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Abstract
Oestrogens exert important effects on the reproductive as well as many other organ systems

in both men and women. The history of the discovery of oestrogens, the mechanisms of their

synthesis, and their therapeutic applications are very important components of the fabric of

endocrinology. These aspects provide the rationale for highlighting several key components

of this story. Two investigators, Edward Doisy and Alfred Butenandt, purified and crystalized

oestrone nearly simultaneously in 1929, and Doisy later discovered oestriol and oestradiol.

Butenandt won the Nobel Prize for this work and Doisy’s had to await his purification of

vitamin K. Early investigators quickly recognized that oestrogens must be synthesized from

androgens and later investigators called this process aromatization. The aromatase enzyme

was then characterized, its mechanism determined, and its structure identified after

successful crystallization. With the development of knock-out methodology, the precise

effects of oestrogen in males and females were defined and clinical syndromes of deficiency

and excess described. Their discovery ultimately led to the development of oral contra-

ceptives, treatment of menopausal symptoms, therapies for breast cancer, and induction of

fertility, among others. The history of the use of oestrogens for postmenopausal women to

relieve symptoms has been characterized by cyclic periods of enthusiasm and concern. The

individuals involved in these studies, the innovative thinking required, and the detailed

understanding made possible by evolving biologic and molecular techniques provide many

lessons for current endocrinologists.
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Discovery of oestrogen

The concept that substances secreted by one organ could

then be transported internally to another via the blood

stream is the underpinning of the field of endocrinology.

The ‘father of physiology’, Claude Bernard, articulated the

concept of internal secretion by describing how the liver

produces glucose, which then travels to and is utilized by

other tissues in the body. This concept underlies studies

on the ovaries, which became a focus of investigation later

in the century. In 1896, Emil Knauer, a 29-year-old

Austrian, excised the ovaries of adult rabbits and then

re-implanted pieces into different locations in the same
animals (Watkins 2007). This prevented uterine atrophy,

which would usually be observed following oophorect-

omy. He postulated that the ovaries must send some type

of substance via the blood stream to the uterus. These

substances were later called hormones, a term coined

by Ernest Starling in 1905 from his studies on secretin.

By 1924, much was known about the estrous cycle and its

effects on the uterus as detected by careful anatomic and

histologic studies in conjunction with the timing of the

cycle (Allen 1924).

Science often moves forward under fortuitous

circumstances. Two new instructors, Edward Doisy and
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Figure 1

Apparatus designed by Doisy to purify oestrogens from large amounts of

urine. Reproduced, with permission, from Veler CD, Thayer S & Doisy EA

(1930) The preparation of the crystalline follicular ovarian hormone:

theelin. Journal of Biological Chemistry 87 357–371.
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Edgar Allen, met at the Washington University School of

Medicine in 1923. Doisy was a biochemist trained at

Harvard by Dr Otto Folin (of the Folin–Wu blood sugar

chemical reaction fame), and Edgar Allen, a biologist

studying the estrous cycle (Watkins 2007). Both moved to

neighboring homes in St Louis and only one, Doisy, could

afford a car, a Ford Model T. They shared ideas about their

scientific endeavors while they rode to work. Allen was

studying the estrous cycle with anatomic and histologic

techniques in the mouse and he knew much about the

changes that occurred in the uterus. He noted that there

appeared to be a relationship between changes in the

ovarian follicles and gross and histological changes in the

uterus. He too postulated that the ovaries might secrete a

hormone. To pursue this idea, he went to the neighboring

meatpacking plant and obtained the ovarian follicles

of sows. Bringing this material back to the kitchen, he

enlisted his wife to help extract the fluid. Thus obtained

and injected into immature mice and rats, he observed the

stimulation of the uteri. However, he recognized that he

had reached an impasse and needed help in purifying

the fluid. Doisy, who was busy trying to prepare purified

insulin at that time, was convinced to take on this project

(Doisy 1976). As the sow ovarian fluid was limited and

required tedious isolation methods, Allan and Doisy

sought better sources of oestrogen. Doisy came across

the work of two German scientists, Selmar Ascheim and

Bernard Zondec, who had discovered large amounts of

oestrogenic material in the urine of pregnant women.

Doisy then enlisted a nurse in the obstetrics clinic to

supply each pregnant patient with a 1 gal jug and ask for

her urine. This provided the needed material but was

fraught with difficulties. Suspected to be a bootlegger

because of the large jugs of yellow material in his car, one

of Doisy’s drivers was nearly arrested until he suggested

using the sniff test with the response ‘My god, it is urine’.

Doisy, then being recruited to St Louis University,

continued his efforts to purify the active substance. Each

extract was tested with a bioassay and its effect on uterine

stimulation. Urine, the material of choice for study, was

initially extracted with a very large countercurrent

apparatus (Fig. 1). Costing the exorbitant sum of $750

(calculated to be $10 000 in 2015 dollars), Doisy went hat

in hand to Dean Hanau Loeb for funding. Having recruited

him to St Louis University from Washington University,

Loeb reportedly recognized Doisy’s brilliance and pro-

vided the funds. With this support, Doisy spent the next

5 years developing a multi-step purification procedure. In

1929 he produced pure oestrone crystals (Fig. 2). He then

presented his work at the XIII International Physiological
http://jme.endocrinology-journals.org
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Congress in Boston in September 1929 (Doisy et al. 1929,

Veler et al. 1930). Fuller Albright, a rising young

endocrinologist, was in the audience and wrote about

his reaction to the talk with a verbatim quote in his

autobiography (Albright & Ellsberg 1990): ‘a physician rose

and quietly stated that he had purified ‘folliculin’, female sex

hormone, to the extent that he had crystals of the material. He

showed lantern slides of these crystals. Their potency was so

great that one gram could restore the sex cycle in more than nine
Published by Bioscientifica Ltd.
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Figure 2

The crystals of theelin published by Doisy after he had purified oestrone

from urine (Doisy Museum, St Louis University). Reproduced, with

permission, from Veler CD, Thayer S & Doisy EA (1930) The preparation of

the crystalline follicular ovarian hormone: theelin. Journal of Biological

Chemistry 87 357–371.

Jo
u

rn
a
l

o
f

M
o

le
cu

la
r

E
n

d
o

cr
in

o
lo

g
y

Thematic Review E SIMPSON and RJ SANTEN Celebrating 75 years of
oestradiol

55 :3 T3
million castrated rats. ‘Wanderson’ (in German this means

fantastic, wonderful, earth shaking) murmured a leading

investigator in the field’.

After his discovery, Doisy went home and told his wife

that this oestrogenic substance, which he called ‘theelin’,

would make them wealthy. He applied successfully for a

patent on oestrogen on 3rd March 1930, and another on

6th October 1930. Both were awarded on 24th July 1934.

Remarkably, as Dean Loeb had supported his early work,

Doisy assigned the patent to St Louis University. This

supported many laboratories and buildings and is now

an endowment worth approximately $150 000 000 (US

dollars) (Enrico DiCera, personal communication). Con-

tinuing his work, Doisy and colleagues later isolated a

compound they called dihydrotheelin, which was later

named oestradiol (Huffman et al. 1940). Thus, the discovery

of oestradiol was made in 1940, exactly 75 years ago.

Surprisingly, Doisy did not win the Nobel Prize for this

work as it was awarded in 1939 to Alfred Butenandt, who

had purified oestrone at the same time as Doisy and called

it progynon (Butenandt 1929). Butenandt later purified

testosterone and received his Nobel Prize award in 1939

along with Leopold Ruzincka for the purification of

oestrogens and testosterone. For the historical record,

Butenandt wrote a published comment of oestrone

purification on 14th October 1929, 1 month after Doisy’s

presentation (Doisy et al. 1929). In German, Butenandt
http://jme.endocrinology-journals.org
DOI: 10.1530/JME-15-0128
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stated, ‘The current report about the female sex hormone is being

published, because I learned from a participant of the Thirteenth

Physiology Congress in Boston [August 1929], that E A Doisy

had a short report during that congress that he had been able to

crystallize a substance with high efficacy [about 8 million

ME/gram] from urine of pregnant women. I do not have

information about the physical and chemical properties of the

Doisy preparation. My own experiments, which were already

performed several months ago and which were made possible by

the support of the ‘Notgemeinschaft der Deutschen Wissenschaf-

ten’, have resulted in the isolation of a crystallized substance

with similar high physiologic efficacy. The chemical analysis of

the substance is currently underway’. Butenandt then goes on

to describe several steps in purification and then the final

step: ‘with slow sublimation in the high vacuum or by using

solvents, a crystallized substance can be separated from this oil

which after several crystallization steps still has a high

physiologic efficacy of 8 million ME/gram’ (Butenandt 1929).

Doisy’s first full publication on oestrone was sub-

mitted 12th April 1930, and was published later in the year

(Veler et al. 1930). How could a discovery be made more

simultaneously? Doisy was not to be fully disappointed

about the Nobel Prize, however, because he was awarded

one in 1943 for the purification of vitamin K. Doisy’s

continuing work led to a manuscript describing oestriol,

which he called theelol (Thayer et al. 1931), in 1931 and

oestradiol, which he called dihydrotheelin, in 1940

(Huffman et al. 1940). As later studies on oestrogen

progressed in the early 1930s, a controversy arose about

the ring structure of the oestrogens, whether it had three

rings or four. At an international conference in 1935 you

can clearly see Butenandt holding up four fingers

indicating that he believed in a four-ring structure (Fig. 3).

The similarity of the structure of testosterone and

oestradiol led Zondek to postulate the conversion of

androgens to oestrogens (Zondek 1934). Steinach & Kun

then tested the hypothesis that testosterone was a

precursor of oestradiol (Steinach & Kun 1936, 1937).

They originally demonstrated this conversion in male rats

(Steinach & Kun 1936) and then a year later in five men

(Steinach & Kun 1937). They injected men with testoster-

one propionate, 50 mg/injection three times per week

with a total of 20 injections, and bioassayed urinary

oestrogen before and after. Oestrogen levels were between

0 and 36 rat units before the injections, and after, the

maximum measured was 1200 rat units (Steinach & Kun

1937). They concluded that ‘male hormone, when injected,

must therefore be transformed in the body into this physiologi-

cal substance, i.e., urinary oestrogen’. To our knowledge, this
Published by Bioscientifica Ltd.
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Figure 3

Photograph of Doisy (far left) and Butenandt (middle) and unknown

investigator (far right) at an international meeting in 1935. There was a

controversy at that time as to whether oestrogen molecules had three or

four rings. Note that Butanandt favors the four-ring concept as indicated

by his four raised fingers. Reproduced with permission from the Doisy

Museum, St Louis University, St Louis, MO, USA.
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study provided the initial demonstration of aromatase,

first in male rats and then in men.
Biosynthesis of oestrogens: aromatase and its
mechanism

The suggestion that C19 androgens might be directly

converted to C18 phenolic oestrogens (Zondek 1934,

Steinach & Kun 1936, 1937) led to the coining of the

term aromatase for this reaction (notably, the authors,

after exhaustive searching, have not been able to

determine who coined the term aromatase). Because of

the interest in the development of oral contraceptives,

the Worcester Foundation for Experimental Biology in

Shrewsbury, Massachusetts, became a major focus for this

work. In 1955, Meyer made the crucial discovery that

androstenedione was hydroxylated by the bovine adrenal

to yield 19-hydroxyandrostenedione (19-OH-A) (Meyer

1955, Meyer et al. 1955). Studies on the aromatase reaction
http://jme.endocrinology-journals.org
DOI: 10.1530/JME-15-0128
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were greatly improved by the development by Ryan and

Engel of human placental microsomes as a source of high

aromatase activity. Work from the Hayano team led

Tomas Morato and colleagues to propose 19-oxo-andro-

stenedione (19-oxo) as the intermediary between 19-OH-A

and oestrogen (Morato et al. 1961) and to postulate the

sequence to be testosterone/19-OH-A/19-oxo/oestro-

gen. They also noted the strict requirement of reduced

nicotinamide adenine dinucleotide phosphate (NADPH)

and oxygen for the conversion of both 19-oxygenated

compounds to oestrogens. One question that arose at the

time was whether or not a single enzyme was involved in

the aromatization reaction or whether separate enzymes

catalyzed the different steps.

Definitive proof that only a single enzyme was

involved awaited purification of aromatase in the 1980s.

Work on the mechanism was continued by a number of

investigators including Aubrey Thompson, Pentii Siiteri,

Paul MacDonald, Harry Brodie, and Jack Fishman. By the

early 1970s, investigators generally agreed on several facts

regarding the mechanism of aromatase action. Conver-

sion of androstenedione to oestrogen involved 19-OH and

19-oxo intermediates, but not the 19-oic acid, as pre-

cursors. The aromatization of ring A involved the

elimination of the 1b- and 2b-hydrogens (Brodie et al.

1962, Townsley & Brodie 1968, Brodie et al. 1969)

suggesting that aromatase acted on the b-face of the

substrate. Three moles each of oxygen and reduced

NADPH were consumed per mole of androgens converted

to oestrogens by the human placental aromatase

(Thompson & Siiteri 1974, 1979). The reaction involved

a cytochrome P450-mediated enzyme, as evidenced

by blockade with aminoglutethimide (AG), a known

inhibitor of adrenal P450-mediated hydroxylation (Bolton

& Siiteri 1969, Chakraborty et al. 1972). C Robinson,

M Akhtar, D Covery, E Caspi, and others proposed several

mechanisms, but details of the reaction sequence, and in

particular the third step, continued to elude investigators

(Graham-Lorence et al. 1995, Hong et al. 2007).

However, recent studies from Guengerich’s group

have thrown light on this issue, as shown in Fig. 4

(Yoshimoto & Guengerich 2014). As indicated above, steps

1 and 2 are generally agreed to involve sequential

hydroxylations on the C19 methyl group. This involves

the P450 FeO3C entity and hydrogen atom abstraction.

Two possibilities are shown for step 3 in the presence

of 18O. In step 3(a), the FeOK entity participates in a

nucleophilic attack on the 19-aldehyde III-oxo. In step 3(b),

the FeO3C form of the P450 abstracts the 1b-hydrogen

atom of III-g. Electron transfer results in the collapse of this
Published by Bioscientifica Ltd.
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Reaction sequence of aromatase showing detail of two possibilities for the proposed third step. The data support step 3(b). For details, see section

‘Biosynthesis of oestrogens: aromatase and its mechanism’. Data from Yoshimoto & Guengerich (2014).
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intermediate to yield the oestrogen product IV. In step

3(a), the formic acid must contain label (18O), but not in

step 3(b). This study supports the mechanism shown in

step 3(b).
Biosynthesis of oestrogens: purification,
structural characterization, and regulation
of aromatase

Purification

In the 1980s, Y Osawa, P Hall, L Vickery, F Bellino, N Muto,

M Pasonen, O Pelkonen, E Simpson, and C Mendelson

purified the human aromatase cytochrome P450 protein

from human placental microsomes and demonstrated

conversion of androstenedione to oestrone with purified

enzyme (Pasanen & Pelkonen 1981, Mendelson et al. 1985,

Muto & Tan 1985, Hall et al. 1987, Kellis & Vickery 1987,

Osawa et al. 1987). These studies provided definitive

evidence that aromatization involved a single enzyme,

and not multiple enzymes as originally thought.

This work allowed the generation of polyclonal

antibody and MAB, and with advances in recombinant

DNA technology, several laboratories isolated cDNA

clones complementary to aromatase transcripts. The

group of Simpson and Mendelson screened a lgt11
http://jme.endocrinology-journals.org
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phage human expression library with antibodies raised

against the human aromatase protein (Evans et al. 1986)

to isolate a partial cDNA clone lacking the 5 0-end but

containing the heme-binding region. Use of 5 0-RACE led

to the characterization of the sequence of the 5 0-end of the

cDNA, thus yielding the entire cDNA and amino acid

sequence of the human aromatase protein, with a total

of 503 amino acids and a molecular weight of 58 kDa.

Subsequently, similar techniques identified aromatase

sequences from numerous species (Corbin et al. 1988,

Harada 1988, McPhaul et al. 1988, Toda et al. 1989, Hickey

et al. 1990, Terashima et al. 1991, Tanaka et al. 1992).
Three-dimensional structure

Studies of aromatase structure were initially hampered

by the fact that it was membrane bound, its expression

levels were low, and the heme configuration was readily

lost during purification. For this reason, a number of

groups sought to model the three-dimensional (3D)

structure of the aromatase protein based on the known

structures of other cytochrome P450 species. The structures

known at the time were those of soluble prokaryotic

cytochrome P450 species, and early modeling attempts

were based on these structures, which, however, had low

sequence homology to aromatase (Laughton et al. 1993,
Published by Bioscientifica Ltd.
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Graham-Lorence et al. 1995, Koymans et al. 1995, Williams

et al. 2000). Structures of several mammalian microsomal

P450 species have been characterized subsequently

(Williams et al. 2000) and models of aromatase have been

built from them (Favia et al. 2006). Additionally, epitope

characterization using monoclonal antibodies has added to

our understanding of aromatase–reductase interactions

(Hong et al. 2009). More recently, the group of Debashis

Ghosh in Buffalo, New York, characterized the actual 3D

crystal structure of human aromatase (Ghosh et al. 2009,

Hong et al. 2010; Fig. 5). His group achieved this by using

aromatase purified from placental microsomes as the

source material rather than recombinant protein with a

modified N-terminal – an achievement requiring more

than a decade of improvements in the biochemical

purification techniques originated by Yoshio Osawa.

Subsequently, this group also published the 3D structure

of a recombinant human aromatase protein, which

confirmed the group’s original structure.
Characterization of the human aromatase gene

Screening of human genomic libraries followed identifi-

cation of aromatase cDNAs, and the groups of Simpson,
Figure 5

Crystal structure of aromatase shown complexed with NADPH reductase in

a docking model. Reproduced, with permission, under the terms of the

CCBY license from Hong Y, Li H, Ye J, Miki Y, Yuan YC, Sasano H, Evans DB &

http://jme.endocrinology-journals.org
DOI: 10.1530/JME-15-0128
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Harada, and Toda independently characterized the exonic

sequences of the human aromatase gene (Means et al.

1989, Harada et al. 1990, Toda et al. 1990). The nine coding

exons included exons II–X, with the heme-binding region

residing in exon X, and were w30 kb in length in total.

The findings regarding exon I turned out to be, for the

time, quite novel and very important. The 5 0-ends of the

transcripts from different tissues revealed divergent

sequences upstream of the start of translation such that

placenta, ovary, and adipose tissue each exhibited unique

exons I (Mahendroo et al. 1991, Means et al. 1991, Toda &

Shizuta 1993). These unique first exons were spliced into a

common 3 0 junction upstream of the start of translation in

a tissue-specific fashion such that the protein synthesized

in each case was identical (Fig. 6). However, there was a

missing sequence between the most distant placental

promoter, the intermediate adipose promoter, and the

proximal ovarian promoter, which remained unidentified

until the human genome sequence data became available.

At that time, the gap was finally closed by Bulun and

colleagues (Bulun et al. 2004). The complete structure of

the human aromatase gene encompasses a span of about

123 kb. The human gene is assigned as CYP19A1, and the

mouse gene as cyp19A1.
Chen S (2009) Epitope characterization of an aromatase monoclonal

antibody suitable for the assessment of intratumoral aromatase activity.

PLoS ONE 4 e8050.
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10 kb

IX X

AATAAA
ATTAAA

HBR

VIIIVIIVIVIVIII

ATG
Promoter II

III.3I.2

Promoter I.4Promoter I.1

I.42aI.1

Placenta
(HIF1α and

ERRγ)

Adipose and
bone

(class I
cytokines and

TNFα)

Ovary and
adipose
(cAMP,

FSH and
PGE2)

Promoter I.3

Figure 6

Diagram of the aromatase gene showing the coding region comprising

exons II–X and the tissue-specific distribution of the various untranslated

first exons. For further details, see section ‘Biosynthesis of oestrogens:

purification, structural characterization, and regulation of aromatase’.
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Promoter regulation

The discovery of tissue-specific first exons in the aromatase

gene led to the realization that tissue-specific promoters

were located upstream of each of these first exons (Fig. 6).

It followed that these promoter regions were regulatory

sites for tissue-specific transacting elements. Thus, for

example, upstream of the placenta-specific first exon is a

promoter region (promoter I.1), which is regulated by

HIF1a and ERRg. This first exon is located some 90 kb

upstream of the translational start site, which implies that

the entire sequence in between is spliced out during

processing of the placental aromatase transcript. On the

other hand, the ovarian first exon is proximal to the

translational start site and its promoter contains two CREs

and, hence, is regulated by cAMP. Thus, in the ovary this

promoter (promoter II) is regulated by the follicle-

stimulating hormone. Aromatase expression in adipose

tissue occurs not in the lipid-laden adipocytes, but rather

in the stromal elements – the mesenchymal cells that

surround the adipocytes. In these cells, it is regulated

primarily by another distal promoter (promoter I.4),

which is regulated by class 1 cytokines such as interleukin

6 and also by tumor necrosis factor alpha. 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,

as will be discussed below. In this case however, the

promoter and, hence, the aromatase gene are regulated

by prostaglandin E2 (PGE2).
Molecular mechanisms of action of oestrogens

Oestradiol exerts its effects after binding to oestrogen

receptors alpha (ERa) and ERb (Kim & Levin 2006,

Madak-Erdogan et al. 2008, Levin 2009, 2014b, 2015,
http://jme.endocrinology-journals.org
DOI: 10.1530/JME-15-0128

� 2015 Society for Endocrinology
Printed in Great Britain
Welboren et al. 2009, Chambliss et al. 2010, Schultz-

Norton et al. 2011, Filardo & Thomas 2012, Arnal et al.

2013, Hamilton et al. 2014, Magnani & Lupien 2014). The

predominant actions are mediated through the direct

binding of the receptor to oestrogen response elements

(EREs) in the nucleus and the initiation of transcription or

by tethering to other transcription factors, such as AP1 and

SP1, with DNA binding to their respective response

elements. For specific details of nuclear effects, see

references above. Emerging data have described mem-

brane initiated oestrogen effects that deserve greater

emphasis because of the more recent understanding of

these actions, which are detailed below.
Membrane initiated oestrogen effects

Introduction Classical concepts held that ERa and

ERb require translocation into the nucleus to exert their

actions by binding to EREs on DNA or through tethering

to AP1 or other proteins. Studies over the past decade

have clearly demonstrated a role for ERs residing near or

in the plasma membrane and a role for ER in the

mitochondria (Pietras & Szego 1977, Selvaraj et al. 2000,

Watters et al. 2000, Song et al. 2004, 2007, Yang et al. 2004,

Dahlman-Wright et al. 2006, Song 2007, Yager & Chen

2007, Madak-Erdogan et al. 2008, Haas et al. 2009, Pedram

et al. 2009, Li et al. 2010, Flamini et al. 2011, Sanchez et al.

2011, Wu et al. 2011, Razandi et al. 2013, Levin 2014a,b,

2015, Marjon et al. 2014). Cytosolic ER is palmitoylated,

which allows localization in or near the plasma mem-

brane. Portions of the membrane containing caveolin

contain the highest concentrations of receptor. Signaling

from the membrane ER is complex and involves several

pathways depending on the tissue involved. These include

rapid activation of at least seven different components:

insulin-like growth factor 1 (IGF1) receptor, epidermal

growth factor (EGF) receptor, p21 and Raf, MAP kinase

(MAPK) and AKT, protein kinase C, release of nitric oxide

and stimulation of prolactin secretin, and alteration of

calcium and Maxi-K channels (Song et al. 2007). Although

membrane-initiated effects of the ER were originally

described by Szego & Pietras three decades ago (Pietras &

Szego 1977), their presence and importance remained

controversial until recently. A key observation that began

to gain acceptance regarding extra-nuclear actions was the

very rapid (i.e. within 5 min) activation of MAPK (Song

et al. 2004, Song 2007, Madak-Erdogan et al. 2008). Use of

oestradiol-linked dendrimer conjugates (EDCs), which

could not enter the nucleus, provided additional

credibility (Harrington et al. 2006). Finally, the
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demonstration that MAPK could bind to ERa, stimulate

a unique set of genes, and be captured on DNA via chip

assays in conjunction with ERa provided compelling

evidence of the functionality of membrane-initiated

events (Madak-Erdogan et al. 2008). The signaling

pathways that transduce the rapid effects of oestradiol

are complex and differ according to cell type.

Breast cancer cells
MAPK and transcriptional events in the nucleus Membrane-initiated

effects result in the activation of MAPK with a peak at

15 min and effects lasting for at least 45 min in breast

cancer cells. Under oestrogen stimulation, ERa binds

directly with MAPK (Madak-Erdogan et al. 2008), the

ERK1 and ERK2 subcomponents, and this complex enters

the nucleus and binds to ERE sites on chromatin. Directed

to the ERE sites on DNA, the ERa–MAPK complexes

stimulate proliferation. Blockade of MAPK activity with a

MAPK inhibitor completely blocks the effect of oestrogen

to stimulate proliferation. Two-thirds of the MAPK

molecules are bound to ERE elements on DNA, whereas

one-third binds directly to MAPK responsive elements. The

MAPK molecules are tethered to ERs, which in turn bind to

EREs in DNA. Other MAPK molecules are not bound to ERa

and form contacts with their own response elements. The

ERa–MAPK sites are thought to be the most important

biologically (Madak-Erdogan et al. 2008). Once MAPK

tethered to ERa reaches the ERE sites on DNA, MAPK can

phosphorylate several co-activators including SRC3, RIP

140, p300, ad CREB 1. The ERa–MAPK sites are in distal

enhancer regions, whereas the MAPK-only sites are more

proximal in promoter regions. It is of interest that the rapid

actions of oestradiol activate MAPK in the region of the cell

membrane. The later effects of MAPK, however, occur at

the nuclear level. There, the MAPK and ER pathways

converge with co-localization in the nucleus. This allows

the kinase component to phosphorylate and activate the

protein co-activators.

Linear process involving IGF1 and EGF It is known that in non-

cancer cells IGF1 initiates a linear process involving the

activation of the IGF1 receptor and matrix metaloprotei-

nases (MMPs), release of heparin-binding EGF (HBEGF),

and activation of the EGF receptor-dependent MAPK.

This linear pathway is utilized by several other hormonal

systems to stimulate proliferation. These include pathways

involving GH, prolactin, integrin, and G protein coupled

receptors such as receptors for endothelin, lysophospha-

tidic acid, angiotensin, and thrombin. In MCF7 cells,

oestradiol induces a similar linear pathway with
http://jme.endocrinology-journals.org
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sequential activation of the IGFR, MMP, EGFR, and

MAPK (Song et al. 2004). The HBEGF is involved as

shown by neutralizing antibody studies. A variety of

docking proteins such as SHC, insulin receptor substrate

1, and the 85 alpha subunit of phosphoinositide-3-kinase

that contains SRC homology 2 domains are also involved.

In this pathway, MAPK activates cSRC, which in turn

binds to IGF1 receptor and activates downstream IGF1

effects. These actions, in conjunction with the nuclear

actions of MAPK tethered to the ER, regulate oestradiol-

induced cell proliferation. Thus, a blockade of MAPK

completely inhibits oestradiol stimulation of proliferation

in breast cancer cells.
Cell migration The rapid effects of oestradiol also cause

morphologic changes in the cell membrane with forma-

tion of ruffles and pseudopodia and translocation of ERa to

the plasma membrane (Song et al. 2004). These effects

require activation of SRC and participation of SHC. Cell

migration and invasion are stimulated in ER-positive

breast cancer cells via similar mechanisms. Oestradiol

through the activation of MAPK phosphorylates cSRC,

which then interacts with the delta 5 truncated form of

SRC3 and focal adhesion kinase to stimulate cell migration

and invasion. As a reflection of this process, the leading

edges of breast cancer cells change their appearance and

filopodia and pseudopodia develop. This can occur as early

as 10 min after exposure to oestrogen (Li et al. 2010,

Flamini et al. 2011, Sanchez et al. 2011).

Liver cells Membrane ER stimulates a myriad of genes

involved in lipid synthesis and metabolism in the liver.

Proof of these effects devolved from the membrane-only

ER (MOER) mouse model (Pedram et al. 2009, Levin

2014a). This model involves the initial creation of ERa and

ERb knock-out (KO) mice in which the E region of the ER is

transfected. This MOER construct locks ERa and ERb, and

thus the oestrogen effects in this model cannot reflect

transcriptional events. The E region contains the ligand-

binding domain but not the nuclear localization signal or

activation function 1 transactivational properties. A series

of unique genes are indirectly activated in the livers of the

MOER mice. In this system, the oestradiol/ER complex

activates a pertussis toxin inhibited G coupled protein.

The activation of membrane initiated events in the liver

suppresses the levels of lipid synthesis-related genes and

decreases the levels of cholesterol, triglyceride, and fatty

acid content of the liver. A major modulator is the

activation of AMP kinase and its downstream effects
Published by Bioscientifica Ltd.

Downloaded from Bioscientifica.com at 05/22/2023 11:22:46PM
via free access

http://jme.endocrinology-journals.org
http://dx.doi.org/10.1530/JME-15-0128


Jo
u

rn
a
l

o
f

M
o

le
cu

la
r

E
n

d
o

cr
in

o
lo

g
y

Thematic Review E SIMPSON and RJ SANTEN Celebrating 75 years of
oestradiol

55 :3 T9
resulting in the phosphorylation of the sterol regulatory

element-binding factor 1.

Vascular endothelial cells In vascular endothelial

cells, the ER/oestradiol complex activates a Gai coupled

protein complex to activate nitric oxide synthase and to

enhance cell proliferation (Chambliss et al. 2010, Wu et al.

2011). These studies utilized the oestradiol-dendrimer

complex both invitro and invivo to demonstrate the

membrane-initiated effects as opposed to those initiated

at the nuclear level. In mice, oestradiol and the oestradiol-

EDC equally stimulated carotid artery re-endothelializa-

tion in an ERa and G protein coupled manner, and both

agents attenuated the development of neointimal hyper-

plasia following endothelial injury.

Other tissues oestradiol rapidly stimulates the

secretion of prolactin in isolated pituitary cells (Watters

et al. 2000). Femoral artery vasodilatation occurs within

3 min, and this can be blocked by inhibitors of MAPK and

nitric oxide synthesis.

Mitochondria The simultaneous finding of ERa and

ERb in mitochondria independently by Yang et al. (2004)

and Yager & Chen (2007) raised the question of whether

oestradiol exerts actions on the mitochondria via ERa.

Levin (2015) and others provided evidence that several

mitochondrial processes could be modulated by this

pathway. Several investigators have suggested that mito-

chondrial ERb can enhance cell survival. A recent study

suggests that tamoxifen influences the process of apopto-

sis through interactions with ERb in breast cancer cells

(Razandi et al. 2013). Tamoxifen, acting either as an

antagonist or agonist, differentially regulates manganese

superoxide dismutase that impacts reactive oxygen species

levels. These effects are thought to occur through the

mediation of mitochondrial ERb.

G protein coupled ER The G protein coupled ER

(GPER; formerly known as GP30) is a novel ER with

multiple functions in diverse tissues (Marjon et al. 2014).

It responds to oestradiol in tissues not containing ERa or

ERb. Similar to the effects occurring in the ER-mediated

linear pathway, GPER stimulates the release of membrane-

tethered HBEGF and activates MAPK and PI3 kinase

cascades. GPER has been linked to rapid oestrogen effects

on the central nervous, immune, renal, reproductive, and

cardiovascular systems (Filardo & Thomas 2012). Recent

studies with KO mice have suggested a role in mammary

tumorigenesis and metastasis (Marjon et al. 2014).
http://jme.endocrinology-journals.org
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Although originally somewhat controversial, a wide

variety of studies in various cells, or organs and species,

has provided substantial support for its various roles

(Filardo & Thomas 2012).
Role of local oestrogen synthesis in tissue

With the realization that the only biosynthetic route to

oestrogen was via androgens, it became apparent that

women must synthesize androgens and, conversely, men

should likely synthesize oestrogens. However, it was

generally assumed that the rate of oestrogen synthesis in

men was small. More recently, it has become apparent that

this is not the case; in fact, men synthesize quantities of

oestrogen that can approach those found in women. But

the difference is that most oestrogen synthesized in

premenopausal women is secreted into the circulation by

the ovaries and acts as an endocrine factor, whereas in

men the bulk is synthesized in extra-gonadal sites such as

adipose tissue and acts locally at these sites in an intracrine

(Labrie 2015), autocrine, or paracrine fashion. Thus,

circulating levels of oestrogen in men are less important

than oestrogens synthesized and acting locally and largely

not transported into the blood stream. The prime role for

local synthesis is important not only for men but also

for postmenopausal women, because the ovaries cease to

synthesize oestrogens at the time of menopause.
Disorders characterized by oestrogen
insufficiency

The sexual and bone phenotypes have been reviewed

recently (Bulun 2014), so in the interest of space, the

results will only be summarized here.
Defects in sexual development

Girls lacking aromatase, and thus are oestrogen deficient,

are typically detected at birth due to virilization of the

external genitalia with cliteromegaly. Under these circum-

stances, androgens cannot be converted to oestrogens

and they accumulate to cause virilization. Subsequent

development is uneventful until the time of adolescence

when the girls fail to go through puberty, are amenorrheic,

and lack breast development. They do, however, have

pubic hair due to the presence of androgens. They are

subsequently given oestrogen replacement to induce

sexual maturation.

Female mice lacking aromatase or that are insensitive

to oestrogen due to the lack of the ERa receptor develop
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cystic hemorrhagic follicles and fail to ovulate. Moreover,

the granulosa cells take on the appearance of Sertoli

cells with tripartite nuclei, cytoplasmic fingers, expression

of espin, and sox9. This is an interesting example of

trans-differentiation driven by oestrogen, which pre-

viously was only recognized in lower vertebrates.

Men with aromatase deficiency typically have low

libido and infertility. Recent studies have demonstrated

a causal role for oestrogen in the maintenance of libido

(Finkelstein et al. 2013). Accordingly, men with aromatase

deficiency may have improved libido upon treatment with

oestrogen. They also have an impairment of testicular

development with variable degrees of phenotypic features,

thus, testicular size can vary from 8 to 30 ml and there is

also a variable degree of cryptorchidism. Sperm volume

and motility are generally compromised, and where a

testicular biopsy has been obtained, the seminiferous

tubules were dysmorphic.

Male mice with aromatase deficiency also exhibit

many of these features, notably loss of libido and the

seminiferous tubules that show arrest of germ cell

development and lack of sperm (Robertson et al. 1999).

Interestingly, this phenotype differs from that of the ERa

KO mice, which have grossly distended tubules due to the

back up of fluid from the efferent ducts (Couse et al. 1997).
Defects in bone metabolism

Historically, it was assumed that bone growth and

function were regulated by oestrogen in women and by

androgens in men. However, studies of normal men, those

with aromatase deficiency and one individual with a

mutation in the ERa, overturned this concept and led to

the conclusion that oestrogen were equally important in

the bone physiology of both males and females. Typically,

men with aromatase deficiency present with failure of

epiphyseal fusion and continued linear growth into their

mid-1920s, as well as delayed bone age (Maffei et al. 2004).

Oestrogen replacement, but not androgen administration,

resulted in epiphyseal closure and improvement in bone

age. A characteristic feature of the phenotype of these men

is genuvalgum or ‘knock-knee’. This is presumably because

of the pressure of body weight on undermineralized bones.

The man with the ERa mutation had a similar bone

phenotype, but this of course could not be reversed.

Aromatase is expressed in several cells in bone including

osteoblasts, osteocytes, and some osteoclasts so circulating

androgens can provide a ready substrate for these cells to

convert androgens to oestrogens.
http://jme.endocrinology-journals.org
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Development of a metabolic syndrome

Mice of both sexes with an aromatase or ERa KO develop

a metabolic syndrome including truncal obesity, hyper-

insulinemia, and hyperleptinemia. Male mice with

aromatase deficiency also develop hepatic steatosis due

to triglyceride accumulation.

These findings are reversed by oestrogen adminis-

tration in the case of the aromatase deficient mice. In the

case of humans, no studies in women with untreated

aromatase deficiency have been published; however, the

condition in men is well documented. These men develop

a full-blown metabolic syndrome with insulin insensitiv-

ity; elevated glucose, LDL, and triglycerides; marked

hepatic steatosis; and elevated blood amino acids. Treat-

ment with oestradiol for 1 year led to a marked reversal of

all of these parameters (Maffei et al. 2004).

A number of other phenotypes of oestrogen deficiency

have been described including cognitive defects. These

have been documented in postmenopausal women with

early-stage breast cancer treated with chemotherapy and

an aromatase inhibitor, who exhibited poorer executive

function including working memory and concentration

(Bender et al. 2015).
Phenotypes of oestrogen excess

In humans, endogenous oestrogen excess can arise from

three sources – either naturally-occurring gain of function

mutations in the promoter region of the aromatase gene

resulting in elevated expression of the gene, the Peutz-

Jeghers syndrome, or an ectopic source of oestrogen such

as a tumor. Aromatase excess syndrome results from

subchromosomal recombination events including dupli-

cation, deletion, and inversion (Shozu & Simpson 1998,

Shozu et al. 2002). The latter two recombinations result in

recruitment of novel promoters for CYP19A1. Serum

oestradiol levels are elevated in 48% of affected males

and generally result in gynecomastia, short stature, and

advanced bone age. Peutz-Jeghers syndrome is a condition

caused by mutations in the gene for LKB1, which is the

main upstream kinase for AMPK. As a consequence of the

regulatory mechanisms described below, this results in

elevated aromatase expression in the breast and in germ

cells. In the case of boys, this results in gynecomastia and

oestrogen-producing Sertoli cell tumors (Coen et al. 1991,

Ham et al. 2013). A severe case of an ectopic source of

oestrogen was described in a boy with a hepatocellular

carcinoma that secreted large quantities of oestradiol

(Agarwal et al. 1998). This resulted in short stature due to
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premature epiphyseal closure, advanced bone age, severe

gynecomastia, and low testosterone. Removal of the

tumor resulted in normalization of the blood parameters.
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Figure 7

Regulation of aromatase gene expression in adipose tissue showing the

stimulatory actions of PGE2 and leptin and the inhibitory role of

adiponectin and metformin. These actions converge on the LKB1/AMPK

pathway. Reproduced, with permission, from Simpson ER & Brown KA

(2013) Minireview: Obesity and breast cancer: a tale of inflammation and

dysregulated metabolism. Molecular Endocrinology 27 715–725.
Aromatase expression and breast cancer

Source of oestrogens

The incidence of breast cancer is higher in postmeno-

pausal women than in younger women, and 80% of these

tumors are ER positive. The question arises as to the source

of oestrogen that drives this tumor growth, because the

ovaries cease to synthesize oestrogens at the time of

menopause and circulating levels postmenopausally are

very low. There is increased recognition that the risk of

several cancers including breast cancer is increased with

obesity. Obesity is also now recognized to be an

inflammatory condition. The adipose tissue is the largest

source of oestrogens in postmenopausal women and this

explains why circulating levels increase with increased

obesity in these women. Much evidence points to this as

the source of oestrogen driving breast cancer development

in these women. Correlations of plasma oestradiol levels

with the expression of oestrogen-regulated genes in breast

cancer tissue support this concept (Dunbier et al. 2008,

Lonning et al. 2011). A number of reports show a

correlation between circulating levels of oestrogens and

breast cancer risk (see below), but this does not mean that

circulating levels are necessarily the drivers of breast

cancer; rather they reflect the ongoing synthesis of

oestrogens within the adipose tissue, some of which gets

into the circulation. In fibroblasts surrounding a breast

tumor, aromatase expression is increased several-fold, and

this is largely due to promoter II action driven by PGE2,

which is an inflammatory mediator (Fig. 6). Studies on the

regulation of aromatase expression in human breast

adipose stromal cells have led to the identification of

adipose-specific factors in this role. Central to this role is

AMPK, which is recognized as a master regulator of energy

homeostasis (Brown et al. 2009; Fig. 7). Briefly, AMPK

inhibits promoter II-driven aromatase gene expression by

sequestering the CREB-activating factor CRTC in the

cytoplasm, thus preventing it from entering the nucleus.

It was found that that leptin (secreted by adipose tissue in

proportion to adiposity) inhibits AMPK activity and,

hence, allows CRTC to enter the nucleus, activate CREB,

and activate aromatase gene expression. By contrast,

adiponectin, in which levels are inversely proportional

to adiposity, stimulates AMPK and, hence, inhibits

aromatase expression. Metformin acts in a similar fashion
http://jme.endocrinology-journals.org
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to adiponectin to stimulate AMPK and inhibit aromatase

expression, hence, providing one mechanism for the

observations that metformin is protective against breast

cancer (Brown et al. 2010). Thus, we see that AMPK plays a

central inhibitory role in the mechanisms whereby

inflammation and obesity regulate aromatase expression

in the breast. These results immediately provide a new and

commanding explanation for the link between obesity,

aging, and breast cancer risk. First, obesity results in a

decrease in circulating adiponectin and an increase in

leptin. Second, obesity results in the formation of

inflammatory mediators (Subbaramaiah et al. 2012),

notably PGE2. Each of these would in turn result in a

decrease in the activity of the LKB1/AMPK pathway in

breast adipose resulting in increased expression of

aromatase. The resulting increase in oestrogen formation

in the breast would lead to an increased breast cancer

proliferation.
Mechanisms of oestrogen associated carcinogenesis

A large body of data suggests that oestrogens are associated

with the development of breast cancer (Santen et al. 2007).
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This conclusion is based on the observations that several

oestrogen-related events such as early menarche, age at

menopause, plasma oestrogen levels, BMI, and menopau-

sal hormone therapy (MHT) are all associated with an

increased risk of breast cancer (Fig. 8; Santen et al. 2007).

Two large multi-center studies demonstrated a linear

relationship between breast cancer risk and increasing

oestradiol (Fig. 9; Key et al. 2002, Kaaks et al. 2005). These

data relate primarily to postmenopausal women as it is

difficult to assess oestrogen levels in premenopausal

women due to the marked fluctuations during the

menstrual cycle (Santen et al. 2007).

How oestrogens cause breast cancer has been a

controversial issue. Most believe that the pro-proliferative

effects of oestrogen cause an increase in mutational errors

during the process of cell replication and that an

accumulation of these mutations, when unrepaired,

results in breast cancer (Preston-Martin et al. 1990,

1993). A more controversial concept suggests that metab-

olites of oestrogen are directly genotoxic (Rogan et al.

2003, Cavalieri et al. 2006, Yager & Davidson 2006, Saeed

et al. 2007, Gaikwad et al. 2008, 2009, Yue et al. 2010, Yager

2012). Oestrogens are metabolized initially to catechol

oestrogens and then oxidized to oestrogen quinones,

which can bind directly to adenine and guanine. These

adducts are unstable and oestradiol adenine and oestradiol

guanine are released from the DNA backbone, a process

called ‘depurination’, Fig. 10 shows the two most

important compounds released during depurination.

‘Error prone’ DNA repair then occurs to repair the

depurinated sites and this results in point mutations. In
http://jme.endocrinology-journals.org
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addition, the quinones can be back converted to catechol

oestrogens via the enzyme quinone reductase. This

process results in a redox cycle starting with the

conversion of catechol oestrogens to quinones and then

via quinone reductase, the back conversion to catechol

oestrogens. Each transversion of the cycle yields oxygen-

free radicals, which oxidize guanine to 8-oxo-guanine, a

compound that also undergoes depurination. Together,

these two pathways initiate mutations that, if unrepaired,

can accumulate and ultimately cause breast cancer. A body

of invitro and invivo data support this genotoxic pathway.

Studies in the ERa KO/Wnt1 knock-in mouse provide the

strongest evidence for the ER-independent genotoxic

effects (Yue et al. 2010). These studies suggest that both

ER-dependent and ER-independent genotoxic effects are

mechanistic mediators of oestrogen-induced breast can-

cer. Recent data suggest that both the oestrogen metab-

olism-related genotoxic pathways and aromatase are

increased by BRCA1 mutations and contribute to breast

cancer in patients harboring mutations of this gene

(Savage et al. 2014). The current state of knowledge

regarding these mechanisms is incomplete and further

work will be required for a full understanding of the

processes involved.
Endometrial cancer

Oestrogen is also considered to be causally related to

endometrial cancer. The most compelling data are the

increased incidence of endometrial cancer in postmeno-

pausal women taking unopposed oestrogen. Another risk
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factor for endometrial cancer also relates to excess

oestrogen production. The degree of obesity is linearly

related to the expression of aromatase, the enzyme

converting androgens to oestrogens. This causes a linear

increase in oestradiol levels and an increase in endometrial

cancer. Polycystic ovarian syndrome, which is associated

both with obesity and with anovulation and lack of

progesterone production, is also a risk factor for endo-

metrial cancer. The mechanisms are likely similar to those

for breast cancer involving both ER-dependent and

ER-independent pathways. Because of the effects of

unopposed oestrogen, anovulatory women with PCOS or

obesity are usually given cyclic progestogen to prevent the

development of endometrial cancer.
Clinical therapeutic aspects of oestrogens

Oestrogen and breast cancer therapies

Agents targeted at oestrogen and its receptor for treatment

of breast cancer are multiple. A full description of each and

the nuances of therapy are beyond the scope of this

history, and only the general principles will be outlined

here. Human breast cancer can be divided into hormone-

dependent and -independent subtypes. The first obser-

vation that certain breast cancers respond to oestrogen

deprivation came from the study of Beatson (1896). He
http://jme.endocrinology-journals.org
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removed the ovaries from three premenopausal women

with breast cancer and observed objective but temporary

responses. This pioneering study motivated investigators

to develop several means of manipulating the hormonal

milieu as a treatment of breast cancer. Initially, this

involved surgical ablative therapies including oophorect-

omy for pre-menopausal women, adrenalectomy for

postmenopausal, and hypophysectomy for both. Later

the concept of hormone additive therapy ensued and

women were treated successfully with oestrogens, andro-

gens, and progestins (Santen et al. 1990). Later, more

specific therapies were developed including gonado-

tropin-releasing hormone agonists to reduce oestrogens

via a medical oophorectomy and selective ER modulators

such as the anti-oestrogen tamoxifen. The development

of ERa measurements by Elwood Jensen to predict who

would respond to these therapies represented a major

breakthrough and allowed these therapies to be speci-

fically targeted (Block et al. 1978).

At the time that tamoxifen was being developed,

Harry and Angela Brodie raised the hypothesis that

aromatase would be an excellent target for breast cancer

therapy. They began synthesizing a series of steroidal

compounds with aromatase inhibitory properties

(Brodie et al. 1977, 1981, Marsh et al. 1985, Dowsett et al.

1987). Pentii Siiteri also examined the non-steroidal

compound, AG, and demonstrated that it was a potent

aromatase inhibitor (Bolton & Siiteri 1969). Several groups

then demonstrated that this agent, in combination with a

glucocorticoid, blocked oestradiol production effectively

in postmenopausal women and caused partial and

complete, but time-limited, breast tumor regressions

(Cash et al. 1967, Griffiths et al. 1973, Santen et al. 1974,

Newsome et al. 1977, 1978, Santen et al. 1978a, 1981,

Santen 1981). The group working at Penn State demon-

strated directly with isotopic kinetic studies in postmeno-

pausal women that AG blocked aromatase by 95–98%

(Santen et al. 1978b). This same group then showed

efficacy in 129 women with breast cancer and that this

therapy was as effective as surgical adrenalectomy (Santen

et al. 1981, 1982) and tamoxifen (Lipton et al. 1982). These

studies stimulated the later development of second- and

third-generation aromatase inhibitors, which were more

potent and less toxic than AG. The currently approved

third-generation aromatase inhibitors are commonly used

and have been shown to be more effective than tamoxifen.

The hormone additive approach, largely neglected on

development of inhibitors of oestrogen synthesis or

action, has now been reconsidered for a highly selected

group of postmenopausal women – namely, those who
Published by Bioscientifica Ltd.
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had responded to first-line hormonal therapy (Song et al.

2001, Lewis et al. 2005). The underlying basis for this

approach is that long-term deprivation of oestrogen causes

breast cancer cells to respond to exogenous oestrogen with

apoptosis. This pro-apoptotic process involves both

intrinsic and extrinsic death pathways and most recently

has been shown to involve AMPK and its downstream

targets FoxO3, Fas ligand, Gadd 45a, and BIM (Chen et al.

2015). Several studies demonstrate objective tumor

regressions, often prolonged, in women receiving exogen-

ous oestrogen (Ellis et al. 2009, Lonning 2009). This pro-

apoptotic pathway may also explain why oestrogen used

alone without a concomitant progestin in the Women’s

Health Initiative (WHI) study caused a paradoxical

reduction in breast cancer in women lacking a uterus

(Anderson et al. 2012).
Oestrogen therapy and menopause

It was recognized in the mid- and late-19th century that

removal of the ovaries can result in a panoply of

symptoms. Dr Robert Battey introduced bilateral oophor-

ectomy for the treatment of a number of non-specific

symptoms articulated by pre-menopausal women (Wat-

kins 2007). While based on faulty scientific reasoning and

resulting in significant operative deaths (estimated to be

one in five), this therapy highlighted the fact that the

ovaries make some type of substance that exerted systemic

effects. Their removal resulted in menopausal symptoms.

By the early 1900s, ovarian extracts had been utilized as a

means to alleviate the symptoms of both surgical and

natural menopause After Doisy and his group had isolated

and characterized oestradiol (dihydrotheelin; Huffman

et al. 1940), pharmaceutical companies synthesized

oestrogenic compounds such as diethylstilbestrol or

isolated oestrogens from horse urine and formulated this

as Premarin. As studies showed that menopause was

associated with a precipitous fall of oestrogen, the concept

of hormone replacement therapy (HRT) was introduced

and considered analogous to thyroid replacement therapy

for hypothyroidism. During the 1980s, a substantial

percentage of postmenopausal women utilized oestrogen

alone. However, when studies demonstrated an increase in

uterine cancer associated with ‘unopposed oestrogen’, a

progestin was added to protect the uterus from cancer

in postmenopausal women. As recommended in an

influential book by Robert Wilson (Wilson 1968), in the

mid-1980s, the medical community generally believed

that this therapy was beneficial for the treatment of
http://jme.endocrinology-journals.org
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menopausal symptoms and might also prevent fractures

and heart disease.

The concept gradually arose, primarily in the USA,

that clinical studies were needed to determine how

women specifically respond to certain medicines. Berna-

dine Healy, then the head of the National Institutes of

Health in the USA, pointed out that most pharmaceutical

studies were carried out primarily in men. She emphasized

that HRT had not been studied with state-of-the-art

clinical trials and championed a placebo-controlled,

randomized trial of hormones therapy for postmenopau-

sal women, the WHI study. This required nearly 10 years

to complete and the results were highly unexpected by the

medical community and their patients. The first publi-

cation in 2002 with conjugated equine oestrogen (CEE;

Premarin) plus medroxyprogesterone acetate (MPA) as the

progestin reported highly unexpected results. Not only did

HRT not prevent heart disease but also it appeared to

increase this by 26% (relative risk) and at the same time

caused a 25% increase in breast cancer. Data from the

oestrogen-alone arm of the WHI in women having

undergone a hysterectomy were reported shortly after,

showing an increase in stroke and no reduction of heart

disease (Anderson et al. 2004).

These two WHI studies resulted in an 80% decrease in

the use of HRT in the USA and worldwide (Tsai et al. 2011).

As the studies were further analyzed, several key points

arose that provided insight into the findings and identified

more clearly when the benefits of HRT might outweigh the

risks. The first observation was that the average age of

women in the WHI was 63 and the majority of women face

the decision of taking MHT shortly after menopause at an

average age of 51 when their symptoms are greatest.

Secondly, the absolute risk of heart disease or stroke in

women at age 51 is much lower than at age 63. The data

from the WHI were reported generally as relative risk and

not absolute or excess risk. The WHI used CEE and MPA as

HRT. Many commentators questioned whether the results

actually represented class effects of an oestrogen plus a

progestin or whether other oestrogen and progestin

preparations might have differing effects. A follow-up

WHI study in October 2013 examined the effects of

CEE alone (E) or CEE plus MPA (ECP) in women less

than age 60 or between ages 50 and 59. In this subset of

women, there was no statistically significant increase in

heart disease with ECP and a significant trend toward

reduction in those using E alone. Quite surprising was

the statistically significant reduction in the risk of

breast cancer in the women receiving oestrogen alone

(Anderson et al. 2012; Fig. 11). With this follow-up study,
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Figure 11

The risk of breast cancer in women receiving placebo or conjugated equine

oestrogen in the Women’s Health Initiative study. Reprinted with

permission from Elsevier (Lancet Oncology; Anderson GL, Chlebowski RT,

Aragaki AK, Kuller LH, Manson JE, Gass M, Bluhm E, Connelly S, Hubbell FA,

Lane D, Martin L, Ockene J, Rohan T, Schenken R & Wactawski-Wende J;

2012; Conjugated equine oestrogen and breast cancer incidence and

mortality in postmenopausal women with hysterectomy: extended follow-

up of the Women’s Health Initiative randomised placebo-controlled trial;

volume 13; pages 476–486).
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the pendulum is swinging back toward the use of

hormonal therapy.

As the WHI is the largest randomized, controlled trial

of E or ECP vs placebo, much weight has been placed on

its results, particularly in the USA. A reasonable case can be

made that other preparations such as oestradiol with

crystalline progesterone may be safer, particularly with

respect to breast cancer. However, these proponents must

rely on observational data for their conclusions. The

comprehensive scientific statement on MHT published

by the Endocrine Society compared the available studies

and concluded that most oral forms of oestrogen and

progestin exhibit class effects with respect to breast cancer

and heart disease with the exception of oestradiol plus

crystalline progesterone (Santen et al. 2010).

Most menopause society guidelines now agree that

the women who would benefit from hormonal therapy

should be judged based on the individual characteristics of

the patient. Data to support these conclusions come from

multiple sources as reviewed extensively (Santen et al.

2010) as well as from the a 13-year follow-up of the WHI
http://jme.endocrinology-journals.org
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study (Manson et al. 2013). For this reason, the term HRT,

which implies that all women should accept this therapy,

has been replaced by the term MHT. Guidelines from the

Endocrine Society, North American Menopause Society,

International Menopause Society, and other societies are

now generally in agreement about the risks and benefits

of MHT. This therapy should generally be limited to

symptomatic patients without an excess risk of heart

disease, stroke, or breast cancer. It should not be used to

prevent heart disease but may be considered as part of a

management plan to prevent fractures. Vaginal oestrogens

are preferable to systemic oestrogens when symptoms are

limited to the genitourinary syndrome of menopause

(Santen 2015). A summary of recent literature and

guidelines indicates that the pendulum is now swinging

back toward the use of MHT for women within 10 years of

menopause onset and without moderate or high risks of

breast cancer and heart disease. These principles were

espoused in the recent Endocrine Society guidelines on

menopause (Stuenkel et al. 2015). The choice of CEE vs

oestradiol remains a matter of controversy with clear

national preferences. For a full review of the scientific

aspects of MHT, the see the Scientific Statement published

by the Endocrine Society in 2010 and the various

guidelines published by several menopause societies

(Santen et al. 2010).
Perspectives and challenges

In the 80-plus years since oestrogenic substances were first

isolated and characterized, clearly much has been learned

about this fascinating class of compounds. Starting with

their biosynthesis, the mechanism of the aromatase

reaction still astonishes chemists and non-chemists alike

given that this complex series of reactions occur at a single

catalytic site unique among the thousands of P450 species

that have been identified in the biosphere at large. Second,

the structure of the aromatase gene, when first charac-

terized, was also unique, at least at the time, in terms of the

unusual complexity of multiple promoter employment

that is responsible for the highly tissue-specific regulation

of oestrogen expression. Third, many unexpected facets of

oestrogen physiology emerged. Perhaps the least antici-

pated of these were the roles of oestrogens in the male,

indicating functions complementary to those in the

female. Moreover, many of these roles are not involved

in reproduction, such as the underlying involvement of

oestrogens in energy homeostasis in both sexes and,

perhaps especially, the unexpected role of oestrogens in

male bone physiology. Going forward from a clinical
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perspective, the main challenges are to differentiate the

positive functions of oestrogens from their pathophysio-

logic roles. For example, the actions of oestrogens in the

brain and cardiovascular system are still controversial.

How to manage oestrogen-dependent cancers without

depriving the patient of the beneficial effects of oestrogens

is a major ongoing issue. Sorting out the good, the bad,

and the unexpected roles of oestrogens will no doubt

continue to challenge investigators and clinicians alike for

decades to come.
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