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SUMMARY

Cytosol fractions from rat adrenal glands contain specific androgen binding proteins showing high
affinity (Kp ~ 3.9 x 107° M) and limited capacity (22 fmol/mg protein) for testosterone and with physi-
cochemical properties identical 1o those of androgen receptors in the prostate, epididymis and testis.
The androgen receptor complexes have a sedimentation coefficient of 7-8 S by sucrose density gradient
centrifugation. and a mobility relative (Ry) to bromophenol blue of 0.5 by electrophoresis in 3.257,
polyacrylamide gels containing 0.5°, agarose. Isoelectric focusing in agarose-polyacrylamide gels indi-
cated a pl of 59. Androgen binding to these receptors is destroyed by heating at 45°C for 30min,
by incubation with p-chloromercuripheny! sulphonate (2 mM) or protease, but not by RNase. Testoster-
one (T) and Se-dihydrotestosterone (DHT) were the most potent androgens in displacing [*H]}-T bind-
ing. However, 4-androsten-3.17-dione (A) and Sx-androstan-3a.17f-diol (Adiol) also significantly dis-
placed [*H]}-T binding from the receptor. The reasons for this are the high activities of 176-OH
steroid dehydrogenase (converting A into T) and 3a-oxido-reductase (converting Adiol into DHT) in
the cytosol fractions. These enzymes are active even at 0°C. Estradiol-178 in high concentrations
{100-fold excess) also reduced the [*H]-T binding, by approximately 60%. whereas corticosterone was
without effect. The androgen receptors were found in similar concentrations in the adrenal cytosol
of male and female rats, but were virtually absent in cytosol fractions obtained from rats with testicular
feminization syndrome (ifin rats). The presence of specific androgen receptors in the adrenal gland
of normal rats indicates that androgens may affect adrenal steroid production by a direct action.

INTRODUCTION

It is well known that testicular hormones affect the
function of the adrenal gland both in male and female
rats. This effect may be partly mediated through the
hypothalamus-anterior pituitary [1]. hepatic steroid
metabolism [2]. the levels of corticosteroid binding
globulin [3] or directly on the adrenal gland [4, 5].
Androgen insensitive (tfm) rats show a marked
adrenal hyperplasia [6]. However, greatly elevated
CBG and normal or subnormal plasma levels of cor-
ticosterone (Purvis, K. unpublished) indicate that the
peripheral androgen insensitivity may be associated
with abnormal function of the adrenals.

Since many, if not all, of the effects of androgens
are believed to be mediated by specific intracellular
receptors, the possibility exists that such a receptor
system may be operating also in the adrenal gland.

The purpose of the present study was to determine
whether or not specific androgen receptors are
present in the adrenal gland of normal and tfm rats
and to compare their properties to those of androgen
receptors in classical androgen target tissues like the
prostate, epididymis and testis.

MATERIALS AND METHODS

Chemicals

[1.2.4,5.6.7-3H1-5x-dihydrotestosterone (100 Ci/
mmol: [*H}-DHT), [1,2,6,7-*H]-testosterone (91 Ci/
mmol: [*H}-T), and [1,2-3H]-5x-androstan-3a,178-

diol (50 Ci/mmol: [*H]-Adiol) were purchased from
New England Nuclear Corporation (US.A)). [1,2.6,7-
3H)-androstenedione (87 Ci/mmol: [*H]-A), and
[1,2,6,7-*H]-progesterone (84 Ci/mmol: [*H]-P) were
obtained from the Radiochemical Centre, Amersham
(England). The solvents (benzene and ethanol) were
evaporated under nitrogen at 50°C and the hormones
were dissolved in ethanol. The purity of the hor-
mones, tested by thin layer chromatography, was
greater than 98°%,. Unlabelled steroid, Tris (hydroxy-
methyl)-aminomethane (Tris), p-chloromercuriphenyl-
sulphonate (PCMPS), pronase, RNase, bovine serum
albumin (BSA) and glycine were obtained from Sigma
Chemical Company (USA). Human gamma globulin
(IgG) was obtained from A. B. Kabi (Sweden) and
ferritin from E. Merck (West Germany). Agarose was
purchased from L'Industrie Biologique Francaise S.A.
(France), Acrylamide, N,N-methylenebisacrylamide,
and N,N,NN-tetramethylene-diamine (TEMED)
from Eastman Kodak Company (U.S.A). Ethylene-
diamine tetracetic acid tetrasodium salt (EDTA) was
from Fluka AG (Buchs SG, Switzerland) and silica
gel plates, F 1500 LS 254, were purchased from Sch-
leicher & Schiill (West Germany).

Animals

Male and female Sprague-Dawley rats weighing
220-320 g and 3-4 months old were used. Rats with
testicular feminization syndrome (tfm) and their nor-
mal littermate male (NL) rats were obtained from the
colony established by Stanley and Gumbreck, Univer-
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sity of Oklahoma. At the time of the experiments
these animals were 1 months old. The experimental
animals were kept under standardized conditions of
temperature (23°C) and light (12 h light/12 h dark) on
a diet consisting of commercial pellets and water ad
{ibitum. Certain rats of both sexes were castrated one
day before the experiments.

Tissue sumpling and preparation of cytosol

The rats were killed by decapitation. The adrenals
and in some cases the anterior pituitary, spleen or
muscle tissue were immediately removed, cooled on
ice and weighed after being carefully dissected free
from adherent fat and connective tissue. Following
mincing. the pooled tissues were transferred to 3 vol.
of 0.05 M Tris—HCI buffer. pH 7.4, containing 0.25M
sucrose and 0.001 M EDTA. Homogenization was
carried out in an ice bath using roundbottomed glass
homogenizers with Teflon pestles for the adrenals and
the anterior pituitary gland. The spleen and muscle
tissue were homogenized with a X-1020 homogenizer
(Intern. Laborat. App. GmbH, 7801, Gottingen, West
Germany) using 3 pulses of 5s and with at least one
min between each of the pulses. The cytosol fractions
were prepared by centrifugation of the homogenates
at 105000 g for 60 min at 0°C. Protein concentrations
in the cytosol fraction were 7-9 mg/ml.

Incubation procedures

Aliquots of the cytosol fractions were incubated
with 2nM [*H]-T, [*H]-DHT. [*H]-Adiol, [*H]-A

o—c 3H~=DHT
— 34 -Adiol

DPM x 1072/ fraction
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or [*HJ-P for 16 h at 0°C. In addition. aliquots of
the cytosol fractions were incubated with 2nM
[*H]-T or [*H]-DHT in the absence or presence of
{a) unlabelled T. DHT. estradiocl-178. A. Adiol or
corticosterone at a concentration of 10 and 100 fold
excess over the radioligand. (b) pronase (100 ug/ml).
RNase (100 ug/ml), or PCMPS (2mM) for 2 h at 0°C,
(c) heating for 30 min at 45°C. Bound radioactivity
was determined either by sucrose density gradient
centrifugation or polyacrylamide gel electrophoresis.

Characterization of radioactite steroids

Steroids in the incubation. In the studies with
[*H]-T. {*H]-DHT and [*H]-A aliquots of the incu-
bates were taken when the incubation was terminated,
for examination of the degree of metabolism of the
radioligands. Aliquots of the labelled cytosol were
extracted 3 times with 2 vol of diethyl ether. The ether
phase was evaporated to dryness and the residues
were subjected to thin layer chromatography (t.lc)
on silica gel plates which were developed in methy-
lene dichloride-diethyl ether (7:1, v/v). Derivative for-
mation by reduction, oxidation or acetylation was
carried out for some of the steroids according to
earlier descriptions [7].

Protein bound steroids. The steroids bound by the
proteins sedimenting in the 7-8 S area of the sucrose
density gradients were determined by t.l.c. after ether
extraction of the fractions of this area pooled from
S gradients.

The steroids bound by the proteins in the peak
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Fig. 1. Sucrose gradient centrifugation of cytosol fractions. male (left) and female (right) adrenals incu-

bated with 2nM of [*H]-T. [*H]}-DHT, [*H]-Adiol, [*H]-P for 16 hr at 0°C. Aliquots of 250 ul with

equal protein concentrations were layered on the top of the gradients and centrifuged at 265.000 g

(av) for 20 h at 0°C. Human gamma globulin (IgG: 7 S) and bovine serum albumin (BSA: 4.6 S) were
used as markers.
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Fig. 2. Effect of increasing doses of unlabelled T (0.88-
130ng) on [*H]-T binding to androgen receptors and
Scatchard plot analysis of data (insert). Cytosol fractions
from male rat adrenals (8.1 mg protein/mi) were incubated
at 0-4'C for 16 h with [*H]-T (3.1 nM) and increasing
concentration of unlabelled T (3.08-45.1 nM) in a total
vol. of 0.315ml. After sucrose gradient centrifugation (see
methods). [*H]-T binding and total T binding in the 7-8
S peak were calculated. The estimated K, (3.9 x 1079 is
at best an approximation. since metabolism of trace and
standard occurred during the incubation (Tables. 2 and
3). The number of binding sites (22 fmol/mg protein) is
also underestimated because equilibrium with the endo-
genous T may not have been achieved.

area obtained by polyacrylamide gel electrophoresis
were determined by extraction of the gel segments
corresponding to this area with toluene overnight at
room temperature. Subsequent to evaporation of the
toluene at 50°C the residues were analysed by tlc.
and derivative formation.

Sucrose density gradient centrifugation (SGC). Poly-
acrylamide gel electrophoresis {PAGE). Isoelectric
Jocusing

Sucrose density gradient centrifugation was carried
out according to Martin and Ames[8]. PAGE was
performed as described by Tindall et al.[9] using gels
containing 3.25%, acrylamide and 0.5°; agarose. The
isoelectric focusing was performed with geis- contain-
ing 3.5°, acrylamide and 0.5%, agarose as described
by Naess er al.[10].

Radioimmunoassay of endogenous androgens

Androstenedione, T and DHT were measured in
adrenals of adult male and female rats and in 50 day
castrated male rats using the technique described by
Purvis et al[11]. Pooled adrenals were weighed and
homogenized in acetone and the androgens parti-
tioned stepwise across ether-water (10:1, v/v) and
90°, methanol-water-hexane (1:2, v/v). An additional
partition of 50%, methanol-water-methylene dichlor-
ide (1:4, v/v) was also found to be necessary. The
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methylene dichloride was then evaporated: the
residues were dissolved in isooctane (1.0 ml) and chro-
matographed on Celite microcolumns. The three
androgens were finally determined by radioimmuno-
assayv [11].

Other analytical methods

Protein was measured by the method of Lowry et
al.[12] using BSA as reference standard.

The radioactivity of the fractions obtained by
sucrose density gradient centrifugation was deter-
mined after adding 5m! of Bray's solution [13] while
the gel segments after PAGE were extracted overnight
with S5ml Instafluor (Packard Instrument Company
Inc.. US.A) and radioactivity measured in a Nuclear
Chicago, Mark I liquid scintillation spectrometer
with a [*H]-counting efficiency of 44°, and 55°, re-
spectively.

RESULTS AND DISCUSSION

The cytosol fractions from intact adult male and
female adrenal homogenates were found to contain
a specific binding protein for T and DHT. Figure
1 shows the sedimentation profile of cytosol fractions
incubated with 2 nM [*H]-T and subjected to sucrose
density gradient centrifugation. An androgen protein
complex with a sedimentation coefficient of 7-8 S was
present. This complex was seen after incubation with
similar concentrations of [*H}-DHT and [*H}-Adiol.
In some experiments, much lower, but still significant
binding was found after incubation with [*H]-A,
whereas no binding could be detected after incubation
with [*H]-P (Fig. 1). Once again no obvious sex dif-
ference was apparent. Thus, the sedimentation coeffi-
cient of 7-8 § is very similar to that of the androgen
receptors in other androgen responsive tissues.
[10, 14, 15].

In order to obtain information about binding
affinity (Kp) and capacity (n) of available androgen
receptors, cytosol fractions from male rat adrenals
were incubated with varying doses of T and binding
to receptors analyzed by sucrose gradient centrifuga-
tion. As seen from Fig. 2. addition of increasing
amounts of unlabelled T, decreased the specific bind-
ing in the 7-8 S region of the gradient. When the
data were plotted according to Scatchard[19]. an
apparent K, of 3.9 x 10~°M and a capacity of avail-
able binding sites of 22fmol/mg protein were
detected. The affinity for T may be slightly underesti-
mated due to metabolism of the [*H]-T to 4-andros-
tene-3,17-dione(A) during the binding assay (Table 2
and 3).

Previously we have successfully characterized
androgen receptors in a variety of tissues by poly-
acrylamide gel electrophoresis [9, 10, 15]. This tech-
nique was therefore used for further characterization
of the adrenal androgen protein complexes. The cyto-
sol fractions from both male and female rat adrenal
glands were found to contain specific androgen bind-
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Fig. 3. Polyacrylamide gel electrophoresis of male (left) and female (right) adrenal cytosol fractions

incubated with 2nM of [H}-DHT for 16 h at 0°C.

Aliquots of 200 ul with equal amounts of protein

(2 mg) were layered on the top of the gels. Electrophoresis was run at 2mA,tube at 0°C. Following
electrophoresis the gels were cut into 2.3 mm segments and the radioactivity was measured in each
of the slices as described in Materials and Methods. BPB = Bromophenol blue.

ing proteins with an electrophoretic mobility of 0.55
(Ry) relative to BPB as illustrated in Fig. 3. The elec-
trophoretic mobility of these DHT-protein complexes
was identical to that of androgen receptors in other
tissues {9, 15]. Similar to other androgen receptors
these complexes were destroyed after heating at 45°C
for 30 min, by pronase and p-chloromercuriphenyl
sulphonate (PCMPS), but not by RNase (Fig. 4). The
fact that these androgen-binding proteins were un-
detectable in the cytosol fractions of rats having the
syndrome of testicular feminization adds further
support to the conclusion that these proteins are
intracellular androgen receptors (Fig. 5)

There was no obvious sex difference in [*H]-DHT
binding to adrenal androgen receptors as demon-
strated both by SGC and PAGE (Figs 1 and 3). How-
ever, since these studies were performed on intact rats,
this finding does not necessarily reflect the relative
concentrations of androgen receptors in male and
female rats. It is well known that androgen receptor
complexes dissociate very slowly at low temperature
[15]. This is also the case with the adrenal androgen
receptors. When adrenal cytosol fractions were equili-
brated with 2 nM of {3*H]-DHT overnight at 0°C and
subsequently exposed to 1000-fold excess of non-
labelled DHT to displace the bound [*H]-DHT. less
than 30%, of the bound [*H]-DHT dissociated during
24 h at 0°C (not shown).

Androgen supply to the adrenal is partly provided
by circulating testosterone and partly by local pro-
duction. We therefore found it important to quanti-
tate the endogenous concentrations of T, DHT and
A in adrenal tissues from male and female rats (Fig.

6). Furthermore. the change in adrenal androgens
after orchiectomy, may indicate the proportion of the
adrenal androgens which are of testicular origin. Sur-
prisingly, the concentrations of T and DHT were very
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Fig. 4. Certain properties of the adrenal androgen binding
protein. Aliquots of adrenal cytosol incubated with 2 nM
of [*H]-DHT for 16 h at 0°C were subjected to treatment
with (1) pronase {100 pug/ml). RNase (100 ug/ml), or p-
chloromercuriphenyl sulphonate (PCMPS: 2mM) for 2h
at 0°C. or to (2) heating at 45°C for 30 min. The samples
thereafter were examined by polyacrylamide gel electro-
phoresis as described in Fig. 3.
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Fig. 5. Polyacrylamide gel electrophoresis of adrenal cyto-

sol fractions from androgen insensitive (tfm) rats and nor-

mal littermates (NLM) incubated with 2nM of [*H]}-DHT
for 16 h at 0 C.

similar in normal male and female rats. The concen-
tration of T was approximately 10ng/g of tissue.
whereas that of DHT was approximately half of this
value. This indicates that local androgen production
in the female can compensate for the lower plasma
concentration of androgens. and that plasma testo-
sterone is of minor importance in determining the
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Fig. 6. Endogenous androgens in adrenal tissue (ng/g of

tissue) from intact male and female rats and from castrated

male rats. 4-Androstene-3.17-dione(A4-A), 5x-dihydrotes-

tosterone{DHT) and testosterone(T) were measured by

radioimmunoassay. Each group consisted of 10 animals,

and the steroids were analyzed in triplicate. = female, %
castrated male. 3 male rats.

endogenous tissue concentration of androgens in the
female adrenals. Figure 6 also shows that the concen-
trations of T and DHT in the male adrenal gland
after orchiectomy are only the half of that in intact
male and female rats, whereas the concentration of
A did not change. The reduction in the adrenal con-
centration of T and DHT after orchiectomy probably
reflects the testicular contribution of these androgens
to the male adrenal. Thus, approximately half of the
T and DHT in the adrenal of male rats appears to
be of testicular origin, whereas all of the A is pro-
duced in the adrenal itsell. The adrenal androgen con-
centration (T + DHT ~ 15ng/g ~ 50nM) is suffi-
cient to occupy most of the adrenal androgen recep-
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Fig. 7. Isoelectric focusing of male and female adrenal cytosol fractions incubated with 2 nM of [*H]-T
for 16 h at 0 C. Aliquots of 100 ul were examined in 3.5°, acrylamide gels containing 0.5%, agarose
and 2°, ampholines as described in the Materials and Methods. Following electrofocusing the gels
were cut into 2.3 mm segments and the pH and radioactivity were measured in each of the segments.
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Table 1. Competition for [*H]-Testosterone binding by
unlabelled steroids

[

[*H1-Steroid Uniabelled steroid Binding
[*H]-Testosterone + none 100
[*H]-Testosterone + Testosterone x 10 31
[*H]-Testosterone + Testosterone x 100 0
[*H]-Testosterone + S5x-Dihydrotestosterone x 100 5
[*H]-Testosterone + !7p-Estradiol x 100 42
[*H]-Testosterone + Adiol x 10 94
[*H]-Testosterone + Adiol x 100 72
[*H]-Testosterone + Androstenedione x 10 59
[*H]-Testosterone + Androstenedione x 100 23
[*H]-Testosterone + Corticosterone x 100 103

Aliquots of adrenal cytosol were incubated with 2nM
of [*H]-testosterone with and without unlabelled steroids
at varying excess congentrations above that of the radio-
ligand and analysed by sucrose gradient centrifugation.
Bound radioactivity in the 7-8 § area of the gradients
(c.p.m. in fractions 4-14) is expressed as per cent of the
control.

tors. Thus. in our in vitro studies only a minor portion
of the total androgen receptors may have been
labelled. However, since the binding peaks observed
after incubation with [3H]-T and [*H}-DHT as well
as the endogenous concentration of these steroids
were identical in adrenals from both sexes, the recep-
tor concentration is probably also similar.

Since androgen receptors in target tissues like the
prostate. epididymis, testis and anterior pituitary all
have the same isoelectric point (pI ~ 5.8) [9, 10, 15],
we also examined the pl of the adrenal androgen
receptor complexes by isoelectric focusing. Figure 7
shows that the adrenal cytosol fraction of both the
male and female rat contained a distinct androgen-
receptor complex having a pI =59. Thus, the
androgen receptors in the rat adrenal appear to be
very similar to those in other classical target tissues
with regard to sedimentation rate, electrophoretic
mobility, isoelectric point and stability. However,
Adiol and in some experiments A had a surpris.ngly
high affinity for the receptors as illustrated in Fig.
1 and Table 1. In addition, estradiol-178 in high con-
centration did compete with [*H]-T binding to the
androgen receptors.

The binding of Adiol and A to the adrenal
androgen receptors could indicate that the steroid
specificity of these receptors is different from those
in the peripheral sex tissues. However, this is prob-
ably not the case. The data presented in Table 2 sug-
gest that the cytosol contains an active 178-OH
steroid dehydrogenase which converts A into T (and
DHT into Sx-androstane-3.17-dione). Thus. this meta-
bolism may explain the apparent high affinity of A
for the receptors. Rat adrenal cytosol also has an
active  3x-oxido-reductase (DHT «— Adiol) which
would encourage the formation of DHT after incuba-
tion with [*HJ}-Adiol in vitro. Table 3 shows that,
although some 50°, of the added [*HJ-T is metabo-
lized to A during the 16 h of incubation at 0°C. only
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[®H]-T is bound to the androgen receptors. Thus.
the steroid specificity must be interpreted in the light
of metabolism proceeding during the incubation.
From these studies we conclude that there is no
reason to believe that the steroid specificity of the
adrenal androgen receptor is different from that in
other androgenic target tissues.

The physiological role of these androgen receptors
remains to be established. Androgen administration
to rats causes a dose-dependent decrease in circulat-
ing corticosterone as well as CBG [16]. However.
testosterone administered to rats that are hypophy-
sectomized and gonadectomized stimulates adrenal
corticosterone production in vitro [17]. This effect
may partly be mediated through a testosterone-
induced inhibition of an adrenal 5x-reductase [18]. In
addition. the finding that adrenal tissue devoid of
androgen receptors (as is the case in {fm rats) exhibits
marked hyperplasia [6] but reduced levels of free cir-
culating corticosterone [16] also strengthens the view

Table 2. Metabolism of different [*HJ-androgens during
incubation of adrenal cytosol for 16h at 0 C

[(*H]-T [*H}-A [*H)-DHT

[*H]-Metabolites (°,) cytosol  cytosol  cytosol
Polar compounds* 0 1.8 0
Adiol 0 0 16.6
Testosterone 56.3 254 0
Androsterone 0 0 251
5x-Dihydrotestosterone 0 0 321
Androstenedione 43.6 725
Sx-Androstanedione 0 0 26.2
Unidentified 0.1 0.3

Adrenal cytosol from intact male rats was incubated
with 2nM [*H]-T. [*H]-A or [*H]-DHT for 16h at 0 C.
Samples were extracted with diethyl ether and processed
by thin layer chromatography and derivative formation.
All values are corrected for blanks and presented as per
cent of total radioactivity counted.

* Polar compounds: compounds more polar than Adiol
on thin layer chromatography.

Table 3. Free and bound radioactive androgens in adrenal
cytosol incubated with [*H]-testosterone

[*H]-Testosterone

[*H]-Metabolites °, Free Bound
Polar compounds 7.7 0
Adiol 0 0
Testosterone 40.2 932
Androsterone 0 0
5x-Dihydrotestosterone 0 0
Androstenedione 52.1 3.5
Sa-Androstanedione 0 0
Unidentified 0 4.0

Adrenal cytosol was incubated with 2nM of [*HJ-tes-
tosterone for 16 h at 0°C and subjected to sucrose gradient
centrifugation. The fractions corresponding to the 7-8 §
area of bound androgens and the area of free steroids were
pooled from 5 gradients. extracted with diethyl ether and
processed by thin layer chromatography.
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direct positive influence on the adrenal gland.
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