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It has been known for a number of years that
only a small percentage of the metabolites of ad-
ministered estrone or estradiol can be definitely
identified in the urine of human subjects (1-6).
At the most, 10 to 20 per cent of the injected estro-
gen were recovered in the urine either by chemical
or biological assays. The presence of estrogens in
bile of animals and in the feces of women had been
known since 1928 (7, 8), but it was not until the
efforts of Cantarow, Pearlman, Paschkis, Rakoff,
Hansen and Walking that biliary excretion in the
dog was shown to constitute a major route of
excretion of estrogens (9-13). Subsequently,
these investigators demonstrated substantial estro-
genic activity in the bile of pregnant women (14).
Interestingly, it was shown that the estrogens in
the bile of animals existed in the free form, in con-
trast to the presence of conjugated steroids in the
bile of pregnant women (6, 13). Based on their
extensive experiments, these authors advanced
the theory that estrogens participate in an entero-
hepatic circulation.

Significant biliary excretion of estrone labelled
with radioactive bromine and estradiol labelled
with Il31 was demonstrated when these isotopes
became available (15, 16). Unfortunately, the
inclusion of the halogens renders the estrogens
biologically inactive and makes the results of the
studies difficult to compare with those obtained
using endogenous steroids. Furthermore, pre-
cise quantification of biliary and urinary estrogen
excretion was not possible due to lack of knowl-
edge of all of the estrogen metabolites and im-
perfections of the methods used for their deter-
mination.
The availability of C'4-labelled estrone and es-

tradiol has made it possible to study the metabolic
1 This study was suported in part by a grant (A-1240)

from the National Institute of Arthritis and Metabolic
Diseases, National Institutes of Health, U. S. Public
Health Service.

fate of these steroids more accurately. Such stud-
ies have been performed by Beer and Gallagher
(17, 18) in human subjects. They demonstrated
that about 65 per cent of the radioactivity of C'4-
estrone or C"4-estradiol were excreted in the urine
when these steroids were injected either intra-
muscularly or intravenously. The authors inter-
preted their experiments to mean that biliary and
intestinal elimination played a minor role in the
metabolism of estrogens in human subjects. It
should be pointed out that while Beer and Gal-
lagher (17, 18) determined the radioactivity in
the feces of some of their subjects, no studies on
biliary excretion were performed. No reports
have appeared on the clearance of C14-estrogens
from the blood, although two reports have indi-
cated rapid clearance of injected large amounts of
estrogens (5, 19).
Even though the circulating estrogens have not

been definitely identified in human subjects, some
evidence has been presented to show that consider-
able estrogenic activity may be associated with
the erythrocytes of blood (20-22) and may exceed
the levels present in plasma (20, 21).

In this paper we wish to present data on the
distribution of radioactivity in the bile, feces and
urine following the intravenous injection of C"-
estrone or C"4-estradiol in women. The rate of
clearance from the blood of the free steroids and
their conjugated metabolites will be presented.
In addition, the distribution of radioactivity in
erythrocytes will be reported. The isolation and
identification of the various metabolites are the
subjects of separate communications (23).

METHODS AND MATERIALS

One to two /sc. of 16-C1'-estrone (B1) or 16-CM-estra-
diol-17,B (E2) 2 (both 1Elc. per 370 pg.) were injected

2C4.-estrone and C"-estradiol were purchased from
Charles E. Frosst & Co., Montreal, Canada. When the
preparations were chromatographed in our laboratory,
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TABLE I

Clinical data pertaining to experiment subjects

Relation to
Subject Age Wt. Steroid menstrual cycle Diagnosis

Kg.
M. Su. 27 63.0 El 2 days pre-period Normal
V. S. 21 53.0 El Middle Normal
P. G. 32 53.0 El Middle Normal
P. Go. 20 50.0 El 7 days post-period Normal
R. C. 23 47.7 El Middle Normal
A. D. 24 60.0 Es 4 days post-period Normal
M. S. 66 44.5 E1+ Post-menopause Sarcoma of leg (pre-op.)

100 mg. El I.V.
M. P. 44 50.9 El 1 day post-period Carcinoma of breast (post-op.)
E. K. 52 43.3 E1+ Post-menopause Carcinoma of tongue with metastases

0.5Gm. I.M.
C. M. 56 103.9 El Post-menopause Carcinoma of breast, chronic pyelonephritis
D. F. 29 60.9 Et 7 days pre-period Carcinoma of breast (pre-op.)
J. B. 32 64.0 El Period began 1 day Carcinoma of breast (pre-op.)

after injection
G. D. 58 69.0 Es Post-menopause Leiomyosarcoma, diabetes mellitus
M. B. 39 46.8 Es 7 days post-period Carcinoma of breast (post-op.
M. K. 51 49.1 E,+ 7 days post-period Carcinoma of breast (post-op.

100mg. E, I.V.
B. A. 30 99.4 El Pregnant Para IV, pregnancy in 8th month
S. R. 25 65.9 E, Pregnant Pam III, pregnancy in 9th month
F. M. 39 68.2 El 1 day pre-period T-tube drainage, cholecystectomy for chronic chole-

cystitis
R. D. 60 78.4 El Post-menopause T-tube drainage, cholecystectomy for chronic chole-

cystitis
P. C. 66 78.2 El Post-menopause T-tube drainage, cholecystectomy for chronic chole-

cystitis
E. H. 49 60.0 E, Post-menopause T-tube drainage, cholecystectomy for hydrops of gall-

bladder with small cancer, diabetes mellitus, bilateral
oophorectomy and hysterectomy 7 years ago

C. P. 72 46.6 E2 Post-menopause T-tube drainage, cholecystectomy for hydrops of gall-
bladder, hysterectomy 6 months ago, diabetes mellitus

intravenously into 22 women: six normal females, two
pregnant women in the last trimester, nine patients with
cancer, and five women with bile-fistulas (T-tube drain-
age). The clinical data related to these subjects are
presented in Table I. All the subjects were in good
nutritional status and none had evident renal or liver
dysfunction or more than a mild anemia (hemoglobin
concentrations not lower than 11 Gm. per cent), except
where indicated. The C'-estrone or C'4-estradiol was
dissolved in 1 to 2 ml. of absolute ethanol and then di-
luted with 30 to 50 ml. of saline, which was injected in-
travenously over a period of 1 to 2 minutes. In two of
the subjects (M.S. and M.K.), intravenous infusions of
100 mg. of the non-radioactive estrogens, dissolved in
propylene glycol and human serum albumin (24) and
then diluted with physiological saline, were given over
a period of one hour. At the end of the infusion, the
radioactive steroid was injected intravenously during a
period of one minute. One patient (E.K.) was injected
intramuscularly, with 500 mg. of an aqueous suspension
of crystalline estrone over a period of five days (20 mg.
five times daily). On the fourth day, 5 pc. of estrone
were mixed with the injection mixture given at noon.

over 99 per cent of the radioactivity, determined in an
Actigraph (Nuclear Chicago), were located in the areas
corresponding to those of standard compounds.

Except for slight, intermittent nausea and mild swelling
and pain in the breasts, none of these three subjects
showed any untoward effects from the large doses of
estrogens.

All the patients with T-tube drainage of bile had
normal liver function tests pre-operatively. The steroids
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FIG. 1. THE PERCENTAGE OF RADIoAcTIVTY ExcRrm)
IN THE URINE, STOOL AND fILE FOLLowING 16-C0-Es-
TRONE OR 16-C4-ESTRADiOL ADMINISTATION
No stool collections were secured from subjects B.A.,

E.K., R.C., A.D. and S.R. Subject E.K. received the
Co-estrone intramuscularly.
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In this, and in the following figures, the numbers on the abscissa refer to the hour, following the injection of the C14-

steroids, when the collection was terminated.

were injected after a patient's condition had become sta-
bilized without fever or other complications, after oral
intake of fluids and food had been established, and never
sooner than three days post-operatively. Complete biliary
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bile and blood, the determination of radioactivity, and
the various hydrolytic and extraction procedures have
been described in a previous publication (25). One ad-
ditional procedure was added in the latter part of the
study. The determination of total radioactivity in the
bile and urine samples was performed in a dual-channel
liquid phosphor scintillation counter (TMC Model LP-
24). One ml. of urine or 0.2 ml. of bile was added to
10 ml. of a special mixture. The latter consisted of 1,500
ml. of dioxane, 250 ml. of anisole, 250 ml. of ethylene
glycol dimethyl ether, 30 Gm. of 2,5-diphenyloxazole and
1 Gm. 1,4-di-(2,4-diphenyloxazyl) benzene. The samples
were then centrifuged and let stand in the dark, refrige-
rated chamber before being counted. An internal stand-
ard (1 ml. of a dilute solution of C1-acetic acid in the
special mixture) was then added to each sample to de-
termine the extent of "quenching." All samples were
counted for a sufficient length of time to register at least
1,000 counts.
The plasma was separated from erythrocytes by centri-

fugation and the red cells washed twice with large vol-
umes (50 to 150 ml.) of isotonic saline. Total radio-
activity was extracted from erythrocytes by addition of ab-
solute ethanol to the cells, centrifugation after standing
overnight in the cold, and repetition of the extraction
process. The alcohol was evaporated to dryness and the
radioactivity determined in the sample.
The plasma protein residues, following the extraction
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FIG. 5. EXCRETION OF RADIOACTIVITY IN THE BILE OF
Fmv SUBJECTS

Note that most of the extractable radioactive metabo-
lites were released following hydrolysis at pH 1 or by
hot acid.

of the plasma with chloroform and then with absolute
ethanol, were combined and digested in 0.1 N NaOH
over a steam-bath. The solution was then neutralized
and extracted with ether.
Throughout this paper the word "unconjugated," or

"free," will refer to steroids which are extractable with
ether or chloroform before any of the specimens were
hydrolyzed; the "glucuronidate fraction" to steroids
which become extractable with ether or chloroform fol-
lowing hydrolysis with fi-glucuronidase; and the "sulfate
fraction" to steroids extracted continuously with ether
for 48 hours at pH 1.

RESULTS

The excretion of injected radioactivity in urine,
feces and bile is shown in Figure 1. The amount
excreted in the urine during the 96 to 120 hours
following intravenous injection of C14-estrone or
C14-estradiol ranged (exclusive of the bile-fistula
patients) from 41 to 109 per cent (average 80 per
cent) of the injected dose. When the C14-estrone

-1
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FIG. 6. RADIOACTIVITY ExcRETED IN THE STOOLS OF SUBJECTS INJECTED
WITH C*-ESTROGENS

Note that most of the extractable
unconjugated form.

was injected intramuscularly in a mixture with
large amounts of estrone in an aqueous suspension,
only 31 per cent of the radioactivity was excreted
in the urine of Subject E.K. in 144 hours. The
total radioactivity excreted in the urine of nor-

mal subjects did not differ significantly from that
of patients with cancer. Of interest was the
low excretion of radioactivity in the pregnant
women, B.A. and S.R. The rate of excretion of
radioactivity in the urine following the adminis-
tration of C14-estrogens is shown in Figures 2 and
3. A comparison with the rates following the
administration of other C14-steroids (25-31) indi-
cates much slower excretion of radioactivity in the
urine following C14-estrogen administration than
those following other C14-steroids. This was par-
ticularly marked following C'l-estradiol adminis-
tration when radioactivity was excreted in the
urine as late as 4 to 5 days after intravenous
injection.
The urinary excretion of total radioactivity dur-

ing certain time periods following injection is
shown in Figures 2, 3, and 4, as well as the
amounts of steroid metabolites extractable follow-
ing various hydrolytic procedures. It is apparent
that a preponderant part of the injected G14-estrone
or Cl"-estradiol is excreted in conjugated form,
primarily as the glucuronidate. Except for a few

radioactive metabolites occur in the

urine samples where, for some reason as yet un-

known, large amounts of free metabolites were

present, unconjugated steroids were present in
very small amounts (less than 4 per cent). Sul-
fate-conjugated metabolites of C14-estrone or C14-
estradiol constituted, in general, an unimpressive
part of extractable metabolites in the urine. An
insignificant part of the radioactivity was extracted
from the urine after strong acid hydrolysis. On
the average, about 72 per cent of the counts in the
urine were extractable following the various hy-
drolytic procedures, the highest percentage (79
per cent) being extracted from urines of patients
receiving estradiol.

Patients with bile-fistulas excreted 35 to 52 per

cent (average 47 per cent) of the injected radio-
activity in the urine (Figure 4). The amount of
radioactivity excreted during the initial 12 hours
was similar to that seen in non-fistula patients.
Following that period, however, the urinary excre-

tion of radioactivity was much less than in the
other subjects of the study. It should be pointed
out that the bile-fistula patients constituted a

mixed group-: three injected with C14-estrone and
two with C"4-estradiol. The amount of radio-
active metabolites extractable from the urines of
the bile-fistula patients was similar to that of the
total group, i.e., the largest amount being pres-
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ent as the glucuronidate and the smallest as free.
The amount of radioactivity excreted in the

bile is shown in Figure 5. The excretion ranged
from 31 to 68 per cent (average 52 per cent) and
occurred primarily during the first 12 hours. It
is interesting to note that most of the extractable
metabolites were liberated either with continuous
extraction at pH 1 or by hot acid. The amounts
of free and glucuronidate metabolites were small.
This contrasts with the pattern present in the
urine. In addition, a larger percentage of the
counts in the bile (59 per cent) was non-extract-
able after hydrolysis as compared to the urine (36
per cent).
The radioactivity excreted in the stools (Fig-

ure 6) of non-fistula patients varied from 1 to 18
per cent (average 7 per cent). In the patients
with T-tube drainage, the fecal radioactivity ex-
creted ranged from 0 to 2.2 per cent (average 0.9
per cent). Most of the extractable radioactivity
in the stool was present in the free form.
The clearance of free radioactive steroids from
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TABLE II

Radioactivity levels in the free steroid fraction of plasma
following injection of 16-C4-estrone

or 16-C4L-estradiol *

% of injected dose present in total plasma volume

Subject 15 min. 30 min. 60 mi 120 mln. 240 min.

C&L.estrone
M.Su. 3.4 2.4 1.2 0.5 0.2
V. S. 2.5 1.5 0.7 0.4 0.2
P. G. 2.5 2.4 0.9 0.4 0.2
M.S. 5.0 4.3 2.2 1.2 0.2
M. P. 1.8 0.9 0.3 0.1 0.0
B. A. 3.0 0.9 0.4 0.3
F. M. 2.1 1.2 0.5 0.2 0.1
R. D. 2.6 0.8 0.7 0.4 0.0
P. C. 3.2 2.1 0.9 0.5 0.4

C1'estradiol
C.M. 5.7 3.1 0.8 0.4 0.0
D. F. 7.8 3.1 0.9 0.6 0.1
J.B. 8.2 4.3 1.5 0.6 0.1
G. D. 6.9 3.5 1.6 0.6 0.4
M. B. 4.9 2.0 1.2 0.4 0.1
M. K. 6.3 3.8 2.0 0.7 0.2
E. H. 9.4 4.5 2.6 0.8 0.6
C. P. 4.5 2.2 1.3 0.8 0.3

* In this, and the following tables, the number of counts
present in samples representing values less than 1 were of
such magnitude that their counting did not involve a
standard error from the mean greater than 5 per cent; in
samples representing values less than 0.5 the counting did
not involve a standard error from the mean greater than
10 per cent.

the plasma of the injected subjects is shown in
Figure 7 and Table II. For the sake of compari-
son and uniformity, it was assumed that each sub-
ject's blood volume constituted 9 per cent of his
body weight, with 5 per cent as the plasma volume
and 4 per cent as the total red blood cell mass.
The results are expressed as the percentage of the
injected radioactivity present in the total plasma
volume or red cell mass. From Figure 7 it can be
seen that the free steroids were cleared from the
plasma at two different rates, with half-lives of
approximately 20 and 70 minutes. Even though
the radioactivity in the free steroid fraction tended
on the average to be lower (but not statistically
different) following C14-estrone administration
than that following C14-estradiol injection, the
clearance rates were nearly identical. The pres-
ence of a bile-fistula had no effect upon the level
of radioactive free steroid. Negligible radioac-
tivity was present in the free steroid fraction
eight hours following injection and none could be
demonstrated 24 hours later. In Figure 8 and
Table III are shown steroid glucuronidate plasma
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levels. Within 30 minutes following injection of
the C14-estrogens, the radioactivity in the plasma
"glucuronidate fraction" exceeded that present in
the unconjugated fraction. Activity declined
slowly thereafter. In contrast to the radioactivity
in the free steroid fraction, a significant number

TABLE III

Radioactivity levels in steroid glucuronidate fraction of
plasma following injection of 16-C1Lestrone

or 16-C14-estradiol

% of injected dose present in total plasma volume

Subject 15 min. 30 min. 60 min. 120 min. 240 min.

C14-estrone

M.Su. 0.8 1.3 2.4 1.8 1.3
V. S. 1.1 1.5 2.6 2.1 2.3
P. G. 1.4 1.9 2.9 1.6 1.1
M. S. 4.2 5.5 4.5 4.0 1.5
M. P. 1.9 2.5 1.6 0.8 0.4
B.A. 3.6 4.3 2.5 1.8
F. M. 1.4 2.1 1.9 0.8 1.2
R. D. 2.2 3.1 4.1 2.5 0.8
P. C. 1.8 2.2 2.4 2.0 1.6

C14-estradiol

C. M. 0.8 0.8 0.9 1.7 2.3
D. F. 2.6 2.7 3.4 5.7 2.2
J. B. 3.8 4.1 4.5 6.0 3.4
G. D. 4.8 6.6 3.4 3.3 4.8
M. P. 4.3 7.8 9.2 3.7 1.3
M. K. 7.2 5.1 4.9 3.4 2.4
E. H. 2.8 2.1 2.0 0.6 0.9
C. P. 2.0 1.9 1.9 2.0 1.0

TABLE IV

Radioactivity levels in steroid sulfate fraction of plasma
following injection of 16^Cl&estrone

or 16-C04-estradiol

% of injected dose present in total plasma volume

Subject 15 min. 30 min. 60 min. 120 min. 240 min.

C'4-estrone
M. Su. 0 0.2 0.4 0.2 0.2
V. S. 0.4 (combined specimens)*
P. G. 0.8 (combined specimens)
M. S. 1.4 3.6 2.7 1.6 0.7
M. P. 0.3 (combined specimens)
B. A. 1.1 (combined specimens)
F. M. 0.7 1.0 2.2 0.5 1.1
R. D. 2.0 (combined specimens)
P. C. 0.1 0.2 0.3 0.3 0.2

Cl4-estradiol
C. M. 1.2 0.5 1.3 0.5 0.2
D. F. 1.1 1.1 1.1 1.6 0.5
J. B. 0.4 0.4 1.1 1.4 1.2
G. D. 0.1 0.2 1.1 1.1 1.0
M. P. 1.2 1.4 1.3 1.1 0.5
M. K. 0.2 0.8 0.4 0.3 0.1
E. H. 1.0 1.3 2.4 1.0 0.8
C. P. 0.8 1.0 0.8 0.6 1.2

* The values shown for the "combined specimens" refer
to the radioactivity present in the pooled plasma samples
obtained from the five blood samples drawn from each
patient.

of counts was present in the glucuronidate fraction
as late as one to two days after the injection of the
C14-estrogen, particularly Cl4-estradiol. For ex-
ample, Subject G.D. had 3.5 and 1.4 per cent of
the injected radioactivity in the total plasma vol-
ume 24 and 48 hours, respectively, following the
injection. Patient J.B. had 1 and 0.5 per cent 24
and 48 hours, respectively, following the injection
of C-4-estradiol. It is interesting to note, again,
that the radioactivity in the glucuronidate frac-
tion following C"4-estrone administration was
lower than that following C14-estradiol injection.
On the other hand, the levels in the plasma of the
biliary fistula patients were the lowest of the
group.
The counts present in the plasma "sulfate frac-

tion" are shown in Table IV. The levels were on
the average one-third to one-tenth as high as
those in the glucuronidate fraction. In some sub-
jects (F.M., M.S., C.M. and E.H.), however, the
radioactivity in the sulfate fraction approached
that present in the glucuronidate fraction of these
patients.
The radioactivity present in the plasma frac-

tions following hydrolysis by strong acid and heat
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was negligible. The radioactivity associated with
the red blood cells is shown in Figure 9 and Table
V. It should be pointed out that the radioactivity
extracted from the erythrocytes represents the
total number of counts without subsequent hy-
drolytic procedures. From the data it can be seen

that substantial radioactivity may be associated
with the red blood cells, although the amount was

much lower than that present in the plasma.
The radioactivity present in the protein residues

is shown in Table V. Since the calculations are

based upon the counts present in the combined
protein residues, the results are only a rough ap-

proximation of the radioactivity associated with
the plasma proteins. In general, the radioactivity
associated with the proteins tended to be rather
low in comparison with the radioactivity extracted
from the plasma.

DISCUSSION

It is apparent from the data presented that the
preponderant part of the radioactivity of C14_
estrone or C14-estradiol is excreted in the urine.
Our findings are similar to those of Beer and
Gallagher (17, 18), who recovered about 65 per

cent of the radioactivity in the urine following in-
travenous or intramuscular injection of radioac-
tive estrone or estradiol. These findings contrast
markedly with the results obtained in the past us-

ing large and unphysiological amounts of non-

radioactive estrogens. Thus, following injection
of 25 mg. or more of estrone or estradiol, usually
less than 20 per cent was recovered in the urine
as the three known estrogens (estrone, estradiol,
or estriol) (1-6, 32). Without knowledge of all
the metabolites of estrone or estradiol, it was im-
possible to determine how much of the injected
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FIG. 9. COMPARISON OF THE TOTAL RADIOACTIVITY LEV-
ELS PRESENT IN THE ERYTHROCYTES TO THOSE PRESENT
IN THE PLASMA FREE, GLUCURONIDATE AND SULPHATE
FRACTIONS OF SUBJECT D.F. FOLLOWING THE INJECTION
OF C14-ESTRADIOL

steroid appeared in the urine in some other form.
The introduction of /8-glucuronidase hydrolysis
has resulted in the liberation of more extractable
free phenolic metabolites following estrogen ad-
ministration than was possible in the past (17).
Labelling of the estrogens with carbon-14 makes
it possible to measure recoveries more precisely
than with chemical or bioassay techniques.

In our studies about 45 per cent of the radio-
activity were extractable from the urine following
B8-glucuronidase hydrolysis. Somewhat higher
values (about 60 per cent) were obtained by Beer
and Gallagher (17, 18). It is possible that in our

TABLE V

Total radioactivity levels associated with the erythrocytes and plasma proteins following injection of
16-C04-estrone or 16-Cl&estradiol

% associated
% of dose present in total red cell volume with proteins

(combined
Subject 15 min. 30 min. 1 hr. 2 hr. 4 hr. 8 hr. 12 hr. 24 hr. 48 hr. samples)

M. S. 2.3 0.6 0.3 0.2 0.4 0.3 0.2 0.4
M. K. 2.7 2.4 1.8 0.8 0.7 0.1 0.9
M. B. 0.5 0.3 0.2 0.1 0.1 0.1 0.0 2.1
M. P. 0.5 0.7 0.8 0.8 0.7 0.5 0.5
B. A. 0.2 0.2 0.1 0.1 0.4
G. D. 1.1 0.9 0.4 0.9 0.2 0.6 0.3 0.4 0.5
J. B. 0.9 1.4 0.6 1.6 2.3 3.3 0.4 0.6 1.0
D. F. 2.8 0.7 0.7 3.1 1.9 2.4
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study the re-incubation of urine with /8-glucuroni-
dase could have resulted in further liberation of
metabolites. In some of the urine specimens it was
indeed demonstrated that an additional 10 to 20
per cent of the radioactivity become extractable
following such re-incubation. In addition, it is
possible that the incubation of the urine with
,8-glucuronidase for longer periods of time, such
as employed by Beer and Gallagher (120 hours),
than used in our experiments (48 hours) may re-
sult in a greater percentage of extractable counts.
Beer and Gallagher, in addition, demonstrated
that following the injection of G14-estrone or C14-
estradiol 8 to 10 per cent of the radioactivity in the
urine were present as estrone and 11 to 31 per
cent were present as estriol. Even though the
recent identification of new metabolites (23, 33-
35) of estrone and estradiol has enlarged our
knowledge of the metabolism of these steroids, a
significant part of the metabolites of the injected
estrogens remains unknown, especially those re-
maining in the urine following the various hydro-
lytic and extraction procedures.

Intravenous injection of large amounts of es-
trone or estradiol with the radioactive steroids did
not affect the rate of their excretion. On the
other hand, the intramuscular administration of a
suspension of crystalline estrone with C14-estrone
resulted in only 31 per cent excretion of the radio-
activity in the urine over a period of many days.
Beer and Gallagher (18) found 65 and 72 per
cent of the radioactivity in the urine following the
intramuscular injection of C14-estradiol with large
amounts of carrier steroid, and 65 per cent fol-
lowing oral ingestion. The discrepancy between
the results in our Subject E.K., and those of Beer
and Gallagher may be due to the fact that these
authors administered the steroid in solution in
benzyl alcohol and sesame oil, whereas Subject
E.K. was injected with an aqueous suspension of
estrone resulting in slower absorption of the
steroid.

Radioactivity is excreted much more slowly fol-
lowing C14-estrone or C"4-estradiol administration
than that following other C14-steroids. Similar
observations were made by Beer and Gallagher
(17, 18). Thus, following C14-labelled cortisol
(27-29), testosterone (25, 26), 1 1,8-hydroxy-
androstenedione (31, 36) or corticosterone (30)
administration, over one-third of the radioactivity

is excreted in the urine in the first four hours and
over 60 to 70 per cent in the first 12 hours. On
the other hand, following C14-estrone or C"-
estradiol administration, only 12 per cent are ex-
creted in the first four hours and about 33 per cent
after 12 hours. Following the administration of
the former steroids, radioactivity excretion in the
urine is usually essentially complete in 48 hours,
whereas following C14-estrone or C14-estradiol sig-
nificant radioactivity was being excreted as late
as 96 to 120 hours after the administration of the
steroids intravenously.
Even though, in general, the importance of the

biliary excretion of estrogens and their entero-
hepatic circulation had been accepted in the past
to be true for animals, e.g., dogs, cows (6, 37),
such has not been the case for human subjects.
Our data demonstrate, however, that not only was
more of the radioactivity of C4-estrone or C"-
estradiol excreted in the bile than that seen fol-
lowing the injection of any other known steroid
in human subjects (25, 28-30, 38), but in addi-
tion more of the radioactivity appeared in the bile
than in the urine of three of the bile-fistula sub-
jects. This establishes the importance of biliary
excretion in the metabolism of estrogens in women.
The importance of the biliary route of excretion of
estrogens is in accord with the earlier findings in
dogs and in pregnant women (9-14). Similar
results were obtained by Albert, Heard, Leblond,
and Saffran in animals using I'll-labelled estradiol
(16). In addition, Twombly and Schoenewaldt
(15) demonstrated considerable excretion of ra-
dioactivity in the bile of human subjects following
the injection of estrone labelled with radioactive
bromine. Since the introduction of a halogen
into the steroid molecule may affect its metabo-
lism in an unknown fashion, it is difficult to com-
pare these results with those obtained using C14-
labelled naturally occuring estrogens.
The large excretion of radioactivity in the bile

following C4-estrogen administration is at vari-
ance with results obtained by others when excre-
tion of non-labelled estrogens was studied in hu-
man subjects (39, 40). This is not surprising
since even with labelled C14-estrone and C4-
estradiol only about 40 per cent of the radioac-
tivity could be released and extracted from the
bile following various hydrolytic procedures. In
addition, the estimation of the biliary excretion of
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metabolites following non-radioactive administra-
tion depended on biological assay or determination
of a few known estrogen metabolites. Neither
procedure can estimate all the metabolites of estro-
gens in the bile. Thus, although Rubin, Dorfman
and Miller (39) found at least a 30-fold increase
in the urinary and an 8- to 10-fold increase in
biliary excretions of the three naturally occuring
estrogens following the administration of 200 mg.
of estradioldipropionate, the total recovery was
very small. Somewhat similar findings were ob-
served by Stimmel (40).

In contrast to the findings in the bile of animals,
where the estrogens occur in unconjugated form,
almost all of the estrogen metabolites present in
human bile were in conjugated form. In addition,
the percentage of glucuronidate conjugated me-
tabolites was small when compared to similar me-
tabolites in the urine. Most of the extractable
metabolites in the bile were released by hydrolysis
at pH 1 (with continuous ether extraction) and
by hot acid. It should be pointed out that most of
the radioactivity in the bile was not extractable
following all hydrolytic and extraction procedures.

Since, on the average, only about 7 per cent
of the radioactivity appeared in the stool of the
non-fistula patients, it is apparent that a consider-
able reabsorption of estrogen metabolites excreted
in the bile must occur in the gastrointestinal tract.
In addition, patients with bile-fistulas excreted
negligible amounts of radioactivity in the stools.
The small amounts that were present may pos-
sibly be due to escape of small amounts of bile
or to the excretion of steroid metabolites in the
gastrointestinal juices. It was interesting to note
that most of the extractable radioactivity in the
stools was in the free form. Since the steroids
occur in the bile in conjugated form, it is possible
that the free steroids present in the stool are due
to the fi-glucuronidase and phenolsulfatase ac-
tivities of the feces. Such activities have been
demonstrated by several observers (28, 41).

Radioactive estrone or estradiol was cleared
from the plasma rapidly and at somewhat faster
rates than the free steroid clearance following the
administration of C"4-cortisol or Cl(-testosterone
(25, 29). In addition, there was no significant
difference in the clearance of the free steroids
among the various subjects studied. The clear-
ance of the free steroids from the plasma occurred

FIG. 10. SCHEMATIC REPRESENTATION OF THE VARI-
OUS POSSIBLE PATHWAYS OF ESTROGEN METABOLISM IN
HUMAN SUBJECTS
The thickness of the arrows indicates roughly the

quantity of steroid metabolites involved in the metabolic
pathway.

at two different rates, an initial fast rate with a
half-life of approximately 20 minutes, which is
probably due to mixing of the free steroid within
a body pool, and a slower rate, with a half-
life of approximately 70 minutes, which prob-
ably represents the true metabolic clearance of
the free steroid metabolites. The conjugates of
the radioactive estrogens reached their peak of
radioactivity within 30 minutes and declined
slowly thereafter. Following the initial 15 to 30
minutes, the levels of the glucuronidate markedly
exceeded those of the free steroids. In addition,
no free steroid radioactivity was demonstrable 24
hours following the injection of the radioactive
estrogens. On the other hand, substantial radio-
activity in the conjugated fractions was demon-
strable as late as 48 to 72 hours following the in-
jection. Of importance was the demonstration
that the conjugated steroids in the plasma of pa-
tients with bile-fistulas tended to be the lowest of
the group.

Based on the data of the present experiments
and those published in the papers cited, a clearer
picture of the metabolic fate and the importance of
the hepato-biliary-enteric circulation in the metab-
olism of administered radioactive estrogens in hu-
man subjects can now be advanced. The meta-
bolic pathways of estrogen metabolism are sche-
matically represented in Figure 10. Following in-
jection of radioactive estrone or estradiol a cer-
tain amount (usually one-third) is excreted in
the urine conjugated with glucuronic acid. This
excretion occurred within the first 24 hours fol-
lowing administration and was evident not only in
the non-fistula patients but also in the patients
with T-tube drainage. About one-third to over
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one-half of the radioactivity of the administered
estrogens appeared in the bile, mostly as conju-
gates which are still unknown. We would like
to advance the hypothesis that the conjugates are
split in the gastrointestinal tract and then reab-
sorbed, as indicated by arrow 4 in Figure 10.
Following reabsorption, some of the metabolites
are conjugated again in the liver with glucuronic
acid and excreted in the urine, but the preponde-
rant part is reconjugated and re-excreted in the
bile to repeat the cycle just described. It is pos-
sible that a small amount of metabolites reabsorbed
from the gastrointestinal tract escapes conjuga-
tion by the liver and enters the circulation to be
excreted free in the urine. This is indicated by
arrows 5 and 1 in Figure 10. The fact that glu-
curonidate-conjugated estrogens are not excreted
appreciably in the bile, in contrast to the excre-
tion in the urine, lends further support to the hy-
pothesis that the metabolites which appear in the
bile must be hydrolyzed in the gastrointestinal
tract and reabsorbed as unconjugated steroids,
which upon re-entry into the liver are conjugated
with glucuronic acid, and are excreted in the urine.
An alternate hypothesis would have the steroid
metabolites absorbed from the gastrointestinal
tract as conjugates, which in the liver under dy-
namic equilibrium are partially converted to a
different type of conjugate.

This continuous recirculation of the metabolites
of estrone and estradiol through the liver to the
bile and the gastrointestinal tract and the excre-
tion of a certain small percentage of this reab-
sorbed material in the urine accounts for the slow
and delayed excretion in the urine of the radio-
activity following the administration of C"4-estrone
or C14-estradiol. In contrast, steroids which are
excreted rapidly in the urine are minimally ex-
creted in the bile. This has been demonstrated
to be true for such steroids as cortisol, cortisone,
1 l-,8-hydroxyandrostenedione and testosterone.
The re-entry of metabolites through the gastro-
intestinal tract into the general circulation prob-
ably accounts for the persistence of high levels of
glucuronidated metabolites in the plasma of the
subjects studied. In addition, the low levels of
plasma glucuronidated steroids in the T-tube
drainage patients are probably due to failure of
reabsorption of the steroids present in the bile
(Figure 8).

The postulate was advanced by Beer and Gal-
lagher (17, 18) that the slow urinary excretion of
radioactivity following C"4-estrogen administra-
tion, as compared to the excretion following other
C"4-steroid injections, e.g., testosterone, is related
to the binding of the estrogens and their metabo-
lites to plasma and liver proteins (42, 43) with
resultant retardation of their renal excretion. In
addition, these authors felt that the "relatively
minor excretion of estrogen metabolites in the
feces is suggestive that biliary and intestinal elimi-
nation played but minor roles in the metabolism of
the estrogen by human subjects." These authors
did not present data, however, on biliary excretion
of radioactivity following administration of C4_
estrogens. The results of our experiments do not
support either of their concepts. We have previ-
ously been able to demonstrate that those steroids
which are most avidly bound to human plasma
proteins have a substantial biliary elimination,
whereas those least bound were excreted insig-
nificantly in the bile (44). As in the present
study, it was shown that the exclusion of the bile
from the gastrointestinal tract results in rapid
excretion of radioactivity in the urine. Thus,
nearly all of the radioactivity following the in-
jection of C"4-estrone or C14-estradiol appeared in
the urine and bile within 24 hours. Of the radio-
activity excreted in the urine almost 90 per cent
appeared in the urine in 24 hours and over 60
per cent in the first 12 hours, in contrast to 60 per
cent and 35 per cent, respectively, in the non-
fistula group. It should be pointed out that the
results of studies indicate avid binding of the es-
trogenic conjugates to human plasma proteins
(44), but the exact role that this binding plays in
the rate of urinary excretion of estrogenic meta-
bolites awaits more conclusive and extensive
studies.
The appearance of about 7 per cent of radio-

activity in the feces, an amount equivalent to that
found by Beer and Gallagher in their studies (17,
18), indicates that reabsorption from the gastro-
intestinal tract of the biliary metabolites may not
be complete under normal circumstances, since
less than 1 per cent of radioactivity appeared in
the feces of patients with bile-fistulas. Since neg-
ligible radioactivity is present in the unconjugated
fraction in the bile, one would predict that the
clearance of the free steroids from patients with
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T-tube drainage would resemble that seen in pa-
tients without fistulas. That such is the case is
demonstrated in Figure 7. The clearance of the
free steroids from the plasma of patients with
bile-fistulas was almost identical to that of the
total group.
The association of radioactivity with the red

blood cells would appear to indicate that a sig-
nificant percentage of endogenous or injected es-
trone or estradiol and their metabolites are as-
sociated with the erythrocytes (20-22, 45). The
bulk of the radioactivity was present in the plasma,
however. Our findings are at variance with previ-
ously published reports in which more estrogenic
activity was found in the red blood cells than in
the plasma (20, 21). The nature of the metabo-
lites associated with the red blood cells and the
effects of these cells on the metabolism of estrogens
is a subject which deserves further study.

SUMMARY

C14-estrone and C14-estradiol have been injected
intravenously into 22 women. A little over 80
per cent of the administered radioactivity were ex-
creted in the urine during the 96 to 120 hours
following the injection of these steroids. On the
average, 72 per cent of the counts in the urine were
extractable folowing various hydrolytic proce-
dures, with the preponderant part being present in
the glucuronidate form. About 50 per cent of the
radioactivity administered appeared in the bile,
collected through T-tube drainage, mostly as con-
jugates released by hydrolysis at pH 1 or by the
hot acid. Approximately 7 per cent of the radio-
activity appeared in the stools of non-fistula pa-
tients, indicating gastrointestinal reabsorption of
metabolites excreted in the bile. The radioactive
steroids were cleared from the plasma rapidly
with at least two separate rates having half-lives
of approximately 20 and 70 minutes, respectively.
The conjugated metabolites of C"4-estrone and
C14-estradiol reached their peak in the plasma
within 15 to 30 minutes following the injection of
the steroids and retained high levels for as long
as three days. The levels of the conjugated ster-
oids in the plasma of patients with T-tube drain-
age of bile were the lowest of the group. The
significance of the hepato-biliary-enteric circula-
tion of estrogens in relation to the slow urinary
excretion of the radioactivity is discussed.
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