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Abstract

Historically, studies on the endocrinology of pregnancy and parturition in horses have made major contributions of relevance to 
mammals in general. Recent use of liquid chromatography mass spectrometry, measuring multiple steroid hormones simultaneously 
in blood, foetal and placental tissues throughout normal gestation, and in mares with experimentally induced placentitis, has 
advanced our current understanding of many of the unusual strategies seen during gestation and at foaling. This includes the 
stimulation of luteal steroidogeneisis by equine chorionic gonadotropin (eCG) from the endometrial cups, resulting in additional 
androgen and oestrogen secretion. Progesterone declines as the endometrial cups and eCG disappears, replaced by 
5α-dihydroprogesterone (DHP), a potent equine progesterone receptor (PR) agonist, as the chorioallantoic placenta develops. 
Placental steroidogenesis thereafter is influenced by foetal pregnenolone and dehydroepiandrosterone secretion, providing substrate 
for 5α-pregnane and oestrogen synthesis, an unusual example of a ‘foeto-placental unit’. Foetal gonadal dehydroepiandrosterone 
fuels placental oestrone sulphate secretion, peaking at higher concentrations in mares than any other species known, declining 
steadily thereafter to term. Additional 5α-reduced (DHP) metabolites increase from mid-gestation to peak concentrations 3–5 days 
before foaling, declining prepartum, most likely as a result of selective loss of placental SRD5A1 (5α-reductase) expression and 
activity. Similar changes occur in mares with experimentally induced placentitis, which is also associated with a decreased ratio of 
equine PR-B:PR-A in myometrium, suggesting that progestin withdrawal is both systemic (pregnanes) and local (receptor-dependent) 
in mares. In addition, some steroids detected during equine pregnancy by immuno-assay are not detected by mass spectrometry, 
further illustrating the immense value of this technology.
Reproduction (2019) 158 R197–R208

Introduction

By some estimates, our knowledge and understanding 
of the endocrinology of mammalian pregnancy and 
parturition has been barely 100 years in process but, 
however calculated, studies in horses have figured 
centrally in the progress made from the very beginning. 
The endocrinology of pregnancy in the horse is complex 
and often regarded as exhibiting characteristics that 
are unique to the equids. Perhaps, it is more correct to 
consider that horses utilize many strategies employed 
by other species, but few of them utilize as many as 
are found in horses (Conley 2016). Recent studies 
have generated a far more detailed picture of the 
endocrinology of pregnancy in horses, perhaps more 
than any other species and these events are reflected 
in dynamic changes in steroid profiles that can be 
traced in systemic blood (Holtan et  al. 1991, Legacki 
et  al. 2016b). The endocrinology of pregnancy and 
parturition in the mare was recently reviewed (Conley 

2016). However, additional data in the past few years 
have added to existing literature particularly with 
respect to the contributions of the foetal adrenal glands, 
foetal gonads and placenta to steroid secretion in mid-
to-late gestation and parturition. The opportunity will be 
taken to integrate these most recent publications into 
a more contemporary understanding of the unusual 
endocrinology of pregnancy and parturition in horses. 
In addition, progress has been made in the endocrine 
changes that precede the disruption of pregnancy in 
studies using experimental induction of ascending 
placentitis in mares and these findings will also be 
included in the current review.

Historical background

In the second edition of the classic text ‘The Physiology 
of Reproduction’ by Marshall, published in 1922 
(Marshall 1922) he writes, ‘What constitutes the original 
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stimulus for the changes that occur in pregnancy 
remains still outside our ken … At least the influence 
of the cerebrum is not all-important …. We are thus 
forced to conclude that the phenomena of pregnancy 
and parturition are brought about by chemical stimuli 
acting through the blood-stream’. Endocrinology was 
in its adolescence, much would change in the ensuing 
decade and a half (Parkes 1966), and studies in the horse 
played a prominent role at a time when hormones were 
identified by their bioactivity (Frank et al. 1925, Smith 
& Engle 1927, Corner & Allen 1929). It was logical then 
that the discovery of a gonadotrophic activity in the 
urine of pregnant women (Aschheim & Zondek 1927) 
would lead to similar studies in other species. Indeed, 
Cole and Hart reported finding gonadotrophic activity in 
serum from pregnant mares that first appeared between 
days 37 and 42 of gestation and remained detectable 
until about day 100, stimulating an increase in ovarian 
weight when injected into immature rats and mice (Cole 
& Hart 1930a). Later in pregnancy, sera were found to 
stimulate uterine and vaginal responses but to inhibit 
ovarian growth (Cole & Hart 1930b) and the urine of 
pregnant mares became a major source for hormone 
purification and characterization. In itself, this suggests 
similarities in the endocrinology of equine and human 
pregnancy, as discussed previously (Conley 2016).

Progesterone and 5α-dihydroprogesterone (DHP), 
bioactive progestins

Progesterone is the hormone required to establish 
pregnancy in mammals (Davies & Ryan 1972), but it is 
special among steroids for a variety of other reasons. It 
is generally recognized as being the only endogenous 
bioactive steroid in the class known as progestins. 
For instance, among other steroid classes, oestrogens 
(oestradiol, oestrone, oestriol), androgens (testosterone, 
dihydrotestosterone, 19nor-androstenedione) and 
corticoids (cortisol, corticosterone, 11-deoxycortisol), 
multiple endogenous steroids exist within each class, 
all having varying biopotencies at their various classical 
nuclear receptors, the oestrogen, androgen and 
glucocorticoid receptors, respectively. In contrast, the 
nuclear progesterone receptor (PR) is named not after 
the steroid class, but it is named after progesterone as 
the only recognized bioactive member of the progestins. 
Progesterone (pregn-4-ene,3,20-dione) is unusual in 
being one of the few bioactive steroids that lacks a 
hydroxyl group. While steroids in all other classes require 
a hydroxyl group to be bioactive, hydroxylation of 
progesterone essentially eliminates bioactivity (Kontula 
et  al. 1975). Lacking a hydroxyl group, progesterone 
cannot be sulphated (physiologically) nor can it be 
esterified (chemically) to both enhance solubility for 
injection and increase serum half-life as a therapeutic 
agent. The advent of methods to analyse progesterone 

chemically (Short 1956) rather than biologically led to 
studies investigating concentrations in tissues including 
blood (Short 1959). Though progesterone could be 
detected in equine placenta, it could not be detected 
in equine blood in mid-to-late gestation (Short 1959). 
Appearing to be unique among species studied in this 
regard, the possible existence in horses of an alternative 
progestin other than progesterone was proposed 
(Short 1960).

Hormone assays continued to be refined, and the 
introduction of protein-binding and immune-based 
methods in particular allowed estimates to be made 
with greater sensitivity in even smaller sample volumes 
(Behrman 1988). Both approaches however suffer 
from potential cross-reactivity with multiple analytes, 
depending entirely on the relative specificity of the binding 
protein or primary antisera used and the concentrations 
of cross-reactants in samples of relevance. This can be 
a significant problem, progesterone representing a case 
in point (Wynn et al. 2018c), requiring chromatography 
or other means to minimize the potential error 
introduced by cross-reacting metabolites or other 
related steroids. This proved to be a particular problem 
when trying to measure progesterone in pregnant mares. 
Careful analysis employing chromatography before 
immunoassay was therefore required to confirm the 
earlier observations (Short 1959) concerning the relative 
loss of progesterone in the serum of pregnant mares 
from mid-to-late gestation (Holtan et al. 1975b,c). The 
cross-reacting steroids were identified as 5α-reduced 
metabolites of progesterone (Holtan et  al. 1975a), 
including 5α-dihydroprogesterone (DHP; Atkins et  al. 
1976) A more complete analysis of multiple 5α-reduced 
pregnanes in mares sampled longitudinally throughout 
gestation was conducted using gas chromatography mass 
spectrometry in what remains a landmark paper (Holtan 
et al. 1991). Among the multiple 5α-reduced pregnanes, 
some present in exceedingly high concentrations, DHP 
has been presumed to be the most physiologically 
relevant based on results of competitive binding assays. 
Using equine endometrium (Jewgenow & Meyer 1998), 
uterus and mammary gland (Chavatte-Palmer et  al. 
2000) as presumptive sources of equine PR, DHP was 
shown to displace radio-labelled progesterone from 
extracts of these tissues at almost equal concentrations. 
But attempts to demonstrate actual bioactivity have not 
been successful. Neither progesterone nor DHP affected 
the contractile activity of equine myometrial strips 
in vitro (Ousey et  al. 2000a) for instance. Therefore, 
despite progress in identifying multiple metabolites of 
progesterone, the physiological relevance of DHP as 
a progestin of importance in horses remained a matter 
of speculation.

Resolution of the role of DHP as a physiologically 
relevant progestin, perhaps the only endogenous 
progestin with significant bioactivity other than 
progesterone itself, was confirmed in a series of in vivo 
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and in vitro experiments (Scholtz et al. 2014). DHP was 
shown to stimulate endometrial gland development 
and the expression of progesterone responsive genes in 
ovariectomized mares after 10 days of administration 
of a preparation that achieved less than 4 ng/mL in 
systemic blood. The real test of progestagenic activity 
is the maintenance of pregnancy (Glasser 1975). 
Pregnancy was maintained during DHP treatment for 
almost 2 weeks after luteolysis was induced at 14 days 
of gestation (Scholtz et al. 2014). The relative biopotency 
of progesterone compared to DHP was demonstrated 
in vitro using a steroid-responsive luciferase reporter 
plasmid co-transfected with an equine PR expression 
plasmid into HepG2 cells which were subsequently 
treated with increasing concentrations of the pregnanes. 
Parallel experiments were conducted with a human 
PR expression construct. Progesterone and DHP were 
equipotent agonists of the equine PR but progesterone 
was five-fold more potent than DHP in assays with 
the human PR. Moreover, increased responsiveness of 
the equine PR to DHP appeared to be associated with 
decreased biopotency of progesterone at the equine 
PR compared to the human PR (Scholtz et  al. 2014). 
The increased binding of DHP in the ligand-binding 
domain of the equine PR appears to be due to a G→A 
substitution at amino acid 722 which is also shared by 
the elephant PR (Wierer et al. 2012). Whether or not this 
single amino acid substitution is sufficient and predictive 
of the physiological relevance of DHP in other species 
in unknown at this time. Although the equine placenta 
exhibits high levels of 5α-reductase activity (Legacki 
et al. 2018) and the ability to synthesize DHP and other 
5α-reduced metabolites (Moss et al. 1979, Hamon et al. 
1991), DHP is present in cyclic mares and progesterone 
is rapidly 5α-reduced systemically (Conley et al. 2018b) 
and, contrary to conclusions drawn from previous 
observations (Schutzer & Holtan 1996), cannot be 
synthesized directly from pregnenolone (Raeside et al. 
2015, Corbin et al. 2016). In any case, DHP is not just 
a progestin of significance during pregnancy but also 
during the luteal phase in cyclic mares.

Stimulation of steroid secretion by 
chorionic gonadotropin

The ability to measure multiple steroids from all classes 
in a single method for simultaneous quantification by 
liquid chromatography tandem mass spectrometry (LC-
MS/MS) provides an unprecedented opportunity to 
illustrate the complexity of the endocrinology of equine 
gestation (Legacki et  al. 2016b). The rise in equine 
chorionic gonadotropin (eCG) that begins around 37 
days of gestation (Cole & Hart 1930a, Allen 1969, Nett 
et al. 1975, Squires et al. 1979, Hoffmann et al. 1996) 
with formation of the endometrial cups (Clegg et al. 1954, 
Murphy & Martinuk 1991, Antczak et al. 2013) stimulates 

an increase in progesterone and DHP in maternal 
blood, as well as increases in 17OH-progesterone, 
androstenedione (Fig. 1) and testosterone (Daels 
et  al. 1996, Legacki et  al. 2016b) from the primary 
corpus luteum. The parallel secretion of DHP and 
progesterone, which is seen prior to the establishment 
of the chorioallantois, probably represents 5α-reduction 
of progesterone in the peripheral circulation as occurs 
during the luteal phase of cyclic mares (Conley et  al. 
2018b). The increased secretion of these unconjugated 
steroids from the primary corpus luteum of pregnancy 
(Squires et  al. 1979, Albrecht & Daels 1997, Albrecht 
et al. 1997, 2001, Daels et al. 1998, Boeta & Zarco 2012), 
and subsequent secondary luteal structures, also provides 
substrates for an increase in oestrone sulphate secretion 
(Terqui & Palmer 1979, Daels et al. 1990, 1991, Hyland 
& Langstrom 1990). Even dehydroepiandrosterone 
sulphate concentrations increase transiently in maternal 
blood during this period (Legacki et al. 2019). The peak 
of eCG secretion around 60–70 days of gestation is 
highly variable among mares (Murphy & Martinuk 1991, 
Antczak et al. 2013) but is correlated with progesterone 
secretion (Squires et  al. 1979, Hoffmann et  al. 1996, 
Boeta & Zarco 2012). The subsequent decrease in 
eCG from its peak is accompanied by a decline in 
progesterone, 17OH-progesterone and androstenedione 
that continues progressively (Fig. 1) and progesterone 
becomes undetectable in some mares as early as 180 
days of gestation (Holtan et al. 1991, Scholtz et al. 2014, 
Legacki et al. 2016b). In contrast, DHP concentrations 
begin to steadily increase from around gestation day 
70 as the chorioallantoic placenta develops (Steven 
1982), becomes steroidogenically competent (Squires & 
Ginther 1975), and the ovaries become dispensable as a 
source of progestagenic support (Holtan et al. 1979). This 
represents the luteo-placental shift in progestin synthesis 
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Figure 1 Progesterone, 17OH-progesterone (17OHP) and 
androstenedione concentrations (ng/mL) in mares throughout 
gestation, shown in weeks. The abrupt increase in concentrations of 
all three steroids that is evident from 6 weeks of pregnancy is 
stimulated by equine chorionic gonadotropin (eCG) secreted by the 
endometrial cups forming in the endometrium in the preceding 
week. Their involution is evident from the decline in concentrations 
of progesterone, 17OH-progesterone and androstenedione from 
week 12 or 13. Adapted from Legacki et al. (2016b).
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and support of pregnancy (Legacki et  al. 2016b) such 
that DHP synthesis shifts from the ovary to the placenta 
(Legacki et al. 2017) for the rest of gestation. The point at 
which DHP concentrations exceed those of progesterone 
(days 105–110) is an indication that the shift is essentially 
complete, and this may be of clinical importance for 
mares on supplementary progestin therapy that would 
not be necessary thereafter (Conley 2016).

The foetoplacental unit

An unusual feature of equine foetal development is 
the remarkable growth of the foetal gonads (Cole et al. 
1933, Wesson & Ginther 1980), the initiation of which 
coincides with a secondary and dramatic increase in 
secreted oestrogen (Cole & Saunders 1935, Nett et al. 
1973, Cox 1975, Hoffmann et al. 1996, Legacki et al. 
2019), particularly oestrone sulphate (Fig. 2). At the peak 
of development, the foetal gonads can exceed the size 
of the maternal ovaries (see insert, Fig. 2). The equine 
placenta has demonstrated the ability for aromatization 
of androgens to oestrogens (Marshall et al. 1989, 1996) 
if provided androgen substrate which the foetal gonads 
can provide. The quantitative capacity for aromatization 
in the equine placenta has only recently been reported 
(Legacki et al. 2018), along with transcript abundance 
of the CYP19A1 gene examined at various stages of 
gestation in foetal and placental tissues (Legacki et al. 
2017). This was coupled with similar analyses of other 
enzyme activities and transcript abundance of the genes 
encoding them. These included studies into the activity 
of 3β-hydroxysteroid dehydrogenase/∆5-4 isomerase 
(HSD3B1 transcript) and 17α-hydroxylase/17,20-
lyase cytochrome P450 activity (CYP17A1 transcript) 
(Legacki et  al. 2017, 2018) in equine chorioallantois. 
Like the human placenta, the equine placenta has 
little capacity to synthesize androgen, lacking in both 
17α-hydroxylase/17,20-lyase activity (Legacki et al. 2018) 
and the requisite expression of CYP17A1 compared with 
foetal adrenal glands and gonads (Legacki et al. 2017). 
Hence, androgen substrates for oestrogen synthesis, in 
the form of DHEA, must be supplied by the foetus, most 
from the foetal gonads (MacArthur et al. 1967, Raeside 
1976, Raeside et al. 1979, 1982, Legacki et al. 2017), 
regardless of whether they are testes or ovaries (Legacki 
et al. 2017). Both have abundant interstitial tissue (Cole 
et al. 1933, Gonzalez-Angulo et al. 1971, Hay & Allen 
1975, Barreto et al. 2018) that accounts for their unusual 
growth in utero. Equine foetal gonads contained high 
concentrations of DHEA (Legacki et al. 2017), consistent 
with high levels of CYP11A1 and CYP17A1, and lower 
levels of expression of HSD3B1 (Legacki et  al. 2017), 
and 3βHSD enzyme expression (Hay & Allen 1975) and 
activity (Pashen et al. 1982), than either foetal adrenal 
or placental tissue (Chavatte et al. 1995, Legacki et al. 
2017). Foetal adrenal glands have equal amounts of 
pregnenolone, despite lower CYP11A1 and CYP17A1 

transcript abundance than the foetal gonads (Legacki 
et al. 2017). Coupled with the smaller size of the foetal 
adrenal glands (Comline & Silver 1971, Yamauchi 
1979), foetal gonads are the predominant source of 
DHEA found in foetal and maternal blood (Fig. 2) and 
the principal source of substrate for equine placental 
oestrogen synthesis. The most definitive evidence 
remains the immediate decline in maternal oestrogen 
concentrations following foetal gonadectomy (Raeside 
et  al. 1973, Pashen & Allen 1979b, Pashen et  al. 
1982) and foetal death (Kasman et al. 1988, Hyland & 
Langstrom 1990, Hoffmann et al. 1996). Thus, oestrogen 
synthesis during equine pregnancy is achieved by the 
foetal supply of androgen substrate which is converted 
to oestrogens in the placenta, a true foeto-placental unit 
(Mostl 1994, Raeside 2017) as the concept was first 
conceived (Diczfalusy 1969).
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Figure 2 Oestrone sulphate (A; μg/mL), DHEA and pregnenolone (B; 
ng/mL) concentrations in mares throughout gestation, shown in 
weeks. (A) Note that oestrone sulphate concentrations (μg/ml) are 
several orders of magnitude greater than those of DHEA and 
pregnenolone (ng/ml) and cannot be seen on the same scale. The 
inserted image is of a foetal reproductive tract at about 6 months of 
gestation, illustrating the enormous size of the foetal ovaries 
compared to the uterus at this stage of development. (B) Despite the 
enormous difference in concentrations, DHEA and pregnenolone 
secretion is highly correlated with oestrone sulphate because 
pregnenolone and DHEA are both secreted by the foetal gonads and 
serve as substrates for synthesis of oestrone by the chorioallantois 
which is subsequently sulphated largely in the endometrium. This 
represents the foeto–placental unit in pregnant mares. DHEA 
secretion declines as the foetal gonads regress in last few months of 
gestation. Adapted from Legacki et al. (2016b, 2019).
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The role of the equine foetus in placental 
steroidogenesis extends beyond oestrogen to pregnane 
synthesis because of the high concentrations of 
pregnenolone in foetal blood (Holtan et al. 1991, Ousey 
et al. 2003, Legacki et al. 2017) as well as uptake and 
utilization by the placenta (Holtan et al. 1991, Ousey 
et al. 2003). There is little information on the ability of 
the placenta for the synthesis of pregnenolone de novo, 
though foetal testis readily utilized acetate for steroid 
synthesis (MacArthur et  al. 1967). However, recent 
studies have demonstrated that placental tissue has 
very low concentrations of pregnenolone, <1% that of 
either foetal adrenal gland or testes. Foetal adrenal and 
gonadal tissues had similar pregnenolone concentrations 
that decreased from 4 to 10 months of gestational age 
(Legacki et al. 2017). The low concentrations of placental 
pregnenolone were consistent with extremely low 
CYP11A1 transcript abundance in placenta compared to 
foetal adrenal and gonadal tissues at all gestational ages 
studied. This was true even at 10 months of gestation 
when foetal adrenal and gonadal CYP11A1 transcripts 
were lower than at 4 or 6 months (Legacki et al. 2017). 
The debate over where pregnenolone originates in the 
foetus has been dominated by the results of the same 
experiments that so clearly define the contribution of 
the foetal gonads to DHEA and oestrogen secretion, 
foetal gonadectomy. In contrast to maternal oestrogen 
concentrations, there was no significant change in 
maternal progestagen concentrations in mares following 
removal of the foetal gonads (Pashen & Allen 1979b) 
between 197 and 253 days of gestation. Progestagen 
concentrations were measured using a competitive 
protein-binding assay which indicated concentrations 
were reportedly 4–6 ng/mL at the time of surgery. These 
reported concentrations are surprisingly low. At this 
stage in pregnancy, progesterone becomes undetectable 
and 5α-reduced pregnanes including 5α-pregnan-20α-
ol-3,20-dione (20αDHP) and 5α-pregnan-3β,20α-diol-
3,20-dione (3β,20αDHP) increasingly dominate the 
progestin profile as pregnancy progresses (Fig. 3) in 
levels exceeding 100 ng/mL many times (Legacki et al. 
2016b). Canine plasma was the source of binding protein 
used to assay progestagen concentrations (Pashen & 
Allen 1979b) but how it cross-reacts with DHP and 
other 5α-reduced metabolites is unknown. Therefore, 
what was measured is questionable and whether or not 
pregnane concentrations were affected following foetal 
gonadectomy remains unclear, especially in light of 
the size of, and pregnenolone concentration in, foetal 
gonads. It is equally possible that placental pregnane 
synthesis could increase after ablation of the principal 
source, as demonstrated in cows (Conley & Ford 1987) 
and suggested by others (Chavatte et al. 1997). Further 
studies are necessary to ascertain the tissue origin of 
pregnenolone in the equine foetus that seems to provide 
a substantial amount of substrate for placental pregnane 
secretion during equine gestation.

Steroidogenesis in late gestation and at parturition

Historically, data documenting progesterone and 
5α-reduced pregnane concentrations in the final 
days and hours of equine gestation have been mixed. 
Some reported progestagen concentrations remaining 
elevated until the time of parturition (Barnes et  al. 
1975, Ganjam et al. 1975, Holtan et al. 1975c, Lovell 
et  al. 1975), others noted decreases, but within hours 
of parturition (Seamans et  al. 1979, Pope et  al. 1987, 
Haluska & Currie 1988). Both the frequency of sampling 
and the use or not of chromatography are likely to 
have influenced the results of these studies. Studies 
employing mass spectrometry are consistent in detecting 
a peak in pregnane concentrations rise just days before 
foaling (Holtan et  al. 1991, Legacki et  al. 2016a). 
This pre-parturient peak includes pregnenolone, the 
transient reappearance of progesterone and additional 
metabolites of DHP, 20αDHP and 3β,20αDHP (Fig. 3), 
reaching concentrations that, in the case of 20αDHP, 
exhibit significant progestagenic activity in vitro 
(Legacki et  al. 2016a). In fact, once daily sampling 
was adequate to define the slow rise and subsequent 
decline 3–5 days prior to parturition (Fig. 3; Legacki 
et  al. 2016a), confirming earlier reports of declining 
DHP, if not progesterone itself (Seamans et  al. 1979). 
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The pre-parturient decline in 5α-reduced pregnanes is 
associated with a complete loss of 5α-reductase activity 
observed in the postpartum placentas compared with 
placentas at 300 days of gestation, despite no observable 
change in 3βHSD and aromatase activities (Legacki 
et al. 2018). This suggests that the loss of 5α-reductase 
is selective and not due to a loss of placental viability. 
Logically, the apparent loss of 5α-reductase activity in 
the placenta at foaling would be expected to decrease 
metabolism of progesterone overall. Indeed, inhibition 
of 5α-reductase activity in the late pregnant mare is 
associated with an increase in maternal and foetal 
progesterone concentrations (Wynn et al. 2018a). Yet, at 
term, progesterone reappears in maternal blood (Fig. 1) 
and declines in parallel with all 5α-reduced pregnanes. 
However, pregnenolone concentrations decline 
prepartum also (Legacki et  al. 2016a), suggesting that 
placental pregnane synthesis itself must decrease. How, 
is unknown.

The role of oestrogens and foetal adrenal activation in 
what triggers parturition in mares is less clear than it is 
for livestock species. The sustained activity of placental 
aromatase (Legacki et  al. 2018) is consistent with the 
maintenance of high oestrogen in late gestation (Barnes 
et  al. 1975, Cox 1975, Nett et  al. 1975, Esteller-Vico 
et  al. 2017) until after parturition (Haluska & Currie 
1988, O’Donnell et  al. 2003). There is no prepartum 
increase of maternal oestrogens in mares as is seen in 
sheep and cattle. Therefore, although evidence suggests 
that foetal levels of ACTH and cortisol increase just 
before parturition (Silver & Fowden 1994, Cudd et  al. 
1995), it appears that this is associated with a steroid 
hormone response that differs from that seen in other 
livestock (Conley & Reynolds 2014). Dexamethasone 
initiates a decline in progesterone in both sheep 
(Anderson et  al. 1975, Thorburn & Challis 1979) and 
cattle (Hoffmann et  al. 1979, Shenavai et  al. 2012, 
Conley et al. 2019) even though the response involves 
different tissues (a placental response in sheep, a luteal 
response in cows). In contrast, glucocorticoid and ACTH 
administration to the equine foetus or the mare will also 
induce parturition but stimulates an increase in pregnane 
secretion in maternal blood (Rossdale et al. 1992, Ousey 
et al. 2000b, 2011). This seems unlikely to be of foetal 
adrenal origin (Han et  al. 1995, Chavatte et  al. 1997, 
Weng et al. 2007, Legacki et al. 2017). In summary then, 
there are several unusual features of equine parturition 
compared with other livestock species. This includes 
the loss of placental 5α-reductase activity, the placental 
response to glucocorticoids, as well as the lack of an 
increase in placental aromatase activity and oestrogen 
concentrations in the immediate peri-parturient period 
in mares. However, this might not necessarily preclude 
there being common underlying mechanisms ensuring 
physiological progestin withdrawal that have not been 
adequately explored in horses and other livestock where 

the focus has remained on systemic hormones rather 
than receptor expression in target tissues.

Lessons from pregnancy loss

Many issues remain to be resolved concerning the 
endocrinology and mechanisms of parturition in mares 
and other species, not least of which is how the influence 
of progestins ceases and includes both the myriad ways 
in which progesterone is metabolized among species and 
what it signifies. Although the late, systemic decline in 
concentrations of bioactive pregnanes preceding foaling 
is consistent with other signs of progestin withdrawal, 
including changes in milk electrolytes (Ousey et  al. 
1984, Rossdale et  al. 1991), it does not mean that it 
is the only, or perhaps even the major, mechanism of 
progestin withdrawal. It is noteworthy that parturition 
in mares is not delayed and may even be hastened by 
treatment with the potent synthetic progestin altrenogest 
(Neuhauser et al. 2008) at doses adequate to otherwise 
maintain pregnancies (Hinrichs et al. 1986, McKinnon 
et  al. 1988). This may be of particular relevance in 
circumstances where pregnancy is disrupted. As noted 
earlier, progestational support of pregnancy in mares 
is complex, and the progestins that appear responsible 
for maintenance of pregnancy during the second half 
of gestation are products of the foeto–placental unit. 
Monitoring peripheral concentrations of progestins in 
the late pregnant mare has been used for many years 
as a potential method to assess the well-being of the 
equine foetus (Rossdale et al. 1991, Ousey 2006, Morris 
et  al. 2007, Shikichi et  al. 2017). This effort has been 
confounded by the use of progesterone immunoassays 
with varying cross-reactivity across the spectrum of 
pregnanes, some in very high concentrations, present in 
the pregnant mare (Wynn et al. 2018b). The use of mass 
spectrometry has helped resolve changes in specific 
pregnanes associated with foetal well-being (Holtan 
et al. 1991, Houghton et al. 1991, Ousey et al. 2005, 
Wynn et al. 2018b). Placental pathology associated with 
diseases such as chronic ascending placentitis is often 
accompanied by a marked increase in pregnanes in 
maternal circulation with peak concentrations of some 
pregnanes (20αDHP and 3β,20αDHP) three- to four-fold 
higher than those of gestationally age-matched control 
mares (Wynn et  al. 2018b). These changes associated 
with placental pathology are more readily identified in 
mares prior to approximately 300 days of gestation when 
a prominent increase in maternal pregnanes is normally 
seen in the weeks preceding foetal delivery (Holtan 
et  al. 1991, Legacki et  al. 2016a,b). The underlying 
mechanism responsible for the elevation in pregnanes 
associated with placental pathology is uncertain. Some 
authors have suggested that this upturn is associated with 
increased foetal synthesis of pregnenolone as a substrate 
for increased pregnane synthesis by the placenta 
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(Rossdale et al. 1992, Ousey et al. 2005, Fowden et al. 
2008), possibly as a consequence of activation of the 
foetal hypothalamic–pituitary–adrenal axis. Because 
both the foetal adrenal and foetal gonad appear able 
to synthesize pregnenolone (Legacki et  al. 2017), the 
relative importance of each tissue under conditions 
of foetal stress remains unknown. The increases in 
maternal pregnane concentrations associated with 
chronic placental disease (Wynn et  al. 2018b) are 
generally comparable to those noted during the last 30 
days or so of normal equine gestation and, moreover, are 
accompanied by a decline in pregnane concentrations 
in the last 2–3 days prior to pregnancy loss, similar to 
normal-term mares (Legacki et al. 2016a). This suggests 
that changes in pregnanes associated with chronic 
placental disease and normal term pregnancies may 
share a common mechanism regulating these changes.

Myometrial quiescence is critical to the maintenance 
of pregnancy, and results of numerous studies 
increasingly link physiological signs of myometrial 
activation with a shift in expression of anti-inflammatory 
to pro-inflammatory signalling pathways in both preterm 
and normal term labour (Romero et  al. 2014, Renthal 
et  al. 2015). These events are related to changes in 
systemic progesterone, but may relate to progesterone 
responsiveness by changes in PR activation instead 
(Mesiano et al. 2011). Although changes in peripheral 
concentrations of pregnanes in mares with abnormal 
pregnancies have received considerable study, 
little information is available concerning ligand–
receptor (progestin–PR) interactions at the level of the 
myometrium. Recently, we have shown that myometrial 
concentrations of DHP, allopregnanolone (3αDHP) and 
20αDHP are reduced in mares with acute, experimentally 
induced placentitis compared to gestationally age-
matched control tissues (El-Sheikh Ali et al. 2019). This 
local reduction in DHP and its downstream metabolites 
is accompanied by a significant decline in expression 
of SRD5A1 and AKR1C23, which encode enzymes 
responsible for synthesis of these pregnanes (El-Sheikh 
Ali et  al. 2019). Further, expression of the nuclear PR 
is downregulated, and there is a decrease in the ratio 
of PR-B/PR-A protein isoforms of the receptor, which 
in pregnant myometrium from women is associated 
with a functional progesterone withdrawal (Merlino 
et  al. 2007). Together, these findings suggest that 
placental inflammation results in a local reduction 
of both ligand (DHP) and active forms of the PR in 
association with activation of myometrial contractility. 
The decline in progestin-PR receptor signalling is in turn 
associated with a localized inflammation (Lyle 2014) 
with activation of the NF-κB pathway, upregulation of 
the pro-inflammatory cytokine, IL-1β and infiltration 
of the myometrium with neutrophils and macrophage 
(El-Sheikh Ali et  al. 2019). This inflammation, in turn, 
is associated with increased expression of myometrial 
contractile-associated genes. Although there are no 

reports characterizing normal prepartum changes in the 
equine myometrium at foaling, it appears likely that a 
similar pro-inflammatory signalling pathway is important 
in normal equine parturition as has been shown in 
women (Romero et al. 2014, Renthal et al. 2015).

The role of oestrogens

Oestrogens are also products of the foeto-placental unit 
in equine pregnancy and thus maternal concentrations 
of various oestrogens and their sulfoconjugates have 
been measured as a means of assessing foetal well-being 
or foetal loss (Kasman et al. 1988, Hyland & Langstrom 
1990, Canisso et al. 2017, Shikichi et al. 2017). Changes 
in concentrations of oestrone sulphate in maternal 
circulation may be less predictive of foetal loss later 
in gestation (Canisso et  al. 2017) possibly because of 
their high circulating concentration at this stage (Legacki 
et al. 2019) and because of their relatively longer half-
life. However, in general, a decline in 17β-oestradiol 
in maternal circulation has been associated with mares 
at risk of abortion in clinical studies (Shikichi et  al. 
2017) as well as in mares with experimentally induced 
placentitis (Canisso et  al. 2017) during mid-to-late 
pregnancy. This is consistent with recent observations 
in mares with experimentally induced placentitis in 
which concentrations of oestrone and expression of 
CYP19A1 in the chorioallantois are both reduced, 
suggesting that placental synthesis of oestrogens may 
be negatively impacted by infection or the associated 
inflammation (El-Sheikh Ali & Ball unpublished data). 
However, a decrease in both maternal 17β-oestradiol 
concentrations and placental CYP19A1 expression in 
mares with placentitis are notable differences in events 
around normal parturition, where there is no change in 
either maternal oestrogen concentrations (O’Donnell 
et al. 2003) or placental CYP19A1 expression (Legacki 
et al. 2018).

As noted earlier, pregnancy in mares is characterized by 
a remarkably high circulating concentration of oestrogens, 
and a recent study indicates that concentrations of 
the predominant sulfoconjugate, oestrone sulphate, 
as measured by LC-MS/MS peak around 50 μg/mL at 
about 7 months of gestation (Legacki et  al. 2019). The 
biological role for the high circulating concentration 
of oestrogens in the pregnant mare remains somewhat 
uncertain, principally because inhibition of oestrogen 
synthesis during gestation was not accompanied by 
either a demonstrable decrease in uterine blood flow, 
placental weight or neonatal viability at term (Esteller-
Vico et al. 2017). Similarly, removal of the foetal gonads 
resulted in a precipitous decline in circulating oestrogen 
concentrations in pregnant mares, and the authors 
concluded that placental oestrogens were not required 
for maintenance of pregnancy, lactogenesis or initiation 
of parturition in the mare (Pashen & Allen 1979b,a). 
However, foetal growth, development and viability, along 
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with labour at term, were abnormal in the gonadectomized 
foetuses. Suppression of aromatase activity in mares with 
the inhibitor, letrozole, from 8 months of gestation until 
term also suppressed maternal oestrogen concentrations 
by approximately 90% compared to control mares 
(Esteller-Vico et  al. 2017). There were no effects on 
gestation length, and parturition proceeded normally in 
letrozole-treated mares. Foals from treated mares were, 
however, approximately 15% lighter in weight at term 
compared to controls. Uterine blood flow was assessed as 
part of this study, and there were no differences between 
letrozole-treated and control mares in either resistance 
or pulsatility indices in uterine arteries as measured by 
Doppler ultrasonography (Esteller-Vico et  al. 2017). 
Studies in other species suggest that oestrogens stimulate 
placental angiogenesis during early gestation (Reynolds 
& Redmer 2001, Albrecht et al. 2004). Indeed, treatment 
of mares during early gestation (gestation days 30–120) 
with letrozole decreased the expression of a number of 
angiogenic factors in the endometrium (Haneda & Ball 
unpublished data), consistent with effects of oestrogen 
on early placental angiogenesis in mares. Therefore, 
inadequate oestrogen synthesis during early placental 
development may be more consequential in terms of 
detrimental effects on subsequent blood flow and foetal 
well-being than if experienced later in gestation when 
angiogenesis is no longer as active.

The potential and limits of mass spectrometry

The results of recent studies have added significantly 
to those of past investigations on the endocrinology of 
equine pregnancy and parturition. This is certainly true 
with respect to the impact of mass spectrometry on the 
ability to measure simultaneously, multiple steroids with 
accuracy and superior specificity (Wudy et  al. 2018). 
Methods to separate steroids before they are quantified 
is an essential benefit of approaches that use mass 
spectrometry but chromatography has limits that are 
only realized when consideration is given to the almost 
limitless array of steroids that can possibly exist. The 
potential that steroids co-elute or do not separate enough 
always exists, as does the possibility of quantification using 
common transition ions that result from ionization during 
mass spectrometry. Without establishing complete mass 
spectra of all possible steroids, no steroid can be ruled out 
with absolute certainty, though it is convincing enough 
when standards exist and those analytes are not found. So 
it is that despite finding an increase in DHEAS coincident 
with the stimulation of ovarian steroid secretion by eCG, 
none was found in mid-gestation when DHEA increases 
(Legacki et al. 2016b), even though immunoassay results 
suggest otherwise (Canisso et  al. 2017, Esteller-Vico 
et al. 2017). Similarly, there is a concomitant increase in 
testosterone secretion during the same period of ovarian 
stimulation by eCG but again none detected coincident 
with the mid-gestational increase in DHEA (Legacki 

et al. 2016b), contrary to earlier reports (Silberzahn et al. 
1984). The recent development of methods to detect 
sulphated steroids during equine pregnancy (Legacki 
et  al. 2019) yielded an additional surprise. Previous 
reports of oestrone sulphate concentrations in equine 
pregnancy measured by immunoassay, with or without 
acid or enzymatic de-conjugation, organic extraction, 
chromatography or sample preparation otherwise, never 
peaked at over 1–2 μg/mL in systemic blood at any point 
during gestation (Cox 1975, Terqui & Palmer 1979, 
Kindahl et  al. 1982, Hyland et  al. 1984, Pashen 1984, 
Kasman et al. 1988, Daels et al. 1991, Stabenfeldt et al. 
1991, Hoffmann et  al. 1996, Henderson et  al. 1998, 
Allen et al. 2002, Esteller-Vico et al. 2017). In contrast, 
and as noted above, results of analysis using LC-MS/MS 
detected peaks of 50–60 μg/mL (Legacki et  al. 2019). 
These are concentrations of sulpho-conjugated steroids 
that are matched only by those of DHEAS at the peak of 
adrenal secretion in neonatal rhesus macaques (Conley 
et al. 2011). It seems unlikely to be explained by an over-
estimate due to B-ring unsaturated oestrogens, even if 
B-ring unsaturated androgens might help to explain the 
peaks of immunodetectable DHEAS in mares treated with 
aromatase inhibitor (Esteller-Vico et al. 2017) as has been 
suggested (Legacki et al. 2019). In any case, it remains 
unclear if LC-MS/MS grossly overestimates oestrone 
sulphate concentrations at their peak in pregnant 
mares or other methods grossly underestimate them, 
but at least the patterns are consistent across studies in 
various laboratories.

Conclusion

This review of the literature, and the choice of citations 
included above, is not exhaustive and many seminal 
contributions have been omitted that are cited in other 
reviews (Pashen 1984, Thorburn 1993, Silver 1994, 
Ousey 2004, Fowden et  al. 2008, Conley 2016). The 
authors have focused here on steroid hormones and the 
processes that influence their secretion during equine 
pregnancy. This has necessarily precluded a discussion 
of protein hormones including inhibins (Nambo et  al. 
1996), as well as inhibins-A and -B (Conley et al. 2018a) 
and anti-Müllerian hormone (Almeida et al. 2011). These 
are all of practical importance in aiding the diagnosis 
of disease processes occurring during pregnancy in 
mares (Conley & Ball 2018). As reviewed previously, 
equine pregnancy utilizes a number of unusual strategies 
adopted by other species (Conley 2016) and may provide 
lessons, or broadly relevant insight, that few other species 
can. The authors hope that this review might continue to 
promote studies in equine reproduction.

Declaration of interest

The authors declare that there is no conflict of interest that could 
be perceived as prejudicing the impartiality of this review.

Downloaded from Bioscientifica.com at 04/15/2020 07:33:46PM
via University of California - Davis

https://rep.bioscientifica.com


Endocrinology of equine pregnancy and parturition R205

https://rep.bioscientifica.com� Reproduction (2019) 158 R197–R208

Funding

The generous support of the John P Hughes and Albert G Clay 
Endowments provided funding for many of the studies by the 
authors that are summarized in this review.

Acknowledgements

The authors are also extremely grateful to the students, post-
doctoral associates, technicians, colleagues and others who 
helped with, or conducted, experiments in the authors’ 
laboratories, generating much of the very valuable data 
reported in publications cited in this review.

References
Albrecht BA & Daels PF 1997 Immunolocalization of 3 beta-hydroxysteroid 

dehydrogenase, cytochrome P450 17 alpha-hydroxylase/17,20-lyase and 
cytochrome P450 aromatase in the equine corpus luteum of dioestrus 
and early pregnancy. Journal of Reproduction and Fertility 111 127–133.

Albrecht  BA, Macleod  JN & Daels  PF 1997 Differential transcription of 
steroidogenic enzymes in the equine primary corpus luteum during 
diestrus and early pregnancy. Biology of Reproduction 56 821–829. 
(https://doi.org/10.1095/biolreprod56.4.821)

Albrecht  BA, Macleod  JN & Daels  PF 2001 Expression of 3beta-
hydroxysteroid dehydrogenase, cytochrome P450 17alpha-
hydroxylase/17,20-lyase and cytochrome P450 aromatase enzymes in 
corpora lutea of diestrous and early pregnant mares. Theriogenology 55 
551–561. (https://doi.org/10.1016/S0093-691X(01)00425-3)

Albrecht ED, Robb VA & Pepe GJ 2004 Regulation of placental vascular 
endothelial growth/permeability factor expression and angiogenesis 
by estrogen during early baboon pregnancy. Journal of Clinical 
Endocrinology and Metabolism 89 5803–5809. (https://doi.org/10.1210/
jc.2004-0479)

Allen WR 1969 The immunological measurement of pregnant mare serum 
gonadotrophin. Journal of Endocrinology 43 593–598. (https://doi.
org/10.1677/joe.0.0430593)

Allen WR, Wilsher S, Stewart F, Stewart F, Ousey J, Ousey J & Fowden A 
2002 The influence of maternal size on placental, fetal and postnatal 
growth in the horse. II. Endocrinology of pregnancy. Journal of 
Endocrinology 172 237–246. (https://doi.org/10.1677/joe.0.1720237)

Almeida J, Ball BA, Conley AJ, Place NJ, Liu IK, Scholtz EL, Mathewson L, 
Stanley  SD & Moeller  BC 2011 Biological and clinical significance 
of anti-Mullerian hormone determination in blood serum of the 
mare. Theriogenology 76 1393–1403. (https://doi.org/10.1016/j.
theriogenology.2011.06.008)

Anderson  AB, Flint  AP & Turnbull  AC 1975 Mechanism of action of 
glucocorticoids in induction of ovine parturition: effect on placental 
steroid metabolism. Journal of Endocrinology 66 61–70. (https://doi.
org/10.1677/joe.0.0660061)

Antczak  DF, De Mestre  AM, Wilsher  S & Allen  WR 2013 The equine 
endometrial cup reaction: a fetomaternal signal of significance. Annual 
Review of Animal Biosciences 1 419–442. (https://doi.org/10.1146/
annurev-animal-031412-103703)

Aschheim  S & Zondek  B 1927 Hypophysenvorderlappenhormon und 
ovarialhormone in harn von schwangeren. Klinische Wochenschrift 6 
1322. (https://doi.org/10.1007/BF01728562)

Atkins  DT, Harms  PG, Sorensen  AM. & Fleeger  JL 1976 Isolation, 
identification and quantitation of serum 5alpha-pregnane-3,20-dione 
and its relationship to progesterone in the pregnant mare. Steroids 28 
867–880. (https://doi.org/10.1016/0039-128X(76)90036-2)

Barnes RJ, Nathanielsz PW, Rossdale PD, Comline RS & Silver M 1975 
Plasma progestagens and oestrogens in fetus and mother in late 
pregnancy. Journal of Reproduction and Fertility: Supplement 23 617–
623.

Barreto  RSN, Romagnolli  P, Mess  AM, Rigoglio  NN, Sasahara  THC, 
Simoes  LS, Fratini  P, Matias  GSS, Jacob  JCF, Gastal  EL et  al. 2018 
Reproductive system development in male and female horse embryos 

and fetuses: gonadal hyperplasia revisited. Theriogenology 108 118–
126. (https://doi.org/10.1016/j.theriogenology.2017.11.036)

Behrman HR 1988 The history of hormone assays. Progress in Clinical and 
Biological Research 285 1–14.

Boeta M & Zarco L 2012 Luteogenic and luteotropic effects of eCG during 
pregnancy in the mare. Animal Reproduction Science 130 57–62. 
(https://doi.org/10.1016/j.anireprosci.2012.01.001)

Canisso  IF, Ball  BA, Esteller-Vico  A, Williams  NM, Squires  EL & 
Troedsson  MH 2017 Changes in maternal androgens and oestrogens 
in mares with experimentally-induced ascending placentitis. Equine 
Veterinary Journal 49 244–249. (https://doi.org/10.1111/evj.12556)

Chavatte  PM, Rossdale  PD & Tait  AD 1995 Modulation of 3beta-
hydroxysteroid dehydrogenase (3beta-HSD) activity in the equine placenta 
by pregnenolone and progesterone metabolites. Equine Veterinary Journal 
27 342–347. (https://doi.org/10.1111/j.2042-3306.1995.tb04068.x)

Chavatte  P, Holtan D, Ousey  JC & Rossdale  PD 1997 Biosynthesis and 
possible biological roles of progestagens during equine pregnancy and 
in the newborn foal. Equine Veterinary Journal: Supplement 24 89–95. 
(https://doi.org/10.1111/j.2042-3306.1997.tb05084.x)

Chavatte-Palmer  P, Duchamp  G, Palmer  E, Ousey  JC, Rossdale  PD & 
Lombes M 2000 Progesterone, oestrogen and glucocorticoid receptors 
in the uterus and mammary glands of mares from mid- to late gestation. 
Journal of Reproduction and Fertility: Supplement 56 661–672.

Clegg  MT, Boda  JM & Cole  HH 1954 The endometrial cups and 
allantochorionic pouches in the mare with emphasis on the source 
of equine gonadotrophin. Endocrinology 54 448–463. (https://doi.
org/10.1210/endo-54-4-448)

Cole  HH & Hart  GH 1930a The potency of blood serum of mares in 
progressive stages of pregnancy in effecting the sexual maturity of the 
immature rat. American Journal of Physiology: Legacy Content 93 57–68. 
(https://doi.org/10.1152/ajplegacy.1930.93.1.57)

Cole HH & Hart GH 1930b Sex hormones in the blood serum of mares. 
II. The sera of mares from the 222nd day of pregnancy to the first heat 
period post-partum. American Journal of Physiology 94 597–603.

Cole  HH & Saunders  FJ 1935 The concentration of gonad-stimulating 
hormone in blood serum and of oestrin in the urine throughout pregnancy 
in the mare. Endocrinology 19 199–208. (https://doi.org/10.1210/endo-
19-2-199)

Cole HH, Hart GH, Lyons WR & Catchpole HR 1933 The development 
and hormonal content of fetal horse gonads. Anatomical Record 56 
275–293. (https://doi.org/10.1002/ar.1090560308)

Comline  RS & Silver  M 1971 Catecholamine secretion by the adrenal 
medulla of the foetal and new-born foal. Journal of Physiology 216 659–
682. (https://doi.org/10.1113/jphysiol.1971.sp009546)

Conley  AJ 2016 Review of the reproductive endocrinology of the 
pregnant and parturient mare. Theriogenology 86 355–365. (https://doi.
org/10.1016/j.theriogenology.2016.04.049)

Conley AJ & Ball BA 2018 Endocrine testing for reproductive conditions 
in horses. In Interpretation of Equine Laboratory Diagnostics. Eds N 
Pusterla & J Higgins. New Jersey: John Wiley & Sons.

Conley  AJ & Ford  SP 1987 Effect of prostaglandin F2 alpha-induced 
luteolysis on in vivo and in vitro progesterone production by individual 
placentomes of cows. Journal of Animal Science 65 500–507. (https://
doi.org/10.2527/jas1987.652500x)

Conley  AJ & Reynolds  LP 2014 Steroidogenesis and the initiation of 
parturition. In Reproduction in Domestic Ruminants. Eds JL Juengel, A 
Miyamoto, C Price, LP Reynolds, MF Smith & R Webb. London: Society 
for Reproduction and Fertility.

Conley  AJ, Plant  TM, Abbott  DH, Moeller  BC & Stanley  SD 2011 
Adrenal androgen concentrations increase during infancy in male 
rhesus macaques (Macaca mulatta). American Journal of Physiology: 
Endocrinology and Metabolism 301 E1229–E1235. (https://doi.
org/10.1152/ajpendo.00200.2011)

Conley AJ, Scholtz EL, Dujovne G, Cotterman RF, Legacki EL, Uliani RC, 
Alvarenga MA, Ball BA, Kalra B, Savjani GV et al. 2018a Inhibin-A and 
inhibin-B in cyclic and pregnant mares, and mares with granulosa-theca 
cell tumors: physiological and diagnostic implications. Theriogenology 
108 192–200. (https://doi.org/10.1016/j.theriogenology.2017.12.003)

Conley AJ, Scholtz EL, Legacki EL, Corbin CJ, Knych HK, Dujovne GD, 
Ball BA, Moeller BC & Stanley SD 2018b 5alpha-Dihydroprogesterone 
concentrations and synthesis in non-pregnant mares. Journal of 
Endocrinology 238 25–32. (https://doi.org/10.1530/JOE-18-0215)

Downloaded from Bioscientifica.com at 04/15/2020 07:33:46PM
via University of California - Davis

https://doi.org/10.1095/biolreprod56.4.821
https://doi.org/10.1016/S0093-691X(01)00425-3
https://doi.org/10.1210/jc.2004-0479
https://doi.org/10.1210/jc.2004-0479
https://doi.org/10.1677/joe.0.0430593
https://doi.org/10.1677/joe.0.0430593
https://doi.org/10.1677/joe.0.1720237
https://doi.org/10.1016/j.theriogenology.2011.06.008
https://doi.org/10.1016/j.theriogenology.2011.06.008
https://doi.org/10.1677/joe.0.0660061
https://doi.org/10.1677/joe.0.0660061
https://doi.org/10.1146/annurev-animal-031412-103703
https://doi.org/10.1146/annurev-animal-031412-103703
https://doi.org/10.1007/BF01728562
https://doi.org/10.1016/0039-128X(76)90036-2
https://doi.org/10.1016/j.theriogenology.2017.11.036
https://doi.org/10.1016/j.anireprosci.2012.01.001
https://doi.org/10.1111/evj.12556
https://doi.org/10.1111/j.2042-3306.1995.tb04068.x
https://doi.org/10.1111/j.2042-3306.1997.tb05084.x
https://doi.org/10.1210/endo-54-4-448
https://doi.org/10.1210/endo-54-4-448
https://doi.org/10.1152/ajplegacy.1930.93.1.57
https://doi.org/10.1210/endo-19-2-199
https://doi.org/10.1210/endo-19-2-199
https://doi.org/10.1002/ar.1090560308
https://doi.org/10.1113/jphysiol.1971.sp009546
https://doi.org/10.1016/j.theriogenology.2016.04.049
https://doi.org/10.1016/j.theriogenology.2016.04.049
https://doi.org/10.2527/jas1987.652500x
https://doi.org/10.2527/jas1987.652500x
https://doi.org/10.1152/ajpendo.00200.2011
https://doi.org/10.1152/ajpendo.00200.2011
https://doi.org/10.1016/j.theriogenology.2017.12.003
https://doi.org/10.1530/JOE-18-0215
https://rep.bioscientifica.com


A J Conley and B A BallR206

Reproduction (2019) 158 R197–R208� https://rep.bioscientifica.com

Conley A, Legacki  EL, Corbin CJ, Stanley SD, Dahlen C & Reynolds LP 
2019 Serum and tissue pregnanes and pregnenes after dexamethasone 
treatment of cows in late gestation. Reproduction 157 413–422. (https://
doi.org/10.1530/REP-18-0558)

Corbin CJ, Legacki EL, Ball BA, Scoggin KE, Stanley SD & Conley AJ 2016 
Equine epididymal 5α-reductase expression and activity. Journal of 
Endocrinology 231 23–33. (https://doi.org/10.1530/JOE-16-0175)

Corner  GW & Allen  WM 1929 Physiology of the corpus luteum II. 
American Journal of Physiology: Legacy Content 88 326–339. (https://
doi.org/10.1152/ajplegacy.1929.88.2.326)

Cox  JE 1975 Oestrone and equilin in the plasma of the pregnant mare. 
Journal of Reproduction and Fertility: Supplement 23 463–468.

Cudd TA, Leblanc M, Silver M, Norman W, Madison J, Keller-Wood M & 
Wood CE 1995 Ontogeny and ultradian rhythms of adrenocorticotropin 
and cortisol in the late-gestation fetal horse. Journal of Endocrinology 
144 271–283. (https://doi.org/10.1677/joe.0.1440271)

Daels PF, Shideler S, Lasley BL, Hughes JP & Stabenfeldt GH 1990 Source 
of oestrogen in early pregnancy in the mare. Journal of Reproduction and 
Fertility 90 55–61. (https://doi.org/10.1530/jrf.0.0900055)

Daels  PF, Ammon  DC, Stabenfeldt  GH, Liu  IK, Hughes  JP & Lasley  BL 
1991 Urinary and plasma estrogen conjugates, estradiol and estrone 
concentrations in nonpregnant and early pregnant mares. Theriogenology 
35 1001–1017. (https://doi.org/10.1016/0093-691X(91)90310-A)

Daels  PF, Chang  GC, Hansen  B & Mohammed  HO 1996 Testosterone 
secretion during early pregnancy in mares. Theriogenology 45 1211–
1219. (https://doi.org/10.1016/0093-691X(96)00076-3)

Daels  PF, Albrecht  BA & Mohammed  HO 1998 Equine chorionic 
gonadotropin regulates luteal steroidogenesis in pregnant mares. 
Biology of Reproduction 59 1062–1068. (https://doi.org/10.1095/
biolreprod59.5.1062)

Davies  IJ & Ryan  KJ 1972 Comparative endocrinology of gestation. 
Vitamins and Hormones 30 223–279. (https://doi.org/10.1016/S0083-
6729(08)60797-9)

Diczfalusy  E 1969 Steroid metabolism in the human foeto-placental 
unit. Acta Endocrinologica 61 649–664. (https://doi.org/10.1530/
acta.0.0610649)

El-Sheikh Ali  H, Legacki  EL, Loux  SC, Esteller-Vico  A, Scoggin  KE, 
Conley AJ, Stanley SD & Ball BA 2019 Equine placentitis is associated 
with a downregulation in the myometrial progestins signaling. Biology 
of Reproduction 101 162–176. (http​s://d​oi.or​g/10.​1093/​biolr​e/ioz​059)

Esteller-Vico  A, Ball  BA, Troedsson  MHT & Squires  EL 2017 Endocrine 
changes, fetal growth, and uterine artery hemodynamics after chronic 
estrogen suppression during the last trimester of equine pregnancy. 
Biology of Reproduction 96 414–423. (https://doi.org/10.1095/
biolreprod.116.140533)

Fowden AL, Forhead AJ & Ousey  JC 2008 The endocrinology of equine 
parturition. Experimental and Clinical Endocrinology and Diabetes 116 
393–403. (https://doi.org/10.1055/s-2008-1042409)

Frank RT, Frank M, Gustavson RG & Weyerts WW 1925 Demonstration of 
the female sex hormone in the circulating blood. JAMA 85 510. (https://
doi.org/10.1001/jama.1925.02670070030010)

Ganjam  VK, Kenney  RM & Flickinger  G 1975 Plasma progestagens in 
cyclic, pregnant and post-partum mares. Journal of Reproduction and 
Fertility: Supplement 23 441–447.

Glasser  SR 1975 A molecular bioassay for progesterone and related 
compounds. Methods in Enzymology 36 456–465.

Gonzalez-Angulo A, Hernandez-Jauregui P & Marquez-Monter H 1971 
Fine structure of gonads of the fetus of the horse (Equus caballus). 
American Journal of Veterinary Research 32 1665–1676.

Haluska  GJ & Currie  WB 1988 Variation in plasma concentrations of 
oestradiol-17 beta and their relationship to those of progesterone, 
13,14-dihydro-15-keto-prostaglandin F-2 alpha and oxytocin across 
pregnancy and at parturition in pony mares. Journal of Reproduction 
and Fertility 84 635–646.

Hamon M, Clarke SW, Houghton E, Fowden AL, Silver M, Rossdale PD, 
Ousey  JC & Heap  RB 1991 Production of 5α-dihydroprogesterone 
during late pregnancy in the mare. Journal of Reproduction and Fertility: 
Supplement 44 529–535.

Han  X, Fowden  AL, Silver  M, Holdstock  N, Mcgladdery  AJ, Ousey  JC, 
Allen  WR, Rossdale  PD & Challis  JR 1995 Immunohistochemical 
localisation of steroidogenic enzymes and pheny​letha​nolam​ine-N​
-meth​yl-tr​ansfe​rase (PNMT) in the adrenal gland of the fetal and 

newborn foal. Equine Veterinary Journal 27 140–146. (https://doi.
org/10.1111/j.2042-3306.1995.tb03051.x)

Hay MF & Allen WR 1975 An ultrastructural and histochemical study of the 
interstitial cells in the gonads of the fetal horse. Journal of Reproduction 
and Fertility 23 Supplement 557–561.

Henderson  K, Stevens  S, Bailey  C, Hall  G, Stewart  J & Wards  R 1998 
Comparison of the merits of measuring equine chorionic gonadotrophin 
(eCG) and blood and faecal concentrations of oestrone sulphate for 
determining the pregnancy status of miniature horses. Reproduction, 
Fertility and Development 10 441–444. (https://doi.org/10.1071/
RD98096)

Hinrichs K, Sertich PL & Kenney RM 1986 Use of altrenogest to prepare 
ovariectomized mares as embryo transfer recipients. Theriogenology 26 
455–460. (https://doi.org/10.1016/0093-691X(86)90037-3)

Hoffmann  B, Wagner  WC, Hixon  JE & Bahr  J 1979 Observations 
concerning the functional status of the corpus luteum and the placenta 
around parturition in the cow. Animal Reproduction Science 2 253–266. 
(https://doi.org/10.1016/0378-4320(79)90051-4)

Hoffmann B, Gentz F & Failing K 1996 Investigations into the course of 
progesterone, oestrogen and eCG concentrations during normal and 
impaired pregnancy in the mare. Reproduction in Domestic Animals 31 
717–723. (https://doi.org/10.1111/j.1439-0531.1996.tb01444.x)

Holtan D, Ginther OJ & Estergreen VL 1975a 5α-Pregnanes in pregnant 
mares. Journal of Animal Science 41 359.

Holtan  DW, Nett  TM & Estergreen  VL 1975b Plasma progestagens in 
pregnant mares. Journal of Reproduction and Fertility: Supplement 23 
419–424.

Holtan  DW, Nett  TM & Estergreen  VL 1975c Plasma progestins in 
pregnant, postpartum and cycling mares. Journal of Animal Science 40 
251–260. (https://doi.org/10.2527/jas1975.402251x)

Holtan DW, Squires EL, Lapin DR & Ginther OJ 1979 Effect of ovariectomy 
on pregnancy in mares. Journal of Reproduction and Fertility: Supplement 
27 457–463.

Holtan DW, Houghton E, Silver M, Fowden AL, Ousey J & Rossdale PD 
1991 Plasma progestagens in the mare, fetus and newborn foal. Journal 
of Reproduction and Fertility: Supplement 44 517–528.

Houghton E, Holtan D, Grainger L, Voller BE, Rossdale PD & Ousey JC 1991 
Plasma progestagen concentrations in the normal and dysmature newborn 
foal. Journal of Reproduction and Fertility: Supplement 44 609–617.

Hyland JH & Langsford DA 1990 Changes in urinary and plasma oestrone 
sulphate concentrations after induction of foetal death in mares at 45 
days of gestation. Australian Veterinary Journal 67 349–351. (https://doi.
org/10.1111/j.1751-0813.1990.tb07396.x)

Hyland  JH, Wright  PJ & Manning  SJ 1984 An investigation of the use 
of plasma oestrone sulphate concentrations for the diagnosis of 
pregnancy in mares. Australian Veterinary Journal 61 123. (https://doi.
org/10.1111/j.1751-0813.1984.tb07205.x)

Jewgenow K & Meyer HHD 1998 Comparative binding affinity study of 
progestins to the cytosol progestin receptor of endometrium in different 
mammals. General and Comparative Endocrinology 110 118–124. 
(https://doi.org/10.1006/gcen.1997.7054)

Kasman  LH, Hughes  JP, Stabenfeldt  GH, Starr  MD & Lasley  BL 1988 
Estrone sulfate concentrations as an indicator of fetal demise in horses. 
American Journal of Veterinary Research 49 184–187.

Kindahl  H, Knudsen  O, Madej  A & Edqvist  LE 1982 Progesterone, 
prostaglandin F2alpha, PMSG and oestrone sulphate during early 
pregnancy in the mare. Journal of Reproduction and Fertility: Supplement 
32 353–359.

Kontula  K, Janne  O, Vihko  R, de Jager  E, de Visser  J & Zeelen  F 1975 
Progesterone-binding proteins: in vitro binding and biological activity of 
different steroidal ligands. Acta Endocrinology 78 574–592.

Legacki EL, Corbin CJ, Ball BA, Wynn M, Loux S, Stanley SD & Conley AJ 
2016a Progestin withdrawal at parturition in the mare. Reproduction 
152 323–331. (https://doi.org/10.1530/REP-16-0227)

Legacki EL, Scholtz EL, Ball BA, Stanley SD, Berger T & Conley AJ 2016b 
The dynamic steroid landscape of equine pregnancy mapped by mass 
spectrometry. Reproduction 151 421–430. (https://doi.org/10.1530/REP-
15-0547)

Legacki  EL, Ball  BA, Corbin  CJ, Loux  SC, Scoggin  KE, Stanley  SD 
& Conley  AJ 2017 Equine fetal adrenal, gonadal and placental 
steroidogenesis. Reproduction 154 445–454. (https://doi.org/10.1530/
REP-17-0239)

Downloaded from Bioscientifica.com at 04/15/2020 07:33:46PM
via University of California - Davis

https://doi.org/10.1530/REP-18-0558
https://doi.org/10.1530/REP-18-0558
https://doi.org/10.1530/JOE-16-0175
https://doi.org/10.1152/ajplegacy.1929.88.2.326
https://doi.org/10.1152/ajplegacy.1929.88.2.326
https://doi.org/10.1677/joe.0.1440271
https://doi.org/10.1530/jrf.0.0900055
https://doi.org/10.1016/0093-691X(91)90310-A
https://doi.org/10.1016/0093-691X(96)00076-3
https://doi.org/10.1095/biolreprod59.5.1062
https://doi.org/10.1095/biolreprod59.5.1062
https://doi.org/10.1016/S0083-6729(08)60797-9
https://doi.org/10.1016/S0083-6729(08)60797-9
https://doi.org/10.1530/acta.0.0610649
https://doi.org/10.1530/acta.0.0610649
https://doi.org/10.1093/biolre/ioz059
https://doi.org/10.1095/biolreprod.116.140533
https://doi.org/10.1095/biolreprod.116.140533
https://doi.org/10.1055/s-2008-1042409
https://doi.org/10.1001/jama.1925.02670070030010
https://doi.org/10.1001/jama.1925.02670070030010
https://doi.org/10.1111/j.2042-3306.1995.tb03051.x
https://doi.org/10.1111/j.2042-3306.1995.tb03051.x
https://doi.org/10.1071/RD98096
https://doi.org/10.1071/RD98096
https://doi.org/10.1016/0093-691X(86)90037-3
https://doi.org/10.1016/0378-4320(79)90051-4
https://doi.org/10.1111/j.1439-0531.1996.tb01444.x
https://doi.org/10.2527/jas1975.402251x
https://doi.org/10.1111/j.1751-0813.1990.tb07396.x
https://doi.org/10.1111/j.1751-0813.1990.tb07396.x
https://doi.org/10.1111/j.1751-0813.1984.tb07205.x
https://doi.org/10.1111/j.1751-0813.1984.tb07205.x
https://doi.org/10.1006/gcen.1997.7054
https://doi.org/10.1530/REP-16-0227
https://doi.org/10.1530/REP-15-0547
https://doi.org/10.1530/REP-15-0547
https://doi.org/10.1530/REP-17-0239
https://doi.org/10.1530/REP-17-0239
https://rep.bioscientifica.com


Endocrinology of equine pregnancy and parturition R207

https://rep.bioscientifica.com� Reproduction (2019) 158 R197–R208

Legacki EL, Corbin CJ, Ball BA, Scoggin KE, Stanley SD & Conley AJ 2018 
Steroidogenic enzyme activities in the pre- and post-parturient equine 
placenta. Reproduction 155 51–59. (https://doi.org/10.1530/REP-17-
0472)

Legacki  EL, Scholtz  EL, Ball  BA, Esteller-Vico  A, Stanley  SD & 
Conley  AJ 2019 Concentrations of sulphated estrone, estradiol and 
dehydroepiandrosterone measured by mass spectrometry in pregnant 
mares. Equine Veterinary Journal 51 802–808. (https://doi.org/10.1111/
evj.13109)

Lovell JD, Stabenfeldt GH, Hughes JP & Evans JW 1975 Endocrine patterns 
of the mare at term. Journal of Reproduction and Fertility: Supplement 
23 449–456.

Lyle SK 2014 Immunology of infective preterm delivery in the mare. Equine 
Veterinary Journal 46 661–668. (https://doi.org/10.1111/evj.12243)

MacArthur E, Short RV & O’Donnell VJ 1967 Formation of steroids by the 
equine foetal testis. Journal of Endocrinology 38 331–336. (https://doi.
org/10.1677/joe.0.0380331)

Marshall FHA 1922 The Physiology of Reproduction. London: Longmans, 
Green, and Co.

Marshall  DE, Gower  DB, Houghton  E & Dumasia  MC 1989 Studies of 
testosterone metabolism in equine placental tissue. Biochemical Society 
Transactions 17 1018–1019. (https://doi.org/10.1042/bst0171018)

Marshall DE, Dumasia MC, Wooding P, Gower DB & Houghton E 1996 
Studies into aromatase activity associated with fetal allantochorionic 
and maternal endometrial tissues of equine placenta. Identification 
of metabolites by gas chromatography mass spectrometry. Journal of 
Steroid Biochemistry and Molecular Biology 59 281–296. (https://doi.
org/10.1016/S0960-0760(96)00115-X)

McKinnon  AO, Squires  EL, Carnevale  EM & Hermenet  MJ 1988 
Ovariectomized steroid-treated mares as embryo transfer recipients and 
as a model to study the role of progestins in pregnancy maintenance. 
Theriogenology 29 1055–1063. (https://doi.org/10.1016/S0093-
691X(88)80029-3)

Merlino AA, Welsh TN, Tan H, Yi LJ, Cannon V, Mercer BM & Mesiano S 2007 
Nuclear progesterone receptors in the human pregnancy myometrium: 
evidence that parturition involves functional progesterone withdrawal 
mediated by increased expression of progesterone receptor-A. Journal 
of Clinical Endocrinology and Metabolism 92 1927–1933. (https://doi.
org/10.1210/jc.2007-0077)

Mesiano  S, Wang  Y & Norwitz  ER 2011 Progesterone receptors in the 
human pregnancy uterus? Reproductive Sciences 18 6–19. (https://doi.
org/10.1177/1933719110382922)

Morris S, Kelleman AA, Stawicki RJ, Hansen PJ, Sheerin PC, Sheerin BR, 
Paccamonti DL & Leblanc MM 2007 Transrectal ultrasonography and 
plasma progestin profiles identifies feto-placental compromise in mares 
with experimentally induced placentitis. Theriogenology 67 681–691. 
(https://doi.org/10.1016/j.theriogenology.2006.05.021)

Moss GE, Estergreen VL, Becker SR & Grant BD 1979 The source of the 
5-alpha-pregnanes that occur during gestation in mares. Journal of 
Reproduction and Fertility: Supplement 27 511–519.

Mostl  E 1994 The horse feto-placental unit. Experimental and Clinical 
Endocrinology 102 166–168. (https://doi.org/10.1055/s-0029-1211277)

Murphy  BD & Martinuk  SD 1991 Equine chorionic gonadotropin. 
Endocrine Reviews 12 27–44. (https://doi.org/10.1210/edrv-12-1-27)

Nambo  Y, Nagata  S, Oikawa  M, Yoshihara  T, Tsunoda  N, Kohsaka  T, 
Taniyama  H, Watanabe  G & Taya  K 1996 High concentrations of 
immunoreactive inhibin in the plasma of mares and fetal gonads during 
the second half of pregnancy. Reproduction, Fertility, and Development 
8 1137–1145. (https://doi.org/10.1071/RD9961137)

Nett TM, Holtan DW & Estergreen VL 1973 Plasma estrogens in pregnant 
and postpartum mares. Journal of Animal Science 37 962–970. (https://
doi.org/10.2527/jas1973.374962x)

Nett TM, Holtan DW & Estergreen VL 1975 Oestrogens, LH, PMSG, and 
prolactin in serum of pregnant mares. Journal of Reproduction and 
Fertility 23 Supplement 457–462.

Neuhauser S, Palm F, Ambuehl F & Aurich C 2008 Effects of altrenogest 
treatment of mares in late pregnancy on parturition and on neonatal 
viability of their foals. Experimental and Clinical Endocrinology and 
Diabetes  116 423–428. (https://doi.org/10.1055/s-2008-1065367)

O’Donnell  LJ, Sheerin  BR, Hendry  JM, Thatcher  MJ, Thatcher  WW & 
Leblanc MM 2003 24-hour secretion patterns of plasma oestradiol 17beta 

in pony mares in late gestation. Reproduction in Domestic Animals 38 
233–235. (https://doi.org/10.1046/j.1439-0531.2003.00412.x)

Ousey  JC 2004 Peripartal endocrinology in the mare and foetus. 
Reproduction in Domestic Animals 39 222–231. (https://doi.
org/10.1111/j.1439-0531.2004.00507.x)

Ousey  JC 2006 Hormone profiles and treatments in the late pregnant 
mare. Veterinary Clinics of North America: Equine Practice 22 727–747. 
(https://doi.org/10.1016/j.cveq.2006.08.004)

Ousey  JC, Dudan F & Rossdale PD 1984 Preliminary studies of mammary 
secretions in the mare to assess foetal readiness for birth. Equine Veterinary 
Journal 16 259–263. (https://doi.org/10.1111/j.2042-3306.1984.tb01923.x)

Ousey  JC, Freestone  N, Fowden  AL, Mason  WT & Rossdale  PD 2000a 
The effects of oxytocin and progestagens on myometrial contractility in 
vitro during equine pregnancy. Journal of Reproduction and Fertility: 
Supplement 56 681–691.

Ousey JC, Rossdale PD, Palmer L, Grainger L & Houghton E 2000b Effects 
of maternally administered depot ACTH(1–24) on fetal maturation and 
the timing of parturition in the mare. Equine Veterinary Journal 32 489–
496.

Ousey JC, Forhead AJ, Rossdale PD, Grainger L, Houghton E & Fowden AL 
2003 Ontogeny of uteroplacental progestagen production in pregnant 
mares during the second half of gestation. Biology of Reproduction 69 
540–548. (https://doi.org/10.1095/biolreprod.102.013292)

Ousey  JC, Houghton  E, Grainger  L, Rossdale  PD & Fowden  AL 2005 
Progestagen profiles during the last trimester of gestation in Thoroughbred 
mares with normal or compromised pregnancies. Theriogenology 63 
1844–1856. (https://doi.org/10.1016/j.theriogenology.2004.08.010)

Ousey JC, Kolling M, Kindahl H & Allen WR 2011 Maternal dexamethasone 
treatment in late gestation induces precocious fetal maturation and 
delivery in healthy thoroughbred mares. Equine Veterinary Journal 43 
424–429. (https://doi.org/10.1111/j.2042-3306.2010.00306.x)

Parkes  AS 1966 The rise of reproductive endocrinology, 1926–1940. 
Journal of Endocrinology 34 xx–xxxii.

Pashen RL 1984 Maternal and foetal endocrinology during late pregnancy 
and parturition in the mare. Equine Veterinary Journal 16 233–238. 
(https://doi.org/10.1111/j.2042-3306.1984.tb01918.x)

Pashen RL & Allen WR 1979a Endocrine changes after foetal gonadectomy 
and during normal and induced parturition in the mare. Animal 
Reproduction Science 2 271–288. (https://doi.org/10.1016/0378-
4320(79)90053-8)

Pashen RL & Allen WR 1979b The role of the fetal gonads and placenta 
in steroid production, maintenance of pregnancy and parturition in the 
mare. Journal of Reproduction and Fertility: Supplement 27 499–509.

Pashen RL, Sheldrick EL, Allen WR & Flint AP 1982 Dehydroepiandrosterone 
synthesis by the fetal foal and its importance as an oestrogen precursor. 
Journal of Reproduction and Fertility: Supplement 32 389–397.

Pope NS, Sargent GF, Wiseman BS & Kesler DJ 1987 Transitory changes 
of hormones in the plasma of parturient pony mares. Journal of 
Reproduction and Fertility: Supplement 35 629–634.

Raeside  JI 1976 Dehydroepiandrosterone in the fetal gonads of the 
horse. Journal of Reproduction and Fertility 46 423–425. (https://doi.
org/10.1530/jrf.0.0460423)

Raeside JI 2017 A brief account of the discovery of the fetal/placental unit 
for estrogen production in equine and human pregnancies: relation to 
human medicine. Yale Journal of Biology and Medicine 90 449–461.

Raeside  JI, Liptrap RM & Milne FJ 1973 Relationship of fetal gonads to 
urinary estrogen excretion by the pregnant mare. American Journal of 
Veterinary Research 34 843–845.

Raeside JI, Liptrap RM, Mcdonell WN & Milne FJ 1979 A precursor role for 
DHA in a feto-placental unit for oestrogen formation in the mare. Journal 
of Reproduction and Fertility: Supplement 27 493–497.

Raeside  JI, Gofton  N, Liptrap  RM & Milne  FJ 1982 Isolation and 
identification of steroids from gonadal vein blood of the fetal horse. 
Journal of Reproduction and Fertility: Supplement 32 383–387.

Raeside  JI, Christie  HL & Betteridge  KJ 2015 5α-Reduced steroids are 
major metabolites in the early equine embryo proper and its membranes. 
Biology of Reproduction 93 77.

Renthal  NE, Williams  KC, Montalbano  AP, Chen  CC, Gao  L & 
Mendelson CR 2015 Molecular regulation of parturition: a myometrial 
perspective. Cold Spring Harbor Perspectives in Medicine 5. (https://doi.
org/10.1101/cshperspect.a023069)

Downloaded from Bioscientifica.com at 04/15/2020 07:33:46PM
via University of California - Davis

https://doi.org/10.1530/REP-17-0472
https://doi.org/10.1530/REP-17-0472
https://doi.org/10.1111/evj.13109
https://doi.org/10.1111/evj.13109
https://doi.org/10.1111/evj.12243
https://doi.org/10.1677/joe.0.0380331
https://doi.org/10.1677/joe.0.0380331
https://doi.org/10.1042/bst0171018
https://doi.org/10.1016/S0960-0760(96)00115-X
https://doi.org/10.1016/S0960-0760(96)00115-X
https://doi.org/10.1016/S0093-691X(88)80029-3
https://doi.org/10.1016/S0093-691X(88)80029-3
https://doi.org/10.1210/jc.2007-0077
https://doi.org/10.1210/jc.2007-0077
https://doi.org/10.1177/1933719110382922
https://doi.org/10.1177/1933719110382922
https://doi.org/10.1016/j.theriogenology.2006.05.021
https://doi.org/10.1055/s-0029-1211277
https://doi.org/10.1210/edrv-12-1-27
https://doi.org/10.1071/RD9961137
https://doi.org/10.2527/jas1973.374962x
https://doi.org/10.2527/jas1973.374962x
https://doi.org/10.1055/s-2008-1065367
https://doi.org/10.1046/j.1439-0531.2003.00412.x
https://doi.org/10.1111/j.1439-0531.2004.00507.x
https://doi.org/10.1111/j.1439-0531.2004.00507.x
https://doi.org/10.1016/j.cveq.2006.08.004
https://doi.org/10.1111/j.2042-3306.1984.tb01923.x
https://doi.org/10.1095/biolreprod.102.013292
https://doi.org/10.1016/j.theriogenology.2004.08.010
https://doi.org/10.1111/j.2042-3306.2010.00306.x
https://doi.org/10.1111/j.2042-3306.1984.tb01918.x
https://doi.org/10.1016/0378-4320(79)90053-8
https://doi.org/10.1016/0378-4320(79)90053-8
https://doi.org/10.1530/jrf.0.0460423
https://doi.org/10.1530/jrf.0.0460423
https://doi.org/10.1101/cshperspect.a023069
https://doi.org/10.1101/cshperspect.a023069
https://rep.bioscientifica.com


A J Conley and B A BallR208

Reproduction (2019) 158 R197–R208� https://rep.bioscientifica.com

Reynolds  LP & Redmer  DA 2001 Angiogenesis in the placenta. 
Biology of Reproduction 64 1033–1040. (https://doi.org/10.1095/
biolreprod64.4.1033)

Romero  R, Dey  SK & Fisher  SJ 2014 Preterm labor: one syndrome, 
many causes. Science 345 760–765. (https://doi.org/10.1126/
science.1251816)

Rossdale  PD, Ousey  JC, Cottrill  CM, Chavatte  P, Allen  WR & 
Mcgladdery AJ 1991 Effects of placental pathology on maternal plasma 
progestagen and mammary secretion calcium concentrations and on 
neonatal adrenocortical function in the horse. Journal of Reproduction 
and Fertility: Supplement 44 579–590.

Rossdale  PD, Mcgladdery  AJ, Ousey  JC, Holdstock  N, Grainger  L & 
Houghton  E 1992 Increase in plasma progestagen concentrations 
in the mare after foetal injection with CRH, ACTH or betamethasone 
in late gestation. Equine Veterinary Journal 24 347–350. (https://doi.
org/10.1111/j.2042-3306.1992.tb02853.x)

Scholtz  EL, Krishnan  S, Ball  BA, Corbin  CJ, Moeller  BC, Stanley  SD, 
Mcdowell KJ, Hughes AL, Mcdonnell DP & Conley AJ 2014 Pregnancy 
without progesterone in horses defines a second endogenous biopotent 
progesterone receptor agonist, 5alpha-dihydroprogesterone. PNAS 111 
3365–3370. (https://doi.org/10.1073/pnas.1318163111)

Schutzer WE & Holtan DW 1996 Steroid transformations in pregnant mares: 
metabolism of exogenous progestins and unusual metabolic activity in 
vivo and in vitro. Steroids 61 94–99. (https://doi.org/10.1016/0039-
128X(95)00199-Z)

Seamans KW, Harms PG, Atkins DT & Fleeger  JL 1979 Serum levels of 
progesterone, 5 alpha-dihydroprogesterone and hydroxy-5 alpha-
pregnanones in the prepartum and postpartum equine. Steroids 33 55–
63. (https://doi.org/10.1016/S0039-128X(79)80006-9)

Shenavai  S, Preissing  S, Hoffmann  B, Dilly  M, Pfarrer  C, Ozalp  GR, 
Caliskan  C, Seyrek-Intas  K & Schuler  G 2012 Investigations into the 
mechanisms controlling parturition in cattle. Reproduction 144 279–
292. (https://doi.org/10.1530/REP-11-0471)

Shikichi M, Iwata K, Ito K, Miyakoshi D, Murase H, Sato F, Korosue K, 
Nagata  S & Nambo  Y 2017 Abnormal pregnancies associated with 
deviation in progestin and estrogen profiles in late pregnant mares: a 
diagnostic aid. Theriogenology 98 75–81. (https://doi.org/10.1016/j.
theriogenology.2017.04.024)

Short RV 1956 Progesterone in the placentae of domestic animals. Nature 
178 743–744. (https://doi.org/10.1038/178743b0)

Short  RV 1959 Progesterone in blood. IV. Progesterone in the blood of 
mares. Journal of Endocrinology 19 207–210.

Short  RV 1960 Blood progesterone levels in relation to parturition. 
Journal of Reproduction and Fertility 1 61–70. (https://doi.org/10.1530/
jrf.0.0010061)

Silberzahn P, Zwain I & Martin B 1984 Concentration increase of unbound 
testosterone in plasma of the mare throughout pregnancy. Endocrinology 
115 416–419. (https://doi.org/10.1210/endo-115-1-416)

Silver  M 1994 Placental progestagens in the sheep and horse and the 
changes leading to parturition. Experimental and Clinical Endocrinology 
102 203–211. (https://doi.org/10.1055/s-0029-1211284)

Silver  M & Fowden  AL 1994 Prepartum adrenocortical maturation  
in the fetal foal: responses to ACTH. Journal of Endocrinology 142 417–
425.

Smith  PE & Engle  ET 1927 Experimental evidence regarding the role of 
the anterior pituitary in the development and regulation of the genital 
system. American Journal of Anatomy 40 159–217. (https://doi.
org/10.1002/aja.1000400202)

Squires  EL & Ginther  OJ 1975 Collection technique and progesterone 
concentration of ovarian and uterine venous blood in mares. Journal of 
Animal Science 40 275–281. (https://doi.org/10.2527/jas1975.402275x)

Squires EL, Stevens WB, Pickett BW & Nett TM 1979 Role of pregnant 
mare serum gonadotropin in luteal function of pregnant mares. American 
Journal of Veterinary Research 40 889–891.

Stabenfeldt GH, Daels PF, Munro CJ, Kindahl H, Hughes  JP & Lasley B 
1991 An oestrogen conjugate enzyme immunoassay for monitoring 
pregnancy in the mare: limitations of the assay between days 40 and 
70 of gestation. Journal of Reproduction and Fertility: Supplement 44 
37–44.

Steven DH 1982 Placentation in the mare. Journal of Reproduction and 
Fertility: Supplement 31 41–55.

Terqui M & Palmer E 1979 Oestrogen pattern during early pregnancy in the 
mare. Journal of Reproduction and Fertility: Supplement 27 441–446.

Thorburn GD 1993 A speculative review of parturition in the mare. Equine 
Veterinary Journal Supplement 14 41–49.

Thorburn  GD & Challis  JR 1979 Endocrine control of parturition. 
Physiological Reviews 59 863–918. (https://doi.org/10.1152/
physrev.1979.59.4.863)

Weng  Q, Tanaka  Y, Taniyama  H, Tsunoda  N, Nambo  Y, Watanabe  G & 
Taya K 2007 Immunolocalization of steroidogenic enzymes in equine 
fetal adrenal glands during mid-late gestation. Journal of Reproduction 
and Development 53 1093–1098. (https://doi.org/10.1262/jrd.18159)

Wesson  JA & Ginther  OJ 1980 Fetal and maternal gonads and 
gonadotropins in the pony. Biology of Reproduction 22 735–743. 
(https://doi.org/10.1095/biolreprod22.4.735)

Wierer M, Schrey AK, Kuhne R, Ulbrich SE & Meyer HH 2012 A single 
glycine-alanine exchange directs ligand specificity of the elephant 
progestin receptor. PLoS ONE 7 e50350. (https://doi.org/10.1371/
journal.pone.0050350)

Wudy  SA, Schuler  G, Sanchez-Guijo  A & Hartmann  MF 2018 The art of 
measuring steroids: principles and practice of current hormonal steroid 
analysis. Journal of Steroid Biochemistry and Molecular Biology 179 88–103.

Wynn  MAA, Ball  BA, Legacki  EL, Conley  A, Loux  S, May  J, Esteller-
Vico  A, Stanley  SD, Scoggin  K, Squires  EL et  al. 2018a Inhibition of 
5alpha-reductase alters pregnane metabolism in the late pregnant mare. 
Reproduction 155 251–258. (https://doi.org/10.1530/REP-17-0380)

Wynn  MAA, Ball  BA, May  J, Esteller-Vico  A, Canisso  I, Squires  E & 
Troedsson  M 2018b Changes in maternal pregnane concentrations in 
mares with experimentally-induced, ascending placentitis. Theriogenology 
122 130–136. (https://doi.org/10.1016/j.theriogenology.2018.09.001)

Wynn MAA, Esteller-Vico A, Legacki EL, Conley AJ, Loux SC, Stanley SD, 
Curry TE, Squires  EL, Troedsson MH & Ball  BA 2018c A comparison 
of progesterone assays for determination of peripheral pregnane 
concentrations in the late pregnant mare. Theriogenology 106 127–133. 
(https://doi.org/10.1016/j.theriogenology.2017.10.002)

Yamauchi  S 1979 Histological development of the equine fetal adrenal 
gland. Journal of Reproduction and Fertility: Supplement 487–491.

Received 16 April 2019
First decision 11 June 2019
Revised manuscript received 14 June 2019
Accepted 28 June 2019

Downloaded from Bioscientifica.com at 04/15/2020 07:33:46PM
via University of California - Davis

https://doi.org/10.1095/biolreprod64.4.1033
https://doi.org/10.1095/biolreprod64.4.1033
https://doi.org/10.1126/science.1251816
https://doi.org/10.1126/science.1251816
https://doi.org/10.1111/j.2042-3306.1992.tb02853.x
https://doi.org/10.1111/j.2042-3306.1992.tb02853.x
https://doi.org/10.1073/pnas.1318163111
https://doi.org/10.1016/0039-128X(95)00199-Z
https://doi.org/10.1016/0039-128X(95)00199-Z
https://doi.org/10.1016/S0039-128X(79)80006-9
https://doi.org/10.1530/REP-11-0471
https://doi.org/10.1016/j.theriogenology.2017.04.024
https://doi.org/10.1016/j.theriogenology.2017.04.024
https://doi.org/10.1038/178743b0
https://doi.org/10.1530/jrf.0.0010061
https://doi.org/10.1530/jrf.0.0010061
https://doi.org/10.1210/endo-115-1-416
https://doi.org/10.1055/s-0029-1211284
https://doi.org/10.1002/aja.1000400202
https://doi.org/10.1002/aja.1000400202
https://doi.org/10.2527/jas1975.402275x
https://doi.org/10.1152/physrev.1979.59.4.863
https://doi.org/10.1152/physrev.1979.59.4.863
https://doi.org/10.1262/jrd.18159
https://doi.org/10.1095/biolreprod22.4.735
https://doi.org/10.1371/journal.pone.0050350
https://doi.org/10.1371/journal.pone.0050350
https://doi.org/10.1530/REP-17-0380
https://doi.org/10.1016/j.theriogenology.2018.09.001
https://doi.org/10.1016/j.theriogenology.2017.10.002
https://rep.bioscientifica.com

	Abstract
	Introduction
	Historical background
	Progesterone and 5α-dihydroprogesterone (DHP), bioactive progestins
	Stimulation of steroid secretion by chorionic gonadotropin
	The foetoplacental unit
	Steroidogenesis in late gestation and at parturition
	Lessons from pregnancy loss
	The role of oestrogens
	The potential and limits of mass spectrometry
	Conclusion
	Declaration of interest
	Funding
	Acknowledgements
	References



