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The mare possesses unique steroid hormone metabolic activity during pregnancy in

that peripheral 4-pregnene-3,20-dione (progesterone; P4) is undetectable by 220 d of

gestation. This study examines in vivo metabolism of progestins by the pregnant mare and

in vitro metabolic activity of maternal and fetal tissues. Pregnant mares (n=5) received

separate intravenous infusions of 500 mg of 313-hydroxy-5-pregnen-20-one (pregnenolone;

P5), P4, 5a-pregnane-3,20-dione (5a-DHP), 313-hydroxy-5a-pregnan-20-one (313-5a),

deuterium labeled (D4)-P5, D4-313-5a, 5.0 g of trilostane (a competitive inhibitor of 313-

hydroxysteroid dehydrogenase), or vehicle. Non-pregnant, anestrous mares (n=2) received

separate infusions of P5, P4 or vehicle. Placenta, endometrium, fetal gonad, maternal and

fetal liver and adrenal from 4 animals were separetly incubated in 25 lig of D4-P5, D4-5a-

DHP or D4- 313 -5a. Placental tissues were also exposed to either D4-P5 alone or D4-P5

plus 2.0 pmol trilostane. Pregnant mares converted infused P5 predominantly to 5-

pregnene-313,2013-diol (P5-1313), 5a-DHP, 20a-hydroxy-5a-pregnan-3-one (20a-5a) and

313-5a while only minor concentrations of P4 were detected. Infused P4 was converted

primarily to 5a-DHP and 20a-hydroxy-pregnanes and when 5a-DHP was infused, other

5a-pregnanes were formed. Infused 313-5a was either reduced to 5a-pregnane-313,20a-

diol or oxidized to 5a -DHP. Regardless of treatment, non-pregnant mares were incapable

of producing any 20a-hydroxy-pregnanes but could convert P5 to P5 -1313 and P4 in
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quantities similar to that of pregnant mares. In vitro, placenta converted D4-P5 to D4-P4

while D4-313-5a was oxidized to D4-5a-DHP. Endometrium converted substrate primarily

to D4-20a-hydroxy-pregnanes. Both maternal and fetal liver produced D4-20f3-hydroxy

compounds regardless of substrate. Maternal and fetal adrenal were capable of conversion

of D4-P5 to D4-P4 while fetal gonad did not perform any significant metabolism of

substrate, though it contained P5. Trilostane infusion differentially affected the progestin

milieu in vivo without inducing abortion. Forty-five min after infusion, maternal plasma

concentrations of P5, P5-1313, 5a-pregnane-313,2013-diol and 313-5a. increased (p < 0.05)

and remained elevated through 37 h. Concentrations of 5a-DHP, 20a-5a and 5a-

pregnane-30,20a-diol initially decreased 15 min following infusion (p < 0.05), yet by 1.5 h

after infusion had increased and remained elevated until 37 h after infusion. In vitro,

trilostane inhibited conversion of D4-P5 to D4-P4 (p < 0.001) while mediating an increase

(p < 0.05) in concentrations of D4-5a-DHP and D4-30-5a. These data explain the

absence of P4 and presence of other progestin metabolites in maternal circulation during

mid- and late-pregnancy. Pregnenolone can be 5a-reduced to 30-5a and 313-5a could be

3-oxidized to 5a-DHP. It is 5a-DHP that may serve as substrate for other 5a-pregnanes.
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STEROID TRANSFORMATIONS IN THE PREGNANT MARE: 1t1L EfiECT
OF EXOGENOUS PROGESTINS AND TRILOSTANE ON TILE PROGESTIN

MILIEU - IN VIVO AND IN VITRO.

CHAPTER 1. INTRODUCTION

1.1 Definition of Problem

A minimum 5% of mares which are diagnosed pregnant at the end of the breeding

season fail to deliver a live foal. Of the mares that are bred with quality semen, 15% fail to

conceive at all (Ginther, 1992). Both early embryonic loss and late gestation abortion are

major economic and emotional issues in the field of equine reproduction. A common

practice is supplementation of "problem mares" with some form of exogenous

progesterone (P4) in hopes of avoiding abortion. However, data either supporting or

rejecting the need for progestin therapy are equivocal. Ball et al. (1992) suggested that

pregnancy through the first 50 d could be maintained with serum P4 concentrations < 1

ng/ml. Likewise, Knowles et al. (1993) showed that 2.5 ng/ml of systemic P4 was

necessary for pregnancy maintenance to 50 d, thereafter factors of a placental origin

would support the pregnancy to term. Holtan et al. (1991) established that after 200 d

gestation, systemic P4 levels were undetectable and that increasing concentrations of three

progestin metabolites, 20a-hydroxy-5a-pregnan-3-one (20a-5a), 5a-pregnane-30,20a-

diol ((3a-diol) and 5a-pregnane-3,20-dione (5a-DHP), are necessary in order to avoid

abortion and maintain pregnancy to term. Subsequently, Holtan (1993) questioned the

need and efficiency of P4 therapy after 200 d gestation. Therefore, in order to determine if

some form of exogenous progestin therapy will assist in pregnancy maintenance, steroid

hormone metabolic activity of the utero-fetal-placental unit must be examined.
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1.2 Review of Literature

Reproductive physiology of the mare is similar to other farm species in some

aspects, but systematically different in others. There is a large body of literature covering

the different features of reproductive physiology in domestic animals and it is beyond the

scope of this literature review to cover all aspects of the various farm species. A complete

review of reproduction in the mare, with supporting research cited, is found in the 1992

edition of Reproductive Biology of the Mare, by Ginther. Features of domestic animal

reproduction are covered in Hafez's Reproduction in Farm Animals while an excellent

review of general reproduction is found in Thibault's 1993 edition of Reproduction in

Mammals and Man. Material in the forthcoming section will highlight some of the unique

features of the reproductive system of the equine female.

1.2.1 Reproductive Anatomy Of The Mare

Mammalian females all have a common ovarian function; their ovaries are both

endocrine and cytogenic in nature. They produce and secrete both hormones and ova. In

contrast to other species, the ovary of the mare is kidney shaped with the medulla forming

the periphery while the cortex is all but entirely localized within the interior of the gland

(Stabenfeldt et al., 1975). Only at the free surface, or ovulation fossa of the ovary does the

cortex project to the peripheral surface. In this area, folliculogenesis and henceforth

ovulation's are localized (Ginther, 1992).

The blood supply to the equine ovary is also modified. Although the general

vesiculation is analogous to other farm species, in the mare the ovarian artery and utero-

ovarian vein are not closely associated with each other (Ginther et al., 1972). Therefore,
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the equine ovary is not under the direct effect of uterine produced factors such as

prostaglandin (PG)F2a(Ginther, 1976, 1981, 1992).

No extraordinary differences are noted in the anatomy or physiology of the

oviducts, the bipartite uterus, vagina or vulva of the mare. Remarkable is the dynamic

nature of the equine cervix. Because the cervix is capable ofdilation and contraction, the

cervical os can contact the floor of the vagina. Also notable are the distinct longitudinal

folds that are contiguous between the cervix and the endometrial folds of the uterine body

(Leidl et al., 1976). Both properties are thought to assist semen transport (Ginther,

1992).

1.2.2 Estrous Cycle Of The Mare

The mare is seasonally polyestrous with normal cyclic activity occurring during

spring and summer and reduced activity during fall and winter; hence the mare is

considered a long-day breeder (Back et al., 1974; Ginther, 1992). The period of seasonal

anestrous has been characterized by persistently low levels of P4, estradiol-170 (E2),

gonadotropin releasing hormone (GnRH), the gonadotropin luteinizing hormone (LH),

and inactive ovaries. However, follicle stimulating hormone (FSH) concentrations remain

comparable to that of the estrous season (Johnson and Becker, 1993). The mare's estrous

cycle ranges from 21 to 24 d in length with behavioral estrus being 5 to 7 d in duration

(Ginther, 1992). Ovulation typically occurs one to two days prior to cessation of estrus.

During the estrous season, LH concentrations were determined as baseline during

diestrus, slowly increasing just before exhibition of behavioral estrus, then deliberately and

rapidly climbing to a maximum concentration 24 to 48 h after ovulation, then finally,

decreasing progressively over the next 4 to 6 d (Roser and Evans, 1983; Ginther, 1992).

Circulating concentrations of FSH were shown to be low at estrus, increasing during
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diestrus and decreasing around 8 d before ovulation. Mean LH and FSH profiles during an

estrous cycle are approximately reciprocally related (Ginther, 1992).

In the mare, maternal P4 concentrations were determined to be undetectable prior

to ovulation, but as a result of ovulation immediately increased (Townson et al., 1989).

This is in contrast to cattle and sheep where detectable P4 concentrations do not begin to

increase until 3 d following ovulation. As the equine corpus luteum (CL) matures,

circulating P4 concentrations continue to increase and plateau around 6 d after ovulation.

Concentrations remain elevated until 11 d after ovulation, when they begin to decline,

becoming undetectable 17 d post-ovulation.

Concentrations of total estrogens begin to rapidly increase 6-8 d prior to ovulation,

at the onset of estrus, and reach a peak around 2 d prior to ovulation. By the time of

ovulation, concentrations have decreased and are similar to values measured during

diestrus (Macawiti et al., 1983).

Regression of the CL, or luteolysis is induced by endometrial origin PGF2a. Serum

concentrations of PGF2a measured in the uterine vein are reported to increase 6 d after the

onset of estrus and reach a maximum around 14 d after estrus, then decrease becoming

undetectable 18 d after estrus (Douglas and Ginther, 1976).

1.2.3 Pregnancy In The Mare

Various aspects of pregnancy can be divided into three topics: maternal aspects,

such as oogenesis, mating, fertilization and early utero-embryo interactions; embryology

and placentation, which encompasses development of the conceptus; and endocrinology,

which encompasses hormonal control of pregnancy. This thesis will concentrate on the

latter, endocrinology. For a detailed review of the prior, see Ginther's 1992 edition of

Reproductive Biology of the Mare.



5

Endocrinology of pregnancy in the mare is as complex as it is beautiful. The mare

has evolved an elegant means of maintaining pregnancy. There are several striking

phenomena; production of chorionic gonadotropins and unusual estrogens, formation and

regression of several endocrinologic structures, and unusual metabolism of progestins to

name a few.

Equine chorionic gonadotropin (eCG) is thought to be luteotropic, thus it

preserves the primary CL and stimulates formation ofsecondary CL. Consequently, its

action causes the ovary to provide a source of follicular and luteal secreted factors which

are presumed essential for maintenance of pregnancy. This gonadotropin is produced by

fetal derived endometrial cups that differentiate at 30 to 45 d gestation (Clegg et al., 1954)

and therefore is first detected in the maternal blood during this period. Growth of the cups

causes a precipitous rise in concentrations of measurable maternal eCG that becomes

maximal at 55 to 65 d gestation. Sloughing of the cups causes an immediate and constant

decrease in eCG concentrations. When the cups have completely regressed by 150 to 200

d, eCG is not detectable (Day, 1940; Allen, 1969; Ginther, 1992).

During early pregnancy, LH concentrations are essentially baseline (Miller et al.,

1980). However, LH measurement is complicated by the fact that the assay for LH has

significant cross-reactivity with eCG (Urwin, 1983). This is a result of LH, FSH and eCG

all sharing the same a-subunit. Therefore, during 30 to 200 d, when eCG is produced, no

data are available that measure circulating LH or FSH. After regression of the endometrial

cups, and resultant disappearance of eCG, LH concentrations were determined to be

undetectable (Nett et al., 1975; Noden et al., 1978).

Conflicting data are found in regard to FSH concentrations during pregnancy.

Irvine and Evans (1976) reported a 12 day cyclic nature of FSH during early gestation.

However, Miller et al. (1980) did not detect a cyclic pattern. Instead, they recorded an

initially high concentration which was followed by a slow but steady drop to baseline
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values by 150 d gestation. Periodic surges were noticed after 150 d of pregnancy with the

most prominent surge associated with parturition (Ginther, 1992).

As early as the 1930's, investigators have been interested in attempting to profile

P4 concentrations in pregnant and cyclic mares. Short (1956, 1957), using a

chromatographic assay with sensitivity around 4 ng/ml, reported a substance in the

'ketonic fraction' of mare placental extracts that he identified as P4. Using the same

procedure on peripheral and uterine venous blood collected during the last third of

gestation and umbilical cord blood collected at parturition, he reported a conspicuous lack

of P4 in peripheral and uterine venous blood, while high levels of P4 were found in

samples from the umbilical vein. He concluded that the placenta was the major source of

P4 during mid to late gestation (Short, 1958, 1959).

Holtan and coworkers (1973, 1975) measured P4 and 17a-hydroxy-progesterone

(17a-OH-P4) in peripheral plasma during pregnancy by competitive protein binding assay

(CPB) and described two other unidentified chromatographically independent fractions.

These investigators described average peripheral plasma P4 concentrations throughout

pregnancy (Figure 1.1). Concentrations of P4 increased to 7.5 ng/ml by 8 d of pregnancy,

decreased to 4.8 ng/ml by 28 d, reached a maximum of 15.2 ng/ml by 64 d, and then

slowly declined to 1-2 ng/ml by 180 d. Concentrations of P4 remained low until 300 d

when they increased to an average of 4.4 ng/ml and remained elevated until parturition. By

three days postpartum P4 concentrations were undetectable. Additionally, 17a-OH-P4

concentrations (Figure 1.1) were low or below detection except between 40 and 120 d of

gestation and during the last 30 d prepartum. Two unidentified compounds were also first

detected at 40 d. Average concentrations of these compounds gradually rose reaching a

maximum at 5 d prepartum but then became undetectable 3 d postpartum.

The additional fractions identified by Holtan et al. (1973) were P4 metabolites that

his chromatography system partially separated and are commonly grouped together under

one of the following terms, progestins, pregnanes, or progestagens. With the identification
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Figure 1.1. Average concentrations of P4 and 17a-OH-P4 throughout gestation. Adapted
from Holtan et al., (1973, 1975).
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of other progestins besides P4 in pregnant mare blood, the dogma of P4 being the only

steroid of pregnancy came under scrutiny by investigators. It was suggested that P4 played

a role in equine pregnancy, but other metabolites were present. These metabolites were

suspected to play some role in pregnancy maintenance.

Squires and coworkers, (1974) using chromatography and RIA, found a similar

profile for P4, but with amplified absolute concentrations of what Holtan et al. (1973)

reported. However, they did not find the co-eluting peaks that Holtan described. As noted

by Squires, the amplification of his values in comparison to Holtan's was more than likely

due to less efficient chromatography (Squires et al., 1974).

It became clear that current assays, due to cross-reactivity were unable to

differentiate between P4 and progestin metabolites that were present in pregnant mare

plasma. Hence the use of "total plasma progestins" became adopted when describing

steroid constituents of pregnant mare plasma.

Following the trend of reporting total plasma progestin concentrations, Burns and

Fleeger (1975), utilized a semi-specific RIA and profiled similar concentrations of

progestins in maternal blood as those already published during the first and last 90 days of

pregnancy. Ganjam et al.(1975) used the same assay, but characterized systemic

progestagen concentrations throughout pregnancy and post-partum. They found that total

immuno-reactive progestins were high during early pregnancy, but then decreased during

mid- and late-gestation, only to rise again near term. Lovell et al. (1975) used a CPB assay

to measure maternal progestagen concentrations at term and determined that increasing

total-progestins were characteristic of onset of parturition. The above authors all

acknowledged that other endogenous progestins, besides P4, could be cross-reacting in

their assays and therefore were not measuring P4 itself, but instead, total progestins.

As well as measuring maternal progestin concentrations late in pregnancy, Barns et

al. (1975) measured fetal progestin concentrations by utilizing indwelling catheters placed

in umbilical vessels of near term fetuses. This group performed the chromatographic
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separation as described by Ho ltan et al. (1973) but then utilized the same RIA as Burns

and Fleeger (1975). Barns and coworkers presumed that one of the unknown progestins

was 20a-hydroxy-progesterone and that large amounts were present in fetal foal plasma.

They also suggested that even larger quantities exist in maternal jugular plasma near term.

Therefore, they proposed that due to a large venous/arterial difference in total progestin

concentrations, a metabolic cycle for placental P4 exists. They hypothesized that placental

P4 was converted to a metabolite by the fetus and then back to P4 again by the placenta.

Further work by Holtan et al., (1975) identified a total of four progestins in

pregnant mare plasma; 5a-DHP, P4, 30-hydroxy-5a-pregnan-20-one (313-5a) and 20a-

5a. These compounds were identified using an elaborate chromatographic system in

conjunction with mass spectrometry (MS) and steroid derivitization. Holtan surmised that

these progestins were of a fetal-placental origin and not of an ovarian source as all five

progestins were found in mares only when pregnant. They were present in identical levels

whether the mare was intact or OVX, and progestin concentrations were elevated by as

much as 2x in the umbilical artery and vein in comparison to maternal ovarian, uterine or

jugular veins. In addition, these progestins, except P4, were found only in the pregnant

mare; they had not been identified in significant quantities in the plasma of the pregnant

cow, ewe, sow or woman.

Atkins and associates (1976) isolated, identified and quantified 5a -DHP in

pregnant mare serum. They measured a brief, but consistent rise in concentration of 5a-

DHP in mare serum around 10 d of pregnancy, which was then followed by a slow but

constant rise at 40 d. Also, and potentially most importantly, they indicated 5a-DHP

greatly cross-reacted with most P4 assays; therefore, they suspected the accuracy of P4

concentrations described by authors who utilized non-specific assay techniques.

The source of these progestins was addressed by Moss et al. (1979). Progestin

metabolism by the utero-fetal-placental unit was investigated by injecting 3H-P4 into the

uterine artery or the umbilical vein of pregnant mares and sampling from indwelling



10

catheters placed in the uterine artery and vein and umbilical artery and vein. They

concluded that 5a-DHP was originally maternally derived, as it was measurable during

early gestation and no conclusive arterial/venous gradient was found. They also stated that

20a-5a was also of a maternal source, since its concentration was much greater in the

uterine artery then in either umbilical vessels. However, 30-5a was suggested to be

primarily fetal derived as umbilical artery concentrations were greater than all other

considered vessels.

Seren et al. (1981) profiled similar concentrations for P4 and 17a-OH-P4 and

indicated that increased 17a-OH-P4 levels were concomitant with production of eCG and

thus were probably produced by the endometrial cups. In addition, they measured 20a-

OH-P4. Results may be unreliable due to their assays high percentage of cross-reactivity

with 5a-DHP (28%), which is known to be high late in gestation.

Utilizing GC/MS analysis, Holtan and coworkers (1991) presented a

comprehensive and quantitative description of plasma progestins found in the mare

throughout pregnancy (Figure 1.2), the late gestation fetus and the equine neonate. Using

this very specific analysis technique, it was discovered that P4 was not detectable by 200 d

of gestation except for a slight, but rapid increase to up to 5 ng/ml 1 to 5 d prepartum in

some mares. Systemic 5a-DHP and 313-5a concentrations mirrored P4 values to 150 days,

but then as P4 dropped to undetectable, 5a-DHP and 30-5a continued their gradual and

constant rise. Concentrations of 5a-DHP averaged 40 ng/ml while 3f3-5a attained average

concentrations of 30 ng/ml near term. The predominant maternal systemic progestin

during mid- and late-gestation, 20a-5a, was first detected around 60 d of gestation and

gradually increased throughout gestation. During the last 30 d of pregnancy, this progestin

experienced a rapid six-fold increase in concentration where its concentration reached

1.1g/m1 values. A newly described progestin in pregnant mare systemic circulation, (3a -diol,

had a concomitant profile to 20a-5a but three-quarters the concentration.
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Days of pregnancy

Figure 1.2. Average concentrations of 5a-DHP, P4, 313-5a, 20a-5a, and pa-diol
throughout pregnancy. Adapted from Holtan et al. (1991).
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Progestin content in blood collected from the fetus by indwelling catheters

determined that 5a-DHP and P4 were predominantly found in the umbilical vein and that

5a-DHP levels were three-fold higher in absolute concentration. The amount of 20a-5a

was significantly lower in fetal circulation when compared to maternal levels; however,

significant values were found in both umbilical vessels. Also, a substantial gradient of

venous to arterial circulation existed favoring venous flow.

From these data, Holtan et al. (1991) concluded that 5a-DHP and 3f3-5a could be

related to, if not produced by, the CL during early pregnancy as their profiles matched P4.

However, all other progestins, including 5a-DHP and 313-5a, were fetal-placental unit

derived during mid- to late-gestation. Additionally, based on total concentrations of all

progestins, there appeared to be considerable metabolism performed by both the placenta

and fetus itself.

That same year, Hamon et al. (1991), published a study describing the production

of 5a-DHP in the late gestation mare. This study utilized isotopically-labeled substrates in

vitro and an EIA "specific" for 5a-DHP. Their assay cross-reacted 56% with P4, 21%

with 3f3-5a, and upwards of 5% with the other progestins identified by Holtan. It was

suggested that the high level of cross-reactivity to P4 was acceptable since P4 was, as

previously determined by Holtan et al. (1991), not produced by the late gestation mare.

Based on tissue incubation data, it was concluded that metabolism of P4 and/or P5 to 5a-

DHP can occur in the endometrium, but to a greater degree occurred in the placenta.

Also, they suggested that P5 was converted to 5a-DHP, potentially through P4, by the

placenta as well.

Estrogens are found in many configurations and are in large quantities in the blood,

feces, and urine of pregnant mares. They can be either free or conjugated to a sulfate.

Conjugated estrogens are found in amounts 100x that of free-estrogens. Estrogen

metabolites are also present in the blood and urine of pregnant mares. Concentrations of

the ring-B unsaturated estrogens, equilin and equilenin, as well as that of estradiol-170
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(E2) have been extensively discussed in the literature (Ginther, 1992; Nett, et al., 1973;

Terqui and Palmer, 1979). Total systemic plasma estrogen concentrations during the first

35 d of gestation were similar to that of diestrus (baseline). At 35 d, concentrations

increased but then stabilized by 40 d and remained constant to 80 d gestation.

Concentrations of this plateau were significantly higher than those of a preovulatory surge

(Terqui and Palmer, 1979). After 80 d, maternal plasma total estrogens persistently

increased in concentration and a maximal concentration was reached around 210 to 240 d

gestation. Following this peak, total estrogen concentrations declined slowly to levels

similar to 40 and 80 d (Nett et al., 1973; Pashen and Allen, 1979).

The change in estrogen concentrations were thought to be caused by two factors.

The increase at 35 d was determined to be of ovarian source (Deals et al., 1990), while it

has been shown that the maximal concentration reached by 240 d were due to synthesis of

dehydroepiandrosterone (DHA) by the fetal gonads and subsequent aromatization of DHA

to E2 by the placenta. Estrogen concentrations decline as the fetal gonads regressed.

Silberzahn et al. (1984) measured testosterone (T4) concentrations during

pregnancy and found a concomitant profile to that of total estrogens. As with total

estrogens, these investigators associated the rise in T4 to fetal gonadal output.

Relaxin (RN) was not identified as a circulating hormone in the mare until 1981 by

Stewart and Stabenfelt and therefore, extensive study of RN in the pregnant mare has not

been completed. Concentrations of RN were described as baseline, but detectable,

between 50 and 80 d of gestation. By 80 d gestation, concentrations of RN began to

rapidly increase, peaking at about 150 d. Near 225 d gestation, concentrations declined

and reached concentrations 50% of those measured at 150 d gestation. At parturition, RN

reached concentrations similar to, if not higher than those characteristic of the 150 d peak.

Stewart et al. (1982) indicated that equine RN was of utero-fetal-placental origin and

stated that the classic action of relaxin, loosening of pelvic-ligaments in association with

parturition, has yet to be established in the mare.



14

Limited research has been attempted for profiling characteristic levels of prolactin

(PRL) throughout pregnancy in the mare. Roser et al. (1984) and Schwabb et al. (1990)

indicated that a mean concentration of 4.6 ng/ml during 14 to 80 d is typical while

concentrations range from 1.2 to 12 ng/ml during the last week prepartum. However,

Worthy et al. (1986) performed a detailed study on preparturient and lactational mares and

determined that concentrations rose markedly sometime during the last week of

pregnancy, occasionally just hours prepartum, and remained high until 1 to 2 months

postpartum.

1.2.4. Problem Mares - Abortion and Other Anomalies

Physiologic, infectious and endocrine aberrations have been blamed for equine

abortion at various stages throughout gestation. According to Morgenthal and van

Niekerk (1984) a large number of pregnancies in mature, reproductively sound mares fail

for a number of unknown reasons. Diagnosis of abortion is often difficult because in most

cases, neither mares nor aborted fetus show any signs of infection or physiologic

abnormalities.

In an attempt to adopt an industry wide reproductive standard, Ginther (1992),

Beall (1993) and Hearn (1993) independently combined and correlated data in regard to

reproductive efficiency in mares using data collected over the last 50 years by various

breed registries, independent practice's and researchers. Based on their terminology,

pregnancy rate is defined as number of mares pregnant on a specified day post

insemination divided by either number mated during an ovulationary period, or number

mated during an operational season. Data suggest that acceptable rates for a single

ovulatory period should be 55% conception while 85% conception has been the

established occurrence for the entire season. Foaling rate was defined as the number of
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mares delivering live foals at term by the number of mares bred. The accepted foaling rate

was suggested to be around 80%. If this is the case, then a minimum 5% of the mares that

are diagnosed pregnant at the end of the breeding season fail to deliver a live foal. Also, at

least 15% of mares fail to conceive at all. While 5% may seem insignificant, the economic

loss and emotional anguish provoked by mid- to late- gestation abortions are staggering to

the producer.

van Niekerk and Morgenthal (1982) investigated the effect of maternal "stress" on

progestin concentrations and subsequent abortion. They concluded that stress in the form

of colic, abdominal surgery, infectious disease, injection with exogenous cortisone and

"emotional" disturbances such as weaning, all caused a rapid, but transient decrease in

total progestin concentrations. If abortion was avoided after exposure to their trial,

progestin levels return to normal concentrations and the pregnancy was usually maintained

to term.

However, in a similar study Santschi et al. (1991) did not detect depression of

progestin concentrations in response to medical and surgical stress. However, these results

are questionable because pre-samples were unavailable to establish a baseline and sampling

during stressful periods were sporadic. They also indicated that increasing maternal

cortisol levels might be an important factor, as abortion was prevalent in all mares whose

cortisol levels became elevated.

In further work by Morgenthal and van Niekerk (1984), they concluded that

exceptionally high and notably low concentrations of total progestins usually preceded

abortion. Significantly high progestin values were always characteristic of mares carrying

twins. Unfortunately, the usual outcome of a twin pregnancy is either both fetuses being

aborted or, wcak and/or dead foals at birth (Ginther, 1992). Therefore, increased P4

concentrations might not have been the actual cause of abortion. Low progestin levels that

may have led to abortion could not be explained as the physiology of the embryo/fetus

appeared normal. Another report by Morgenthal and van Niekerk (1991) reported that
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early miscarriage is conspicuously associated with depressed, or steadily declining, total

progestin concentrations. They equated the deficiency to lack of both secondary CL and

placental performance.

In agreement with Morgenthal and van Niekerk (1991), Daeles et al. (1991)

reported that early (up to 90 d gestation) embryonic death was associated with progestin

deficiency. These investigators exposed 20 to 35 d pregnant mares that were treated with

varying doses of 17a-ally1-1713-hydroxyestra-4,9,11-trien-3-one (Altrenogest;

ReguMate®; RM), a synthetic oral progestin, to the endotoxin Salmonella typhimurium.

This endotoxin is known to cause rapid PGF2a synthesis and subsequent secretion in

concentrations sufficient to abort mares under 55 d gestation (Daeles et al., 1987). Results

from their experiment indicated that mares who stopped receiving RM at 45 d gestation

aborted. However, those mares that received RM through 55 d gestation maintained

pregnancy and delivered normal foals at term. Therefore, it was suggested that some

critical event occurred between 45 and 55 d gestation in regard to pregnancy maintenance.

Interestingly, plasma progestin concentrations in all groups never exceeded 1 ng/ml until

after 60 d gestation. Apparently, RM will maintain pregnancy, but its presence was not

measurable by their progestin assay.

Another approach in studying the role of placental and fetal produced progestins

and their effect on equine pregnancy maintenance was undertaken by Fowden and Silver

(1987). By injecting epostane, a 30-HSD inhibitor, conversion of P5 to P4 by the placenta

and/or fetus was either greatly reduced or terminated. Although P5 metabolism was

blocked, abortion did not occur. However, when comparable and even reduced doses of

epostane are injected into sheep, cattle (Jenkin and Thorburn, 1985, Ledger et al., 1985)

and primates (Schlane et al., 1979) abortion does occur.

Arguing that other factors besides progestin insufficiencies are responsible for

early embryonic death, Forde et al. (1987) and Darenius et al. (1988, 1991) indicted

embryonic wastage during early pregnancy was not a result of abnormal endocrine values,
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but instead a combination of fertilization failure and problems with vesicle transport into

the uterus. Juliano and Squries (1986) and McKinnon et al. (1988) reported that

supplemental P4, in any form, was not beneficial in improving pregnancy maintenance in

normal cyclic recipient mares after embryo transfer.

Shiedler et al. (1982) used OVX mares between 30 and 34 d gestation and

established that in order to maintain pregnancy, minimum mean serum concentration of

total progestin must be at least 4.0 ng/ml. They also concluded that these concentrations

are attainable using some exogenous source. Parry and Holtan (1985, 1987) and Voller et

al. (1991) indicated that RM given in sufficiently high levels will maintain pregnancy even

if the mare is under the influence of PGF2a and measurable total progestin levels are < 1

ng/ml.

In an attempt to assess the effect of exogenous progestin therapy on endogenous

levels, Jackson et al. (1986) treated mares from 40 to 105 d gestation with either 250 mg

of P4, IM every other day or 22 mg of RM daily. Their results showed no difference in

endogenous progestin concentrations between groups. Therefore they concluded that

although RM is a proven abortion-suppresser, it did not affect normal endogenous

synthesis and/or subsequent secretion of P4 in the mare. However, Voller et al. (1991)

indicated a tendency for RM-treated mares to form more secondary CLs and that when

these CLs were actively luteinized, an increase in total progestin concentrations was

detected.

In addition, studies by Knowles et al. (1993; 1994), using OVX-P4 treated mares

as embryo recipients, determined that only 2.5 ng/ml of systemic endogenous total

progestin was necessary to maintain early pregnancy. These results agreed with McKinnon

et al. (1988). Using PGF2a-treated mares, Ball et al. (1992) reported that mares could

maintain pregnancy with transient serum progestin concentrations < 1 ng/ml as long as

that low value did not persist for more than a few days. Also, contradicting Morgenthal

and van Niekerk's (1984) finding that significantly higher progestin levels are abortifacient,
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Knowles et al. (1993) data indicated that systemic P4 levels greater than 25 ng/ml had no

negative effect on pregnancy maintenance. From these data, Knowles and coworkers

(1993) concluded that the common practice of treating "problem" mares with exogenous

P4 in order to assist in pregnancy maintenance may be unnecessary. In like manner, Holtan

(1993) questioned progestin therapy after 200 days gestation.

Aside from anomalies of the endocrine system, environmental factors have been

blamed for fetal dismaturities. Exposure of pregnant mares to tall fescue infected with the

endophyte Acremonium coenophialum is associated with one or more signs of

reproductive problems including agalactia, prolonged gestation, dystocia, and high

peripartum foal mortality (Monroe et al., 1988; Putman et al., 1991). It has been

determined that serum prolactin and total progestin concentrations were typically

depressed by endophyte exposure (Monroe et al.; 1988, Redmond et al., 1991).

Brendemuhl et al. (1995) investigated the cause of reduced progestins in late-gestation

mares which were exposed to endophyte infected tall fescue. They utilized GC/MS

techniques to measure individual progestin concentrations in maternal, fetal and umbilical

vessel plasma in mares undergoing spontaneous delivery. Total progestin concentrations

were lower in all sources from exposed mares except for maternal plasma where 5a-DBP

was not different between groups. With this information, they speculated that alterations

in progestin concentrations in pregnant mares exposed to endophyte-infected fescue were

due to reduced activity in fetal and placental sources.

"Problem mares" present an enigma to the researcher; obviously more work needs

to be dedicated to establishing exactly what the problem is. This is an active area of

investigation and much more research must be undertaken.
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1.2.5 Metabolism of Steroid Hormones

Ainsworth and Ryan (1969), studied biosynthesis and metabolism of P4 in the

mare placenta, by incubating that tissue with radio-labeled P4 and P5. They concluded that

the mare placenta primarily synthesized P4 from P5 via 30-HSD and that P4 could be

metabolized to some 5a-pregnanes such as 5a-DHP, 30-5a, and 13a-diol. These findings

were in contrast to studies utilizing cattle and sheep placenta for which it was determined

that P4 was metabolized exclusively to 5J3- pregnane derivatives (Ainsworth and Ryan,

1967). In addition, they concluded that either the fetus or some maternal tissue, but not

the placenta, were responsible for the reduction of P4 to 20a-hydroxy-4-pregnen-20-one

in the mare. However, only minor quantities of that metabolite were detected.

In a series of five papers, Bhavnani et al. (1969, 1971, 1973a,b, 1975) reported on

formation of steroids by the pregnant mare. By injecting the mid-gestation fetus with

different radio-labeled compounds found in the cholesterol biosynthetic pathway, they

concluded that the 5a-pregnanes were indeed synthesized from cholesterol. However, the

ring-B unsaturated estrogens were formed independently of the classical pathway. They

also determined that this divergence occurred at isopentylpyrophosphate, the seventh step

of cholesterol synthesis from acetyl-CoA. Their data also indicated that ring B unsaturated

estrogen synthesis occurred in the fetal gonad.

Moss et al. (1979) injected 3H-P4 into the uterine artery and umbilical vein of

pregnant mares and determined that conversion of P4 to 5a-DHP and 20a-5a occurred at

the placenta and/or endometrium, while P4 was converted to 30-5a primarily in the fetus.

Hamon et al. (1991) concluded that metabolism of P4 to 5a-DHP could occur in the

endometrium, but to a greater degree occurred in the placenta. Also, P5 was converted to

5a-DHP, potentially through P4, by the placenta as well. Chavatte and Tait (1994) found

that fetal liver converted both P4 and P5 to 13f3-diol and 313-5a, while fetal gonad
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converted P4 to 1313-diol. These researchers also found that placenta was incapable of

converting pregnenes to pregnanes.

1.2.6 Parturition

Rossdale and Silver (1982) described 'readiness for birth' as a close

synchronization of events between fetus and mother. The fetal contribution involves

maturation of the hypothalamo-pituitary-adrenal system, while maternally an increase in

blood flow to the mammary glands, a fall in the Na/K ratio in the milk, and a sudden

increase in plasma citrate levels occur. The endocrinology of parturition in the mare is still

an active area of study and certain characteristics that have been shown to exist in other

species have not yet been identified in the mare (Ginther, 1992).

In mammals, parturition is generally characterized by decreasing concentrations of

progestins with increasing concentrations of estrogens (Maltier et al., 1993). However, in

the mare, ensuing parturition is characterized with rapidly increasing progestins and slowly

declining estrogens (Lovell et al., 1975; Holtan et al., 1991). Rossdale et al., (1992)

injected CRH, ACTH and betamethasone into fetuses of late gestation mares and

determined that the pre-parturient rise in maternal progestins was the result of fetal

adrenocortical activity. They also suggested that the activation of the fetal adrenal caused

secretion of cortisol which induced the fetal gonad to increase production of estrogens and

progestins.

Those estrogens were surmised to bring about cervical softening and stimulate

PGE2 synthesis, PGE2 had been subsequently implicated to soften tissues as well (Maltier

et al., 1993). Estrogen production can also stimulate an up-regulation in myometrial

oxytocin receptors (Silver, 1990) and has been shown to excite synthesis of PGF2a from
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the wall of the gravid uterus (Haluska and Currie, 1988). Therefore an immediate increase

in PGF2Gc-mediated uterine contractions could occur.

Once the uterine environment is prepared, a complex interplay among neuronal and

hormonal signals occurs (Ginther, 1992). Movement of the fetus will further stimulate

PGF2a secretion and subsequent uterine contractions (Haluska and Currie, 1988) while

external stimuli, such as light, can block the hypothalamic-pituitary axis mediated release

of oxytocin (Stewart et al., 1984). Oxytocin is considered the final hormone in the

maternal cascade leading to parturition (Silver, 1990). The ability of oxytocin to stimulate

milk letdown and stimulate myometrial contractions has been well documented (Ginther,

1992).

1.3 Statement of Purpose

The purpose of the present study was to accurately characterize the metabolism of

exogenous progestins infused into pregnant mares and to establish the tissue source

(maternal/fetal) of metabolic activity in vitro. Also, by examining trilostane-mediated

alterations of individual progestin concentrations, metabolic activity, biological relevance

and steroidal precursors of the progestins found in maternal circulation can be established.

The specific role of the placenta in steroid metabolism and therefore pregnancy

maintenance was investigated likewise by utilizing trilostane in vitro.
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2.1 Abstract

The mare possesses unique steroid hormone metabolic activity during pregnancy in

that peripheral 4-pregnene-3,20-dione (P4) is undetectable by 220 d gestation. This study

examines in vivo metabolism of progestins by the pregnant mare and in vitro metabolic

activity of maternal and fetal tissues. Pregnant mares (ri=3) received separate intravenous

infusions (2 each) of 3f3-hydroxy-5-pregnen-20-one (P5), P4, 5a-pregnane-3,20-dione

(5a-DHP), 3f3-hydroxy-5a-pregnan-20-one (3(3-5a), deuterium labeled (D4)-P5, D4 -3(3-

5a and vehicle. Anestrous mares (n=2) were separately infused with P5, P4 and vehicle.

Also, placenta, endometrium, fetal gonad, maternal and fetal liver, and adrenal from four

animals were incubated in D4-P5, D4-5a-DHP or D4-30-5a. Pregnant mares (in vivo)

converted infused P5 predominantly to 5-pregnene-313,2013-diol (P5-1313), 5a-DHP, 20a-

hydroxy-5a-pregnan-3-one (20a-5a) and 313-5a while only minor concentrations of P4

were detected. Infused P4 was converted primarily to 5a-DHP and 20a-hydroxy-

pregnanes and when 5a-DHP served as a substrate, other 5a-pregnanes were formed.

Infused 313-5a was either reduced to f3a-diol or oxidized to 5a-DHP. Regardless of

treatment, anestrous mares were incapable of producing any 20a-hydroxy-pregnanes, but

could convert P5 to P5-1313 and P4 in quantities similar to that of pregnant mares. In vitro,

placenta converted D4-P5 to D4-P4 while D4-3r3-5a was oxidized to D4-5a-DHP.

Endometrium converted substrate primarily to D4-20a-hydroxy-pregnanes. Both maternal

and fetal liver produced D4-200-hydroxy compounds regardless of substrate. Maternal

and fetal adrenal were capable of conversion of D4-P5 to D4-P4 while fetal gonad did not

perform any significant metabolism of substrate, though it produced P5. These data

explain the absence of P4 and presence of other progestin metabolites in maternal

circulation during mid- and late-pregnancy. Pregnenolone can be 5a-reduced to 3f3-5a
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and 313-5a could be 3-oxidized to 5a-DHP. It is 5a-DHP that may serve as substrate for

other 5a-pregnanes.

2.2 Introduction

Mammalian mid- to late-gestation is generally characterized by elevated

concentrations of circulating 4-pregnene-3,20-dione (progesterone; P4). The primary

sources of circulating P4 are corpora lutea and/or the placenta (Thibault, 1993). However,

in pregnant mares (PREG) after 220 d gestation, P4 concentrations are undetectable in

uterine and jugular vein blood. Also, in umbilical vein blood (flow from the placenta to the

fetus) the concentration of P4, when compared to other progestins, is low (Holtan et al.,

1991). This phenomenon was originally documented in 1956 by R.V. Short as "a

conspicuous lack of P4 in the periphery and uterine vein." Moreover, the ovary and hence

the luteal source of P4 has been shown to be nonessential in terms of pregnancy

maintenance after 50 d gestation (Holtan et al., 1979, Knowles et al., 1994). These results

suggest that continuance of pregnancy in the mare may be controlled by fetal -placental

unit maintained factors and/or mechanisms.

The mare has unique progestin metabolic activity during pregnancy in that P4 is

not detected in maternal circulation after 220 d gestation. Instead, eight different progestin

metabolites have been identified with the use of gas chromatography/mass spectrometry

(GC/MS; Holtan et al., 1991). One progestin metabolite, 5a-pregnane-3,20-dione, (5a-

DHP) is detectable in peripheral circulation as early as 10 d gestation (Atkins et al., 1976).

Concentrations of the metabolites increase throughout pregnancy (Holtan et al., 1975),

with 20a-hydroxy-5a-pregnan-3-one (20a-5a) reaching pg/m1 concentrations near

parturition in systemic circulation (Holtan et al., 1991). Likewise, other investigators have

characterized the concentrations of immuno- reactive progestins in PREG (Barnes et al.,
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1975; Burns and Fleeger, 1975; Ganjam et al., 1975; Holtan et al., 1975; Seamans et al.,

1979; Hamon et al., 1991).

Metabolic and tissue sources of these progestin compounds remain equivocal.

Ainsworth and Ryan (1969) and Schutzer and Holtan (1995) determined that equine

placenta contained 313-hydroxysteroid dehydrogenase (313-HSD) activity; it could

efficiently convert 313-hydroxy-5-pregnen-3-one (pregnenolone; P5) to P4. Moss et al.

(1979) injected 3H-P4 into the uterine artery and umbilical vein of PREG and determined

that conversion of P4 to 5a-DHP and 20a-5a occurred in the placenta and/or

endometrium, while P4 was converted to 313-hydroxy-5a-pregnan-20-one (3(3 -5a)

primarily in the fetus. Hamon et al., (1991) concluded that the metabolism of P4 to 5a-

DHP could occur in the endometrium, but to a greater degree in the placenta. Also, P5

was converted to 5a-DHP, potentially through P4, by the placenta as well. Chavatte and

Tait (1994) found that fetal liver converted both P4 and P5 to 5a-pregnane-30,2013-diol

(313-diol) and 3f3-5a, while fetal gonad converted P4 to 1313-diol. These researchers also

found that placenta was incapable of converting pregnenes to pregnanes.

The purpose of the present study was to accurately characterize the metabolism of

exogenous progestins infused in vivo into PREG and to establish the tissue source

(maternal/fetal) of metabolic activity in vitro.
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2.3 Experimental

2.3.1 Animals

Pregnant (n=3) and anestrous (n=2) pony mares (approximately 200 kg) of

unknown pedigree were maintained in outdoor paddocks and fed according to appropriate

husbandry standards. The gestation ages of the pregnant mares at the beginning of the

study were: #1 (208 d), #2 (211 d), and #3 (213 d).

2.3.2 Experimental Procedures - in vivo

All steroids were purchased from Sigma Chemical Co., St. Louis, MO. Deuterium

labeled (D4)-progestins were prepared as described by Dehennin et al (1980). Pregnant

mares received a total of 12 individual intravenous (IV) infusions: two each of P5, P4, 5a-

DHP, 313-5a and vehicle (VC); and one each of D4-P5 and D4- 313 -5a. Anestrous mares

(NPREG) received a total of 6 individual infusions: two each of P5, P4 and VC. Mares

were ordered so that no one mare would receive the same treatment and so different

infusions were separated by no less than 48 h. Steroids were dissolved in dimethyl

sulfoxide (DMSO; Sigma) to a concentration of 90 mg/m1 and this solution was added

20% to a mixture made up of 75% propylene glycol (Sigma) and 5%

polyoxyethylenesorbitan monooleate (Tween-80; Sigma). Catheters (16 gauge x 5.75";

Angiocath; Desuet Medical, Sandy, UT) were placed into the jugular vein using aseptic

technique and blood was collected at specific intervals into heparanized tubes (Vacutainer;

Becton Dickson, Rutherford, NJ) and immediately centrifuged. Plasma was stored at -20°

C until analysis.
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2.3.3 Experimental Procedures - in vitro

Tissues (placenta, endometrium, fetal gonad, maternal and fetal liver, and adrenal;

n=4 each) were collected from a local slaughter plant, (Covell West, Redmond, OR) and

gestation ages of the fetuses were determined by crown rump length estimation. The

inferred ages were #1 (150 d), #2 (250 d), #3 (300 d) and #4 (320 d). Tissues were

immediately placed on ice and transported to the laboratory where 1 g portions of each

tissue were finely minced and placed in sterile 20 ml glass tubes with rubber stoppers. Five

ml of sterile filtered and gassed (95% 02/5% CO2) TCM-199 with Hank's salts and

sodium bicarbonate (Sigma) was added. Following suspension, the tubes were gassed,

covered and mixed on their sides for 60 min at 37° C in an environmental shaker.

After a 60 min pre-incubation, tubes were centrifuged at 750 times g for 10 min

and medium decanted. Tissues were then resuspended in 5 ml of fresh medium and 25 ii.g

of either D4-P5, D4-5a-DHP or D4-313-5a were added. The flasks were again incubated

and mixed at 37° C for 4 h. After incubation, the tubes were centrifuged at 750 times g at

5° C for 15 min and stored at -20° C until assay. See Figure 2.1 for regimen utilized for

sampling and infusion through the first 8 h of study.

2.3.4 Progestin Analysis

A Hewlett Packard (Wilmington, DE) 5890 GC interfaced with a 5971A MS was

used for quantitative analysis on eight different endogenous progestins as described by

Houghton et al., (1990) and verified by Holtan et al. (1991). Basic preparation first

involved internal standard (ISTD) fortification of samples. Plasma from mares that were

infused with unlabeled-steroids utilized D4-progestin ISTD (D4-5a-DHP, D4-P5, D4 -313-

5a and D4-(313-diol). Plasma from mares that received a D4-progestin infusion as well as

incubation media samples both utilized 4-cholesten-3-one (CHOL) as ISTD. Standard
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regression response lines were established for each steroid by adding increasing amounts

of non-labeled standard (0-1000 ng) plus a constant amount (500 ng for D4-progestin or

2000 ng for CHOL) of ISTD to either ovariectomized mare plasma or media.

Fortified samples were eluted through solid phase C-18 SepPaks (Millipore-Waters

Chromatography, Marlbrough, MA) and derivitized with a two step process yielding

methoxime (MO) and/or tert-butyldimethylsilyl (TBDMS) derivatives. Ketone derivatives

were produced with a 2% methoxyamine HC1 (Sigma) solution in silation grade pyridine

(Regis Chemical Company, Morton Grove, IL) while hydroxyl derivatives were produced

by n- methyl- n-( t- butyldimethylsilyl )- trifluoroacetamide (MTBSTFA; Regis) with a

catalytic solution of 5% diethylamine (DEA; Sigma) in silation grade dimethylformamide

(DMF; Regis). Derivitization was necessary to ensure steroid stability, improve

chromatography, increase sensitivity and aid in identification. Samples were analyzed by

the temperature program mode in the GC, then the MS was utilized for both identification

under full-scan mode and quantitation under selected ion mode. Positive identification of

unknowns required identity of MS fragmentation patterns and relative retention times

compared to their standards. Quantitation was accomplished under Hewlett-Packard MS

ChemStation Software (version G1034B) by utilizing least squares linear regression of

standards vs. their ISTD.

2.3.5 Establishment of significance

This study utilized D4-progestin substrates for both in vivo infusion and in vitro

incubation and applied GC/MS technology that can accurately differentiate minor

differences in steroid structure (Gaskell, 1983). Therefore, detection of any D4-steroid,

other than that which was infused - regardless of quantity, unequivocally verifies substrate

metabolism and therefore is a significant occurrence in terms of determining metabolic

activity.
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In vivo results are presented as average (n=2) absolute concentrations in ng/ml.

The data are presented in this fashion in order to depict temporal, qualitative effects of

infusion and not quantitative statistical changes. In vitro D4-labeled steroid concentrations

found in incubation media were transformed to percent conversion by dividing the

concentration of each detected D4-metabolite by the total amount of D4-substrate initially

added.

treatment

i
3 4 5 6

5thtt hill ttt t t t
}8

sampling time (h)

Figure 2.1. Regimen utilized for sampling and infusion through the first 8 h of study.
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2.4 Results

2.4.1 Effect of infusion of P5 and D4-P5

Fifteen min after infusion of D4-P5 into PREG (n=1; Figure 2.2-right), notable

increases in concentrations of D4-5-pregnene-313,200-diol (P5-1313), D4-P4, D4-5a-DHP,

D4-313-5a and D4-20a-5a were detected. There were no changes in concentrations of

unlabeled-progestins when D4-P5 was infused (Figure 2.2-left). Concentrations of the D4-

progestins declined over time and were not found 6 h after infusion, except for D4-P4,

which was undetectable by 45 min after infusion. Profiles of the D4-progestins were

similar to the changes in unlabeled-progestins when unlabeled-P5 was infused into PREG

(n=2; Figure 2.3). When unlabeled-P5 was infused into NPREG (n=2; Figure 2.4) both

profiles and absolute concentrations of P5-013 and P4 were similar to those when P5

and/or D4-P5 was infused into PREG. 5a-DHP was initially detectable in NPREG as a

result of P5 infusion, but its concentration was much lower than those seen inPREG. No

other progestins (20a-pregnanes) were detected in plasma ofNPREG as a result of P5

infusion.

2.4.2 Effect of infusion of P4 and 5a-DHP

Infusion of P4 into PREG caused dramatic increases in concentrations of 5a-DHP,

313-5a, 20a-5a, 013-diol and 5a-pregnane-30,20a-diol (13a-diol; Figure 2.5). By 15 min

after infusion, the average concentrations of each of these progestins increased by at least

four-fold. By 6 to 8 h following infusion, the concentrations of these compounds were

similar to concentrations prior to infusion. In NPREG (n=2; Figure 2.6) infused with P4,

concentrations of 5a-DHP, 313-5a, and t313 -diol responded in a similar manner to PREG

when infused with P4, however, NPREG were incapable of 20a- hydroxylation. When
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PREG were treated with 5a-DHP, similar changes occurred in metabolites detected and in

concentration response when compared to P4 infusion (Figure 2.7).

2.4.3 Effect of infusion of 3/3-5a and D4- 313-5a

Fifteen min after infusion of D4-30-5cc into PREG (n=1; Figure 2.8-right), notable

concentrations of D4-5a-DHP, D4-20a-5a and 0a-diol were detected. No changes in

concentrations of unlabeled-progestins were detected when D4-313-5a was infused (Figure

2.8-left). Concentrations of these D4-5a-pregnanes decreased over time and were not

found by 6 h after infusion. These were similar to those obtained when unlabeled-30-5a

were infused into PREG (n=2; Figure 2.9).

2.4.4 Effect of infusion of VC

There were no changes in the concentrations of any the analyzed progestins as a

result of VC infusion (Figure 2.10). In PREG, absolute concentration of each progestin

throughout the entire sampling period varied no more than ± 6.8 ng/ml from their

concentration prior to infusion. Similarly, when VC was infused into NPREG, no

progestins were detected (data not shown).

2.4.5 Tissue incubations

Placenta (n=4; Figure 2.11) converted D4-P5 to D4-P4 (40.8 ± 6.2%), P5-00 (3.9

± 0.6%) and other 5a-pregnanes. When placenta was exposed to D4-5a-DHP as

substrate, simple 3- and 20-reduction, with a preference for 30-hydroxylation, occurred

(3(3 -5a = 21.2 ± 3.3%). When D4-313-5a was utilized as substrate in placental tissue, it

was principally oxidized to 5a-DHP (28.5 ± 6.2%) or reduced to other 5a-pregnanes.
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Endometrial tissue (n=4; Figure 2.11) converted D4-P5 to the metabolites D4-P4,

D4-1313-diol and D4-13a-diol in similar percentages (14.3 ± 4.4%, 13.9 ± 5.2% and 11.1 ±

7.1% respectively). Detectable quantities of D4-P5-1313 (2.2 ± 0.9%) and D4-3[3-5a (1.9 ±

0.5%) were also found in the D4-P5 incubation. There was a preference for 20a-

hydroxylation when D4-5a-DHP was utilized as substrate in endometrial tissue; 20a-5a

and 13a-diol were the predominant metabolic products (15.2 ± 2.9% and 31.4 ± 5.3%

respectively). Some 313-hydroxylation also occurred (D4-3(3-5a = 10.9 ± 1.5%). Similarly,

D4-3I3-5a substrate was primarily 20a-hydroxylated to D4-13a-diol (78.8 t 8.6%). Other

5a-pregnanes were also found.

Both maternal and fetal liver (n=4 each; Figure 2.12) were primarily capable of 3

ans 20[3-hydroxylation while some 5a-reduction occurred as well. Fetal liver converted

D4-P5 predominately to P5-1313 (60.2 ± 7.5%), with D4-313-5a, 1313-diol and 13a-diol (5.1 ±

1.2%, 17.6 ± 1.2% and 3.8 ± 0.5% respectively) being detected in lower quantities.

Maternal liver only converted D4-P5 to P5-1313 (35.8 ± 5.5%) and D4-(3(3-diol (5.4 ±

1.2%). No other D4-progestins were detected. Fetal liver converted D4-5a-DHP almost

entirely to D4(3(3 -diol (63.7 ± 4.1%), while maternal liver converted D4-5a-DHP

primarily to 313-5a (75.5 ± 7.5%). Both maternal and fetal liver converted D4-313-5a in a

similar manner; predominantly 3(3- and 2013-hydroxylated.

Maternal and fetal adrenals (n=4 each; data not shown) were only capable of 3P-

HSD activity as evidenced by the conversion of D4-P5 to D4-P4 (18.1 ± 6.8% maternal

adrenal; 24.5 ± 9.1% fetal adrenal).
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Figure 2.2. The effect of infusion of D4-P5 into a pregnant mare. Open symbols (left) plot
unlabeled-progestins while solid symbols (right) plot D4-progestins. Notice different
scales on right plots.
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Figure 2.8. The effect of infusion of D4-30-5a into a pregnant mare. Open symbols (left)
plot unlabeled-progestins while solid symbols (right) plot D4-progestins. Notice different
scales on right plots.
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2.5 Discussion

The results indicate that PREG possess unusual steroid hormone metabolic activity

during mid-gestation. Although both P4 and P5-013 were undetectable in the blood prior

to infusion of P5 into PREG and NPREG, similar changes occurred in each of the

progestins concentrations as a result of P5 infusion (Figures 2.2, 2.3, 2.4). Concentrations

of detected P4 were low (6.2 ± 3.2 ng/ml) immediately after infusion of P5 and were

detected for no more than 5 h in both PREG and NPREG infused with P5. However,

concentrations of P5-13I3 were elevated (55.6 ± 11.3 ng/ml) immediately after infusion of

P5 and remained detectable up to 6 h after infusion. Although P5 is the direct precursor

for P4 formation in the classic 05-6,4 pathway, these results suggest that P5 might be

metabolized through an alternate pathway in the mare.

In vitro results (Figure 2.12) support that D4-P5 is directly 20(3-reduced to D4-

P5 -(3(3 in both the maternal and fetal liver thus explaining the lack of difference between

PREG and NPREG in terms of in vivo conversion of D4-P5 to D4-P5-1313. However, the

lack of detection of large quantities of D4-P4 in PREG plasma when infused with D4-P5

in vivo is not easily explained, especially when considering both in vivo and in vitro

results. Both NPREG and PREG converted P5 to P4 in similar small quantities in vivo

(Figures 2.3, 2.4) while D4-P5 was almost entirely converted to D4-P4 (40.8 ± 6.6%)

when incubated in placental tissue (Figure 2.11). Perhaps the low and transient

concentration of D4-P4 detected in maternal circulation as a result of D4-P5 infusion can

be explained by rapid and efficient placental conversion of P4 to other metabolites, which

could then enter maternal circulation. Likewise, P5 could be immediately converted to P4

in the placenta and then may strictly enter fetal circulation, via the umbilical vein, where it

could be further metabolized or conjugated. Therefore, the equal and small amount of P4

detected in maternal circulation as a result of P5 infusion into both PREG and NPREG

(Figures 2.2, 2.3, 2.4) may be a result of maternal adrenal 3r3-HSD activity.
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Further support for alternate progestin metabolic processes in the mare is the

presence of D4-5a-DHP, D4-3(3-5a and D4-20a-5a detected in D4-P5 infused PREG

(Figure 2.2) and in in vitro incubation media (Figure 2.11). These other progestins could

be produced through P4, however, when endometrium was incubated with D4-P5, 1.9 ±

0.5% is 5a-reduced to D4-3I3-5a. In placental incubations, D4-30-5a was primarily 3-

oxidized to D4-5a-DHP (28.5 ± 6.2%). Also, when D4-313-5a is infused into PREG, one

of the detected D4-labeled metabolites was D4- 5a -DHP further supporting occurrence of

3-oxidation (Figure 2.8). Aside from 3-oxidation occurring and D4-5a-DHP being

produced when D4-313-5a was utilized as substrate, other metabolic activity occurred as

well. Also, increased concentrations of D4-20a-5a and D4-(3a -diol were found in vivo.

These results suggest that 313-5a may be an important intermediate in the formation of 5a-

DHP which could prove to be the active steroid of pregnancy in the mare.

Utilization of 5a-DHP and P4 as substrate in vitro and in vivo suggest that 5a-

DHP can indeed be further reduced to other 5a-pregnanes (Figures 2.7, 2.11, 2.12) and

that P4 might be an immediate precursor for 5a-DHP (Figures 2.5, 2.6, 2.11, 2.12). There

was a tendency for 20a-hydroxylation to occur on the maternal (endometrial) side while

20(3-hydroxylation occurred on the fetal side (Figures 2.11, 2.12).

Therefore, the results suggest that two metabolic pathways may exist during

pregnancy in mares. One is the classic 05-04 pathway, where P5, probably synthesized by

the fetal gonad (Pashan et al., 1979), is converted to P4 in the placenta, and then P4 might

act locally to maintain pregnancy. However, if this was the case, there should be some P4

detected in maternal circulation throughout pregnancy, but it is not (Holtan et al., 1991).

Therefore, perhaps the absence of P4 in maternal circulation during mid- and late-

gestation could be explained by alternate progestin metabolic activity (see Figure 2.13 for

the proposed alternate progestin metabolic pathway), where P5 could be 5a-reduced to

313-5a, and 3I3-5a could be oxidized to 5a-DHP. It might then be 5a-DHP and not P4
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which serves as the primary substrate for the other progestin metabolites and acts as the

active progestin for pregnancy maintenance.
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3.1 Abstract

Trilostane, a competitive inhibitor of 313-hydroxysteroid dehydrogenase (3(3-HSD)

was administered intravenously to pregnant mares (n=3) between 277 and 282 d gestation

to determine its effect on the progestin milieu. Also, placental tissue from mid-gestation

mares (n=4) estimated between 150 and 300 d gestation were exposed to either

deuterium-labeled (D4)-pregnenolone (P5) alone or D4-P5 and trilostane to examine the

effect of trilostane on placental metabolism of P5. Blood samples were collected from

indwelling jugular catheters at frequent intervals for 48 h after infusion. Both plasma

samples and incubation media were quantitatively analyzed after solid phase extraction and

steroid derivitization for concentrations of eight different progestin metabolites by gas

chromatography and mass spectrometry. Trilostane infusion differentially affected the

progestin milieu in vivo without inducing abortion. Forty-five min after infusion, maternal

plasma concentrations of P5, 5-pregnene-313,2013-diol, 5a-pregnane-313,200-diol and 30-

hydroxy-5a-pregnan-20-one (313-5a) increased (p < 0.05) and remained elevated through

37 h. Concentrations of 5a-pregnane-3,20-dione (5a-DHP), 20a-hydroxy-5a-pregnan-3-

one and 5a-pregnane-313,20a-diol initially decreased 15 min following infusion (p < 0.05),

yet by 1.5 h after infusion had increased and remained elevated until 37 h after infusion. In

vitro, trilostane inhibited conversion of P5 to progesterone (P4; p < 0.001) while

mediating an increase (p < 0.05) in concentrations of 5a-DHP and 313-5a. These

observations demonstrate that the pregnant mare possesses unique steroid hormone

metabolic activity and suggests that another steroid, perhaps 5a-DHP and not P4, is the

important steroid precursor for the other progestin metabolites found in circulating

plasma.
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3.2 Introduction

The mare possesses unique steroid hormone metabolic activity during mid- and

late-gestation. In contrast to other mammals, where circulating progesterone (P4)

concentrations are generally elevated throughout pregnancy, equine maternal P4

concentrations near 200 d gestation (term = 340 d) are undetectable, or very low (Ho ltan

et al., 1991). The mare is also unusual in that ovariectomy as early as 50 d gestation has

no adverse effect on pregnancy maintenance (Holtan et al., 1979; Knowles et al., 1994)

indicating that pregnancy is maintained after 50 d without a luteal source of P4. One

progestin metabolite, 5a-pregnane-3,20-dione, (5a-DHP), is detectable in peripheral

circulation as early as 10 d (Atkins et al., 1976). Concentrations of other metabolites

increase throughout pregnancy (Holtan et al., 1975) and 20a-hydroxy-5a-pregrian-3-one

(20a-5a) can reach µg/ml concentrations near parturition, as identified with gas

chromatography/mass spectrometry (GC/MS, Holtan et al., 1991). See Figure 3.1 for

systematic names, abbreviations and structural details of the progestins that are used

throughout this text.

In common with other species, the equine placenta contains 30-hydroxysteroid-

dehydrogenase (3(3 -HSD) activity; the placenta will metabolize pregnenolone (P5) to P4

(Ainsworth and Ryan, 1969). It has been suggested that maintenance of pregnancy in

mares is primarily controlled by placental-derived progestins (Moss et al., 1979). To

examine this possibility, Fowden and Silver (1987) examined the effect of epostane, a 313-

HSD competitive inhibitor, on plasma P4 and on length of gestation in mares near term.

Although treatment decreased immuno-reactive-P4, it did not cause abortion. In contrast,

abortion was induced when pregnant rhesus monkeys, rats, sheep, swine, cows or humans

were exposed to similar dosages of a 313-HSD competitive inhibitor in vivo (Schane et al.,

1979; Creange et al., 1981; Taylor et al., 1982; Martin et al., 1987; Crooij et al., 1988).
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Likewise, inhibition of 313-HSD in vitro abated metabolism of P5 to P4 in dispersed sheep

placental cells (Power and Challis, 1987).

It is important to recognize that Fowden and Silver (1989) measured immuno-

reactive progestins and not P4 itself; all of the progestin metabolites cross-react to some

extent with antibodies in RIA. In order to examine how inhibition of 313-HSD affects

individual progestins GC/MS technology was applied, which can quantitatively measure

concentrations of each specific progestin metabolite in a single analysis. Trilostane, a 313-

HSD competitive inhibitor similar in function to epostane (Potts, 1978; Ledger et al.,

1985) was infused intravenously into mid-gestation mares (n=3) to examine its effect on

the progestin milieu. By examining trilostane-mediated alterations of individual progestin

concentrations, metabolic activity, biological relevance and steroidal precursors of the

progestins found in maternal circulation can be established. Also, by utilizing trilostane in

vitro, the specific role of the placenta in steroid metabolism, and therefore pregnancy

maintenance, was investigated.

Systematic Name
5-pregnenes
313-hydroxy-5-pregnen-20-one
5-pregnen-313,2013-diol

4- pregnenes
4-pregnen-3,20-dione

5a-pregnanes
5a-pregnane-3,20-dione
313-hydroxy-5a-pregnan-3-one
20a-hydroxy-5a.-pregnan-3-one
5a-pregnane-313,200-diol
5a-pregnane-313,20a-diol

Abbreviation R1 R2

P5 13 -OH =0
P54313 0-0H 13-0H

P4 =0 =0

5a-DHP =0 =0
313-5a 13 -OH =0
20a-5a =0 a-OH
1313-diol 13 -OH 13-OH

13a -diol 13 -OH a-OH

R1

R2

Figure 3.1. Systematic names, abbreviations and structural details of steroids discussed.
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3.3 Materials And Methods

3.3.1 Animals

Three pregnant pony mares (approximately 200 kg) of unknown pedigree were

maintained in outdoor paddocks and fed to appropriate husbandry standards. The

gestation ages of the mares at the time of infusion were: #1 (282 d), #2 (280 d), and #3

(277 d).

3.3.2 Experimental Procedures - in vivo

Mares #1, #2 and #3 received 5 g of the 313-HSD competitive inhibitor, trilostane

((4a,5a,1713)-4,5-epoxy-3,17-hydroxyandrost-2-ene-2carbonitrile; WIN 24540;

generously donated by Sterling Winthrop Pharmaceuticals, Collegeville, PA) intravenously

(IV) over a 15 m period. Trilostane was dissolved in dimethyl sulfoxide (DMSO; Sigma,

St. Louis, MO; 90 mg/ml) and then this solution was added (20%) to a mixture made up

of 75% propylene glycol (Sigma) and 5% polyoxyethylenesorbitan monooleate (Tween-

80; Sigma). Seven days later, mares #1 and #2 received vehicle alone over a 15 m period

as controls. Catheters (16 gauge x 5.75"; Angiocath; Desuet Medical, Sandy, UT) were

placed into the jugular vein using aseptic technique and blood was collected at specific

intervals into heparanized tubes (Vacutainer; Becton Dickson, Rutherford, NJ) and

immediately centrifuged. Plasma was stored at -20° C until analysis. See Figure 2.1 (pg.

29) for regimen utilized for sampling and infusion through the first 8 h of study.
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3.3.3 Experimental Procedures - in vitro

Placentae from pregnant mares (n=4) were collected from a local slaughter plant,

(Covell West, Redmond, OR) and gestation ages of the fetuses were determined by crown

rump length estimation. The inferred ages were #1 (150 d), #2 ( 250 d), #3 (300 d) and #4

(320 d). The placentae were separated manually from uteri and immediately placed on ice.

After transport to the laboratory, 1 g portions of each placenta were finely minced and

placed in sterile 20 ml glass tubes with rubber stoppers. Five ml of sterile filtered and

gassed (95% 02/5% CO2) TCM-199 with Hank's salts and sodium bicarbonate (Sigma)

were added. Following suspension, the tubes were gassed, covered and mixed on their

sides for 60 min at 37° C in an environmental shaker.

After a 60 min pre-incubation, the tubes were centrifuged at 750 times g for 10

min and the medium was decanted. Five ml of fresh gassed-medium were added, the tissue

was resuspended, and either 25 .tg of deuterium labeled (D4)-P5 control or 25 .tg of D4-

P5 plus 2.0 p.mol of trilostane in DMSO were added to the medium. The flasks were

incubated and mixed at 37° C for 4 h on their side. After incubation, the tubes were

centrifuged at 750 times g at 5° C for 15 min and stored at -20° C until assay.

3.3.4 Progestin Analysis

A Hewlett Packard (Wilmington, DE) 5890 GC interfaced with a 5971A MS was

used for quantitative analysis on eight different endogenous progestins as described by

Houghton et al., (1990) and verified by Holtan et al., (1991). Basic preparation involved

internal standard (ISTD) fortification of plasma samples with D4-progestins (D4-5a-DHP,

D4-P5, D4-30-5a and D4-5a-pregnane-30,200-diol (D4-(3(3-diol); prepared as described

by Dehennin et al., 1980). The media samples utilized 4-cholesten-3-one (CHOL) as

ISTD. Standard regression response lines were established for each steroid by adding
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increasing amounts of non-labeled standard (0-1000 ng) plus a constant amount (500 ng

for D4-progestin or 2000 ng for CHOL) of internal standard to either ovariectomized

mare plasma or media.

Fortified samples were eluted through solid phase C-18 SepPaks (Millipore-Waters

Chromatography, Marlbrough, MA) and derivitized with a two step process yielding

methoxime (MO) and/or tert-butyldimethylsilyl (TBDMS) derivatives. Ketone derivatives

were produced with 2% methoxyamine HC1 (Sigma) solution in silation grade pyridine

(Regis Chemical Company, Morton Grove, IL) while hydroxyl derivatives were produced

by n- methyl- n-( t- butyldimethylsilyl )- trifluoroacetamide (MTBSTFA; Regis) with a

catalytic solution of 5% diethylamine (DEA; Sigma) in silation grade dimethylformamide

(DMF; Regis). Derivitization was necessary to ensure steroid stability, improve

chromatography, increase sensitivity and aid in identification. Samples were analyzed by

the temperature program mode in the GC, then the MS was utilized for both identification

under full-scan mode and quantitation under selected ion mode. Positive identification of

unknowns include "fingerprint" of molecular ion fragmentation patterns compared to

standards and relative retention times. Quantitation was accomplished by utilizing least

squares linear regression of standards vs. their internal standards.

3.3.5 Statistical Analysis

Absolute progestin concentrations from plasma were transformed to percent

change from first sample and then analyzed with SAS (Version 6.62; SAS Inc., Cary, NC)

under the General Linear Models Procedure for repeated measures. Deuterium-labeled

steroid concentrations from incubation media were transformed to percent conversion by

dividing the concentration of each detected D4-metabolite by the total amount of D4-

substrate initially added. Differences were compared with a two sample t-test for means

with Microsoft Excel for Windows (Version 5.0; Microsoft Corp., Seattle, WA).
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3.4 Results

3.4.1 In vivo experiments

Infusion of trilostane differentially affected progestin concentrations over 48 h

(Figure 3.2). There was an immediate increase in the concentration of plasma P5 (Figure

3.3; inset), the direct substrate for 313-HSD enzymatic activity. Three other progestin

metabolites, 5-pregnene-30,200-diol (P5-1313),130-diol and 313-5a, concentrations also

increased as a result of trilostane treatment (Figure 3.3). However, concentrations of three

other progestin metabolites, 5a-DHP, 20a-5a, and 5a-pregnane-3(3,20a -diol 63a-diol)

initially decreased, but by 2 h (Figure 3.3) had increased.

Average values for P5 (Figure 3.3; inset) increased nearly 10 fold (p < 0.001) by

30 min post-infusion, but steadily decreased over time until 37 h after infusion when no

difference (p > 0.05) from pre-sampling was detected (Figure 3.2). Since P5-1313 was not

detected in plasma prior to infusion (Figure 3.2; inset), the effect of trilostane cannot be

determined in terms of relative change from pre-sample. However, immediately after

infusion the average absolute concentration of P5-1313 in plasma was 24.9 ± 4.6 ng/ml,

which steadily decreased over time until 5 h after infusion when plasma P5-1313 became

undetectable. As a result of trilostane infusion, 313-5a values increased by 45 min and

remained higher (p < 0.05) than pre-samples through 37 h after infusion (Figure 3.3;

Figure 3.2). The relative change inf3f3-diol was higher by 30 min (Figure 3.1) and

remained elevated (p < 0.05) until 37 h after infusion (Figure 3.2).

The relative change values initially decreased and then increased for 5a-DHP,

20a-5a and (3a -diol; all three reached nadir (p < 0.01) 15 min after infusion (Figure 3.3).

By 60 min after infusion, those compounds were no longer different from pre-treatment

values (p > 0.05; Figure 3.3). By 6 h after infusion 5a -DHP values reached a vertex (p =
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0.01) and by 12 h after infusion, were no longer different from pre-treatment values (p >

0.05; Figure 3.2). The relative change in 20a-5a reached an apex 6 h after infusion (p =

0.0002), then decreased and became non-significant 12 h after infusion (Figure 3.2).

Values for (3a -diol reached maximum 3 h after infusion (p = 0.009; Figure 3.3) and then

decreased, losing significance 8.5 h after infusion (Figure 3.2).

There was no effect of vehicle on the concentrations of any of the progestins (p >

0.1; Figure 2.10 - pg. 41) in control mares. All 3 mares delivered healthy foals

spontaneously within acceptable gestation length.

3.4.2 In vitro experiment

Trilostane significantly reduced (p < 0.0001) placental conversion of D4-P5 to D4-

P4 (Figure 3.4) while stimulating an increase (p < 0.05) in production of D4-5a-DHP and

D4-313-5a. In D4-P5 controls, 63.4 ± 8.2% of D4-P5 was converted to D4-P4 while in the

presence of trilostane, only 2.5 ± 0.6% was converted to D4-P4. Although only small

amounts D4-5a-DHP (0.2 ± 0.1%) and D4-30-5a (1.5 ± 0.5%), were detected in D4-P5

control incubations, the increase seen after addition of trilostane represent 10- and 1.5-fold

increases (p < 0.05), respectively, compared to controls.
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3.5 Discussion

Trilostane infusion causes temporary inhibition of 3f3-HSD in the mid-gestation

mare without inducing abortion. These results agree with those of Fowden and Silver

(1987) who utilized epostane to inhibit 313-HSD activity. Failure to induce abortion can be

explained by the unusual steroid hormone status of the mare. Progesterone is neither

detected in maternal circulation nor in uterine venous blood after 220 d gestation (Holtan,

et al., 1991). Therefore, perhaps some other steroid, or their unique metabolism may assist

in pregnancy maintenance.

However, our results differ from those reported by Fowden and Silver (1987) in

that they reported an epostane-mediated depression in P4 while we report a trilostane-

mediated differential affect in the progestin milieu. This conflict stems from the inability of

RIAs to quantify different progestin metabolites; all RIAs cross-react with each of the

progestin metabolites to some degree. It is likely Silver and Fowden (1989) were

measuring a depression in total immuno-reactive progestins and not in P4 itself.

Rapid metabolism of P5 to P4 and subsequent reduction of P4 by the placenta to

other metabolites, specifically to 5a-DHP, can take place. It is well established that the

equine placenta efficiently converts P5 to P4 in vitro (Ainsworth and Ryan, 1969;

Schutzer and Holtan, 1995a). However, relatively small amounts of P4 are found in

umbilical venous blood (flow from the placenta to the fetus) and none is found in the

uterine vein during mid-gestation. Instead, the major steroidal constituent of umbilical

venous blood identified from cannulated mid-gestation and parturient mares is 5a-DHP

(Holtan et al., 1991; Brendemuhl et al., 1995). Also, Moss et al. (1979) and Schutzer et al.

(1995) suspected that the placenta or endometrium is capable of efficiently converting P4

to 5a-DHP in vivo while Schutzer and Holtan (1995a) suggested the same using an in

vitro system. We therefore propose that the 5a-reduction of P4 to 5a-DHP might be
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directed by a 5a-reductase, an enzyme probably located in the placenta and/or

endometrium that is yet to be characterized.

Schutzer et al. (1995) found that 313-5a can be oxidized to 5a-DHP in vivo while

Schutzer and Holtan (1995a) found the same in vitro; therefore, P5 could be metabolized

by the same placental enzyme, 5a-reductase, to 3f3-5a. Consequently, there seem to be

two different metabolic pathways to produce 5a-DHP; one utilizing the classic A5-M

pathway, where P5 is converted to P4 through 3(3 -HSD, and the other utilizing 5a-

reductase, where P5 is converted to 313-5a. Both P4 and 313-5a might be directly

metabolized to 5a-DHP through 5a-reductase or 3-oxidase respectively. A proposed

progestin metabolic pathway is presented in Figure 3.5.

Results from trilostane treatment both in vivo and in vitro in this study support the

presence of this alternate metabolic pathway. Although plasma concentrations of P5

increase nearly 10 times as a result of 313-HSD inhibition (Figure 3.3) the data suggest that

alternate metabolism of P5 is occurring. Clearly, the immediate significant increase in

plasma P54313 (Figure 3.3) is a result of a 2013-reductase activity on P5 (Figure 3.5) while

the subsequent significant increase in plasma 1313-diol can be explained with 5a-reductase

activity on P5-1313. The significant increase in plasma 313-5a can be explained with direct

5a-reductase activity on P5 itself. The significant reduction in plasma concentrations of

5a-DHP further suggest that P5 is converted to P4 and P4 is a primary, yet not the only

source of 5a-DHP, as discussed above. The concomitant significant drop in

concentrations of plasma 20a-5a and 13a-diol suggest that these compounds come directly

from 5a-DHP; 5a-DHP is converted to 20a-5a and 20a-5a is further metabolized to 13a-

diol.

The inversion from relative change decrease to a relative change increase in plasma

5a-DHP, 20a-5a and (3a -diol observed around 1.25 h after infusion (Figure 3.3) is

probably due to the high concentrations of P5 (still nearly 10 times that of pre-treatment)

found in circulation. These high concentrations of P5 might be utilized as a substrate for
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other metabolic compounds. Schutzer and Holtan (1995b) infused P5 in vivo and saw

similar metabolic changes.

In vitro analysis (Figure 3.4) indicate that the proposed enzymes reside in placental

tissue. Trilostane not only abates conversion (p < 0.0001) of P5 to P4 in placental

incubates, but also mediates an increase (p < 0.05) in 313-5a and 5a-DHP. Therefore,

inhibition of 313-HSD is not sufficient to eliminate production of 5a-DHP; it may still be

produced through oxidation of 313-5a.

The unique manipulation of steroid hormone metabolism in the mare may be able

to support pregnancy without P4 and/or 30-HSD because the mare might convert P5

directly to 313-5a and subsequently 313-5a might be metabolized to 5a-DHP. Therefore,

5a-DHP and not P4, may be the important substrate for the formation of the 5a-

pregnanes found in maternal circulation. The proposed alternate pathway should be able to

correct for the steroidal imbalance that trilostane creates. It is suggested that progestin

metabolites, or at least 5a-DHP in maternal circulation have biological relevance; that is,

they may not be inactive. They could play some role in pregnancy maintenance as

inhibition of 313-HSD, and therefore cessation of synthesis of P4, does not induce abortion

in the mare while it does induce abortion in other species.
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CHAPTER 4. SUMMARY

4.1 Conclusion

68

These data indicate that steroidal control of pregnancy in the mare is unusual. The

accepted dogma of P4 being the steroid of pregnancy in mammals is certainly arguable in

regards to the mare, especially after 200 d gestation when P4 is undetectable in maternal

circulation (Holtan et al., 1991). The progestinal contribution to pregnancy maintenance in

mares seems to be a balance between fetal and maternal efforts, with each side sharing the

task. It is the fetal gonad which synthesizes P5-substrate (Pashen and Allen, 1979), while

it is maternal tissues that are responsible for metabolism of that P5-substrate.

Fetal gonad synthesized-P5 either remained in fetal circulation where it was both

5a- and/or 30-reduced or P5 was transported to the placenta via the umbilical artery

(Holtan et al., 1991). Results suggest that once P5 reached the utero-placental unit it was

metabolized by two distinct enzymatic pathways. The classic conversion of P5 to P4

occurred through the A5-04 pathway with 30-HSD enzymatic activity primarily in the

placenta. Endometrium and maternal and fetal adrenals were also capable of minor

conversion of P5 to P4. The study described in Chapter 2, as well as previous studies

(Moss et al., 1979), demonstrate that P4 can be further reduced to 5a-DHP (Figure 2.4)

via 5a-reduction primarily in the placenta. However, placenta and endometrium were also

capable of producing 30-5a when P5 was utilized as substrate. Are 5a-DHP and 30-5a

metabolized through P4 or are they produced through another pathway? Data suggest that

an alternate pathway exists where P5 can be directly reduced to 30-5a in the placenta via

5a-reduction and 5a-DHP can be then produced from 30-5a by 3-oxidation also primarily

in the placenta (Figures 2.11, 3.4).
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A dilemma exists within the data in that the placenta converts P5 largely to P4 in

vitro, yet there is no P4 found in maternal circulation, or in blood collected directly from

the uterine veinous (uterine drainage; Holtan et al., 1991). Also, there is relatively little P4

detected in umbilical vein (placenta to fetus) blood when compared to concentrations of

other progestins (Holtan et al., 1991; Brendemuhl et al., 1995). Is the placenta truly

metabolizing P5 primarily to P4 in vivo? One argument is that in vivo, P4 might be rapidly

metabolized to another progestin, probably 5a-DHP, and then 5a-DHP could enter

maternal and/or fetal circulation. However, if this were the case, large quantities of other

metabolites should have been detected with the placental incubation.

Although the placenta did generate other progestins (10.2 ± 3.1% collectively),

most of the P5-substrate was in fact converted to P4 (43.3 ± 7.1%; Figure 2.4). However,

when P5 was infused into pregnant mares only scant amounts of P4 were detected in

systemic circulation (Figure 2.1). Where is the P4 going? It could be argued that P4 was

indeed produced but was not detected due to infrequent sampling. However, in that study

(Chapter 2) blood samples were collected every 15 min with the first sample being drawn

immediately after a bolus infusion (which lasted 15 min) of P5-substrate. When these

results are taken together - placental tissue primarily converted P5 to P4 in vitro but P5

does not seem to be converted to P4 in vivo, more questions then answers arise.

Perhaps our in vitro assay did not truly simulate the in vivo environment. Only

single tissues were cultured - there were no co-tissue incubations. Also, no time course

studies were conducted, nor were any cofactors (NADPH, NADP+, etc.) utilized. If the

tissue incubations were to be performed again, these factors should certainly be

considered. Perhaps all that is needed to direct the placenta toward the alternate pathway

(Figures 2.11, 3.4) is exposure to an electron-donor and/or electron-acceptor system.

Stein and Tesone (1992) determined that incorporation of a NADPH generating system

greatly improved the steroidogenic response in rat luteal cells in vitro. If incubation
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conditions more closely emulated in vivo conditions, P5 could possibly be 5a-reduced

directly to 30-5a in vitro instead of being converted to P4 via 313-HSD.

However, this alternate pathway does seem to exist both in vivo and in the

placenta in vitro, as demonstrated by the trilostane study. Not only did trilostane abate

placental conversion of P5 to P4 (p < 0.0001), it also stimulated an increase (p < 0.05) in

production of 313-5a and 5a-DHP (Figure 3.3). When trilostane was administered to

pregnant mares at levels sufficient to cause abortion in other species (see Chapter 3),

concentrations of P5, P5-1313, 313-5a and 13f3-diol increased while 5a-DHP, 20a-5a, and

3a -diol decreased without inducing abortion (Figures 3.1, 3.2). These results suggest that

alternate metabolism of P5 to 313-5a could occur. However, if 313-5a was truly 3-oxidized

to 5a-DHP in vitro, why did 5a-DHP concentrations decrease instead of increase in vivo?

It is proposed that the two metabolic pathways - the classic 05-04 with 313-HSD

and our new alternate pathway with 3- oxidase and 5a-reductase, work in concert with

each other. Therefore, under certain circumstances P5 is metabolized via 3r3-HSD to P4

and then P4 is rapidly metabolized by 5a-reductase to 5a-DHP. Progesterone could also

be sent to the fetus for further reduction. However, under other circumstances, P5 could

be metabolized via 5a-reductase to 313-5a and then 313-5a can be oxidized by 3-oxidase to

5a-DHP. All of these transformations seem to occur primarily in the placenta, and also

there seems to be a common end point - 5a-DHP, with either P4 or 313-5a serving as

direct precursors.

Therefore, it is suggested that some of these progestin metabolites, at least 5a-

DHP, have some biologic activity in regard to pregnancy maintenance. This point can be

argued from a number of directions - first from a purely physiologic view. Why would this

complex enzymatic system be in place if there was no physiologic necessity? The energy

requirements during pregnancy are high enough for the mother. If there were no biologic

relevance for the metabolites, why waste energy producing them? Biologic necessity is

also supported from the research. As previously mentioned, trilostane was administered in
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concentrations sufficient to induce abortion in other species, yet none of our mares

aborted as a result of trilostane treatment. The progestins must act in some manner to

maintain pregnancy.

What these data present are that the mare is fundamentally different from other

species in terms of progestinal control of pregnancy. Clearly this thesis does not begin to

fully describe what is occurring in the mare during pregnancy, in fact it simply presents

more questions.

4.2 Future Considerations

Where should this research go? There seem to be two avenues of study. The first

involves examining biologic activity of the progestins in the mare. The second path would

be to investigate and characterize the complex enzymatic system that has been

hypothesized to exist.

It is well established that both 5a-DHP and P4 are directly responsible for a

number of functions that are non-related to reproduction at the level of the brain in most

members of the animal kingdom (Fuxe et al., 1981). Therefore, when our results are

considered, it could be reasonable to propose that the metabolites, or at least 5a-DHP,

might play some active role in pregnancy maintenance in the mare. Although no studies

have been completed examining the activity of 5a-DHP at the utero-placental level in the

mare, some studies have alluded to 5a-DHP importance in maintenance of pregnancy in

rats.

Benbow and Waddell (1995) suggested that metabolism of P4 might regulate

access of P4 to its receptor, regulate transfer of maternal P4 to the fetus and contribute to

the rise in metabolic clearance rate of maternal P4 known to occur late in pregnancy. They

suggested an indirect affect of P4 metabolism - the metabolites were assumed inactive, but
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metabolism of P4 was considered paramount to pregnancy maintenance in the rat.

However, Wiebe et al., (1994) suggested that 5a-DHP might indeed play some direct role

in pregnancy maintenance by interacting at the level of the P4-receptor. Furthermore,

Redmond and Pepe (1986) determined that there is extensive metabolism of P4 to 5a-

DHP by the endometrium before implantation and suggested that the pattern and extent of

P4 metabolism were critical to uterine differentiation, implantation and pregnancy

maintenance. Also, Flint and Armstrong (1973) identified 20a-hydroxysteroid

dehydrogenase (20a-HSD) which appeared toward late gestation in the endometrium of

the rat. That enzyme could metabolize P4 to 20a-OH-P4 which could be then further 5a-

reduced to 20a-5a [identified in pregnant rat systemic plasma by Howard and Weist

(1973)] and then 20a-5a could be converted to 5a-DHP likewise by 20a-HSD.

Therefore, the mare would be an excellent candidate for study of metabolic control

of pregnancy. This research could branch out into a myriad of areas. One approach would

be to examine the effects of other inhibitors both in vivo and in vitro. Trilostane blocked

3I3-HSD activity without inducing abortion, perhaps trials utilizing other enzymatic

inhibitors should be attempted. However, studies utilizing trilostane should not be

terminated. The effect of larger doses and chronic delivery techniques should also be

examined.

In order to definitely show biologic relevance of the metabolites during early

pregnancy (before 50 d), an experiment could be conducted utilizing a group of OVX

mares as embryo transfer recipients, another group of intact mares that would serve as

embryo donors and a final group of mares that would serve as intact mares which would

be OVX during early pregnancy at specified points. Mares in the OVX group would be

implanted with silastic capsules containing various progestin metabolites and then a viable

embryo would be transferred to that mare. If mares in that group could maintain

pregnancy, strong proof of metabolic activity would exist. Similar results could be

obtained from mares that were originally intact and bred and likewise implanted with
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different progestins, but then OVX. This study is of simple design and would require

relatively little labor. However, it would require a large herd of mares (at least 25 per

group) and probably a number of years to complete.

Another approach would be to examine the P4-receptor (P4-R) of the mare and

compare it to that of other species; perhaps this is where the crucial difference exists.

What if the P4-R of the mare contains binding sites for other progestins? What if the P4-R

of the mare is not very specific and those metabolites similar to P4 can bind and transduct

a signal? What if another, specific progestin-receptors exists? There are 5a-DHP specific

receptors in the brain (Koenig et al., 1995), why not in the placenta and/or endometrium?

The other avenue of study would be to examine the complex enzyme system

hypothesized to exist in the mare. To add merit to our assertions, the enzymes 3-oxidase,

5a-reductase and 200-reductase (Figure 3.4) must be characterized.

The horse is a truly unique and wonderful beast. They are intelligent, sometimes

too much so, and have true "personality". At one time they were utilized in all aspects of

work, they pulled a plow, a carriage, or were ridden on the range. Today, they are still

used in some aspects of work, but now are primarily a means of recreation. The

"American Dream" both then and now, could not have occurred without the aid of the

horse. Therefore, it is my hope that both funding and active research continue to exist in

the study of equine sciences.



74

BIBLIOGRAPHY

Ainsworth, L. and K. J. Ryan. 1967. Steroid hormone transformations by endocrine
organs from pregnant mammals. II. Biosynthesis and metabolism of cholestrol
by the mare placenta in vitro. Endocrinology 82:115-126.

Ainsworth, L. and K. J. Ryan. 1969. Steroid hormone transformations by endocrine
organs from pregnant mammals. HI Biosynthesis and metabolism of progesterone
by the mare placenta in vitro. Endocrinology 84:91-97.

Allen, W. R. 1969. Factors influencing pregnant mare serum gonadotropin production.
Nature 43:581-591.

Atkins, D. T., P. G. Harms, A. M. Jr. Sorensen and J. L. Fleeger. 1976. Isolation,
identification and quantitation of serum 5a- pregnane -3, 20-dione and its
relationship to progesterone in the pregnant mare. Steroids 28:867-880.

Back, D. G., B. W. Pickett, J. L. Voss and G. E. Seidel. 1974. Observations on the sexual
behavior of nonlactating mares. J. Amer. Vet. Med. Assoc. 165:717-720.

Ball, B. A., C. Wilker, P. F. Daels and P. J. Burns. 1992. Use of progesterone in
microspheres for maintenance of pregnancy in mares. Am. J. Vet. Res. 53:1294-
1297.

Barnes, R. J., P. W. Nathanielsz, P. D. Rossdale, R. S. Comline and M. Silver. 1975.
Plasma progestagens and oestrogens in fetus and mother in late pregnancy. J.
Reprod. Fert. (Suppl. 23):617-623.

Beall, J. M. 1993. Monitoring reprodutive success during the breeding season. 39th Proc.
AAEP. Dec 5-8, San Antonio, TX, p. 159-160.

Benbow, A.L. and B.J. Waddell. 1995. Distribution and metabolism of maternal
progesterone in the uterus, placenta and fetus during rat pregnancy. Biol. Reprod.
52:1327-1333.

Bhavnani, B. R., L. J. Martin and R. D. Baker. 1975. Formation of steroids by the
pregnant mare. V. Metabolism of 14C-isopentylpyrophosphate and 3H-
dehydroisoandrosterone inhected into the fetus. Endocrinol. 96:1009-1017.

Bhavnani, B. R. and R. V. Short. 1973a. Formation of steroids by the pregnant mare. III.
Metabolism of "C-squaline and 3Hdehydroisoandrosterone injected into the fetal
circulation. Endocrinol. 92:657-656.



75

Bhavnani, B. R. and R. V. Short. 1973b. Formation of steroids by the pregnant mare. IV.
Metabolism of IT-mevalonic acid and 3H-dehydroisoandrosterone into the fetal
circulation. Endocrin. 92:1397-1404.

Bhavnani, B. R., R. V. Short and S. Soloman. 1969. Formation of estrogens by the
pregnant mare: I. Metabolism of 7-3H-dehydroisoandrosterone and 4-I4C-
androstenedione injected into the umbilical vein. Endocrinol. 85:1172.

Bhavnani, B. R., R. V. Short and S. Soloman. 1971. Formation of estrogens by the
pregnant mare. II. Metabolism of IT-Acetate and 3H-Cholesterol injected into the
fetal circulation. Endocrinol. 89:1152.

Burns, S. J. and J. L. Fleeger. 1975. Plasma progestagens in the pregnancy mare in the
first and last 90 days of gestation. J. Reprod. Fertil. (Suppl. 23):435-439.

Brendemuehl, J.P., D.W. Holtan, M. A. Williams and W.E. Schutzer. Characterization of
progestagens in maternal, fetal and umbilical plasma from mares grazing
endophyte-infected tall fescue. In: Proceedings of the 4th International Conference
on Veterinary Perinatology. July 8-12, 1995. Cambridge University, Cambridge,
UK.

Chavatte, P., and A.D. Tait. 1994. Equine pregnanes in late pregnancy: possibility of a
fetal and placental source. J. Endocrinol. 144 (Abstr P211).

Clegg, M. T., J. M. Boda and H. H. Cole. 1954. The endometrial cups and
allantochorionic pouches in the mare with emphasis on the source of equine
gonadotropin. Endocrinol. :448-463.

Creanage, J.E., A.J. Anzalone, G.O. Potts and H.P. Schane. 1981. Win 32,799, A new,
potent intraceptive agent in rats and rhesus monkeys. Contraception. 24:289-299.

Crooij, M.J., C.C.A. deNooyer, B.R. Rao, G.T. Berends, L.J.G. Gooren and J. Janssens.
1988. Termination of early pregnancy by the 30-hydroxysteroid dehydrogenase
inhibitor epostane. N.E. J. Med. 319:813-817.

Daels, P. F., S. Shideler, B. L. Lasley, J. P. Hughes and G. H. Stabenfeldt. 1990. Source
of oestrogen in early pregnancy in the mare. J. Reprod. Fertil. 90:55-61.

Daels, P. F., G. H. Stabenfeldt, J. P. Hughes, K. Odensvic and H. Kindahl. 1991.
Evaluation of progesterone deficiency as a cause of fetal death in mares with
experimentaly induced endotoxemia. Am. J. Vet. Res. 52:282-288.

Daels, P., M. Starr and H. Kindahl. 1987. Effect of Salmonella typhimurium endotoxin
on PGF2c, release and fetal death in the mare. J. Reprod. Fertil. (Suppl. 35):485-
492.



76

Darenius, K., S. Einarsson and H. Kindahl. 1991. Endocrine studies of early pregnancy
loss in mare; comparison within mares between pregnancy loss and consecutive
pregnancy. J. Reprod. Fertil. (Suppl. 44):726-727.

Darenius, K., H. Kindah and A. Madej. 1988. Clinical and edndcrine studies in mares with
known history of repeated conceptus losses. Theriogenology 29:1215-1232.

Day, F. T. and I. W. Rowlands. 1940. The time and rate of appearance of gonadotropin in
the serum of pregnant mares. J. Endocrinol. 2:255-261.

Dehennin, L., A. Reiffsteck and R. Scholer. 1980. Simple methods for the synthesis of
twenty different, highly enriched deuterium labelled steroids, suitable as internal
standards for isotope dilution mass spectrometry. Biomed. Mass Spectro. 7:493-
499.

Douglas, R.H. and O.J. Ginther. 1976. Effects of repeated daily injections of prostaglandin
Fax on ovaries in mares. Prostaglandins. 12:881-894.

Flint, A.P.F. and D.T. Armstrong. 1973. The appearance of and endometrial 20a-
hydroxysteroid dehydrogenase towards the end of pregnancy in the rat.
Endocrinol. 92:624-627.

Forde, D., L. Keenan, J. Wade, M. O'Conner and J. F. Roche. 1987. Reproductive
wastage in the mare and its relationship to progesterone in early pregnancy. J.
Reprod. Fert. (Suppl. 35):493-495.

Fowden, A. L. and M. Silver. 1987. Effects of inhibiting 30-hydroxysteroid
dehydrogenase on plasma progesterone and other steroids in the pregnant mare
near term. J. Reprod. Fertil. (Suppl. 35):539-545.

Fuxe, K., J.A. Gustafsson and L. Wetterberg. 1981. "Steroid Hormone Regulation of the
Brain" Pergamon Press, Oxford, U.K.

Gaskell S.J. 1983. Analysis of steroids by mass spectrometry. Meth. Biochem. Anal.
29:385-434.

Ganjam, V. K., R. M. Kenney and G. Flickinger. 1975. Plasma progestagens in cyclic,
pregnant and post-partum mares. J. Reprod. Fertil. (Suppl. 23):441-447.

Ginther, 0. J. 1972. Internal regulation of physiological processes through local
venoarterial pathways: A review. J. Anim. Sci. 39:550-564.

Ginther, 0. J. 1976. Comparitive anatomy of uteroovarian vasculature. Vet. Scope 20:3-
17.



77

Ginther, 0. J. 1981. Local versus systemic uteroovarian relationships in farm animals.
ACTA, Vet. Scand. (Suppl. 77):103-115.

Ginther, 0. J. 1992. Reproductive Biology of the mare - basic and applied aspects. Second
Edition.WS.Equiservices.,

Haluska, G.J. and W.B. Currie. 1988. Variations in plasma concentrations of oestradiol-
17b and their relationship to those of progesterone, 13,14-dihydro-15-keto-
prostaglandin F-2a and oxytocin across pregnancy and parturition in pony mares.
J. Reprod. Feral. 84:635-646.

Hamon, M., S. W. Clarke, E. Houghton, A. L. Fowden, M. Silver, P. D. Rossdale, J. C.
Ousey and R. B. Heap. 1991. Production of 5a-dihydroprogesterone during
late pregnancy in the mare. J. Reprod. Fert. (Suppl. 44):529-535.

Hearn, P., B. Bonnett and J. Samper. 1993. Factors influencing pregnancy and pregnancy
loss on one Thoroughbred farm. 39th Proc. AAEP. Dec 5-8, San Antonio, TX, p.
161-163.

Holtan, D. W. 1993. Progestin trerapy in mares with pregnancy complications: necessity
and efficiency. 39th Proc. AAEP. Dec 5-8, San Antonio, TX, p. 165-166.

Holtan, D. W., 0. J. Ginther and V. L. Estergreen. 1975. 5a-pregnanes in pregnant mares.
J. Anim. Sci. 41:359 (Abstr.).

Holtan, D. W., E. Houghton, M. Silver, A. Fowden, J. Ousey and P. D. Rossdale. 1991.
Plasma progestagens in the mare, fetus and newborn foal. J. Repro. Fert. (Suppl.
44):517-528.

Holtan, D. W., T. M. Nett and V. L. Estergreen. 1973. Plasma progestins in pregnant
postpartum and cycling mares. J. Anim. Sci. 40:251-260.

Holtan, D. W., T. M. Nett and V. L. Estergreen. 1975. Plasma progestagens in
pregnant mares. J. Reprod. Fert. (Suppl 23):419-424.

Houghton, E., M. C. Dumasia, P. Teale, S. J. Smith, J. Cox, D. Marshall and D. B.
Gower. 1990. The use of stable isotopes and gas chromatography/mass
spectrometry in the identification of steroid metabolites in the equine. Steroids
55:433-439.

Howard, P.D. and W.G. Weist. 1973. Progesterone metabolism by uterine tissue of
pregnant rats. Steroids. 19:35-45.

Irvine, C. H. G. and M. J. Evans. 1976. The role of follicle stimulating hormone in early
pregnancy in the mare. Intl. Cong. Amin. Reprod. Artif. Insem. p. 372-374.



78

Iu liano, M. F. and E. L. Squires. 1986. Effect of exogenous progesterone on pregnancy
rates after surgical embryo transfer in mares. Teriogenology 26:291-298.

Jackson, S. A., E. L. Squires and T. M. Nett. 1986. The effect of exogenous progestins on
endoginous progesterone secretion in pregnant mares. Theriogenology 25:275-
279.

Jenkin, G. and G. D. Thorbum. 1985. Inhibition of progesterone secretion by a 3f3
hydroxysteroid dehydrogenase inhibitor in late pregnant sheep. Can. J. Physiol.
Pharm. 63 :227 -233.

Johnson, A. L. and S. E. Becker. 1993. Hormonal control of ovulation in the mare. Ani.
Reprod. Sci. 33:209-226.

Koenig, H.L., M. Schumacker, B. Ferzaz, A.N.D. Thi, A. Ressouches, R. Guennoun, I.
Jung-Testas, P. Robel, Y. Akwa and E. Emile-Baulieu. 1995. Progesterone
synthesis and myelin formation by schwann cells. Science. 268:1500-1503.

Knowles, J. E., E. L. Squires, R. K. Shideler, S. F. Tarr and T. M. Nett. 1993.
Relationship of progesterone to early pregnancy loss in mares. J. Eq. Vet. Sci.
13:528-532.

Knowles, J. E., E. L. Squires, R. K. Shideler, S. F. Tarr and T. M. Nett. 1994. Progestins
in mid to late pregnat mares. J. Eq. Vet. Sci. 14:34-38.

Ledger, W. L., M. A. Webster, A. B. M. Anderson and A. C. Turnbull. 1985. Effect of
inhibiting prostaglandin synthesis on cervical softening and uterine activity during
ovine parturition resulting from progesterone withdrawl epostane. J. Endocrinol.
105:227-233.

Leidl, W. and U. Schallenberger-Pottoez. 1976. Hysteroscopy in the mare. Vet. Med.Rev.
2:203-217.

Lovell, J. D., G. H. Stabenfeldt, J. P. Hughes and J. W. Evans. 1975. Endocrine
patterns of the mare at term. J. Reprod. Fen. (Suppl. 25):449-456.

Macawiti, D.W., W.E. Allen and M.J. Kirkpatrick. 1983. Changes in oesterone sulfate
concentrations peripherial plasma of pony mares associated with follicular growth,
ovulation and early pregnancy. J. Reprod. Fertil. 68:481-487.

Maltier, J.P., C. Legrand, M. Brueiller. 1993. Parturition. In: T. Thibault, M.C. Levasseur,
R.H.F. Hunter (Ed.) Reproduction in Mammals and Man. ppg. 481-502. Ellipses,
Paris.



79

Martal J, and L. Cedard. 1993. Endocrine functions of the placenta. In: Thibault, C (ed.),
Reproduction in mammals and man. Ellipses Marketing, Paris, pp. 435-459.

Martin P.A., D.G. Hammitt, R.S. Strohbehn and D.M. Keister. 1987. Induction of
parturition in swine and epostane, a competitive inhibitor of 30-hydroxysteroid
dehydrogenase. J. Anim. Sci. 64:497-506.

McKinnon, A. 0., E. L. Squires, E. M. Carnevale and Hermenet M.J. 1988.
Ovariectomized steroid-treated mares as embryo transfer recipients and as a model
to study the role of progestins in pregnancy maintenance. Theriogenology
29:1055-1064.

Miller, K. F., S. L. Berg, D. C. Sharp and 0. J. Ginther. 1980. Concentrations of
circulating gonadotropins during various reproductive states in mares. Biol.
Reprod. 22:744-750.

Monroe, J.L., D.L. Cross and L.W. Hudson. 1988. Effect of selenium and endophyte-
contaminated fescue on performance and reproduction in mares. J. Equine Vet.
Sci. 8:148-153.

Morgenthal, J. C. and C. H. van Niekerk. 1991. Plasman progestagen levels in normal
mares with luteal defficiency during early pregnancy, and in twinning habitual
aborters. J. Reprod. Fert. (Suppl. 44):728-729.

Morgenthal, J. C. and C. H. van Niekerk. 1984. Twinning, infectious and habitual aborters
as related to total plasma progestagens in the Thouroughbred mare. 10th annual
conferance on Animal Reproduction and A.I. Jun 10-14, Univ. of Indiana at
Urbana, p. 92.1-92.3.

Moss, G. E., V. L. Estergreen, S. R. Becker and B. D. Grant. 1979. The source of the 5a-
pregnanes that occur during gestation in mares. J. Reprod. Fert. (Suppl. 27):511-
519.

Munro, C. and G. Stabenfeldt. 1984. Development of microtitre enzyme immunoassay for
the determination of progesterone. J. Endocrinol. 101:41-47.

Nett, T. M., D. W. Holtan and V. L. Estergreen. 1973. Plasma estrogens in
pregnant and postpartum mares. J. Anim. Sci. 37:962-970.

Nett, T. M., D. W. Holtan and V. L. Estergreen. 1975. Levels of LH, prolactin, and
oestrogens in the serum of post-partum mare. J. Reprod. Fertil. (Suppl. 23):201-
206.



80

Noden, P. A., W. D. Oxender and H. D. Hafs. 1978. Plasma luteinizing hormone,
progestogens, and estrogens in mares during gestation, parturition, and first
postpartum estrus. Amer. J. Vet. Res. 39:1964-1967.

Parry, L. C. and D. W. Holtan. 1985. Efferct of Regu-Mate, a synthetic progestin, on
early pregnancy maintenance in the absence of functional corpora lutea in pony
mares. Ninth Equine Nuitrition and Physiology Symposium. May 23-25, East
Lansing, MI, p. 382-386.

Parry-Weeks, L. C. and D. W. Holtan. 1987. Effect of altrenogest on pregnancy
maintenance in unsynchronized equine embryo recipients. J. Reprod. Fert. (Suppl.
35):433-438.

Pashen, R. L. and W. R. Allen. 1979. The role of the fetal gonads and placenta in steroid
production, maintenance of pregnancy and parturition in the mare. J. Reprod.
Fertil. (Suppl. 27):499-509.

Power S.G.A and J.R.G. Challis. 1987. Steroid production by dispersed cells from fetal
membranes and intrauterine tissues of sheep. J. Reprod. Fertil. 81:65-76.

Potts G.O., J.E. Creanage, H.R. Harding and H.P. Schane. 1978. Trilostane, an orally
active inhibitor of steroid biosynthesis. Steroids. 32:257-267.

Putnam, N.R., D.I. Bransby, J. Schumacker, T.R. Booinger, L. Bush, R.A. Slelby, J.T.
Vaughn, D. Ball and J.P. Brendemuhel. 1991. Effects of fungal endophyte
Acremonium coenophialum in fescue on pregnant mares and foal viability. Am. J. Vet.
Res. 52:2071-2074.

Richmand, A.F. and G.J. Pepe. 1986. Uterine progesterone during early pseudopregnancy
in the rat. Biol. Reprod. 35:949-955.

Roser, J. F., Y. S. Chang, H. Papkoff and C. H. Li. 1984. Development and
characterization of a homologous radioimmumoassay for equine prolactin. Proc.
Soc. Expr. Biol. Med. 175:510-517.

Roser, J. F. and J. W. Evans. 1983. Luteal lutenizing hormone receptors during the
postovulatory period in the mare. Bio. Reprod. 29:499-510.

Rossdale, P. D., A. J. McGladdery, J. C. Ousey, N. Holdstock, L. Granger and E.
Houghton. 1992. Increase in plasma progestagen concentrations in the mare after
foetal injections with CRH, ACTH, of betamethasome in late gestation. Equine
Vet. Jour. 24:347-350.

Rossdale P.D. and M. Silver. 1982. The concept of readiness for birth. J. Reprod. Fertil.
(Suppl 32):507-510.



81

Santschi, E. M., M. M. LeBlanc and P. G. Weston. 1991. Progestagen, oesterone sulfate
and cortisol concentraitons in pregnant mares during medical and surgiacl disease.
J. Reprod. Fertil. (Suppl. 44):627-634.

Schlane, H. P., G. 0. Pott and J. E. Creange. 1979. Inhibition of ovarian, placenta, and
adrenal steroidogenesis in the rhesus monkey by trilostane. Fertil. Steril. 32:464-
467.

Schutzer, W.E., J.L. Kerby and D.W. Holtan. 1995. In vivo and in vitro effects of
exogenous progestins and trilostane induced inhibition on the progestin milieu in the
mid-gestation mare. In: Proceedings of - Biology of Progesterone Symposium.
Portland, OR. Abstract 6.

Schutzer W.E. and D.W. Holtan. 1995a. Novel progestin metabolism by the equine utero-
fetal-placental unit. Biol. Reprod. 52 (Suppl. 1):188 (Abstr 525).

Schutzer W.E., and D.W. Holtan. 1995b. Utility of gas chromatography/mass-
spectrometry (GC/MS) and deuterium labeled (D4)-steroids for in vivo metabolic
studies with the pregnant equine. In: Proceedings of 25th Regional Conference on
Comparative Endocrinology, Seattle, WA. Abstract 35.

Schwabb, C. A., J. W. Evans and G. D. Potter. 1990. Prolactin and progesterone
concentrations during early pregnancy and relationship to pregnancy loss prior to
day 45. J. Equine Vet. Sci. 10:280-283.

Seamans K.W., P.G. Harms, D.T. Atkins and J.L. Fleeger. 1979. Serum levels of
progesterone, 5a-dihydroprogesterone and hydroxy-5a-preganones in the
prepartum and postpartum equine. Steriods 33:55-63.

Seren, E., C. Tamanini, R. Gaiani and G. Bono. 1981. Concentrations of progesterone,
17a-hydroxyprogesterone and 20i-dihydroprogesterone in the plasma of mares
during pregnancy and at parturition. J. Reprod. Fertil. 63:443-448.

Shiedeler, R. K., E. L. Squires, J. L. Voss, D. J. Eikenberry and B. W. Pickett. 1982.
Progestagen therapy of ovariectomized pregnant mares. J. Reprod. Fert., Suppl.
32:459-464.

Short, R. V. 1956. Progesterone in the placentae of domestic animals. Nature 178:743-
744.

Short, R. V. 1957. Steroids related to progesterone in the human and mare placenta. J.
Endocrinol. 15:i-ii.

Short, R. V. 1958. Progesterone in Blood II. Progesterone in the peripheral blood of
pregnant cows. J. Endocrinol. 16:426-428.



82

Short, R. V. 1959. Progesterone in blood.IV. Progesterone in the blood of mares. J.
Endocrinol. 19:207-210.

Silberzahn, P., I. Zwain and B. Martin. 1984. Concentration increase of unbound
testosterone in the plasma of the mare throughout pregnancy. Endocrinol.
115:416-419.

Silver, M. 1990. Prenatal maturation, the timing of birth and how it may be regulated in
domestic animals. Exper. Physiol. 75:285-307.

Squires, E. L., B. C. Wentworth and 0. J. Ginther. 1974. Progesterone concentration in
blood of mares during the estrous cycle, pregnancy and after hysterectomy. J.
Animal Science 39:759-767.

Stabenfeldt, G. H., J. P. Hughes, J. W. Evans and I. I. Geschwind. 1975. Unique aspects
of the reproductive cycle of the mare. J. Reprod. Fert., Suppl. 23:155-160.

Stein, P. and M. Terone. 1992. Effect of a NADPH generating system on the
steroidogenic response in rat luteal cells. J. Ster. Biochem. Molec. Biol. 41:145-
150.

Stewart, D.R., H. Kindahll and G.H. Stabenfeldt. 1984. Concentrations of 15-keto-13-
dihydro-prostaglandin F2a in the mare during spontaneous and oxytocin induced
foaling. Eq. Vet. J. 16:270-274.

Stewart, D. R. and G. H. Stabenfeldt. 1981. Relaxin activity in the pregnant mare. Biol.
Reprod. 25:281-289.

Stewart, D. R., G. H. Stabenfeldt, J. P. Hughes and D. M. Meagher. 1982. Determination
of the source of equine relaxin. Biol. Reprod. 27:17-19.

Taylor M.J., R. Webb, M.D. Mitchell and J.S. Robinson. 1982. Effect of progesterone
withdrawal in sheep during late pregnancy. J. Endocrinol. 82:85-93.

Terqui, M. and E. Palmer. 1979. Oestrogen pattern during early pregnancy in the mare. J.
Repro. Fertil. (Suppl. 27):441-446.

Townson, D.H., R.A. Pierson and O.J. Ginther. 1989. Characterization of plasma
progesterone concentrations from two distinct luteal morphologies in mares.
Theriogenol. 32:197-204.

Urwin, V. 1983. The use of heterologous radioimmunoassays for the measurement of
follicle-stimulating hormone and lutinizing hormone concentrations in horse and
donkey serum. J. Endocrin. 99:199-209.



83

van Niekerk, C. H. and J. C. Morgenthall. 1982. Fetal loss and the effect of stress on
plasma progestagen levels in pregnant Thoroughbred mares. J. Reprod. Fertil.
(Suppl. 32):453-457.

Voller, B. E., L. C. Parry-Weeks and D. W. Holtan. 1991. The Effect of Regu-Mate, a
synthetic progestin, on early pregnancy maintenance, conceptus growth, and
corpora lutea development in pregnant pony mares. Eq. Vet. Sci. 11:46-50.

Wiebe, J.P., G.0 De Gannes and M.J. Dallaire. 1994. Synthesis of the allylic regulatory
steroid, 3a-hydroxy-4-pregnen-30-one, by rat granulosa cells and its regulation by
gonadotropins. Biol. Reprod. 50:956-964.

Worthy, K., R. Escreet, J. P. Renton, P. D. Eckersall, T. A. Douglas and D. J. Flint. 1986.
Plasma prolactin concentrations and cyclic activity in pony mares during
parturition and early lactation. J. Reprod. Fertil. 77:569-574.



84

APPENDIX. METHODOLOGIES OF GAS CHROMATOGRAPHY/
MASS SPECTROMETRY
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This study applied GC/MS technology which can accurately differentiate minor

differences in steroid structure (Gaskell, 1983). Therefore, cross-reactivity problems

common to immuno-assays have been eliminated and accurate quantitation of individual

progestins can be performed.

Sample Preparation

Samples (3.0 ml of plasma or 5.0 ml of incubation media) were diluted with

deionized (di)-H20 (1:1; v:v) and fortified with internal standard (ISTD). Plasma samples

were fortified with deuterium (D4) labeled-progestins (D4-5a-DHP, D4-P5, D4-3(3 -5a

and D4-1313-diol; prepared as described by Dehennin et al., 1980) while media samples

utilized 4-cholesten-3-one (CHOL) as ISTD. Standard regression response lines were

established for each steroid by adding increasing amounts of non-labeled standard (0-1000

ng) plus a constant amount (500 ng for D4-progestin or 2000 ng for CHOL) of internal

standard to either ovariectomized mare plasma or media. Samples were then passed

through C18 Sep-Pak cartridges (Waters Chromatography). Prior to sample elution, C18

Sep-Pak cartridges were charged with Me0H (HPLC grade; 2 ml) and then rinsed with di-

H20 (2 ml). After the entire sample was passed through the cartridge, cartriges were again

rinsed with di-H20 (5 ml) and then hexanes (HPLC grade; 1 ml). Unconjugated steroids

were subsequently extracted from the cartridge bed with anhydrous ether (4 ml) into 1-

dram vials. Ether was therewith evaporated under a stream of N2 gas at 60° C. Recovery

of steroids ranged between 87.5% and 92.7%.

Ketones were derivitized with 50 Ill of 5% methoxyamine-HC1 (MOX; Sigma) in

silation grade pyridine (Regis) at 60° C for 30 min in 1-dram vials with Teflon coated

caps. Reagent was subsequently evaporated under a stream of N2 gas at 80° C.

Methoxyamine-derivitized samples were incubated with 25 pl of N-methyl-N-t-
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butyldimethylsilyl triflouroacetamide (MTBSTFA; Regis) reagent and 50 p.1 of 5.0 %

diethylamine (DEA; Sigma) in silation grade N,N-dimethylformamid (DMF; Regis)

catalyst for 45 min at 80° C in 1-dram vials with Teflon coated caps. This step derivitized

unhindered-hydroxyl groups. Hydroxyl-derivitization was stopped by adding 0.5 ml of

deionized-H20 to each sample. Derivatives were then extracted from the aqueous phase

with anhydrous diethyl ether (3 ml; 2 X), and then concentrated under a stream on N2 gas.

Derivatives were then taken up with n-undecane (Sigma; 30 IA) and analyzed with

GC/MS.

Gas Chromatography/Mass Spectrometry

One -µl of each sample was injected (splitless mode), via autosampler (Hewlett

Packard 7673), into a fused silica capillary column (DB-5MS; 30 m X 0.25 mm ID; J & W

Scientific). Samples were then separated under temperature program mode in the GC. The

injection port temperature was isothermal at 250° C while the initial temperature of the

GC oven was 160° C. Upon injection, GC oven temperature increased 25° C/min to 280°

C, then 3° C/min to 310° C. The GC oven remained at 310° C for 10 min. Each sample

was therefore analyzed for 27.5 min.

A Hewlett Packard 5971A MS was interfaced with the GC and a 486/66 series

microcomputer. ChemStation software (Hewlett Packard; version G1034B) performed

quantitation by calculating least squares linear regression for each steroid within each

assay from peak area ratios (unlabeled standards area vs D4-ISTD area). These regression

equations were used to calculate quantity (in ng/ml) of each steroid in samples from their

respective peak ratios (steroid area vs its D4-ISTD area). Intra-assay coefficient of

varriation for all steroids averaged 3.0% with a high of 6.9% for 20a-5a and a low of

1.1% for 313-5oc. Inter-assay coefficient of varriation, averaged for all steroids throughout

the entire study, was 7.6% .
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See Figure 1 for an example of a standard curve regression line and equation.

Figure 2 presents a total ion chromatogram. Each peak represents a different derivitized-

progestin (a complete discussion of derivitization follows this section). Progestins are

organized in time by both molecular weight as well as by structural nuances. Figure 3 is

the mass ion chromatogram of derivitized-5a-DHP. The prominent ions are the mass ion

of 343 MW and characteristic break down ion of 100 MW. Figure 4 is the mass ion

chromatogram for derivitized-D4-5a-DHP. Notice that the characteristic ions are now

347 MW and 104 MW - exactly 4 MW greater. Figure 5 is the total ion chromatogram of

both 5a -DHP and D4-5a-DHP depicting how these two slightly different compounds

elute in time.
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5a-Pregnane-3,20-dione
Response Ratio

0 2 4

Amount Ratio
6

Resp Ratio = 1.33e+000 * Amt
Corr Coef = 1.000 Curve Fit: Linear/Origin

8

Figure 1. The standard curve regression line and equation with response ratio for 5a-
DHP. The equation was produced by comparing unlabeled steroid peak area vs D4-ISTD
peak areas in each assay. Different steroids produce independent response equations as
determined by structural characteristics.
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Figure 2. A total ion chromatogram. Each peak represents a different progestin metabolite
organized in time by molecular weight and by structural nuances.
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Figure 3. The mass ion chromatogram for derivitized-5a-DHP.
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Figure 4. The mass ion chromatogram for derivitized-D4-5a-DHP.
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Figure 5. The total ion chromatogram for D4-5a-DHP (upper) and 5a-DHP (lower).
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Derivitization

Derivitization was necessary to allow for appropriate chromatography, to improve

ion sensitivity and to aid in identification. The process involves conjugating ketone

moieties with a methoxyamine compound and/or hydroxyl moieties with tertiary-butyl-

silane groups. Figure 6 depicts the structural additions and MW changes that occur with

both derivitization techniques utilizing 20a-5a as a model compound. The compounds

base MW is 318. After addition of MOX (which adds a net of 29 MW) and MTBSTFA

(which adds a net of 114 MW) the derivitized-compound MW becomes 461. However,

after electron impact (occurred in the MS) the compound will break down in a predictable

fashion (MOX looses 31 MW and MTBSTFA looses 57 MW) yielding a compound of

404 MW.

Figure 7 is the mass ion chromatogram produced by 20a-5a. Results of both

derivative types are present - 404 MW (the major ion) is a result of the derivitized parent

ion (461 MW) loosing 57 MW due to MTBSTFA derivitization. The minor, although

important 374 MW ion is a result of a loss of the 31 MW - MOX derivative.

Derivitization also improved sensitivity in that some underivitized-compounds will

not yield acceptable high MW ions. Therefore, quantitation can be difficult, especially

when concentrations are low. Figure 8 is the mass ion chromatogram for underivitized-P4.

There are no prominent high MW ions, although the parent ion of 314 MW is present.

However, after derivitization (Figure 9), two high MW ions are present, 372 MW and 341

MW.
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STRUCTURAL DETAILS NET MOLECULAR WEIGHT

I

ADDITION OF MOX
AND MTBSTFA

N

I

ELECTRON IMPACT

C H 3
c10--0 - t i

d H 3

318

MOX (+ 29) MW
MTBSTFA (+ 114) MW
NET = 461

MOX (- 31) = 373 MW
MTBSTFA (- 57) = 404 MW

Figure 6. Structural and molecular weight events that occur when 20a-5a undergoes both
MOX and MTBSTFA derivitization.
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Figure 7. The mass ion chromatogram for derivitized-20a-5a.
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Figure 8. The mass ion chromatogram for underivitized-P4.
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Figure 9. The mass ion chromatogram for derivitized-P4.




