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Cardiac glycosides are drugs which have been
used successfully for over 200 years to treat patients
having dropsy or heart failure (1). The most widely
used cardiac steroids nowadays are digoxin and pro-
scillaridin A.

Cardiac glycosides encompass a group of sub-
stances (endo- and exogenous) that share the capaci-
ty to bind to the membrane-inserted protein, the Na+,
K+-ATPase (the sodium pump). This pump is re-
sponsible for maintaining of the membrane potential
of living cells, and for regulating cell volume as well
as intracellular pH and Ca2+ concentration. 

50 years ago Schatzman (2) found that cardio-
tonic steroids were specific inhibitors of plasma
membrane sodium pump. The discovery that the di-
gitalis receptor is the Na+, K+-ATPase (2,3) marked
the beginning of understanding of cardiac glycosi-
des therapy at the molecular level. The discovery of
the Na+/Ca2+ exchanger in mammalian cardiac musc-
le led to the hypothesis that the inhibition of the so-
dium pump by cardiotonic steroids leads to an incre-
ase in the concentration of intracellular Ca2+ as a se-
condary event. This, in turn, results in a positive ino-
tropic effect on cardiac muscle (4). The Na+/Ca2+

exchanger is expressed in the plasma membrane of
all animal cells including vascular smooth muscle
cells (5). This exchanger catalyzes electrogenic
exchange of three Na+ and one Ca2+ through the pla-
sma membrane in either the Ca2+-efflux (regularly)
or Ca2+-influx (at high intracellular Na+ concentra-
tions) which depends on the electrochemical gra-
dients of the substrate ions. The extrusion of Ca2+

from cytosol during the relaxation phase (Figure 1),

which balances Ca2+ entry via L-type and ryanodine-
-sensitive calcium channels, is the primary function
of the Na+/Ca2+ exchanger in the heart and in vascu-
lar smooth muscle cells. Na+/Ca2+ extrudes about
30% of the cytosolic Ca2+ which is required to acti-
vate the myofilaments in rabbit and human ventric-
les (8). Sarcoplasmic/endoplasmic reticulum Ca2+-
ATPase (SERCA) removes most of the remaining
Ca2+. Under pathological conditions such as: cardiac
ischemic reperfusion or digitalis intoxication, the ri-
se in the cytosolic concentration of Na+ results in the
inhibition of calcium efflux via Na+/Ca2+ exchanger
or even leads to Ca2+ uptake when exchanger opera-
tes in reverse mode (exchange of intracellular Na+

for extracellular Ca2+) (5,8). This way the inhibition
of Ca2+ efflux via Na+/Ca2+ exchanger causes slight
increase in the concentration of free cytosolic Ca2+.
This, in turn, may result in sequestration of higher
Ca2+quantities in sarcoplasmic/endoplasmic reticu-
lum due to the operation of SERCA. Then this extra
stored Ca2+ is available for mobilization whenever
the cells are activated and substantially improves
contracting function of cardiomyocytes (positive
inotropic effect) or vascular smooth muscle cells. 

Cardiac glycosides exert their effect by inhibi-
ting the cardiomyocyte sodium pump, which, in
turn, increases intracellular Na+. The rise in the con-
centration of Na+ results in the Ca2+ influx due to the
Na+/Ca2+ exchanger operating in a reverse mode (4).
This mechanism is over-simplified and still needs
refinement. More recently it was found that the Na+,
K+-ATPase might also play a role in the regulation
of cell growth and expression of various genes (9).
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It was only newly discovered that cardiac glycosides
might affect cells at the concentrations lower than
that required for the inhibition of the sodium pump.
Dmitrieva (10) suggested that the Na+, K+-ATPase
might act as a cell signalling receptor activated by
a cardiac glycosides binding. It is thought that this
signalling may influence cytoskeletal reorganization
as well as cell survival, its growth and differentia-
tion (9,10). However, this pathway is still unreso-
lved form of cardiac glycosides action. 

Since the cardiac glycosides binding site of the
sodium pump has been conserved over the millen-

nia, it has been suggested that endogenous cardiac
glycosides might exist. The search for endogenous
cardiac glycosides has led to the isolation of several
cardiotonic steroids of the cardenolide and bufadie-
nolide type from blood, adrenals and hypothalamus
(11). The main component of endogenous sodium
pump inhibitors seems to be ouabain (12,13,14).
Ouabain-like factors (OLF) have been found in al-
most all tissues, including plasma. Structural and
functional characteristics of OLF, which are mam-
malian cardiac glycosides, are similar to the plant-
-derived ouabain. Beside ouabain, other mammalian

Figure 1. Schematic representation of ion transporting systems (channels, pumps and exchangers) regulating local and global Ca2+

concentration in cardiomyocytes and smooth muscle cells.

The contraction of muscle cells is initiated by the influx of small portion of extracellular Ca2+ via dihydropyridine-sensitive (L-type)
calcium channels. This produces local rise in Ca2+ concentration (local [Ca2+]). By local is meant the rise in the cytosolic region located
between plasma and sarco/endoplasmic reticulum membranes ñ SR/ER. Thus evoked local calcium signal triggers massive release of large
quantity of Ca2+, stored in SR/ER membranes, through the opening of ryanodine-sensitive Ca2+ channels (RyRCa2+ channel). Thus generated
rise in the cytosolic Ca2+ concentration (global [Ca2+]) consequences in myofilaments contraction. Due to the operation of Na+/Ca2+

exchanger about 30% of cytosolic Ca2+ is redistributed from cytosol outside the cell during the relaxation phase. The rest of cytosolic Ca2+

is pumped into intracellular stores by sarcoplasmic/endoplasmic reticulum calcium pump (SERCA). The rise in the intracellular Na+

concentration evoked by the inhibition of Na+/K+-ATPase by ouabain or PST2238 causes that more Ca2+ is pumped into intracellular stores.
As a result of calcium-overload in intracellular stores, stronger muscle contraction may appear (5,6,7,8). 
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endogenous cardiac glycosides such as digoxin, di-
hydroouabain, 19-norbufalin, marinobufagenin and
proscillaridin A have been identified (15,16). These
endogenous compounds are thought to be produced
by the adrenals (4,11). They also are believed to
constitute a part of hormonal axis that may regulate
the catalytic activity of the α-subunit of the Na+, K+-
ATPase. Now OLF are recognized as a novel group
of mammalian adrenocortical hormones (11). The
hormonal control of the release of ouabain from ad-
renals and the interaction of ouabain with other hor-
mones participating in salt and water metabolism or
in heart functions remain unknown so far. 

OLF and its role in the pathogenesis

of hypertension

There is growing evidence for OLF involve-
ment in the regulation of blood pressure and renal
function (4,10,17). Endogenous cardiac glycosides
are supposed to participate in several forms of hy-
pertension and congestive heart failure. The inhibi-
tion of the sodium pump in the kidney by OLF may
result in renal sodium excretion. OLF-evoked inhi-
bition of the Na+, K+-ATPases in the vascular system
may contribute to increased vascular contraction and
elevated blood pressure (10). 

The concentrations of OLF are known to corre-
late with the blood pressure. It was found that the
blood concentrations of OLF were significantly ele-
vated in hypertension and in patients with heart fa-
ilure (17,18,19,20,21). Among Caucasians with es-
sential hypertension 30-45% have elevated circula-
ting levels of OLF (20). 

The elevated levels of OLF are also observed
in preeclampsia. Preeclampsia is an example of a ra-
pidly developing, volume-dependent and sodium-
-sensitive hypertension. Both clinical and experi-

mental studies have demonstrated that pregnancy is
associated with dysregulation of the Na+, K+-ATPa-
se function. Interestingly, Digibind, an antibody Fab
fragment used to treat digitalis poisoning, has been
found to lower blood pressure in patients with pre-
eclampsia (10).

Chronic administration of exogenous ouabain
for 10 days or more (peripherally or centrally) indu-
ces hypertension in normotensive rats (22,23,24). In
contrast to ouabain, digoxin does not induce hyper-
tension in rats (25). Because ouabain and digoxin
have comparable potency as inhibitors of the sodium
pump, the long-term pressor activity of ouabain mi-
ght be independent of its ability to inhibit this enzy-
me. 

The mechanisms responsible for the ouabain-
-induced hypertension are still unclear. Initially, it
was proposed that volume expansion and increase in
total body sodium might be a primary stimuli for the
release of the Na+, K+-ATPase inhibitors involved in
the onset of low-renin hypertension (4,26). Howe-
ver, the findings in humans have provided no sup-
port for such a relationship. Although increased die-
tary salt might raise plasma OLF levels in humans,
other observations suggest that hypervolemia per se
is not correlated to production of OLF (18,19). 

The aforementioned data constitute the back-
ground for a new hypothesis linking OLF with the
pathogenesis of hypertension. This hypothesis assu-
mes that elevated OLF primarily affect the central
nervous system and activate central angiotensin II-
-dependent pathways that mediate sympathetic ne-
rve activity. This assumption is based on the obse-
rvation made by Leenen (23) who has demonstrated
that intracerebroventricular administration of frag-
ments of antibodies, which bind ouabain and related
steroids, prevent the hypertension induced by subcu-

Figure 2. Structure of ouabain (G-Strophanthin, Acocantherine),
the main component of OLF; 1β, 3β, 5β, 11α, 14, 19-hexahydro-
xycard-20(22)-enolide3-(6-deoxy-α-L-mannopyranoside).

Figure 3. Structure of PST 2238 (17β-(3-furyl)-5β-androstane-3β-
14β-17α-triol) ñ an ouabain antagonist (32).
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taneous ouabain. He also found that neurons in the
ventral anteroventral third ventricle region partly
mediate both pressor and tachycardic responses to
the administration of ouabain in rats (possibly via
sympathetic activation) (27). 

Hamlyn (28) proposed that the induction of
ouabain-induced hypertension in rats might be inde-
pendent of the Na+, K+-ATPase inhibition. He conc-
luded that rat adrenocortical cells express ouabain
receptors that are not coupled to the sodium pump.
He also suggested that those receptors might be in-
volved in the regulation and/or the secretion of en-
dogenous ouabain (28). However, the existence of
novel binding sites for ouabain, the relations of OLF
with hypertension and congestive heart failure needs
further investigations. 

PST 2238 as the prototype of a new class

of antihypertensive compounds

PST 2238 (17β-(3-furyl)-5β-androstane-3β-
14β-17α-triol) is a new antihypertensive compound
able to selectively antagonize the pressor effect of
ouabain (or OLF) (Figure 2) and devoid of typical
for digitalis side effects (29,30,31,32).

PST 2238 is derived from digitoxigenin (Figu-
re 3). 

In vitro, PST 2238 displaced ouabain from its
binding sites on purified Na+, K+-ATPase (IC50

1.7◊10-6M) without interacting with other receptors
involved in blood pressure regulation (33). It lowers
blood pressure by normalizing the expression and
activity of the renal sodium pump in the rat models
with increased OLF levels. In cultured renal cells in-
cubated with 10-9M ouabain, PST 2238 normalizes
the Na+, K+-ATPase activity. PST 2238 (1 µg/kg)
prevented both ventricle and renal hypertrophy in
rats (31). This effect was associated with the ability
of this compound to antagonize the ouabain-depen-
dent activation of growth-controlling genes (31). In
rats, made hypertensive by chronic infusion of 50
µg/kg/day of ouabain, PST 2238 given per os at ve-
ry low doses (0.1-1 µg/kg/day for 4 weeks) aboli-
shed the increase in blood pressure and renal Na+,
K+-ATPase inhibition. These results indicate that the
chronic exposure to low concentrations of ouabain
consequences in an upregulation of the Na+, K+-AT-
Pase and this effect may be antagonized by low con-
centrations of PST 2238. It is of importance to note
that PST 2238 did not affect blood pressure and re-
nal Na+, K+-ATPase activity in normotensive rats
(31). 

To sum up, PST 2238 antagonizes selectively the
pressor effect of OLF and corrects the ion transport
defect. It seems to be the first new, and orally active,

antihypertensive compound which selectively displa-
ces ouabain from the purified sodium pump receptor
in vitro at micromolar concentrations. Despite its ste-
roidal structure, PST 2238 does not affect receptors
for steroidal hormones such as estrogens, androgens or
mineralocorticoids. Therefore, there is a hope that
PST 2238 might be devoid of those side effects typi-
cal for the antimineralocorticoids such as spironolac-
tone, which is very popular in Poland. It may prevent
cardiovascular complications associated with hyper-
tension through the selective modulation of the very
little known so far Na+, K+-ATPase function. 
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