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Endogenous Cardiac Glycosides: Hormones
Using the Sodium Pump as Signal Transducer

Wilhelm Schoner and Georgios Scheiner-Bobis

The search for an endogenous digitalis has led to the identification of the cardenolides
ouabain and digoxin and the bufadienolide marinobufagenin in mammalian tissues and
biological fluids. Ouabain’s release from adrenal glands is under the control of epinephrine
and angiotensin Il; hence, its blood concentration changes rapidly on physical exercise. It
also is controlled by brain areas sensing cerebrospinal Nat concentration and apparently
the body’s K* content because urinary K* loss leads to an increase in its plasma concen-
tration as well. Long-term treatment of rats with ouabain results in arterial hypertension,
and 50% of Caucasians with low-renin hypertension have increased plasma concentrations
of this cardenolide. Levels of digoxin, which is synthesized from acetate in adrenal glands,
increase slightly in blood on prolonged exercise. It counteracts the hypertensinogenic
action of ouabain in rats, as does the ouabain antagonist PST 2238. The plasma concen-
tration of the bufadienolide marinobufagenin is increased after cardiac infarction. It may
show natriuretic properties because it inhibits the «; isoform of Nat/K*-adenosine triphos-
phatase (ATPase), the main sodium pump isoform of the kidney, much better than other
sodium pump isoforms. These effects of endogenous cardiac glycosides are observed at
concentrations that do not inhibit the sodium pump. Apparently, Na*/K*-ATPase is used by
these steroids as a signal transducer to activate tissue proliferation, heart contractility,

arterial hypertension, and natriuresis via various intracellular signaling pathways.
Semin Nephrol 25:343-351 © 2005 Elsevier Inc. All rights reserved.
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ardiotonic steroids (CTS) produced by digitalis plants

have been used successfully to treat congestive heart
failure for more than 200 years.! The impressive benefit of
this therapy led to the idea that an endogenous digitalis might
exist. The search for such a compound gained some credibil-
ity despite more than 100 years of failure when Schatzmann?
discovered that the sodium pump of plasma membranes is
the receptor for CTS in 1953. The discovery of the Nat/Ca?*
exchanger in the late 1960s in mammalian cardiac muscle led
to the view that an inhibition of the sodium pump by CTS
may increase the intracellular Ca?* concentration ([Ca?*];) as
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a secondary event, which in turn results in a positive inotro-
pic action of the cardiac muscle.? This model has been refined
recently (see later). It is clear now that the «; isoform of the
sodium pump is distributed ubiquitously in plasma mem-
branes of cardiomyocytes. The «, and a5 isoforms, however,
reside in specific, tiny cytosolic spaces between the plasma-
lemma and the adjacent endoplasmic (or sarcoplasmic) retic-
ulum called plasmerosome,* which also contain the Nat/
Ca?" exchanger protein. Inhibition of the o, and o isoforms
of Na*/K*-adenosine triphosphatase (ATPase) in such a re-
stricted area leads to a change in cytosolic Na* and, indi-
rectly, Ca?* concentrations. This in turn modulates the Ca?*
content of the sarcoplasmic reticulum and Ca?* signaling and
leads finally to the positive inotropic effect of cardiac glyco-
sides*” and an altered gene expression of proteins.®7 Progress
in the search for endogenous digitalis-like compounds came
mainly from the Dahl et al®, deWardener and Clarkson,” and
Blaustein!® concept that suggested that natriuresis is caused
by an enhanced production of endogenous inhibitor(s) of the
sodium pump whose inhibition in renal tubules may de-
crease the volume of circulating fluid. The increased produc-
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Figure 1 Structures of endogenous cardiotonic steroids that have
been isolated in the search for endogenous digitalis. Compounds
with an unsaturated 5-membered lactone ring are cardenolides and
those with an unsaturated 6-membered lactone ring are bufadieno-
lides. PST 2238 is a ouabain antagonist.”!%?

tion of endogenous digitalis-like compounds also would con-
tribute to hypertension by means of inhibition of Na*/K*-
ATPase in cardiovascular tissues.®1? Following this concept,
Hamlyn et al'! showed that the concentration of a circulating
factor in blood plasma inhibiting purified Na*/K*-ATPase
correlated with the blood pressure of the donors. This obser-
vation paved the way for the identification of endogenous
digitalis as a group of cardenolides and bufadienolides (Fig.
1) whose physiologic and pathophysiologic function is only
beginning to be understood. Readers who are interested in
more detailed information are referred to recent reviews.!2-1>

The Nature of
Endogenous Cardiac Glycosides

It long has been known that certain vertebrates such as am-
phibians synthesize CTS with five 6-member lactone
rings.1%1" Hence, it is not too astonishing that 4 different CTS
have been identified thus far in mammals (Fig. 1).

Endogenous Ouabain

The compound has been isolated from human plasma,!8-1°
bovine adrenals?® and hypothalamus,?! and from the super-
natant of rat pheochromocytoma (PC-12) cells?? (Figure 1).
Endogenous ouabain has been identified by 1H-NMR?%-2!
and LC-ESI-MS?? to be identical with the plant-derived ste-
roid. However, one may not exclude that an 11-B-isomer of
ouabain exists as well: metyrapone, an inhibitor of the 11-8
hydroxylase activity, inhibits the synthesis of endogenous
ouabain.??

The Adrenal Gland as a Source of Ouabain

Orally and parenterally administered ouabain is taken up
selectively by adrenal glands,?* but its intestinal uptake ac-
counts for only 3% to 5% of the orally administered sub-
stance.?> Hence, it is essential to prove that ouabain isolated
from mammalian tissues does not simply represent resorbed
ouabain from food. Conscious dogs release ouabain from
their adrenal glands.?® Consistent with the assumption that
the adrenal gland is a major place of synthesis and/or storage
of ouabain, adrenalectomy lead to a decrease of ouabain
plasma levels.!827 Most likely the adrenal cortex is the place
of storage and/or synthesis. It contains more ouabain than the
medulla,”® and medullectomized rats show no decrease in
their plasma concentrations of ouabain when compared with
sham-operated controls.!* Cases of adrenal tumors overpro-
ducing ouabain have been reported, and their excision low-
ered the increased blood pressure.??-*°

Biosynthesis of Ouabain
in Adrenal Cells In Vitro

De novo synthesis of ouabain and dihydro-ouabain has been
shown in tissue culture experiments.?!-*? Bovine adrenocor-
tical cells in vitro secrete up to 10-fold more ouabain than
their cell content.323* The biosynthesis occurs in zona fas-
ciculata cells. Pregnenolone and progesterone are precursors
of endogenous ouabain.!*?23 Inhibition of the pregneno-
lone’s conversion to progesterone by trilostane, an inhibitor
of 3B-hydroxysteroid dehydrogenase, inhibits ouabain syn-
thesis.>> When [7-*H]pregnenolone is added to primary rat
adrenal cells, radioactivity is found in a fraction with digital-
is-like activity but not with ouabain.?® It is possible that the
mechanism leading to 5-hydroxylation in ouabain (but not in
digoxin) and the A/B conformation of the steroid backbone
eliminates the *H atom in position 7. The sugar ['*C]rham-
nose, which is part of the ouabain molecule, readily enters
adrenocortical cells and increases the biosynthesis of endog-
enous ouabain.>

Because bovine adrenocortical cells in tissue culture syn-
thesize ouabain, information on its release is necessary to
understand its hormonal control. Adrenocorticotropic hor-
mone (ACTH), a;-adrenergic receptor agonists, and angio-
tensin II stimulate ouabain’s release from bovine adrenocor-
tical cells.35-38 Yet human CLR7050 cells (an adrenal cortex—
derived cell line) are insensitive to ACTH and angiotensin II
but sensitive to arginine vasopressin and phenylephrine.’’
The phenylephrine-dependent release of ouabain from hu-
man CRL7050 and bovine adrenocortical cells in culture is
blocked by the ay-adrenergic receptor antagonist doxazosin.
This was interpreted to indicate that the sympathetic nervous
system is involved in regulation of the release of this hormone to
the bloodstream.® In bovine adrenal cortical cells, angioten-
sin 11 acts via the angiotensin type 2 (AT,) receptor because
the AT, agonist CGP42112 stimulates the release of ouabain
and the AT, antagonist PD123319 inhibits it.3* However, a
signaling pathway involving the brain’s O, chemoreceptor
seems to exist as well because hypoxia triggers a marked
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release of the hypothalamic inhibitory factor (ouabain) from
midbrain and adrenals in rats.>*%0

Endogenous Digoxin

There is much evidence that mammalian cells synthesize
digoxin as well: a substance indistinguishable from digoxin was
isolated from human urine and identified with FAB-MS, proton
NMR, and several different high-performance liquid chroma-
tography systems.*! Deglycosylated and reduced forms of the
digoxin-like immunoreactive factor were identified in bovine
adrenals.*>*® It was found in blood plasma, urine, adrenal
glands, and breast cyst fluid.!>!> Because digoxin is taken up at
amuch higher rate from the gut than ouabain, demonstration of
digoxin’s biosynthesis is essential to accept a physiologic role of
CTS. Qazzaz et al* recently showed that Y-1 murine adrenocor-
tical tumor cells use [1,2-*Clacetate and [4-*C]cholesterol as
precursors for the synthesis of a [1*C]digoxin-like substance. Its
synthesis from acetate was inhibited by the HMG-CoA reductase
inhibitor mevastatin. [7-*H]pregnenolone seems to be a precur-
sor for digoxin in bovine adrenal cells.* Hence, the unsaturated
lactone ring in digoxin is not formed from the isoprenoid side
chain, a conclusion supported also by the finding that radioac-
tivity from [26,27->H]-25-cholesterol is not found in the car-
diotonic steroid.* Digitoxose sugars are not known to exist in
mammals. However, recent evidence may suggest otherwise.*

Endogenous
Marinobufagenin
and 19-Norbufalin

Marinobufagenin  (38,5B-dihydroxy-14,14-epoxybufadi-
enolide) (Fig. 1) originally was discovered in amphibians and
more recently was isolated from the urine of patients with
myocardial infarction.*® 19-Norbufalin and its Thr-Gly-Ala
tripeptide derivative was isolated from human cataractous
lenses while searching for the reason why in such lenses
immunoreactivities against bufalin and ouabain exceed those
of normal lenses.*’

The Sodium Pump as a Signal
Transducer in Various Tissues

Hormones induce cellular and nuclear responses via their
specific receptors that influence the cell physiologic state
and, possibly, also the physiologic condition of the entire
organism. With this in mind, how do ouabain and other
cardiotonic steroids fulfill this requirement?

By addressing how the cardiac Na*/K*-ATPase and its
clinically used specific inhibitors, the digitalis drugs, may be
involved in cardiac hypertrophy, Xie and Askari® and Huang
et al*® unveiled in a series of experiments with cardiac myo-
cytes in culture that the same nontoxic concentrations of
ouabain that cause partial inhibition of Na*/K*-ATPase and
an increase in cardiac contractility also stimulate myocyte
growth and protein synthesis. The signal transduction cas-
cade from the membrane to the nucleus induced by ouabain

may be communicated by the epidermal growth factor recep-
tor (EGFR), which becomes activated by Src, a ouabain-acti-
vated tyrosine protein kinase that appears to be the first ki-
nase activated in the signaling cascade.*>>° Although it is not
known whether Src directly interacts with the Na*/K*-
ATPase or whether other receptor or nonreceptor tyrosine
kinases are affected by ouabain, activation of EGFR leads to
the recruitment of SH-2 domain-containing protein, Grb2,
Sos, and Ras to the plasma membrane.

Ras activation leads to 2 branched signal transduction cas-
cades: one communicating with the mitochondria to increase
the generation of mitochondrial reactive oxygen species, re-
sulting in nuclear factor kB activation, and a second consist-
ing of the Ras/Raf/MAP-kinase-kinase (MEK)/MAPkinase
(ERK)1/2 cascade (Fig. 2).%8:4951 This latter pathway not only
leads to gene activation and proliferation, it also mediates a
link between Ca?*-dependent protein kinase C (PKC) acti-
vation and the cellular signaling pathways induced by the
Na*/K*-ATPase/CTS interactions. Thus, in rat cardiac myo-
cytes, a ouabain-induced increase in [Ca?*]; leads to activa-
tion of PKC that in turn activates ERK1/2 via the Raf/MEK
cascade,’? leading to expression of the transcription factors
c-fos and c-jun activator protein 1 (AP-1) and ultimately re-
sulting in myocyte hypertrophy.*® Activation of PKC is most
likely caused by activation of phospholipase C-vy, which also
is recruited to the ouabain-activated Sr¢/EGFR.>? Demonstra-
tion of a ouabain-induced activation of PKC is of particular
interest because a large body of information exists concern-
ing short-term regulation of [Ca?*]; through activating or
inhibitory effects of PKC on voltage-gated Ca?* channels, the
sarcoplasmic reticulum Ca?* uptake/release system, and the
sarcolemmal Na*/Ca?* exchanger. Although a direct action
ofinositol 1,4,5-trisphosphate (InsP3) generated by ouabain-
activated PLC cannot be excluded yet, ouabain-induced in-
creases in [Ca?*]; seem to be caused partially by the structural
influence of the endoplasmic reticulum (ER)-localized InsP3
receptor by direct contact with the amino-terminal part of the
a subunit of the Na*/K*-ATPase.>

This ouabain-induced conformational cross-talk with
the InsP3 receptor appears to be the initial event that in
renal epithelial cells induces slow [Ca?*] oscillations me-
diated through the interplay of plasma membrane—local-
ized L-type voltage-gated Ca?* channels and store-oper-
ated Ca?* channels (SOCs) that leads to nuclear
translocation of nuclear factor kB, a pleiotropic activator
of the expression of various inducible genes.>* In primary
cultures of human umbilical artery endothelial cells
(HUAECs), ouabain also induces slow Ca?* oscillations
that might be behind the observed release of endothelin-1,%
a peptide hormone that causes vasoconstriction of myo-
cytes in smooth muscle and cardiac muscle cells. Within
the same time frame of 5 to 10 minutes, ouabain leads to
MAPK activation. After incubation of HUAECs with
ouabain for a longer period of time, the glycoside signifi-
cantly stimulates cell growth and endothelin-1 messen-
ger RNA expression. The results indicate that by increas-
ing endothelin-1 expression and release, ouabain may
contribute to the regulation of vascular tone. All of these
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Figure 2 A generalized scheme showing the action of ouabain as a hormone. The figure combines information obtained
with various cell systems. Signaling pathways are generated either by Src-transmitted cross-talk between Na®/K™-
ATPase and EGFR, or by a Na*/K*-ATPase—transmitted increase in [Ca?*];. This in turn is generated by the contribu-
tion of plasma membrane—embedded L-type Ca?* channels, the InsP3 receptor of the endoplasmic (ER)/sarcoplasmic
reticulum (SR) membrane, and through the activation of SOCs in the plasma membrane. The Na*/Ca?* exchanger
possibly contributes to a local increase in [Ca?*]; when the Na*/K*-ATPase is inactivated and the Na* gradient over the
plasmerosome does not efficiently drive the exchanger’s activity.

effects were observed at ouabain concentrations ranging
from 1 to 10 nmol/L. At this concentration range, no
global inhibition of the sodium pump was observed, but
rather a stimulation.>>

In primary cultures of vascular and prostate smooth mus-
cle cells, stimulation of proliferation and activation of mito-
gen activated protein kinase (MAPK) by ouabain or mari-
nobufagenin also do not correlate with Na*/K*-ATPase
inhibition.?®-8 This indicates that it is mainly protein-protein
interactions that are responsible for the induction of signaling
cascades rather than inhibition of the Na*/K*-ATPase, which
would have lead to an increase in cytosolic [Na*] and, con-
sequently caused by the existence of a Na*/Ca’* exchanger,
to an increase in intracellular [Ca?*].

Nevertheless, in pressurized small resistance arteries, it
might be that partial inhibition of the ouabain-sensitive a;,
and o isoforms of the sodium pump a subunit by nanomolar
ouabain leads to Ca* transients evoked by a local increase of
[Ca**] within a plasmerosome.* A local ouabain-dependent
increase in [Na*]; and [Ca?*]; within this space via SOCs and

eventually via the Na*/Ca?* exchanger is considered to aug-
ment the release of Ca?* from intracellular stores.>® The sec-
ondary increase in the bulk concentration of [Ca’*]; then
may lead to the increased contraction. However, the fact that
the action of ouabain on HeLa cells,>® where little or no
Na*/Ca’* exchanger is expressed, also causes reactive oxy-
gen species generation and MAPK activation would appear to
contradict this hypothesis. Furthermore, experiments show-
ing that inhibition of the pump is not a prerequisite for the
positive inotropic effect,® the fact that HUAECs lack a, and
a; isoforms of the sodium pump a subunit,” and the induc-
tion of Ca®* transients in arterial smooth muscle by ouabain
without an increase in cytosolic [Na*],5! all point to the pos-
sibility that ouabain and CTS might act in a multiplicity of
ways depending on species, tissue, and cell type.

In summary, ouabain and CTS fulfill the criteria to be viewed
as a new class of hormones. Unveiling the cell-specific primary
signal transduction events they induce will help not only to
understand how they affect contractility, growth rate, and dif-
ferentiation, but also will provide important information for the
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Figure 3 Scheme of the hormonal control of the release of endogenous ouabain from zona fasciculata cells of the adrenal

cortex.

better understanding of cardiac failure and hypertension and,
more generally, of the control of salt and water metabolism.

Physiology and
Pathophysiology of
Endogenous Cardiac Glycosides

We are only beginning to get information on the role of the
different cardiotonic steroids in physiology and pathophysi-
ology. The data obtained thus far indicate that the various
endogenous compounds act differently on salt and mineral
metabolism and, hence, on kidney and heart function, as well
as on the circulatory system.®? This may be because of differ-
ences in intracellular signaling cascades starting from the
sodium pump as a receptor in the various target cells.

Endogenous Ouabain, a Blood
Pressure-Modulating Factor

Although endogenous ouabain!®2? was isolated in the search
for a natriuretic hormone 819 the interrelation between salt

and endogenous ouabain in the homeostatic regulation of
blood pressure is not understood.®> Ouabain’s plasma con-
centrations change quickly in stress situations, as seen in
humans and dogs running on a treadmill® or in rats swim-
ming.%* Ouabain increases rapidly and concomitantly with
epinephrine when physical exercise starts, and decreases
quickly on rest. Pretreatment of dogs with the B-blocker
atenolol as well as with the angiotensin-converting enzyme
(ACE) inhibitor benazepril abolished the exercise-dependent
increase in endogenous ouabain levels, indicating that the
release of ouabain in dogs is under the control of epinephrine
and angiotensin 11.9% Also, ACTH increases the plasma con-
centrations of endogenous ouabain in human beings and
rats.5>% Because plasma ouabain concentrations correlate
with systolic and mean arterial blood pressure, endogenous
ouabain behaves like a blood pressure-modulating factor
(Fig. 3).02.67-69

The interrelationship between endogenous ouabain and
salt in the homeostatic regulation of blood pressure is rather
complex.%? One may remember that the sodium pump main-
tains the cellular potassium concentrations and that K* on
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the blood side of the plasma membrane counteract the action
of ouabain.” In fish exposed to increasing salinity of their
surrounding water, plasma ouabain and cortisol concentra-
tions increase with the increase in plasma osmolality.” In-
creased concentrations of endogenous ouabain have been
reported under a number of conditions such as sodium im-
balance, chronic renal failure, hyperaldosteronism, conges-
tive heart failure, and pre-eclampsia.'>!*72 In hypertensive
patients, however, endogenous ouabain increases with acute
and chronic Na* depletion. This argues against the hypoth-
esis that ouabain acts as a natriuretic hormone.” In the gen-
eral population, plasma ouabain increased with urinary K*
excretion but was dependent on neither urinary Na* excre-
tion nor serum concentrations of Na* or K*.67 It was sug-
gested that ouabain is released by K* to inhibit the pressure
effect of excessive salt intake or to counteract the depressor
action of sodium depletion.®” Does the brain control
ouabain’s release by measuring the body’s K* content? We
also may not exclude that the increase in plasma osmolarity
(as shown in fish™) and hence the increase in blood viscosity
may affect ouabain secretion in mammals.

Similar to all rapidly acting hormones, ouabain shows
long-term effects on protein synthesis (Fig. 2).5" Exposure of
rats for a long period to small (nanomolar) doses of ouabain
or other cardenolides leads to hypertension.”*"” The hyper-
tensinogenic action of ouabain is unrelated to its inhibitory
potency on Na*/K*-ATPase activity.”® Approximately 50%
of Caucasians with uncomplicated essential hypertension
show increased concentrations of endogenous ouabain, re-
duced heart rate, and greater left ventricular mass and stroke
volume of the heart.” This may be related to carriers of a
mutated a-adducin Trp allele.5” In these Caucasians, ouabain
plasma concentrations correlate directly with the relative
thickness of the left ventricular heart wall and the total pe-
ripheral resistance index.®®%° Immunization of rats against
ouabain decreases arterial blood pressure,'* as does infusion
of the commercially available Fab fragment of an antidigoxin
antibody, Digibind (GlaxoSmithKline, Research Triangle
Park, NC), that cross-reacts with ouabain in humans and
rats.50:8!

Ouabain and digoxin affect cell proliferation and expres-
sion of isoforms of Na*/K*-ATPase in a different way in vitro®
and in vivo.®? Development of heart failure is associated with
the down-regulation of the a;-isoform of Na*/K*-ATPase in
the left ventricular myocardium,® and a reduced sensitivity
to marinobufagenin, an up-regulation of the as-isoform, and
an enhanced sensitivity to ouabain.®* Presumably, ouabain is
involved in cardiac remodeling in the transition to heart fail-
ure 8

Ouabain, a Neurosteroid, Mediates
Sympathetic Hyperactivity in Salt-Sensitive
Hypertension

Ouabain has been isolated from hypothalamus?! and it is
present in the pituitary and in medullary neurons.!” In con-
scious rats, acute intracerebroventricular injection of ouabain
increases sympathetic activity, blood pressure, and heart rate.

Such effects can be prevented by the simultaneous adminis-
tration of Fab fragments of Digibind, which cross-react with
ouabain.?>% The effects of increased Na* concentration in
the cerebrospinal fluid and of ouabain are attenuated in
transgenic rats that are deficient in brain angiotensinogen.®’
Apparently, even small increases of [Na™] in the cerebrospi-
nal fluid are sensed by benzamil-sensitive Na* channels 388
leading to the postulate that enhanced Na* entry in relevant
brain areas increase brain’s ouabain release and subsequently
sympathetic outflow and blood pressure.® In normal rats,
sympathetic hyperactivity and hypertension induced by
chronic ouabain and hypertonic saline treatment are pre-
vented by angiotensin type 1-receptor blockade.®” High salt
intake also increases the expression and activity of ACE in
hypothalamus and pons of Dahl salt-sensitive rats without a
parallel increase in angiotensin II levels. Chronic blockade of
brain ouabain by intraventricular infusion of a ouabain-bind-
ing antibody decreased the NaCl-dependent increase of ACE
messenger RNA, which may indicate that the increase in ACE
messenger RNA is secondary to the activation by brain
ouabain.?® Because ouabain may activate intracellular signal-
ing cascades, resulting finally in an increase in [Ca?*];" (Fig.
2), this also may lead to an increase in ACE expression and
activity in neurons and finally to the amplification of the
peripheral physiologic response. A tentative regulatory
scheme based on the information available thus far is shown
in Fig. 3.

Anti-Ouabain as an

Antihypertensinogenic Agent

Can the hypertensinogenic action of ouabain be counter-
acted? In fact, PST 2238, a compound resembling CTS, acts
as an antihypertensive when given orally at micromolar con-
centrations (Fig. 1).°1° This new prototype of an antihyper-
tensive drug also has effects in Milan hypertensive rats in
which a genetic alteration of adducin genes is associated with
hypertension and an up-regulation of renal Na*/K*-ATPase.
Hence, PST 2238 might be useful for the treatment of human
essential hypertension.”

Endogenous Digoxin, a Factor
Opposing Endogenous Ouabain

Although it is evident that digoxin is synthesized in the ad-
renal gland,* and despite the existence an impressive
amount of literature on the action of this drug, not much data
are available concerning why this CTS apparently differs
from ouabain in its physiologic effects. The most striking
difference is that digoxin acts as an antagonist of ouabain-
induced hypertension."HeIZE91Additionally, the digoxin-
induced arterial baroreflex opposes the sympathetic excita-
tory pressor responses to ouabain in the periphery and in the
brain,”°*9 and no longer activates the chemoreflex in pa-
tients with chronic heart failure (Fig. 3).° The plasma con-
centration of endogenous digoxin is increased in renal fail-
ure, hypertensive pregnancy, during prolonged strenuous
exercise, and in newborn infants.!31>%7 Hence, it is an open
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question whether the reported increase in plasma digoxin
levels represents counteractive effects against the stress-in-
duced increase in endogenous ouabain. One also may ask
whether digoxin as a remedy, when used in therapy of heart
failure, may act preferably via the suppression of the sympa-
thetic excitatory pressor responses that had been exerted via
ouabain’s release from adrenals and brain®**° as a result of an
activation of the chemoreflex in patients with chronic heart
failure,® rather than by direct inotropic response on heart
muscle cells. It is unclear thus far how the 2 substances
ouabain and digoxin, which are both specific inhibitors of the
sodium pump, can produce opposite physiologic effects.
One reason may lie in the higher hydrophobicity of digoxin
as compared with ouabain, which would lead to a different
tissue distribution. However, other reasons also may exist.

Endogenous Marinobufagenin,
a Natriuretic Factor?

Endogenous marinobufagenin differs in its action from
ouabain in 3 different aspects.%? First, it exhibits a greater
affinity for the ouabain-resistant «; subunit of Na*/K*-
ATPase.? Second, the acute NaCl load of rats and dogs is
accompanied by a sustained increase in the level of endoge-
nous marinobufagenin.®>1% Possibly the increased blood
plasma marinobufagenin concentration promotes natriuresis
and compensates for the genetically impaired pressure natri-
uretic mechanism.!9191 The bufadienolide acting like
ouabain as a vasoconstrictor* is increased in volume expan-
sion and pre-eclampsia and, similar to ouabain, is increased
on voluntary hypoventilation of human volunteers.!%? Fi-
nally, marinobufagenin levels increase in chronic heart fail-
ure progressively with the secretion of atrial natriuretic pep-
tide, and this effect correlates with changes in left ventricular
function.1®

Conclusions

Ouabain, digoxin, and marinobufagenin are steroid hor-
mones using Na*/K*-ATPase as a signal transducer. The ste-
roids address different target isoforms and show differing
physiologic responses: ouabain acts as a pressure-modulating
factor, digoxin decreases blood pressure, and marinobufage-
nin seems to act as a natriuretic hormone.
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