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Summary. The metabolism, in vitro, of isotopically-labelled preg-
nenolone and progesterone by foetal and adult sheep adrenals has been
investigated. Both substrates were almost completely metabolized by
the adult tissue, whereas, in the case of the foetus, only pregnenolone
showed extensive metabolism. The adult adrenal converted pregneno-
lone mainly to cortisol, corticosterone and 11-deoxycortisol, whereas
corticosterone was the major product from progesterone. The foetal
adrenal, on the other hand, yielded mainly progesterone from preg-
nenolone with only a small conversion to the corticosteroids. The
substrate, progesterone, was transformed, in the main, to 11-deoxy-
corticosterone. No 3\g=b\-hydroxysteroidsulphokinase-transferase activity
was demonstrated in either tissue. The importance of these findings and
the probable pathways involved in the formation of the biosynthetic
products are discussed.

INTRODUCTION
Information on the secretion of cortisol and corticosterone by the adrenal
cortex of the foetal and adult sheep has appeared frequently in the literature
(Blair-West, Coghlan, Dentón, Goding, Wintour & Wright, 1963; Chester
Jones, Jarrett, Vinson & Potter, 1964; Alexander, Britton, James, Nixon,
Parker, Wintour & Wright, 1968), but little attempt has been made to study
the principal pathways for their biosynthesis in this species. Vinson (1967) and
Vinson & Whitehouse (1967) have assessed the rôle of 21-hydroxypregnenolone
in the synthesis of corticosterone from pregnenolone.

Moreover, interest in corticosteroid production by the ovine foetal adrenal
gland has been aroused by the work of Liggins (1968), who showed that
parturition could be induced prematurely in the sheep by the continuous
infusion over several days of cortisol or synthetic corticotrophin into the lamb
in utero. A recent paper by Bassett & Thorburn (1969) also implicated foetal
adrenal corticosteroid secretion in the initiation of parturition in the sheep.

As part of a programme of investigation on the metabolism of steroids by
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the pregnant sheep, its foetus and placenta, this initial study is concerned with
the biosynthesis of various steroids, particularly corticosteroids, from preg¬
nenolone and progesterone by both foetal and adult sheep adrenal tissue
incubated in vitro. The findings will form a basis for future work on the meta¬
bolism of steroids in these tissues at different stages of gestation and under the
influence of various stimuli.

MATERIALS AND METHODS

Adrenal tissue
The adrenal glands of combined weight, 224 mg, were taken from a female

sheep foetus at 122 days' gestation immediately following its removal from the
uterus.

Adult sheep adrenal tissue was obtained at laparotomy under general
anaesthesia (pentobarbitone sodium followed by halothane and oxygen) from
two ewes, one non-pregnant, the other 104-days pregnant.

Preparation of tissues and conditions of incubation
The adrenal glands were placed in polythene bags and transported to the

laboratory on crushed ice. Experimental work on the tissues was begun within
1 hr of their removal from the animals. The cortical tissue was separated from
its capsule and the medulla, and finely chopped using a safety razor blade.

(a) Foetal adrenal tissue. The total amount of foetal cortical tissue (128 mg)
was incubated in 1-4 ml Krebs-Ringer bicarbonate-glucose medium for 2 hr
at 37° C and shaken in an atmosphere of95% 02:5% C02. The incubation vessel
contained 55-4 m-¿umoles each of [4-14C]progesterone (36-1 µ /µ     ) and
[7oc-3H]pregnenolone (450 µ /µ     ).

(b) Adult adrenal tissue from a non-pregnant ewe. The total mass of chopped
cortical tissue (2-1 g) was incubated in 25 ml Krebs-Ringer bicarbonate-
glucose medium with 83-3 mamóles [4-14C]pregnenolone (24 µ /µ     ),
4-4 mamóles [7a-3H]progesterone (2-26 mermóle) and 4-4 mamóles un-

labelled 17ce-hydroxypregnenolone. The incubation conditions were identical
to those for the foetal adrenal tissue. The unlabelled 17a-hydroxypregnenolone,
which was equimolar to the [7cc-3H]progesterone, was added to the incubation
to avoid creating an early imbalance in the two major pathways to cortisol
from pregnenolone.

(c) Adult adrenal tissue from a pregnant ewe. Cortical tissue ( 1 g) was finely
chopped and then homogenized in 4-0 ml 0-25 M-sucrose containing nicotina-
mide (0-12 m) in a Philpot & Stanier (1956) homogenizer. Three 1-ml portions
of homogenate were incubated with (i) 10 mamóles [7oe-3H]pregnenolone, (ii)
0-25 m-µ     [7 -3 ] 17a-hydroxypregnenolone and (iii) 10 mamóles [7 -3 ]-
dehydroepiandrosterone for 1 hr at 39° C, in 3 ml incubation medium. This
medium consisted of a phosphate buffer, pH 7-0, containing 0-025 M-mag-
nesium sulphate, 0-02 M-potassium sulphate and 0-01 m-ATP (Pulkkinen,
1966).

The purity of radio-active steroids used as substrates in the incubations was
checked by diluting samples with carrier material and chromatographing on
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thin layers and on paper in a number of solvent systems. The specific activities
of the free steroid and of two derivatives formed from it, showed the material
to be not less than 99% pure. Radio-active material on chromatograms was
detected using a Packard Model 7201 radiochromatogram scanner.

Extraction andfractionation of steroids
Following the addition of acetone to the incubation, various non-radio¬

active carrier steroids were added to the mixtures:
Incubation (a). The following carrier steroids (500 µg of each) were added

to the incubation: pregnenolone, 17oc-hydroxypregnenolone, progesterone,
17a-hydroxyprogesterone, 20a-hydroxy-pregn-4-en-3-one, (20a-dihydroproges-
terone), 20/?-hydroxypregn-4-en-3-one (20jS-dihydroprogesterone), 11-deoxy-
corticosterone (DOC), corticosterone, 11 -deoxycortisol, cortisol, cortisone,
dehydroepiandrosterone (DHA), androstenedione, and the sulphates of preg¬
nenolone, 17a-hydroxypregnenolone and DHA. After homogenization in a

Silverson mixer, the mixtures were filtered, washed three times with acetone,
and the extracts and the washings dried under reduced pressure. Steroids were

then extracted and fractionated as previously described (Cameron & Griffiths,
1968; Griffiths, Cunningham & Cameron, 1968).

Incubation (b). Carrier steroids, 30 µg of each, were added as follows: preg¬
nenolone, 17a-hydroxypregnenolone, 21-hydroxypregnenolone, progesterone,
17a-hydroxyprogesterone, DOC, corticosterone, 11-deoxycortisol, cortisol,
cortisone and the sulphates ofpregnenolone, 17a-hydroxypregnenolone and DHA.
The mixture was homogenized, filtered and washed with acetone and the
extract and pooled washings were dried. The extract was then divided into two
equal portions. A further 300 µg of each of the carrier steroids detailed above
were added to one half of the extract, and 600 µg of each to the other half.
The carriers were then isolated as for incubation (a).

Incubation (c). To each of the three incubations, 500 µg of the following carrier
steroids were added : (i) the sulphates of pregnenolone, 17a-hydroxypregneno-
lone and DHA; (ii) 17a-hydroxypregnenolone sulphate and DHA sulphate;
(iii) DHA sulphate.

A conjugated steroid fraction was isolated from each incubation and sub¬
jected to chromatography in the solvent system of Pierrepoint (1967). The
steroid sulphates were eluted, solvolysed (Burstein & Lieberman, 1958), and
300 µg of carrier androst-5-ene-3/?,17/?-diol (androstenediol) added to each of
the solvolysis extracts. In each incubation, the specific activities of the free
steroid and its acetate were measured.

Chromatography, isolation and measurement of steroids
Thin layer chromatography on Merck silica gel HF254/366 was used to

isolate the majority of the steroids in the various fractions. Steroids and their
derivatives were detected and extracted from silica gel by procedures previously
described (Fahmy, Griffiths, Turnbull & Symington, 1968).

The separation of 20a- and 20/?-dihydroprogesterone was achieved by paper
chromatography on Whatman No. 1 paper in the solvent system light petrol¬
eum (b.p. 80 to 100°C) : methanol: water (10:9:1). All other steroids separated
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on thin layers. Steroids were measured after elution and derivatives prepared
by procedures already established (Griffiths, Grant & Whyte, 1963; Griffiths,
Grant, Browning, Cunningham & Barr, 1966). Radio-activity was measured
by a Nuclear Chicago liquid scintillation spectrometer (Model 6860). The
observations that the specific activities of a steroid and two of its derivatives
differed by not more than 10% was taken as satisfactory evidence for radio-
chemical purity. The mean of the specific activities was used to calculate the
percentage conversion from the original steroid incubated.

Assessment of relative magnitude of alternative metabolic pathways
A mathematical formula was derived by Cameron, Beynon & Griffiths

(1968) for a semi-quantitative assessment of alternative metabolic pathways
from pregnenolone to cortisol in human adrenal tissue incubated in vitro,
derived from that described by Kopin (1963). It was shown that if the sum of
the percentage conversions to 17a-hydroxyprogesterone + 11-deoxycortisol+
cortisol + cortisone is C2 + EC2 (Text-fig. 1) and that to DOC + corticosterone
is C3 + ZC3 then

/fl2(C2+ïC2)"Wc3 + ,c3/Wc2+xc2
where fB2<c2+zc2) is trie fraction of C2 and compounds formed from it through
the intermediate B2, i.e. progesterone, and 14C/3H ratios are based on the total
radio-activity isolated in the compounds referred to as C2-|-ZC2 and C3 + ZC3
(Text-fig. 1).

This formula was applied to the results obtained in Incubation (b) with adult
sheep adrenal tissue.

RESULTS
The studies on the adult sheep adrenal (Incubation (b)) show that the sub¬
strates [4-14C] pregnenolone and [7a-3H] progesterone were almost completely
metabolized, only 1-3% and 4-6%, respectively, remaining at the end of the
incubation period (Table 1). Approximately 15% of the incubated pregneno¬
lone was converted to corticosterone, and 12% and 21% to 11-deoxycortisol
and cortisol, respectively. These were the major products. In contrast to this,
however, only small yields of the 17-hydroxylated compounds were obtained
from progesterone, namely 0-04% 17a-hydroxyprogesterone, 0-19% 11-
deoxycortisol, 0-64% cortisol and 0-16% cortisone, whereas 32-3% of the pro¬
gesterone was converted to corticosterone. Substitution of the percentage
conversion figures of [4-14C] pregnenolone and [7a-3H]progesterone to
C2 + TC2 and C3+ C3 and hence the derivation of the value of fB2,C2+TCz) in¬
dicate that approximately only 1-5% of the 17-hydroxylated metabolites was
formed from pregnenolone by way of progesterone (Text-fig. 1 ).

During the incubation of human adrenal tissue in vitro, steroids are secreted
into the medium. These are derived from endogenous precursors, notably
cholesterol, regardless of the exogenous radio-active precursors added. This
contribution by the tissue to the total mass of steroid isolated must either be
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negligible, or measured, if reverse isotope dilution analysis is to be accurate.
The endogenous steroid output was determined using principles described for
the human adrenal cortex by Cameron & Griffiths (1968) from the results of
Incubation (b) (Adult adrenal, Table 1). There was no evidence for significant
endogenous steroid synthesis over the 2-hr incubation period.

The experiment with the foetal sheep adrenal tissue showed that the [7a-3H]-
Table 1

percentage radio-activity found in isolated steroids after simultaneous
incubation of 554 mamóles each of [4-14c]progesterone (36-1 µ /µµ   ) and

[7a-3h] pregnenolone (450 µc/µmole) with foetal sheep adrenal tissue, and
OF 833 MAMÓLES [4-14c] PREGNENOLONE (24-0 µ /µ    ) AND 4-4 MAMÓLES EACH OF

[70C-3h]PROGESTERONE (2"26 MC^MOLe) AND UNLABELLED 1 7<X-HYDROYXPREGNENOLONE
WITH ADULT SHEEP ADRENAL TISSUE

Steroid isolated
°/0 Radio-activity found in isolated steroids

Foetal adrenal

From
pregnenolone

From
progesterone

Adult adrenal

From pregnenolone
(*) (t)

From progesterone
(*) (t)

Pregnenolone
17a-Hydroxypregnenolone21-Hydroxypregnenolone
Progesterone
17a-Hydroxyprogesterone
20a-Dihydroprogesterone
2 0/?-Dihydroprogesterone
DOC
Corticosterone
11-Deoxycortisol
Cortisol
Cortisone
DHA
Androstenedione
Pregnenolone sulphate
17a-Hydroxypregnenolone

sulphate
DHA sulphate

3-0
0-06

41-6
3-4
0-74
0
1-82
0-32
1-9
0-27
0
0-02
0-17
0

0
0

0
0

66-6
1-7
1-1
0

12-4
1-9
2-4
0-20
0
0
0
0

0
0

1-3
3-7
0
0-24
0-78

4-6
14-7
12-7
21-5

0-58

1-3
3-6
0
0-26
0-65

4-0
15-2
11-9
21-5
0-45

0
0
0
4-6
0-04

4-6
32-3
0-19
0-64
0-16

0
0
0

4-5
0-04

4-2
33-9

0-15
0-73
0-17

* Half of extract to which 300 ßg of carrier steroids were added,
t Half of extract to which 600 ßg of carrier steroids were added.

—

Not investigated.

pregnenolone was extensively metabolized (~ 97%) and evidence was ob¬
tained for the formation of the following free steroids : 17a-hydroxypregneno-
lone, 17a-hydroxyprogesterone, 20a-dihydroxyprogesterone, DOC, corticos¬
terone, 11-deoxycortisol, cortisol, DHA and androstenedione. The yields of
cortisol and corticosterone from pregnenolone were small, 0-27 and 0-32%
respectively. Only 34% of the progesterone was metabolized, and comparison
of the conversions of pregnenolone and progesterone to the 17-hydroxylated
steroids investigated suggests that, in contrast to the adult, 11-deoxycortisol
and cortisol in foetal tissue may be formed from pregnenolone by way of
progesterone and 17a-hydroxyprogesterone.

An interesting finding from these incubations in both adult and foetal sheep
adrenals was their apparent inability to form the sulphates of pregnenolone,
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17a-hydroxypregnenolone and DHA, even when optimal conditions for such
enzyme systems were provided. Although pregnenolone sulphate from Incu¬
bation (c) (i) was lost at the solvolysis stage, there was no evidence for its
formation from Incubations (a) and (b).

Table 1 shows that although, in the foetal adrenal, most of the radio-activity
from the substrate progesterone was accounted for in the steroids isolated
(86%), this was not the case for the adult adrenal (42%). With regard to the

Cholesterol
I

LI4CJ Pregnenolone

I7a-0H Pregnenolone [ ] Progesterone {B2)

DHA

Androstenedione

I7a-0H progesterone (C2)

I I -Deoxycortisol

Cortisol

Cortisone

DOC(C3)

Corticosterone ( C,)

i (  ,

Text-fig. 1. Pathways of corticosteroid biosynthesis showing relationship of the steroids
to the components of the formula (see text) derived from that of Kopin ( 1963).

substrate pregnenolone, only 53% and 60% of the radio-activity was recovered
in the steroids isolated from the foetal and adult glands, respectively. An attempt
was made in the foetal adrenal incubation to identify the unknown metabolites
of pregnenolone using radiochromatographic scanning following chromato¬
graphy on thin layers of silica gel and on paper. One large radio-active peak
of greater polarity than any of the steroids investigated eventually resolved into
a series of smaller peaks when re-chromatographed in a more polar solvent
system.

DISCUSSION

The present investigations show extensive metabolism of [4-14C] pregnenolone
and [7a-3H]progesterone by adult sheep adrenal tissue in vitro. Furthermore, it
was shown that 54% and 38%, respectively, of these substrates were converted
to corticosteroids, but of apparently greater importance was the demonstration
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that cortisol (21%) was the major metabolite formed from pregnenolone,
whereas progesterone was transformed mainly to corticosterone (32%). Since
corticosterone was formed from both precursors in relatively high yield, in
contrast to cortisol which was produced in any quantity only from pregneno¬
lone, our in vitro findings are at variance with in vivo studies which have shown
that cortisol is secreted in very much greater amounts than corticosterone by
the adult sheep adrenal (Blair-West et al., 1963; Chester Jones et al., 1964;
Alexander et al., 1968; Bassett & Hinks, 1969). These findings suggest that, in
vivo, the sheep adrenal gland may use pregnenolone in preference to progester¬
one for the synthesis of these corticosteroids. In the adult adrenal incubation,
the prime interest was to assess the formation of corticosteroids and little attempt
was made to identify other metabolites. Identification of these unknown
metabolites of pregnenolone is a subject of our continuing investigations.

Text-figure 1 indicates the two principal pathways which have been deter¬
mined for the biosynthesis ofcortisol in the human adrenal cortex, one involving
17-hydroxylation of pregnenolone followed by 3/?-hydroxysteroid dehydro-
genation and  5- 4 isomerism to 17a-hydroxyprogesterone, the second re¬

quiring the conversion of pregnenolone to progesterone with subsequent
17a-hydroxylation to give 17oc-hydroxyprogesterone. The results in the adult
sheep adrenal show that most of the incubated progesterone was converted to
DOC and corticosterone (36-9%), whereas only 1-03% was transformed to

17oc-hydroxyprogesterone, 11-deoxycortisol, cortisol and cortisone. This sug¬
gests that cortisol is formed by way of 17a-hydroxypregnenolone and substi¬
tution of the conversion figures into the equation described earlier indicates
that only a small amount of the cortisol is formed from pregnenolone by way
of progesterone. Criteria for the validity of the formula are not strictly met in
an in vitro system, but nevertheless, even with allowance for reasonable errors,
derived figures suggest that the biosynthetic pathway for 17-hydroxysteroid
formation from progesterone is not active. Any progesterone formed in the tissue
is rapidly converted to the 17-deoxycorticosteroids. These results are very similar
to those determined for human adrenal tissue (Cameron & Griffiths, 1968).

Although Vinson (1967) showed that the pathway pregnenolone->
21-hydroxypregnenolone -* DOC was concerned in the synthesis of corti¬
costerone, there was no radio-activity isolated in 21-hydroxypregnenolone in
the adult sheep incubation studies reported here. However, the disparity
between the 3H:14C ratios of progesterone and the metabolites DOC and
corticosterone, would support the concept of a pathway from pregnenolone
to corticosterone which does not involve progesterone. Since no radio-activity
accumulated in the biosynthetic intermediate, 21-hydroxypregnenolone, the
error in the mathematical assessment of the activity of the metabolic pathways
will be relatively small.

In the adult sheep adrenal incubation in which the steroid extract was
halved and different amounts of carrier steroids added, the results indicated
that there had been no significant endogenous formation of steroids during the
time of incubation. This may not be surprising since the sheep has a cholesterol-
poor adrenal cortex (Symington, 1960; Griffiths, 1960; Lloyd, cited by Gans
& Shaefer, 1968).
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These experiments have also demonstrated the ability of the foetal sheep

adrenal, at 122 days' gestation, to metabolize pregnenolone and progesterone
in vitro to a variety of steroids. The large conversion of [7oc-3H]pregnenolone to
progesterone (Table 1) confirms the findings of Vinson (1967) that this
A5-3/Mrydroxysteroid dehydrogenase-isomerase is present in the adrenal of the
sheep foetus.

The results obtained with the foetal adrenal suggest that, not only was the
progesterone transformed as efficiently to the 17a-hydroxycorticosteroids as
was pregnenolone, but that it was itself formed in good yield from this  5
substrate. The pathway pregnenolone - 17a-hydroxypregnenolone- 
17a-hydroxyprogesterone - 11-deoxycortisol - cortisol cannot then be
considered the favoured route for cortisol synthesis from pregnenolone in the
sheep foetal adrenal at this stage of pregnancy. Of further interest was the
observation that 0-17% of the pregnenolone was converted to androstenedione
compared with 0-27% to cortisol, whereas no androstenedione was formed
from progesterone, suggesting that DHA and not 17a-hydroxyprogesterone
may be the immediate precursor of androstenedione. The yields ofprogesterone
from pregnenolone and of 11-deoxycortisol and DOC from both pregnenolone
and progesterone suggest that the 17a-hydroxylating and 11 /?-hydroxylating
enzyme systems are relatively inactive at this stage of gestation. The findings in
the adult sheep adrenal, on the other hand, suggest a deficiency of only a

progesterone 17a-hydroxylase. This interpretation is in contrast to that of
Vinson & Whitehouse (1967), who found little difference in the steroid bio¬
synthetic pathways of foetal and adult sheep adrenals.

The studies with minced foetal and adult sheep adrenal tissue failed to
demonstrate steroid sulphokinase activity. It appears, therefore, that the sheep
adrenal, in marked contrast to the human adrenal, does not synthesize DHA
sulphate which is so closely involved in oestrogen synthesis in the human
foeto-placental unit (Boité, Mancuso, Eriksson, Wiqvist & Diczfalusy, 1964).
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