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Abstract. The withdrawal effect of spironolactone treatment on natriuresis was studied in relation
to atrial natriuretic peptide (ANP) in five patients with primary aldosteronism due to adenoma.
The patients had been treated with spironolactone for 2-3 months before they were admitted.
After admission, blood pressure, body weight, and urinary excretion of sodium were measured
daily. Venous samples were obtained twice a week for measurements of plasma levels of ANP,
plasma renin activity (PRA), and plasma concentrations of aldosterone (PAC), cortisol, and de-
oxycorticosterone. The study was performed for 7 days during the treatment with spironolactone
and for 18 days after stopping the administration. Plasma volume was determined two times,
during the control period and on the 13th day after stopping spironolactone. Urinary sodium
excretion decreased initially and returned to the control levels successively. Body weight and
plasma volume increased, and blood pressure rose steadily. PRA and the plasma concentrations
of cortisol and deoxycorticosterone decreased significantly (P < 0.05); however, high levels of
PAC did not alter significantly. Plasma ANP levels increased significantly (P < 0.05) from 26
+ 4 pg/ml during the control period to 195 + 47 pg/ml on the 13th day after stopping spirono-
lactone. The data of the urinary sodium excretion showed the escape from sodium-retaining effect
of aldosterone, and this escape could be explained by the increase in plasma ANP. Furthermore,
ANP might contribute to the decrease in cortisol and deoxycorticosterone in plasma because of
the direct inhibitory action of ANP on steroidogenesis. © 1987 Society for Experimental Biology and Medicine.

A large body of evidence has indicated that
the expansion of body fluid volume is an im-
portant'factor in the genesis of some forms of
hypertension (1). However, the mechanisms
of the volume-dependent hypertension in-
duced by an excess of mineralocorticoids are
still unclear. In general, the exogenous admin-
istration of mineralocorticoids results in tran-
sient sodium retention followed by a return of
sodium excretion toward a level of sodium in-
take (2, 3). The term “escape” was introduced
into this phenomenon, by which patients with
primary aldosteronism do not develop any
massive salt retention and edema (3). Humoral
factors as well as hemodynamic and physical
alterations have been suggested to be involved
in this phenomenon (2).

Recently, it is reported (4) that mammalian
atria contain peptides with potent diuretic,
natriuretic, and vasorelaxing properties. This
family of cardiac peptides, collectively called
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atrial natriuretic peptides, is implicated in the
regulation of sodium and volume homeostasis
and possibly in the pathogenesis of hyperten-
sion (5). Several human atrial natriuretic pep-
tides have been purified, sequenced, and syn-
thesized. Synthetic atrial natriuretic peptide
(ANP) causes natriuresis and diuresis and de-
creases blood pressure when injected into
healthy volunteers (6).

We have examined the role of ANP in the
escape phenomenon and in the production of
steroid hormones during the development of
hypertension in patients with primary aldo-
steronism after cessation of the treatment with
spironolactone.

Materials and Methods. Five patients with
primary aldosteronism, ranging in age from
24 to 54 years (42 + 4 years, mean + SEM),
were studied. Informed consent was obtained
from each patient prior to the study. The di-
agnosis was established based on clinical signs
and laboratory analyses. All the patients were
subsequently operated on and adrenocortical
adenoma was histologically demonstrated in
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each case. The patients had been treated with
spironolactone (50-150 mg/day) for 2-3
months before they were admitted. Blood
pressure was well controlled and serum po-
tassium was within normal range. After ad-
mission, they were on a diet containing 85 meq
of sodium and 80 meq of potassium daily. The
study was carried out for 7 days during the
treatment with spironolactone and for 18 days
after withdrawal of the treatment.

Each patient remained in the recumbent
position for at least 2 hr on the day when data
were collected. Venous samples were obtained
twice a week for measurements of plasma ANP
levels, plasma renin activity (PRA), and
plasma concentrations of aldosterone (PAC),
cortisol, and deoxycorticosterone. Serum
electrolytes and creatinine were also measured
twice a week. Plasma volume was determined
by the radioisotope dilution method using '*I-
human serum albumin (7) during the control
period and on the 13th day after stopping the
treatment. Blood pressure in the lying was
measured with a sphygmomanometer at 8 AM
every day. Daily measurements of body weight
and urinary electrolytes were also made.
Completeness of 24-hr urine collection was
checked by urinary creatinine determinations.
Sodium and potassium in serum and urine
were measured by flame photometry; calcium
was measured by atomic absorption spectro-
photometry. Creatinine in serum and urine
were determined by the Jaffe reaction (8).
PRA, PAC, and plasma concentrations of
cortisol and deoxycorticosterone were mea-
sured by radioimmunoassay as reported pre-
viously (7).

The determination of plasma ANP was per-
formed according to the methods by Naruse
et al. (9). Blood samples were withdrawn into
chilled plastic tubes containing aprotinin (500
kallikrein inactivator units/ml) and 4 mM
EDTA. Plasma was immediately separated by
centrifugation at 4°C and stored at —80°C
until further processing. One milliliter of each
plasma was acidified by the addition of 1 ml
of 4% acetic acid and applied to C18 octade-
cylsilane cartridges (Sep-PAK C18 cartridge,
Waters Associates, Milford, MA) which were
pretreated successively with 5 ml of acetonitril
and 10 ml of distilled water. The cartridges
were then washed with 10 ml of 4% acetic acid,
and the samples were eluted with 2 ml of 60%
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of acetonitril in 0.5% of ammonium acetate.
The elutes were evaporated, lyophilized, re-
constituted with the assay buffer, and subjected
to radioimmunoassay. Synthetic o-human
atrial natriuretic peptide (a-hANP) (10) was
purchased from Peninsula Laboratories (Bel-
mont, CA). The efficiency of the extraction
procedure was estimated by recovery of syn-
thetic a-hANP added to plasma. When 50-
500 pg/ml synthetic a-hANP was added,
plasma recovery was 81 + 2% (mean + SEM,
n = 12) after the extraction and radioimmu-
noassay procedure.

125T.-hANP and antibody against Atrio-
peptin I (11) were kindly provided by Mitsu-
bishi Yuka Laboratory of Medical Science.
Iodination with '?°I was performed according
to the chloramine-T method. The antibody
was generated in New Zealand white rabbits
immunized with Atriopeptin I coupled to bo-
vine thyroglobulin. This antibody shows a
complete cross-reaction with a-hANP, but
none with angiotensin II, arginine vasopressin,
and spironolactone. The assay buffer of ra-
dioimmunoassay was 0.1 M Tris acetate, pH
7.4, containing 0.1% bovine serum albumin
(Fraction 5, Sigma) and 1 mM EDTA. The
radioimmunoassay incubation mixture con-
sisted of 100 ul of standard a-hANP, 100 ul
of antiserum diluted in the assay buffer, 100
ul of '»I-a-hANP (approximately 10,000
cpm), and 200 ul of the assay buffer. The mix-
ture was incubated for 24 hr at 4°C. Separation
of free from antibody-bound '*’I-peptide was
achieved by the polyethylene glycol method.
The lowest level of a-hANP that significantly
inhibited '2°I-a-hANP-binding to the antibody
was 7.0 pg/tube, and 50% inhibition of binding
was produced by 95 pg/tube. The intra- and
interassay coefficients of variation were 7.0 and
9.1% (n = 10), respectively. The results of ra-
dioimmunoassay were expressed as picograms
immunoreactive a-hANP.

Data are expressed as means + SEM. Mea-
surements in each experimental day after
stopping spironolactone were compared with
the mean levels of two determinations on
control days during the treatment with spi-
ronolactone by analyses of variance with
Dunnett’s test (12); a significance level of 5%
was chosen. Plasma volume during the control
period was compared with that on the 13th
day by Student’s ¢ test for paired observations.
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FIG. 1. Changes in systolic and diastolic blood pressure.
Data are means + SEM. Open and closed circles represent
the data before and after stopping spironolactone, respec-
tively. C indicates the control days during the treatment
with spironolactone. Measurements in each experimental
day after stopping spironolactone are compared with the
mean levels of two determinations on control days. P
< 0.05.

Results. The mean levels of systolic and di-
astolic blood pressure on the control days av-
eraged 110 = 8 and 71 + 4 mm Hg, respec-
tively. Both systolic and diastolic blood pres-
sure increased gradually, and the former rose
significantly (P < 0.05) to 150 + 11 mm Hg
on the 13th day and the latter to 98 + 6 mm
Hg on the 16th day after stopping spironolac-
tone (Fig. 1).

Average urinary sodium excretion on the
control days was 85 = 6 mmole/day. The ex-
cretion decreased initially, reaching the lowest
level of 29 + 7 mmole/day on the 4th day,
and returned to the control levels by the 8th
day. Urinary potassium excretion increased
significantly (P < 0.05) from 34 + 3 mmole/
day on the control days to 55 + 7 mmole/day
on the 4th day. Urinary calcium excretion rose
significantly (P < 0.05) on Days 14 (2.48
+ 0.08 mmole/day) and 15 (2.63 £ (.10
mmole/day) as compared to the control levels
(1.25 + 0.08 mmole/day; Fig. 2).

High levels of PAC did not alter significantly
with withdrawal of spironolactone, while PRA
fell markedly from 2.1 + 0.6 ng/ml/hr on the
control days to 0.2 = 0.1 ng/ml/hr on Day 8.
The control levels of plasma ANP averaged

ANP IN ALDOSTERONISM

26 + 4 pg/ml. After stopping the treatment,
the concentration of plasma ANP increased
significantly (P < 0.05) to 145 + 43 pg/ml on
the 8th day when the escape appeared, and
reached a peak level of 195 + 47 pg/ml on the
13th day (Fig. 3). Fig. 4 shows the temporal
relationships among plasma ANP levels, PRA,
and urinary sodium excretion in each patient,
and Table I presents the individual data for
PAC. The values for plasma cortisol on the
control days (12.8 + 1.1 ug/dl) decreased sig-
nificantly (P < 0.05) to 8.2 + 2.8 ug/dl on Day
8. A similar pattern was observed in plasma
deoxycorticosterone; the value decreased sig-
nificantly (P < 0.05) from 396 + 106 pg/ml
on the control days to 173 + 27 pg/ml on Day
8 (Fig. 5).
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FiG. 2. Changes in daily excretion of sodium, potassium,
and calcium. Data are means + SEM. Shaded and open
bars represent the data before and after stopping spirono-
lactone, respectively. C indicates the control days during
the treatment with spironolactone. Measurements in each
experimental day after stopping spironolactone are com-
pared with the mean levels of two determinations on
control days. 1P < 0.05.
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FIG. 3. Changes in PRA, PAC, and plasma levels of
immunoreactive a-hANP. Open and closed circles rep-
resent the data before and after stopping spironolactone,
respectively. C indicates the control days during the treat-
ment with spironolactone. Measurements in each exper-
imental day after stopping spironolactone are compared
with the mean levels of two determinations on control
days. tP < 0.05.

Serum potassium decreased significantly (P
< 0.05) on the 13th day without significant
changes of serum sodium. Serum calcium de-
creased slightly but the changes were not sig-
nificant. Creatinine clearance rose significantly
(P < 0.05) on the 13th day. Both plasma vol-
ume and body weight increased significantly
(P < 0.05). Weight gain on the final day of the
study averaged 1.6 = 0.2 kg (Table II).

Discussion. After stopping the spironolac-
tone treatment, the patients in the present
study showed a decrease in urinary sodium
excretion, suggesting a sodium retention in-
duced by an excessive amount of aldosterone.
However, the excretion returned to the control
levels successively despite the high levels of
PAC. Body weight and plasma volume in-
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creased, whereas edema was not observed in
each patient. These observations indicate that
the escape from sodium-retaining effect by the
excess of aldosterone occurred in the patients.
Wenting et al. (13) also observed an escape
phenomenon similar to that in the present
study in patients with primary aldosteronism
after withdrawal of spironolactone.

Plasma ANP concentrations increased
markedly in accordance with the onset of na-
triuresis, reaching levels of 145 = 43 and 195
+ 47 pg/ml on Days 8 and 13, respectively.
These values seem consistent with those of the
plasma ANP levels to cause natriuresis when
synthetic ANP is infused into healthy volun-
teers (14, 15). Because the release of this pep-
tide into circulation is elicited by volume ex-
pansion and atrial distension (16), the sodium
retention and the expanded volume by the ex-
cessive amount of aldosterone may increase
ANP in plasma and result in natriuresis. The
increased levels of plasma ANP during the es-
cape phenomenon has also been reported by
the study of normal human subjects treated
with fludrocortisone (17, 18).

The marked suppression in PRA in the
present study may be attributed in part to the
inhibitory action of ANP on renin secretion
(19) in addition to the inhibition by the ex-
panded body fluid volume. A decrease in PRA
and angiotensin II levels observed after min-
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FIG. 4. Plasma ANP levels, PRA, and urinary sodium
excretion in five patients.
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TABLE 1. PLASMA ALDOSTERONE CONCENTRATION IN FIVE PATIENTS (pg/ml)

Experimental days after stopping spironolactone

Patients Control days 3 6 8 13 17
1 1096 852 584 702 701 729 594
2 354 332 328 361 213 195 168
3 151 236 350 189 164 142 79
4 162 170 227 227 162 152 165
5 174 345 383 224 108 332 384

eralocorticoid administration has been sug-
gested to be causally related to the escape phe-
nomenon, because angiotensin II possesses a
sodium-retaining action independent of its ef-
fect on aldosterone secretion (2). Therefore,
ANP could contribute to the escape phenom-
enon by suppressing renin release and angio-
tensin II formation. Glomurular filtration rate
(GFR) may also play an important role in the
escape mechanism. Several investigators have
observed an increase in GFR after mineralo-
corticoid administration when the escape is
brought about (20, 21). In the present study,
creatinine clearance increased gradually in
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FI1G. 5. Changes in plasma levels of cortisol and deoxy-
corticosterone. Open and closed circles represent the data
before and after stopping spironolactone, respectively. C
indicates the control days during the treatment with spi-
ronolactone. Measurements in each experimental day after
stopping spironolactone are compared with the mean levels
of two determinations on control days. 1P < 0.05.

parallel with plasma ANP. Since the marked
increase in GFR following the infusion of ANP
has been reported (22, 23), the changes in the
creatinine clearance might be mediated
through the rise in ANP. Furthermore, an in-
crease in blood pressure, or more importantly
renal perfusion pressure, has been shown to
play an important role in the escape phenom-
enon (21). The elevated blood pressure in the
present study may have contributed to the es-
cape phenomenon. Several other mechanisms,
i.e., renal adrenergic system, kallikrein-kinin,
and prostaglandins, have been proposed as
causative factors for the escape phenomenon
(2). The development of a specific ANP
antagonist will determine relative and quan-
titative importance of ANP in this phe-
nomenon.

After stopping the treatment, we observed
an increase in urinary calcium, and the ap-
pearance of hypercalciuria coincided with the
highest level of plasma ANP. Serum calcium
decreased slightly. These results are in good
agreement with the reports (24, 25) that pro-
longed administration of mineralocorticoids
resulted in an increase in urinary calcium as-
sociated with the escape phenomenon. Since
the urinary output of calcium is raised by ANP
administration (6), the hypercalciuria asso-
ciated with the escape in the present study
could be attributable to the alterations in
plasma ANP.

The distinct inhibitory effect of ANP infu-
sion on basal plasma levels of aldosterone and
cortisol has been reported in normal humans
(14). ANP inhibits steroidogenesis in normal
adrenal cells in vitro at an early step before
mitochondrial metabolism of cholesterol and
its side-chain cleavage (26). Some investigators
(27, 28) studied the effect of ANP on aldoste-
ronogenesis in adrenal adenoma cells in vitro
from patients with primary aldosteronism.
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TABLE II. SERUM ELECTROLYTES, CREATININE CLEARANCE, PLASMA VOLUME, AND BODY WEIGHT BEFORE AND
AFTER THE WITHDRAWAL OF THE SPIRONOLACTONE TREATMENT

Experimental days after stopping spironolactone

Control days 3 6 8 13 17

Serum sodium

(mmol/1) 140+2 1402 140+ 1 1411 141+1 144+ 1 142+1
Potassium

(mmol/1) 43+0.2 44+0.1 42+0.2 38+0.3 36+0.3 3.3+0.3¢% 3.3+0.3%
Calcium

(mmol/1) 240+0.04 237+0.05 233+0.05 229+0.06 224+005 224+006 2.25%+0.07
Creatinine

clearance

(ml/min) 66+5 63+6 60+ 7 719 69+8 94 + 9} 777
Plasma volume

(ml/kg) 43+4 49 + 4+
Body weight

(kg) 53.3+£39 53.6+3.8 53.5+4.0 54.1£3.8 54.5+3.8 55.1+3.8 55.0 £ 3.8%

Note. Values are means = SEM. Measurements in each experimental day after stopping spironolactone are compared
with the mean levels of two determinations on control days during the treatment with spironolactone.

P <0.05.

They concluded that ANP lacked an inhibitory
effect on aldosteronogenesis in adrenal ade-
noma cells because of the defect in ANP-spe-
cific receptor sites in these cells. These reports
support the present findings showing the de-
crease in plasma cortisol and deoxycorticoste-
rone with no significant alterations in PAC.

The patients in the present study revealed
typical clinical features of primary aldoste-
ronism after withdrawal of spironolactone.
Blood pressure rose steadily, and serum po-
tassium and PRA fell markedly. The mecha-
nisms of the development of hypertension in
mineralocorticoid excess syndrome have not
been fully understood; the role of ANP re-
mains to be clarified. The concomitant in-
crease in plasma ANP with the rise in blood
pressure suggests that ANP may limit the de-
velopment of hypertension in these patients;
more severe and earlier elevation in blood
pressure would have occurred in the absence
of ANP, because ANP has been reported to
have vasorelaxing activity and to lower blood
pressure when infused into normal volun-
teers (5).

In conclusion, the present study suggests
that circulating ANP be related to the escape
phenomenon, and that ANP might contribute
to steroidogenesis and alterations in renal
function associated with natriuresis in patients
with primary aldosteronism.
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