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Summary-We report direct evidence for the effect of the sex steroid-binding protein (SBP) on the 
metabolic clearance rate of testosterone (MCR). Pure rhesus SBP or human SBP was infused 
intravenously into three different cycling female rhesus monkeys. MCRT was measured before and after 
SBP had reached 150-300% of basal levels. A decrease in MCRT was observed in all cases. The effect of 
SBP on MCRT was tested further in four additional cycling females by infusing immunoalBnity-purified 
monospecific human SBP antibodies known to cross-react with rhesus SBP. SBP dropped to 54,40,4 and 
2% of basal levels with a concomitant increase of 118,190,320 and 640% of basal MCRT. In one of these 
animals, pure rabbit SBP was administered after the anti-human SBP infusion resulting in a decrease in 
MCRT. The magnitude of the SBP effect on MCRT is related to the distribution of testosterone (T) bound 
to SBP and albumin in the plasma. Calculations show that as long as the percent of T bound to SBP 
is equal or higher than the percent of T bound to albumin, the influence on MCRr is small. However, 
if SBP is reduced to the extent that T is bound mostly to albumin, the redistribution of T is associated 
with a dramatic increase in MCRT. We conclude that under normal conditions each animal has an 
optimum concentration of plasma SBP which binds a maximum amount of T. If SBP increases above 
this level, little effect on MCRT will result. However, a drop below the optimum level, as is the case in 
certain physiological or clinical conditions, will produce a large increase in the clearance of T. 

INTRODUCTION 

For the past fifteen years many investigators have 
reported possible roles for the sex steroid-binding 
protein, SBP’, in plasma. Early studies on measure- 
ments of the protein in humans revealed a sex dif- 
ference in SBP levels, with normal adult females 
having about twice as much as normal adult males 
[l-4]. Vermeulen and co-workers compared the met- 
abolic clearance rate of testosterone [MCRT] in nor- 

This nomenclature was first adopted at the IVth meeting of 
the International Study Group for Steroid Hormones, 
Rome, 1969. Subsequently, other terms have been 
introduced in the literature. These are: steroid-binding 
fi-globulin, SBBG; sex hormone-binding globulin, 
SHBG; testosterone-binding globulin, TBG, estradiol- 
binding protein, EBP; testosterone-estradiol-binding 
globulin, TeBG. The latter three terms are somewhat 
misleading because the protein actually binds Sa-di- 
hydrotestosterone better than testosterone or 17/I- 
estradiol. In rabbits and other non-primate species an 
insignificant amount of 17g-estradiol appears to be 
bound significantly in plasma at physiological con- 
ditions. 

Abbreviations: T, testosterone; DHT, Sa-dihydrotestos- 
terone; SDS, Sodium dodecyl sulfate. 

$Supported by NIH grants HD13956 (P.H.P.) and 
HDO0163 (M.J.N.). 

mal human females and males and found that (at 
comparable plasma T concentrations) MCRT is al- 
ways higher in the latter [3]. In hyperthyroidism, 
where SBP is elevated, a decrease in MCRT was 
found [S]. An increase in MCRT in hirsutism [6] ap- 
pears to be associated with low SRP levels normally 
found in these patients [3,7-lo]. Although these stud- 
ies suggest an inverse relationship between SBP and 
MCRT, they do not prove, as is generally accepted, 
that SBP has a direct effect on MCRT. This is evident 
because the relationship between SBP and MCRT 
found in those studies was deduced indirectly by 
comparing MCRT in males and females where SBP 
levels are known to be different. There are endocrine 
differences in normal males and females, as well as in 
hirsute and hyperthyroid patients, which could ac- 
count not only for the changes in MCRT but also for 
regulating those changes. 

In order to provide direct evidence on whether or 
not SBP has a direct effect on MCRT, we infused pure 
SBP and its antibodies in rhesus monkeys and mea- 
sured their effect on MCRT. These experiments were 
possible because of the availability of pure human 
SBP [l 11, rhesus SBP [12], rabbit SBP [13], as well as 
anti-human SBP[14]. We have published a pre- 
liminary report which was presented at the VIth 
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International Congress on Hormonal Steroids [ 151 
consisting of data obtained from four animals, two 
infused with SBP and two others with anti-SBP. 
These preliminary data, however, were insufficient to 
convincingly establish the relationship between SBP 
and MCRT, also the detailed methodology was not 
presented. Here we formally describe the entire work 
including the complete methodology as well as addi- 
tional experiments including infusion of pure rabbit 
SBP which does not cross-react with anti-human 
SBP. This last experiment not previously reported is 
crucial to the final interpretation of the data. 

EXPERIMENTAL 

Animals 

Seven cycling female rhesus monkeys (Macaca 

mulatta) from the Oregon Regional Primate Re- 
search Center (ORPRC) colony were used in this 
study. The animals weighed between 4.6 and 7.6 kg. 
Each animal was pre-conditioned in a primate re- 
straining chair for 3648 h before the study and was 
then implanted with indwelling catheters in surgery 

under ketamine anesthesia. Polyethylene tubing was 
inserted into the left femoral vein and polyvinyl 
tubing into the right femoral artery and vein. At 
surgery each animal was transfused with 5&75 ml of 
whole rhesus blood. The animal was then fitted with 
a specially tailored vest to protect the catheters, 
placed in a primate restraining chair, and allowed to 
recover for 2448 h. During the study, blood pressure 
of the animal was monitored continuously. 

Determination of the metabolic clearance rate of tes- 

tosterone 

The MCRT was determined by the continuous 
infusion method of Tait[16] in control and experi- 
mental periods during which la,2a-[3H]testosterone 
(New England Nuclear, Boston, MA: sp. act., 
40 Ci/mmol) was administered to each animal for 6 h. 

A preliminary experiment in an untreated animal 
showed that the concentration of plasma [‘HIT did 
not change significantly during that length of time. 
The [‘HIT used for infusion was checked for radio- 
chemical purity by reverse isotope dilution and was 
found to be greater than 97% pure. The infusion 
consisted of [3H]T dissolved in a solution of 4% (v/v) 
ethanol in saline. A priming dose containing 7.2 PCi 
of the labeled steroid in 2.4ml of solution was 
administered as a bolus prior to constant infusion of 
the substrate at a rate of 6 pCi/2 ml/h by means of a 
Harvard infusion pump (Harvard Apparatus Com- 
pany, Inc., South Natick, MA) fitted with a 20-ml 
glass syringe. Infusion of the substrate was carried 
out through the polyethylene tubing inserted in the 
femoral vein. It was shown that there was no signifi- 
cant adsorption of T by the polyethylene tubing 
(unpublished data). Isotopic equilibrium (mean 
+ 10%) in the plasma concentration of [3H]T was 
attained within 30min in the control periods. 

Blood sampling 

All blood samples (2-3 ml) were collected into 
heparinized syringes, and the plasma was separated 
and stored at -20°C until it was processed. In the 
control period, blood was obtained via the femoral 
artery at 0, 30, 40, 50 and 60 min following the onset 
of continuous infusion. The schedule of blood sam- 
pling during the experimental periods is described 
below. 

Infusion of pure SBP and anti-SBP 

Immediately following the control period, either 
pure human or rhesus monkey SBP or purified 
monospecific antibodies prepared against human 
SBP were infused continuously through the polyvinyl 

tubing in the femoral vein by means of a Harvard 
infusion pump. Rhesus SBP was prepared as recently 
described [12]. Because of the scarcity of rhesus 
plasma we could only isolate enough rhesus SBP 
to perform one experiment. However, the immuno- 
chemical and biochemical similarities of rhesus and 
human SBP [12] allowed us to use the pure human 
protein which is available in larger quantities. Both 
proteins were found to be pure by native and SDS gel 
electrophoresis. The proteins were dissolved in 
0.01 M Tris-HCl buffer, pH 7.4, containing 0.1 M 
sodium chloride, 0.005 M calcium chloride, 10% (v/v) 
glycerol, and 0.02 mM Sa-dihydrotestosterone 
(DHT); the SBP concentration varied between 
1.4-2.5 mg/ml. Immediately prior to infusion, the 
SBP was mixed with a suspension of 0.5% (w/v) 
charcoal (Norit A) and O.OOS’A (w/v) Dextran T 70 in 
0.01 M Tris-HCl buffer, pH 7.4 and shaken at 0°C 
for 15 s to remove excess DHT. Following centrifu- 
gation of the mixture, the supernatant was filtered 
through a 0.22 pm Millex’y-GS filter unit (Millipore 
Corp., Bedford, MA). The SBP was then infused at 
a rate of 0.08-o. 12 ml/min for 1 h. Human SBP was 
infused in two animals and rhesus monkey SBP in 1 
animal. Blood samples were collected for 5 h at 
intervals of 15 min following onset of protein in- 
fusion. 

Monospecific antibodies against pure human SBP 
were raised in rabbits and purified by immunoaffinity 
chromatography using homogeneous human SBP 
covalently-linked to agarose as previously described 
[l4, 171. These antibodies cross-react with rhesus 
monkey SBP[14]. Prior to infusion, the antibodies 
were dissolved in phosphate buffered-saline (PBS) 
consisting of 0.006 M monobasic potassium phos- 
phate, 0.079 M dibasic sodium phosphate, 0.15 M 
sodium chloride and 0.011 M potassium chloride, 

pH 7.4; the solution contained 4 mg of protein per ml 
of PBS. This solution was passed through a 0.22 flrn 
Millex-GS filter and infused immediately after the 
control period in animals either as a bolus or con- 
tinuously at a rate of 0.2 ml/min for 30 min. During 
that time, blood samples were collected at 0, 5, 10, 20 
and 30min following the onset of infusion and at 



Effect of SBP on testosterone metabolic clearance 141 

15-min intervals thereafter for 4 h. In one of the 
animals, pure rabbit SBP [13], which does not cross- 
react with the antibodies raised against human 
SBP [14], was infused 2$ h after the onset of anti-SBP 
administration to determine whether or not SBP 
depletion in the plasma is restored. Rabbit SBP was 
dissolved in the same Tri-HCl buffer used for 
human and rhesus monkey SBP at a concentration of 
1.15 mg/ml, and was treated in the same manner prior 
to infusion. The rate of infusion was 0.2 ml/min for 
15 min. 

Quantitation of testosterone and dihydrotestosterone 

Plasma concentrations of [3H]T were measured 
following the addition of 4-[14C]T (New England 
Nuclear; sp. act. 51.9 mCi/mmol) as internal standard 
to monitor procedural losses. The steroid was first 
extracted with diethyl ether and then purified by 
LH-20 column chromatography in the solvent sys- 
tem, hexane-benzene-methanol (85: 15: 5, by vol). 
Using that method, the radiochemical purity of [3H]T 
isolated from plasma was shown to be greater than 
90% by reverse isotope dilution. 

Endogenous levels of DHT and T in plasma were 
quantitated by RIA, following extraction of the 
steroids with diethyl ether and separation by LH-20 
column chromatography. Measurement of DHT was 
carried out at the ORPRC RIA Core Laboratory 
using the method and assay reliability criteria de- 
scribed previously [18]. Testosterone was assayed in 
our laboratory using the procedure described by 
Resko et aZ.[19], with the exception that testosterone- 
3-(O-carboxymethyl) oximino-[‘251]iodohistamine 
(Cambridge Medical Diagnostics, Inc., Billerico, 
MA; sp. act., 4060 Ci/mmol) was used as radioligand 
instead of t3H]T. An iodinated tracer was required for 
the T RIA because of the presence of significant 
amount of [3H]T in the plasma samples. Accuracy of 
the RIA was assessed in a recovery experiment in 
which a known amount of T, ranging from 60 to 
2000 pg, was added to individual 1 .O ml aliquots of 
rhesus monkey plasma stripped of steroid with char- 
coal and 0.3 ml aliquots of the “spiked” plasma were 
assayed in duplicate. Linear regression analysis of 
the T concentration measured b) vs the T concen- 
tration added (x) yielded the following equation and 
correlation coefficient: y = 0.95x + 2.21; r* = 0.911 
(n = 12). Parallelism in the T RIA was tested by 
measurement of the steroid in serially diluted aliquots 
of rhesus monkey plasma. The resultant T values 
yielded a line which was parallel to the corresponding 
standard curve. The intra-assay and inter-assay 
coefficients of variation are 8.7 and 13.7%, re- 
spectively. 

Quantitation of SBP and albumin 

SBP was assayed as described previously by 
Mickelson and Petra[20]. Aliquots of plasma were 
diluted SO-fold with 10mM Tri-HCl, pH 7.4 and 
incubated with 20 nM 1,2-[‘H]~LY-dihydrotestos- 

terone (New England Nuclear; sp. act. 50 Ci/mmol) 
in the presence or absence of lOO-fold molar excess of 
radioinert DHT. The SBP-DHT complex was then 
measured by the DEAE-filter assay[20]. 

Siiteri et a/.[211 have recently claimed that it is 
unnecessary to correct for loss of specific binding 
during the performance of the filter assay as we had 
previously found [20,22]. These investigators there- 
fore assume that 98-100% of the specific steroid- 
protein complexes originally present in the diluted 
serum sample incubated with saturated radiolabeled 
steroid are retained by the DEAE-filter during the 
application and washing procedures. This assump- 
tion is incorrect. The amount of specific steroid- 
protein complexes which remain bound to the filter 
during application depends upon the charge capacity 
and hydration of the filter. Using published pro- 
cedures [20,22] we have determined that between 55 
and 90% of the specific complexes present in the 
diluted serum adsorb to the filter during application 
of the sample. The values therefore need to be 
corrected to account for the loss of complexes. This 
“efficiency” correction is determined under con- 
ditions where the tritiated steroid is at least 98% 
bound to the specific protein (SBP or CBG) as 
calculated by mass action on two equilibria for the 
specific protein and albumin in the diluted serum. 
Highest retention of the steroid-protein complex 
(85-90%) is obtained by using 50 ~1 samples applied 
on dry DEAE-filters [23, and our unpublished 
results], whereas the lowest (55-80%) is obtained by 
applying 100 ~1 samples on wet DEAE-filters placed 
on a pad of Whatman No. 1 paper. Percent retention 
also depends on the animal species. Once the specific 
complexes have adsorbed to the filter, steroid dis- 
sociation from the specific steroid-protein complex 
does not occur [20,22]. We therefore urge those 
laboratories using this assay to continue estimating 
their own filter “efficiencies” and to correct for losses 
as previously described [20,22]. Failure to do so will 
result in underestimated values. Albumin was quan- 
titated calorimetrically [24]. 

Calculation of percent of testosterone bound to SBP 
and albumin 

The percentage of T bound to SBP and albumin at 
equilibrium and 37°C was calculated by solving the 
two equations describing each equilibrium according 
to our published procedure [25]. The mass action 
relationships are: 

w-l 
&BP = [sl 9 &to = [ATl 

[Al Fl 

where: 

Kssp = 1.37 x lo8 M-‘, equilibrium constant of as- 
sociation of T macaque SBP at 37°C [26] 

[ST] = Concentration of T bound to SBP 
[S] = Concentration of unbound SBP 
[Tj = Concentration of unbound T 
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Kalb = 2.02 x lo4 M-‘, equilibrium constant of as- 
sociation of T to human albumin at 37°C [27] 

[AT] = Concentration of T bound to albumin 
[A] = Concentration of unbound albumin 

Percent of T bound to SBP was calculated using 
Kssp = 1.37 x 10’ Mm’ at 37’C. This value was esti- 
mated by taking i of Kssp = 0.41 x 1 O9 M ’ at 4°C for 
macaque SBP [26]. We have consistently found about 
a 3-fold decrease in K, for human and rabbit SBP 
when raising the temperature from 4 to 37°C which 
agrees well with published results [28]. The same 
constant was used for calculating percent of T bound 
to SBP after human SBP infusion because there is no 
significant difference in T binding between macaque 
and human SBP [26]. In the calculation of percent T 
bound to rhesus albumin, we have used KAlb = 
2.02 x 104M-’ at 37°C for human albumin [27] 

because the KAlb value for T binding to rhesus 
albumin is not available. We assume that there is no 
significant difference in T binding between human 
and macaque albumin. When pure rabbit SBP was 
infused, we used Ksep = 4.2 x IO’M-’ for the equi- 
librium constant of association of T to rabbit SBP at 
37°C [28] to calculate the percent of T bound to SBP. 

The conservation relationships at equilibrium used 
to substitute in the above equations are: 

PI = PI, - WI 

[Al = [Al, - [ATI 

ITI = VI, - WI - [ATI 

where [S],, [A], and [T], are the total concentrations of 
SBP, albumin, and T, respectively, determined ex- 
perimentally in each animal before and after infusion 
of SBP and anti-SBP. [ST] is calculated by solving the 
following polynomial using a Hewlett-Packard 
model 67 programmed calculator: 

A[ST13 + B[ST]* + C[ST] + D = 0 

where A, B, C and D are constants described 
previously [25]. Once [ST] is known, [AT] is calcu- 
lated by substitution [25]. 

RESULTS 

Effect of rhesus and human SBP on MCR’ 

The first three experiments in Table 1 describe the 
effect of SBP infusion on MCRT. Figure IA illus- 
trates experiment 3 in more detail. As expected, the 
plasma SBP levels increased as a result of infusion of 
the pure protein, which indicates that the purification 
procedure did not alter the in vivo steroid-binding 
properties of SBP. Since SBP is purified as the 
SBP-DHT complex [ 1 I], both protein and steroid are 
infused together. The bound-DHT could not be 
removed by either charcoal adsorption or Sephadex 
gel filtration prior to infusion because of the com- 
bined effects of high affinity and high concentration 
of SBP in the infusate. The increase of DHT in the 

(A) 
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Fig. 1. Infusion of SBP and anti-human SBP in the rhesus 
macaque as described in the Experimental section. A, 
human SBP infusion; B, anti-human SBP infusion; C, 
anti-human SBP infusion followed by rabbit SBP infusion. 
A, B and C correspond to the third, fourth and seventh 

experiments described in Table 1, respectively. 

plasma as a result of infusion is shown in Fig. 1A. As 
expected, the rise in DHT coincided with that of SBP. 
Because of the large increase in dilution as the 
infusate mixes with blood, DHT begins to dissociate 
rapidly as the steady-state equilibrium is disturbed 
and the steroid is cleared rapidly. This is shown by 
comparing the concentrations of both SBP and DHT 
at the DHT “peak” in Fig. 1A. Because of the 1: 1 
stoichiometry of steroid-binding to SBP [ 121 one 
would expect to find equal concentrations of SBP and 
DHT at the DHT “peak” if dissociation did not 
occur. Instead, one finds concentrations of 250nM 
SBP and 40 nM DHT followed by rapid clearance of 
the steroid. In order to eliminate any possible inter- 
ference of DHT on MCRT, plasma samples used for 
the calculation of MCRT were taken after most of the 
DHT had cleared (Fig. 1A). The same approach was 
used when infusing rabbit SBP in experiment 7 (Fig. 

1C) because the rabbit protein is also prepared as a 
SBP-DHT complex. 

The first three experiments in Table 1 demonstrate 
an inverse effect of SBP on MCRT. Values obtained 
for MCRT in control animals (animals not infused 
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Table 1. Influence of SBP on the metabolic clearance rate of testosterone 

Before infusion After infusion 

MCR’ %T %T MCRT %T %T 
SBP (l/day Bound Bound SBP (l/day Bound Bound 

Type of infusion (“W /kg) to SBP to Alb (“W /kg) to SBP to Alb 

1. Rhesus SBP 120 1.88 63 33 170 6.92 71 26 
2. Human SBP 175 5.94 71 26 525 5.54 88 11 
3. Human SBP a9 7.91 52 44 324 6.92 80 18 
4. Anti-human SBP 125 16.97 64 32 50 32.28 41 53 
5. Anti-human SBP 256 6.56 78 20 139 7.73 66 30 
6. Anti-human SBP 85 8.54 54 41 3.02 27.33 4.1 86 
7. Anti-human SBP 63 1.24 47 48 1.24 4.24 1.7 RX 

+ Rabbit SBP 1.24 46.24 1.7 88 40.8 27.82 14 16 

with SBP) agreed very well with previously published 
data [29]. The decrease in MCRT was not as dramatic 
as we had expected; the reasons for this will become 
clear as discussed below. The calculated percentage of 
T bound to SBP before infusion was always higher 
than the percent T bound to albumin; this agrees with 
calculated values obtained from human female 
plasma [30,31,32]. After SBP infusion this difference 
was more pronounced as a result of increased plasma 
SBP concentrations. It should be pointed out that the 
one-ligand with two binding equilibria used to calcu- 
late the percent T bound to SBP and albumin does 
not take into consideration the contribution of other 
androgen metabolites which may be present in rhesus 
plasma (DHT; 5cc-androstan-3cc,l7/3-diol; 5-andros- 
tene-3j?,l7fl-diol). Siidergard et a1.[32] have recently 
found, however, that in the case of human plasma the 
free, SBP-bound, and albumin bound T is affected 
very little by the low level of these androgen metab- 
olites. The same values were obtained whether or not 
the androgen metabolites were omitted from the 
calculations. We assume that the same result should 
be obtained for rhesus plasma. 

Eflect of anti-human SBP on MCRr 

The relationship between SBP and MCRT was 
further studied in 4 additional cycling female rhesus 
macaques by infusing monospecific human SBP anti- 
bodies known to cross-react with rhesus SBP. The 
data are presented as experiments 4, 5, 6 and 7 in 
Table 1, and Figs 1B and 1C which describe experi- 
ments 4 and 7 in more detail, respectively. Different 
amounts of antibodies were infused in order to reduce 
SBP levels to two different levels: (a) 40-54x of the 
endogenous concentrations as in experiments 4 and 5; 
(b) 24% of the endogenous concentrations as in 
experiments 6 and 7. In the case of experiments 4, 6 
and 7, the increase in MCRT was quite dramatic. In 
experiment 5, however, only a slight increase in 
MCRT was observed, although SBP levels had been 
reduced by 46%. The animal in experiment 4 (Table 
1) had unusually high basal MCRT when compared 
to the other animals. It was found that animal 4 had 
been treated with 17/I-estradiol benzoate a month 
earlier which may have effected MCRT. Nevertheless, 
infusion of anti-SBP to this animal also resulted in 
the increase of MCRT. 

Comparing these results with the percent of T 
bound to SBP and albumin before and after antibody 
infusion we obtain evidence that the magnitude of the 
effect of SBP fluctuation on MCRT depends upon the 
distribution of T bound to SBP and albumin. For 
instance, in experiments 4, 6 and 7 the percent of T 
bound to SBP is always higher or equal to the percent 
T bound to albumin before anti-SBP infusion. How- 
ever, after infusion of the antibodies, the reverse is 
true in all 3 cases. The most dramatic increase in 
MCRT is obtained in experiments 6 and 7 where most 
of the T is bound to albumin after infusion of the 
antibodies. 

The availability of pure rabbit SBP, which does not 
cross-react with anti-human SBP [14], provided the 
opportunity for design& experiment 7 (Table 1 and 
Fig. 1C). Anti-human SBP was infused first, resulting 
in a complete redistribution of T bound to SBP and 
albumin and an increase of MCRT from 7.24 to 
46.24l/day/kg as a result of SBP removal from 
plasma. Pure rabbit SBP was then infused producing 
an increase of T bound to SBP and a decrease of T 
bound to albumin. The result was a decrease in 
MCRT from 46.24 to 27.82 l/day/kg. However, for 
unknown reasons, MCRT did not return to the 
control value of 7.24 l/day/kg after the infusion of 
pure rabbit SBP. Although the &s of T binding to 
human and rabbit SBPs are similar, T dissociates 13 
times faster from rabbit SBP at 0°C [28]. At 37°C the 
dissociation would be faster and could result in 
higher MCRT. 

Total testosterone concentrations were determined 
in each animal before and after infusion of SBP and 
anti-SBP. The values ranged from 0.75 to 1.84nM. 
As expected, the levels decreased after infusion of the 
antibodies as a result of increased MCRT, but re- 
mained unchanged when SBP was infused. The mean 
(*SD) albumin concentration was found to be 
4.6 + 0.4 x lO-4 M and did not vary significantly 
between animals. 

DISCUSBION 

The results presented here provide direct experi- 
mental evidence for the role of SBP in the regulation 
of the metabolic clearance rate of T in plasma. The 
mechanism of this process appears to involve a 
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complex steady-state equilibrium controlled by the 
levels of SBP, albumin and T. Since the albumin 
concentration remains essentially unchanged under 
normal conditions, the major controlling factors are 
SBP and T. The calculated values shown in Table 1 
indicate that as long as the percent of T bound to 
SBP is higher or equal to the percent of T bound 
to albumin, maximum buffering capacity of T is 
reached in plasma and a minimum metabolic clear- 
ance of the hormone is achieved. As long as this 
condition persists (and can be demonstrated by calcu- 
lation at equilibrium as shown in Table 1) there 
appears to be little effect of additional SBP on the 
clearance of T in L$ZJO no matter how much is infused. 
This is demonstrated in the first three experiments 
of Table 1. Hence, under normal conditions, SBP 
appears to be present at an optimum level and largely 
in the unbound state in plasma to produce maximum 
binding capacity for testosterone. 

This conclusion is further supported by the results 
obtained from the anti-SBP infusion experiments. 
Infusion of antibodies reduces SBP below the opti- 
mum level discussed above to the extent where the 
calculated distribution of the percent of T bound to 
SBP and albumin is now reversed. This redistribution 
produces a dramatic increase in MCRT as shown in 
experiments 4,6 and 7. In experiment 5, the final SBP 
concentration after antibody infusion is 139 nM. 
Although this represents a 46% drop in SBP, the level 
is still too high to significantly influence the redis- 
tribution of bound T from SBP to albumin. The net 
result is a minimal increase in MCRT consistent with 
the other data. 

We also suggest that there may be other factors 
besides SBP which control MCRT, otherwise all 
animals which have higher SBP levels should exhibit 
lower MCRT. As shown in Table 1, this was not 
always the case. For instance, animal 4 had about the 
same SBP level and percent of T bound to SBP as 
animal 1 but cleared testosterone twice as rapidly. 

It was later found that animal 4 had been treated 
with estradiol benzoate in a previous study 1 month 
before we undertook our experiments. It is therefore 
possible that the unusual basal level of MCRT 
(16.97 l/d/kg) may be due in part to estrogen in- 
duction of steroid metabolizing enzymes in this par- 
ticular animal. Nevertheless, animal 4 still showed a 
2-fold increase in MCRT after infusion with anti-SBP 
which is consistent with the other results. 

An additional consideration in the anti-SBP in- 
fusion studies is the possible formation of a ternary 
immunocomplex consisting of SBP-T-antiSBP. It 
could be argued that MCRT in animals infused with 
anti-SBP may be artificially enhanced by the elimin- 
ation of this complex from plasma by the immune 
system. We have in fact detected the existence of such 
a complex in sucrose gradients of monkey serum 
incubated with [3H]DHT and anti-SBP and centri- 
fuged at 4°C for 16 h [ 171. The yield of this complex, 
however, was found to be low at 4°C (< 10%) due 

primarily to steroid dissociation from the complex 
during centrifugation most likely caused by the inter- 
action of SBP with anti-SBP. At 37°C the immu- 
nocomplex would be expected to have a very short 
half-life and therefore should not interfere with nor- 

mal MCRT. 

We therefore conclude that under normal con- 
ditions each individual animal has a unique optimum 

concentration of plasma SBP which binds a maxi- 
mum amount of T. This concentration is probably 
controlled by the plasma sex steroid hormone con- 
centration and will vary from animal to animal. 
Under certain physiological or clinical situations SBP 
concentrations may fluctuate producing a change 
in the percent T bound to SBP in plasma through 
the establishment of a new steady-state equilibrium. 
If the particular condition produces an elevation 
of SBP above the optimum level, more T will be 
bound but there will be little change in MCRT. 
If, on the other hand, there is a decrease in SBP 
below the optimum plasma level, an increase in 
MCRT will occur. A maximum clearance rate of 
T will be reached when most of the steroid is bound 
to albumin under steady-state conditions as shown 
in experiment 7. In addition, other factors such 
as T metabolizing enzymes present within tissues 
may also function in concert with SBP to regulate 
MCRT. 

The conclusions support the hypothesis that the 
function of specific plasma steroid-binding proteins is 
to regulate the concentration of unbound steroid 
which can then diffuse into tissues and therefore 
suggest that the biological role of these plasma 
proteins may at last be understood. However, there 
are recently published data which are not consistent 
with this interpretation. First, SBP had been found 
within cells of reproductive tissues of the male ma- 
caque monkey [17], the human male, [33, 341, the 
human female 1351, the female rabbit [36] and human 
breast cancer [37]. Second, specific membrane trans- 
port mechanisms have been described for steroids in 
the case of low-density lipoprotein in mammalian 
cells [38] and T in bacteria [39]. 

On the basis of the monkey studies, in 1980 this 
laboratory first proposed the hypothesis that SBP 
and other plasma steroid-binding proteins may be 
involved in the transport of steroid hormones across 
the plasma membrane of mammalian cells [17]. Sub- 
sequently, Siiteri et a[.[211 have carried out a similar 
immunofluorescence study on corticosteroid binding 
globulin (CBG) in the rat. Although interpretation of 
their results is somewhat open to question because of 
insufficient experimental documentation concerning 
the purity of the rat CBG used in that work, their 
data are for the most part in support of our hypoth- 
esis. It is generally, accepted that steroid hormones 
enter cells by passive diffusion; however, in certain 
cells there may also exist in addition to that process 
an active transport mechanism which unlike passive 
diffusion can be regulated by the cell. 
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We therefore conclude that specific plasma steroid- 
binding proteins may have a dual function: (1) to 

control the plasma metabolic clearance rate of the 

steroids they bind as demonstrated in this report, and 
(2) under certain situations to transport the hor- 
mones intracellularly through receptor-mediated en- 
docytosis. This latter mechanism would provide the 
cell with a different “pool” of steroid hormone from 
that produced by passive diffusion, a “pool” protec- 
ted from steroid metabolizing enzymes by being 

sequestered within cytoplasmic organelles. Addi- 
tional research with cells in culture as well as with 
animal models will he necessary to test further the 
validity of this latter proposal. 
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