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Abstract

Digoxin, a cardiac glycoside, is used to increase cardiac contractility via inhibition of Na+/K+-adenosinetriphosphatase (ATPase) and
increase intracellular calcium in congestive heart failure. Inhibitory effects of digoxin have been demonstrated on the biosynthesis of gonadal
hormones and adrenal glucocorticoids in rats. However, acute effects of digoxin on levels of adrenal corticosteroid hormones in the primates
in vivo are uncertain. Therefore, we test the hypothesis that a single injection of digoxin decreases the secretion of aldosterone and cortisol in
monkeys. An intravenous injection of digoxin (1 μg/kg) inhibited basal and adrenocorticotropin (ACTH)- or KCl-stimulated aldosterone
release in monkeys. Furthermore, digoxin induced a decrease in ACTH- and KCl-stimulated cortisol release. Administration of digoxin did
not alter plasma concentrations of Na+ and K+. Ouabain, a selective inhibitor of Na+/K+-ATPase, did not affect ACTH- or KCl-stimulated
aldosterone and cortisol release. These results revealed that injection of digoxin induced an inhibitory effect on aldosterone and cortisol
secretion in monkeys. Because ouabain did not affect levels of plasma aldosterone or cortisol, we suggest that (1) the Na+/K+-ATPase
pathway may not be involved in the mechanism of action of digoxin on aldosterone or cortisol secretion in monkeys and/or (2) the Na+/K+-
ATPase is more sensitive to digoxin than to ouabain in monkeys.
© 2009 Elsevier Inc. All rights reserved.
1. Background

Digitalis cardiac glycosides, such as digoxin and
digitoxin, are clinically used to increase cardiac contractility
in congestive heart failure [1]. Cardiac glycosides elicit their
pharmacologic mechanisms via the inhibition of the Na+/K+-
adenosinetriphosphatase (ATPase) and the increase of
intracellular Ca2+ concentration; and then they enhance the
cardiac contractility [2]. The Na+/K+-ATPase also serves as a
functional receptor for other cardiac glycosides such as
ouabain [3]. However, different species have different
sensitivities to ouabain because of varied Na+/K+-ATPase
isoforms [4-6]. For example, human α1-isoform of Na+/K+-
ATPase is highly ouabain sensitive, whereas the rodent α1-
isoform is 1000-fold less sensitive to ouabain [4,5].
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Extracardiac effects of cardiac glycosides, like steroido-
genesis of gonadal and adrenal steroids, had been described
in previous studies. Digoxin inhibits the production of
testosterone through a decrease in adenosine 3′:5′-cyclic
monophosphate (cyclic AMP) in rat testicular interstitial
cells [7,8]. In addition, digoxin decreased progesterone
release by rat granulosa cells involving the inhibition of post-
cyclic AMP pathway, cytochrome P450 side-chain cleavage
enzyme, and steroidogenic acute regulatory protein functions
[9,10]. Wang et al [11] also found that digoxin decreased the
release of corticosterone by rat zona fasciculata-reticularis
cells involving the inhibition of the activities of adenylyl
cyclase, cytochrome P450 side-chain cleavage enzyme, and
11β-hydroxylase, as well as the functions of cyclic AMP and
intracellular calcium [11]. These data indicate that digoxin
can directly affect signal transduction pathway and inhibit
steroidogenesis in steroid-producing cells.

Endogenous digitalis-like factors, such as digoxin-like
factor and ouabain-like factor, have been found in human
plasma [12], urine [13], adrenal [14], hypothalamus [15,16],
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and adrenal cells in culture [17,18]. In addition, elevated
plasma endogenous digoxin-like factor or ouabain-like
factor has been demonstrated in some clinical or pathologic
conditions in humans, such as pregnancy, renal failure, and
hypertension [19-21]. Control of Na+/K+-ATPase activity is
believed to be an underlying mechanism in the pathophy-
siology of several diseases, including cardiovascular,
neurologic, renal, hepatic, psychiatric, and metabolic
disorders [22,23]. These results demonstrated that endogen-
ous digitalis-like factors may play a role in the regulation of
blood pressure, blood volume, and the pathophysiology of
cardiovascular disorders via effects on Na+/K+-ATPase
activity in different tissues.

Aldosterone, a steroid hormone produced by zona
glomerulosa cells of adrenal cortex, increases sodium
reabsorption and potassium excretion in renal tubules and
plays an important role in the regulation of blood pressure
and blood volume. The effect of digoxin or ouabain on
aldosterone secretion is conflicting, such as inhibition,
stimulation, or no effect [4,24-29]. We have demonstrated
inhibitory effects of digoxin or ouabain on the release of
aldosterone and cortisol in human adrenocortical cells in
vitro [30]; however, acute effects of digoxin on plasma
aldosterone and cortisol in primates are still uncertain. The
purpose of the present study was to assess the effects of a
single injection of digoxin on the levels of plasma
aldosterone and cortisol and the possible role of Na+/K+-
ATPase in digoxin-induced effects in monkeys.
2. Methods

2.1. Animals

To exclude the effects of gonadal steroids on adrenocor-
ticosteroid secretion, we performed the present study with
castrated monkeys. Four male and 1 female castrated
monkeys (Macaca cyclopis) weighing 8.2 ± 1.5 kg were
housed individually in temperature-controlled rooms (22°C
± 1°C) with 14 hours of artificial illumination daily (6:00
AM-8:00 PM). They were fed with Purina monkey chow
(Purina Mills, St. Louis, MO) twice daily and provided with
fresh fruit once daily, whereas tap water was available ad
libitum. The use of monkeys for the present study had been
approved and authorized by the Council of Agriculture,
Executive Yuan, Republic of China.

2.2. Effects of digoxin and ouabain on plasma aldosterone
and cortisol in monkeys

Five castrated monkeys were grouped individually. In the
morning (10:00 AM), 5 monkeys were injected with saline,
digoxin (1 μg/kg), adrenocorticotropin (ACTH) (5 μg/kg),
and ACTH combined with either digoxin or ouabain (a
selective Na+/K+-ATPase inhibitor, 1 μg/kg) via a catheter in
the tibial vein, respectively. At the same day (1:00 PM), 1
monkey was infused intravenously with saline for 30
minutes; and then a single injection of saline (ie, saline +
saline group) followed. The other 4 groups were saline +
digoxin (1 μg/kg), KCl (a stimulator of aldosterone
secretion, 1 mEq/kg) + saline, KCl + digoxin, and KCl +
ouabain (1 μg/kg), respectively. Experimental treatments in
each group were performed alternately on the 5 monkeys.

Blood samples (1 mL each) were collected at 0, 30, 60,
90, 120, and 180 minutes after intravenous injection or
infusion. An equal volume of saline was injected immedi-
ately after each bleeding. Plasma was separated by
centrifugation at 10 000g for 1 minute and stored at
−20°C. Plasma was extracted with diethyl ether (10-fold
the volume). Levels of aldosterone and cortisol in plasma
extracts were measured by radioimmunoassay (RIA).

A flame photometer (EFOX 5053; Eppendorf, Hamburg,
Germany) was used to determine the levels of plasma Na+

and K+.

2.3. Hormone RIAs

The concentration of aldosterone in extracted plasma was
measured by RIA as previously described [31]. The
antialdosterone serum no. 088 was provided by the National
Institutes of Health (Bethesda, MD). The sensitivity of
aldosterone RIA was 4 pg per assay tube. The intra- and
interassay coefficients of variation were 7.4% (n = 5) and
7.8% (n = 5), respectively.

Levels of plasma cortisol were determined by RIA. An
antiserum to cortisol was generated by immunizing rabbits
with 4-pregnen-11β,17,21-triol-3,20-dione 3-CMO:bovine
serum albumin (BSA) conjugate (Steraloids, Wilton, NH).
With this antiserum no. PW-212, an RIAwas established for
the measurement of cortisol in plasma samples. In this RIA
system, a known amount of unlabeled cortisol or an aliquot
of plasma extract was adjusted to a total volume of 0.3 mL by
a buffer solution (1% BSA-borate buffer, pH 7.8). Each
sample was incubated with 0.1 mL cortisol antiserum
(1:20 000 dilution) diluted with 1% BSA-borate buffer and
0.1 mL 3H-cortisol (approximately 8000 cpm; Amersham,
Buckinghamshire, United Kingdom) at 4°C for 24 hours.
Duplicate standard curves with 5 points ranging from 10 to
2500 pg of cortisol were included in each assay. An adequate
amount (0.2 mL) of 0.5% dextran-coated charcoal (Sigma, St
Louis, MO) was then added before a further incubation in an
ice bath for 15 minutes. At the end of the incubation, the
assay tubes were centrifuged at 1000g for 15 minutes. The
supernatant was mixed with 3 mL liquid scintillation fluid
(Ready Safe; Beckman, Fullerton, CA) before the radio-
activity was counted in an automatic β counter (Wallac 1409;
Pharmacia, Turku, Finland). The maximum binding of 3H-
cortisol with anticortisol antiserum was 27%. The sensitivity
of cortisol RIAwas 10 pg per assay tube. The cross-reactions
were 4.9% with corticosterone, 4.0% with testosterone, 0.9%
with progesterone, and less than 0.01% with aldosterone,
androstenediol, estrone, 17α-hydroxyprogesterone, 17β-
estradiol, β-estradiol, cholesterol, 4-androstene-3,17-dione,
pregnenolone, 17α-estradiol, estriol, and androstanolone.
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The intra- and interassay coefficients of variation were 9.8%
(n = 5) and 14.6% (n = 3), respectively.

2.4. Statistical analysis

The data were expressed as mean ± SEM. Homogeneity
of variance and analysis of data were performed by
analysis of variance of repeated measures [32]. All the
statistics was calculated by SPSS, version 11.0 (SPSS,
Chicago, IL); and the difference was considered significant
if P was less than .05.
ig. 2. Effects of digoxin or ouabain on the basal and KCl-stimulated
ldosterone secretion in monkeys. Each value represents mean ± SEM.
*P b .01 as compared with the group without digoxin injection at the
3. Results

3.1. Effects of digoxin on plasma aldosterone

As shown in Fig. 1, intravenous administration of saline
did not affect the level of plasma aldosterone. A single
injection of digoxin (1 μg/kg) reduced aldosterone release,
and this response was different from the saline group at 30
and 60 minutes after injection (P b .05 and P b .01). Plasma
level of aldosterone recovered toward basal levels at 90
minutes after digoxin injection. At 30 minutes after ACTH (5
μg/kg) injection, the level of plasma aldosterone increased
from 123 ± 7 to 513 ± 10 pg/mL (420% ± 25%) and then
gradually returned to basal levels. A single injection of
ACTH combined with digoxin increased aldosterone release
Fig. 1. Effects of digoxin or ouabain on the basal and ACTH-stimulated
aldosterone secretion in monkeys. Each value represents mean ± SEM. *P b
.05, **P b .01 as compared with the group without digoxin injection at the
same time point, respectively. The arrow (↓) represents a single intravenous
injection of saline, digoxin, ACTH, ACTH combined with digoxin, or
ACTH combined with ouabain, respectively.

me time point. The horizontal bar ( ) represents saline or KCl
fusion for 30 minutes. The arrow (↑) represents a single intravenous
jection of saline, digoxin, or ouabain, respectively.
F
a
*
sa
in
in
from 130 ± 7 to 316 ± 9 pg/mL (246% ± 16%). Markedly,
digoxin blunted the ACTH-stimulated aldosterone secretion
(P b .01). However, ouabain (a selective Na+/K+-ATPase
inhibitor) did not affect (P N .05) the ACTH-stimulated
aldosterone secretion (Fig. 1, lower panel).

In the groups of saline + saline and saline + digoxin,
intravenous infusion of saline for 30 minutes did not alter
levels of plasma aldosterone (Fig. 2, upper panel). Moreover,
there was no effect of a single injection with saline on
aldosterone secretion in the saline + saline group (Fig. 2,
upper panel). A single injection of digoxin decreased the
level of plasma aldosterone, and there was difference
between the groups of saline + saline and saline + digoxin
(P b .01). Two and a half hours after digoxin injection, the
levels of aldosterone returned to basal levels (Fig. 2, upper
panel). In the KCl + saline group, KCl infusion for 30
minutes increased plasma K+ (from 3.5 ± 0.1 to 6.0 ± 0.2
mEq/L). After K+ infusion and after saline injection, plasma
K+ levels returned to basal levels (4.0 ± 0.2 mEq/L).
Potassium chloride (1 mEq/kg) infusion for 30 minutes
increased levels of aldosterone in both the KCl + saline and
KCl + digoxin groups (Fig. 2, lower panel). In the KCl +
saline group, levels of aldosterone gradually decreased after
termination of KCl infusion and saline injection. In the KCl
+ digoxin group, a single injection of digoxin induced a more
rapid attenuation in the level of plasma aldosterone than it
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oint. The horizontal bar ( ) represents saline or KCl infusion for 30
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did in the KCl + saline group (P b .01). In addition, there was
no difference (P N .05) in aldosterone release between the
group of KCl + saline and the group of KCl + ouabain.

3.2. Effects of digoxin on plasma cortisol

It has been well known that cortisol is a major
glucocorticoid for primates that regulates body's various
responses to stress. As shown in Figs. 3 and 4, saline
injection did not alter the levels of plasma cortisol. These
results showed that our treatment should not generate a
stress response on monkeys. In Fig. 3 (upper panel), there
was no difference (P N .05) in cortisol release between the
groups of saline and digoxin. In the ACTH-injected group,
the level of plasma cortisol gradually increased from 30 to
120 minutes after ACTH injection; and it returned to basal
levels at 180 minutes (Fig. 3, lower panel). Compared with
the ACTH-injected group (Fig. 3, lower panel, P b .01),
ACTH-increased cortisol was attenuated in the ACTH +
digoxin treatment group. Ouabain injection did not alter the
effects of ACTH on cortisol release (Fig. 3, lower panel).
There was no difference (P N .05) in cortisol release between
the group of saline + saline and the group of saline + digoxin
(Fig. 4, upper panel). After KCl infusion for 30 minutes and
a following single injection of saline, the level of plasma
cortisol gradually increased (Fig. 4, lower panel). In the KCl
+ digoxin group, digoxin injection almost abolished the
KCl-stimulated cortisol release when compared with the
Fig. 3. Effects of digoxin or ouabain on the basal and ACTH-stimulated
cortisol secretion in monkeys. Each value represents mean ± SEM. **P b .01
as compared with the group without digoxin injection at the same time point.
The arrow (↓) represents a single intravenous injection of saline, digoxin,
ACTH, ACTH combined with digoxin, or ACTH combined with ouabain,
respectively.

inutes. The arrow (↑) represents a single intravenous injection of saline,
igoxin, or ouabain, respectively.
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KCl + saline group (P b .01 and P b .05). Similarly, ouabain
did not affect the KCl-produced increase in the level of
plasma cortisol.

3.3. Effects of digoxin on plasma Na+ and K+

The effects of digoxin on the levels of plasma Na+ and K+

are illustrated in Table 1. Neither Na+ nor K+ concentration
in monkey plasma was altered by digoxin.
4. Discussion

In the present study, a single injection of digoxin induced
a significant inhibition in basal and ACTH- or KCl-
able 1
ffects of digoxin (1 μg/kg) on the levels of plasma Na+ or K+ in monkeys

Before
injection

After injection (min)

0 30 60 90

lasma [Na+]
(mEq/L, n = 5)

143.0 ± 1.3 143.8 ± 1.2 144.7 ± 1.4 144.5 ± 1.4

lasma [K+]
(mEq/L, n = 5)

4.4 ± 0.1 4.5 ± 0.2 4.3 ± 0.3 4.1 ± 0.3
T
E

P

P
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stimulated aldosterone secretion in monkeys. Digoxin also
significantly reduced ACTH- and KCl-stimulated cortisol
release, whereas there was no highly significant effect on
basal release of cortisol in monkeys. These effects of
digoxin on cortisol release in monkeys are similar to the
previous study showing an inhibitory effect of digoxin on
corticosterone release in rats [11]. Our previous in vitro
studies had demonstrated that digoxin directly inhibits
glucocorticoids or aldosterone secretion through attenuated
steroidogenesis in rat [11] or human [30] adrenocortical
cells. We still cannot exclude the possibility that the
inhibitory effect of digoxin on cortisol or aldosterone
release is indirectly induced by the changes of ACTH or
plasma renin activity because ACTH or renin is involved in
the regulation of cortisol or aldosterone secretion.

It has been well known that digitalis glycosides produce a
positive inotropic effect on cardiac muscle through an
inhibition of the Na+/K+-ATPase and an elevation of
intracellular calcium concentration [2]. Previous studies
demonstrated that digoxin can directly inhibit the biosynth-
esis of testosterone, progesterone, or corticosterone by
testicular interstitial cells, granulosa cells, or adrenal zona
fasciculata-reticularis cells in rats, whereas ouabain (a
selective inhibitor of Na+/K+-ATPase) cannot produce any
effects [7,10,11]. In the same manner, ouabain did not affect
aldosterone and cortisol secretion of monkeys in the present
experiment. On the contrary, ouabain showed an inhibitory
effect on aldosterone secretion in human or bovine
adrenocortical cells [30,33]. The reasons for these contra-
dictory results among different species may be due to
different sensitivity to ouabain through different Na+/K+-
ATPase isoforms [4-6]. For example, human α1-isoform of
Na+/K+-ATPase is 1000-fold more sensitive to ouabain than
rodent α1-isoform of Na+/K+-ATPase [4,5]. Another expla-
nation is that Na+/K+-ATPase probably is not involved in the
effects of digoxin on aldosterone secretion. Finally, digoxin
is much more lipophilic than ouabain; and therefore, it is
more difficult for ouabain to cross the cell membrane by
diffusion in a short term.

It is well documented that digoxin has a narrow
therapeutic window and that the therapeutic range for
digoxin in serum is approximately 0.5 to 2.5 ng/mL
(≈0.6∼3.2 × 10−9 mol/L) [34]. The clinical adverse effects
associated with high concentrations of cardiac glycosides in
serum include gastrointestinal irritation, hyperkalemia,
atrioventricular block, and ventricular dysrhythmia [35].
Struthers et al [36] have demonstrated that a moderate dose
of digoxin (50 μg/kg) had no effect on plasma K+ (4.7 ±
0.2 to 4.5 ± 0.2 mEq/L). Although we have not determined
the plasma level of digoxin, the dose of digoxin (1 μg/kg)
in our present study was much less than that in the study of
Struthers et al [36]. Therefore, we predict that the dose of 1
μg/kg digoxin should not produce the problem of being
over the therapeutic range. In the present study, digoxin
administration did not change the level of plasma K+.
These results indicate that the decreased aldosterone
secretion by digoxin is independent of the change of
plasma K+.

Ludens et al [14] have demonstrated that the adrenal
gland is the major source of circulating ouabain. Endogen-
ous ouabain or digoxin was identified in the medium of
cultured cells from bovine adrenocortical cells [18] and
human adrenocortical cells [30,37]. Previous reports
showed that Ang II stimulated the secretions of aldosterone
and endogenous ouabain from bovine adrenocortical cells
via different AT1 and AT2 receptor subtypes [38-40]. The
physiologic significance of Ang II on endogenous ouabain
release in adrenocortical cells is unknown and remains to
be elucidated. Previous [24] and present studies demon-
strated that digoxin significantly inhibited aldosterone
secretion. These observations raise the possibility of the
existence of an autocrine/paracrine regulation between
adrenocortical steroidogenesis and endogenous digoxin-
or ouabain-like compounds.

It has been shown that aldosterone plays an important role
in the pathophysiology of heart failure [41,42]. Aldosterone,
aside from sodium retention and potassium loss, promotes
myocardial and vascular fibrosis [43,44] as well as vascular
damage [45]. Pitt et al [46] have reported that the
aldosterone-receptor blocker spironolactone significantly
reduced the risk of both morbidity and mortality among
patients with heart failure. Although the exact mechanism is
unclear, it can be proposed that spironolactone may prevent
myocardial fibrosis by blocking the effect of aldosterone on
the formation of collagen [47,48] and reduce the risk of
sudden death of cardiac causes. These results provide
valuable information about the pharmacologic mechanisms
of digoxin, which may play a protective effect through a
decreased aldosterone release in patients of heart failure
except increase myocardial contractility.

The present study showed that injection of digoxin
induced an inhibitory effect on aldosterone and cortisol
secretion in monkeys. Many previous results demonstrated
that endogenous digitalis-like factors may play a role in the
regulation of blood pressure, blood volume, and the
pathophysiology of cardiovascular disorders. Although the
detailed mechanism is unclear, our results provide an
explanation for the role of endogenous digitalis-like factors
in the regulation of cardiovascular system. In our present and
previous studies, ouabain (a selective inhibitor of Na+/K+-
ATPase) caused contradictory results among different
species. Therefore, we believe that it will raise an interesting
and significant topic that different species may possess
different sensitivities to ouabain through different Na+/K+-
ATPase isoforms.
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