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SUMMARY

Rat and rabbit tissue homogenates detritiated 21-[3H]}-deoxycorticosterone when incubated in vitro.
The adrenal was more active than the liver in both species. Acid formation, as assessed by detritiation,
was greater than the net acids obtained by solvent partition. Rabbit adrenal had 78% of the activity
of the liver when measured by the latter method, followed by the ovary and adrenal with 57.3%
and 51.8%,. Rat tissues had less than 50%, the activity of the liver. Tritiated 4-pregnene-3,20-dione-21-oic
acid (pregnenoic acid*) and 4-androstene-3-one-178-carboxylic acid (etienic acid) were identified as
in vitro metabolites of deoxycorticosterone after incubation with rat and rabbit adrenal, ovary, uterus,
muscle and kidney homogenates. The possible widespread oxidative metabolism of the corticosteroid
side-chain to steroidal-21-oic acids and further to C-20-acids, by the extrahepatic tissues of these two

species is indicated.

INTRODUCTION

Recent studies from this laboratory have shown that
the rabbit liver microsomal fraction is active in vitro
in the 21-hydroxylation of P to DOC. [1] and the
oxidative metabolism of DOC to 21-oic acids [2-6].
Several steroidal-21-oic acids have also been isolated
from urine [2,7, 8]

The oxidative metabolism of the corticoid side-
chain to 21-oic acids constitutes a new and important
pathway of steroid metabolism that has been shown
to occur with several mammalian species [9-15]. The
majority of the in vitro studies on the formation of
steroidal-21-oic acids have centered on the liver which
is the principal metabolising organ [1,3,6,9, 12-14]
with occasional studies on the adrenal and other tis-
sues [16, 17].

The present study compares the in vitro formation
of acidic metabolites by several rat and rabbit tissues
and demonstrates the extrahepatic biosynthesis, albeit
in low yield, of a steroidal-21-oic-acid.

METHODS

Tritium transfer experiments

Synthesis of [21-*H]-deoxycorticosterone. 21-De-
hydro DOC was synthesised by oxidation of DOC

* The following trivial names and abbreviations are
used: P; progesterone (4-pregnene-3,20-dione); DOC;
deoxycorticosterone (21-hydroxy 4-pregnene-3,20-dione);
21-dehydro-DOC  (4-pregnene-3,20-dione-21-al);  preg-
nenoic acid (4-pregnene-3,20-dione-21-oic acid); etienic
acid (4-androstene-3-one-178-carboxylic acid).

with cupric acetate [18]. It was reduced to [21-*H}-
deoxycorticosterone by reaction with sodium borotri-
tiilde, as described by Willingham and Monder [19].
The product was purified on a silica gel column
{15 x 4cm; mesh 100-200; Nutritional Biochemical
Co., US.A)) and eluted with chloroform-methanol
(95:5, v/v}). tlc. in the system chloroform-ethyl acet-
ate (8:2, v/v) on Anasil silica gel GF,, plates
(0.25mm thickness; Analabs Inc, US.A) gave a
single peak of radioactivity that co-chromatographed
with authentic DOC (R 0.47). An aliquot was also
crystallised to constant specific activity with DOC.
The specific activity of [21-3H]-DOC was estimated
with the blue tetrazolium colorimetric assay to be
27 mCi/mmol.

Preparation of tissue incubates. Groups of five
female Sprague-Dawley rats were individually sacri-
ficed with chloroform and samples of tissues were
pooled. Groups of two female New Zealand White
rabbits were sacrificed by a blow on the neck and
tissues were also pooled. Homogenates were prepared
in the sucrose-phosphate buffer mixture (pH 7.4} pre-
viously described [3], with 0.1g tissue/m! buffer
(109, w/v) being taken with the ovaries and adrenals
and 2.0 g tissue/10 mi buffer (209 w/v) with the uterus,
muscle, liver, lung, brain and kidney. The homo-
genates were centrifuged at 2,500 rev./min for 10 min
and the clear supernatant was decanted and analysed
for protein [20].

Incubation of homogenate supernatants. Approxi-
mately 100,000d.p.m. of 21-[*H]-DOC (554.4ng;
1.67 nmol} was dissolved in propylene glycol (0.2 ml)
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and incubated with the tissue homogenate super-
natants at a protein:substrate ratio of 20,000:1. A
NADPH-generating system [3] was added to each
incubate and the total volume was adjusted to 2ml
with bufffer. Incubations were shaken in a water bath
at 37°C for 2h in an atmosphere of air.

Distillation of tritiated water. Incubations were ter-
minated by freezing in an acetone-solid carbon diox-
ide bath, then stored at —17°C until processed. The
water in each incubate was distilled under reduced
pressure through an all glass manifold and the distil-
late was condensed in a flask surrounded by an ace-
tone-solid carbon dioxide bath. One millilitre aliquots
of the distillate were counted for radioactivity.

Tissue homogenate incubations with [1,2-*H]-deox y-
corticosterone and [1,2-3H]-progesterone. Low speed
tissue homogenate supernatants (2,500 rev./min) were
prepared from the liver, kidney, uterus, ovary, adrenal
and skeletal muscle of the rat and rabbit as described
for the detritiation experiments. The supernatants
were incubated at 20,000:1 protein:substrate ratio
with either 1,2-[3H]-DOC (1.86 x 10°d.p.m.; 5.22 ng)
or 1,2-[3H]-P (1.97 x 10°d.p.m.; 6.13 ng) in the pres-
ence of a NADPH-generating system [3].

Steroid acids were isolated from scaled up incuba-
tions of 1,2-[*H]-DOC (11.1 x 10°d.p.m.; 31.2ng)
with the total low speed (2,500 rev./min) supernatants
prepared from 10% w/v homogenates of ovary and
adrenal (0.35 and 0.4 g wet wt. respectively) and 25%
w/v homogenates of liver, kidney, uterus and muscle
(2.5 g wet wt. of each). Incubations were carried out
as described for the detritiation experiments, except
that NADPH was omitted after it was found to have
no stimulatory effect on acid formation, the homo-
genates presumably having sufficient endogenous con-
centrations of co-factors.

Incubations were terminated by addition of ethyl
acetate (Sml). Radiometabolites were extracted into
ethyl acetate at pH | and partitioned into neutral and
acidic fractions as previously described [11].

Thin layer chromatography. Acidic metabolites and
their methyl ester derivatives [5] were chromato-
graphed on Anasil GF,;, coated plates (0.25mm
thickness; analabs, Inc., U.S.A.) or pre-coated NEN-
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Silica Gel (OF) plates (New England Nuclear
(Canada) Ltd., 0.25 mm thickness).

The following thin layer systems were used: Sys-
tem 1. Ethyl acetate-isopropyl alcohol-formic acid
(80:20:1, by vol.; System 2. Chloroform—ethyl acetate
(95:5 v/v); System 3. Methyl cyclohexane—ethyl ace-
tate—formic acid (50:50:1, by vol).

Tritium labelled metabolites were detected on thin
layer chromatograms with a radiochromatogram
scanner (Packard Instruments, Model 3001). Preg-
nenoic and etienic acids synthesised as previously de-
scribed [6] were run as internal standards during
TLC and were detected by their U.V. light absorption
at 240 nm.

Radioactivity. [1.2-3H]-deoxycorticosterone ([1,2-
3H]-DOC) (46.8 Ci/mmol); [1,2-3H]-progesterone
([1,2-*H]-P) (55.7 Ci/mmol) and sodium borotritiide
(204.8 mCi/mmol) were purchased from New England
Nuclear (Canada) Ltd. Aqueous samples (0.5-1.0 ml)
were counted in Insta-gel scintillation fluid (10 ml;
Packard Instruments Ltd., U.S.A.), and non-aqueous
samples in a PCS-xylene scintillation fluid (Amer-
sham-Searle, U.S.A) as previously described [3].
Counting efficiencies for tritium ranged from 30-359%.

RESULTS

Detritiation of {21-3H]-deoxycorticosterone by rabbit
and rat tissues

During the oxidation of [21-3H]-DOC to the ster-
oidal-21-oic acid there is a transfer of tritium to water
[13,16]. 21-[*H]-DOC was incubated with rat and
rabbit homogenates for 2h as described in the
Methods and the incorporation of tritium into water
was assayed by distilling the water under reduced
pressure. Table 1 compares the detritiation activity
of rat and rabbit tissues with that of the liver. All
the tissues examined had activities greater than the
blank experiments incubated in the absence of tissue,
which averaged 4.6% of the liver. The adrenal tissue
from both species exhibited greater detritiation ac-
tivity than the liver.

Table 1. Metabolic transfer of tritium from [21-3H]deoxycorticosterone to water by
rat and rabbit tissue homogenates

d.p.m. *H/2 mi water distillate*
Percentate of liver detritiation activity

Tissue Rabbit Rat

Liver 100.0 100.0
Adrenal 205.0 113.0
Ovary 54.4 60.6
Uterus 384 11.4
Lung 31.2 26.0
Kidney 66.7 15.6
Muscle 85.5 39.0

* Mean of duplicate estimations on two experiments.
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Table 2. Percentage conversion* of [1,2-*H]-progesterone and [1,2-3H]-deoxycorti-
costerone to tritiated acids by rat and rabbit tissue homogenates

Rat Rabbit

Tissue P DOC P DOC

Liver 162 + 0.3 188 + 7.0 132 + 09 16.4 + 0.8
Adrenal 46+ 1.4 58 +04 80 +0.2 129 + 0.0
Ovary 71 +03 72 +4.1 4.1 + 06 94 + 0.8
Uterus 55+03 64 + 1.3 6.1 + 0.0 85+ 15
Muscle 6.7+ 19 6.1 + 1.1 52+08 40 + 09
Lung 43+ 03 38 +04 50+ 1.2 64 + 0.7
Kidney 34 +02 39+03 4.1 + 0.1 48 + 0.6

* Mean of duplicate estimations on two experiments.

Formation of [3H]-acids from ring A tritiated pro-
gesterone and deoxycorticosterone

[1,2-*H]-DOC and [1,2-3H]-P were incubated with
rat and rabbit tissue homogenates as described in the
Methods, under the same conditions as the detritia-
tion experiments. The formation of acids was assessed
by solvent partition. Table 2 gives the percentage for-
mation of acids by both rat and rabbit tissues. Several
differences were noted when the results of the detritia-
tion experiments were compared with those involving
the assessment of acid formation by solvent partition.
In general, the estimation of acid formation by the
latter procedure was less than by detritiation activity.
This was particularly marked with the adrenals of
the rabbit and rat where the activities relative to the
liver fell from 205% and 1139 as assessed by detritia-
tion activity to 7899 and 29.8%, respectively as
assessed by solvent partition.

Both P and DOC gave acids when incubated with
the hepatic and extra-hepatic tissues of both species.
Higher yields of acids were obtained when DOC was

RABBIT
ADRENAL

RAT
ADRENAL

| PREGNENOIC
ACID

ETIENIC
ACID

the substrate, which was in agreement with a previous
finding with rabbit liver [3].

Qualitative analysis of the acidic metabolites of
[1,2-3H]-deoxycorticosterone formed by the extrahepa-
tic tissues of the rabbit and rat

Tritiated DOC (5 uCi) was incubated with the total
low speed supernatants prepared from 107 and 25%,
homogenates of rat and rabbit tissues, as described
in the Methods. The acidic fractions, isolated by sol-
vent partition, were chromatographed on pre-coated
silica gel plates (NEN, (OF)) in System 1. Figure 1
illustrates the radiochromatograms obtained with the
rat and rabbit ovary and adrenal preparations. A
clearly defined peak of radioactivity corresponding in
mobility with the pregnenoic acid standard was
defined in most of the radiochromatogram scans, with
a broader more complex area of radioactivity being
present in the area of the standard etienic acid. The
chromatograms of the acids isolated from rat and
rabbit liver were more complex than those from the

RABBIT
OVARY

PREGNENOIC

ETIENIC\!
ACID ACID

Fig. 1. Radiochromatogram scans of acidic metabolites of {1,2->*H]-DOC isolated from rabbit and
rat adrenal and ovary homogenates and chromatographed in System 1.
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Table 3. Percentage formation of [ *H]-pregnenoic acid by tissue homogenate supernatants of the extra-
hepatic tissues of rat and rabbit

Formation of acids

Isolated 3H-pregnenoic acid

%, of tritium*

% of acidst % of tritium

incubated isolated incubated
Tissue Rat Rabbit Rat Rabbit Rat Rabbit
Adrenal 12.2 10.0 81.4 7.6 9.9 0.8
Ovary 1.7 44 258 56.9 0.4 2.5
Uterus 1.7 1.9 238 28.7 0.4 0.5
Kidney 1.0 2.2 39.6 23.5 04 0.5
Muscle 1.7 6.7 233 238 0.4 1.6

*10% (w/v) Homogenates of adrenal and ovary; 25% (w/v) homogenates of the other tissues.
+ Quantitated after chromatography of the free acids in System 1, methylation and chromatography

in System 2.

extrahepatic tissues. This resulted from further meta-
bolism of the acids by the hepatic homogenates to
compounds which were not further investigated at the
present time.

Identification of [1.2-3H]-4-pregnene-3,20-dione-21-oic
acid as an extrahepatic tissue metabolite of [1,2-3H]-
deoxycorticosterone

The peaks of radioactivity that co-chromato-
graphed in t.lc. System 1 with standard pregnenoic
acid (R 0.35-0.37) were eluted and methylated, as
previously described [5]. Chromatography of the
methyl esters in System 2 gave a single peak of radio-
activity in each case (Ry 0.30-0.45) that co-chromato-
graphed with the authentic pregnoic acid methyl
ester. Table 3 gives the recovery of acids and
[3H]-pregnenoic acid. Aliquots of the [*HJ-preg-
nenoic acids isolated from the rat adrenal and rabbit
ovary incubates were taken as representative of the
other tissues and were further characterised by crys-
tallisation to constant specific activity with the auth-
entic pregnenoic acid, according to the procedure pre-
viously described [6].

H
3H,0 + Hi—OH L
—0

Detection of [1,2-3H]-4-androsten-3-one-17B-carboxy-
lic acid

Tritiated etienic acid was detected in the acidic
fractions of rat and rabbit tissue homogenate incu-
bates, but not quantitated. The broad zones of radio-
activity that had the same mobility as the standard
etienic acid when chromatographed in System | were
further chromatographed in System 3, and gave
complex radiochromatogram scans containing several
radioactive peaks. One of these co-chromatographed
with standard etienic acid Ry 0.50-0.53) and after
methylation had the same mobility as the standard
etienic acid methyl ester in System 2 (Rp 0.65-0.68).

DISCUSSION

The detritiation of the side-chain of 21-[*H]-DOC
has been shown to be linked to the formation of ster-
oidal-21-oic acids by hamster liver [13] and involve
the transfer of tritium to water [17]. Assay of this
detriation activity has provided a convenient method
for screening several tissues of the rat and rabbit for
potential oxidation of the corticoid side-chain to car-
boxylic acids. However, when the detritiation activi-
ties were compared with the net yield of acids as
assessed by solvent partition of the ring A tritiated
metabolites, it was evident that the former procedure
gave higher values of acid formation. One reason for
this might be the occurrence of another enzyme cata-
lysed reaction first noted by Monder and co-workers
[15] with hamster liver. They also obtained lower net
yields of acid than indicated by the detritiation ex-
periments which they have attributed to an enzyme-
catalysed enolisation of the side-chain involving the
transfer of tritium to water but with the retention
of the ketol side-chain. These reactions have been
summarised [15] as follows:

*H

H-J:—OH — 21-oic acid + *H,0.

=0
|

All tissues of the rat and rabbit examined had sig-
nificantly higher detritiation activity than the blank
experiments, with the activity of the adrenals of both
species being higher than the liver. Willingham and
Monder [17] reported that the kidney and brain of
the hamster had 53% and 29.4% of the detritiation
activity of the liver, whereas the adrenal had only
7.9% the activity. All the extrahepatic tissues of the
rabbit gave lower yields of acids than the liver. The
adrenal and the ovary were of particular interest since
they are sites of active steroid synthesis. Both were
more active in acid formation than the non-endocrine
tissue with the adrenal exhibiting up to 78.7%, of the
liver activity.
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The extrahepatic tissues of the rat also gave lower
yields of acids than the liver, which was more active
than rabbit liver. The rat adrenal was not -as active
as rabbit adrenal when incubated at a 20,000:1 pro-
tein :substrate ratio (Table 2); however, it showed sig-
nificantly higher activity when incubated with higher
protein concentrations prepared from 10% homo-
genates (Table 3). These results suggest that both the
liver and adrenals, and to a lesser extent, the ovaries,
of the rat and rabbit may be important sites of steroid
acid synthesis in vivo.

The identification of [3H]-pregnenoic acid as a
metabolite of [*H]-DOC in the in vitro incubates of
the extrahepatic tissues of the rat and rabbit is novel
since it indicates that the oxidative metabolism of the
corticoid side-chain is a widespread phenomenon in
the living tissue of these two species. [ *H]-Pregnenoic
acid has been identified as a hepatic metabolite of
DOC in the rabbit, in a previous study [6] and with
the hepatic tissues of several other species [9,12,13].
The in vitro yield of [*H]-pregnenoic acid was very
low with most of the extrahepatic tissues, except for
rat adrenal, which gave a significantly higher yield
of the acid than rabbit adrenal. It has been found,
however, that following subcellular fractionation of
rabbit adrenal, both the microsomal and mitochon-
drial fractions gave considerably higher yields of
[3H}-pregnenoic acid when incubated with
[*H]-DOC than with the unfractionated homogenate
supernatant, which gave predominantly [*H]-etienic
acid [21]. This implies that a side-chain cleavage
enzyme that gives rise to C-20-etienic acids may be
present in the soluble fraction of adrenal homo-
genates, and might account for the low recovery of
the 20-ox0-21-oic acid from the other extrahepatic tis-
sues also. A significant proportion of the radiometa-
bolites produced by the extrahepatic tissues were
chromatographically more mobile than pregnenoic
acid and probably corresponded to C-20-acids.
[3H)-Etienic acid was detected as one of the com-
ponents of this fraction, and has been identified pre-
viously as a metabolite of DOC with rabbit liver [6]
and with the adrenals and liver of several other
species. as recently reviewed by Monder and Bradiow
[15].

Though the metabolic significance of the formation
of steroid carboxylic acids by extrahepatic tissues is
uncertain, their formation by the endocrine glands of
the rat and rabbit warrants further investigation.
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