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ABSTRACT

There is abundant clinical and epidemiologic data linking excess
body sodium with hypertension. The mechanism(s) at the molec-
ular level to explain this relationship are unknown. Recent studies
by multiple investigators, have identified several ion transport
mechanisms in the vascular wall that interact to control vascular
tone and contractility. These new data include 1) biochemical, phar-
macologic, and molecule structural studies, 2) experiments in
transgenic and knockout mice, and 3) results in clinical hyperten-
sion. The overall results provide compelling evidence for the con-
cept that salt-dependent hypertension involves the secretion of
endogenous ouabain (EO), an adrenal steroid synthesized with the
same initial steps as aldosterone and secreted by the zona
glomerulosa. Circulating EO inhibits arterial smooth muscle Na+
pumps with alpha 2 subunits. These are functionally coupled to the
type 1 Na/Ca exchanger (NCX1). Thus when �2 Na pumps are
inhibited in arterial smooth muscle, the resulting subplasma mem-
brane increase in Na+ concentration triggers, via NCX1 Ca2+ entry,
a rise in cytosolic Ca2+ concentration and increased myogenic tone
and contractility. The ultimate result is a rise in peripheral vascular
resistance—the hemodynamic hallmark of hypertension. The elu-
cidation of this pathway has facilitated the development of phar-
macologic agents that have therapeutic potential for hypertension
and other cardiovascular diseases. These include agents that com-
pete with EO for binding to the Na+ pump and inhibitors of NCX1.
Key Words: sodium, hypertension, sodium pump, ouabain,
sodium/calcium exchanger

The American Federation of Medical Research sponsored a
symposium entitled “Molecular Mechanisms: Linking
Sodium to Hypertension” at Experimental Biology 2005
and the XXXV International Congress of Physiological Sci-
ences. The meeting took place in San Diego, California, and

the symposium was held on Saturday, April 2, 2005. The
symposium brought together for the first time key investi-
gators from diverse laboratories that have identified sev-
eral steps involving humoral and molecular mechanisms
that may explain how excess salt can produce sustained
increases in peripheral vascular resistance. The authors of
this article were co-chairmen.

A large amount of epidemiologic and clinical data link
either increased dietary intake of salt or sodium retention
by the kidneys with the development of elevated blood
pressure (BP).1,2

Furthermore, methods of decreasing the body load of
salt either by dietary salt restriction or by natriuretic agents
have been a cornerstone of the treatment of hypertension
for many decades.3

Blood pressure is dependent on both cardiac output
(CO) and total peripheral vascular resistance (TPR), and at
constant CO, mean BP = CO � TPR. Acute plasma volume
expansion, as occurs with sodium loading, elevates BP by
increasing CO. However, with sustained volume expan-
sion, CO falls to near-normal levels, whereas TPR rises to
maintain the BP elevation. An elevated TPR and a near-
normal CO are the hemodynamic hallmarks of essential
hypertension.1 The rise in TPR has been attributed to
autoregulation,4,5 an intrinsic property of the vascular bed
to regulate blood flow depending on the metabolic need of
tissues. Increased activity of the sympathetic nervous sys-
tem and several other mechanisms have also been pro-
posed, but the mechanism of this “autoregulation” is still
controversial,1,6 and the mechanism of the elevated BP (ie,
the pathogenesis of essential hypertension) at the molec-
ular level has remained unexplained.7

Recent studies by a number of investigators working in
different countries have identified several ion transport
mechanisms in the vascular wall that interact to control
vascular tone and contractility in response to hormones
and neurotransmitters. The new data include (1) the
results of molecular structural, biochemical, and pharma-
cologic studies; (2) experiments in transgenic and knock-
out mice; and (3) data from human subjects with hyper-
tension. Taken together, the results provide compelling
evidence for the view that salt-dependent hypertension
involves the secretion of endogenous ouabain (EO), an
adrenal steroid secreted by the zona glomerulosa. Circu-
lating EO inhibits arterial smooth muscle Na+ pumps with
�2 subunits. The Na+ pumps with �2 subunits are func-
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tionally coupled to the type 1 Na/Ca exchanger (NCX1).
Thus, when these Na+ pumps are inhibited in arterial
smooth muscle, the resulting rise in local sub–plasma
membrane Na+ concentration ([Na+]SPM) promotes Ca2+

entry. The myocyte cytosolic Ca2+ concentration ([Ca2+]CYT)
then rises, increases myogenic tone and contractibility,
and thereby results in the elevation of BP.

The four symposium speakers and their topics were
John Hamlyn, University of Maryland School of Medicine,
Baltimore, Endogenous Ouabain; Jerry B. Lingrel, Univer-
sity of Cincinnati College of Medicine, Cincinnati, Na+

pump isoforms and their roles in hypertension; Patrizia
Ferrari, Passis-Sigma Tau, Milan, Italy, ouabain antago-
nists; and Takahiro Iwamoto, University of Fukuoka,
Fukuoka, Japan, Na+/Ca2+ exchange and exchanger
inhibitors.

ENDOGENOUS OUABAIN: BIOSYNTHESIS AND
STRUCTURE

Cardiotonic steroids, such as digitalis glycosides and bufo-
dienolides, have had a long history of use in cardiovascu-
lar disease. Synthesis of digitalis glycosides by specific
plants is well known, whereas bufodienolides are endoge-
nous to certain amphibians. The conservation of a specific
high-affinity receptor for cardiotonic steroids on PM Na+

pumps (Na,K–adenosine triphosphatase [ATPase]) that
regulate intracellular Na+ in most mammalian cells has
fueled efforts to identify similar endogenous digitalis-like
compounds in mammals.

Work from Hamlyn’s laboratory has demonstrated the
presence in human plasma of the cardiac glycoside
ouabain or a closely related isomer, EO,8 and three addi-
tional specific inhibitors of the sodium pump.9 EO was the
most polar and had the most powerful activity in a func-
tional assay measuring Na+ pump–mediated ion fluxes. The
presence, in mammals, of steroids that resemble digoxin,
19-norbufalin and marinobufagenin, has been reported by
other groups.10,11 It appears, therefore, that mammals may
have both endogenous cardenolide-like and bufodieno-
lide-like inhibitors of the sodium pump. Although these
agents may share structural similarities, their selectivities
and physiologic roles may be quite different.

EO has been purified from the tissue and/or plasma of
three different species (humans, rats, cows), and its struc-
ture has been studied in four different laboratories by ana-
lytic methods (mass spectroscopy and nuclear magnetic
resonance [NMR]).12,13 It is a polyhydroxylated steroid con-
taining an unsaturated lactone ring and is identical or
closely related to the plant-derived glycoside ouabain. The
structural features of EO (Figure 1) differ from the classic
hepatic, adrenal, and sex steroids that contain A/B and C/D
rings fused in either a trans-trans-trans configuration (eg,
corticosteroids) or a cis-trans-trans configuration (bile
salts). The unique cis-trans-cis configuration of EO, not
previously described in mammals, supports high-affinity

binding to the Na+ pump and ensures specificity. The
potency to mass ratio of EO is similar to that of other
adrenocortical steroids, such as aldosterone; they have
similar molecular weights (300–600) and similar affinity for
their respective receptors (low nanomolar range). In addi-
tion, the sugars at C3 in both EO and ouabain are deoxy-
hexoses. In ouabain, the sugar moiety is rhamnose, which
dramatically increases the tightness of binding to the Na+

pump. Rhamnose has not been specifically identified as
the sugar moiety of human EO, but there is good evidence
that mammals can synthesize rhamnose from glucose.

The population mean value for plasma EO as deter-
mined by specific radioimmunoassay lies between 200
and 300 pmol/L. A dietary source has been ruled out. The
highest levels of EO occur in adrenal tissue. In fact, a large
body of evidence indicates that EO is of adrenal origin:
there is a fivefold venous to arterial gradient across the
adrenal gland in dogs and humans,14 circulating EO is
increased by administration of angiotensin II (A-II) and
adrenocorticotropic hormone (ACTH),15 and plasma EO
declines significantly following acute adrenalectomy.8

Finally, adrenocortical cells in culture secrete EO, and in
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FIGURE 1  Structures of ouabain (1), the 11� isomer of ouabain (2), and
the 11 to 19 hemiketal (3). Reproduced with permission from Hamlyn JM
et al.17 Copyright 2003 New York Academy of Sciences, U.S.A.
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bovine cells, the site has been localized to the zona
glomerulosa.16

The mammalian biosynthesis of cardiac glycosides
almost certainly proceeds via a pathway similar to that of
plants, using the same steroid intermediates found in
plants and adrenal zona glomerulosa cells. The initial
steps in EO and aldosterone synthesis appear to be com-
mon events and occur in the same cells. The branch point
from the aldosterone pathway and distal steps in the EO
pathway are under investigation.17 The plant-derived car-
diac glycoside ouabain has an 11�-hydroxyl group,
whereas there is evidence from mass spectrometry and
NMR of an 11�-hydroxyl in EO: that is, the mammalian
compound appears to be a ouabain isomer. If the synthe-
sis of EO diverges from the aldosterone pathway at corti-
costerone, there would be an 11�-oriented hydroxyl (ie,
ouabain isomer), and this, in vivo, would form an addi-
tional ring structure via the 11 to 19 hemiketal (see Fig-
ure 1). In contrast, a branch point at 11-deoxycorticos-
terone would allow an 11�-hydroxyl EO (ie, ouabain per
se).17

The physiologic role of EO has been studied using cells,
intact physiologic preparations, whole animals, and
humans. The shared biosynthetic pathway with aldosterone
means that the secretion of both steroids is augmented by
the same stimuli, for example, ACTH, A-II, and plasma K+.
These stimuli are recruited physiologically by Na+ depletion
and low Na+ states and therefore were vitally important in
the preservation of the species during mammalian evolu-
tion. Under contemporary dietary conditions, Na+ is in
excess of physiologic needs. As a consequence, factors such
as A-II, aldosterone, and EO that augment Na+ retention are
suppressed and play no obviously important role in the renal
handling of Na+. Instead, their primary physiologic roles are
coordinated, and they exert subtle effects on K+ balance: EO
shifts K+ from the tissues to the circulation, whereas aldos-
terone provides a stimulus to renal K+ excretion. The primary
teleologic roles for EO and aldosterone become most appar-
ent during low dietary Na+ intakes and a decline in effective
circulating volume. Robust homeostatic increases in A-II,
aldosterone, and EO occur to preserve venous return so that
CO and BP are maintained. Several critical hormone-
regulated mechanisms are involved: (1) enhancement of
renal tubular reabsorption of Na+ and water (aldosterone);
(2) stimulation of thirst (A-II) and an increase in cardiac,
venous, and arterial contractility (A-II and EO); and (3) aug-
mentation of the activity of central and peripheral sympa-
thetic nerves projecting to the heart, kidney, and vasculature
(A-II and EO). The same neurohormonal systems are directly
linked to some common disease states. The renin-
angiotensin-aldosterone system and EO are typically stimu-
lated in response to the low CO state of congestive heart fail-
ure, with additional maladaptive adverse effects.18

Circulating EO is abnormally elevated in approximately 50%
of patients with essential hypertension, and the levels are
correlated with BP and cardiac hypertrophy.19 In more

advanced hypertension, EO levels are positively and signifi-
cantly correlated with peripheral resistance and are
inversely correlated with the stroke index (Figure 2).20 Thus,
there is mounting evidence that EO is directly involved in the
pathogenesis of hypertension.21–24 Support comes from the
observation that prolonged administration of ouabain to
achieve circulating levels comparable to those measured in
essential hypertension induces hypertension in rats
(Figure 3).25

ROLE OF NA+ PUMP � SUBUNIT ISOFORMS IN
VASCULAR CONTRACTILITY AND HYPERTENSION

The plasma membrane Na+ pump (Na,K-ATPase) is a
transmembrane protein that transports three Na+ out of
the cell and two K+ in using adenosine triphosphate (ATP)
hydrolysis as the driving force. The electrochemical gradi-
ent established by the Na+ pump is essential for mainte-
nance of cell-specific functions, such as muscle contrac-
tion and nerve transmission. The ion gradient also drives
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FIGURE 2  Relationship between endogenous ouabain (EO) and top, total
peripheral resistance index (TPRI) and bottom, stroke index. EO is
expressed in pmol/L, TPRI in dyn.s/cm�5/m2, and stroke index in mL/m2.
Reproduced with permission from Pierdomenico SD et al.20
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many plasma membrane transport processes, including
Na+-coupled Ca2+ transport by the Na+/Ca2+ exchanger
(NCX) and uptake of nutrients, such as glucose in kidney
and gut, via Na+ cotransporters. The Na+ pump is a dimer
composed of an � and a � subunit in a 1:1 ratio: the cat-
alytic � subunit contains the Na+, K+, and ATP binding (and
hydrolytic) sites, as well as a binding site for cardiac glyco-
sides, such as ouabain, which inhibit the pump. The � sub-
unit modulates cation affinity and is necessary for proper
folding and translocation of the Na+ pump to the plasma
membrane. There are four isoforms of the � subunit (�1,
�2, �3, and �4), each with unique kinetic properties and
tissue distribution that suggest different and tissue-spe-
cific functional roles.

The plasma membrane NCX is regulated by the Na+

pump via the pump’s influence on the Na+ electrochemical
gradient across the plasma membrane. Inhibition of the
Na+ pump by cardiac glycosides (eg, ouabain) raises
[Na+]CYT, and this, in turn, increases [Ca2+]CYT. The increase
in cytosolic and sarcoplasmic/endoplasmic reticulum
(S/ER) Ca2+ produces a positive inotropic response of the
heart and thereby confers the therapeutic effect of these
agents used in the treatment of congestive heart failure.24

Most cells express �1 Na+ pumps, as well as pumps with
one of the other � subunit isoforms; �1 has a higher affin-
ity for Na+ than �2 or �3. In rodents, �1 has an unusually
low affinity for ouabain, whereas �2 and �3 have a high
affinity; in humans, for example, all three isoforms have a
similar high affinity for ouabain. The isoforms also have a
different distribution in the plasma membrane: whereas
�1, in most types of cells, is fairly uniformly distributed in

the plasma membrane, �2 and �3 are confined to plasma
membrane microdomains that overlie S/ER.26 The NCX,
too, is confined to plasma membrane microdomains that
overlie the S/ER.26 In many types of cells, �1 Na+ pumps
predominate (eg, they comprise about 70 to 80% of the
pumps in the heart and vascular smooth muscle) and serve
as a “housekeeper” to maintain the low global [Na+]CYT.

The role of the Na+ pump �2 isoform in ouabain-
induced cardiac intropy was investigated in mice express-
ing a mutated ouabain-resistant �2 isoform27 and in mice
with a single null mutation in either the �2 or �1 isoform
gene.24 These �2 or �1 heterozygotes express ≈50% of the
normal complement of �2 or �1, respectively.

Cardiac contractility was augmented in the hearts of �2,
but not �1, heterozygotes; in contrast, the hearts of the �1
heterozygotes were “hypocontractile.” Nevertheless, low-
dose ouabain induced a cardiotonic effect in the hearts of
the �1 heterozygotes.24 Moreover, ouabain had no car-
diotonic effect on the isolated hearts from the ouabain-
resistant (targeted) �2 mice.27 These results clearly demon-
strate that the �2 isoform of the Na+ pump mediates the
ouabain-induced cardiotonic effect in mice.27

BP also was measured in the �2 targeted mice. Although
chronic ouabain infusion induced hypertension in wild-
type mice, it did not elevate BP in mice with a ouabain-
resistant �2 isoform.27 Thus, ouabain-induced hyperten-
sion is mediated by the �2 isoform in mice. In unpublished
studies, Lingrel and colleagues demonstrated that ACTH
injection rapidly (within 48 hours) induces hypertension
in mice. ACTH hypertension could not, however, be
induced in the �2 targeted (ouabain resistant) mice. This
seminal observation raises the possibility that EO may be
the “missing hormone” in ACTH-induced hypertension. It
is consistent with the evidence that ACTH stimulates the
secretion of EO.15

The proximity of the �2 pumps to the NCX on plasma
membrane microdomains that overlie S/ER suggested that
ouabain might regulate cell Ca2+ signaling by inhibiting
only �2 pumps controlling the [Na+]CYT primarily in the
space between these plasma membrane microdomains
and the adjacent junctional S/ER. Thus, �2 Na+ pumps
would be expected to regulate local [Na+]SPM and, via NCX,
not only the local [Ca2+]SPM in the junctional space but also
the [Ca2+] in the S/ER that plays a key role in signaling.

This hypothesis was tested in astrocytes cultured from
normal (wild type) mice and mice with a null mutation in
one (heterozygote) or both (knockout) �2 genes. The
results28 correlate with the structural evidence that �2 Na+

pumps and NCX are confined to plasma membrane
microdomains that overlie the S/ER. In the cells from �2
heterozygotes, [Ca2+]CYT was slightly increased, the S/ER
Ca2+ stores were augmented, and Ca2+ signaling was ampli-
fied without elevation of bulk [Na+]CYT. These effects are,
presumably, the result of an undetected increase in
[Na+]SPM in the tiny space between the plasma membrane
and S/ER. In cells from �2 knockout (homozygous) mice,

FIGURE 3  Ouabain-dependent hypertension in the rat. Rats were infused
with either vehicle (■), ouabain 15 µg/kg/d (▼), or digoxin 30 µg/kg/d (▲)
for 35 days. From days 35 to 42, three groups of ouabain-infused rats also
received an infusion of digoxin 30 µg/kg/d (●), digitoxin 30 µg/kg/d (0),
or vehicle (▼). Mean blood pressures (MBP) were obtained by tail cuff. 
*p < .05 vs ouabain; **p < .001 vs digoxin; ***p < .001 vs ouabain; #p
< .005 vs vehicle. Chronic infusion of ouabain but not digoxin produced
significant hypertension that was antagonized by secondary infusion of
digoxin or digitoxin. Reproduced with permission from Manunta P et al.25
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even global [Na+]CYT was increased slightly, and resting
[Ca2+]CYT and Ca2+ signaling were further amplified.28

OUABAIN ANTAGONISTS: EFFECTS ON BLOOD VESSELS
AND ROLE IN HYPERTENSION THERAPY

A renal defect in Na+ excretion is a principal mechanism
for the rise in BP in experimental28,29 and genetic30 rat mod-
els and in at least some forms of monogenic human hyper-
tension.31,32 For many years, the Milan group has directed
its attention to the molecular defects leading to this renal
Na+ abnormality and the question of whether similar
mechanisms are involved in human essential hyperten-
sion.30,33,34 These studies would not only identify new tar-
gets for innovative treatment but also genetic markers that
would characterize hypertensive patients responsive to
this treatment. In clinical studies of human hypertensive
patients, and using Milan hypertensive strain (MHS) rats,
an animal model with some pathophysiologic similarities
to a subset of human hypertension, two molecular-genetic
mechanisms have been identified: (1) mutation of genes
coding for the cytoskeleton protein adducin31,33 and (2)
increased circulating levels of EO. Both mechanisms
reportedly lead to increased function of renal Na,K-
ATPase, the transport system that drives Na+ from the
luminal to the interstitial side of the renal tubular cell.
Although there is considerable evidence that these two
mechanisms may play roles in clinical hypertension and
cardiovascular complications, there is also controversy.
For example, the role of the human �-adducin (ADD1) TRP
allele has been confirmed in many studies involving link-
age with appropriate deoxyribonucleic acid (DNA) mark-
ers, BP, and the cardiovascular complications of hyperten-
sion.33,34 Nevertheless, some Japanese studies have
reported the absence of such an association.35,36

EO,32,33 in addition to an effect on renal tubular cells and
a direct effect on the myogenic tone of small resistance
arteries, appears to have importance in the development
of cardiac and renal complications associated with hyper-
tension. This has been demonstrated in rat models34 and
in human hypertensive patients.19,37 Data suggesting that
EO at subnanomolar concentrations stimulates both renal
tubular Na+ reabsorption38 and at the same time increases
myogenic tone and vascular resistance by inhibiting �2
Na+ pumps23 are apparently contradictory and the subject
of debate. Also, in normotensive rats and mice, infusion of
ouabain to achieve subnanomolar concentrations not
only elevates BP25 and increases myogenic tone,23 it also
stimulates renal Na,K-ATPase activity.38 The renal effect
implies that nanomolar EO (or ouabain) stimulates the �1
Na,K-ATPase in tubular cells even though rodent �1 has an
unusually low affinity for ouabain. Conversely, the vascu-
lar effect of EO (or low-dose ouabain) involves inhibition
of the high–ouabain affinity �2 Na,K-ATPase isoform in
vascular smooth muscle.23 These latter effects of nanomo-
lar ouabain are mimicked by reduced expression of �223

and are prevented by mutation of the �2 ouabain binding
site.27 To explain their paradoxical findings, the Milan
group hypothesized that EO acts not only as a classic Na+

pump inhibitor but also, at very low concentrations, as a
signal transducer. EO would thus induce tyrosine phos-
phorylation of the renal �1 Na+ pump via a Src-
EGRr–dependent pathway, with activation of function,
increased Na+ reabsorption, volume expansion, and
resulting hypertension.34,38,39 However, it is the volume
expansion, per se, that apparently increases the plasma EO
level.40 These issues therefore still need to be resolved.

The hypothesis that ouabain-like compounds might
play a key role in the pathogenesis of salt-dependent
hypertension8,21,25 fostered the search for new and effective
ouabain antagonists. Rostafuroxin (PST 2238) is the first
such agent developed. Rostafuroxin is a novel digitoxigenin
derivative (Figure 4) that in vitro can displace 3H-
ouabain–specific binding from purified Na,K-ATPase. Ros-
tafuroxin does not inhibit the Na+ pump directly and has
no cardiotonic effects.41

With respect to modulation of renal Na+ pump expres-
sion (kidneys normally express, almost exclusively, �1 Na+

pumps), rostafuroxin was tested in cultured normal rat
kidney cells either transfected with the mutated variant of
rat �-adducin or incubated with nanomolar concentra-
tions of ouabain. In both of those conditions, rostafuroxin
selectively counteracted the Na+ pump overexpression.41

In addition, rostafuroxin, in a nanomolar dosage range,
normalized the BP in several salt-dependent hypertension
animal models and in normal Sprague-Dawley rats chron-
ically infused with low-dose ouabain (Figure 5).41 In the lat-
ter animals, rostafuroxin also counteracted the activation
of the renal Na+ pump and cardiac hypertrophy.42 Rosta-
furoxin had no effect on normotensive control Sprague-

90 JOURNAL OF INVESTIGATIVE MEDICINE • volume 54 number 2 • March 2006

FIGURE 4  Structure of rostafuroxin (PST 2238), 17�-(3-furyl)-5�-
androstan-3�, 14�, 17�-triol. This is a digitoxigenin derivative that in
vitro displaces 3H-ouabain–specific binding from purified Na+, K+–adenosine
triphosphatase.
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Dawley rats infused with saline. In genetic MHS rats,
which show both adducin polymorphisms and increased
levels of EO, rostafuroxin reduced the BP and normalized
the up-regulated �1 Na+ pump expression, but the doses
necessary to control cardiac hypertrophy were 10- to 50-
fold higher than in ouabain-hypertensive rat. This sug-
gests that rostafuroxin is more selective for mechanisms
supported by high levels of EO.42,43 Rostafuroxin is cur-
rently being studied in phase II trials in Europe for the
treatment of essential hypertension. It lowers BP in about
40% of hypertensives with an efficacy that seems to corre-
late with the levels of circulating EO.43

ROLE OF THE VASCULAR NA+/CA2-4+ EXCHANGER IN
SALT-DEPENDENT HYPERTENSION

The Na+/Ca2+ exchanger catalyzes the bidirectional
exchange of Ca2+ for Na+ ions across the plasma mem-
brane,44 that is, the NCX may mediate Ca2+ efflux/Na+

influx (“forward” mode) or Na+ efflux/Ca+ influx (“reverse”
mode) exchange. The direction of net Ca2+ flux is deter-
mined by the magnitude and orientation of membrane
potential and the transmembrane Na+ and Ca2+ ion gradi-
ents. In arterial smooth muscle cells, the NCX is thought to
play an important role in the regulation of [Ca2+]CYT during
the contraction-relaxation cycle.

Three isoforms of the exchanger have been identified;
they are encoded by distinct genes in mammals (NCX1,
NCX2, and NCX3). Recent genetic engineering and phar-
macologic studies indicate that the Ca2+ influx mode of vas-

cular NCX1 (splice variant 1.3, NCX1.3) is involved in the
pathogenesis of salt-dependent hypertension (Figure 6).22

NCX1 transcripts are widely expressed in heart, arteries,
kidney, brain, and other organs. Expression of NCX2 and
NCX3 genes is restricted to the brain and skeletal muscles.

In the heart, NCX1 is involved in excitation-contraction
coupling, where it is the dominant myocardial Ca2+ efflux
system. During diastole, NCX1 extrudes the Ca2+ that
enters cardiac myocytes through voltage-gated Ca2+ chan-
nels during contraction and thus returns the cardiac cells
to the resting state.

The role of NCX1 has been studied in mutant mice that
lack the NCX1 gene.45 Homozygous NCX1-deficient mice
die in utero. Their hearts do not beat, and the cardiac
myocytes exhibit apoptosis. No forward-mode (Na+ entry,
Ca2+ exit) or reverse-mode (Na+ exit, Ca+ entry) NCX activ-
ity was detected in null mutant hearts. In heterozygous
mice, NCX protein expression and NCX activity are
decreased by about 50% in the heart, kidney, aorta, and
smooth muscle cells.45 It is especially noteworthy that
these animals are resistant to salt-induced hypertension.
Whereas administration of deoxycorticosterone acetate
and salt markedly elevated BP in uninephrectomized, nor-
mal (wild type) mice, BP rose slowly and only to a small
extent in uninephrectomized NCX1 heterozygotes. In
addition, tension development of aortic rings in Na+-free
solution was markedly impaired in the NCX1 heterozy-
gotes. Conversely, mice that overexpress NCX1.3 in
smooth muscle were very salt sensitive and developed
hypertension on a high-salt diet without uninephrectomy
or deoxycorticosterone acetate.22 These findings indicate
that NCX1 is required for heart beat and cardiac myocyte
survival in embryos and that it plays a critical role in Na+-
dependent Ca2+ handling in the heart and vascular smooth
muscle.

Several NCX inhibitors with therapeutic potential are
under investigation. They have, in common, a benzyl-
oxyphenyl structure, which suggests that this portion of
the molecule is essential for binding to the exchanger (Fig-

FIGURE 6  Physiologic and pharmacologic implications of the Na+/Ca+

exchanger (NCX) and NCX inhibitors SEA0400 and the other benzyl-
oxyphenyl NCX inhibitors discussed. Although the mechanism is
unknown, all of these inhibitors block the Ca2+ influx mode more effectively
than the Ca2+ efflux mode. Adapted from Iwamoto T46 with kind permission
of Springer Science and Business Media.

FIGURE 5  Systolic blood pressure (SBP) in adult Sprague-Dawley rats
receiving ouabain (50 µg/kg/d) (●●●) or saline (■■) for 10 weeks via
osmotic minipumps. At week 4, one group of the ouabain-infused rats was
treated with oral rostafuroxin (PST 2238) (●) 0.1 mg/kg/d, whereas the
other ouabain group (●●) received only vehicle. A washout period of 2
weeks from the PST 2238 treatment started at the end of week 8. Seven
rats in each group. *p < .05; **p < .01 significantly different from ouabain
infusion–only rats (●●). Reproduced with permission from Ferrari P et al.41
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ure 7).46 SEA 0400 is a newly developed, potent inhibitor of
NCX, with unique selectivity for Ca2+ influx mode activity.47

KB-R794348 was also developed as a prototype for a selec-
tive NCX inhibitor, but it has nonspecific actions against
ion channels, the norepinephrine transporter, and other
receptors and is consequently less specific for NCX1 than
SEA0400. SN-6 is a derivative of KB-R7943,49 and M-
24476948 is a potent NCX inhibitor with low cell toxicity,
but its detailed profile is still under investigation.

SEA0400 preferentially inhibits the Ca2+ influx/Na+

efflux (ie, the reverse mode) exchange mediated by NCX in
neuronal cells and cardiac myocytes (see Figure 6).46,50 This
apparent selectivity is due to the binding of SEA0400 to the
internal Na+-inactivated state of the NCX.51

SEA0400 normalized BP in animals with ouabain-
induced hypertension and in the several salt-dependent
hypertension models in which it has been tested (deoxy-
corticosterone acetate–treated rat and mouse, the Dahl
salt-sensitive rat, the spontaneously hypertensive rat
[SHR], and the smooth muscle–specific NCX1.3 overex-
pression mouse, all on high-salt diets).22 In contrast,
SEA0400 had a negligible effect on BP in the normotensive
rat and mouse and in salt-insensitive rat hypertensive
models (SHR on a standard-diet, stroke-prone SHR, and 2
kidney-1 clip hypertension).22 Also, SEA0400 has no effect
on the elevated BP of salt-loaded transgenic mice that over-
express, in smooth muscle, a NCX1.3 mutant with greatly
reduced affinity for SEA0400.22 The latter observation
clearly indicates that the BP-lowering effect of SEA0400 is

due to specific inhibition of NCX1.3. These results suggest
that selective inhibitors of NCX1.3 may have therapeutic
potential in ischemic heart disease, arrhythmias, heart fail-
ure, and salt-dependent hypertension.

SUMMARY

A polyhydroxylated steroid, either the cardiac glycoside
ouabain or a ouabain isomer (EO), is synthesized in the
same cells of the adrenal zona glomerulosa using the same
initial synthetic steps as aldosterone. EO is a highly spe-
cific ligand for arterial smooth muscle Na+ pumps with �2
subunits. The Na+ pumps with �2 subunits are functionally
coupled to the arterial myocyte NCX1. EO inhibits these
Na+ pumps, thereby presumably elevating sub–plasma
membrane [Na+] and promoting Ca2+ entry by NCX1. The
rise in myocyte [Ca2+] increases myogenic tone and con-
tractility, and the ultimate result is an elevation in BP. In
contrast, there is evidence that EO also activates the renal
tubular � isoform (�1) of the Na+ pump, with resulting Na+

retention, volume expansion, and a rise in BP. The volume
expansion may, in fact, promote the secretion of EO and
thereby trigger the elevation of BP. Indeed, ouabain
infused into normal rats elevates BP. Moreover, approxi-
mately 50% of patients with essential hypertension have
plasma EO levels greater than 2 SD above the normal
mean.

A novel digitoxigenin derivative, rostafuroxin (PST
2238) is a oubain antagonist that displaces ouabain from
its binding site on the Na+ pump. Rostafuroxin lowers BP in
several salt-dependent rat hypertension models, in rats
with ouabain-induced hypertension, and in about 40% of
patients with essential hypertension. Several NCX
inhibitors that have in common a benzyloxyphenyl struc-
ture are under investigation. They inhibit reverse-mode
internal Na+-dependent Ca2+ influx via the NCX and have
specific efficacy in Na+-dependent models of hyperten-
sion. They also have potential in other clinical conditions
to protect against intracellular Ca2+ overload, such as
ischemia/reperfusion injury and digitalis toxicity.

The evidence is compelling that the mechanism under-
lying the elevation of BP in a high proportion of hyperten-
sive patients involves the interaction of EO, an adrenal
steroid with a high affinity for the �2 isoform of the sodium
pump. Inhibition of the pump by EO promotes a rise in
intracellular [Ca2+] via the NCX, and this stimulates a rise in
smooth muscle arterial tone and thus BP.  The several steps
in this molecular pathway offer several possibilities in the
design of new antihypertensive therapeutic agents.
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