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Summary—To verify the aldosterone amplifying action of 19-hydroxyandrostenedione
(19-OH-AD), we investigated [*H]aldosterone and [*H]19-OH-AD binding to type I (mineralo-
corticoid) receptor in the renal cytosol of adrenalectomized and ovariectomized rat, and
human mononuclear leucocytes (MNL).

In the [’HJaldosterone binding study, the cytosol was incubated with [*H]aldosterone
and 200-fold RU28362 (118,178-dihydroxy-6-methyl-,17«-(1-propynyl)-androsta-1,4,6-trien-
3-one), a pure glucocorticoid, with or without 19-OH-AD. Scatchard plots of [*H]aldosterone
binding to cytosol with 0.2 or 20nM 19-OH-AD or without 19-OH-AD were linear.
Dissociation constants (K,;) and maximum bindings (B,,) without 19-OH-AD, and with 0.2
and 20nM 19-OH-AD were: 0.71 +0.03 nM and 23.0 + 3.4 fmol/mg protein (mean + SD,
n=23), 072+ 0.05nM and 23.1 £ 2.3 fmol/mg protein (n =3), and 0.77 + 0.04 nM and
22.9 + 4.8 fmol/mg protein (n = 3), respectively. 19-OH-AD did not significantly change the
K, and B, of [*HJaldosterone binding. A high concentration of 19-OH-AD slightly displaced
0.2 or 5nM [*Hlaldosterone bound to cytosol. In human MNL, Scatchard plots of
[*HJaldosterone binding with both 0.2 and 20 nM 19-OH-AD and without 19-OH-AD were
linear. K, and B_,, were, respectively, 1.00 nM and 780 sites/cell in the absence of 19-OH-AD,
and 1.07 nM and 774 sites/cell in the presence of 0.2 nM 19-OH-AD. Without 19-OH-AD they
were, respectively, 0.95nM and 551 sites/cell, and 1.10 nM and 560 sites/cell with 20 nM
19-OH-AD. A high concentration of 19-OH-AD slighly displaced 0.2 or 5nM of
[H]aldosterone bound to MNL.

In both tissues, there was no obvious specific binding of [?H]19-OH-AD within the range
of 1-60 nM.

The above results suggest that the amplifying effect of 19-OH-AD on aldosterone
mineralocorticoid action may not occur at the binding site of aldosterone to type 1 receptor,
and that 19-OH-AD itself may not have any direct or indirect mineralocorticoid actions on
the steroid receptor-mediated process in the rat kidney and human MNL.

INTRODUCTION
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Sekihara and coworkers reported that 19-
hydroxyandrostenedione (19-OH-AD) does not
have intrinsic mineralocorticoid activity, but
merely acts as an amplifier of the mineralo-
corticoid action of aldosterone in the adrenal-
ectomized rat({l]. They speculated that such
amplification is mediated via an enhancement of
aldosterone binding to renal cytosol receptors.
In man, elevated levels of plasma 19-OH-AD
have been observed in normal- and low-renin
hypertension [2] and in the hypertension of
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pregnancy [3], which suggest a pathophysiologic
role for 19-OH-AD in such disease entities. On
the other hand, recent studies have cast doubt
on the aldosterone potentiating action of 19-
OH-AD, and suggested that 19-OH-AD itself
has a mild hypertensive action [4-6]. However,
no evidence has yet been produced demon-
strating the exact mechanism of the amplifying
effect of 19-OH-AD on aldosterone, or of its
own hypertensinogenic action. It remains to
be resolved whether this action involves stimu-
lation of the aldosterone binding to type I
receptor, or a direct binding to specific or
nonspecific steroid receptors.
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Armanini and colleagues have demonstrated
that human mononuclear leucocytes (MNL)
have specific binding sites for aldosterone in
association with changes in intracellular sodium
and potassium, and that MNL is a useful model
for the study of type I receptor [7, 8]. In order to
clarify the mechanism of the amplifying effect of
19-OH-AD on aldosterone at the receptor level,
we investigated its effect on aldosterone binding
to type I receptor, and studied its own binding
to such receptors, using rat renal cytosol and
human MNL.

MATERIALS AND METHODS

The following materials were purchased:
[1,2-*H]aldosterone  ([*HJaldosterone, 56 Ci/
mmol) and [6,7-*H]19-hydroxyandrostenedione
(PH]19-OH-AD, 46.3 Ci/mmol) from New
England Nuclear (Boston, Mass), 19-OH-AD
and aldosterone from Sigma (St Louis, Mo.),
RPMI-1640 with L-glutamine and 25mM
HEPES from M.A. Products (Walkersville,
Mich.), Percoll from Pharmacia (Uppsala,
Sweden), and a liquid scintillator, ACS II, from
Amersham (Arlington Heights, Ill.). RU28362
(11B,17B-dihydroxy-6-methyl-17«-(1-propynyl)-
androsta-1,4,6-trien-3-one), a pure synthetic
glucocorticoid, was generously donated by
Roussel-Uclaf (Romainville, France). Other
chemicals were from Sigma (St Louis, Mo.).
Female Sprague-Dawley rats were obtained
from Chyubu Kagaku Shizai (Nagoya, Japan).

Preparation of rat renal cytosol

Cytosol was prepared by the method of
Krozowski and Funder [9]. Female Sprague-
Dawley rats (150-200 g) were adrenalectomized
and ovariectomized 7 days before killing. The
rats were maintained on 0.9% saline and
standard laboratory diet ad libitum. Before
nephrectomy, the kidneys were perfused with
50m! of an ice-cold isotonic solution (0.9%
NaCl, 10 mM Tris, pH 7.4) via a catheter placed
into the abdominal aorta under pentobarbital
anesthesia. The excised kidneys were minced
and rinsed with an isotonic solution and then
homogenized in TSMD buffer (100 mM Tris,
250 mM sucrose, 100 mM Na,MoO,, 2mM
dithiothreitol, pH 7.4). Homogenates were
centrifuged at 105,000g for 60 min at 4°C.
Supernatants were stored at —80°C. The con-
centration of cytosol protein was determined by
the method of Bradford [10] using bovine serum
albumin as the standard.

Cytosol binding study

Aliquots of 300 ul of cytosol (1-3 mg pro-
tein/ml) were incubated for 18 h at 4°C with the
various concentrations of [>HJaldosterone with
or without 19-OH-AD, and with 200-fold excess
RU28362, type II (glucocorticoid) receptor
specific agonist, to prevent the binding of the
tracer to type II receptor [11]. The same aliquots
were incubated for 18 h at 4°C with the increas-
ing concentrations (1-40nM) of [’H]19-OH-
AD. Receptor-bound steroid were separated
from the cytosol with 300 ul of an ice-cold
suspension of hydroxylapatite (15%, w/v) in
50mM Tris, 10mM KH,PO,, pH7.2. After
incubation for 30 min at 4°C, the tubes were
centrifuged at 1000g for 3min at 4°C, the
supernatants decanted, and the pellets washed
three times with 1 ml of washing buffer (10 mM
Tris, 5mM NaH,PO,, 1.5mM EDTA, pH7.2
1% Tween 80). The washed hydroxylapatite
pellets were resuspended in 2 ml of ethanol at
room temperature for 60 min and centrifuged at
1000 g for 5 min at 4°C. The supernatants were
transferred into counting vials and 10 ml ACS II
added. The radioactivity was measured with a
liquid scintillation counter (PR-2650, Packard,
Downers Grove, Ill).

Isolation of MNL

MNL were obtained with a Percoll density
gradient following the method of Hjorth et al.
[12] with Funder’s modification (personal
communication). Heparinized blood was ob-
tained from fasting normal male volunteers
after resting in the supine position for 60 min
from 0800-0900 h. Percoll was made isotonic
with 0.9% NaCl and was diluted with phos-
phate-buffered saline (PBS; 0.15mM NaCl,
6.7mM phosphate, pH 7.2) to 55% Percoll
(final pH 7.4). 16 ml of heparinized blood was
gently layered over the same volume of 55%
Percoll in the centrifuge tubes. The tubes were
centrifuged at 400 g for 30 min. The layer of
MNL was harvested, the cells washed twice with
saline, and the solution let stand for 10 min
before each centrifugation to remove endogen-
ous steroids and steroid-binding proteins [7].
Finally, the cell pellet was suspended in RPMI-
1640. The number of cells was determined with
a Biirker-Tiirk counting chamber. Polynuclear
leucocytes constituted fewer than 5% of the cells
as determined by the May-Giemsa double-
staining method. The viability of the cells was
95-98% before and after incubation as judged
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by the trypan blue exclusion method. The entire
procedure was performed at 16—18°C.

MNL binding study

The procedure was performed using the
method of Armanini er al. [7]. Aliquots of 500 ul
of cell suspension (3-6 x 10° cells/tube) were
incubated with the various concentrations of
[*HJaldosterone and 200-fold RU28362, with or
without 19-OH-AD at 37°C for 60 min with
constant shaking (110-120/min) under 5% CO,
and 95% O,. The same aliquots were incubated
with the increasing concentrations (3-66 nM)
of PH]19-OH-AD with or without 1000-fold
19-OH-AD for 60 min at 37°C. The reaction
was stopped with 2 ml ice-cold PBS. The tubes
were centrifuged at 750 g for 5 min at 4°C, and
the pellets were washed twice with PBS. The
pellets were resuspended in 1 ml of ethanol and
let stand for 60min at room temperature.
Finally, the tubes were centrifuged at 2000 g for
5 min at 4°C, the supernatants transferred into
counting vials, 10 ml ACS II added, and the
radioactivity counted. Loss of MNL during the
washing procedure after incubation was below
5%.

Specific binding in rat renal cytosol and
human MNL was measured by subtracting non-
specific binding from total binding. Nonspecific
binding was obtained by incorporation of 1000-
fold unlabeled aldosterone into the incubated
mixture. Linear regression was applied in
Scatchard analysis [13].

All data were expressed as the mean or
mean t SD. Statistical analysis was performed
using unpaired Student’s r-test. Statistical
significance was defined as P < 0.05.

RESULTS

Cytosol binding study

Figure 1 shows Scatchard analysis of [*H]J-
aldosterone binding in the presence or absence
of 0.2 or 20 nM 19-OH-AD. The former con-
centration (0.2nM) was almost equivalent to
the plasma concentration used to induce hyper-
tension in the rat experiment performed by
Sekihara, in which 1ug of 19-OH-AD was
administered once a week subcutaneously [14].
Scatchard plots of [*H]aldosterone binding were
rectilinear both in the presence and absence of
19-OH-AD. The dissociation constant of bind-
ing (K;) was 0.71 4+ 0.03 nM (n = 3) and maxi-
mum binding (B,,) was 23.0 + 3.4 fmol/mg
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protein (n = 3) without 19-OH-AD. In the pres-
ence of 0.2 or 20 nM 19-OH-AD, K, and B,
were, respectively, 0.72 +0.05nM and 23.1 +
2.3 fmol/mg protein (n = 3) in the former, and
0.77 £ 0.04 nM and 22.9 + 4.8 fmol/mg protein
(n =3) in the latter. Addition of low or high
concentrations of 19-OH-AD had no significant
effects on the binding parameters of aldosterone
to type I receptor.

Unlabeled 100-fold aldosterone completely
displaced 0.2 nM (physiological plasma concen-
tration in rats [14]) and 5 nM of [*H]aldosterone
bound to type I receptor of rat renal cytosol
(Fig. 2). 19-OH-AD, however, slightly displaced
[*HJaldosterone binding only when present at an
extremely high concentration.

MNL binding study

The specific binding of [*HJaldosterone
reached a plateau at 60 min, and significantly
correlated with the number of cells in the range
of 4-12 x 10° cells/ml (data not shown). The
specific binding of [*HJaldosterone was satu-
rable, and Scatchard plots of the binding
were rectilinear (Fig. 3A and B). X, and B,,,,
were 1.21 +04nM and 635+ 172 sites/cell,
respectively (n = 13).

Figure 4A and B show the effect of 19-OH-
AD on [*Hjaldosterone binding in human

Bound/Free {(107%)
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Fig. 1. Scatchard plots of [*H]aldosterone binding to rat
renal cytosol incubated without 19-hydroxyandrostenedione
(19-OH-AD) (O), or with 0.2 ((J) or 20nM (A) 19-OH-
AD. 300 1 of cytosol (1 mg protein/ml) was incubated with
increasing concentrations of [*HJaldosterone (0.3-12 nM)
and 200-fold RU28362(118,178-dihydroxy-6-methyl, 17x-
(1-propynyl)-androsta-1,4,6,trien-3-one) at 4°C for 18h
and without 19-OH-AD or with 0.2 and 20 nM 19-OH-AD,
with or without 1000-fold aldosterone (to measure non-
specific binding). Plots were obtained from a typical exper-
iment. The dissociation constant (K,) and the maximum
binding (B,,,) were 0.70nM and 20.6 fmol/mg protein
(O, y = —0.984), and 0.74nM and 21.1 fmol/mg protein
(4, y = —0.984), and 0.77nM and 19.3 fmol/mg protein
(A, 7 = —0.954), respectively.
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Fig. 2. Displacement study of 0.2nM (A) and 5nM (B) [*H]aldosterone binding to rat renal cytosol by
aldosterone (O) or 19-OH-AD (@). 300 ul of cytosol (2 mg protein/ml in A and 1 mg protein/ml in B)
were incubated with 0.2 nM [*H]aldosterone and 40 nM RU28362 with unlabeled steroids at 4°C for 18 h.
For specific binding, the binding in the presence of 200 nM unlabeled aldosterone was subtracted from

the total binding. Binding was represented as a percentage for the specific binding without authentic
steroids. Plots were means + SD of three experiments.
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Fig. 3. Saturation curve of [*HJaldosterone binding to human mononuclear leucocytes (MNL) (A) and

Scatchard plot (B). Aliquots of 500 ul of MNL suspension (7.9 x 10° cells/ml) were incubated with

increasing concentrations of [*HJaldosterone (0.3—6 nM) and 200-fold RU28362 at 37°C for 60 min with

or without 1000-fold aldosterone (to measure nonspecific binding). Plots were means of triplicate deter-

minations in a typical experiment. K, was 0.96 nM and B,,, was 780 sites/cell ( = —0.99). (A, line a;
total binding, line b; nonspecific binding, line ¢; specific binding).
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Fig. 4. Scatchard plots of [* HJaldosterone binding to human MNL incubated without (O) or with 0.2 nM
(@) 19-OH-AD (panel A) and without (QO) or with 20 nM (@) 19-OH-AD (panel B). Aliquots of 500 ul
of MNL suspension (5.4 x 10° cells/ml) in panel A and 7.4 x 10° cells/ml in panel B) were incubated with
increasing concentrations of [*Hlaldosterone (0.3-6 nM) and 200-fold RU28362 at 37°C for 60 min
without, or with 0.2nM (A) or 20nM (B) 19-OH-AD and with or without 1000-fold aldosterone.
The results in Fig. 4A and B were obtained from different subjects. Plots were means of triplicate deter-
minations. In pannel A, K, and V,,,, were 1.0 nM and 780 sites/cell without 19-OH-AD (O, y = —0.92),
and 1.1 nM and 774 sites/cell with 0.2 1M 19-OH-AD (@, 7 = —0.99). In pane! B, K, and B,,, were
0.95 nM and 551 sites/cell without 19-OH-AD (O, y = —0.94), and 1.1 nM and 560 sites/cell with 20 nM
19-OH-AD (@, y = —0.94).
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Fig. 5. Displacement of 0.2 nM (pane! A) and 5nM (panel B) [*H]aldosterone binding to human MNL

by unlabeled aldosterone (O) or 19-OH-AD (@). MNL suspensions (8.7 x 10° cells/ml in panel A and

11.3 x 10 cells/ml in panel B) was incubated with 0.2nM [*HJaldosterone and 40 nM RU28362 with

unlabeled steroids at 37°C for 60 min. For specific binding, the binding in the presence of 200 nM

unlabeled aldosterone was subtracted from the total binding. Binding was represented as a percentage for
the specific binding without authentic steroids. Plots were means of triplicate determinations.

MNL. Scatchard plots of [H]aldosterone bind-
ing were rectilinear with or without 0.2 nM
19-OH-AD (the basal plasma concentration in
man as measured by the method established in
our laboratory) (Fig. 4A). K, and B, were,
respectively, 1.0 nM and 780 sites/cell, without
19-OH-AD, and 1.1 nM and 774 sites/cell, with
0.2 nM 19-OH-AD. The addition of 19-OH-AD
did not change either K, or B,,,. Scatchard
plots of [*H]aldosterone binding with or
without 20nM 19-OH-AD were also recti-
linear (Fig. 4B). K, and B_,, were 0.95nM and
551 sites/cell, respectively, without 19-OH-AD,
and 1.1nM and 560 sites/cell, respectively,
with 20nM 19-OH-AD. 19-OH-AD produced

(A)
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almost no change in B_,,, while in the presence
of 20nM 19-OH-AD, K, was slightly higher
than in its absence.

In the displacement study by 19-OH-AD
on 0.2nM and 5nM [*H]aldosterone binding,
19-OH-AD even slightly inhibited the binding
of *HJaldosterone to MNL when present at an
extremely high concentration (Fig. 5).

[*H]19-OH-AD binding study

As shown in Fig. 6, in both rat renal cytosol
and human MNL, the binding of [PH]19-OH-
AD in the presence and absence of 19-OH-AD
was almost equal. There was no specific binding
of H]19-OH-AD.
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Fig. 6. The binding study of *H]19-OH-AD to rat renal cytosol (panel A) and human MNL (panel B).

In panel A, the cytosol was incubated for 18 h at 0°C with increasing concentrations (1-40 nM) of

[PH]19-OH-AD, without (O——Q; y = 0.992) or with (@--—-@; y = 0.996) 1000-fold 19-OH-AD. In

panel B, human MNL was incubated for 60 min at 37°C with 3-66 nM [*H]19-OH-AD, without

(O——0; 7 =0.997) or with (@-—-@: y = 0.996) 1000-fold 19-OH-AD. Plots were means of triplicate
determinations in a typical experiment.



336

DISCUSSION

Since the first report on the amplifying effect
of 19-OH-AD on aldosterone, Sekihara and
colleagues have confirmed this effect and further
elucidated the 19-OH-AD secretory mechanism
and its etiologic role in hypertension [2, 14, 15].
Their results have suggested the possibility that
19-OH-AD is an unusual steroid which acts on
an amplifying mechanism only when present at
very low plasma concentrations and with its
plasma level and that of aldosterone showing
reciprocal changes, and secondly, on a secretory
mechanism controlled by both ACTH and
angiotensin-IT regardless of C19 steroids[15].
In contrast, although Gomez-Sanchez and
Gomez-Sanchez observed a mild hypertensino-
genic effect of 19-OH-AD in rats, no enhance-
ment of the mineralocorticoid properties of
endogenous and exogenous aldosterone, or the
previously reported remarkable hypertensino-
genic properties in the rat were found [5]. On
the other hand, studies on the mechanism of
such amplifying or hypertensinogenic actions
of 19-OH-AD have yet to be performed. In
this regard, we assumed that these postulated
actions of 19-OH-AD could be at the mineralo-
corticoid (type I) receptor level. Recently, the
development of a synthetic compound, type II
receptor-specific agonist RU28362 (Roussel-
Uclaf), has facilitated these investigations.

Our results on the K, and B,,,, of aldosterone
binding in rat renal cytosol (the target organ of
aldosterone) were similar to those of Sheppard
and Funder [16}. Conversely, K, and B, in
MNL, the application of which was developed
for the study of aldosterone receptors in man by
Armanini et al. [7], were slightly lower and
slightly higher, respectively, than the values
reported by Armanini er al. [7]. This may be
explained by a difference in the property of the
specific glucocorticoid analogue used. Armanini
and his group [7] used RU26988 instead of the
RU28362 used in the present study. The latter
has a lower affinity for type I receptor and
higher affinity for type II receptor [11].

In the present studies, specific binding of
[*HJaldosterone, as well as its K, and binding
capacity, was not modulated by the addition
of 19-OH-AD in either the rat renal cytosol
or human MNL experiments. This was observed
in the case of the concentration of 19-OH-AD
used by Sekihara to demonstrate its amplifying
effects on sodium retention and hypertension [14]
and also at a much higher concentration. These
results indicate that the site of the amplifying
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action of 19-OH-AD on aldosterone mineralo-
corticoid action is not, at least, at the stage of
aldosterone binding to type I receptor. Further-
more, there was no specific binding of [*H]-
19-OH-AD to the rat renal cytosol or human
MNL within the range of concentrations used
(1-60 nM). These findings suggest that 19-OH-
AD does not have any direct or indirect action
on the receptor-mediated process in the rat
kidney. However, the present result is not an
argument against the potentiating action of
19-OH-AD on aldosterone. In fact, the first
steroid recognized as an amplifier of mineralo-
corticoid, Sea-dihydrocortisol, also showed its
action without enhancement of aldosterone
binding [17]. For the resolution of the unknown
process involved in the potentiation of aldoster-
one action by 19-OH-AD, further studies on
this potentiation are necessary.

Manabe et al.[4] and Gomez-Sanchez and
Gomez-Sanchez [5] reported that 19-OH-AD
itself has a hypertensinogenic effect but no
amplifying effect on aldosterone. Mikami ez al.
reported that 19-OH-AD and aldosterone have
a direct vasoconstrictive effect, which is not
inhibited by spironolactone, on the in vivo rab-
bit ear artery [6]. The hypertensinogenic action
of 19-OH-AD may be due to a direct vascular
effect. In our study, no specific binding of
19-OH-AD to rat renal cytosol and human
MNL was demonstrated, suggesting that the
hypertensinogenic action of 19-OH-AD is not
linked to steroid receptors.
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