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Abstract. Rapid progress has occurred recently in understanding the origin, chemis-
try, synthesis, control, and actions of endogenous materials that may be ligands for
the cardiac glycoside binding site on the mammalian sodium pump (Na,K-ATPase).
The present paper reviews this progress and examines in detail the evidence sup-
porting ouabain-like and bufodienolide-like compounds as functioning in endog-
enous control of sodium pump activity, renal sodium excretion, blood pressure, and
cardiovascular contractility. Other novel compounds identified in this search as po-
tentially influencing natriuresis and blood pressure are also discussed.
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ssential hypertension is associated with altered renal

function (1). Whether this change is a consequence

of hypertension or whether it precedes hypertension
and is necessary for its development has been a question
that has been slow to elicit a satisfactory answer. Recent
efforts at unraveling the genetic components of hyperten-
sion have offered new insights from which an answer is
beginning to form. This paper will review the role of altered
membrane ion handling in hypertension and update infor-
mation on the role of endogenous sodium pump inhibitors in
the pathogenesis of high blood pressure. We will also dis-
cuss and analyze recent progress in chemical characteriza-
tion of such inhibitors.
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‘‘Hypertension Genes’’ Alter Renal
Sodium Absorption

In several simple, single gene forms of essential hyper-
tension, the mechanism of hypertension has been uncov-
ered; however, less progress has been made in the more
difficult problem of identifying the genetic variations that
contribute to the common polygenic form of this heteroge-
neous human disease. In both areas, evidence demonstrates
the primacy of changes in the renal reabsorption of salt and
water as the causal mechanism of hypertension. Three
simple monogenetic forms of essential hypertension have
been resolved at the genetic level. Each is rare, generally
severe, and has an early onset, characteristics that differ
from more commonly encountered polygenic forms of es-
sential hypertension. These are: Liddle’s syndrome (defects
in renal sodium channels participating in sodium reabsorp-
tion) (2); syndrome of apparent mineralocorticoid excess
(defect in renal 11-beta hydroxysteroid dehydrogenase that
permits mineralocorticoid effects of glucocorticoids to be
manifest resulting in inappropriate sodium retention) (3, 4);
and glucocorticoid-remediable aldosteronism (chimerism of
glucocorticoid and mineralocorticoid synthesis genes places
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mineralocorticoid synthesis under glucocorticoid regula-
tion, again resulting in inappropriate mineralocorticoid pro-
duction) (5). In each case, the primary genetic defect results
in increased renal sodium reabsorption.

The Milan hypertensive rat is a multigenic, complex
model of human essential hypertension (6). The genetic
components involved in this model may resemble more
closely those that participate in at least some human hyper-
tension. One of the genetic variations in the Milan hyper-
tensive rat contributing to hypertension is mutation in the
adducin gene (7). Adducin is a member of a family of
cytoskeletal proteins. However, the mechanism by which
adducin mutation contributes to hypertension still involves a
primary alteration in renal sodium handling. It is accompa-
nied by altered plasma levels of ouabain-like material (8—
11). In this case, the structural protein is involved in stabi-
lization in the cell membrane of at least one major ion
transport protein, the sodium, potassium-ATPase of the so-
dium pump. Mutation appears to increase the V. of the
sodium pump perhaps by increasing the longevity of the
sodium pumps resident in the cell membrane (12). This is
associated with increased sodium reabsorption in the neph-
ron and presumably with inappropriate sodium retention
that is not overcome by other compensatory mechanisms (9,
13-17). Variations in adducin sequence within the human
genome have now been identified, and they correspond with
increased occurrence of essential hypertension (7, 18, 19).

Taken together, this new evidence of the genetic cau-
sation of hypertension has strengthened the compelling ar-
gument of Guyton and colleagues that the sole means of
sustaining long-term alterations in arterial blood pressure is
by a change in the normal relationship between renal per-
fusion pressure and sodium reabsorption (20-22). However,
these genetic advances also amplify the important question
at the center of this review: when renal sodium reabsorption
is inappropriately increased, what mechanism leads to el-
evated blood pressure?

Sodium Pump Inhibitors Link Altered Sodium
Reabsorption to Blood Pressure

In 1961 the important role of glomerular filtration rate
in regulation of sodium balance through altered proximal
sodium delivery was well understood, and the chemical
identity of aldosterone and its effect on distal renal sodium
absorption had come into full focus. However, the idea that
other mechanisms regulating renal sodium excretion might
remain to be identified persisted and found support in ex-
periments conducted by de Wardener and colleagues sug-
gesting a circulating natriuretic factor, widely known as
““third factor’” (23). At the end of the same decade and
around the same period, two independent reports emerged
supporting the view that the third factor might be a sodium
pump inhibitor (24, 25). This view was propelled by obser-
vations of the inhibitory effect of volume expansion on
epithelial ion transport (26).

Haddy and Overbeck then reported a series of experi-

ments suggesting that a sodium pump inhibitor might par-
ticipate in the pathophysiology of volume-expanded hyper-
tension. They showed lower sodium pump activity and re-
duced ouabain-sensitive ATPase activity in blood vessels
and cardiac tissue of volume-dependent hypertensive dogs
and rats (27-30). In normal blood vessels, reduced vascular
sodium pump activity could be produced by plasma from
volume-expanded, hypertensive animals (31). Since similar
vascular responses could be obtained with the plant-derived
cardiac glycoside, ouabain, the activity was termed ‘‘oua-
bain-like.”” During this period, several clinical immunoas-
says used to monitor plasma levels of digitalis drugs had
been developed, and most were discovered to detect mate-
rials present in individuals who had never been treated with
these drugs (32, 33). One set of subjects with raised plasma
digitalis immunoreactivity were volume-expanded dogs, a
finding from which the term ‘‘digitalis-like’’ emerged to
describe a possible material involved in sodium pump regu-
lation and possessing immunological properties similar to
plant cardiac glycosides (34). From this point until present
a very broad range of studies emerging from many labora-
tories has continued to produce evidence supporting the idea
that volume-expanded states and volume-expanded hyper-
tension are associated with increased levels of circulating
material that, by one assay or another, appear to resemble
sodium pump inhibitors (35, 36).

Blaustein proposed a mechanism to explain the hyper-
tensive response to endogenous sodium pump inhibitors
through alteration in intracellular ionized calcium handling
as a result of increased intracellular sodium following so-
dium pump inhibition (37). He has calculated that a small
increment (8%) in intracellular sodium concentration may
lead to a 1 nM increase in ionized intracellular calcium. This
calcium increase may, in turn, be amplified 2500-fold in the
resulting increase in sequestered intracellular calcium. The
available pool of releasable calcium from the sarcoplasmic
reticulum would consequently be augmented with important
implications for contractile responses in myocardium and
vascular smooth muscle (38). Experiments in isolated vas-
cular preparations from rats have shown that very low oua-
bain concentrations (10~ to 107'° M) can increase caffeine-
induced contractions in the presence of moderate sympa-
thetic stimulation (38). If endogenous sodium pump
inhibitors share this same property, they may, even at these
very low concentrations, participate in natriuretic responses
by inhibition of renal sodium transport. Natriuresis may be
reinforced by increased arterial pressure occurring as the
result of calcium shifts induced by the action of the same
inhibitor on vascular tissues.

Progress in the Chemical Identification of
Endogenous Sodium Pump Inhibitors
“Endogenous Quabain.” Substantial evidence has
been developed in support of the idea that ouabain, or a
molecule differing only in isomerism from ouabain, is pre-
sent in human plasma (hence, ‘‘endogenous ouabain’’) (39,
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40). Problems with ouabain as an endogenous sodium pump
inhibitor were an important topic in the previous review of
this subject, many remain unresolved (35).

Chemical Characterization of “Endogenous
Ouabain.” Recent independent verification supports the
previous observation that a compound with identical mass
and a mass fragmentation spectrum extremely similar, but
not identical, to plant ouabain is present in mammals. Mi-
croscale analysis of material purified from bovine hypo-
thalamus (HIF) has also resulted in the identification of a
compound that is isobaric with ouabain (41, 42). A com-
pound was released by acid digestion of the glycoside link-
age of the purified HIF which, after derivatization and GC/
MS analysis, was indistinguishable from L-rhamnose,
which had been similarly treated. It was concluded that the
sugar in HIF is L-rhamnose (42).

Naphthoylation is a derivatization technique that gives
rise to fluorescent products. Derivatization with fluorescent
compounds produces two important advantages; first, fluo-
rescence detection is extremely sensitive, and second, such
compounds may exhibit circular dichroism (CD) spectra.
Circular dichroism is the difference in absorption between
left- and right-handed circularly polarized light and is a
useful technique for examining the stereochemical features
of molecules. It can be extended by examination of the
Cotton effect, the optical rotation of circularly polarized
light.

Reactive hydroxyls present both on ouabain and on HIF
were naphthoated and analyzed by HPLC, and CD spectra
were obtained. HPLC elution times of the naphthoated de-
rivatives of ouabain and HIF were different (42). Further-
more, ouabain showed a split CD curve with a positive
Cotton effect. However, HIF demonstrated no Cotton effect.
Since three hydroxyl groups on rhamnose are naphthoated,
and this structure alone produces a large Cotton effect, this
suggests that the remaining naphthoates cancel the positive
split CD of the rhamnose derivative (43). This intriguing
evidence suggests that HIF is either a regio- or stereoisomer
of ouabain. However, it is unclear if the hydroxyl groups on
the aglycone, ouabagenin, are in an unusual spatial arrange-
ment to cancel the rotation produced by the rhamnose de-
rivative or if the rhamnose residue is coupled at a different
location on the genin that the C3 position of ouabain (See
Figure 1 for examples).

At present, the most feasible means to identify the cor-
rect stereochemistry may be to synthesize all possible ste-
reo- and regioisomers to identify those with an identical CD
spectrum to the endogenous mammalian compound. If only
one such isomer has this spectrum, and if its derivative
shares identical HPLC elution properties, then the problem
will be solved. This is not a trivial undertaking since there
is a large number of possible isomers that are isobaric and
that retain the same essential structural features as ouabain
(steroid nucleus, lactone side group at C17, rhamnose sugar
residue, and 5 hydroxyl groups on the steroid nucleus). Fi-
nally, it should be noted that it is possible, though unlikely

Figure 1. (A) Structure of ouabain showing lactone group at C17,
steroid nucleus with A/B and C/D rings in cis conformation and rham-
nose residue; (B) A stereoisomer of ouabain. Isomerism is in the
spatial arrangement of the hydroxyl group at the C14 of the steroid
nucleus; (C) A regioisomer of ouabain. Isomerism is in the location of
the attachment of the rhamnose residue to the steroid nucleus.

considering the relatively mild conditions, that isomerism
occurred during the purification of HIF and is not a property
of the native compound.

Comparisons of HIF with the human plasma-derived
‘“‘endogenous ouabain’’ have now been made. Interestingly,
both the human-derived material and HIF form pentanaph-
thoates that are different from those formed by ouabain (42).
Both mammalian-derived pentanaphthoates coelute on
HPLC and have a different elution time from ouabain-
pentanaphthoate. Thus, two separate groups using two dif-
ferent source materials have now purified what appears to
be the same compound. This compound is not only isobaric
with ouabain, but also clearly isomeric: ‘‘iso-ouabain.’’
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This is important evidence that, as it grows in strength and
clarity, may begin to answer some of the challenging prob-
lems posed by ouabain isomers as endogenous regulators of
mammalian sodium pumps. The next vital piece of evidence
required is confirmation that both HIF and human ‘‘endog-
enous ouabain’’ can be synthesized in vivo and that they do
not result from environmental sources.

This exciting new progress must be tempered with the
important problems that remain before iso-ouabain can be
accepted as a biologically important regulator of mamma-
lian sodium pump function. Hansen has questioned whether
the secretion rate suggested for ouabain is sufficient to have
any effect on the vast number of receptors present, estimat-
ing that an output corresponding to 7.2 years of the reported
secretory rate would be necessary to occupy all receptors
(44). However, until an exact structure of the endogenous
material is known, no suitable standard is available to quan-
tify release rates or circulating levels accurately, and their
actual molar concentration cannot be determined.

Indeed, these considerations bear on another important
issue: the ability of some investigators, but not others, to
confirm the presence of ouabain in mammalian samples. It
has been suggested that antibody selectivity is critical to the
ability to identify iso-ouabain using antibodies raised
against plant ouabain (45). This argument presumes a large
regioisomeric difference between ouabain and iso-ouabain.
The available mass spectral data do not provide much as-
sistance in clarifying this possibility (40, 41). All ‘‘endog-
enous ouabain’’ antibodies raised to date have been raised
against plant ouabain. It is therefore difficult to imagine that
either the conjugation chemistry used to generate the im-
munogen (reductive amination) results in profound differ-
ences between the antibodies raised or that polyclonal an-
tibodies raised against plant ouabain could be so divergent
in their ability to detect endogenous ouabain.

Problems arising from the chemical properties of iso-
ouabain remain. The same problems exist for plant ouabain
(see earlier review (35)). They include the polarity of this
molecule (a characteristic that isomerism would be unlikely
to change) and the unique structure of the plant sugar resi-
due (rhamnose is not known to be involved in any other
mammalian carbohydrate metabolism and is not normally
absorbed across the gut). Early descriptions of HIF included
properties incompatible with the high polarity of ouabain or
its isomer, namely, the ability to access the extracellular
binding site in inside-out liposomes (46). Ouabain has ex-
tremely low permeability through such membranes, and
permeability of the isomer would be expected to differ only
to a small extent (47-49). This raises questions about
whether the earlier descriptions refer to the same compound
that was ultimately identified as a ouabain isomer. Further,
this earlier material has different properties in its interaction
with the sodium pump than ouabain. For example, its ligand
binding requirements differ significantly from plant oua-
bain, and HIF does not support phosphorylation of the so-
dium pump from inorganic phosphate. Potency is also esti-

mated to be greater than ouabain (50). It is possible that
some, but not all, of these differences might be character-
istics of the isomer. However, those differences not attrib-
utable to isomerism await a satisfactory explanation.

Biosynthesis and Regulation of “Endogenous
Ouabain.” Further evidence has come to light involving
synthesis of ‘‘endogenous ouabain’’ by the adrenal gland.
Evidence of release from the adrenal in intact animals has
been generated (51, 52). However, in humans, plasma oua-
bain immunoreactivity was not different after bilateral ad-
renalectomy (53). Evidence of biosynthesis is essential to
support a role for the compound in control of the mamma-
lian sodium pump. Cell culture approaches provide a means
of closely controlling the environment and so have been
useful to examine whether the production of ‘‘endogenous
ouabain’’ is in fact endogenous. Cultured cells from bovine
adrenocortical regions suggest that the zona glomerulosa
may be the region where such compounds are synthesized
(57). However, we have not been able to demonstrate by
HPLC purification and ouabain immunoassay that the ma-
terial released by cultured murine adrenocortical cells,
which we have previously shown to have numerous cardiac
glycoside-like properties, is similar to ouabain (49, 54, 55).
Furthermore, stimulation of adrenal steroidogenesis with
cholesterol analogs was not accompanied by increased pro-
duction of such material. Likewise, inhibition of cholesterol
side-chain cleavage and further metabolism of the product
of this reaction (pregnenolone) did not reduce output of the
material. In contrast, Laredo and colleagues reported that
90% or more of the material extracted from conditioned
bovine adrenocortical cultures co-eluted with authentic oua-
bain (56). Accumulation of ouabain immunoreactivity in
conditioned medium from a mixed adrenocortical cell cul-
ture (derived from all three adrenocortical zones) occurred
at a similar rate for ouabain as aldosterone. Cortisol accu-
mulation was approximately 100-fold greater. Ouabain im-
munoreactivity appeared at high levels in cultures stimu-
lated with both angiotensin II and ACTH (57). Recent work
suggests that type II angiotensin receptors mediate the
stimulation by angiotensin II, whereas stimulation of aldo-
sterone and cortisol by angiotensin II is independent of type
II angiotensin receptors (58).

The presence of isomeric ouabain in bovine hypothala-
mus (HIF) raises the question of whether the latter is a site
of synthesis or a target site that accumulates iso-ouabain
from another source. Some early evidence of release of
cardiac glycoside-like material from cultured hypothalamic
cells has been reported (59, 60) though more selective tools
directed at the known structural features of HIF now need to
be used to assess whether synthesis and release of HIF also
take place in the hypothalamus.

Pharmacology of “Endogenous Ouabain.” Evi-
dence that ouabain is able to influence regulation of arterial
blood pressure or renal sodium excretion is controversial,
raising questions about whether the identification of an ‘‘en-
dogenous ouabain’’ represents the culmination of the search
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for a third factor with hypertensinogenic properties. Studies
have been reported in humans, sheep, and rats with mixed
findings (61-68), possibly related to the mode of adminis-
tration. In rats, observations of ouabain-induced elevation of
blood pressure have been obtained. In this species, the rela-
tively glycoside-resistant cardiac sodium pump permits
higher doses of ouabain to be tolerated (64-66). However,
even in the rat, studies in which ouabain fails to elevate
blood pressure have been reported in spite of doses admin-
istered that have been near toxic levels and infusions ex-
tending over a prolonged period (67-69). Evidence suggests
that ouabain may require the amplifying effect of reduced
renal excretory capacity to elevate blood pressure (69). No
evidence of amplification of the pressor response to angio-
tensin II or norepinephrine has been observed in humans or
sheep (61-63, 70). Of course, all such experiments hinge on
the untested assumption that the plant-derived ouabain ad-
ministered has the same effects as iso-ouabain.

Endogenous Materials with Homology to Am-
phibian Cardiotonic Steroids. Along with evidence in-
dicating a cardenolide structure of endogenous sodium
pump inhibitors, an increasing body of evidence supports an
endogenous mammalian bufodienolide (EB). Bufodieno-
lides are cardioactive steroids originally described in Bu-
fonidae toads and, unlike cardenolides, are C24 steroids.
They possess a six-membered, doubly unsaturated lactone
ring and demonstrate maximal UV absorbance at 295-300
nm (71, 72). Bufodienolides were introduced into clinical
practice more than 1000 years ago. The dried skin of toads,
which contains various bufodienolide derivatives, com-
prises one of the main active principles of the traditional
Chinese remedy Sen-So (or Ch’an Su), which has been (and
continues to be) used in the treatment of congestive heart
failure.

Elucidation of the chemical structure of bufodienolides
began in several laboratories in the 1920s. Within three
decades it was established that skin and paratoid glands of
various toad species contain several cardioactive steroids,
which exist both in nonconjugated (bufogenins) and conju-
gated (bufotoxins) forms. Unlike plant-derived cardeno-
lides, which are conjugated with a sugar residue to form
cardiac glycosides, bufotoxins are steroids conjugated with
suberylarginine and sulfates (71, 73). Positive inotropic ef-
fects of bufodienolides have been studied extensively in
vitro and in vivo in many laboratories (74).

Flier and co-workers demonstrated that toad skin and
plasma contain a material that inhibits Na,K-ATPase, cross-
reacts with several digitalis antibodies, and competes with
tritiated ouabain for the digitalis receptor site on the sodium
pump (75, 76). Flier et al. also demonstrated that bufodi-
enolides are widespread in frogs (77). Remarkably, the
highest levels of bufodienolides were detected in those frog
species that migrate back and forth from dry to aquatic
environments (77). Considering that the skin is a major
organ for regulation of water and electrolyte homeostasis in
amphibia, these authors proposed an appealing hypothesis

that the sodium pump and bufodienolides (sodium pump
inhibitors) in the skin represent a system that regulates fluid
balance in amphibia. In the course of evolution, this system
has also become protective against predators. Indeed, cases
of lethal intoxication after ingestion of toads have been
described in the literature (78).

Later, the hypothesis that toad bufodienolides are natu-
ral ligands of the digitalis receptor site on Na,K-ATPase
was advanced by Lichtstein’s group. Lichtstein and co-
workers have identified EB in plasma and skin of Bufo
viridis as resibufagenin (3-beta hydroxy 14,15-epoxy bufo-
dienolide) (79) and have shown that this compound displays
positive inotropic effects in vitro (80, 81). Subsequently,
they demonstrated the presence of bufodienolide in toad
brain and have shown that, in Bufo viridis, brain and skin
concentrations of bufodienolide change according to envi-
ronmental salinity (82).

Although the chemistry of bufodienolides has been
studied extensively for decades, the biosynthetic pathways
are practically unknown. However, in plants, bufodieno-
lides were shown to originate from pregnenolone (83, 84).
Using '“C-cholesterol, Siperstein et al. have shown that
cholesterol is a precursor in Bufo marinus (85).

Evidence for Existence of Bufodienolides in
Mammals. Results demonstrating that amphibian bufodi-
enolides represent an endogenous material involved in wa-
ter and electrolyte homeostasis prompted a search for a
mammalian bufodienolide. First, Kieval and co-workers
found a material in the extracts of human bile that cross-
reacted with a polyclonal antibody against bufalin (3-beta,
14-beta dihydroxy bufodienolide) (86). In 1991, Goto et al.
detected the presence of two fractions with ouabain-
displacing properties in human urine; one of those com-
pounds reacted with bufalin antibody (87). Naomi et al. (88)
using several digoxin antisera and several substances that
were potential EBs (including bufalin), established immu-
nological profiles of plasma from different groups of pa-
tients and suggested that a circulating digoxin-like sub-
stance may have a bufodienolide nature. The presence of
bufalin-like immunoreactive material in human plasma has
also been reported by Panesar et al. (89) and Numazawa et
al. (90).

Lichtstein’s group has demonstrated the presence of
digitalis-like material in the eye lenses of several mamma-
lian species (91). The highest levels of digoxin-like immu-
noreactive material was found in human cataractous lenses.
This material, purified by HPLC, demonstrated maximal
UV absorbance at 298 nm, which is typical for bufodieno-
lides. Mass-spectrometrically it has been established that
the purified compound has a molecular mass of 270 repre-
senting bufalin-peptide derivatives (91).

Schoner reported that human plasma and bovine adre-
nals contain material that cross-reacts with antibody against
a plant-derived bufotrienolide, proscillaridin A (3-beta
rhamnosido-14-beta-hydroxy bufotrienolide) (92). Later,
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Schoner and associates purified three fractions with the abil-
ity to inhibit the sodium pump and to react with proscillari-
din antibody from plasma of a group of 101 human subjects
consisting of healthy volunteers and patients with hyperten-
sion and heart failure (93). Plasma levels of proscillaridin-
like immunoreactivity from a less hydrophobic fraction cor-
related with the systolic, diastolic, and pulse pressure, the
latter correlation being the strongest (93). Proscillaridin-like
immunoreactive material has been also detected in Y-1 mu-
rine adrenocortical cell culture medium (94).

Bagrov and colleagues have demonstrated that the
venom of Bufo marinus contains a potent vasoconstrictor
that reacts with digoxin antibody, but is different from bu-
falin and resibufagenin (95). Subsequently, this compound
has been identified as a previously described steroid, ma-
rinobufagenin (Figure 2, 3-beta, 5-beta dihydroxy 14,15-
epoxy bufodienolide) (96). Polyclonal antibody raised
against marinobufagenin cross-reacted with the material
from human, porcine, and canine plasma and urine (97-
100). When chloroform-extracted human urine was frac-
tionated on reverse-phase HPLC columns, the fraction con-
taining maximum marinobufagenin immunoreactivity
eluted later than ouabain-like material and demonstrated no
separation from a standard of marinobufagenin purified
from the venom of Bufo marinus (97, 99). The material
purified from human urine was identical in mass spectros-
copy to marinobufagenin from Bufo marinus venom (101).
Plasma levels of marinobufagenin immunoreactivity were
increased in acute plasma volume expansion in dogs and
rats (98, 101) and during two other states associated with
increased plasma volume: voluntary hypoventilation in
healthy humans (97) and pre-avoidance hypoventilation in
micropigs (100).

Recently, Hilton and co-workers purified a bufodieno-
lide compound with sodium pump inhibitory activity from
human placentae. Using fast-atom bombardment mass spec-
troscopy, this substance was characterized as 3-beta, 14-
alpha, 20:21 bufenolide (102).

HO
Figure 2. Structure of marinobufagenin.

Pharmacology of Bufodienolides and the
Physiological Significance of Mammalian Bufodi-
enolide(s). Inotropic effects of various cardiotonic bufo-
dienolide steroids had been extensively studied even before
it was shown that these compounds inhibit the sodium pump
(reviewed in Ref. 74). Indications of a possible role of mam-
malian bufodienolide as an endogenous inotrope include
observations of a digitalis-like effect of bufalin-immunore-
active material from human bile on isolated canine Purkinje
fibers (86), and correlation of proscillaridin-like immuno-
reactivity with the pulse pressure in humans (93).

During acute volume expansion in anesthetized dogs,
the initial rise in plasma concentration of marinobufagenin-
like immunoreactivity occurred in parallel with an increase
in left ventricular (LV) dP/dt (97). Pretreatment of saline-
infused animals with digoxin antiserum, which binds bufo-
dienolides including marinobufagenin, prevented the in-
crease in LV dP/dt and decreased urinary release of sodium
and marinobufagenin-like (but not ouabain-like) material.
Although these observations showed a parallelism between
plasma levels of EB immunoreactive substance and natri-
uresis, it is unclear whether or not EB has direct natriuretic
activity.

Data on the natriuretic activity of bufalin are conflict-
ing. Brownlee et al. reported that bufalin is a potent inhibi-
tor of canine renal Na,K-ATPase, but a weak natriuretic
(103). Eliades et al. investigated acute hemodynamic effects
of bufalin in anesthetized dogs and found that although
intravenous infusion of bufalin (5-50 wg/min) produced a
positive inotropic effect and rise of systemic blood pressure,
natriuresis and diuresis were not observed (104). At the
same time, when anesthetized male Wistar rats were infused
intravenously with approximately the same doses of bufalin,
positive inotropic and pressor responses were associated
with a prominent natriuretic effect, which was much stron-
ger compared with the effect of equimolar concentrations
of ouabain (105). To our knowledge, no comparisons of
the effects of chronic administration of bufalin with those
of ouabain have been reported. Yates and McDougall (106)
studied the effect of direct injection of bufalin (500 wg/hr)
into the renal artery in conscious sheep and found that bu-
falin increased sodium excretion; however, this increase
was not associated with the changes in glomerular filtra-
tion rate and in effective renal plasma flow. When bufalin
was given intravenously to anesthetized male Sprague-
Dawley rats (10 mg/min for 40 min), glomerular filtration
rate, renal blood flow, and urinary sodium excretion were
lower than in controls although blood pressure in bufalin-
treated animals was elevated (107). These observations do
not provide any evidence toward the direct natriuretic effect
of bufalin, and suggest that the observed natriuretic effects
(104-106) could be due to the hemodynamic effects of this
bufodienolide.

As can be seen from the data on acute administration of
bufalin to experimental animals, this substance raises the
systemic blood pressure (104—107). Mechanisms of the va-
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soconstrictor and pressor effects of bufalin have been in-
vestigated in several studies. Eliades et al. (104) have
shown that intrabrachial infusion of bufalin rapidly in-
creases perfusion pressure, augments the pressor response to
norepinephrine, and diminishes potassium-induced vasodi-
lation. Cress et al. showed that bufalin (10 mmoles/1) in-
creased vascular tone, and electric stimulation induced nor-
epinephrine outflow in isolated dog saphenous vein (108).
Since tetrodotoxin inhibited the effects of bufalin on nor-
epinephrine outflow, it was concluded that an effect on the
intravascular nerve endings is important for bufalin’s vaso-
constrictor action (108). This is in keeping with an obser-
vation by the same group that intravenous infusion of bu-
falin in rats is associated with a positive chronotropic effect
(105). Later, these observations were confirmed in isolated
rat aortae where the vasoconstrictor effect of bufalin was
also blocked by phentolamine (95). Interestingly, in rat aor-
tic rings the vasoconstrictor action of bufalin appeared to
stimulate the sodium pump. No such stimulatory effect was
observed in vascular rings pretreated with phentolamine
(24). Similar stimulation due to norepinephrine release
caused by nanomolar doses of digitalis was observed in
isolated guinea pig hearts (109).

Bufalin given to rats (14.8 p.g/kg/day) for 6 weeks did
not change blood pressure, whereas higher doses (29.6 p.g/
kg/day) increased systolic blood pressure by 30 mm Hg
(110). Another bufodienolide, resibufagenin, caused vaso-
constriction in an isolated rabbit pulmonary artery in mi-
cromolar concentrations. Similar to the action of bufalin in
isolated dog saphenous vein and rat aorta, this effect was
also associated with the release of norepinephrine from
nerve terminals (111).

In isolated human resistance arteries, nanomolar con-
centrations of bufalin caused concentration-dependent po-
tentiation of the tone in vessels precontracted with norepi-
nephrine and inhibited endothelium-dependent relaxation
(112). In human blood vessels marinobufagenin was less
effective, evoking contractile responses in isolated human
pulmonary arteries at concentrations of 10—100 nmol/1 (99).

Bagrov and coworkers have compared the mechanisms
of vasoconstrictor effects of ouabain and marinobufagenin
in isolated rat aortae (96). Marinobufagenin-induced vaso-
constriction was phentolamine-resistant, whereas ouabain
had its predominant effect on pumps localized to nerve end-
ings. The vasoconstrictor effect of ouabain, similar to that of
bufalin, was associated with a stimulation of the sodium
pump (96). Subsequently, Na,K-ATPase inhibitory effects
of ouabain and marinobufagenin were studied in two mem-
brane fractions isolated from rat thoracic aorta by sucrose
density gradient centrifugation (113). One fraction con-
tained predominantly the «-3 isoform of Na,K-ATPase and
represented membranes from the perivascular nerve end-
ings. The other membrane fraction, containing predomi-
nantly the a-1 isoform, was derived from the plasmalemmal
membrane. The ICs, for inhibition of Na,K-ATPase by oua-
bain and marinobufagenin were 1 nmol/l and 0.5 wmol/l in

the neuronal membrane fraction, and 0.1 pmol/l and 10
nmol/l in sarcolemma, respectively. Therefore, in rat aorta
marinobufagenin preferentially inhibits Na,K-ATPase in
vascular smooth muscle membranes, and ouabain demon-
strates higher affinity toward Na,K-ATPase from vascular
nerve endings. With respect to isoform specificity, ma-
rinobufagenin resembles the Na,K-ATPase inhibitor puri-
fied from human peritoneal dialysate by Graves and col-
leagues (see below) (114).

A separate line of evidence indicates a possible role of
endogenous bufodienolides as regulators of cell differentia-
tion and proliferation. In 1982 Schreiber and Kolbel hypoth-
esized that a digoxin-like immunoreactive adrenal steroid
participates in the development of cardiac hypertrophy
(115). Zhang et al. have shown that low concentrations (10
nmol/l) of bufalin produce differentiation-inducing activity
in three human leukemia-derived cell lines (promyelocytic
HL60, monoblastic U937, and myeloblastic ML1) (116).
Later, bufalin was reported to induce apoptosis in human
leukemia U937 cells (117) and inhibit the in vitro prolifera-
tion of cultured endothelial cells (118). Interestingly, the
action of bufalin on cell differentiation was attributed to the
Na,K-ATPase inhibitory effect of this steroid (119). When
the effect of a fraction from human plasma with the ability
to cross-react with bufalin antibody and to displace *H-
ouabain was studied in THP-1 leukemia cells, the endog-
enous factor induced cell differentiation (120).

Although the above observations compose an incom-
plete picture, they favor a hypothesis that at least some
endogenous digitalis-like activity in mammals is attribut-
able to a bufodienolide compound(s). However, the mixed
picture illustrated above is reflected in recent work suggest-
ing that variation in actions may be due to the presence of
several endogenous materials. Butler ef al. studied plasma
bufodienolides in Bufo marinus (120). Plasma from Bufo
marinus contains several bufodienolides, which exist in
nonconjugated form, as well as bufotoxins (conjugates with
suberylarginine and sulfates). These compounds displayed
different abilities to inhibit Na,K-ATPase and *H-ouabain
binding and different retention times from reverse-phase
HPLC columns. Systematic studies of bufodienolide phar-
macology and standardization of methods of measurement
of bufodienolide compounds will lead to better understand-
ing of the importance of mammalian bufodienolides in the
regulation of the sodium pump, cardiovascular control, and
pathogenesis of hypertension.

Other Areas of Progress in the Search for
Endogenous Regulators of the Sodium Pump
Possible Natriuretic Factors Derived from Hu-
man Uremic Urine. Following de Wardener’s original
idea that the third factor should principally be a natriuretic
compound, Wechter and colleagues embarked on a series of
studies to identify compounds in human uremic urine using
an in vivo assay system that detects the natriuretic property
of isolated materials (121-123). Using this system, a num-
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ber of compounds have been identified. One is a metabolite
of the calcium channel blocker, diltiazem, which is pro-
duced by oxidative deamination and deacetylation of the
parent compound (124). The mechanism of action of this
exogenous compound is not known.

However, the same group has made further progress in
identifying another compound in uremic urine as 2,7,8-
trimethyl-2-(beta-carboxymethyl)-6-hydroxychroman (123,
125). It is produced in vivo by oxidative metabolism of
gamma-tocopherol, a member of the vitamin E complex. As
such, it differs somewhat from common expectations of an
“‘endogenous’” compound. However, the authors have pro-
vided some preliminary indication that levels may be el-
evated in uremic urine compared to normal. More impres-
sive is the elucidation of the mechanism of action of this
compound. It appears to be an inhibitor of potassium chan-
nels in the ascending limb of the loop of Henlé. Blockade at
this site may limit the recycling of potassium ions that pro-
vide substrate to the Na-K-Cl co-transporter, the major
mechanism by which sodium is reabsorbed in this nephron
region. Consequently, distal sodium delivery increases and
natriuresis may result. Much further work will be required
to determine whether this interesting new compound par-
ticipates in physiological regulation of natriuresis (and
blood pressure) and how dietary intake of tocopherols may
impinge upon normal regulation of salt and water balance.

Sodium Pump Inhibitor Derived from Peritone-
al Dialysate of Chronic Renal Failure Patients. Ef-
forts to select suitable starting materials for enrichment of
endogenous inhibitors of the sodium pump have led to in-
vestigations of peritoneal dialysate from chronic renal fail-
ure patients. Graves and colleagues have studied ultrafil-
trates of this material by HPLC coupled with both digoxin
immunoreactivity and a sensitive sodium pump bioassay
examining the hydrolysis of radiolabelled inorganic phos-
phate from ATP (126-128). Using this approach they have
identified a fraction that is clearly dissimilar in its elution
profile from ouabain and digoxin (127, 129). This material
appears to be chemically unstable, and activity is lost even
from frozen samples, another property quite distinct from
cardiac glycosides.

Extensive analysis of the interaction of this material
with the sodium pump has been performed (129). Interac-
tion with Na,K-ATPase has been compared with that of
ouabain, and some important distinctions have emerged.
The labile factor appears to inhibit Na,K-ATPase by the
same mechanism and with similar kinetics as ouabain. In-
hibition of the enzyme activity in vascular smooth muscle
by the factor can be blocked by Fab fragments of digoxin
antibody (130). Remarkably, this factor appears to have
maximum potency on the ouabain-resistant, alpha-1 isoform
of the enzyme (114). Rat alpha-1 isoform is highly resistant
to cardiac glycosides. Kidney microsomes were prepared to
represent a relatively pure source of this isoform. Micro-
somal preparations from muscle (predominantly alpha-2
isoform) and fetal brain (predominantly alpha-3) were also

examined. The factor was a relatively potent inhibitor of all
isoforms in rat, including alpha-1. No measurement of the
molecular mass of the applied inhibitor was available so a
direct measure of molar potency was not available. How-
ever, 50% inhibition of the brain enzyme was achieved with
47 pg of ouabain whereas similar inhibition could be ob-
tained with less than 10 ng of purified material. These ob-
servations argue strongly that pump inhibitors may exist and
may be considerably more potent than plant cardiac glyco-
sides. Such inhibitors may be endogenous and involved in
the response to volume expansion of renal failure. Structural
information, as yet undetermined for this material, will be
difficult to obtain until stabilization of the lability and pu-
rification of increased quantities are achieved.

A Co-Transport Inhibitor (Na:K:2Cl) Present in
Urine and Plasma. Garay and colleagues have produced
evidence suggesting that both the sodium pump and the
sodium, potassium, chloride co-transporter may be regu-
lated by endogenous inhibitors (131). Crude preparations of
rat urine from salt-loaded animals demonstrated an in-
creased ability to inhibit the co-transporter in human eryth-
rocytes (132). The same activity is present in humans in
both plasma and urine (133). It is increased by salt loading,
but no difference in the activity present in urine or plasma
between normotensive and hypertensive subjects was ob-
served. However, congestive heart failure was strongly as-
sociated with increased plasma and urinary activities of the
inhibitor (134). The source of this material may be the pos-
terior pituitary (135).

Attempts at purification have been made and have led
to the conclusion that two compounds are responsible for
the co-transport inhibitory activity. One of these compounds
has been identified as equol, an isoflavanoid that may be
derived from bacterial metabolism in the gut (136). Al-
though excretion of this material in urine increases in vol-
ume-loaded rats (137), it is unclear if this reflects increased
synthesis or simply the consequence of increased renal fil-
tration on excretion. However, urinary levels of equol may
be mildly natriuretic. The identity of the additional, presum-
ably more potent material possessing co-transport inhibitory
activity has not yet been reported.

Summary

Progress continues in the effort to identify endogenous
ligands and understand their role in regulation of Na,K-
ATPase at the cardiac glycoside binding site. Important ad-
vances include the identification of iso-ouabain; however,
further efforts are being made to resolve the stereochemistry
of this compound. With such information, it will be possible
to begin to assess biological aspects of iso-ouabain’s func-
tion. Evidence indicates that bufodienolide-like molecules
are also candidate mammalian compounds, and the role of
such compounds in controlling cardiovascular and renal
function is being explored actively. Other candidate com-
pounds remain, and insight into their structure and function
continues to be refined. Finally, as a by-product of studies
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directed toward control of renal sodium excretion, several
interesting, new molecules have been identified or partially
purified. These add new insight into potential regulatory
mechanisms influencing integration of cardiovascular and
renal function.

Note added in proof: Schoner and colleagues have
recently reported the purification of 20p.g of material indis-
tinguishable from plant ouabain (i.e., not iso-ouabain) from
bovine adrenals (138). Analysis of the purified material in-
cluded mass and nuclear magnetic resonance spectroscopy.
In addition, another new report independently indicates the
presence of ouabain in bovine adrenal tissue and the release
of similar material into cell culture supernatants (139).
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