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SUMMARY 

The possible role of steroid binding proteins in the hormonal secretion process of a steroidogenic tissue 
was examined using bovine adrenocortical cell suspensions. either under basal conditions or in the 
presence of half-maximally active concentration (I x IO -9 M) of synthetic adrenocorticotropic hormone 
(ACTH). Three types of plasma cortisol binding proteins were used, namely bovine serum albumine 
(BSA), purified transcortin (CBG) and purified anticortisol immunoglobulins (IgG). When added to the 
incubation medium, CBG (at 1 x 10-t’ to 2 x low9 M cortisol binding sites) and anticortisol IgG (at 
4.8 x 10-r’ to 3 x low9 M cortisol binding sites) did not influence either the basal nor the ACTH- 
stimulated net cortisol production of the cell preparations. Whereas crystallized and delipidated BSA 
showed also no effect. crude commercial BSA preparation (Cohn fraction V) exhibited an ACTH-like 
cofactor effect which resulted in a marked increase in the net cortisol production by stimulated cells. 
These observations might be explained by the presence in crude BSA of lipoprotein-cholesterol com- 
plexes, possibly acting as an extracellular source of cholesterol available for corticosteroidogencsis. 

It may be concluded that specific high affinity cortisol binding systems present outside adrenocortical 
steroidogenic cells do not influence their secretory activity under short term in vitro condition. In 
addition, it can be stressed that use of ill defined protein preparations (e.g. crude BSA) may lead to 
artifactual observations in the study of the differentiated functions of isolated steroidogenic cells. 

Biologically active steroidal hormones are found in 
mammalian blood mostly bound to circulating serum 
proteins [l, 23. In addition to serum albumin which is 
able to bind with a relatively low affinity 
(K, < lo6 M-‘, 4°C) a number of small molecules in- 
cluding steroids (unspecific binding), several high af- 
finity serum steroid binding proteins have been ident- 
ified, which exhibit higher binding affinity (i.e. 
K, > lo6 M-l) toward a limited number of structur- 
ally related steroidal structures (specific binding). 
Such is the case of corticosteroid binding globulin 
(CBG, transcortin) and testosterone-estradiol or sex 
steroid binding globulin (SBG) [l, 23. Although often 
considered as a reservoir of active hormones 
representing a buffer system, the biological role of 
these serum steroid binding proteins is not clearly 
understood Cl]. A possible role in the steroid transfer 
into target tissue has been suggested in the case of 
SBG and testosterone [3]. On the other hand, 
steroid secretion is usually considered to involve a 
passive diffusion process through plasma membrane; 
however, the presence of avidly binding system in the 
vascular compartment might suggest a facilitation in 
this directed traffic [ 1.23. Recently. this hypothesis 
has found support with the report that testosterone 
production by gonadotropin stimulated testis was 
greatly enhanced when serum albumin was added to 
the perfusion medium [4]. On the other hand, binding 
macromolecules were found to be secreted simul- 

taneously with corticosterone by rat adrenal quarters. 
after ACTH stimulation in aiuo, although restrictive 
incubation conditions were required to observe this 
phenomenon [S]. 

The present work was undertaken in order to 
examine the possible action of individual corticoster- 
oid binding proteins on the steroidogenic activity of 
adrenocortical cell suspensions in oitro. It was hoped 
that clear cut effects might be visualized using highly 
sensitive cells devoid of surrounding interstitial tissue 
and purified proteins with well characterized steroid 
binding properties. Serum albumin was selected as a 
typical low affinity, large capacity (unsRecific) binding 
system and purified transcortin (CBG) was taken as a 
model of a naturally occurring high affinity (specific) 
corticosteroid binder. In an attempt to distinguish 
between an effect involving molecular specificity and 
an effect solely due to binding properties, an artificial 
high afhnity cortisol binding system (namely purified 
anticortisol immunoglobulin IgG), was also used. 

MATERIALS AND METHODS 

Chemicals 

[1.2,6,7 ‘H]-cortisol (91 Ci/mmol) was purchased 
from New England Nuclear and unlabeled steroids 
were from Sigma. /I l-24 synthetic AaH was sup 
plied by CIBA. Trypsin (TRL) and lima bean trypsin 
inhibitor were from Worthington and minimum 
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essential Eagle Medium (MEM) was supplied by 
GIBCO. 

Binding proteins 

Bovine serum albumin (BSA) either Cohn fraction 
V, fatty acid free fraction V and crystallized BSA were 
from Miles Laboratories. Human transcortin (HCBG) 
was purified from human serum using the affinity 
chromatography technique of Le Gaillard er al.[6]. 
Purified IgG were prepared following the sodium sul- 
fate precipitation technique [7] either from normal 
rabbit serum or from a cortisol antiserum obtained 
from a rabbit immunized with a cortisol-BSA antigen 
made by coupling cortisol to BSA using the cortisol 
3-carboxymethyloxime derivative [S] and the mixed 
anhydride technique of Erlanger et aI.[9]. 

All proteins were checked for homogeneity before 
use by 7.5% polyacrylamide gel electrophoresis [lo]. 
Protein concentrations were measured according to 
Lowry et a/.[ 1 l] as modified by Zack and Cohen[lZ] 
using BSA as the standard. 

Binding assays 

Binding properties of steroid binding proteins were 
determined after incubation (18 h at 4°C) with various 
concentrations of C3H]sortisol and isolation of the 
bound steroid species by the charcoal-dextran pro- 
cedure, as previously described [13]. The data were 
treated by the graphical method of Scatchard[14] for 
the calculation of binding affinity (K,) and binding 
capacity. 

Adrenocorkal cell prepararions 

Bovine adrenal glands were obtained from the local 
slaughterhouse, kept in ice-cold MEM before process- 
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ing within 1 h after slaughter. Fasciculo-reticulata cell 
suspensions were prepared essentially following the 
method of Kloppenborg ef ul.[15] slightly modified as 
previously described [16]. The final cell pellet was 
suspended in pH 7.4 Krebs Ringer bicarbonate buffer 
containing 0.2% glucose (KRBG). Cell incubations 
were routinely performed using 0.5 ml aliquots 
(2 x lo6 cells) in capped polyethylene tubes main- 
tained at 37°C in a stirring water bath, under an 
02-CO2 (95:5) atmosphere. Incubations were started 
after 1 h standing (preincubation), upon addition of 
test substances in 0.6ml KRBG without or with ad- 
dition of p l-24 adrenocorticotropin (ACTH) in 
0.1 ml KRGB as indicated. The incubations were 
stopped upon addition of 5 ml methylene chloride. 
The organic extract was then used for cortisol 
measurement by radioimmunoassay as described pre- 
viously [16]. All test points were run in triplicate. 

Other techniques 

Low density lipoproteins were isolated from bovine 
serum by ultracentrifugation according to Cl73 and 
analysed by cellulose acetate and/or polyacrylamide 
gel electrophoresis using Sudan Black B as the stain- 
ing agent [18]. Cholesterol determination was carried 
out using the acetic anhydride-sulfuric acid procedure 
with the corresponding assay kit supplied by Boehrin- 
ger Manheim. 

RESULTS 

1. Steroidogenic properties of bovine adrenocortical cell 
suspensions 

Steroidogenic activity of our adrenocortical cell 
suspensions was characterized in some detail in order 

ACTH tYJ 

Fig. I. Dose-response curve of ACTH-stimulated steroidogenesis by bovme adrenocortical cell suspen- 
sion. Cell suspensions were incubated as described under materials and methods m the presence of 
various concentrations of fi l-24 ACTH. Cortisol is expressed as ACTH-elicited net steroid production 
(cortisol concentration after I h incubation in the presence of ACTH minus cortisol concentration in the 
control. in the absence of ACTH) per 2 x IO” cells. per h. Each point is the mean of three independent 

replicates; vertical bars represent the standard error of the mean (SEMI. 
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TIME (min) 

Fig. 2. Time-course of cortisol accumulation in the incuba- 
tion mixture containing 2 x IO6 adrenocortical cells in the 
presence of ACTH (1.4 x 10W9 M) (A-A) and in the 
presence of ACTH (1.4 x 10W9 M) plus Cohn fraction V 
bovine serum albumin (7.5 x lo-* M) (W). Net corti- 
sol production was calculated as indicated in the legend of 
Fig. 1. Each point is the mean of triplicate experiment; 
vertical bars give the corresponding standard error of the 

mean. 

to study the possible effect of steroid binding proteins 
under well standardized conditions. Using 2 x lo6 
cells per individual incubation tube and 1 h incuba- 
tion time, the dose response curve shown in Fig. 1 
was obtained when an increasing amount of ACTH 
was added to the medium bathing the cells. The net 
production of cortisol (calculated by subtracting the 

value measured in control incubation without ACTH 
from the value found when ACTH was present) was 
clearly stimulated for ACTH concentrations below 
5 x lo-’ M and reached a plateau (average of 3OOng 
cortisol produced per 2 x lo6 cells per h) for ACTH 
concentrations higher than lo-‘M. For the study 
of possible binding protein effects, it was chosen to 
routinely use ACTH concentration (i.e. 1.4 x lob9 M) 
giving a half-maximum steroidogenic response. Using 
this dosage, a time course study was conducted and 
showed that cortisol production increased rapidly 
with time to plateau after 1 h (Fig. 2). This incubation 
time was thus routinely employed in further experi- 
ments. 

2, E’ect ofanticortisol IgG on adrenocortical cell ster- 
oidogenesis 

Purified IgG isolated from a rabbit antiserum 
raised against cortisol as well as IgG from normal 
rabbit serum were used after extensive dialysis, at 4”C, 
against 50 vol. of 1 mM, pH 7.4 sodium phosphate 
buffer. Binding affinity and capacity for cortisol were 
determined and yielded a K, of lo9 M- ’ for anticorti- 
sol IgG with a binding capacity of 1.1 x 10-lomol 
cortisol per mg IgG protein, whereas no cortisol bind- 
ing could be detected with normal rabbit serum IgG 
(Table 1). 

The possible effect of anticortisol IgG preparation 
on adrenocortical cell steroidogenesis was investi- 
gated using increasing high affinity cortisol binding 
site concentrations in the medium, with and without 
the presence of 1.4 x lo-’ M ACTH. Normal rabbit. 
serum IgG preparation was used as the control. The 
results obtained under these conditions show that no 
effect of anticortisol IgG could be detected either on 
the net cortisol production under stimulation by 
ACTH (Table 1). nor on the basal steroidogenic ac- 
tivity in the absence of ACI’H (not shown). In ad- 
dition, stimulated and unstimulated cortisol produc- 
tions were similar whether the incubation medium 

Table 1. Effect of purified anticortisol IgG and purified human transcortin 
(CBG) on the ACTH-elicited cortisol production by adrenocortical cell sus- 

pensions during 1 h incubations 

Protein added 
(mg/ml medium) 

Cortisol binding Net cortisol production 
sites (M) (ng/2 x lo6 cells/h) 

None (control) 0 
Anticortisol IgG 

4.2 4.8 x IO-” 
2.1 2.4 x IO_‘0 
1.05 1.2 x lo-‘0 
0.52 6 x lO-9 
0.26 3 x 10-9 

Normal rabbit serum IgG 
1.8 0 

CBG IO-’ 2 x 1o-9 
CBG 2 x 1O-4 1 x lo-‘0 

68 + 3.0 

70 f 3.8 
69.5 f 5 

78 f 5 
74 f 4.5 
74 + 7 

69 f 9 
73 * 5 
72 f 9 

Net cortisol production was calculated as indicated in the legend of Fig. 1. 
ACTH was used at 1.4 x 10e9 M concentration in the incubation medium. 
Each figure is the mean of replicate experiment iSEM. 
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contained normal rabbit serum IgG or no added pro- 
tein. 

3. Effect of purified transcortin 

Purified human transcortin (HCBG) preparation as 
obtained following the affinity chromatography prep 
aration procedure contained cortisol. As emphasized 
by several research groups Cl], purified transcortin is 
highly unstable when stripped of its bound ligand. 
However, after treatment by a charcoal-dextran sus- 
pension, it was possible to obtain a transcortin prep- 
aration partly devoid of its endogenous cortisol. The 
preparation still exhibited satisfactory binding 
properties when its interaction with cortisol was ana- 
lysed by the Scatchard method (K, -IO* M-l). 
When this charcoal-treated transcortin preparation 
was added to adrenocortical cell suspensions, this 
resulted in the introduction of cortisol in the incuba- 
tion medium (Table 1). Taking into account this basal 
cortisol level, no effect of the added CBG (represent- 
ing 1 x 10-‘” to 2 x 10e9 M cortisoi binding sites) 
could be detected on the net stimulated cortisol pro- 
duction in the presence of ACTH (Table 1). In ad- 
dition, control experiments were run in the presence 
of equivalent amounts of cortisol added to the 
medium, in the absence of binding protein; the 
ACTH-elicited steroidogenic activity of the cells was 
not modified under these conditions (not shown). 

4. Eflect of bovine serum albumin 

Whereas the presence of BSA (Cohn fraction V) in 
a wide concentration range (0.5 to 7.5 x 10m4 M) had 
no effect on basal cortisol production by the adreno- 
cortical cell suspensions, a striking enhancement of 
ACTH-stimulated cortisol production was observed 
under these conditions. As illustrated in Fig. 2. the 
time course of steroidogenesis under ACTH stimu- 
lation was similar whether BSA (7.5 x 10m4 M) was 
present or not but the final plateau observed after 1 h 
incubation in the presence of BSA represented a net 
cortisol production about twice that seen in the 
absence of BSA. This enhancing effect of BSA on 
ACTH stimulated steroidogenesis exhibited a. concen- 
tration dependent effect, as shown in Fig. 3. In ad- 
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Fig. 3. Effect of BSA concentration upon ACTH-stimu- 
lated cortisol production by bovine adrenocortical cell sus- 
pensions. Cohn fraction V (BSA) was present at different 
concentrations in the incubation medium, with or without 

addition of I.4 x 10e9 M /I? 1-24 ACTH. Net cortisol pro- 
duction was calculated as in Fig. 1. Each point is the mean 
of triplicate experiment: vertical bars represent the stan- 

dard error of the mean. 

dition, when ACTH was increased to its maximally 
active concentration (see Fig. I), an enhancing effect 
of similar magnitude was still observed when BSA 
was present in the medium. 

When the BSA preparation was treated at 100°C 
(5 min) to purposely denature the protein structure, 
the enhancement of ACTH stimulation persisted 
(Table 2), suggesting that the observed steroidogenic 
effect may be due to a contaminant of the Cohn frac- 
tion V preparation rather than to albumin itself. This 
hypothesis was confirmed by the fact that commer- 

Table 2. Effect of various preparations of bovine serum albumin 
IBSA) on ACTH-stimulated net cortisol production by bovine 

adrenocortical cell suspensions, over 1 h incubation 

Protein added 
(7.5 X lo-4M) 

Net cortisol production 
(ng/2 x IO6 cells/h) 

None (control) 100* IO 
Crude BSA 194 + I2 
Heat-treated crude BSA 202 k 14 
Charcoal-treated crude BSA 104_t9 
Fatty acid free BSA 112 _t 11 
Cristallized BSA 91 +8 

ACTH was at 1.4 x 1O-9 M concentration in the incubation 
medium. Each figure is the mean of triplicate experiment +SEM. 
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cially avaiIable fatty acid free as well as cristalhzed 
BSA preparations had no effect on the basal or 
ACTH stimutated steroido8enesis of adrenoeortical 
cell suspensions (Table 2). Similar negative result was 
obtained with Cohn fraction V after charcoal treat- 
ment according to Chen et a/.[19]. It was then 
thought that the steroidogenic effect of BSA (Cohn 
fraction V) might be due to the presence of a lipidic 
contaminant. possibly functioning as an additional, 
extracellular supply of cholesterol, such as low density 
lipoprotein (LDL)-cholesterol complex which has 
been shown to support steroidogenesis in bovine 
adrenocortical cells in culture [ZO, 213 Analysis of the 
Cohn fraction V (5 mg protein) by e1e~trophoresis on 
cellulose acetate followed by Sudan blue staining did 
not disclosed any detectable LDL-like component. 
However, it may be pointed out that the sensitivity of 
the method would have required about 40 pg lipopro- 
tein in the sample to be detectable by the staining 
procedure. When total cholesterol content of the BSA 
preparations was measured, Cohn fraction V yielded 
an average of l.Opg cholesterol/mg protein. This led 
to the calculation that at maximaliy effective steroido- 
genie concentration, this BSA preparation introduced 
about 5Opg cholesterol in the incubation medium, 
confining 2 x lo6 eelIs. A LDL bovine serum frac- 
tion was then prepared by ultracentrifugation. The 
preparation contained 0.82 mg cholesterol/mg pro- 
tein. When 100 pg of this LDL preparation (i.e. 80 pg‘ 
cholesterol) was added to the adrenocortical cell sus- 
pensions under the aforementioned standard incuba- 
tion conditions, the steroidogenic effect of ACTH 
(1.4 x 10L9 M) was increased by an average of 2-fold 
(not shown). It was thus concluded that, although not 
detected by electrophoretic analysis a LDLcholes- 
terol contamination was most likely to be the expfa- 
nation for the steroidogenic enhancing effect exhibited 
by Cohn fraction V commercial BSA preparations. 
This con~mjnant is not present in fatty acid free nor 
in crystallized BSA. 

DfSCUSSlON 

In a search for a possible role of plasma steroid 
binding proteins in the regulation of corticosteroid 
secretion, highly sensitive bovine adrenocortical cell 
suspensions were used and their basal and ACTH- 
stimutated cortisol producing activity examined with 
and without the presence of corticosteroid binding 
proteins. Three binding systems with different binding 
affinity and specificity were used, namely bovine 
serum albumin, purified serum transcortin and puri- 
fied anticortisol IgG. The presence of high affinity 
binding sites in the incubation medium (anticortisol 
IgG, transcortin) did not influence the basal adreno- 
cortical cell steroidogenic activity, nor the ACTH- 
stimulated corticosteroid production. These data do 
not support a role of high affinity plasma steroid 
binding proteins in the regulation of the steroidogenic 

tissue secreting activity, at least under short term in 
rirro conditions as used in this study. 

Although these observations do not rule out the 
possible involvement of yet undefined endogenous 
binding macromolecular systems in the outward 
movement of hormonal steroids from the secretory 
cells, as suggested by others [S] plasma steroid 
binders do not appear to facilitate cellular steroid exit 
by acting as a pumping system outside the cell. 

Crude serum albumin (Cohn fraction V) was the 
only protein preparation, which exhibited a potent 
enhancement of the steroidogenic action of ACTH 
when added to adren~o~j~l cell incubation 
medium. On the other hand the preparation showed 
no detectable steroidogenic effect in the absence of 
ACTH. This ruled out the possibility that Cohn frac- 
tion V activity may contain ACTH or ACTH-like 
substance(s). In addition, this activity was relatively 
thermostable whereas authentic ACTH was totally 
inactivated by similar heat treatment (100°C. 5 min). 
Thus, crude BSA preparation contains a com- 
ponent(s) which acts as a co-factor in enhancing 
ACTH-elicited steroidogenesis of adrenocorticai dis- 
persed cells. This property of the Cohn fraction V 
preparation was lost upon treatment with dextran 
coated charcoal and was not observed with crystal- 
lized BSA nor with fatty acid free BSA from commer- 
cial sources. These findings strongly suggest that a 
lipidic component(s) is present in crude BSA and may 
account for the ACTH co-factor effect. Serum low 
density lipoproteins (LDL) have been shown to rep- 
resent a source of extracellular cholesterol, able to 
support steroidogenesis by adrenocortical cells in &I- 
ture [ZO, 213. The fact that a bovine serum LDL prep- 
aration was able to increase cortisol production by 
our ACI’H-stimulated adrenocortical cell suspensions 
under our incubation conditions (1 hf wouId support 
the hypothesis that an LDL con~minent may explain 
the similar effect of crude BSA. Due to the lack of 
sensitivity of the detection methods used, it was not 
possible to assess on a quantitative basis whether the 
ACTH co-factor effect could be entirely explained by 
LDL. However, total cholesterol content of Cohn 
fraction V as compared to that of equally effective 
LDL fraction are quite similar. This would be in 
agreement with an LDL-cholesterol complex partici- 
pation in the crude BSA ACTH-enhancing effect. 
Assuming that the total amount of cholesterol 
measured in crude BSA (average of 1 &mg protein) 
is in LDL-cholesterol form, and fuming that the 
cholesterol-protein mass ratio in bovine LDL is 
about 1: 1[20] as found with our bovine serum LDL 
fraction, this would mean that crude BSA contains 
about 1 pg LDL protein per mg albumin. 

It may thus be concluded that steroid binding pro- 
teins. including bovine serum albumin do not 
influence the steroidogenic properties of bovine adre- 
nocortical cell suspensions. This is in contrast to the 
report that crystallized BSA enhanced the gonadotro- 
pin-stimulated testosterone production by perfused 
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dog testis [4]. However, it may be that Steroid bind- 
ing proteins play a role in the diffusion and/or trans- 
port of hormonal steroids after their excretion step 
from steroidogenic cells as for example through inter- 

,. 
’ 

titial tissue and capillary walls. 

The findings reported herein point to the fact that 11. 

bovine serum albumin, which has often been used in 
steroidogenic cell suspension media [22] should be 
carefully selected with regards to the presence of con- 

12. 

taminants, possibly giving rise to artifactual results in 
the study of isolated steroidogenic cell functions. 13 
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