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ndogenous Cardiac Glycosides: Hormones
sing the Sodium Pump as Signal Transducer

ilhelm 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 II; hence, its blood concentration changes rapidly on physical exercise. It
also is controlled by brain areas sensing cerebrospinal Na� 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 �1 isoform of Na�/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.

KEYWORDS Endogenous digitals, endogenous ouabain, sodium pump, signal transduction,
cardiotonic steroids, congestive heart failure, hypertension, natriuresis
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ardiotonic steroids (CTS) produced by digitalis plants
have been used successfully to treat congestive heart

ailure for more than 200 years.1 The impressive benefit of
his therapy led to the idea that an endogenous digitalis might
xist. The search for such a compound gained some credibil-
ty despite more than 100 years of failure when Schatzmann2

iscovered that the sodium pump of plasma membranes is
he receptor for CTS in 1953. The discovery of the Na�/Ca2�

xchanger in the late 1960s in mammalian cardiac muscle led
o the view that an inhibition of the sodium pump by CTS
ay increase the intracellular Ca2� concentration ([Ca2�]i) as
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secondary event, which in turn results in a positive inotro-
ic action of the cardiac muscle.3 This model has been refined
ecently (see later). It is clear now that the �1 isoform of the
odium pump is distributed ubiquitously in plasma mem-
ranes of cardiomyocytes. The �2 and �3 isoforms, however,
eside in specific, tiny cytosolic spaces between the plasma-
emma and the adjacent endoplasmic (or sarcoplasmic) retic-
lum called plasmerosome,4 which also contain the Na�/
a2� exchanger protein. Inhibition of the �2 and �3 isoforms
f Na�/K�-adenosine triphosphatase (ATPase) in such a re-
tricted area leads to a change in cytosolic Na� and, indi-
ectly, Ca2� concentrations. This in turn modulates the Ca2�

ontent of the sarcoplasmic reticulum and Ca2� signaling and
eads finally to the positive inotropic effect of cardiac glyco-
ides4,5 and an altered gene expression of proteins.6,7 Progress
n the search for endogenous digitalis-like compounds came

ainly from the Dahl et al8, deWardener and Clarkson,9 and
laustein10 concept that suggested that natriuresis is caused
y an enhanced production of endogenous inhibitor(s) of the
odium pump whose inhibition in renal tubules may de-

rease the volume of circulating fluid. The increased produc-
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344 W. Schoner and G. Scheiner-Bobis
ion of endogenous digitalis-like compounds also would con-
ribute to hypertension by means of inhibition of Na�/K�-
TPase in cardiovascular tissues.8-10 Following this concept,
amlyn et al11 showed that the concentration of a circulating

actor in blood plasma inhibiting purified Na�/K�-ATPase
orrelated with the blood pressure of the donors. This obser-
ation paved the way for the identification of endogenous
igitalis as a group of cardenolides and bufadienolides (Fig.
) whose physiologic and pathophysiologic function is only
eginning to be understood. Readers who are interested in
ore detailed information are referred to recent reviews.12-15

he Nature of
ndogenous Cardiac Glycosides

t long has been known that certain vertebrates such as am-
hibians synthesize CTS with five 6-member lactone
ings.16,17 Hence, it is not too astonishing that 4 different CTS
ave been identified thus far in mammals (Fig. 1).

ndogenous Ouabain
he compound has been isolated from human plasma,18,19

ovine adrenals20 and hypothalamus,21 and from the super-
atant of rat pheochromocytoma (PC-12) cells22 (Figure 1).
ndogenous ouabain has been identified by 1H-NMR20,21

nd LC-ESI-MS22 to be identical with the plant-derived ste-
oid. However, one may not exclude that an 11-�-isomer of
uabain exists as well: metyrapone, an inhibitor of the 11-�
ydroxylase activity, inhibits the synthesis of endogenous

igure 1 Structures of endogenous cardiotonic steroids that have
een isolated in the search for endogenous digitalis. Compounds
ith an unsaturated 5-membered lactone ring are cardenolides and

hose with an unsaturated 6-membered lactone ring are bufadieno-
ides. PST 2238 is a ouabain antagonist.91,92
uabain.23 s
he Adrenal Gland as a Source of Ouabain
rally and parenterally administered ouabain is taken up

electively by adrenal glands,24 but its intestinal uptake ac-
ounts for only 3% to 5% of the orally administered sub-
tance.25 Hence, it is essential to prove that ouabain isolated
rom mammalian tissues does not simply represent resorbed
uabain from food. Conscious dogs release ouabain from
heir adrenal glands.26 Consistent with the assumption that
he adrenal gland is a major place of synthesis and/or storage
f ouabain, adrenalectomy lead to a decrease of ouabain
lasma levels.18,27 Most likely the adrenal cortex is the place
f storage and/or synthesis. It contains more ouabain than the
edulla,28 and medullectomized rats show no decrease in

heir plasma concentrations of ouabain when compared with
ham-operated controls.14 Cases of adrenal tumors overpro-
ucing ouabain have been reported, and their excision low-
red the increased blood pressure.29,30

iosynthesis of Ouabain
n Adrenal Cells In Vitro
e novo synthesis of ouabain and dihydro-ouabain has been

hown in tissue culture experiments.31,32 Bovine adrenocor-
ical cells in vitro secrete up to 10-fold more ouabain than
heir cell content.32-34 The biosynthesis occurs in zona fas-
iculata cells. Pregnenolone and progesterone are precursors
f endogenous ouabain.14,22,32 Inhibition of the pregneno-
one’s conversion to progesterone by trilostane, an inhibitor
f 3�-hydroxysteroid dehydrogenase, inhibits ouabain syn-
hesis.32 When [7-3H]pregnenolone is added to primary rat
drenal cells, radioactivity is found in a fraction with digital-
s-like activity but not with ouabain.35 It is possible that the

echanism leading to 5-hydroxylation in ouabain (but not in
igoxin) and the A/B conformation of the steroid backbone
liminates the 3H atom in position 7. The sugar [14C]rham-
ose, which is part of the ouabain molecule, readily enters
drenocortical cells and increases the biosynthesis of endog-
nous ouabain.32

Because bovine adrenocortical cells in tissue culture syn-
hesize ouabain, information on its release is necessary to
nderstand its hormonal control. Adrenocorticotropic hor-
one (ACTH), �1-adrenergic receptor agonists, and angio-

ensin II stimulate ouabain’s release from bovine adrenocor-
ical cells.36-38 Yet human CLR7050 cells (an adrenal cortex–
erived cell line) are insensitive to ACTH and angiotensin II
ut sensitive to arginine vasopressin and phenylephrine.37

he phenylephrine-dependent release of ouabain from hu-
an CRL7050 and bovine adrenocortical cells in culture is

locked by the �1-adrenergic receptor antagonist doxazosin.
his was interpreted to indicate that the sympathetic nervous
ystem is involved in regulation of the release of this hormone to
he bloodstream.38 In bovine adrenal cortical cells, angioten-
in II acts via the angiotensin type 2 (AT2) receptor because
he AT2 agonist CGP42112 stimulates the release of ouabain
nd the AT2 antagonist PD123319 inhibits it.36 However, a
ignaling pathway involving the brain’s O2 chemoreceptor

eems to exist as well because hypoxia triggers a marked
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Endogenous cardiac glycosides 345
elease of the hypothalamic inhibitory factor (ouabain) from
idbrain and adrenals in rats.39,40

ndogenous Digoxin
here is much evidence that mammalian cells synthesize
igoxin as well: a substance indistinguishable from digoxin was

solated from human urine and identified with FAB-MS, proton
MR, and several different high-performance liquid chroma-

ography systems.41 Deglycosylated and reduced forms of the
igoxin-like immunoreactive factor were identified in bovine
drenals.42,43 It was found in blood plasma, urine, adrenal
lands, and breast cyst fluid.13,15 Because digoxin is taken up at
much higher rate from the gut than ouabain, demonstration of
igoxin’s biosynthesis is essential to accept a physiologic role of
TS. Qazzaz et al44 recently showed that Y-1 murine adrenocor-

ical tumor cells use [1,2-14C]acetate and [4-4C]cholesterol as
recursors for the synthesis of a [14C]digoxin-like substance. Its
ynthesis from acetate was inhibited by the HMG-CoA reductase
nhibitor mevastatin. [7-3H]pregnenolone seems to be a precur-
or for digoxin in bovine adrenal cells.35 Hence, the unsaturated
actone ring in digoxin is not formed from the isoprenoid side
hain, a conclusion supported also by the finding that radioac-
ivity from [26,27-3H]-25-cholesterol is not found in the car-
iotonic steroid.35 Digitoxose sugars are not known to exist in
ammals. However, recent evidence may suggest otherwise.45

ndogenous
arinobufagenin

nd 19-Norbufalin
arinobufagenin (3�,5�-dihydroxy-14,14-epoxybufadi-

nolide) (Fig. 1) originally was discovered in amphibians and
ore recently was isolated from the urine of patients with
yocardial infarction.46 19-Norbufalin and its Thr-Gly-Ala

ripeptide derivative was isolated from human cataractous
enses while searching for the reason why in such lenses
mmunoreactivities against bufalin and ouabain exceed those
f normal lenses.47

he Sodium Pump as a Signal
ransducer in Various Tissues
ormones induce cellular and nuclear responses via their

pecific receptors that influence the cell physiologic state
nd, possibly, also the physiologic condition of the entire
rganism. With this in mind, how do ouabain and other
ardiotonic steroids fulfill this requirement?

By addressing how the cardiac Na�/K�-ATPase and its
linically used specific inhibitors, the digitalis drugs, may be
nvolved in cardiac hypertrophy, Xie and Askari6 and Huang
t al48 unveiled in a series of experiments with cardiac myo-
ytes in culture that the same nontoxic concentrations of
uabain that cause partial inhibition of Na�/K�-ATPase and
n increase in cardiac contractility also stimulate myocyte
rowth and protein synthesis. The signal transduction cas-

ade from the membrane to the nucleus induced by ouabain c
ay be communicated by the epidermal growth factor recep-
or (EGFR), which becomes activated by Src, a ouabain-acti-
ated tyrosine protein kinase that appears to be the first ki-
ase activated in the signaling cascade.49,50 Although it is not
nown whether Src directly interacts with the Na�/K�-
TPase or whether other receptor or nonreceptor tyrosine
inases are affected by ouabain, activation of EGFR leads to
he recruitment of SH-2 domain-containing protein, Grb2,
os, and Ras to the plasma membrane.

Ras activation leads to 2 branched signal transduction cas-
ades: one communicating with the mitochondria to increase
he generation of mitochondrial reactive oxygen species, re-
ulting in nuclear factor �B activation, and a second consist-
ng of the Ras/Raf/MAP-kinase-kinase (MEK)/MAPkinase
ERK)1/2 cascade (Fig. 2).48,49,51 This latter pathway not only
eads to gene activation and proliferation, it also mediates a
ink between Ca2�-dependent protein kinase C (PKC) acti-
ation and the cellular signaling pathways induced by the
a�/K�-ATPase/CTS interactions. Thus, in rat cardiac myo-

ytes, a ouabain-induced increase in [Ca2�]i leads to activa-
ion of PKC that in turn activates ERK1/2 via the Raf/MEK
ascade,52 leading to expression of the transcription factors
-fos and c-jun activator protein 1 (AP-1) and ultimately re-
ulting in myocyte hypertrophy.48 Activation of PKC is most
ikely caused by activation of phospholipase C-�, which also
s recruited to the ouabain-activated Src/EGFR.52 Demonstra-
ion of a ouabain-induced activation of PKC is of particular
nterest because a large body of information exists concern-
ng short-term regulation of [Ca2�]i through activating or
nhibitory effects of PKC on voltage-gated Ca2� channels, the
arcoplasmic reticulum Ca2� uptake/release system, and the
arcolemmal Na�/Ca2� exchanger. Although a direct action
f inositol 1,4,5-trisphosphate (InsP3) generated by ouabain-
ctivated PLC cannot be excluded yet, ouabain-induced in-
reases in [Ca2�]i seem to be caused partially by the structural
nfluence of the endoplasmic reticulum (ER)-localized InsP3
eceptor by direct contact with the amino-terminal part of the
subunit of the Na�/K�-ATPase.53

This ouabain-induced conformational cross-talk with
he InsP3 receptor appears to be the initial event that in
enal epithelial cells induces slow [Ca2�] oscillations me-
iated through the interplay of plasma membrane–local-

zed L-type voltage-gated Ca2� channels and store-oper-
ted Ca2� channels (SOCs) that leads to nuclear
ranslocation of nuclear factor �B, a pleiotropic activator
f the expression of various inducible genes.54 In primary
ultures of human umbilical artery endothelial cells
HUAECs), ouabain also induces slow Ca2� oscillations
hat might be behind the observed release of endothelin-1,55

peptide hormone that causes vasoconstriction of myo-
ytes in smooth muscle and cardiac muscle cells. Within
he same time frame of 5 to 10 minutes, ouabain leads to

APK activation. After incubation of HUAECs with
uabain for a longer period of time, the glycoside signifi-
antly stimulates cell growth and endothelin-1 messen-
er RNA expression. The results indicate that by increas-
ng endothelin-1 expression and release, ouabain may

ontribute to the regulation of vascular tone. All of these
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346 W. Schoner and G. Scheiner-Bobis
ffects were observed at ouabain concentrations ranging
rom 1 to 10 nmol/L. At this concentration range, no
lobal inhibition of the sodium pump was observed, but
ather a stimulation.55

In primary cultures of vascular and prostate smooth mus-
le cells, stimulation of proliferation and activation of mito-
en activated protein kinase (MAPK) by ouabain or mari-
obufagenin also do not correlate with Na�/K�-ATPase

nhibition.56-58 This indicates that it is mainly protein-protein
nteractions that are responsible for the induction of signaling
ascades rather than inhibition of the Na�/K�-ATPase, which
ould have lead to an increase in cytosolic [Na�] and, con-

equently caused by the existence of a Na�/Ca2� exchanger,
o an increase in intracellular [Ca2�].

Nevertheless, in pressurized small resistance arteries, it
ight be that partial inhibition of the ouabain-sensitive �2

nd �3 isoforms of the sodium pump � subunit by nanomolar
uabain leads to Ca2� transients evoked by a local increase of
Ca2�] within a plasmerosome.4 A local ouabain-dependent

Figure 2 A generalized scheme showing the action of oua
with various cell systems. Signaling pathways are gene
ATPase and EGFR, or by a Na�/K�-ATPase–transmitted
tion of plasma membrane–embedded L-type Ca2� chan
reticulum (SR) membrane, and through the activation
possibly contributes to a local increase in [Ca2�]i when th
plasmerosome does not efficiently drive the exchanger’s
ncrease in [Na�]i and [Ca2�]i within this space via SOCs and f
ventually via the Na�/Ca2� exchanger is considered to aug-
ent the release of Ca2� from intracellular stores.59 The sec-

ndary increase in the bulk concentration of [Ca2�]i then
ay lead to the increased contraction. However, the fact that

he action of ouabain on HeLa cells,50 where little or no
a�/Ca2� exchanger is expressed, also causes reactive oxy-
en species generation and MAPK activation would appear to
ontradict this hypothesis. Furthermore, experiments show-
ng that inhibition of the pump is not a prerequisite for the
ositive inotropic effect,60 the fact that HUAECs lack �2 and

3 isoforms of the sodium pump � subunit,55 and the induc-
ion of Ca2� transients in arterial smooth muscle by ouabain
ithout an increase in cytosolic [Na�],61 all point to the pos-

ibility that ouabain and CTS might act in a multiplicity of
ays depending on species, tissue, and cell type.
In summary, ouabain and CTS fulfill the criteria to be viewed

s a new class of hormones. Unveiling the cell-specific primary
ignal transduction events they induce will help not only to
nderstand how they affect contractility, growth rate, and dif-

a hormone. The figure combines information obtained
either by Src-transmitted cross-talk between Na�/K�-
se in [Ca2�]i. This in turn is generated by the contribu-
e InsP3 receptor of the endoplasmic (ER)/sarcoplasmic
s in the plasma membrane. The Na�/Ca2� exchanger

/K�-ATPase is inactivated and the Na� gradient over the
y.
bain as
rated
increa

nels, th
of SOC
e Na�
erentiation, but also will provide important information for the
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Endogenous cardiac glycosides 347
etter understanding of cardiac failure and hypertension and,
ore generally, of the control of salt and water metabolism.

hysiology and
athophysiology of
ndogenous Cardiac Glycosides
e are only beginning to get information on the role of the

ifferent cardiotonic steroids in physiology and pathophysi-
logy. The data obtained thus far indicate that the various
ndogenous compounds act differently on salt and mineral
etabolism and, hence, on kidney and heart function, as well

s on the circulatory system.62 This may be because of differ-
nces in intracellular signaling cascades starting from the
odium pump as a receptor in the various target cells.

ndogenous Ouabain, a Blood
ressure–Modulating Factor

lthough endogenous ouabain18-22 was isolated in the search

Figure 3 Scheme of the hormonal control of the release of
cortex.
or a natriuretic hormone,8-10 the interrelation between salt t
nd endogenous ouabain in the homeostatic regulation of
lood pressure is not understood.62 Ouabain’s plasma con-
entrations change quickly in stress situations, as seen in
umans and dogs running on a treadmill63 or in rats swim-
ing.64 Ouabain increases rapidly and concomitantly with

pinephrine when physical exercise starts, and decreases
uickly on rest. Pretreatment of dogs with the �-blocker
tenolol as well as with the angiotensin-converting enzyme
ACE) inhibitor benazepril abolished the exercise-dependent
ncrease in endogenous ouabain levels, indicating that the
elease of ouabain in dogs is under the control of epinephrine
nd angiotensin II.63 Also, ACTH increases the plasma con-
entrations of endogenous ouabain in human beings and
ats.65,66 Because plasma ouabain concentrations correlate
ith systolic and mean arterial blood pressure, endogenous
uabain behaves like a blood pressure–modulating factor
Fig. 3).62,67-69

The interrelationship between endogenous ouabain and
alt in the homeostatic regulation of blood pressure is rather
omplex.62 One may remember that the sodium pump main-

enous ouabain from zona fasciculata cells of the adrenal
endog
ains the cellular potassium concentrations and that K� on
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348 W. Schoner and G. Scheiner-Bobis
he blood side of the plasma membrane counteract the action
f ouabain.70 In fish exposed to increasing salinity of their
urrounding water, plasma ouabain and cortisol concentra-
ions increase with the increase in plasma osmolality.71 In-
reased concentrations of endogenous ouabain have been
eported under a number of conditions such as sodium im-
alance, chronic renal failure, hyperaldosteronism, conges-
ive heart failure, and pre-eclampsia.12,14,72 In hypertensive
atients, however, endogenous ouabain increases with acute
nd chronic Na� depletion. This argues against the hypoth-
sis that ouabain acts as a natriuretic hormone.73 In the gen-
ral population, plasma ouabain increased with urinary K�

xcretion but was dependent on neither urinary Na� excre-
ion nor serum concentrations of Na� or K�.67 It was sug-
ested that ouabain is released by K� to inhibit the pressure
ffect of excessive salt intake or to counteract the depressor
ction of sodium depletion.67 Does the brain control
uabain’s release by measuring the body’s K� content? We
lso may not exclude that the increase in plasma osmolarity
as shown in fish71) and hence the increase in blood viscosity
ay affect ouabain secretion in mammals.
Similar to all rapidly acting hormones, ouabain shows

ong-term effects on protein synthesis (Fig. 2).6,7 Exposure of
ats for a long period to small (nanomolar) doses of ouabain
r other cardenolides leads to hypertension.74-77 The hyper-
ensinogenic action of ouabain is unrelated to its inhibitory
otency on Na�/K�-ATPase activity.78 Approximately 50%
f Caucasians with uncomplicated essential hypertension
how increased concentrations of endogenous ouabain, re-
uced heart rate, and greater left ventricular mass and stroke
olume of the heart.79 This may be related to carriers of a
utated �-adducin Trp allele.67 In these Caucasians, ouabain

lasma concentrations correlate directly with the relative
hickness of the left ventricular heart wall and the total pe-
ipheral resistance index.68,69 Immunization of rats against
uabain decreases arterial blood pressure,14 as does infusion
f the commercially available Fab fragment of an antidigoxin
ntibody, Digibind (GlaxoSmithKline, Research Triangle
ark, NC), that cross-reacts with ouabain in humans and
ats.80,81

Ouabain and digoxin affect cell proliferation and expres-
ion of isoforms of Na�/K�-ATPase in a different way in vitro6

nd in vivo.82 Development of heart failure is associated with
he down-regulation of the �1-isoform of Na�/K�-ATPase in
he left ventricular myocardium,83 and a reduced sensitivity
o marinobufagenin, an up-regulation of the �3-isoform, and
n enhanced sensitivity to ouabain.84 Presumably, ouabain is
nvolved in cardiac remodeling in the transition to heart fail-
re.84

uabain, a Neurosteroid, Mediates
ympathetic Hyperactivity in Salt-Sensitive
ypertension
uabain has been isolated from hypothalamus21 and it is
resent in the pituitary and in medullary neurons.15 In con-
cious rats, acute intracerebroventricular injection of ouabain

ncreases sympathetic activity, blood pressure, and heart rate. e
uch effects can be prevented by the simultaneous adminis-
ration of Fab fragments of Digibind, which cross-react with
uabain.85,86 The effects of increased Na� concentration in
he cerebrospinal fluid and of ouabain are attenuated in
ransgenic rats that are deficient in brain angiotensinogen.87

pparently, even small increases of [Na�] in the cerebrospi-
al fluid are sensed by benzamil-sensitive Na� channels,88,89

eading to the postulate that enhanced Na� entry in relevant
rain areas increase brain’s ouabain release and subsequently
ympathetic outflow and blood pressure.88 In normal rats,
ympathetic hyperactivity and hypertension induced by
hronic ouabain and hypertonic saline treatment are pre-
ented by angiotensin type 1–receptor blockade.87 High salt
ntake also increases the expression and activity of ACE in
ypothalamus and pons of Dahl salt-sensitive rats without a
arallel increase in angiotensin II levels. Chronic blockade of
rain ouabain by intraventricular infusion of a ouabain-bind-

ng antibody decreased the NaCl-dependent increase of ACE
essenger RNA, which may indicate that the increase in ACE
essenger RNA is secondary to the activation by brain

uabain.90 Because ouabain may activate intracellular signal-
ng cascades, resulting finally in an increase in [Ca2�]i

7 (Fig.
), this also may lead to an increase in ACE expression and
ctivity in neurons and finally to the amplification of the
eripheral physiologic response. A tentative regulatory
cheme based on the information available thus far is shown
n Fig. 3.

nti-Ouabain as an
ntihypertensinogenic Agent
an the hypertensinogenic action of ouabain be counter-
cted? In fact, PST 2238, a compound resembling CTS, acts
s an antihypertensive when given orally at micromolar con-
entrations (Fig. 1).91,92 This new prototype of an antihyper-
ensive drug also has effects in Milan hypertensive rats in
hich a genetic alteration of adducin genes is associated with
ypertension and an up-regulation of renal Na�/K�-ATPase.
ence, PST 2238 might be useful for the treatment of human

ssential hypertension.93

ndogenous Digoxin, a Factor
pposing Endogenous Ouabain

lthough it is evident that digoxin is synthesized in the ad-
enal gland,44 and despite the existence an impressive
mount of literature on the action of this drug, not much data
re available concerning why this CTS apparently differs
rom ouabain in its physiologic effects. The most striking
ifference is that digoxin acts as an antagonist of ouabain-

nduced hypertension.74,76,77,79,94 Additionally, the digoxin-
nduced arterial baroreflex opposes the sympathetic excita-
ory pressor responses to ouabain in the periphery and in the
rain,79,94,95 and no longer activates the chemoreflex in pa-
ients with chronic heart failure (Fig. 3).96 The plasma con-
entration of endogenous digoxin is increased in renal fail-
re, hypertensive pregnancy, during prolonged strenuous

xercise, and in newborn infants.13,15,97 Hence, it is an open
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Endogenous cardiac glycosides 349
uestion whether the reported increase in plasma digoxin
evels represents counteractive effects against the stress-in-
uced increase in endogenous ouabain. One also may ask
hether digoxin as a remedy, when used in therapy of heart

ailure, may act preferably via the suppression of the sympa-
hetic excitatory pressor responses that had been exerted via
uabain’s release from adrenals and brain94,95 as a result of an
ctivation of the chemoreflex in patients with chronic heart
ailure,96 rather than by direct inotropic response on heart

uscle cells. It is unclear thus far how the 2 substances
uabain and digoxin, which are both specific inhibitors of the
odium pump, can produce opposite physiologic effects.
ne reason may lie in the higher hydrophobicity of digoxin

s compared with ouabain, which would lead to a different
issue distribution. However, other reasons also may exist.

ndogenous Marinobufagenin,
Natriuretic Factor?

ndogenous marinobufagenin differs in its action from
uabain in 3 different aspects.62 First, it exhibits a greater
ffinity for the ouabain-resistant �1 subunit of Na�/K�-
TPase.98,99 Second, the acute NaCl load of rats and dogs is
ccompanied by a sustained increase in the level of endoge-
ous marinobufagenin.99,100 Possibly the increased blood
lasma marinobufagenin concentration promotes natriuresis
nd compensates for the genetically impaired pressure natri-
retic mechanism.100,101 The bufadienolide acting like
uabain as a vasoconstrictor46 is increased in volume expan-
ion and pre-eclampsia and, similar to ouabain, is increased
n voluntary hypoventilation of human volunteers.102 Fi-
ally, marinobufagenin levels increase in chronic heart fail-
re progressively with the secretion of atrial natriuretic pep-
ide, and this effect correlates with changes in left ventricular
unction.103

onclusions
uabain, digoxin, and marinobufagenin are steroid hor-
ones using Na�/K�-ATPase as a signal transducer. The ste-

oids address different target isoforms and show differing
hysiologic responses: ouabain acts as a pressure-modulating
actor, digoxin decreases blood pressure, and marinobufage-
in seems to act as a natriuretic hormone.
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