2.1.1.6) which requires S-adenosylmethionine as a co-
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factor is widely distributed in rat and human tiver, human myometrium and
endometrium, human placenta, and in the kidney and spleen of man, rat, and
guinea pig. The enzyme and cofactor show low specificity; thus with 2-hy-
droxyestradiol as substrate the products include both 2-methoxyestradiol
and 2-hydroxyestradiol-3-methyl ether (38). It is probable that the same
enzyme is responsible for the transfer of the methyl group of S-adenosyl-
methionine to the 3 hydroxy group of epinephrine and other catecholamines.
Cross effects between estrogen metabolism and that of the catecholamines
have been reported (39).

Conjugation of estrogen metabolites.—In pregnancy and throughout the
menstrual cycle women excrete estrogen and estrogen metabolites princi-
pally as monoglucuronides (40). Estrone is excreted as the 3-monoglucuro-
nide (41), estradiol in small amounts as the 3- and 17B8-monoglucuronide
(42), and estriol as the 3- and 16a-monoglucuronides (41). The latter com-
pound, estriol-16a-glucuronide, is by far the largest single conjugate in late
pregnancy urine, although in some urines 16a-hydroxyestrone-16a-glucuro-
nide is a substantial component (40). Estrogen sulphates do occur in late
pregnancy urine but only as a small fraction of the total conjugates (43).
The presence of estrone, estradiol, estriol, and 16-oxoestradiol as the 3-sulph-
ates has been indicated by indirect evidence but these compounds have not
been isolated in pure form. Somewhat surprisingly, estrogen bis-conjugates
containing both sulphate and glucuronosidic residues make up a significant
proportion of the total estrogenic conjugates of late pregnancy urine (44).
The principal components of this fraction have been identified as estriol-3-
sulphate-16a-glucuronide and 16a-hydroxyestrone-3-sulphate-16a-glucuro-
nide (40).

At least two different types of glucuronyltransferase enzymes are in-
volved in the formation of estrogen glucuronides, for conjugate formation
at C-3 involves the formation of phenolic glucuronides, whereas conjuga-
tion at all other positions results in the formation of an alcoholic ether type
of linkage.

An enzyme present in the microsomal fraction of the liver of many spe-
cies, UDP-glucuronate glucuronyltransferase (EC 2.4.1.17) catalyses the
transfer of the glucuronyl residue from uridine-5’-diphosphoglucuronic acid
to a wide variety of phenolic hydroxyl groups (45). The enzyme, prepared
from rat livers, will form the 3-monoglucuronide of estrone (46), estradiol,
and estriol (47) in vitro but there are some species differences in that the
enzyme from other sources shows some structural specificity (21). The phe-
nolic glucuronyl transfer is not confined to the steroid field (45). A second
glucuronyl transferase isolated from the human intestine (46, 47) forms the
3-monoglucuronide of estradiol and estriol but also conjugates nonphenolic
steroids forming the 17B-monoglucuronide of testosterone and the 3a-mono-
glucuronide of androsterone (48). Enzyme preparations in this group have
not been extensively purified and may contain mixed glicuronyl transfer-
ases.
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The formation of ring-D glucuronides, of which estriol-16a-glucuronide
is quantitatively the most important, can be achieved using a microsomal
enzyme preparation from human liver (49, 50) and intestines (48, 51). The
enzyme from human liver shows remarkable specificity towards the 16a-hy-
droxyl group of estriol and does not form either the 3-monoglucuronide or
the 17B-monoglucuronide. With 16a-hydroxyestrone as substrate the 16-a-
monoglucuronide is formed. A soluble enzyme has also been prepared from
human liver (51) and intestine (52) which shows the same high degree of
specificity, forming only the 16a-monoglucuronide of estriol and 16a-hy-
droxyestrone.

Somewhat unexpectedly, although estriol-178-glucuronide does not ap-
pear to be present in late pregnancy urine (40), the human intestine con-
tains a glucuronyl transferase which catalyses the formation of the 178-
monoglucuronides of estradiol and estriol in vitro but displays no activity
towards the C-3 phenolic or 16a-alcoholic groups (52).

Conjugation of estrogens as sulfate, whether as monosulfates or bis-
mixed conjugates, appears to be restricted to the phenolic C-3 position.
Two such enzymes have been described. One capable of transferring the
sulfate radical from the cofactor 3’-phosphoadenosine 5-phosphosulfate to
phenolic hydroxyl groups has been prepared from rabbit liver. The crude
preparation will also transfer the sulfate radical to dehydroepiandrosterone,
but in recent studies complete separation of the phenolic transferase has
been achieved (53). Related sulfonyl transferase systems are widely distrib-
uted in endocrine tissues, being found in the liver of rat, rabbit, lamb, ox,
and man, in the adrenal of the ox and man, as well as in ovarian, luteal, and
testicular tissue (21).

A second estrogen sulfotransferase (3’-phosphoadenylsulfate-estrone
sulfotransferase; EC 2.8.2.4,) isolated from bovine adrenals requires the
same cofactor but appears to have high specificity for the natural estrogens
(54). The classical estrogens, including equilenin, are conjugated at the C-3
position. In vitro low yields of stilbestrol and hexestrol sulfate are formed.

The rabbit so far appears to be unique in excreting estrogens as the dou-
ble conjugate of 17a-estradiol and the 17a-epimers of estriol, with a glucu-
ronic acid residue at the C-3 position and an N-acetylglucosamine residue at
the 17a-position (55). In vivo and in vitro studies have confirmed that rab-
bit liver preparations transfer N-acetylglucosamine from UDP-N-acetylglu-
cosamine to the hydroxyl group of 17a-estradiol-3-sulfate and to the 15a-
hydroxyl group of 15a-hydroxyestrone-3-sulfate but not to the correspond-
ing free steroids (56).

Some interesting water soluble products formed by incubating rat liver
with 2-hydroxy [4-**C] estrone or with the corresponding estradiol deriva-
tive have now been identified as conjugates with glutathione joined by thio-
ether linkage to the A-ring at C-1 and C-4 (57, 58). The structure of these
novel conjugates has been confirmed by partial synthesis. (2-Hydroxyestra-
diol-1-yl) [3°S] glutathione was unaffected by incubation with male cat
liver, but with kidney tissue from the same source glutamic acid and glycine
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residues were removed from the conjugate (59). The search for estrogen
mercapturic acids in rat urine has, so far, given negative results.

In spite of the large numbers of estrogen metabolites and the many ways
in which these may be conjugated, there is no evidence that any compound
other than estrone, estradiol, and estriol either induces a significant re-
sponse at cellular level or a physiological reaction in the intact animal. Nev-
ertheless, the existence of water-soluble conjugates has important conse-
quences, especially in the kidney and the feto-placental unit. The renal
clearance of steroid glucoronides is very high, and metabolites that appear
in this conjugated form are likely to have a relatively short biological half-
life (60); in contrast, there is no doubt that the steroid sulfates play an ex-
tremely important role in secretion and transport. They are conserved by
the kidney and may represent a substantial store of steroid hormones in an
inactive form. The special role of steroid sulfates within the feto-placental
unit has been revealed largely as a result of the work of Diczfalusy and co-
workers (61, 62).

THE FeETO-PLACENTAL UNIT

A striking feattire of gestation is the progressive increase in the produc-
tion of estrogens and progestogens. At full-term the output of estrogens is
at least 1,000 times that in the nonpregnant state; the increased production
of progesterone and related biologically active compounds is substantial but
not of the same order. Immediately after ovulation in women, the site of
formation of these compounds lies in the ovary and corpus luteum but after
the first trimester these functions
ine embedding site and to the placenta (65). Because of the close relationship
between the placenta and fetus, the former cannot be considered in isolation
but as part of the feto-placental unit.

The need to consider the placenta and fetus together arises mainly be-
cause the enzymes and steroid substrates are distributed in complementary
manner between the two tissues (66). There can be little doubt, in view of
the scale of biogenesis, that the ultimate source of both estrogens and pro-
gestogens produced within the feto-placental unit is the cholesterol of the
maternal circulation (67, 68). Although fetal liver, adrenal, and testis can
synthesize cholesterol from acetate and the placenta cannot, yet cholesterol
levels are high, relative to other steroids, on both sides of the placenta. The
fetus, unlike the placenta, contains no 3B-hydroxy-As-steroid dehydrogenase
and is unable to convert cholesterol or the C,, and C,, metabolites formed
from it into A%-3-one structures (69). For this reason the principal steroids
produced by the fetus are pregnenclone (67) and dehydroepiandrosterone
(69) which are excreted partly in the free form but predominately as the C-
3 sulfates (70). The placenta, unlike the fetus, has little capacity to form
sulfates; it can, however, hydrolyse neutral and phenolic sulfates and ‘con-
tains specific dehydrogenases which convert 3B3-hydroxy-AS-steroids to the
corresponding A%-3-one compounds (71, 72). Thus it can hydrolyse steroid
sulfates secreted by the fetus, it can convert dehydroepiandrosterone into
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androstenedione, the precursor of the estrogens (73, 74), and pregnenolone
into progesterone, the key compound-for the formation of the mineralo- and
gluco-corticoids. It is clear that under-these conditions the fetus lacking the
necessary dehydrogenase is unable to convert the available pregnenolone to
progesterone and it is accepted that the very considerable amounts of pro-
gesterone produced in pregnancy are formed almost exclusively by the pla-
centa (67). Pregnanediol is considered to be a unique metabolite of progest-
erone and these facts are the justification for using the daily maternal preg-
nanediol excretion as an indication of placental function.

Reduction of circulating progesterone and androstenedione takes place
in the fetus as well as in the mother and it has been shown that in the fetal
liver both substrates are reduced to the corresponding 3a-hydroxy-58-com-
pounds. A different enzyme system must exist in the fetal lung, as with this
tissue. progesterone is reduced to the 383, Sa structure while androstenedione
is converted to 3a,5a¢ compounds (75). In the feto-placental unit, as in the
ovarian follicle, androstenedione is converted to estrone and estradiol but
not to estriol. The human placenta at mid-term lacks an enzyme system ca-
pable of introducing a hydroxyl group at the C-16a position of phenolic ste-
roids such as estrone and estradiol and there is accumulating evidence to
suggest that estriol is largely formed from neutral steroids that have al-
ready been hydroxylated at C-16a (69, 76, 77)..Such precursors include 16a-
hydroxytestosterone, 16a-hydroxyandrostenedione, and 16-oxotestosterone,
which are aromatized to estriol, 16a-hydroxyestrone, and 16-oxoestradiol
respectively. The latter compounds, on reduction, would form estriol. Ac-
cording to this concept, estriol is formed by the feto-placental unit as
follows,

Fetal
adrenal S
CHOLESTEROL——PREGNENOLONE — DEHYDROEPI-
ANDROSTERONE
Placental /. Fetal
aromatase Ve liver
ESTRIOLé——————16a-HYDROXYDEHYDROEPI-
ANDROSTERONE

As the feto-placental 16a-hydroxylase is mainly in the fetal liver and adrenal,
the excretion of estriol in the maternal urine is currently used as an indica-
tion of fetal welfare in cases of threatened abortion (78). As the administra-
tion of estrone or estradiol to nonpregnant women causes a small increase
in estriol excretion, the formation of this compound in the mother is probably
by the phenolic route (79, 80) ; this metabolic pathway is, however, small in
comparison with the output of estriol by the feto-placental unit. The excre-
tion of urinary estriol by the pregnant mother falls rapidly after fetal
death (78). .

In general terms, the fetus.lacks 3B-hydroxysteroid dehydrogenase and
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depends on the placenta to furnish A%-3-oxosteroids, while the placenta is
deficient in the desmolase activity which converts C,; steroids to C,q ste-
roids and 1s dependent on fetal and maternal sources for important C; com-
pounds. The 16a-steroid hydroxylase is abundant in fetal liver and adrenals
but absent from the placenta; thus the adrenal supplies dehydroepiandros-
terone sulfate which is converted to 16a-hydroxydehydroepiandrosterone
in the fetal liver and then to estriol in the placenta. Clearly, analyses of
conjugated steroid metabolites in the maternal urine are too remote from
the feto-placental unit to provide a prompt and reliable indication of fetal
welfare, and methods that measure individual estrogen and estrogen conju-
gate concentrations in both maternal and fetal blood are urgently needed.

SECRETION OF ESTROGENS

Labeled estrogens administered orally or by injection are poorly re-
covered in the urine of humans, rabbits, cats, and rats (81). At least half of
the dose enters the enteroheptatic circulation in conjugate form and more
than 90% of the radioactivity can be recovered from the feces. In women
endogenous estrone, estradiol, and estriol are excreted mainly as glucuro-
nides in the urine with a menstrual cyclic rhythm. The cxcretion of each
estrogen rises during the follicular phase and reaches a maximum at, or
about, ovulation and then declines towards the next period of menstruation
(22). In some women there is a transient rise as the corpus luteum reaches
maturity. Methods of measuring plasma levels of estrogens recently devel-
oped (10) show a similar cycle of estrogen concentration in peripheral
blood. Throughout the follicular phase, estradiol levels lie in the 2-5 ng/100
ml range but the concentration rises steeply at ovulation (15-30 ng/100 ml
range) and falls during the luteal phase. The same transient rise in estro-
gen plasma levels during the late luteal phase has been noted in some cycles
examined (63).

The secretion (plasma levels) (82) and the excretion (64) of estrogens
rise continuously throughout normal pregnancy and at full term may exceed
50 mg/day largely as a result of the production of estriol by the feto-placen-
tal unit. Estriol-16a-glucuronide is the major urinary conjugate, although
substantial amounts of estrone and 16a-hydroxyestrone are also excreted in
conjugate form (40).

Effect of estrogens in the intact animal—The amount of estrogen that
induces the development of secondary sex characteristics in females is min-
ute in relation to that metabolized and excreted (83). The principal effect
of estrogens on the female reproductive tract is exercised during the pre-
ovulatory phase on the epithelial lining of the uterus, cervix, and vagina,
and leads to an increase in the thickness and vascularization of the endome-
trial mucosa. Some hypertrophy of the myometrium occurs, resulting in an
increase in the uterine water-content and weight. At estrus there is prolif-
eration of the vaginal epithelium accompanied by cornification and shedding
of superficial layers of cells. Both increase in uterine weight and the ap-
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pearance of estrus are used as the basis of estrogen detection and assay.

In contrast to other classes of steroids, estrogenic activity is not confined
to members of the steroid group. The D-ring of conventional estrogens can
be opened without loss of activity as in dl-cis-doisynolic and 1-cis-bisdehy-
drodoisynolic acids (84), and further degradation resulting in the opening
of the C-ring leads to methallenestril and to allenoic acid (85) which no
longer retain the cyclopentanophenanthrene nucleus yet have high estrogen
potency in the rat. Many synthetic compounds formed from stilbene ana-
logues show remarkable estrogenic activity when injected or given orally.
Thus trans diethyl stilbestrol is as active as estrone, and although it bears
only a superficial structural resemblance to this compound, the physiological
effects produced by these two compounds are indistinguishable (86). Many
compounds structurally related to stilbestrol, e.g., hexestrol, dienestrol, and
benzestrol, have high estrogenic activity and are effective by injection and
by mouth. Somewhat less active synthetic compounds related to triphenyl-
ethane appear to have a more prolonged estrogenic effect by virtue of their
solubility in body fat (87). Finally, a group of compounds that show struc-
tural resemblance to stilbestrol and triphenylethane, e.g.,, MER-25, U-11,
100A and CN-55, 945-27, antagonize the action of estrogenic compounds and
are believed to act in this way by competitive blocking of estrogen receptor
sites (88).

Several estrogenic compounds isolated from plant sources have a flavo-
noid structure. Mirestrol isolated from pueraria merifica is as active as es-
trone subcutaneously (89). Genestein, which occurs in subterranean clover
grass, is a weak estrogen but has caused widespread infertility in Australian
sheep (90); coumestrol, a related isoflavone found in clover, alfalfa, and
some pulse seeds, is more potent than genestein (91).

Effects of estrogens on uterine tissue—The obvious fact that estrogens
induce physiological changes in the uterus led early workers to seek evi-
dence of biochemical change in this organ. Szego & Roberts in 1953 as-
cribed the marked up-take of water by the uterus to a change in tissue per-
meability; they associated the growth and vascularization of the mucosa
with protein synthesis (92). Mueller and colleagues observed pronounced
rise in the rate of uptake of RNA-precursors some 6 hours after injection
of estradiol into ovariectomized rats and were able to demonstrate increased
protein synthesis after 40 hours (93). Both groups recognized three stages
of response to estradiol which persist until the present time albeit with a
shorter time schedule; the first stage involves the interaction of estrogen
with a tissue component, the second stage involves primary biochemical
events caused by this action, and the final stage amplifies these events into
gross tissue changes. Mueller showed that the effect of estradiol on the rate
of RNA synthesis was suppressed by simultaneous administration of puro-
mycin, and advanced the hypothesis that estrogens might indirectly promote
the formation of a protein inducer (94).

Insight into the nature of the primary cellular interaction came with the
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synthesis of tritium-labeled estrogens of high-specific radioactivity (1).
Jensen & Jacobson, in a classical study, demonstrated that the tissues that
were the principal sites of estrogen activity, namely the uterus, ovary; and
hypothalamus, had the ability to retain tritium-labeled estradiol selectively
after a physiological dose of radioactive hormone. Retention by the nonre-
sponsive tissues followed closely the decline in radioactivity in blood while
the hormone-dependent tissues retained radioactivity for at least 6 hours
(83). In liver, the principal site of metabolism, rapid transformation and
conjugation of estradiol occurred but only radioactive estradiol was found
in the uterus. Of a dose of 0.1ug of estradiol injected not more than 1%
accumulated in uterine tissue. This type of tissue distribution experiment
has been repeated with other potent oestrogens including hexestrol (95), di-
ethylstilbestrol, and 17«-ethynylestradiol and has given basically similar dis-
tribution patterns (96). When [1,2-3H] estrone was administered in this
way, both radioactive estrone and estradiol were found in the uterus, and
this observation raises the question as to whether estrone is an active com-
pound only insofar as it is converted to estradiol. The selective retention of
radioactive estrogens is inhibited by a preceding massive dose of estradiol
and by anti-estrogenic compounds such as Upjohn 11,100, Parke-Davis Cl1-
628, methallenestril, clomiphene, and ferocyclin, which are considered to act
by occupying tissue estrogen receptors. Puromycin inhibits the uterotropic
action of estradiol but does not influence binding by tissues (97).

The binding of estradiol by uterine tissue also occurs in vitro when in-
tact surviving uteri or uterine homogenates are incubated with radioactive
estradiol (98). If homogenates thus prepared are subjected to differential
centrifugation in 0.44 M-siicrose or in a density gradient, approximately
309% of the unmetabolized radioactive estradiol appears in the highspeed
supernatant fraction. The estradiol in this fraction is not free but is bound
to a macromolecule variously cited as 9S or 8S (99). Very little radioactiv-
ity is found in the mitchondrial and microsomal fractions and the majority
of the remaining radioactivity (60-65%) is associated with the nuclear pel-
let. Whereas the estradiol associated with the cytosol can be readily re-
covered by solvent extraction, that associated with the chromatin and acidic
proteins of the nuclear pellet is more tenaciously held (100). Homogeniza-
tion of the nuclear fraction with 0.3MKCI releases about half of the radio-
active estradiol in the form of a complex with a different macromolecule,
the 5S receptor (101). The remainder of the radioactive estradiol in the
nuclear material can be released by treatment with deoxycholate solution
but is no longer bound.

It is difficult to reconcile these finding with the results obtained by auto-
radiography of uterine slices after the administration of radioactive estra-
diol; they show heavy deposition around the nuclear membrane within the
nucleus but very little radioactivity in the cell cytoplasm (102). Jensen, De-
Sombre & Jungblut suggest that the appearance of radioactive estradiol in
the supernatant fraction is related to that seen in the nucleus and may arise
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from the disruption of a fairly constant amount of the nuclear envelope
during tissue homogenization (103).

Study of the effect of degradative enzymes and pH on the binding of
estradiol by the macromolecules 8S and 5S led Toft et al (104) to conclude
that both receptors were predominately protein in nature. Several attempts
have been made to purify cytosol and nuclear receptors by standard proce-
dures of gel-filtration, electrophoresis, and ion exchange chromatography
and also by selective chromatographic separation on columns of cellulose
co-valently linked to estradiol, but the purest material available at present is
less than 49, pure (105). In spite of the impurity, this kind of material has
been used as an antigen in the rabbit in an attempt to obtain antibodies spe-
cific to the receptor sites. Soloff & Szego (106) have prepared an anti-8S
receptor y-globulin fraction which abolishes estradiol binding to the 8S recep-
tor. According to Jensen et al, the antigen-antibody complex is precipitated
with the radioactive estradiol still attached (107). .

The precise relation between the cytosol receptor (8S) and the nuclear
receptor (5S) has been studied by several groups (108, 109). The latter
complex is not formed by treatment of the nuclear fraction or isolated nu-
clei with estradiol, unless the cytosol receptor is also present, and this has
raised the question of whether the 8S receptor represents a transport mech-
anism carrying estradiol to some pre-existing component in the nucleus, where
the earliest biochemical responses are observed, or whether the 8S macro-
molecular-estradiol complex contributes to the formation of the 5S nuclear
receptor. Two groups, independently, have shown that the formation of the
nuclear 5S complex is a temperature dependent reaction and that it is asso-
ciated with a decrease in the 8S binding capacity of the cytosol (108, 110).
The 8S estradiol receptor complex shows a tendency to form larger aggre-
gates and the molecular weight has been reported at values ranging from
50,000-200,000; it forms a well-defined complex with ribonuclease. In
0.3M KCl, and possibly also in vivo, the 85 complex dissociates reversibly
into 4S sub-units which are stabilized by the prescnce of Ca** even when the
chloride has been removed (108). This stable form of the cytosol receptor
has been purified some 5,000-fold by precipitation, gel-filtration, and ion-ex-
change chromatography (105).

Without reference to molecular-size, methods that have been developed
to measure the concentration of high-affinity estradiol receptors in hor-
mone-dependent tissue (111) have shown that the concentration of these
sites varies in a cyclic manner throughout the estrous cycle in rats, being
minimal at estrus and maximal at pro-estrus. The highest concentrations
were found in the uteri of 10-day old rats and these values decreased rapidly
to the range of values found during the estrous cycle. Systematic changes
in the concentration of binding sites have also been observed in pregnancy
and pseudo-pregnancy (112). The biological half-life of these receptors is
short and at least one group maintains that estradiol is essential for their
continued existence.
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Effect of estrogens on uterine cell biochemistry—Nothing is known of
the way in which the nuclear receptor initiates biochemical changes in the
cell. A current hypothesis is that the 8S estradiol complex or its 4S sub-unit
in some way potentiates the nuclear protein-complex to remove inhibitors of
gene expression. According to a recent review by Hamilton (113) the earli-
est biochemical changes that occur in the uterus of ovariectomized rats
treated with estradiol are confined to the nuclei of the cells. Within minutes
of the administration of the hormone it is possible to show a marked in-
crease (45009%) in the rate of incorporation of labeled uridine and a cor-
responding increase in the specific radioactivity of nuclear RNA. Parallel
with these changes, increased RNA-polymerase activity of isolated uterine
nuclei has been observed and the increased polymerase activity is associated
with the formation of two different types of RNA. That associated with the
formation of ribosomal RNA reached a maximum at 12 hours (+125%)
while polymerase activity producing a DNA-like RNA (base pair ratio 1)
rose€ from 12-24 hours (+60%). Increased template activity of uterine
chromatin, assayed in vitro, has also been observed after estradiol stimula-
tion in vivo.

The incorporation of tritium-labeled uridine into nuclear RNA has also
been used as a means of following the turnover of rapidly synthesized RNA
from the nucleus to the cytoplasm with time. Estradiol injected into ovar-
iectomized rats not only increased the rate of synthesis of nuclear RNA but
accelerated the entry of the newly formed RNA into the cytoplasm and re-
stored synthesis and transport of RNA to that found in the normal mature
rat. The effect of estradiol on the synthesis of nuclear, mitochondrial, mi-
crosomal, and cytosol protein cannot be causally related to the synthesis and
distribution of nuclear RNA but follows it in logical sequence. Study of the
rate of incorporation of isotopically labeled amino acids into subcellular
fractions following estradiol administration has shown that after a reduced
incorporation lasting from 0.5-1.5 hours, there is a marked stimulation of
protein synthesis in both nuclear and microsomal fractions. The increased
rate of synthesis in the nuclei precedes that in the microsomes but the effect
in the cytoplasm is substantial and prolonged; at 24 hours protein synthesis
in this component is still raised while that in the nuclei has returned to nor-
mal values.

It has not been possible to establish the character of the RNA and pro-
tein formed as a result of estradiol stimulation and hence it is not known
whether these represent new cellular components or an increased rate of
synthesis of normal metabolites. Although the details of the precise mecha-
nism of action of the hormone on the uterus is unknown, the following se-
quence of events within the cell has been recognized; the binding of estra-
diol to the nuclear receptor, the accelerated synthesis of nuclear and riboso-
mal RNA, the accelerated transport of RNA principally to the polyribo-
somes of the cytoplasm, and the increased synthesis of protein. These con-
temporary ideas still conform to the earlier concept of a preliminary stage .
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involving interaction of the hormone with a specific cellular receptor, the
initiation of new biochemical events, and the amplification of these events,
possibly by the release of genetic information, to gross physiological
change,

Tue DETERMINATION OF ESTROGENsS IN THE PicocramM RANGE

The high specificity of the binding of the estrogens to the 8S cyto-
plasmic receptor in vitro provides excellent conditions for the assay of es-
trogens by competitive binding and has made possible the determination of
estrogens in the picogram range (114, 115). The dissociation constants for
the equilibrium between this receptor and the natural estrogens are so low
that for many purposes rabbit uterine supernatant fluid can be used in assay
procedures without purification. The affinity of binding of stilbestrol is
greater than that of the natural estrogens and this compound can also be
determined at very low concentration (114). All estrogens bind to the same
site and preliminary separation is necessary hefore assay but the sensitivity
is so high that plasma estrogen levels throughout menstrual and estrous cy-
cles can be measured (114, 115). Such methods open up new possibilities in
the field of obstetrics and gynecology.

Anti-estrogens.—The low molecular weight estrogens are not antigenic,
but when they are covalently linked to macromolecules, the complex may be
used to form antibodies which show some specificity towards the estrogen
so linked (116). Estradiol has been joined at C-178 via a succinyl link to
bovine serum albumin (BSA) and the resulting compound when injected
into sheep produced antibodies to BSA and to the complex (117). From the
sheep serum it has been possible to prepare a y-globulin fraction which
forms complexes with estradiol and cross reacts with related estrogens.
Vande Wiele (118) has shown that such preparations may be used in rats
as an antiestrogen, combining with and removing from circulation endoge-
nous estrogens. When administered up to 15 hours before the ovulatory pe-
riod, this preparation inhibited the release of luteinizing hormone and sup-
pressed ovulation. The administration of stilbestrol, which did not cross re-
act with the anti-estrogenic preparation, restored normal ovulation (118).

In a second application, the antibodies to estrogens have been success-
fully adsorbed onto the wall of polypropylene tubes which have thus been
converted into an insoluble but specific binding surface for estrogens (119).
These tubes have been used as a medium for the determination of pico-
grams of the natural estrogens by radio-immune assay. The antibody to the
estradiol complex cross reacts with other natural estrogens which can be
determined after preliminary separations. Measurement of plasma estradiol
levels, whether carried out by competitive binding or by radio-immune as-
say, show peak concentration at ovulation more or less coinciding with the
maximum concentration of luteinizing hormone. A smaller peak of estradiol
concentration occasionally observed later in the cycle has been variously as-
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cribed to estrogen production by the mature corpus luteum or to per1phera1
conversion of androstenedione to estrone.
A satisfactory theory of the action of estrogenic- compounds must be able
to explain why so many molecular structures display this activity. There is
now evidence that the ability to bind to the cytosol receptor is a preliminary
requirement for cell response and that the presence of this receptor differ-
entiates hormone-dependent and nonresponsive tissue. It is possible that ac-
tive compounds induce some allosteric change in either the cytoplasmic or
nuclear receptor and that this modified receptor is a common factor in the
process which leads to estrogenic change.
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