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A Brief Account of the Discovery of the 
Fetal/Placental Unit for Estrogen Production in 
Equine and Human Pregnancies: Relation to 
Human Medicine
James I. Raeside*

Department of Biomedical Sciences, University of Guelph, Guelph, ON, Canada

The role of steroids in human medicine is well recognized, but the major contributions made by the large 
domestic animals as a source of material in the discovery, isolation, and determination of the structure 
of the steroid hormones is less well appreciated. After a brief reminder of the early efforts to obtain a 
reliable source of steroids for clinical use, the narrative here is to outline one example where success was 
ultimately achieved for estrogen replacement therapy. Whereas knowledge of the high concentrations 
of estrogens in urine of pregnant women and mares dates from the late 1920s, it was not until the 1940s 
that the latter was shown to be a practical source. Initially, the placenta was held to be responsible, but 
the involvement of the fetus in each case was eventually established. The remarkable enlargement of 
the human fetal adrenal glands and the fetal gonads in the horse, with characteristic features of steroid 
secreting tissues, suggested their participation. Ultimately, it was 16-hydroxylation by the fetal liver 
that resulted in estriol being the major estrogen type, by far, in late human pregnancy. In the mare, 
the pattern of estrogen production reflected that of the growth and later regression of the fetal gonads. 
The characteristic production ring-B, unsaturated estrogens in the mare is derived from an alternative 
pathway involving retention of the additional double bond in the biosynthesis of equilin.
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INTRODUCTION

In seeking an animal model for the role of steroids 
in human medicine, there are few options that fulfill most 
requirements with the exception of some primate spe-
cies. However, an interesting comparison exists—though 
marked differences are seen—when fetal and maternal 
tissues combine in a “feto-placental unit” to produce large 
concentrations of estrogens in urine of pregnant women 
and mares. The history of the establishment of this re-

markable feature of human and equine pregnancies is 
outlined here. Before doing so, it is important to recall the 
major contributions made by the large domestic animals 
as a source of material in the discovery, isolation and de-
termination of the structure of the steroid hormones. The 
primary sources of steroid hormones in all mammalian 
species are the gonads and adrenal glands, with the addi-
tion of the placenta in some instances.

Whereas science of endocrinology is said to have be-
gun at the beginning of the 20th century, there had been 
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earlier reports from both animal experimentation and hu-
man clinical observations that the gonads, in particular, 
were a source of “secretions” significant for reproductive 
functions. The hunt was on to identify the chemical nature 
of the agents involved, and this led to the “Golden Age” 
of steroid biochemistry, roughly 1930 to 1950. Biologi-
cal tests were indispensable to the work of the chemists 
who needed large quantities of material only available 
from large domestic animals to provide a starting-point 
for isolation, purification, and identification. However, 
the first steroid hormone to be isolated in pure form was 
estrone [1-3] from the urine of pregnant women—known 
already as a very rich source of estrogenic compounds 
[4]. The structure was determined within two years of 
its purification, largely through the efforts of Marrian [5] 
and Butenandt [6]. A “second” hormone, estriol, had also 
been isolated in 1930 by Marrian [5]; but the principal 
estrogenic hormone, estradiol, eluded efforts at purifica-
tion and identification until Doisy’s group [7] succeeded 
in 1936, starting with over 1,000 kg of pig ovaries.

Progesterone was isolated in pure form and its struc-
ture reported independently by four groups of investiga-
tors in 1934 [8-11]. Each started with extractions from 
over 500 kg of pig ovaries, where the ovary has several 
corpora lutea. Completing the contribution of domestic 
animals to the identification of the primary sex hormones, 
the isolation of testosterone from 100 kg of bull testicular 
tissue was reported in 1935 by Laqueur [12].

Similar work was undertaken to identify the 
life-maintaining activity of extracts of adrenal glands 
during the late 1930s and early 1940s using large batches 
of pig, sheep, and beef glands. Four groups of scientists 
were chiefly committed—Reichstein (Zurich and Basel), 
Kendall (Mayo Clinic), Wintersteiner (Columbia and 
Squibb), and Cartland (Upjohn) in which about 30 dif-
ferent steroids were isolated, including six active ones. 
This “heroic” work was described in 1943 by Reichstein 

and Shoppee [13]. Its scale is difficult to imagine today 
but is best illustrated from Reichstein’s account: 20,000 
cattle gave 1,000 kg glands, from which 900 g of crude 
concentrates were obtained; further fractionation yielded 
26 g of material containing all of the biological activity. 
Cortisol was seen as the most active steroid involved in 
carbohydrate metabolism and is the major glucocortico-
steroid secreted by the human adrenal cortex.

Other steroids in human adrenal venous blood are 
detected in much smaller amounts— particularly aldoste-
rone, the most potent mineralocorticoid. A disproportion-
ately high level of activity in survival tests in adrenalecto-
mized animals remained in the “amorphous fraction” left 
after crystallization of the known compounds in adrenal 
extracts. This activity was related to mineral metabolism 
rather than being a glucocorticosteroid; the unknown 
compound was initially named electrocortin [14]. The 
fascinating personal history of the collaboration between 
Sylvia and James Tait in London and Tadeus Reichstein 
in Switzerland during the isolation and elucidation of the 
structure of electrocortin (later named aldosterone), was 
given by the Taits [15] as a tribute to Professor Reich-
stein shortly after his death at the age of 99. The starting 
material was an impressive 1,000 kg of beef adrenals—a 
further example of the important role of domestic animals 
in the discovery of the steroid hormones.

Soon, it became clear that the supply of all the hor-
mones needed for medical use could not be met by ex-
tracts from animal sources. When the chemical synthesis 
of each hormone was eventually achieved in the labora-
tory it served to confirm the identity and structure of each 
steroid and led to the replacement of animal tissues as 
source of steroids for medical use. A notable exception 
was the “harvest” of estrogens from the urine of pregnant 
mares in the production of a commercially successful 
drug, Premarin. It has remained prominent in hormone 
replacement therapy from its first clinical introduction by 

Figure 1. Structure of estrogens formed by the placenta.
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Ayerst, McKenna, and Harrison, in Canada in 1941 and 
the United States in 1942—as exemplified by citing just 
one [16] of the four papers on Premarin in the same issue 
of a journal in 1943.

BIOSYNTHESIS OF ESTROGENS IN 
PREGNANCY

Amongst eutherian mammals, there are two species 
that are remarkable for estrogen production in pregnan-
cy; the human (Homo sapiens) and the horse (Equus ca-
ballus). Other higher primates and equids have received 
much less attention although estrogens levels are known 
to rise in pregnancy. Except for a few domestic animals, 
little has been done to measure hormones of pregnancy in 
the large number of other eutherian animals (≈4000). The 
placenta was thought to be the site of origin of the large 
quantities of estrogens found in urine of pregnant women 
until as late as 1953 [17], which was based largely on the 

prompt cessation of estrogen excretion after delivery of 
the placenta. However, a more complicated process for 
estrogen production emerged from subsequent studies 
that involved the fetus. Brief accounts of the investiga-
tions that led to the establishment of a feto-placental unit 
for estrogen production in human and in equine pregnan-
cies are the subject here. Marked differences are revealed 
between them— in the tissues involved, products formed 
(Figure 1) and patterns of urinary excretion (Figure 2 and 
Figure 3a,b). The salient point is that estriol is seen only 
in human urine and equilin only in pregnant mares’ urine.

HUMAN FETO-PLACENTAL UNIT

Estrogenic activity of placental extracts was first 
demonstrated by Fellner in 1912 [18] and repeatedly 
thereafter by others. Isolation efforts were made subse-
quently in several laboratories which showed that estro-
genic activity in human placental extracts was due to the 

Figure 2. Urinary excretion of estrogens during normal pregnancy in four human subjects. (From Brown, 1956 [63]).
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posed to high concentrations. Early reports suggested this 
to be the case when higher amounts were found in fetal 
liver than in placental tissue, based on biological assays 
[21,22]. Confirmation by chemical measurements came 
later when concentrations of estriol exceeded those of es-
trone and estradiol combined, and were also greater in the 
fetal liver [17]. Because it had recently been shown that 
incubation of estradiol with adult human liver slices led 
to formation of estriol, there was a strong likelihood that 
the fetal organs may actively participate in metabolism 
of estrogens. Although this was far short of evidence for 
participation in actual production, the possibility of a role 
for fetal glands presented an interesting challenge. None-
theless, high amounts of estrogens in fetal adrenal glands 
of stillborn infants led Professor Jayle in Paris to propose, 
in 1951, that fetal adrenals represent a source of the es-
trogens formed in the later stages of pregnancy [23]. In 
fact, the concentrations in the adrenal glands were higher 

presence of at least three compounds: estriol, estrone, 
and 17β-estradiol. Estriol was the major component, as 
had been established in the earlier work on urine from 
pregnant women. Later, the amounts of the “classical es-
trogens” present in the full-term placenta were estimated 
chemically in approximate amounts: 140 μg estriol, 35μg 
estrone, and 38μg estradiol in one kilogram of tissue [19]. 
The corresponding quantities for the same estrogens in a 
24-hour specimen of human pregnancy urine were 10 to 
30 mg, 1 to 3 mg, and 0 to 0.6 mg, respectively. In addi-
tion, it had already been reported by Collip in 1930, that 
estrogens were also present as water-soluble conjugates 
(“Emmenin”) in human placental extracts [20]. Many 
other products of endocrine interest were isolated from 
the placental collections at that time but are not relevant 
to an account on the biosynthesis of estrogens.

Since the placenta had large amounts of estrogens, 
it was reasonable to assume that the fetus would be ex-

Figure 3. a. Patterns of total urinary estrogen excretion for four pregnant pony mares. (Ginther, 1992; adapted from 
Raeside and Liptrap, 1975 [64]). b. Mean plasma estrone and equilin concentrations in four pregnant mares. (Gin-
ther, 1992; adapted from Cox, 1975 [64]).
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newborn females had similar levels to those of newborn 
males it tended to eliminate the testes as the source. Al-
though it was not possible to say with any certainty that 
the fetal adrenals were producing excessive amounts of 
the precursor of the conjugated DHEA, the evidence was 
strongly indicative.

The next step towards the eventual discovery of the 
nature of the fetal-placental unit for estrogen formation 
in human pregnancy came from investigations on clini-
cal cases of anencephaly. A characteristic absence of the 
anterior hypophysis (pituitary gland) is the likely cause 
of failure in development of the adrenal glands. In 1961, 
Frandsen and Stakeman [29] reasoned that if the fetal 
adrenals participate in the production of estrogens during 
pregnancy it would be natural to expect anencephaly of 
the fetus to be associated with low estrogen excretion 
during the last part of pregnancy. Levels were normal 
for urinary 17-ketosteroids, pregnanediol and gonadotro-
phins but only one-tenth for the estrogens. In all cases 
there was a marked hypoplasia of the fetal adrenal glands 
due to the so-called “fetal zone” being almost absent. To 
test their hypothesis, spayed female mice were injected 
with human fetal adrenal and placental tissues from legal 
abortions—indication for abortion was most often psy-
chiatric. Signs of estrogenic activity in vaginal smears 
taken daily were positive only after the injection of the 
combination of fetal adrenal and placental tissues [30]. 
They summarized their findings:

“From our experience on the hormone excretion in 
pregnancies with anencephalic foetus and from the re-
sults of the experiments described here we feel justified 
in concluding that most of the oestrogen excreted during 
human pregnancy is neither produced by the placenta 
nor by the foetal adrenal, but by a complex procedure 
involving both tissues. Perhaps the foetal adrenal pro-
duces a substance capable of accelerating a placental 
production, but we think it more likely that the foetal ad-
renal produces a steroid precursor which is metabolized 
to oestrogens by the placenta and excreted as such in the 
urine of the mother. This assumption is supported by the 
fact that placental tissue in vitro can metabolize several 
steroids to oestrogens.”

Attempts to identify a precursor were unsuccessful 
in experiments in which placental tissue was injected into 
mice together with several steroids, some of which had 
recently be shown to be synthesized by fetal adrenals, 
at least in vitro. No estrogens were formed from proges-
terone, 16α-hydroxyprogesterone, 17α-hydroxyproges-
terone, pregnenolone, dehydroepiandrosterone, or an-
drostenedione [31]. It is not surprising that the first four 
compounds, gave negative results because later evidence, 
from several laboratories, showed that the placenta is 
largely incapable of removing the 2C side-chain to con-
vert C21 to C19 steroids. It is possible that the two andro-

than found in the placenta. Careful preparation for bioas-
say of estrogenic activity revealed high levels in liver and 
adrenals but very low in kidneys and heart. The difference 
in the levels between adrenal and kidney (about 15-fold) 
spoke strongly against simple uptake by the adrenal—
also noted was the close anatomical and embryological 
relationships of these organs. This report contained in-
teresting unpublished data that strengthened the case for 
a fetal contribution to estrogen production in pregnancy. 
They had found large amounts of a derivative of the in-
termediary metabolism of the “follicle hormone, estrin”, 
probably a ketosteroid, which represented a step between 
the “follicle hormone” and estriol. The compounds de-
tected in Jayle’s work were most likely 16α-hydroxy-es-
trone and 16-keto-estradiol, which were not identified in 
human pregnancy urine until 1957—in Marrian’s labora-
tory in Edinburgh [24,25]. Not until the 1960s were these 
same compounds isolated from the urine of newborn in-
fants and as metabolites of estrone and estradiol in the 
fetus.

Support for adrenal involvement came later from an 
exceptional opportunity to study the local synthesis of 
cholesterol in the adrenal glands of an anencephalic in-
fant. Absence of the adrenal cortex in anencephaly had 
been observed at least from the 1700s, but interest in the 
human fetal adrenal gland beyond its morphology did not 
seem to have been awakened until around the 1950s. In 
1956, Davis and Plotz [26] described their findings in a 
key experiment in which the adrenals of an anencephalic 
infant did not synthesize— at least to an appreciable ex-
tent—radiolabeled cholesterol from the precursor 14C-ac-
etate. The following quotation from their review gives a 
strong indication of the direction of thought at that time.

“The adrenal gland of the developing fetus is char-
acterized by a thin outer zone which becomes the adrenal 
cortex of the individual after birth. The thick inner zone, 
the so-called ‘androgenic zone’, ‘X-zone’, or ‘provision-
al zone’, grows rapidly during the last three months of in-
tra-uterine life and degenerates after birth. The provision-
al zone is absent or almost absent in anencephalic infants 
in which the adenohypophysis is usually very small and 
abnormal in shape while the neurohypophysis is either 
absent or rudimentary.”

Although it had been suggested that the provisional 
zone might be androgenic tissue, subsequent work failed 
to reveal any biologically active androgenic material in 
these glands. On measuring specific androgens in mater-
nal and cord plasma in several cases of vaginal delivery in 
another study at about the same time, two 17-ketosteroids 
were present as conjugated steroids in all cases examined. 
The amount of dehydroepiandrosterone (DHEA†) was 
higher than in the maternal blood [27]. It should be noted 
that DHEA, as a sulfate (DHEAS), is the major steroid 
secreted normally by the adult adrenal glands [28]. Since 
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communication from Egon Diczfalusy (Dec., 1963) to the 
author:

“—we just finished three manuscripts on the in vivo 
aromatisation of DHA and DHA sulfate in pregnant wom-
en. Our results indicate that DHAS circulating in the fe-
tus and in the mother may well be the exclusive precursor 
of all urinary estrogen in pregnant women. It seems that 
placental estriol is formed from DHAS via a 16-hydrox-
ylated intermediate which was shown to be formed by the 
fetal compartment. I will try to send you a proof copy as 
soon as I get one, but I am afraid that it may not be pos-
sible for you to participate in the subsequent studies on 
the aromatisation of 16-hydroxylated C-19 steroids, since 
such studies are already in progress.”

The studies referred to appeared in a back-to-back 
series of three papers, all submitted to the journal in De-
cember 1963, and another in 1966. Finally, there was 
clear evidence that DHEA and DHEAS are exposed to an 
extensive 16-hydroxylation, and that the fetal liver is the 
principal site of this reaction. Thus, in its simplest terms, 
the feto-placental collaboration in the production of estri-
ol can be reduced to two essential points. First, the pla-
cental contribution is seen almost exclusively as one of 
aromatization, an androgen conversion to estrogen. The 
second point is that the fetal adrenal glands synthesize 
DHEAS and its 16-hydroxylation takes place in the fetal 
liver. A lack of a full complement of enzymes by either 
partner is resolved through collaboration.

These studies and the following work to investigate 
other aspects of steroid metabolism in pregnancy and the 
feto-placental unit in Diczfalusy’s laboratory in Stock-
holm were made possible by permission for interruption 
of pregnancy at about the 17th to 20th week. This was 
granted upon request by the patients to the Royal Med-
ical Board of Sweden—in accordance with the statute 
of 1938, amended in 1948 and 1963. All these types of 
investigation ended in the 1970s when non-surgical ter-
mination at this stage of pregnancy became possible and, 
henceforth, the accepted practice. Several reviews have 
described the work and are interesting especially when 
viewed in chronological perspective [34-36]. The “fi-
nal” scheme is complex, admittedly, and reflects steroid 
metabolism only at mid-pregnancy (Figure 4). It seems 
reasonably applicable, with some quantitative changes, 
to the last trimester when estriol synthesis is at its zenith 
(Figure 2).

EQUINE FETO-PLACENTAL UNIT

The remarkably high production of estrogens by 
the pregnant mare was first brought to light in 1930, by 
Zondek’s report [37]. Before the nature of the collabo-
ration in human pregnancy between fetus and placenta 
was uncovered in the 1960s, the placenta was assumed 

gens were metabolized by the host tissues to steroid prod-
ucts (e.g. 5α/5β-reduced)—that cannot be converted into 
estrogens—before reaching the placental tissues. Tissue 
cultures of fetal adrenals would have been most helpful 
but success in keeping them alive had eluded several lab-
oratories in the 1950s. Nor had anyone found a suitable 
species to pursue work that would be comparable to that 
on the human fetal adrenal gland. The so-called “X-zone” 
of the mouse is not comparable to the human fetal zone; 
the X-zone degenerates only a long time after birth—not 
until androgens rise at puberty in the male or a pregnan-
cy occurs in the female. Moreover, an increased urinary 
excretion of estrogens during pregnancy had been found 
in only a few animal species; none matched the situation 
in human pregnancy in either pattern or quantity (Fig-
ure 2). At least for quantity, the most interesting animal 
was perhaps the pregnant mare which excretes consid-
erable amounts of estrogens in the urine. The discovery, 
exploitation, and elucidation of estrogen biosynthesis in 
the pregnant mare form is the subject of second part of 
this review. However, before turning to that task it is nec-
essary to address the final stages in the exposition of the 
feto-placental unit in pregnant women.

Against the fetal adrenal glands being a site of es-
trogen production, it had been shown that estrogen con-
centrations were lower in the adrenal than in the liver; 
furthermore, most of the adrenal estrogen was present 
as a characteristic end-product, conjugated estriol [31]. 
In organs concerned with making steroid hormones, the 
“free” form is generally predominant; thus, estriol in the 
fetal adrenals in the second trimester was presumed to 
be elaborated elsewhere—most probably in the placen-
ta. It was the presence of estrogens as conjugates in the 
fetus and the marked difference in the estriol / estrone 
+ estradiol ratio between fetal and placental tissues that 
posed difficulties in establishing the source of the large 
amounts of estrogens seen in pregnancies [32]. Clearly 
the fetus could metabolize estrogens but was unlikely to 
be the site of biosynthesis. The surprising discovery that 
DHEA, as a sulfoconjugated steroid (DHEAS), was the 
major steroid secreted by the adrenal glands in human 
subjects [28] proved to be the key to the conundrum.

Events moved quickly in the 1960s. In December 
1963, the conversion of [3H]-DHEAS to [3H]-estrogens 
on intravenous injections to pregnant and non-pregnant 
women was reported by Baulieu, in Paris [33]. Conver-
sion was much higher in pregnant women, signifying 
that the maternal DHEAS was not the unique precursor 
of urinary estrogens and implying that the placenta, or 
the fetal-placental ensemble, was the major contributor. 
Moreover, from the data on estriol it could be inferred 
that an obligatory intermediate between DHEAS and es-
triol must exist—perhaps a 3β, 16α-dihydroxy-∆5-steroid. 
The rapid pace of progress is best illustrated by a private 
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amounts depended upon the presence of a living fetus and 
it seemed highly improbable that the maternal ovaries 
ever contribute significantly.

With the fetus implicated, the following account of 
the work leading to the discovery of the role of the fetus 
is offered. A feature of pregnancy that was cause for some 
speculation over the years was the development of the 
fetal horse gonads [39]. A description of the histology of 
the testis of a newborn foal by Franz Leydig (1850) was 
part of his extensive, comparative studies of the testis, 
with emphasis on the interstitial cells that later would im-
mortalize his name. He noted their relation to the vascular 
channels in a way that later was recognized as an ideal 
arrangement for an organ of internal secretion. Others 
later noted a resemblance between the interstitial cells of 
both the fetal testis and ovary and the cells of the cor-
pus luteum. Remarkably, the ovaries of a 7- and 8-month 
horse fetus were much larger than those of a newborn and 
even larger than those of a grown horse. The California 

to be responsible for the high amounts of estrogen in 
pregnant mares’ urine. Why the placenta, rather than the 
ovaries, was thought to be the source was based on the 
pioneering studies of H. H. Cole and his colleagues at 
the University of California in the early 1930s. Biolog-
ical tests with plasma and urine samples from early to 
late pregnancy in the mare showed ovarian stimulation 
in immature rats initially, then high levels of estrogenic 
activity about mid-pregnancy with a decline towards the 
end [38]. Observations on the mares’ ovaries themselves 
were informative. Formation of several corpora lutea 
closely correlated with the time of high concentrations of 
the ovary-stimulating hormone in blood (Pregnant Mares’ 
Serum Gonadotrophin). They regressed from mid-gesta-
tion and were seen only as vestiges at later stages. Inter-
estingly, one mare had a resorption of the fetus, probably 
beginning during the first 100 days of pregnancy; only 
traces of estrogen were encountered when followed until 
the 200th day. Clearly, the production of estrogen in large 

Figure 4. Suggested scheme of the principal pathways of steroidogenesis in the human fetoplacental unit at mid-
pregnancy. (Diczfalusy, 1955 [35]).
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much greater than for steroids—by several orders of 
magnitude. The yield of cholesterol (0.037 percent) was 
by far the highest, with DHEA quantitatively the second 
most important steroid isolated (0.014) and estrone at 
only 0.0004 percent. Notwithstanding, it was concluded 
that DHEA might be an important precursor of estro-
gens in the pregnant mare. In a series of investigations 
at the Ontario Veterinary College in the 1970s this was 
later shown indeed to be the case. The first step was a 
time-honored approach in endocrine studies. Removal of 
a putative endocrine organ or gland should result in the 
disappearance of the product (hormone) from the blood 
or urine. With some trepidation, it was considered that 
a similar approach might lead to useful information if 
the fetal testes or ovaries were removed when estrogen 
production was high in the pregnant mare. Although no 
direct assessment of steroids in blood leaving the fetal go-
nads could be made on a continuous basis, it was deemed 
possible to monitor the day-to-day excretion of estrogens 
in the urine of the mare. In this way, it could be deter-
mined if the fetal gonads were engaged, even if the exact 
nature of the role remained uncertain.

This would be no simple operation and it is difficult 
to convey the surgical challenge in words. In initial trials, 
four pregnant pony mares aborted within 48 hours of fe-
tal gonadectomy. With laparotomy alone in three mares, 
urinary concentrations of estrogens remained largely 
unchanged for one week and mares were still pregnant 
4 weeks later [44]. With some modifications in surgical 
techniques, the effects of bilateral (n = 5) and unilateral 
(n = 4) fetal gonadectomy on urinary estrogen excretion 
were examined. Removal of both gonads resulted in a de-
cline to about 2 percent of the pre-operative levels by 5 
days. Would a single fetal gonad maintain the pregnan-
cy? Two mares retaining pregnancies for 9 and 15 days 
after surgery maintained levels at 30 to 40 percent after 
an initial decline. While not completely satisfactory, there 
was enough evidence to implicate the fetal gonads in the 
production of the large quantities of urinary estrogens. 
Support subsequently came from similar attempts by oth-
ers who had greater success with fetal gonadectomy [45]. 
Gonads were removed in four foals; estrogen concentra-
tions in plasma fell sharply to baseline values at 24 to 
48 h and remained low—three foals showed marked dys-
maturity and died at birth. However, the fourth foal was 
delivered prematurely at 98 days after the operation and 
lived. In our studies, all pony mares recovered fully and 
after convalescence were not rebred but mostly became 
pets or even selected for riding schools.

The next step was an investigation on the steroid 
content of the fetal gonads to find potential precursors 
for the formation of estrogens by the placenta. Extracts 
from the frozen testes and ovaries, collected in the earlier 
studies, were used to obtain final identification of DHEA 

study was largely in agreement with the earlier reports 
and may be summarized as follows: fetal gonads of the 
horse undergo a remarkable growth with a rapid increase 
in weight between 100 and 200 days of intra-uterine life, 
and no differences between the sexes can be seen in this 
regard. By about the 7th month the fetal gonads are larger 
than the ovaries of the mother. The enlargement is for the 
most part an increase in number and size of the interstitial 
cells. As pointed out by Cole [39]: “Such quantities of 
almost pure gonadal interstitial tissue for extractive pur-
poses cannot be found anywhere else in such abundance 
as in the fetal gonads of the horse.”

Tests were made for the presence of progestin, estrin, 
and male sex hormone in extracts of these tissues—300 
grams of fetal ovaries and 300 grams of fetal testes—
using biological endpoints to reach a crude quantitative 
assessment. For this work, more exact measures of hor-
mone content by chemical assays were not yet at hand for 
any of the sex hormones. Although the possibility that 
the large amounts of “oestrin” excreted by the mare in 
the urine during the second half of pregnancy—when the 
maternal ovaries are quiescent—might be of fetal origin, 
the consensus was that the “oestrin” present in fetal tis-
sues and mares’ urine was from the placenta. Not much 
academic interest in fetal horse gonads was expressed 
over the next twenty years or more when commercial ex-
ploitation of pregnant mares’ urine was taking place to 
produce Premarin as a source of estrogens for hormone 
replacement therapy.

The impressive development of the interstitial cells 
of the fetal horse gonads, with their luteal cell-like ap-
pearance, presented an opportunity to try out some of the 
“new” cytochemical methods that were being applied to 
the endocrine organs. Using this remarkable concentra-
tion of almost pure interstitial cells, histological studies 
with a battery of reactions—not one of them specific for 
steroids but strongly indicative when all reactions were 
positive—suggested that the fetal gonads may be a site 
of origin, in addition to the placenta, of the large amounts 
of urinary estrogens excreted by the pregnant mare [40]. 
Further studies with a more specific histochemical reac-
tion for locating a site of steroid hormone production—
namely, 3β-hydroxysteroid –dehydrogenase (3β-HSD) 
which converts ∆5 → ∆4 steroids—were negative [41]. 
However, light and electron microscopic studies pointed 
to an involvement in steroid biosynthesis [42]. To resolve 
this apparent impasse would require a more biochemical 
approach.

A report appeared in 1967 that started to open up 
the subject; it entailed incubation of tissues from fetal 
testes with 14C-acetic acid to determine the nature of the 
radio-labeled products formed [43]. Because 14C-acetate 
is a “universal” substrate the radiolabel could be found 
in fats, carbohydrates, and proteins whose synthesis was 
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that equilin and equilenin are not derived from estrone. 
Furthermore, with sodium acetate-1-14C all three were 
radiolabeled and the findings indicated that the ring B 
estrogens were formed by a different pathway [49]. Cho-
lesterol-4-14C failed to yield radiolabeled estrone but the 
evidence did not rule out cholesterol of fetal origin in the 
biosynthesis of estrone [50].

It was generally accepted that ring B unsaturated es-
trogens were the “private preserve” of the pregnant mare. 
However, a report on the isolation of equilenin from a 
feminizing adrenal carcinoma of a 22-year-old male pa-
tient was startling because it had never been recorded from 
a human source [51]. The potential value as a diagnostic 
aid for detecting tumors of this type was not fulfilled in 
later attempts. Nevertheless, an investigation of the path-
way to equilin was undertaken with specially-prepared, 
potential precursors (7-OH-DHEA, 7-dehydro-DHEA, 
7-dehydro-androstenedione, and 7α-OH-DHEA) [52]. 

by infrared spectroscopy [46]. Thereafter, the precursor 
role for DHEA was clearly demonstrated in the classical 
manner by measuring DHEA and estrogens in samples 
taken from fetal blood vessels—both gonadal and umbil-
ical [47]. Remarkably high concentrations (> 800 ng/ml) 
of DHEA were found in venous samples from fetal ova-
ries and testes, with much lower levels in corresponding 
arteries (Figure 5).

There remained the question of the “unique” ring B 
unsaturated estrogens present in large amounts in preg-
nant mares’ urine. Although equilin and other ring B un-
saturated estrogens were first isolated in 1932 [48], their 
biosynthetic origin remained a mystery. In the 1950s the 
application of 14C to the study of metabolism of steroid 
hormones was introduced and offered an attack on prob-
lems hitherto unsolvable by classical methods. Admin-
istration of estrone-1-14C to the pregnant mare, with ex-
traction and separation of estrogens from urine, showed 

Figure 5. Plasma levels (ng/ml) of estrogens (open columns) and DHEA (solid columns) in maternal and fetal blood 
vessels in four mares carrying a female or male fetus. A, artery; V, vein; J, jugular; U, uterine; Um, umbilical; O, ovary; 
T, testis; L, left; R, right. (Raeside et al. 1979 [47]).
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equilin in the mare. They have been described at length 
by B. Bhavnani [54] as “The Saga of the Ring-B Unsat-
urated Equine Estrogens.” The original hypothesis had 
been based on the previous reports from the in vitro stud-
ies with the placenta.

At an initial test where 14C-7-dehydro-DHEAS had 
been injected into the jugular vein of a pregnant mare, 
both equilin and estrone isolated from urine were devoid 
of radioactivity. The sulfated form had been chosen be-
cause the steroid is present largely as a sulfate in human 
blood. Excessive dilution of the labeled precursor in the 
mare was suggested for the negative finding but no satis-
factory explanation could be given. The hypothesis was 
discarded with the conclusion that the previous in vitro 
studies had little bearing on in vivo formation of equilin 
in the pregnant mare. As a consequence, the following 
experimental design was adopted. Laparotomy near term 
(9 to 10 months), allowed injection of mixed pairs of 14C 
and 3H-labeled precursors directly into the umbilical cord 
or intramuscularly into the fetus. Maternal urine was col-
lected for 4 to 5 days Steroids present in the urine were 
isolated, purified and their radiochemical purity estab-
lished. In this way, steps in the pathway of steroidogenesis 
from acetate to 4-14C-androstenedione were examined. In 
summary, the final conclusion reached was that the bio-
synthetic pathway to equilin and the “classical” pathway 
are identical until approaching the formation of the C30 
hydrocarbon squalene (Figure 6). The distinctive element 
of the “alternative” pathway still remained elusive.

Was there anything to be gained from considering 
the role of the fetus in the human feto-placental unit as 
a model? The great increase in estriol during late preg-
nancy in women stems mainly from high production of 

Each human full-term placenta was perfused with one of 
the selected compounds; perfusions began within 30 min 
of delivery and lasted for two hours after the steroid had 
been added to the perfusion medium. It was shown for 
the first time that ring B unsaturated estrogens could be 
formed from C19 steroids in a normal human steroidogen-
ic organ. Although the 7α-OH compound had much lower 
conversion efficiency it seemed likely that the biosynthe-
sis of ring B unsaturated estrogens from C19 steroids fol-
lowed the pathway:

DHEA → 7α-hydroxy-DHEA → 

Δ7-DHEA → Δ4,7-‘DHEA’ → equilin → equilenin

There was one further notable attempt within the 
decade to address the question of a possible conversion 
of Δ7-C19-steroids to Δ7-estrogens. In a search for a cho-
lesterol-lowering drug at Ayerst in Montreal, one com-
pound (AY-9944) not only lowered blood cholesterol but 
did so by blocking the transformation of 7-dehydrocho-
lesterol to cholesterol when incubated with preparations 
of rat liver [53]. The Ayerst group then investigated the 
biosynthetic origin of the Δ7-bond in equilin using a mic-
rosomal preparation of human placental tissue with three 
“normal” androgens (testosterone, androstenedione, and 
DHEA) and three androgens with a Δ7-bond as substrates. 
The placental preparations had the capacity to aromatize 
Δ4,7- and Δ5,7-C19-precursors without affecting the Δ7-
bonds, but lacked the capability for introducing a Δ7-bond 
into estrogens or their Δ4- or Δ5-C19 precursors.

There followed a remarkable series of experiments 
undertaken to unravel the mystery of the biogenesis of 

Figure 6. In vivo pathways of equilin and estrone biosynthesis in the pregnant mare, investigated by administration of 
radiolabeled precursor compounds. Broken arrows indicate negative results. (Bhavnani, 1988 [54]).
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equilenin. Although its production from pregnant mares’ 
urine is a source of heated controversy (animal rights) 
and the potential for adverse side effects in long-term use 
is a matter of continued debate, it still retains a prominent 
position. A recent comprehensive review of the pharma-
cology of conjugated equine estrogens (Premarin) ad-
dressed the many questions concerning efficacy, safety, 
and mechanism of action [59]. Unfortunately, the earlier 
misconception concerning an “alternate pathway” to the 
biosynthesis of the ring B estrogens has been retained in 
the review.

Smith-Lemli-Opitz Syndrome (SLOS)
SLOS is a syndrome of multiple congenital anoma-

lies in children first described in 1964 [60]. It is caused 
by a mutation in the enzyme 7-dehydrocholesterol reduc-
tase (DHCR7) [61]. Whereas elevated levels of 7-dehy-
dro-cholesterol in tissues and amniotic fluid are fairly 
specific to SLOS, a non-invasive method for diagnosis 
would clearly be preferable. Such a method was investi-
gated based on the studies of equilin biosynthesis in the 
pregnant mare [62]. Indeed, it was found that urine from 
a patient suspected of carrying an SLOS fetus had over 
half of the estrogens in the form of equine-like estriols; 
detection of 16α-hydroxy-17β-dihydroequilin (7-dehy-
droestriol) was proposed as the discriminant for non-in-
vasive diagnosis.

CONCLUSION

The discovery of the way in which large amounts of 
estrogens are produced in pregnant women and mares has 
revealed a fascinating story of similarities and contrasts. 
While the feto-placental unit in the mare has provided 
an interesting subject for investigation, its importance 
as the principal source of estrogens for clinical use has 
sustained its importance for many years. However, the 
search for an “ideal” form of estrogen replacement ther-
apy still remains a high priority in the advancement of 
women’s health and well-being.
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