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This mini-review summarizes key points from the Clark Sawin Memorial Lecture on the History of
Estrogen delivered at Endo 2018 and focuses on the rationales and motivation leading to various
discoveries and their clinical applications. During the classical period of antiquity, incisive clinical
observations uncovered important findings; however, extensive anatomical dissections to solidify
proof were generally lacking. Initiation of the experimental approach followed later, influenced by
Claude Bernard’s treatise “An Introduction to the Study of Experimental Medicine.” With this
approach, investigators began to explore the function of the ovaries and their “internal secretions”
and, after intensive investigations for several years, purified various estrogens. Clinical therapies for
hot flashes, osteoporosis, and dysmenorrhea were quickly developed and, later, methods of
hormonal contraception. Sophisticated biochemical methods revealed the mechanisms of estrogen
synthesis through the enzyme aromatase and, after discovery of the estrogen receptors, their
specific biologic actions. Molecular techniques facilitated understanding of the specific tran-
scriptional and translational events requiring estrogen. This body of knowledge led to methods to
prevent and treat hormone-dependent neoplasms as well as a variety of other estrogen-related
conditions. More recently, the role of estrogen in men was uncovered by prismatic examples of
estrogen deficiency in male patients and by knockout of the estrogen receptor and aromatase in
animals. As studies became more extensive, the effects of estrogen on nearly every organ were
described. We conclude that the history of estrogen illustrates the role of intellectual reasoning,
motivation, and serendipity in advancing knowledge about this important sex steroid. (Endocri-
nology 160: 605–625, 2019)

This mini-review covers the salient points of the Clark
Sawin Memorial Lecture delivered by the authors at

the 2018 Endocrine Society annual meeting. Our knowl-
edge about estrogen has been driven by astute observations
of multiple investigators. The research findings have been
rapidly translated into development of clinically applicable
estrogen preparations. The discoveries have led to the birth
control pill, prevention and treatment of breast cancer,
menopausal hormone therapy, induction of puberty in
hypogonadal girls, prevention and treatment of osteopo-
rosis, and vaginal estrogen therapy, among others. Recent
clinical and experimental data demonstrate important

effects of estrogen on bone and reproductive function in
men. With the involvement of a myriad of investigators
in estrogen research, multiple controversies have arisen,
some of which are still unresolved.

The Sawin presentation concentrated on the rationale
for the various experiments, the data obtained, the con-
troversies, and identification of the three types of in-
vestigators contributing to estrogen research (as pointed out
by Fuller Albright). Albright, a giant in the field of endo-
crinology, quoted the US Supreme Court justice Oliver
Wendell Holmes to define three categories of investiga-
tors as paraphrased succinctly: “One story intellects—fact
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collectors who have no aims beyond their facts; two story
intellects who compare, reason and generalize using the
labors of fact collectors as well as their own; three story
intellects who idealize, imagine, predict—their best illu-
mination comes from above through the skylight” (a phrase
that the authors define as inspiration) (1).

Role of Historical Observations

In antiquity, the role of estrogens could only be inferred
by astute observations both of external appearances and,
later on, by anatomic dissection. The depiction of “King”
Tutankhamun (1341 to 1323 BC) from a statue found in
his tomb strongly suggests gynecomastia (Fig. 1) and
represents an historical observation of estrogen excess
in a male (2). Although some have suggested that this is
merely artistic license, the similar representation of gy-
necomastia in his brother Smenkhkare, as well as his
relatives Amenophis III and Akhenaten, leads us and
others to think that this was indeed gynecomastia, sug-
gesting to many the possibility of familial aromatase

excess. Availability of Tutankhamun’s DNA should al-
low this to be diagnosed. Alternatively as suggested by
Bernadine Paulshock, androgen insensitivity may have
been responsible.

Knowledge at the Height of the
Roman Civilization

Physicians practicing in Rome often referred to the
thoughts of Greek writers from their experience several
centuries before. They knew that Aristotle (384–322 BC),
for example, thought that only male semen was in-
corporated into the fetus and that the female played no
role in the generative material (3). Soranus of Ephesus (AD
98–138), the most noted gynecologist at the time, con-
tradicted Aristotle, in writing that both the male and
female produce “seeds” necessary for conception (4–6).
Galen (AD 129–200), the most accomplished of all
medical researchers in antiquity and physician to the
philosopher emperor Marcus Aurelius (author of The
Meditations of Marcus Aurelius), appeared to agree with
Soranus but not Aristotle (3, 7, 8). He observed female
“testes” and concluded from these observations that the
structures he saw corresponded to male testes and served
the same purpose, namely production of semen (3).

Interestingly, Galen thought that menstruation rep-
resented a form of auto-phlebotomy and represented
a means to eliminate unfavorable circulating humors, a
concept not contradicted until several centuries later (3).
Soranus commented on several aspects of female devel-
opment. He noted a clear temporal association between
menses and breast development and noted that these two
events occur at approximately age 14 (6). This is of in-
terest because it is generally agreed that the age of
menarche has decreased from age 16 to 17 to age 13
during the past two centuries, a finding postulated to be
due to increased fat deposition and leptin levels (9–12).
This raises the question whether nutrition during the
Roman civilization was better than two centuries ago in
Western countries. The change in age of menstruation
from AD 1800 to 1980 is thought to have resulted from
the improvement in nutrition during that time period (9).
As further evidence of the power of observation, Soranus
also noted that masculine-appearing females and those
exercising excessively failed to menstruate. He also com-
mented on contraception, noting that blockade of the
cervical os as an effective means of preventing con-
ception was possible (6).

Post-Renaissance Period

Thomas Wharton (AD 1614–1673) was interested in
ductless vs ductal glands. He was famous for naming

Figure 1. Photo of Tutankhamun taken by one of the authors
(R.J.S.) at the Cairo Museum. Tutankhamun ruled from 1332 to
1323 BC. The statue depicts the appearance of gynecomastia,
although some observers have speculated that this was only artistic
license (2).
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Wharton’s duct, which connects the submandibular
gland with the mouth. He thought, based on appearance,
that the ovaries and testes are similar and that damage to
either results in infertility (13). He reasoned on this basis,
as did Soranus and Galen, that the ovary must produce
sperm. Later, Augustin Nicolas Gendrin (AD 1796–1890)
postulated that menstruation was related to ovulation,
thus contradicting Galen’s theory of auto-phlebotomy (3,
7, 8, 14, 15).

Dawn of Experimental Era

In 1855, Claude Bernard, the father of experimental medicine,
spearheaded the transition from clinical observation to experi-
mentation (16). He developed the concept of internal secretion
when observing that glucose released by the liver is transported by
blood into many distant tissues. This observation led to a plethora
of studies of internal secretion, basically involving three experi-
mental steps: (i) removal of the gland with documentation of
ensuing signs and symptoms, (ii) transplantation of the gland back
into the body with demonstration of the reversal of signs and
symptoms, and (iii) administration of the extract of the gland
(organ therapy) in patients lacking that gland with the finding of
reversal of signs and symptoms. With respect to the ovary, these
steps were taken during a period of years.

Step 1
In the 1880s, Robert Battey developed the ability to perform

oophorectomy safely in women (14, 17). This operation, called
the Battey operation, became popular and was performed for
multiple reasons, including dysmenorrhea and bleeding from
myomata. After removal of the ovaries, patients developed hot
flashes and vaginal atrophy, leading to the hypothesis that the
ovary makes some type of substance that in its absence causes
various symptoms (14, 17).

Step 2
In 1896, Emil Knauer from Vienna removed the ovaries

from rabbits and observed uterine atrophy, which he could
prevent by transplanting the ovary at a distant site, confirming
the postulate of internal secretion by the ovaries (18–20).

Step 3
In 1897, Hubert Fosbery successfully used ovarian extracts

to treat a patient with severe hot flashes (21). In his published
report, he stated, “when at last the periods ceased, the patient
was much troubled with frequent and violent flushings which at
night in winter would wake her up, the face being in burning
heat”; “I ordered 5-grain palatinoids of ovarian gland [a form
of medicine capsule, as ground-up ovary tastes terrible] three
times a day”; and “The flushings rapidly became less frequent
and intense and were nearly cured by the time three dozen
palatinoids were taken.” This description seemed rather con-
vincing, although later it might have been attributed to a
placebo effect (21).

History of Organ Therapy

The use of extracts of glands to treat patients became
common in the later 19th and early 20th centuries. In the

1880s, Brown-Séquard (AD 1847–1894), thought to be
the father of organ therapy, administered extracts of
monkey testicles to patients with the concept that this
would relieve symptoms due to specific hormone de-
ficiencies (22). He administered these extracts to himself
and reported increased strength and muscle mass, less
fatigue, and an increase in mental faculties (23). He also
suggested organ therapy for women whose ovaries had
been removed. In response to Brown-Séquard’s wide
influence, organ therapy then began to be used for many
maladies, including mental disorders (24).

A “deep dive” into history revealed that Brown-
Séquard was not the first to use organ therapy widely. In
actuality, San Si Miao (AD 623–682) from China first
administered the organ extracts of deer and sheep thyroid
to patients with goiter and observed beneficial effects
(Supplemental Fig. 1) (25, 26). He went from city to city
expounding this therapy and demonstrating efficacy.
From this and his publication of more than 40 volumes of
medical information, he was then known as the “King of
Medicine.” Later, in AD 1025, the Chinese prepared
extracts of male and female urine, purportedly using
powdered components to treat hypogonadism in men
and dysmenorrhea in women, and other clinical disor-
ders. The detailed methods describing preparation of
these urine extracts is published in detail in the book The
Genius of China and is summarized in Table 1 (27).What
was actually contained in these extracts will remain
unknown until the methods are replicated and analyzed
with modern methods.

Therapeutic Innovation Based on
Evolving Concepts

As the concepts regarding the function of the ovaries
evolved, therapies were designed based on the current
knowledge. In 1896, Sir George Beatson, a surgeon,
described the first effective hormonal ablative therapy for

Table 1. Methods of Preparing Urine Extracts to
Treat Hypogonadism in Men, Dysmenorrhea
in Women, and Other Clinical Disorders

Steps Description

1 Obtain 150 gallons of urine
2 Heat to facilitate evaporation
3 Seal and sublimate and obtain residue
4 Grind to powder and make pill
5 Administer five to seven pills with wine or warm

soup
6 Male urine used for hypogonadism, impotence,

and beard growth
7 Female urine used for dysmenorrhea

Data from Temple R. The Genius of China: 3,000 Years of Science,
Discovery, and Invention. Prion, 1983.
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treatment of breast cancer (28–30). He based his ratio-
nale on an experience “moonlighting” on a farm where
he was the physician for the owner. There he learned
several facts about lactation and began to study this
phenomenon. Based on his knowledge of histology, he
appreciated similarities between the tissue appearance of
lactational changes, characterized by increasing breast
proliferation and the same phenomenon in histologic
sections of breast cancer. Also, he knew that oopho-
rectomy prolonged the time of lactation in cows, a
practice common in Australia at that time. From these
observations, he postulated a regulatory role of the ovary
on benign and malignant breast and sought to apply this
concept clinically. With seemingly great courage, he
decided to remove the ovaries surgically in premeno-
pausal women with breast cancer. Notably, he demon-
strated both partial and complete, temporary remissions.
This work initiated the field of surgical ablation of en-
docrine glands as treatment of hormone-dependent
breast cancer. To the authors of this manuscript, this
represented “ three story thinking,” primarily with in-
spiration as to the rationale.

Purification of Estrogen

A major accomplishment at the time was the purification
of estrogen, a feat primarily involving three key in-
vestigators, Edgar Allen, Edward Doisy, and Adolph
Butenandt. In 1923, Edgar Allen, a reproductive physi-
ologist, was studying the role of follicular fluids obtained
from the ovary of sows on uterine weight, vaginal
maturation, and sexual receptivity (31, 32). A seren-
dipitous circumstance leading to a key collaboration
came from the fact that Allen had no car. Taking ad-
vantage of a friendship developed while playing on a
faculty baseball team, he rode to work in St. Louis in the
Model T Ford of Edward Doisy, an organic biochemist
and fellow baseball enthusiast (33). This allowed ex-
tensive conversations leading to the appreciation of the
potential for a synergistic, scientific relationship and
commencement of work together—Allen provided fol-
licular fluid from sows and Doisy purified the estrogenic
activity. The biologic endpoint, uterine weight, was later
called the Allen-Doisy test.

Progress was slow until Selmar Ascheim and Bernard
Zondek, working inGermany, demonstrated large amounts
of estrogenic activity in the urine of pregnant women
(34). With this biological material as a source, Doisy
crystallized estrone and presented this finding at the
13th International Physiologic Congress in Boston in
1929 (35, 36). Fuller Albright observing the presentation
commented, “ The potency of these crystals is so great that
one gram could restore the sex cycle in more than nine

million rats” (1). Likely, Albright began to think about the
implications, an approach characterizing him as a “three
story investigator.” After discovering the crystals, Doisy
went home and told his wife that they were going to be
rich. On second thought, he gave the two resulting patents
(both awarded on 24 July 1934) to St. Louis University,
which has used the monies in an established foundation to
this day to support the biochemistry department in the
medical school.

Groundbreaking research findings often occur si-
multaneously in two completely independent laborato-
ries. The German investigator Adolph Butenandt had
simultaneously purified and crystalized estrone when he
heard about Doisy’s talk from a colleague who had
attended the Boston meeting. This led Butenandt to rush
into print several months before Doisy’s manuscript was
published (37). Ironically, Butenandt (along with Leo-
pold Ruzincka) won the Noble Prize for this work (as
well as for the crystallization of testosterone), whereas
Doisy had to wait a decade to win his Nobel Prize for the
purification of vitamin K. Somewhat later, estriol and
estradiol were isolated and purified (38, 39). As expected,
the problem of fully characterizing the structure of es-
trogens required major feats of organic chemical in-
vestigation, leading to controversies among investigators.
A major one was whether estrogens contained three or
four cyclohexane rings, a controversy illustrated by a
photograph of Butenandt displaying four fingers, which
aptly conveyed his opinion [see Fig. 3 in Simpson and
Santen (40)].

Early Clinical Applications

Within 5 years, several estrogen preparations were com-
mercially available from multiple pharmaceutical com-
panies that recognized the clinical and commercial benefits
of estrogen. The various products included theelin, pro-
gynon, emmenin, oestroform, folliculin, and amniotin.
The ready availability of these agents facilitated rapid
clinical advances. In 2 years, Albright demonstrated
that estrogen blocked hot flashes; in 5 years, bone loss;
and in 6 years, ovulation (41–45). Of interest was that
only one patient needed to be studied with cyclic on–off
therapy with estrin (preparation of estrogen based on
the Doisy formula) to convincingly demonstrate in-
hibition of hot flashes (43) (Fig. 2). Estrin also provided
relief of dysmenorrhea (45). The observation that es-
trogen markedly increased the amount of bone in male
pigeons (46) (Fig. 3) stimulated Albright to show that
estrogens prevent bone loss in postmenopausal women
(44, 47, 48) (Fig. 4). This emergence of these new find-
ings led Albright to establish a clinic specifically related
to reproduction. In this clinic, Albright demonstrated
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blockade of ovulation with administration of estrogen
during the early follicular phase of the menstrual cycle
(42, 43).

Physiology of Breast Cancer

From George Beatson’s work, the role of estrogen on
breast cancer growth was known, but an animal model
was needed to study the precise physiologic mechanisms.

Charles Huggins had won the Nobel Prize for demon-
strating that castration in men could cause prostate tu-
mor regression (49). Surprisingly, late in his career he
developed the first animal model of hormone-dependent
breast cancer. Motivation is often an interesting com-
ponent of research progress (50–54). One of the co-
authors (R.J.S.) had the opportunity to ask Huggins why
he embarked upon the new area of research late in his
career. He responded “The Ben May laboratory had no
operating room and I had to take the dogs to North-
western for the orchiectomies in mywife’s station wagon.
One day she said, “Charlie, your dogs are no longer
going to befoul my station wagon and you had better find
something else to work on.” He chose to develop the
dimethylbenzathracene (DMBA) breast cancer model,
which allowed much information to be obtained about
the hormone responsiveness of this common neoplasm in
women.

Development of the Birth Control Pill

Several key steps led up to this monumental achievement
(55, 56). In 1949, Russell Marker found a method to
markedly reduce the cost of synthesizing progesterone by
identifying precursors in a specific Mexican yam. He
spent several months testing more than 100 yams, leading
to the identification of the one with the highest level of
diosgenin tested (55, 57, 58). He used this as a starting
material for the synthesis of progesterone, which resulted

Figure 2. Treatment of a patient with estrin as shown by the hatched bars. The number of hot flashes per week are shown on the vertical axis.
[Reproduced with permission from Albright F. Studies on ovarian dysfunction III: the menopause. Endocrinology 1936;20:24–39.]

Figure 3. The femoral bone from an untreated male pigeon is
shown on the left and after 36 days of estrogen on the right (46).
[Reproduced with permission from Pfeiffer CA, Gardner WU.
Skeletal changes and blood calcium level in pigeons receiving
estrogens. Endocrinology 1938;23:485–491.]
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in a lowering of the price from US$200 per gram to US$5
(55). Gregory Pincus and Min-Chueh Chang then
demonstrated blockade of ovulation in animals with
progestins. Clinical trials in Puerto Rico, involving sev-
eral individuals, including John Rock, demonstrated the
efficacy of contraception in women (55, 56). The
background for these studies was that Margaret Sanger,
founder of the “National Birth Control League,” later
named Planned Parenthood, was well ahead of her time
and strongly encouraged contraceptive research in the
early 1920s. A surprisingly current quote from her at that
time stated that “No woman can call herself free who
does not control her own body.” The extensive research
required a substantial amount of funding. Katharine
Dexter McCormick, inheritor of the McCormick fortune
from the McCormick Reaper, contributed nearly one-
third of the money required but notably also imparted
intensive intellectual input into birth control pill re-
search (55).

John Rock, a staunch Roman Catholic obstetrician/
gynecologist from Boston, thought that his church would
approve the birth control pill, but this did not happen. A
little known fact is the history of the Catholic Church’s

deliberations on the morality of the birth control pill. A
large and distinguished panel was convened by Pope John
XXIII to consider whether “artificial birth control” was
moral. The majority report of more than 60 experts
considered it moral and their report was leaked to The
New York Times [“An analysis of the majority report
‘Responsible Parenthood’ and its recommendations of
abortion, sterilization, and contraception” by Richard
J. Fehring (59)]. John XXIII died and his successor, Pope
Paul VI, accepted the minority opinion of no more than
15 panel members and declared oral contraceptives to be
morally unacceptable. Interestingly, most Catholic women
in the United States approve of use of oral contraceptives
despite church teaching.

Several outcomes ensued after approval of Enovid, the
first oral contraceptive in 1960. Laws were changed to
legalize contraceptives. This represented the first prac-
tical ability of families to determine the number of
children desired and superseded the use of condoms and
the “rhythm method,” derided by some as a form of
Russian roulette. Availability of birth control pills led to
substantial changes in the role of women in society and
the workplace and putatively was one of the most

Figure 4. The vertical axis shows the height of patients before starting estrogen therapy (left of the vertical line) and after starting hormone
therapy (right of the vertical line). This clearly shows that estrogen prevents loss of height in postmenopausal women (48). [Reproduced with
permission for electronic publication only from Wallach S, Henneman PH. Prolonged estrogen therapy in postmenopausal women. JAMA 1959;
171:1637–1642.]
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powerful influences on several social aspects, including
sexual behavior, gender roles in society, and family
economics (60).

Discovery of the Estrogen Receptor

Novel techniques led to initial studies involving radio-
isotopes of high specific activity, namely tritium and
carbon-14, which were used to label steroids such as
estradiol.

Elwood Jensen, another “three story investigator,”
first identified estrogen receptors (ERs) utilizing this
methodology. He administered labeled estradiol to cas-
trate rats and demonstrated specific uptake into the
uterus and vagina (61) (Fig. 5). He then demonstrated
that ERs in women could be used to predict which breast
tumors were hormone-dependent and would respond to
hormone therapy (62). As a mentor, he stimulated his
mentees to purify the ER and study its detailed molecular
mechanisms.

Aromatase

Discovery
The aromatization of androstenedione to estrone and

testosterone to estradiol was first suggested by Bernard
Zondek in 1934 (34, 63). Later, Steinach and Kun
“injected large quantities of male hormone (testosterone
propionate) into men and quantitated the excretion of
estrogenic substances in the morning urine” (64). The
finding that rat units of excretion increased from 0 to 36

to a maximum of 1200 confirmed that androgens served
as precursors for the product estrogens, a relationship
suggesting the presence of aromatization. As often occurs
in science, a controversy arose as to the naming of the
enzyme. Some investigators called the enzyme “estrogen
synthase” and others “aromatase,” but in the long run,
aromatase won out (65).

Major biochemical studies were initiated in the 1960s.
Ken Ryan studied and characterized placental aromatase
and Harry Brodie and others the enzymatic steps in-
volved (66–73). The initial two hydroxylation steps in-
volved, steps 1 and 2, are generally agreed to involve
sequential hydroxylations on the C19 methyl group. The
third hydroxylation step remained elusive for more than
two decades. Notably, recent studies from Guengerich’s
group have shed additional light on this issue (74). As
shown in Supplemental Fig. 2 (26, 74), he suggested two
possibilities for step 3 and outlined the specific interactions
necessary. This synthesis pathway highlights how one
enzyme can remarkably catalyze three separate steps.

Purification
The tools necessary for protein purification in the

1980s involved multiple steps using sequential chro-
matographic columns and serial eluants with measure-
ment of enzyme activity in the various fractions. The
tritiated water assay, which used placental microsomal
aromatase, developed earlier by Siiteri and Thompson
(75–78), facilitated these studies by considerably sim-
plifying the enzyme activity assay and reducing the need
for thin layer chromatography. The overall process of
purification was technically difficult, time-consuming,
and costly. Nonetheless, Yoshio Osawa, Peter Hall,
Larry Vickery, Frank Bellino, Norio Muto, Marrku
Pasanen, Olavi Pelkonen, Evan Simpson, and Carole
Mendelson purified the human aromatase cytochrome
P450 protein from human placental microsomes (79–84).
Final demonstration of activity required the confirmation
of the tritiated water assay with thin layer chromato-
graphic demonstration of the conversion of androstene-
dione to estrogen, crystallization, and then recrystallization.
When aromatase was originally studied in the early 1950s,
it was logical to think that this reaction required three
separate enzymes. Conceptually, it was difficult to imag-
ine that one enzyme could cause hydroxylation of three
separate sites and the double bond structure in the A
ring. Nonetheless, the purified enzyme could clearly cata-
lyze these disparate steps, a finding considered by all in-
vestigators to be definitive.

During this period, the techniques of recombinant
DNA revolutionized the ease of determination of exact
protein structures, both by considerably simplifying the
process and by the sensitivity and specificity of the

Figure 5. Administration of tritiated estradiol to oophorectomized
rats. The disintegrations per minute (DPM) of isotope per milligram
of dry tissue are shown on the vertical axis and time is shown on
the horizontal axis (61). The red arrow on the left points out the
peak concentration of isotope in the uterine tissue at 1.5 h, and the
red arrow on the right the defection point in the decline at the 6-h
time point. [Reproduced with permission for electronic publication
only from Jensen EV. On the mechanism of estrogen action.
Perspectives in Biology and Medicine 1962;6:47–59.]
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methods. Availability of purified protein preparations of
aromatase led to the generation of both polyclonal and
monoclonal antibodies that could then be used for an-
alyzing clones. The laboratories of Toda and Shizuta and
Evans, Simpson, and Mendelson obtained clones com-
plementary to aromatase transcripts. Expression librar-
ies, and particularly one using the lgt11 phage, enabled
isolation of a partial cDNA clone lacking the 50 end of the
cDNA but containing the heme binding region. Simpson
and Mendelson carried out these studies and extended
their findings using the 50 rapid amplification of cDNA
end technique (85) to identify the entire cDNA and 503
amino acid sequences. As biologic studies had identified
aromatase in a number of species (75), a series of in-
vestigators used similar molecular biological methodol-
ogy to identify aromatase sequences from numerous
species and to compare and contrast the unique structural
components of each (85–92).

Three-dimensional structure
As X-ray analysis of crystal structure provided a

powerful tool to determine specific mechanisms for en-
zymatic activity, investigators in the aromatase field
worked very hard for at least two decades to obtain
crystals of this protein. They found this task to be
problematic owing to the fact that the protein was
membrane bound, relatively low in amount, and con-
tained elements such as the heme configuration that were
unstable during purification. As a means to overcome
these obstacles, a number of groups
sought to model the three-dimensional
structure of the aromatase protein
based on the known structures of other
cytochromeP450 species (93–95). Prom-
ising candidates, known at that time,
were soluble prokaryotic, cytochrome
P450 species. Modeling attempts used
these structures, which, however, had
low sequence homology to human aro-
matase (96, 97). As the field evolved,
the molecular biological tools enabled
study of a wide variety of structures
of mammalian microsomal P450 spe-
cies that served as templates for model
building (96–98). This approach, and
particularly that used by Shiuan Chen
and his group (98), proved to be re-
markably predictive of later studies
using human aromatase when it was
finally crystalized (99).

In some instances in science, older,
time-proven, but quite difficult tech-
niques prove superior to newer, elegant

molecular methodologic methods. This principle char-
acterized the final crystallization of human aromatase.
Starting with the original methodology of Yoshio Osawa
(81), the group of Debashis Ghosh in Buffalo, New York,
used protein chemistry methods to purify aromatase
from human placenta in quantity and quality allowing
crystallization. This process overall encompassed more
than 20 years.

They then used this to obtain crystals that allowed
characterization of the actual three-dimensional struc-
ture of human aromatase by X-ray spectroscopy (99)
(Fig. 6). When all is taken into consideration, this would
appear to be a remarkable achievement.

Genomic Structure

Exons I through X
The next step was to determine the sequence of the

human aromatase gene. This was achieved using the
aromatase cDNA sequences as probes for human ge-
nomic libraries. In this way, the exonic sequence together
with the flanking sequences of the human gene were
obtained (84, 92–96). The sequence contained nine cod-
ing exons, which were named by the Dallas group II to X,
with the heme-binding region present in exon X. This
region was ;30 kb in length. The first exon turned out
to be upstream of the translational start site and more-
over was different for each tissue site of expression.
Namely, the placenta, ovary, and adipose tissue each

Figure 6. Close-up of the docking site for androstenedione in the structure of the
aromatase enzyme obtained from analysis of aromatase crystals. [Reproduced with
permission for electronic publication only from Ghosh D, Griswold J, Erman M, Pangborn W.
X-ray structure of human aromatase reveals an androgen-specific active site. J Steroid
Biochem Mol Biol 2010;118(4–5):197–202.]
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exhibits a unique exon I (100–102). These are spliced
into a common 30 splice junction upstream of the start of
translation in a tissue-specific fashion such that the
sequence of the translated protein is always identical
(Supplemental Fig. 3) (26). This was quite unexpected
and important because the use of these untranslated first
exons is directed by a number of tissue-specific pro-
moters in a tissue-specific fashion. Because each of these
promoters is uniquely regulated by a different cohort of
trans-acting elements, this determines the tissue-specific
regulation of aromatase expression and hence of es-
trogen biosynthesis.

When the sequence of the aromatase gene was
matched to the published sequence of the human genome,
there was a missing region between the most distant
promoter, namely that of the placenta, and the remaining
sequence. This alignment with genomic sequences en-
abled the gap to be closed by Bulun et al. (103) to reveal
that the complete structure encompasses a span of
;123 kb. Within the P450 superfamily, aromatase is
designated as family 19, with the human gene as CYP19A,
and the mouse gene as Cyp 19A.

Promoter regulation
At the time, this type of regulation was poorly appre-

ciated. As indicated above, tissue specificity was enabled
by the presence of tissue-specific promoters upstream of
the various first exons, which then stimulated the tran-
scription of the aromatase message contained in exons II
through X. Thus, for example, upstream of the placenta-
specific first exon is a promoter region (promoter I.1)
that is regulated by multiple factors as shown in Supple-
mental Fig. 4 (26). Notably, however, this first exon is
located some 90 kb upstream of the translational start
site and the entire intervening sequence is spliced out
during (100) processing of the placental aromatase tran-
script. The specific processes differ in various tissues. For
example, in the ovarian tissue (101, 102), the first exon
(exon II) is proximal to the translational start site and its
promoter.

In the ovary, promoter II contains two cAMP response
elements and hence is regulated by cAMP through ac-
tions of FSH. Aromatase expression in adipose tissue is
recognized to be present largely in the preadipocytes or
stromal cells rather than the lipid-laden adipocytes. In
these cells, aromatase is regulated primarily by another
distal promoter (promoter I.4) that is regulated by class 1
cytokines such as IL-6 and also by TNFa. However,
transcripts from the ovarian promoter II are also present
in adipose stromal cells, and these become dominant in
cancer-associated fibroblasts surrounding a breast tumor
due to the action of prostaglandin E2, probably produced
largely by the tumorous epithelium (Supplemental Fig. 5)

(75). The production of estrogen within cells and its
binding to the estrogen in the same cells is an example of
intracrinology (Supplemental Fig. 5) (26).

[The reader should note that two separate terminol-
ogies exist for alternative exons I as proposed by
Mahendroo et al. (101) andMeans et al. (102) (i.e., exons
I.1, I.2, I.3, I.4, 2a) and by Harada et al. (100) (i.e., exons
1a, 1b, 1c, 1d, 1f, 2a).]

ER-Mediated Functions

ERa and ERb
Both receptors are members of the nuclear receptor

superfamily and contain six functional domains: amino
terminal (A/B domain), DNA-binding C domain, hinge
region (D domain), ligand-binding (E) domain, and
carboxyl-terminal F domain (104–106). The A/B do-
main contains transcription activation function 1, and
the ligand-binding domain contains transcription acti-
vation function 2 (104, 107). Binding of estradiol to both
ERs changes the conformation of a critical portion of
these receptors, helix 12, which exposes protein surfaces
where both coactivators and corepressors can bind.
These proteins can amplify or reduce the rate of tran-
scription induced by binding to the estrogen ligand. Both
ERa and ERb contain a high degree of homology in the
C and E domains but are divergent in the A/B, D, and F
domains (104, 105). Alternative splicing and utilization
of divergent start sites results in receptors of varying size.
Additionally, breast cancers treated with hormone ther-
apy develop ERa mutations that act in a ligand-
independent fashion (108).

ERa levels are highest in the uterus and pituitary and
in lesser concentrations in the liver, hypothalamus, bone,
mammary gland, cervix, and vagina. ERb levels are
highest in the ovary (exclusively in the granulosa cells),
lung, and prostate (109). Extensive knockout and knock-
in experiments in mice have elucidated the specific
physiologic roles of each receptor. As examples, ERb
is necessary for the proper differentiation of ovarian
granulosa cells and efficient ovulation, whereas ERa is
important for the function of the uterus (104, 110) and
development of the mammary gland.

Sites of initiation of receptor-mediated events
The ER resides in the perimembranous region and can

initiate events at that location. After synthesis, the ERs
primarily localize to the nucleus due to a strong specific
nuclear localization site originating in the D domain.
ERa also is reported to be present in the mitochondria
where it is involved in regulation of reactive oxygen
species and apoptosis (111–113). Current concepts hold
that events initiated at or near the cell membrane are
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integrated with mechanisms involving nuclear initiation
(112, 114–127).

Nuclear-initiated events
Both ERa and ERb can act in the nucleus via three

separate mechanisms: (i) direct binding to estrogen re-
sponse elements, which classically consist of 5GGTC-
AnnnTGACC palindromes or minor variants of this
DNA sequence; (ii) tethering to AP-1 and SP-1, which in
turn have their own response elements, or to activated
MAPK; and (iii) ligand-independent receptor activation,
which is thought to be possible when specific serines in
the receptor structure are phosphorylated. Dimerization
of two ER monomers is necessary for functionality.
Chromatin immunoprecipitation sequencing studies have
shown that the ER binds to 5000DNA sites in the absence
of ligand and 17,000 sites when ligand is present (128).
Activation of transcription involves RNA polymerase II,
which is only activated when ligand is present. This
process involves the pioneering factor FOXA1, which
causes chromatin remodeling and opens up sites for ER
binding to the estrogen response elements (129). Coac-
tivators and corepressors are important modulators of this
process, as are complex enhancer elements. A simplified
diagram of these events is illustrated in Supplemental
Fig. 6 (26).

A myriad of investigators contributed to identifying
each component in this complex fabric of functional
activity. The details of each of these steps is beyond the
scope of this minireview. However, to name just a few
studies and investigators, Geoff Green, in conjunction
with Pierre Chambon, and others cloned ERa and later
crystalized this protein (Supplemental Fig. 7) (26, 130);
Kuiper et al. (127) cloned ERb; and multiple investiga-
tors studied genomic actions [see key manuscripts and
reviews by Ken Korach, Donald McDonnell, John and
Benita Katzenellenbogan, Serdar Bulun, Jack Gorski,
Bert O’Malley, and many others (omitted because of
space constraints)] (103, 104, 109, 115, 121, 125,
130–161).

Membrane-initiated actions
Pietras and Szego (162) first demonstrated membrane

effects of estrogen and published these data in Nature in
1977. These studies were originally considered contro-
versial and did not stimulate further investigations in this
area. Two decades later, Ellis Levin and others began to
explore this area intensively (112, 116–118). Studies
during the past decade have clearly demonstrated a role
for ERs residing near or in the plasma membrane and a
role for ERa in the mitochondria (111, 113, 121, 136,
145, 162–174). Another estradiol-binding protein, GP

30, now called GPER1, also mediates multiple functions
in various tissues (123, 173).

As a key issue related to the mechanism whereby ERa
was directed to the plasma membrane, Razandi et al.
(174) demonstrated that cytosolic ER is palmitoylated,
which allows localization in or near the plasma mem-
brane. Palmitoylation at cysteine 447 provides the
mechanism for transport to the membrane where it binds
to caveolin. Relevant studies then began examining the
downstream signaling initiated by membrane ERa,
which was found to be quite complex. Steps included
rapid activation of several different components: IGF-1,
epidermal growth factor, p21, Raf, MAPK, AKT, protein
kinase C, release of nitric oxide, stimulation of prolactin
secretion, and alteration of calcium and maxi-K channels
(164). A marker of membrane signaling used by most
investigators initially was MAPK, which is activated
within 5 minutes of exposure to estradiol (164, 175,
176). Use of estradiol-linked dendrimer conjugates that
could not enter the nucleus to activate MAPK (115, 153,
177) confirmed that this action was not nuclear. An
important finding from these studies was that membrane-
initiated events could ultimately result in regulation of
transcription in the nucleus. Activation of MAPK, an
event occurring at or near the membrane, resulted in
ERa/MAPK complexes that entered the nucleus and
bound to specific DNA response elements. There, acti-
vated MAPK can phosphorylate SRC3, RIP140, p300,
and CREB1 (115, 177–179). The demonstration of ERa/
MAPK complexes on DNA as shown by chromatin
immunoprecipitation assays provided conclusive proof
of this membrane to nuclear DNA pathway (115, 177).
The signaling pathways that transduce the rapid effects of
estradiol are complex and differ according to cell type.

Mitochondrial function
Mitochondria contain both ERa and ERb. Estradiol

can augment several mitochondrial DNA-encoded RNAs
(113). Through ERb, estrogen simulates manganese
superoxide dismutase and reduces damage from reactive
oxygen species. These actions lead to a reduction of
apoptosis. An extensive literature has now been de-
veloped that identifies multiple effects of both ERa and
ERb on mitochondrial function (112, 113).

Estrogen acts on both sexes
Two prismatic cases clearly demonstrated the role of

estrogen in men. Smith et al. (147) reported a male pa-
tient with a nonfunctional ERa, and Maffei et al. (180)
reported a man with nonfunctioning aromatase. Both
had osteopenia with genu valgum and continued to grow
into their late 20s, lacking closure of their long bone
epiphyses (Fig. 7). These findings indicated the role of
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estrogen in epiphyseal closure and bone maintenance in
men. Treatment in the aromatase-deficient male dem-
onstrated that estrogen regulates lipids, enhances insulin
sensitivity, lowers glucose, and normalizes liver function,
all important metabolic and hepatic effects (Supple-
mental Figs. 8 and 9) (26). Further information was
gained using genetically altered mice with ERa/b and
aromatase knockout or knock-in conducted by Ken
Korach, Evan Simpson,Matti Poutanen, and Raj Tekmal
and their respective groups (75, 125, 181–186). These
studies demonstrated a role of estrogen in spermato-
genesis, sexual intromission, ejaculation, and mainte-
nance of bone density. Many of these effects were also
demonstrated by Finkelstein et al. (187) who conducted
add-back experiments in men given GnRH agonists to
suppress androgen and estrogen levels.

Clinical Studies

Early metabolic studies
A number of investigators began to extensively study

the metabolism of various steroids using radioisotope
kinetic studies in the late 1950s and 1960s. This provided
the ideal methodology to examine the levels of aromatase
activity under various clinical circumstances. Using these
techniques, Pentti Siiteri and Paul MacDonald (188)
studied the clinical expression of aromatase in patients
as a function of both weight and age (Fig. 8). They

demonstrated nearly a 10-fold increase in aromatase
when comparing 90-pound subjects with 250- to 300-
pound men and women. These results clearly showed
that most of this estrogen was coming from the adipose
tissue rather than the gonads and also demonstrated that
extragonadal aromatization increased substantially as a
function of increasing age (188).

Clinical implications of estrogen physiology
Animal models of breast cancer and prior observa-

tions with surgical oophorectomy and adrenalectomy in
breast cancer patients suggested that an antiestrogen
might also be effective treatment (49, 189–191). This
suggested the use of tamoxifen in patients with breast
cancer. The first clinical trial was reported by Cole et al.
(192) in 1971 at the Christie Hospital in Manchester,
UK, demonstrating a 22% response rate in 46 patients
receiving 10 mg daily of tamoxifen. A study in 1973
reported a 40% response in 35 women receiving 20 mg
daily (193). These results compared favorably with
non–head-to-head studies in women treated with ablative
surgery (oophorectomy or adrenalectomy) that were
routine at that time and strongly suggested the efficacy of
medical, antiestrogen therapy (194). Later extensive
studies by Craig Jordan and associates identified a unique
property of tamoxifen, that is, that it exerts anti-
estrogenic effects on breast but estrogenic effects on
uterus and bone. These findings led to the coining of the

term SERM (selective ER modula-
tor) (195).

Several investigators postulated that
inhibition of adrenal steroid synthesis
would be as effective as tamoxifen as
treatment of breast cancer in post-
menopausal women. Accordingly, the
nonsteroidal inhibitor aminoglutethi-
mide (then thought to be a cholesterol
side chain-inhibitor) was studied by
Robert Cash, Kenneth Gale, “Dickie”
Newsome, and Richard Santen with
demonstration of antitumor effi-
cacy (75, 196–201). Later, stimulated
by the advice of Pentti Siiteri, bio-
chemical studies were undertaken that
demonstrated that aminoglutethimide
was an effective aromatase inhibitor
(75–78, 188). The use of isotopic
kinetic technology allowed demon-
stration in 1978 of a 95% reduction
of aromatase with aminoglutethimide
(Supplemental Fig. 10) (26), which rep-
resented its major mechanism of ac-
tion (200).

Figure 7. The growth curve over time in a patient with aromatase deficiency (left panel) and
an X-ray of the hand (right panel) in the same patient at age 24 to demonstrate the lack of
closure of the epiphyses. The lack of closed epiphyses is characteristic of a 14 year old and
thus the term, bone age of 14 is used (180). [Reproduced with permission from Smith EP,
Boyd J, Frank GR, et al. Estrogen resistance caused by a mutation in the estrogen-receptor
gene in a man. N Engl J Med 1994;331(16):1057.]
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Angela Brodie and her husband, Harry Brodie, fo-
cused on development of steroidal aromatase inhibitors.
After preclinical studies were completed, Angela Brodie
and her collaborators demonstrated the clinical efficacy
of the steroidal aromatase inhibitor 4-OH-androstenedione
(75, 202, 203) (Supplemental Fig. 11) (26). Full details of
the history of development of aromatase inhibitors are
detailed in another publication by the coauthors (40, 75).
As blockade of estrogen synthesis with aromatase in-
hibitors or action with antiestrogens evolved, it became
apparent that prevention of breast cancer with these
agents might become possible. Trevor Powles pioneered
the use of tamoxifen for breast cancer prevention (204).
Many groups reported that high estradiol levels in
postmenopausal women were associated with an in-
creased risk of breast cancer (205, 206).

As responses to hormonal therapy were not uniform,
a means was needed to predict which patients would
respond to the antiestrogens and aromatase inhibitors.
William McGuire (1937–1992), along with Elwood Jensen
(1920–2012), had the vision to extensively correlate
the presence of ERa with responsiveness of hormone-
dependent breast cancer and to develop multiple con-
cepts about breast cancer biology (62, 207–209). Use of
selection for the presence of ERa allowed an enhance-
ment of the percentage of responders to these agents.
Interestingly, these studies demonstrated immediate and
quite obvious efficacy of antiestrogens and aromatase
inhibitors in a proportion of ER-positive patients (Sup-
plemental Fig. 12) (26). The clear-cut responses observed
support Charles Huggins’ statement that “if your ther-
apy works, you do not need statistics to prove it” (the

quotation is from Festschrift for Olaf Pearson, Case
Western School of Medicine, 1987, as related personally
to R.J.S.).

Recent attention has focused on resistance to anties-
trogens and aromatase inhibitors in women with breast
cancer. An early focus was on estrogen receptor muta-
tions by Fuqua et al. (210–212) who described a K303R
mutation that induced hypersensitivity to estradiol. An
interesting mechanism is the emergence of clones of cells
with mutations of the ER that render them capable of
ligand-independent actions (108). These mutations are
generally not present in tumors when initially discovered
but are observed in tumors exposed long term to hor-
monal therapies (108), presumably through a process of
selection. These observations have led to the more
common use of the selective receptor downregulator
fulvestrant and the development of new, more potent
selective receptor downregulators (213, 214). The ra-
tionale is to eliminate these receptors as a means of
abrogating their function.

Other syndromes of estrogen excess and deficiency
Benign tumors and malignant tumors containing high

levels of estrogen can cause gynecomastia as in the
Peutz-Jeghers syndrome and hepatocellular carcinoma
(215–217). Duplication, deletion, and inversion resulting
from subchromosomal recombinations result in syn-
dromes of aromatase overexpression (218, 219). Inactivity
of aromatase in women can result in pseudohermaphro-
ditism, hirsutism, and other abnormalities (220–222).

Controversy
Many controversies arose with respect to the use of

estrogen for treatment of the menopause, and both
proponents and opponents expressed strong opinions
(57, 87, 223–232). One controversy is whether estrogens
cause or prevent breast cancer. The Women’s Health
Initiative Trial suggests that conjugated equine estrogen,
the estrogen used in that trial, reduced the risk of breast
cancer by 23% (hazard ratio, 0.77; CI, 0.62 to 0.95)
(233, 234) (Supplemental Fig. 13) (26). The mechanism
for this is not clearly established but may reflect the
proapoptotic effects of estrogens on occult, preexisting
tumors (235–238). Interestingly, recent preclinical data
suggest that the effects of conjugated equine estrogen
may differ from those of estradiol (239). Another con-
troversy is whether menopausal hormone therapy causes
more benefit than harm in postmenopausal women. The
recent Endocrine Society guideline concludes that ben-
efits exceed harm in symptomatic women 50 to 59 years
of age or,10 years postmenopausal when at low risk of
breast cancer and coronary heart disease (231).

Figure 8. The relationship of the percentage conversion of
testosterone to estradiol under steady-state conditions (vertical axis)
to body weight in pounds (lbs) in postmenopausal women.
Correlation coefficient, 0.74 (188). [Reproduced with permission
from Siiteri PK, MacDonald PC. Role of extraglandular estrogen in
human endocrinology. In: Greep RO, Astwood EB, eds. Handbook
of Physiology. Washington, DC: American Physiologic Society, 1973:
615–629.]
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Complexity of estradiol effects
Recent reviews detail in considerable depth the actions

of estrogen in women and in men and on brain (240),
heart (114, 241), vasculature (114, 121), ovaries (125),
bones (242), skeletal muscle (187), breast (205, 206,
243), adipose tissue (244), and reproductive tissue (104,
125). Studies of these actions in depth are found in the
reviews cited above but were beyond the scope of the
Clark Sawin Lecture.

Research into the various actions of estrogen has
advanced rapidly in the past 5 years. To illustrate this
point, the estrogen-related publications in the journal
Endocrinology from 2013 until the present have been
identified and categorized here. A major focus has been
on the effects of estrogen on various aspects of brain
function, including gonadotropin regulation, behav-
ior, synaptic function, metabolism, and morphogenesis
(245–280). Three other areas of emphasis have been
bone (98, 281, 283), adrenal (284–287), and ovary
(288–291). Other foci of study include pain mediation
(292–294), uterus (295–297), glucose/insulin actions
(298–302), and reproduction (303).

Topics and investigators left out
Any history must prioritize the issues raised, and this

lecture illustrates this point well. We left out important
effects on the brain, including behavior, gonadotropin
regulation, and obsessive compulsive disorder, among
others; cardiovascular actions; effects on the immune
system; pubertal development; and management of
menopause and actions on skeletal muscle. Finally, we
apologize to the key investigators that we have failed to
mention because of the time allotted to the lecture, but we
refer readers to two reviews written by the coauthors
(40, 75).
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Barabás K, Szolcsányi J, Ábrahám IM, Helyes Z, Szoke É.
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