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Abstract. A constant infusion of *H-testosterone and '‘C-androstenedione
was administered to four human subjects, two males and two females, until
the concentrations of radioactive testosterone and androstenedione in systemic
plasma became constant. At that time the concentrations of radioactive tes-
tosterone and androstenedione in hepatic vein plasma were determined.
Splanchnic extraction of testosterone and androstenedione and the contribu-
tion of the splanchnic system to the blood interconversion of testosterone and
androstenedione were calculated.

Androstenedione is extracted by the splanchnic system more efficiently than
testosterone since 82.39%, of androstenedione and 449, of testosterone were re-
moved from the plasma after one passage.

The fraction of testosterone entering the splanchnic system that is trans-
ferred to blood androstenedione was 0.011 and the maximum possible
transfer due to recirculation was 0.026. This was 289, of the total blood
transfer from testosterone to androstenedione. The fraction of androstene-
dione entering the splanchnic system that is transferred to blood testosterone
after one passage was 0.005, whereas the maximum possible transfer in this
system was 0.006. This represented only 169, of the total transfer from
androstenedione to testosterone. Therefore, a large fraction of the intercon-
version of testosterone and androstenedione in vivo occurs outside the

splanchnic system.

Introduction

There is strong evidence indicating that the liver
plays an important role in the clearance of steroids
from blood. It is particularly rich in enzymes
active in steroid catabolism, as shown by in vitro
incubations and perfusion studies (1, 2). Further-
more, it has been observed that the half-life of
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steroids such as cortisol and aldosterone is pro-
longed in liver disease (3-5). Steroid extraction
by the liver does not depend only on the enzymatic
activity of the hepatic cell, but also on the amount
of steroid presented to intracellular enzymes (6).
This in turn is influenced by hepatic blood flow
and by steroid binding to plasma proteins. An
inverse correlation between degree of protein bind-
ing and plasma clearance has been reported for
cortisol (6-10). If the clearance of testosterone
(T) and androstenedione (A) * from blood is due
mainly to the liver, a relation should be found
between these clearances and the hepatic extrac-
tion of the two androgens. Since the metabolic

1 Testosterone (T) = 17B8-hydroxyandrost-4-en-3-one;
Androstenedione (A) = androst-4-ene-3, 17-dione.
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clearance rate (MCR) 2 of T is smaller than that
of A (11, 12), we should expect an hepatic extrac-
tion of A greater than that of T. Horton and Tait
(11) studied the role of the splanchnic organs in
the metabolism of T and A in four subjects by in-
fusion of **C-A at a constant rate through a naso-
gastric tube inserted into the lower stomach. Two
of these subjects received, simultaneously, a con-
stant infusion of ®H-T intravenously. The in-
vestigators reported that only 6.3% of the orally
infused A entered the general circulation as A, and
they calculated indirectly that most of the conver-
sion of A into T was extrasplanchnic (11).

In the present study, four subjects were given
a constant intravenous infusion of *H-T and *C-A.
When the concentration of radioactivity of the two
androgens in peripheral vein plasma (or right
atrium plasma) had become constant, the concen-
tration of radioactivity in hepatic vein plasma was
also determined. Our findings are reported in
this paper.

Methods

The following experimental subjects were studied.

No. 1, G. L., male, 18 yr, wt, 68 kg, height, 175 cm.
No. 2, J. W, male, 49 yr, wt, 75 kg, height, 172 cm.
No. 3, M. T., female, 25 yr, wt, 53 kg, height, 148 cm.
No. 4, M. C,, female, 46 yr, wt, 55 kg, height, 157 cm.

In subjects 2, 3, and 4, samples were collected during
cardiac catheterization for diagnostic purposes. These
samples were selected because they had well compensated
lesions without cardiac insufficiency, along with entirely
normal liver and kidney functions. Subject G. L. was a
normal volunteer. We obtained permission for the study
from the patients or the parents, as requested by the
institutions involved.

A simultaneous constant infusion of *H-T and *C-A
was administered by means of a technique described
previously (12). At time zero, a priming dose of 3-5 uc
of *H-T and 2-4 uc of *C-A dissolved in 20 ml of normal
saline solution was injected intravenously. 20 min later,
a constant infusion of these two radioactive steroids was
given for at least 70 min. The rate of the infusion was
0.4 ml/min (0.03-0.05 uc of *H-T and 0.02-0.04 uc of
#C-A/min. Blood samples (40 ml each) were taken from
a peripheral vein 10 min before time zero and at different
intervals during the constant infusion. In some in-
stances, the periphreal vein sample was replaced by a sam-

2 Metabolic clearance rate (MCR) = CB X 1.44; R =
T

rate of radioactive infusion in cpm/min; C; = plasma
radioactive concentrations in cpm/ml at equilibrium;

Production rate in blood (PB) = MCR X C; C = plasma
hormone concentration in mg/liter.
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ple obtained with a catheter placed in the right atrium.
At time 60 min or later, a catheter was inserted into a
femoral vein and brought up into the hepatic vein where
blood samples were collected. The location of the cathe-
ter was determined by its position shown by X-ray and
by oximetry. In patient G. L., a blood sample was also
obtained from the renal vein. To avoid dilution of the
blood, the first 5 ml of all samples taken with the catheter
were discarded.

The determination of the amount of radioactivity in
plasma T and A was performed in the samples collected
during the constant infusion according to a technique pub-
lished elsewhere (12).

The concentration of T and A in peripheral vein plasma
was determined by using a double isotope derivative tech-
nique described previously (13).

Calculations

MCR, PB, and interconversion between T and A were
calculated as described by Tait (14) and Horton and Tait
(11). Splanchnic extraction (sE) 3 was determined using
Fick’s principle (6) :

Difference in concentration in
afferent and efferent plasma
Concentration in afferent supply '

SE =

3 Definition of terms used subsequently:

sE (3H-T), splanchnic extraction of 3H-T

SE (4C-A), splanchnic extraction of ¥C-A

3H-Tp, concentration of 3H-T in peripheral vein blood

3H-Tg, concentration of 3H-T in g:patic vein blood

UC-Tp, concentration of ¥C-T in peripheral vein blood

uC-Tyg, concentration of 4C-T in hepatic vein blood

4C-Ap, ¥C-Ag, *H-Ap, 3H-Ag are equivalent expressions
for A.

peaT4, transfer constant from blood T to blood A

pspT2, transfer constant from splanchnic T to blood A

ppeAT, transfer constant from blood A to blood T

pspAT, transfer constant from splanchnic A to blood T

From this formula, the_splanchnic extraction of T will be:
3H-Tpg — 3H-Tg _ 3H-Tg [1]
3H-Ts SH-Ts'
However, in the present study, the above formula is not
entirely correct, since a fraction of 3H-Ap entering the

splanchnic pool will leave this pool as $H-T and must there-
fore be subtracted from *H-Ts:

_ SH-Tg — 3H-As X pss?T

=1

sE (3H-T) =

sE (*H-T) = 1 T » [2]
since
3sH-Ap = 3H-Ts X pBBTA. [3]
Substituting in equation [2]
sH-
SE GH-T) = 1 — ok 4 pon®s X peptT.  [4]

H-Ts

In equation [4], pee™ X pssT is negligible and Fick’s
principle can be applied in the present case.

Similarly:

uC- As
4C-Ap

in which pae2T X pgsT8 is also negligible.

SE (MC-A) =1 — + pBBAT X pspT?,

(5]
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TABLE I
Concentrations of radioactive testosterone and androstenedione in peripheral and hepalic vein plasma

Subject Sex Peripheral vein or right atrium, Hepatic vein,
plasma concentration plasma concentration
Rate of infusion Testosterone Androstenedione Testosterone Androstenedione
sH-T uC-A sH uc sH uc sH uc 3H uc
cpm/min cpm/100 ml cpm/100 ml

No. 1 M 20,221 19,804 4,200 200 220 1,760 2,240 134 83 144
No. 2 M 66,577 37,195 12,900 294 667 4,160 6,150 145 205 848
No. 3 F 36,204 317,672 8,930 295 414 4,210 5,260 172 212 1,170
No. 4 F 57,638 53,925 14,300 472 275 7,310 9,270 338 231 1,080

Transfer constant from the splanchnic pool to the blood pool

The fraction of A entering the splanchnic pool that is
transferred to blood T (pssAT) and the fraction of T trans-
ferred to blood A (pss™) have been calculated according
to the following equations (see Appendix):

MC-Ts — ¥C-Tp X 33 ?’
pspAT =
14C-Ap 1
x _ 4C-Tp X 3H-As
4C-Ap X 3H-Ts
and
H-ag — $H-Ap X oo o
pspTA =
3H-Ts 1
X

_ HC-Ts X 3H-As

4C-Ap X 3H-Tg’
However, some of the T and A entering the splanchnic
circulation will eventually return to the liver and further
interconversion will occur. A maximum value for the
transfer (maximum transfer) can be calculated from the

SE and the pgp value, assuming no extra splanchnic extrac-
tion (see Appendix):

1
Maximum transfer = pgp X SE°

If there were significant extrasplanchnic extraction pres-
ent, the splanchnic interconversion due to recirculation
would be lower than the value of maximum transfer.

Results

Plasma concentration of radioactivity in T and
A during the constant infusion. The concentra-
tions of *H and *C radioactivity in T and A in
peripheral vein (or right atrium) plasma are pre-
sented in Table I. The values shown represent
the mean of three different samples except for pa-
tients 3 and 4, from whom only two samples were
collected. The concentrations in the hepatic vein
samples are also shown in Table I. These sam-
ples were always obtained just before the last
peripheral vein sample. The PB(T) and PB(A)

+

and transfer constant of subject 1 have already
been published elsewhere (12).

Splanchnic extraction, metabolic clearance rate,
plasma concentration, and blood production of T
and A. Mean percentage extraction after one pas-
sage through the splanchnic system was 44.0 for T
and 82.3 for A, MRC, plasma concentrations, and
PB rates for T and A are shown in Table II. The
plasma concentration of A in patient 2 was un-
expectedly high. This determination was con-
firmed in a second aliquot of the same plasma
sample.

Renal extraction and interconversion of T and
A in subject G. L. In subject G. L. (No. 1), the
plasma concentration of radioactivity in T and A
in the right renal vein was determined during
equilibrium. The following results were obtained:
*H-T 3780, #C-T 148, *H-A 224, +C-A 1780
cpm/100 ml of plasma. These values are not sig-
nificantly different from those found in the periph-
eral vein samples, which suggests the absence of
extraction and interconversion of T and A by the
right kidney of this patient.

TABLE II

Splanchnic extraction, metabolic clearance rate, plasma con-
centration, and blood production rates of

testosterone and androstenedione
Concen-
Splanchnic MCR tration in
extraction (1/day) plasma PB
Subject T A T A T A T A
% mug/ mg/day
¢ 100 mi
No. 1 471 92,0 695 1,620 917 130 64 2.1
No. 2 523 179.6 743 1,287 802 597 59 7.7
No. 3 41.6 72.2 583 1,288 58 305 034 3.9
No. 4 35.2 85.6 580 1,062 * * * *
Mean 44.0 823

* Not determined.
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TABLE III
In vivo interconversion of lestoslerone and
androstenedione
Maximum Maximum
transfer transfer
[p1BBTA psBTA  psBTA/SET [p]BBAT psBAT  pgBAT/SE
No.1 0.126 0.015 0.032 0.046  0.017 0.018
No.2 0.086 0.005 0.010 0.041  0.001 0.001
No.3 0.120 0.011 0.026 0.031  0.000 0.000
No.4 0.035 0.013 0.036 0.035  0.004 0.005
Mean 0.092  0.011 0.026 0.038  0.005 0.006

Comparison between over-all peripheral and
splanchnic interconversion of T and A (Table I1I).
The mean over-all conversion rate between blood
T and blood A ([r]gs™2) was 0.092. On the other
hand, mean conversion rate between splanchnic T
and blood A (pgT8) was 0.011 and mean max-
imum transfer due to recirculation 0.026. There-
fore no more than 28% (0.026/0.092 X 100) of
the conversion of blood T to blood A occurs inside
the splanchnic system.

Similarly, mean overall conversion rate between
blood A and blood T ([r]8rAT) was 0.038, whereas
mean conversion rate between splanchnic A and
blood T (pgp2T) was 0.005. Since mean max-
imum transfer due to recirculation in the splanch-
nic area was only 0.006, no more than 16%
(0.006/0.038 x 100) of the conversion of blood A
to blood T occurs in the splanchnic compartment.

Discussion

Horton and Tait have reported an average
MCR(T) for three male subjects of 1110 liters/
day, and an average for two females of 885 liters/
day. With a similar method, our averages for
four males and four females were 1188 and 592
liters/day, respectively. Southren et al. (15),
using the single injection technique, found a mean
MCR(T) of 1872 in four normal males and a
mean of 738 liters/day in three normal females.
Southren and coworkers (16), using the constant
infusion technique, have recently reported values
(mean = sp) of 1288 += 221 liters/day in six
males, and values of 675 = 139 liters/day in six
females. The difference in values of males and
females may be due to an inherent sex difference
or to a difference in body size between the two
sexes. One inherent sex difference might be the
slightly, but significantly greater, binding of T to
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plasma proteins found in females (unpublished ob-
servation)., Horton and Tait (11) have reported
MCR(A) values of 2330 liters/day in 12 subjects,
which show no great difference between males and
females. Although we have observed a similar
average in four adult males (2200 liters/day), our
average MCR(A) for four normal females was
lower and ranged from 1230 to 1385 liters/day.

The two female subjects of the present study
had MCR(T) and MCR(A) values similar to
those of our normal female subjects. On the other
hand, the MCR(T) and MCR(A) of the two male
subjects were definitely lower than our control
values. Subject 1 was a normal male, whereas
subject 2 who was submitted to cardiac catheteriza-
tion for diagnostic purposes had normal liver func-
tion tests. Anesthesia and surgical stress can de-
crease liver blood flow and can alter liver function
aswell. It is possible that the over-all stress related
to the catheterization can produce a certain degree
of liver disturbance in some subjects.

Our data indicate that 44% of T and 82.3% of
A are removed from the circulation after one pas-
sage through the splanchnic system. According to
generally accepted concepts, this extraction prob-
ably occurs in the liver. If there were no extra-
hepatic extraction, the metabolic clearance rate of
T and A should be 44 and 82.3% of the hepatic
plasma flow. Since the hepatic plasma flow was
not determined in our subjects, the existence and
extent of extrahepatic removal cannot be estab-
lished. Horton and Tait (11) have assumed an
hepatic plasma flow of 1600 liters/day, and they
have concluded that at least one-third of the
metabolism of A was extrahepatic. However, the
large variations in hepatic plasma flow among sub-
jects make such calculations very approximate.

Transfer constants between blood T and blood
A pools are calculated from the ratio of the plasma
concentrations of one isotope in T and A, and the
ratio of their MCR (11, 13). In this study, we
have also calculated the transfer constants from the
splanchnic pool of A or T to the blood pool of T
or A, respectively. Constants were determined
from the concentrations of hoth isotopes in the two
steroids in peripheral and hepatic vein plasma.
Since the splanchnic to blood, and blood to blood
transfer constants were determined simultaneously,
we have had the opportunity of establishing quanti-
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tatively the role of the splanchnic system in this
interconversion.

We have concluded that, on the average, not
more than 28% of the total conversion of blood T
to blood A ([r]gsT2) occurs in the splanchnic sys-
tem. The fact that one of the four subjects, pa-
tient 4, had a maximum transfer g™ equal to the
over-all blood transfer, [r]pg™ does not exclude
the presence of extrasplanchnic transfer in this in-
dividual ; the value of maximum transfer g™ rep-
resents the greatest theoretically possible transfer
from the splanchnic system to blood, in the absence
of extrasplanchnic extraction, and does not neces-
sarily represent the actual splanchnic transfer.

Similarly, not more than 16% of the total con-
version of blood A to blood T occurs in the
splanchnic system. Horton and Tait, using a dif-
ferent approach (11), have reported that 30% of
the total conversion of blood A to blood T took
place in the splanchnic system. Although this re-
sult is twice our value of 16%, a similar conclusion
must be reached, i.e., a major fraction of the inter-
conversion of A to T in blood occurs outside of
the liver.

If one considers the specific case of our male
subject, No. 1, the over-all contribution of PB(T)
to PB(A) was 0.81 mg/day, but at least 8% of
the conversion, or 0.7 mg/day, took place outside
of the splanchnic area. In this same subject, the
over-all contribution of PB(A) to PB(T) was 0.1
mg/day with at least 60% of the conversion (0.06
mg/day) extrasplanchnic. In our female patient,
No. 3, the over-all contribution of PB(T) to PB
(A) was 0.04 mg/day with at least 78% of the con-
version (0.03 mg/day) extrasplanchnic, whereas
the over-all contribution of PB(A) to PB(T) was
0.1 mg/day, all conversion taking place outside
of the liver. '

In vitro conversion of T to A can be carried out
by human red cells (17, 18) and human skin (19),
whereas conversion of A to T has been observed
in rabbit skeletal muscle (20). It is conceivable
that these conversions could occur in vivo. It is
of interest that we could not detect any significant
extraction or interconversion of T and A by the
kidney of one patient.
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Appendix

1. Three assumptions have been made for the calculation
of the interconversion between T and A in the splanchnic
system: (@) The concentrations of T and A in the peripheral
vein sample are representative of the concentrations of T
and A entering the splanchnic circulation; (b) The con-
centrations of T and Ain the hepatic vein sample are
representative of the concentrations of T and A leaving the
splanchnic system; and (¢) The radioactivity of T and
Ain hepatic vein blood will come only from T and A
entering the splanchnic area. Since the plasma flow en-
tering the splanchnic pool equals the flow leaving the pool,
concentrations are proportional to pool production rates.
The fraction of “C-A entering the splanchnic pool that
leaves the pool as ¥C-T can be calculated by subtracting
from the total “C-T in hepatic vein plasma, the “C-T
leaving that pool and which had entered it as “C-T.

_Ts—3H- AT
“C-Ts—“C-TszH Ts :}I;. ’?:XPSB

AT —

psB UC-Ap
Ty “C-ToX*H-Ts , “C-TpX*H-Ap Xpss'™
s sH-Tg ! *H-Ts
MC_AB

_MC-TeX*H-Ts

H-Tp |, MC-Te X*H-A XpspAT

uC-Ap T MC-ApX®H-Ts

Solving for pgsdT:

MC_TS

*H-Ts
H-Ts 1
|_“C-TpX*H-4s
#C-ApX*H-Ts

UC-Tg—M"C-TsX
HUC-A B

pspiT=

Similarly:
uC.
8H-A5—3H-A3Xug%: 1
*H-Ts UC-Ts X3*H-Ap
1 _uC-AB X3H-Ts

2. The transfer constants calculated in the manner
outlined above represent the interconversion after one

ssage through the liver. If extrasplanchnic removal is
insignificant, the fraction that escaped extraction will
return to the splanchnic area and total conversion of A to T
can be calculated as

psB2T + pspdT (1 — sE?) ‘
+ psB®T (1 — SEA)? +- -+ 4 pgpdT (1 — sEA)2,

pspTA=

or
psptT[1 4 (1 — sE4) + (1 — sE4)* 4+ 4 (1 — sEA)>1]

The geometric series inside the brackets (Sn) is convergent
and reaches a limit:
1

Il ey ¢ )

n— ®
Therefore:

1 1
AT — e = AT _
psB [1 —(1 = sEA)] PS8BT SR

= maximum transfer ggaT.
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Similarly:
1 .
pspTA e maximum transfergpTA.
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