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Steroid Metabolism in the Cat
2. BILIARY AND URINARY EXCRETION OF METABOLITES OF [4-14C]CORTICOSTERONE*
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When 14C-labelled progesterone is administered
to human subjects and animals radioactive meta-
bolites appear in the urine and bile or faeces. In
rodents metabolites in bile or faeces account for the
greater part (about 70 %) of the administered
steroid and metabolites in urine for about 30 %
(Grady, Elliott, Doisy, Bocklage & Doisy, 1952;
Shen, Elliott, Doisy & Doisy, 1954). In man about
30 % of the administered dose is excreted in the
bile of subjects with bile fistulae, but only about
13 % in the faeces of intact subjects; most of the
remainder of the dose can be accounted for as
metabolites in urine (Sandberg & Slaunwhite,
1958). However, when [4-14C]progesterone was
administered intravenously to anaesthetized male
cats virtually all of the excreted radioactivity
appeared in the bile; in the six animals studied
urine radioactivity did not exceed 1 % of the dose
(Taylor & Scratcherd, 1961). Since it is probable
that progesterone is not secreted to any appreciable
extent by male cats it seemed desirable to investi-
gate the metabolism of a steroid-hormone known to
be secreted by this animal. Therefore [4_14C]_
corticosterone has been administered intra-
venously to anaesthetized male cats and the ex-
cretion of labelled metabolites in bile and urine
has been determined. A preliminary account of
this work has been published (Scratcherd & Taylor,
1961).

MATERIALS AND METHODS

4-l4C-labeUed steroids [4-14C]Corticosterone (11,B,21-
dihydroxypregn-4-ene-3,20-dione; 44-4&c/mg.) was ob-
tained from the Endocrinology Study Section, U.S. Public

Health Services, Bethesda, Md., U.S.A. Paper chromato-
graphy in benzene-methanol-water (2:1:1, by vol.)
showed that 96-98% of the radioactivity had the same Rp
as an authentic sample of corticosterone. The labelled
steroid was dissolved in ethanol and stored at - 150; no
detectable decrease in purity had occurred after 7 weeks.
For the single-dose experiments the steroid in 04 ml. of
ethanol was diluted with 06 ml. of 0-154M-NaCl; for
infusion experiments about 1 mg. of unlabelled corti-
costerone (kindly supplied from the M.R.C. Reference
Steroid Collection by Professor W. Klyne) was added to the
[4-14C]corticosterone and dissolved in 2 ml. of ethanol and
18 ml. of 0 154M-NaCl. [4-14C]Progesterone (pregn-4-ene-
3,20-dione) was obtained from The Radiochemical Centre,
Amersham, Bucks.; solutions for injection were prepared as
described by Taylor & Scratcherd (1961).

Operativeprocedure. Male cats were prepared as described
by Taylor & Scratcherd (1961), except for a change in the
method of collecting bile. A cannula was made by attach-
ing polythene tubing to a stainless-steel tube (05 mm.
internal diam. x 4-5 cm. long), which was passed up the
common bile duct to about 3 cm. above its entrance to the
duodenum and tied in place. The cystic duct was tied off as
near as possible to its junction with the common duct.
The volume of the cannula, estimated by weighing it
empty and then full of water, was 0-12 ml.

All other materials and methods were as described by
Taylor & Scratcherd (1961), except that water-saturated
ether-ethyl acetate (3:1, v/v) was used for extraction.

RESULTS

Table 1 shows the excretion of radioactivity in
the bile of cats after a single rapid injection (cats 1
and 2) and after a 45.min. infusion (cats 3 and 4) of
[4-14C]corticosterone. The volumes of bile collected
and the concentration of total solids are also
included to show that biliary function was main-* Part 1: Taylor & Scratcherd (1961).
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tained throughout the experiments. There was
some variation in the volume of bile produced by
different animals, ranging from 1-3 (cat 1) to
3.5 ml./hr. (cat 4), and in the total solids, which
ranged from 0-6 to 2-8 g./100 ml. in cat 2. In
animals from which bile was collected by intubation
of the gall-bladder the corresponding values were
0-1-3-9 ml./hr. and 198-10-0 g. of total solids/
100 ml. (Taylor & Scratcherd, 1961). This collection
of bile by cannulation of the common duct and
tying off the gall-bladder yields true liver bile and
obviates any possibility of changes in the bile
occurring in the gall-bladder.

Table 1 shows that excretion of radioactivity
after administration of the steroid is very rapid and
is virtually complete (83-8-91-7 % of the dose) in
4-5 hr. About half of the radioactivity is ex-
creted in the first hour, even when the steroid is
given as a continuous infusion over 45 min. When
bile was collected for 20 min. periods over the first
hour (cat 2) radioactivity was present in the first
sample, even though only 0-2 ml. of bile was col-
lected in that time. The second and third 20 min.
samples each contained over 20 % of the admin-
istered radioactivity. A similarly rapid rate of
excretion was shown by cat 4, which yielded
17-4 % in the first 30 min. and 35-4% in the second;
thus 52-8 % of the dose had been excreted within
15 min. of stopping the infusion. These results
differ from those obtained in similar experiments
with [4-14C]progesterone, for after a single rapid
injection of that steroid only about 66 % of the dose
was recovered in the bile, and after infusion of
steroid for 1 hr., only about 30 % in 4-6 hr.
(Taylor & Scratcherd, 1961). Thus corticosterone
metabolites are excreted in bile more rapidly and
to a greater extent than are metabolites of pro-
gesterone. To ascertain whether this difference was
due to the different technique used for the collec-
tionof bile, [4-14C]progesterone was administered to
two cats as a single, rapid injection or by con-
tinuous infusion over 45 min. Bile was collected in
60 min. periods: the amount of radioactivity
excreted (as % of dose/hr.) after a single injection
was 20-4, 16-9, 7-0, 4-5, 3-1 and 2-2 (total 54-1 % in
6 hr.), and, after infusion, 12-0, 14-6, 9-6, 6-1 and
4-2 (total 46-5 in 5 hr.). The difference in rate and
total amount of excretion therefore appear to be
a property of the steroids and not of the different
technique of bile collection.

Table 1 also shows the distribution of excreted
neutral metabolites after hydrolysis, the amount of
radioactivity remaining water-soluble and the
percentage recovery of radioactivity after applica-
tion of the successive hydrolytic procedures.

Table 2 gives the corresponding results for the
urine samples obtained from the same four cats.
The amount of radioactivity in the urine after a
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single dose of steroid appears to be greater than
after infusion, but only a small percentage of the
dose was excreted by the kidney. Table 2 also shows
the amounts of neutral radioactivity recovered
after hydrolysis and the percentage recovery of
radioactivity after the successive hydrolyses.
Because of the small amounts of radioactivity in
the urine, samples from each animal were combined
for analysis.

DISCUSSION

Little is known about the metabolism of corti-
costeroids in the cat. Venous blood from the
adrenals of cats treated with adrenocorticotrophic
hormone contains corticosterone and hydrocorti-
sone (17a., 1 lf,21-trihydroxypregn-4-ene-3,20-dione)
and sometimes 21-hydroxypregn-4-ene-3,11,20-
trione and ll-hydroxyandrost-4-ene-3,17-dione
(llp-hydroxyandrostenedione) (Bush, 1953). The
effects of hepatectomy and total abdominal evis-
ceration on the metabolism of endogenous cortico-
steroids have been studied in the acutely adrenal-
ectomized cat. The rate of disappearance of hydro-
cortisone and corticosterone from plasma from
different sites showed that elimination of cortico-
steroids from the blood of anaesthetized cats was
not confined to the liver and that most of the non-
hepatic elimination occurred in the gastrointestinal
tract. The plasma half-lives of hydrocortisone and
corticosterone were not significantly different, but
were much shorter than in human subjects; the
plasma half-life of corticosterone was shorter in the
cats than in rats (Bojesen & Egense, 1960).
The results now reported confirm those of Taylor

& Scratcherd (1961) with [4-l4C]progesterone that,
under the experimental conditions employed, the
bile is the major route of excretion of the intra-
venously administered steroid hormones in the cat.
At least 50 % of the corticosterone metabolites are
excreted in 1 hr. by this route after rapid injection
or infusion for 45 min. of steroid, and is virtually
complete in 4-5 hr. whereas only about 1 % of the
steroid appears as metabolites in urine. Intact
human subjects excrete about 80 % of an intra-
venous dose of [4-14C]corticosterone as meta-
bolites in urine, whereas subjects with bile fistulae
excrete 63-71 % of the dose in the urine and 20-
30 % in the bile (Migeon, Sandberg, Paul &
Samuels, 1956b). Dogs excrete 55 % of intra-
venously administered [4-14C]corticosterone as
metabolites in the urine and 20 % in the faeces;
dogs with chronic bile fistulae excrete 30-65 % of
the dose in the urine and 25-50 % in the bile
(Willoughby, Chen & Freeman, 1959). Therefore in
human subjects and dogs some enterohepatic re-
circulation of corticosterone metabolites occurs but
is greater in human subjects than in dogs: some of
the metabolites reabsorbed from the gastroin-

testinal tract subsequently appear in the urine. In
contrast only small amounts of progesterone meta-
bolites reabsorbed from the gastrointestinal tract of
human subjects and rats appear in the urine, since
the rates of excretion and amounts of urine radio-
activity are similar in intact subjects and subjects
with bile fistulae or in sham-operated animals and
animals with fistulae (Grady et al. 1952; Shen et al.
1954; Sandberg & Slaunwhite, 1958). Normal rats,
however, excrete metabolites of intravenously
administered [4-14C]hydrocortisone in the urine
(31-36 % of the dose) and in the faeces (60-61 %),
but animals with bile fistulae excrete only about
6 % of the dose as metabolites in the urine and
91 % in the bile (Hyde & Williams, 1957). In
contrast with rats, however, intact human subjects
excrete 76-83-3 % of intravenous hydrocortisone or
cortisone as metabolites in the urine in 24 hr., and
subjects with bile fistulae excrete 75-2-81-4 %
(Migeon et al. 1956a; Peterson, Pierce, Wyn-
gaarden, Bunim & Brodie, 1957). When progester-
one or corticosterone is administered intravenously,
intramuscularly or subcutaneously to the intact
male cat only 0-6-4-0 % of the administered radio-
activity appears in the urine in 3-7 days but 53-
65-2 % can be detected in the faeces (Taylor &
Scratcherd, 1962). Therefore there appears to be
little or no reabsorption of metabolites of these
hormones from the gastrointestinal tract of the cat,
or if there is then the reabsorbed metabolites are
excreted again by the liver and not by the kidney.
Thus species differ in the routes by which they
excrete steroid-hormone metabolites, and different
steroids may be excreted by the same species by
different routes.

Sandberg & Slaunwhite (1956) suggested that
there is a relationship between binding of a steroid
to serum albumin and the extent of its excretion in
the bile; those steroids firmly bound (oestrogens,
progesterone) are mainly excreted in the bile,
whereas those weakly bound (hydrocortisone, I1I-
hydroxyandrostenedione) do not appear in the bile
to any great extent. This is not true for cortico-
sterone in human subjects (Migeon et al. 1956 b),
cats (present investigation) or for hydrocortisone in
rats (Hyde & Williams, 1957). Rodents and man
metabolize steroids at different rates in vivo, and
Berliner & Dougherty (1960) suggested that the
rate of disposal of the steroid may be inversely
proportional to the number of carbon and oxygen
atoms in the molecule of the hormone; thus corti-
costerone (C2104) has a shorter plasma half-life
(30-35 min.) than hydrocortisone (C2105) (40-
50 min.). This generalization is not true for cats,
because progesterone (C2102) should be excreted
more quickly than corticosterone.

Nature of the conjugates. The metabolites detected
are of the same type as those found with pro-
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gesterone in cats (Taylor & Scratcherd, 1961). and
with corticosterone in man (Migeon et al. 1956b;
Peterson & Pierce, 1960). The possible nature of
these metabolites has already been discussed
(Taylor & Scratcherd,. 1961). The proportion of
unconjugated metabolites in bile and urine samples
was less after administration of corticosterone than
after progesterone.-With progesterone more meta-
bolites were excreted as biliary glucuronides
(maxrimum about 40 %) and as urinary glucuronides
(maximum 7-4 %) than with corticosterone (16-4 %
in bile and 6-7 % in, urine). An even more marked
difference was found with metabolites hydrolysed
by, cold acid. The maximum proportion for pro-
gesterone metabolites was 40 % in bile and 11-7 % in
urine, and the respective values for corticosterone
were 6-5 and 5-7 %. The proportions of hot-acid-
hydrolysed metaboites of the two steroids in bile
and urine were variable from animal to animal.
However, a greater proportion of water-soluble
mete,boites was excreted in bile after corticosterone
than after progesterone (Table 1), but there was
little difference between the water-soluble meta-
bolites of the two steroids in the urine (Table 2).

Variation in excretion of conjugates with time.
Taylor & Scratcherd (1961) found that the pro-
portions of progesterone metabolites extractable
before and after, the various hydrolytic procedures
varied with time. The most consistent variation
was in the biliary glucuronides, which showed pro-
gressive decrease in successive samples..The same
trend can be seen to occur. in the glucuronide
fraction after aministration of corticosterone
(Table 1)-: the most. striking examples of this were
in cats 2 and 4 when bile samples were collected for
less than 1 hr. Cold-acid-hydrolysed metaboites of
progesterone increased in three animals and de-
creased in two, whereas these metabolites of
corticosterone remained low and relatively con-
stant. No consistent change occurred in hot-acid-
hydrolysed metabolites of corticosterone; these
decreased in cat 1, increased and decreased in cats 2
and 4 and remained virtually constant in cat 3
(Table 1). A similar variation in hot-acid-hydro-
lysed metabolites of progesterone was also ob-
served, but in four out of five animals there was a
definite increase in the proportion of metabolites
rem ining water-soluble after all forms of hydro-
lysis (Taylor & Scratcherd, 1961). In all animals
given corticosterone there was a general. increase in
the proportion of water-soluble metaboites with
time (Table 1).

Berliner, Leong, Cazes & Berliner (1962) found
that isolated rat livers excreted corticosterone
metabolites more rapidly than those of hydro-
cortisone, and that the proportion of glucuronides
in successive bile samples decreased with time
whereas cold-acid-hydrolysed metabolites re-

mained fairly constant. The major part of the dose
was excreted as metabolites that remained water-
soluble after various forms of hydrolysis.

There are conflicting views about the mechanism
of secretion of substances into. bile. Substances
may pas from the blood into the parenchymal
cells and then be secreted into the bile canaliculi
and thence to the bile ducts. Alternatively some
constituents of bile, particularly bilirubin gluc-
uronides, may be formed in parenchymal cells, pass
back into the blood and then be secreted by the
biliary epithelium and then into the bile ductules
(Andrews, 1955, 1958; Heikel, Knight. & Riming-
ton, 1960). The rapid excretion of corticosterone
metabolites into cat bile supports the theory of
Andrews, particularly when the results in cat 2
(Table 1) are examined. The 'dead space' of the
whole biliary tree is difficult to determine but the
volume of the cannula was 0-12 ml. The larger pro-
portion of steroid glucuronides in the earlier bile
samples might also be explained on the theory that
these glucuronides diffuse more readily from the
liver cells into the blood and are more rapidly
excreted by secretion across the biliary epithelium.
Some glucuronides may also be secreted into bile
via the parenchymal cells, or the other non-
glucuronide metabolites may pass from the blood
across the biliary epithelium. However, reab-
sorption of water may occur as the bile passes
down the biliary tree, resulting in concentration of
the bile, and it may be significant that the 0-2 ml.
of bile collected in the first 20 min. from cat 2 had
a relatively high concentration of total solids
(2-8 g./100 ml.) (Table 1). But water-reabsorption
was less in the present experiments, in which the
gall-bladder was tied off, than in the previous in-
vestigation. Total bile solids ranged from 0-6 to
2-8 g./100 ml., whereas bile collected by intubation
of the gall-bladder had 1-8-10-0 g. of total solids/
100 ml. (Taylor & Scratcherd, 1961). Investiga-
tions on cats with bile fistulae (Taylor & Scratcherd,
1961; and present investigation) and with the
intact animal (Taylor & Scratcherd, 1962) indicate
that the cat may excrete steroid hormones almost
entirely via the liver.

SUMMARY

1. [4-14C]Corticosterone has been administered
to anaesthetized male cats as a single injection or
as a 45 min. infusion. Bile and urine were collected
for periods of up to 5 hr. after the start of the
injection, and radioactive metabolites were deter-
mined in the two fluids.

2. Excretion of the dose of corticosterone was
almost complete (84-2-92-3 %) in 4-5 hr. Most of
the radioactivity appeared in the bile and only a
little (0-4-1-1 %) in the urine.

118 1963



Vol. 86 [4-14C]CORTICOSTERONE METABOLISM IN THE CAT 119

3. Bile and urine samples were hydrolysed by
standard methods: metabolites excreted included
unconjugated material, glucuronides and sub-
stances hydrolysed by cold and hot acid; the
major part of the excreted radioactivity was
present as substances remaining water-soluble
after all forms of hydrolysis.

4. When samples of bile were collected over
periods of 1 hr. or less the proportion of radio-
activity excreted as glucuronide always decreased
in successive samples whereas water-soluble meta-
bolites generally increased. Substances hydro-
lysed by cold acid remained virtually constant
whereas those hydrolysed by hot acid showed no
consistent change.

5. The relationship of these results to similar
studies of progesterone metabolism in the cat and
of other steroids in man and animals is discussed.
The financial support of the Medical Research Council is
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The Metabolism of Ethanol in Rat-Liver Suspensions

BY F. LUNDQUIST, I. SVENDSEN AND P. HYLTOFT PETERSEN
Univer8ity Institute of Forensic Medicine, Copenhagen, Denmark

(Received 10 July 1962)

The work of Batelli & Stern (1910), in which
minced horse liver was employed, gave only a very
crude idea of the rate at which ethanol is meta-
bolized, as the conditions used were not optimum.
Leloir & Munioz (1938) carried out a valuable series
of experiments on the metabolism of liver slices in
the presence of ethanol. The metabolism of ethanol
by liver preparations has not been extensively
studied, mainly because this is a relatively slow
process, and the analytical methods available to
the earlier workers lacked the precision necessary to
measure the small changes in ethanol concentration
that occur in the limited periods during which liver
slices and suspensions are stable. Very accurate

determination of the ethanol concentration is
essential if the rate ofmetabolism is to be measured
reliably within a period of 1 or 2 hr. The enzymic
method for ethanol determination (Horecker &
Kornberg, 1948; Bonnichsen & Theorell, 1951;
Bucher & Redetzki, 1951) is sufficiently accurate
and specific for this purpose.
The aim of the present work was to study the

kinetics of ethanol metabolism in liver suspensions,
to examine the possible role of catalase and to
determine the influence of a number of substances
which have been claimed to accelerate the meta-
bolism in vivo. A preliminary account of the work
has been given (Svendsen & Lundquist, 1960).


