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1. ABSTRACT

When endogenous ouabain was first isolated
from human plasma in 1991, many expressed doubts that
such a compound could be endogenous to humans because
of its unusual structure, its unknown synthesis, and its
unidentified site of origin.  Furthermore, the relevance of
human ouabain was questioned because of its apparently
low (≤nmol/L) circulating concentration. Since then, much
progress has been made on the origin and synthesis of
endogenous ouabain, but perhaps the most significant
finding is that nanomolar concentrations of ouabain can
induce numerous signal transduction events in both primary
and immortalized cultures of cells.  Here we analyze the
effects of low ouabain-induced signals including cell
proliferation, calcium mobilization, cell cytotoxicity,
apoptosis, mitogen-activated protein kinase (MAPK)
activation and other signaling pathways. Furthermore, we
consider how these low dose ouabain-induced events might
enable a putative role for human endogenous ouabain to be
assigned.

2. INTRODUCTION

In 1991, John Hamlyn and colleagues from the
University of Maryland, in collaboration with a group from
the Upjohn Laboratories, Kalamazoo, produced several

anuscripts that suggested that the cardiac glycoside ouabain
(or an isomer), was endogenous in humans (1-3). This was
a challenging finding for many reasons but most principally
because (a) the structure of ouabain is unlike that of any
other known endogenous steroid and (b) the presence of
such low concentrations of circulating ouabain (or ouabain-
like compound) in plasma was considered by many to be
physiologically irrelevant. Furthermore, there was much
controversy over the site of where endogenous ouabain was
produced. In recent years our understanding of how
ouabain and related cardiac glycosides are synthesized
(4,5), and where they originate have improved significantly
(5,6), but perhaps the greatest leap in our knowledge has
been the discovery that ouabain can influence cell signaling
pathways via the Na+K+-ATPase, without necessarily
affecting Na+ and K+ gradients. Whilst some distinguished
observers still question the significance of endogenous
ouabain (7), this has been largely overshadowed by the
recent explosion in the number of papers that demonstrate
diverse effects of nanomolar concentrations of ouabain on
both primary and immortalized cells (8-16).

Here, we review the recent discovery that low
concentrations of ouabain can be a potent activator of
numerous cellular processes and assess the possible
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implication of these findings for our understanding of the
role of endogenous ouabain in human physiology and
pathophysiology.

3. OUABAIN AND THE NA+K+-ATPASE

High concentrations of ouabain (≥µM) are toxic
and this was originally thought to be due to the classical
inhibition of the Na+K+-ATPase causing a rise in
intracellular Na+, which produces cell injury by two
pathways. Firstly, the accumulation of intracellular Na+ can
lead to the eventual dissipation of the electrochemical
plasma membrane potential which is accompanied by a
buildup of inorganic ions, causing cell swelling and
necrotic death.  Secondly, the rise in intracellular Na+

causes the activation of the Na+/Ca2+ exchanger which
eventually leads to a sustained rise in intracellular Ca2+,
which in turn mediates cell injury/death. The inotropic
effect of digoxin, ouabain, and other related cardiac
glycosides are thought to occur by transforming the rise in
intracellular Ca2+ into an increase in force of the
contracting myocardium. However, recent studies have
indicated that the Na+K+-ATPase can initiate signal
transduction pathways at ouabain concentrations that are
too low to induce a rise in intracellular Na+ (8-11, 17).
Furthermore, ouabain concentrations that are known to
significantly inhibit Na+K+-ATPase ion pump function are
now thought to be able to cause injury by non-ionic events
(18-19), to cause the generation of a reactive oxygen
species (ROS, 15, 17), and to initiate numerous protein
kinase cascades (20), Lastly, evidence that nanomolar
concentrations of ouabain can actually stimulate Na+K+-
ATPase activity has been known for more than 30 years,
and has been demonstrated by many workers during this
time (11, 16, 21-25).  However, the reason for this and its
possible implications are unclear but it supports the
suggestion that the Na+K+-ATPase can function in a non-
classical manner.

4. SIGNAL TRANSDUCTION EVENTS INDUCED
BY NANOMOLAR CONCENTRATIONS OF
OUABAIN

The recent discovery that low concentrations of
ouabain (and other cardiac glycosides) can elicit signal
transduction events via the Na+K+-ATPase that are
unrelated to changes in Na+/K+ gradients has opened the
possibility of assigning human endogenous ouabain with
physiological and pathophysiological functions. Evidence
suggests that nanomolar concentrations of ouabain induce
cell proliferation (8-11, 16), calcium mobilization (12-13,
15-16), cell cytotoxicity (9, 15), protease activation (9, 14),
and MAPK phosphorylation (9, 11, 16).  These events and
other examples of low-ouabain-induced signal transduction
will be discussed further in this review.

4.1 Cell proliferation
Primary vascular smooth muscle cells from

human and canine sources have been shown to proliferate
maximally when treated with 1 nmol/L ouabain (8, 10).
Maximal growth stimulation at the same concentration of
ouabain was also found in primary rat renal epithelial cells

(11), whilst 5 nmol/L of ouabain induced the greatest
degree of proliferation in human umbilical cord endothelial
cells (HUAEC, 16).  Human primary prostatic smooth
muscle cells were found to proliferate maximally at even
lower concentration of ouabain (0.1 nmol/L, 9). Ouabain is
thought to induce its proliferative (and hypertrophic) effect
by activating the Ras/Raf/MEK/ERK cascade (20, see
MAPK signaling).

In all of these studies ouabain was shown to
stimulate increasing cell proliferation until reaching a
certain peak concentration, from which higher
concentrations of ouabain produced lower proliferative
rates. It can be speculated that endogenous ouabain might
therefore exert control on the development of certain
tissues which is then arrested when ouabain falls below, or
goes above, a narrow concentration window.

4.2. Calcium mobilization
Calcium is a highly versatile intracellular signal

that regulates a vast number of cellular functions.  The
calcium signal is derived from either internal stores or from
the extracellular medium. Calcium homeostasis is regulated
by an array of receptors, transducers, ion channels, buffers,
effectors, ion pumps and exchangers.  Originally it was
thought that ouabain could affect intracellular calcium
concentrations by direct inhibition of the Na+K+-ATPase,
causing a rise in intracellular Na+ followed by a rise in
intracellular Ca2+ via the activation of the plasma
membrane bound Na+/Ca2+ exchanger.  However,
intracellular Ca2+ is known to rise in response to ouabain in
the absence of a rise in intracellular Na+ (26). This has lead
to speculation that ouabain-induced elevations in
intracellular Ca2+ might be due to signal transduction
events rather than as a sole consequence of changes in cell
Na+/K+ ratios. This seems especially likely when
considering examples of nanomolar ouabain-induced rises
in intracellular calcium (16, 27). The rise in Ca2+ has been
shown to result from a sharp increase in calcium influx
from the extracellular media in prostate cancer (PC-3) cells
(15). This low ouabain-induced Ca2+ rise has been further
supported by the observation that the chelation of
extracellular Ca2+ could prevent the low dose ouabain-
induced CD69 expression in murine thymocytes (28).
Furthermore, ouabain-induced Ca2+ oscillations in primary
renal proximal tubule cells could be halted by incubating
the cells in a Ca2+ free buffer (12).  Similar low frequency
Ca2+ oscillations were found in HUAECs incubated with 1
nmol/L ouabain (16).

The eventual outcome of low dose ouabain-
induced elevated, or oscillating, intracellular Ca2+ is
expected to be diverse.  Many of the observed effects of
nanomolar ouabain treatment, such as loss of mitochondrial
membrane potential (15), production of ROS (15), protease
activation (9, 14), apoptosis (9, 14, 28-29), NFκB
activation (12), endothelin release (16) and MAPK
activation (8, 9, 11, 16), have been shown to be either
directly, or indirectly, as a result of an increase in
intracellular Ca2+ (9, 12, 14, 16, 28).   These data, in
conjunction with the known proliferative effect of low dose
ouabain, suggests that endogenous ouabain might play a
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Figure 1. Simple schematic representation of some of the signaling events initiated by ouabain (excluding ionic effects due to
changes in the intracellular Na+/K+ ratio). The majority of the pathways shown here have been demonstrated using nanomolar
ouabain concentrations upon primary and immortalized mammalian cells in culture (see text for details). EGFR, epithelial growth
factor receptor; MEK, mitogen-activated protein kinase/extracellular signal-regulated kinase kinase; ET-1, endothelin-1.

role in cell homeostasis because cell growth (hypertrophy
and proliferation), cell death and survival pathways (e.g.
via NF-κB, see Other ouabain-induced effects) can all be
initiated by ouabain.

4.3. Cell cytotoxicity and protease activation
Despite the fact that ouabain has been used

extensively in life science research since it was first
crystallized in 1888 (30), it has only been recently
recognized that nanomolar concentrations can be cytotoxic
(9, 15). In human prostatic smooth muscle cells, 10 nmol/L
ouabain produced a significant rise in both LDH release
and in the activity of the cysteine protease caspase-3 (9). In
human prostate adenocarcinoma PC-3 cells, 3 nmol/L
ouabain was found to cause a modest reduction in
mitochondrial membrane potential (15).  In the same cell
line, related cardiac glycosides such as oleandrin and
digoxin were shown to induce apoptosis (29). Furthermore,
higher concentrations of ouabain (100 nmol/L) can also
induce apoptosis (TUNEL reaction), which can be greatly
attenuated by caspase-3 inhibition (9).

Low doses of ouabain (10 nmol/L) are known to
activate the calcium-dependent cysteine protease calpain in
human derived myoblastic cells (Girardi).  Calpain is a
mediator of cell death and its elevation in activity in
response to ouabain appears to be mediated by Ca2+ influx
(14).  Recently, we studied calpain activity in four distinct
cell cultures: Girardi (derived from human heart), LLC-PK1
(pig kidney proximal tubule), HK-2 (human kidney
proximal tubule) and rat primary vascular smooth muscle
cells (VSMC). We found that calpain was significantly
activated by nanomolar concentrations of ouabain within 3
h in all the cell cultures investigated (31). This finding fits

well with recent work which showed that transactivation of
the epidermal growth factor receptor (EGFR) occurred in
canine VSMCs treated with 1 nmol/L ouabain (8). This
resulted in ERK phosphorylation, which has been shown to
be a prerequisite for calpain 2 (m-calpain) activation (32-
34).

Collectively, these data suggest that low doses of ouabain
(nanomolar) can be cytotoxic and are able to activate cell
death effectors such as caspase-3 and calpain, proteases
that are known to crosstalk (35). Calpain activation can
lead to apoptosis, necrosis, and the induction of calcium-
triggered cell death via the cleavage of endogenous
calcineurin inhibitor cain/cabin1 (36).  Whilst higher
concentrations of ouabain have been shown to be both anti-
(37-39) and pro-apoptotic (9,15,19,40) it seems that low
dose ouabain is an inducer of cell death (9,15, 29).
Ouabain-induced cell death (low or high concentrations)
appears to occur through a combination of both necrotic
and apoptotic pathways (9), which has been referred to as
hybrid cell death (41). Factors such as cell type, ouabain
concentration, time of ouabain exposure, and the effect of
additional cellular insults (such as irradiation) need to be
considered before defining a specific role of endogenous
ouabain in cell death. However, enough evidence has
accrued recently concerning the effects of nanomolar
concentrations of ouabain in multiple cell lines to propose
that endogenous ouabain might be involved in cell death
cascades and other signaling events (Figure  1).

4.4. MAPK signaling
The mitogen-activated protein kinase (MAPK)

superfamily consists of three signaling pathways: the
extracellular signal-regulated protein kinases (ERKs), the
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c-Jun N-terminal kinase or stress activated kinases
(JNK/SAPK), and the p38 family of kinases (42).
Nanomolar concentrations of ouabain have been shown to
activate growth-related and cell survival pathways, leading
to the phosphorylation of p42/44 MAPKs (8, 9, 11, 16),
also known as ERK1 and ERK2. Furthermore, rats treated
with ouabain were found to have a higher basal level of
heart ERK1 and ERK2 phosphorylation than that found in
untreated animals (43). Using relatively high ouabain
concentrations (10-100 µmol/L) on rat cardiac myocytes
(44), the sequence of the signal progression was
determined. Ouabain was shown to rapidly activate the
protein Ras (within 15 min) via the tyrosine kinase Src.
This then activates Raf, which in turn activates MEK,
which causes the phosphorylation ERK1 and ERK2. In
addition, 1 nmol/L ouabain was found to transactivate
EGFR causing ERK phosphorylation in canine VSMC (8).
There is evidence that ouabain-induced signaling cascades
are sometimes associated with the production of ROS,
which is thought to play a role in the development of
hypertrophy (20, 45-46) and apoptosis (47-48, see Figure 1).

5. OTHER OUABAIN-INDUCED EFFECTS

5.1. NF-κB
NF-κB is a transcription factor that modulates the

activity of genes during the immune response and in cell
proliferation and apoptosis (49). NF-κB activation is able
to reduce apoptosis by upregulating inhibitors of apoptosis
(IAP), which can restrict caspase activity (50). Recent work
has revealed that NF-κB can be activated by ouabain in
primary cultures of rat cardiac myocytes (51) and kidney
proximal tubular cells (12). Moreover, the activation of NF-
κB could not be achieved by inhibiting Na+K+-ATPase
activity by a lowering in extracellular K+, a process that
does not elevate intracellular Ca2+, which suggests that
ouabain activation of NF-κB is a Ca2+-dependent event,
probably mediated via by L-type voltage channels (12).
Further work has demonstrated that the physical association
of the inositol 1.4.5-trisphosphate receptor with Na+K+-
ATPase is essential for the generation of Ca2+ oscillations
that are able to initiate NF-κB activation (13).

5.2. Endothelin-1 release
Endothelin-1 (ET-1) is a potent vasoconstrictor

and promoter of cell growth in VSMCs and is known to
inhibit the activity of the Na+K+-ATPase. ET-1, has been
shown to activate ERK1 and ERK2 in perfused rat hearts
(43). Rats that had been pre-treated with ouabain produced
a larger increase in ERK phosphorylation than control
animals (43). Other work suggests that 1 nmol/L
concentrations of ouabain is able to induce the release of
ET-1 within minutes of treatment on primary cultures of
HUAECs (16). This might be the mechanism by which
endogenous ouabain can exert vascular effects and possibly
induce the pathogenesis of essential hypertension.

6. DISCUSSION

The finding that ouabain is able to induce signal
transduction events has reactivated debate as to the
physiological and pathophysiological role of endogenous

ouabain (7, 51).  The number of articles showing that
nanomolar (and sub-nanomolar) concentrations of ouabain
can elicit cell proliferation (8-11,16), activate cell death
(9,14,28) and promote cell survival pathways (8-12,16)
adds further fuel to the argument that endogenous ouabain
plays an active role in mammalian biology. It is interesting
to note that the concentration of exogenous ouabain (100
pmol/L) required to cause proliferation in vitro (8) is the
same as that found in vivo in the plasma of healthy human
volunteers (52).  In addition, it should be remembered that
other endogenous cardiac glycosides have been identified
in mammalian plasma. These include ouabain-related
cardenolides such as digoxin-like compound (5), and
bufadienolides such as marinobufagenin (53) and
proscillaridin A (54). It seems plausible that the cumulative
concentration of all these factors (including endogenous
ouabain) would be sufficient to induce multiple signaling
events in humans.

However, whilst it seems entirely feasible that
endogenous ouabain can exert an influence physiologically
in humans, it is still unknown how it might act (with other
cardiac glycosides) in an ordered and regulated manner like
the other known human hormones. Some control of
ouabain signaling might be attributed to the distribution of
Na+K+-ATPase complexes that contain ouabain sensitive α-
subunits that are juxtaposed to sarcoplasmic or
endoplasmic reticulum into plasma membrane bound
microdomains (termed PLasmERosomes see 26, 55-56).
These complexes are thought able to influence calcium
signaling via the Na+/Ca+ exchanger at nanomolar
concentrations of ouabain. Another possible mechanism of
control might be achieved by a restriction on the number of
Na+K+-ATPase that are closely associated with the proteins
(such as EGFR and Src) that are required to transmit
ouabain signals (20).  In addition, it appears likely that
ouabain might act upon a specific tissue in a concentration-
dependent manner. At sub-nanomolar ouabain
concentrations it might cause cell proliferation (8,11),
whilst at higher concentrations where ouabain-induced
proliferation is more restricted it could induce apoptosis
(9), thereby controlling tissue growth.

The tissue proliferation and hypertrophy found in
sub-totally nephrectomized rats in kidneys (11) and heart
left ventricles (57) could be initiated by elevated
endogenous ouabain concentrations which are known to
occur in uremia (58). This is supported by the evidence that
raised ouabain concentrations are associated with the
development of left ventricular hypertrophy (LVH) in
hypertensive patients, and with cell hypertrophy in
experimental models (59-60). Therefore, it can be
speculated that essential hypertension, hypertension
associated with chronic renal failure and the progression of
LVH, might, in part at least, be due to elevated plasma
ouabain concentrations. Ouabain activation of calpain
might be an initiator of hypertrophy (14), and calpain
activity is known to be elevated in the uremic rat
myocardium (57). Ouabain-induced activation of ET-1 (and
possibly vascular cell proliferation) could be the reason for
the increase in vascular tone and the raising of blood
pressure in the uremic population (16).
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In conclusion, recently published articles
demonstrating that nanomolar concentrations of ouabain
can initiate numerous signal transduction events has caused
a re-evaluation of the potential function of human
endogenous ouabain. Whilst the precise physiological and
pathophysiological role of endogenous ouabain is still far
from being resolved, recent evidence suggests that we are
at last getting closer to some understanding of how this
intriguing and unusual steroid might function in human
biology.

7. REFERENCES

1. Hamlyn J. M, M. P. Blaustein  S. Bova,, D. W.
Ducharme, D. W. Harris, F. Mandel, W. R. Mathews, J. H.
Ludens: Isolation and characterization of a ouabain-like
compound from human plasma. Proc Natl Acad Sci 81,
6259-6263 (1991)

2. Mathews W. R, D. W. Ducharme, J. M. Hamlyn, D. W.
Harris, F. Mandel , M. A.  Clark, J. H. Ludens: Mass
spectral characterization of an endogenous digitalis-like
factor from human plasma. Hypertension 17, 930-935
(1991)

3. Ludens J. H, M. A Clark, D. W. Ducharme, D. W.
Harris, B. S. Lutzke, F. Mandel, W. R. Mathews, D. M.
Sutter, J. M. Hamlyn: Purification of an endogenous
digitalis-like factor from human plasma for structural
analysis. Hypertension 17, 923-929 (1991)

4. Hamlyn J. M, J. Laredo, J. R. Shah, Z. R. Lu, B. P.
Hamilton: 11-Hydroxylation in the biosynthesis of
endogenous ouabain: Multiple implications. Ann N Y Acad
Sci 986, 685-693 (2003)

5. Qazzaz H. M, Z. Cao, D. D. Bolanowski, B. J. Clark, R.
Valdes Jr: De novo biosynthesis and radiolabeling of
mammalian digitalis-like factors. Clin Chem 50, 612-620
(2004)

6. Sophocleous A, I. Elmatzoglou, A. Souvatzoglou:
Circulating endogenous digitalis-like factor(s) (EDLF) in
man is derived from the adrenals and its secretion is
ACTH-dependent. J Endocrinol Invest 26, 668-674 (2003)

7. Hansen O: No evidence for a role in signal-transduction
of Na+/K+-ATPase interaction with putative endogenous
ouabain. Eur J Biochem 270, 1916-1919 (2003)

8. Aydemir-Koksoy A, J. Abramowitz, J. C. Allen:
Ouabain-induced signaling and vascular smooth muscle
cell proliferation. J Biol Chem 276, 46605-46611 (2001)

9. Chueh S. C, J. H. Guh, J. Chen , M. K. Lai, C. M. Teng:
Dual effects of ouabain on the regulation of proliferation
and apoptosis in human prostatic smooth muscle cells. J
Urol 166, 347-353 (2001)

10. Abramowitz J, C. Dai, K. K Hirschi, R. I Dmitrieva, P.
A. Doris, L. Liu, J. C. Allen: Ouabain- and
marinobufagenin-induced proliferation of human umbilical

vein smooth muscle cells and a rat vascular smooth muscle
line, A7r5. Circulation 108, 3048-3053 (2003)

11. Dmitrieva R. I, P. A. Doris: Ouabain is a potent
promoter of growth and activator of ERK1/2 in ouabain-
resistant rat renal epithelial cells. J Biol Chem  278, 28160-
28166 (2003)

 12. Aizman O, P. Uhlen, M. Lal, H. Brismar, A. Aperia:
Ouabain, a steroid hormone that signals with slow calcium
oscillations. Proc Nat Acad Sci 98, 13420-13424 (2001)

 13. Miyakawa-Naito A, P. Uhlen, M. Lal, O. Aizman, K.
Mikoshiba, H. Brismar, S. Zelenin, A. Aperia:. Cell
signaling microdomain with Na,K-ATPase and inositol
1,4,5-trisphosphate receptor generates calcium oscillations.
J Biol. Chem. 50, 50355-50361 (2003)

14. Harwood S. M, D. A. Allen, M. J. Raftery, M. M.
Yaqoob: Calpain is a mediator of myocardial injury in
experimental uremia: Is it activated by endogenous
ouabain? Kid Int 63(Suppl 84), S177-S180 (2003)

 15. Huang Y. T, S. C. Chueh, C. M. Teng, J. H. Guh:
Investigation of ouabain-induced anticancer effect in
human androgen-independent prostate cancer PC-3 cells.
Biochem Pharmacol 67, 727-733 (2004)

 16. Saunders R, G. Scheiner-Bobis: Ouabain stimulates
endothelin release and expression in human endothelial
cells without inhibiting the sodium pump. Eur J Biochem
271, 1054-1062 (2004)

 17. Liu J, J. Tian, M. Haas, J. I. Shapiro, A. Askari, Z. Xie:
Ouabain interactions with cardiac Na+/K+-ATPase initiates
signal cascades independent of changes in intracellular Na+

and Ca2+ concentrations. J Biol Chem 275, 27838-27844
(2000)

18.  Valente R. C, L. S. Capella, R.Q. Monteiro, V. M.
Rumjanek, A. G. Lopez, M. A. M. Capella: Mechanisms of
ouabain toxicity. FASEB J 17, 1700-1702 (2003)

19.  Pchejetski D, S. Taurin, S. Der Sarkissian, O. D.
Lopina, A. V. Pshezhetsky, J. Tremblay, D. deBlois, P.
Hamet, S. N. Orlov:.  Inhibition of Na+,-K+-ATPase by
ouabain triggers epithelial cell death independently of
inversion of the [Na+]i/[K+]i ratio. Biochem Biophys Res
Comm 301, 735-744 (2003)

 20. Xie Z, T. Cai: Na+-K+-ATPase-mediated signal
transduction: From protein interaction to cellular function.
Mol Interv 3, 157-168 (2003)

21. Ghysel-Burton J, T. Godfraind: Stimulation and
inhibition of the sodium pump by cardioactive steroids in
relation to their binding sites and their inotropic effects on
guinea-pig isolated atria.  Br J Pharmacol  66, 175-184
(1979)

22.  Hougen T. J, N. Spicer, T. W. Smith: Stimulation of
monovalent active transport by low concentrations of



Ouabain-induced cell signaling

2016

cardiac glycosides. Role of catecholamines. J Clin Invest
68, 1207-1214 (1981)

23.  Gao J, R. S. Wymore, Y. Wang, G. R. Gaudette, I. B.
Krukenkamp, I. S. Cohen, R. T. Mathias: Isoform-specific
stimulation of cardiac Na/K pumps by nanomolar
concentrations of glycosides. J Gen Physiol 119, 297-312
(2002)

24.  Baker P. F, J. S. Willis: Inhibition of the sodium pump
in squid giant axons by cardiac glycosides; dependence on
extracellular ions and metabolism. J Physiol 224, 463-475
(1972)

25.  Ellis D: The effects of external cations and ouabain on
the intracellular sodium activity of sheep heart Purkinje
fibres. J Physiol 273, 211-240 (1977)

 26. Arnon A, J. M. Hamlyn, M. P. Blaustein: Ouabain
augments Ca2+ transients in arterial muscle without raising
cytosolic Na+. Am J Physiol Circ Physiol 279, H679-H691
(2000)

27.  Zhu Z, M. Tepel, M. Neusser, W. Zidek: Low
concentrations of ouabain increase cytosolic free calcium
concentrations in rat vascular smooth muscle cells. Clin Sci
90, 9-12 (1996)

28. Rodrigues Mascarenhas S, J. Echevarria-Lima, N.
Fernandes dos Santos, V. M. Rumjanek: CD69 expression
induced by thapsigargin, phorbol ester and ouabain on
thymocytes is dependent on external Ca2+ entry. Life Sci
73, 1037-51 (2003)

29. McConkey D. J, Y Lin, L. K. Nutt, H. Z. Ozel, R. A.
Newman: Cardiac glycosides stimulate Ca2+ increases and
apoptosis in androgen-independent metastatic human
prostate adenocarcinoma cells. Cancer Res 60, 3807-3812
(2000)

30. K Greeff & H Schadewaldt. Introduction and remarks
on the history of cardiac glycosides. In: Cardiac glycosides,
Part 1 Experimental pharmacology. Ed: Greeff K, Springer-
Verlag, NY (1981)

31. Harwood S. M, D. A. Allen, M. J. Raftery, M. M.
Yaqoob: Low ouabain concentrations stimulate calpain
activity in multiple cell lines. J Am Soc Nephrol 14, 339A
(2003)

32. Glading A, P Chang P  D. A. Lauffenburger, A. Wells:
Epidermal growth factor receptor activation of calpain is
required for fibroblast motility and occurs via an
ERK/MAP kinase signaling pathway. J Biol Chem 275,
2390-2398 (2000)

33. Glading A, F. Uberall, S. M. Keyse, D. A.
Lauffenburger, A. Wells: Membrane proximal ERK
signaling is required for m-calpain activation downstream
of epidermal growth factor receptor signaling. J Biol Chem
276, 23341-23348 (2001)

34. Glading A, R. J. Bodnar, I. J. Reynolds, H. Shiraha, L.
Satish, D. A. Potter, H. C. Blair, A. Wells:. Epidermal
growth factor activates m-calpain (calpain II), at least in
part, by extracellular signal-regulated kinase-mediated
phosphorylation. Mol Cell Biol 24, 2499-2512 (2004)

35. Orrenius S, B. Zhivotovsky, P. Nicotera: Regulation of
cell death: The calcium-apoptosis link. Nat Rev Mol Cell
Biol 4, 552-565 (2003)

36. Kim M. J, D. G. Jo, G. S. Hong, B. J. Kim, M. Lai, D.
H. Cho,K. W. Kim, A. Bandyopadhyay, Y. M. Hong, H. do
Kim, C. Cho, J. O. Liu, S. H. Snyder, Y. K. Jung: Calpain-
dependent cleavage of cain/cabin activates calcineurin to
mediate calcium-triggered cell death. Proc Natl Acad Sci
99, 9870-9875 (2002)

37. Orlov S. N, N. Thorin-Trescases, S. V. Kotelevtsev, J.
Tremblay, P Hamet: Inversion of the intracellular Na+/K+

ratio blocks apoptosis in vascular smooth muscle at a site
upstream of caspase-3. J Biol Chem  274, 16545-16552
(1999)

38. Zhou X, G. Jiang, A. Zhao, T. Bondeva, P. Hirszel, T.
Balla: Inhibition of Na,K-ATPase activates PI3 kinase and
inhibits apoptosis in LLC-PK1 cells. Biochem Biophys Res
Comm  285, 46-51 (2001)

39. Trevisi L, B. Visentin, F. Cusinato, I. Pighin, S.
Luciani: Antiapoptotic effect of ouabain on human
umbilical vein endothelial cells. Biochem Biophys Res
Comm 321, 716-721 (2004)

40. Olej B, N. F. dos Santos, L. Leal, V. M. Rumjanek:
Ouabain induces apoptosis on PHA-activated lymphocytes.
Biosci Rep 18, 1-7 (1998)

41. Yu S. P: Na+,K+-ATPase: the new face of an old player
in pathogenesis and apoptotic/hybrid cell death. Biochem
Pharmacol 66, 1601-1609 (2003)

42. Cowan K. J, K. B. Storey: Mitogen-activated protein
kinases; the new signaling pathways functioning in cellular
responses to environmental stress. J Exper Biol 206, 1107-
1115 (2003)

43. Ceolotto G, M. Sartori, I. Papparella, M. Candiotto, E.
Baritono, A. Filippelli, G. Carnelli, S. Luciani, A.
Semplicini, S. Bova: Different effects of ouabain on
endothelin-1 induced extracellular signal-regulated kinase
stimulation in rat heart and tail artery. J Cardiovasc
Pharmacol 41, 553-561 (2003)

44. Kometiani P, J. Li, L. Gnudi, B. B. Kahn, A. Askari, Z.
Xie: Multiple signal transduction pathways link Na+/K+-
ATPase to growth-related genes in cardiac myocytes. J Biol
Chem 273, 15249-15256 (1998)

45. Xie Z: Ouabain interaction with cardiac Na/K-ATPase
reveals that the enzyme can act as a pump and as a signal
transducer. Cell Mol Biol 47, 383-390 (2001)



Ouabain-induced cell signaling

2017

46. Xie Z, P. Kometiani, J. Liu, J. Li, J.I Shapiro, A.
Askari: Intracellular reactive oxygen species mediate the
linkage of the Na+/K+-ATPase to hypertrophy and its
marker genes in cardiac myocytes. J Biol Chem 274,
19323-19328 (1999)

47. Allen D. A, S. M. Harwood, M. Varagunam, M. J.
Raftery, M. M. Yaqoob: High glucose-induced oxidative
stress causes apoptosis in proximal tubular epithelial cells
and is mediated by multiple caspases. FASEB J 17, 908-
910 (2003)

48. Kang B. P. S, S. Frencher, V. Reddy, A. Kessler, A.
Malhotra, L. G. Meggs: High glucose promotes mesangial
cell apoptosis by oxidant-dependent mechanism. Am J
Physiol Renal Physiol 284, F455-F466 (2002)

49. Li X, G. R. Stark:. NFĸB-dependent signaling
pathways. Exp Hematol 30, 285-296 (2002)

50. Zou T, J. N. Rao, X. Guo, L. Liu, H. M. Zhang, E. D.
Strauch, B. L. Bass, J. Y. Wang: NFĸB-mediated IAP
expression induces resistance of intestinal epithelial cells to
apoptosis after polyamine depletion. Am J Physiol Cell
Physiol. 286, C1009-C1018 (2004)

51. Scheiner-Bobis G, W. Schoner: A fresh facet of
ouabain action. Nature Med 7, 1288-1289 (2001)

52. Harwood S, J. A. Little, G. Gallacher, D. Perrett, R.
Edwards, A. Dawnay: Development of enzyme
immunoassay for endogenous ouabain-like compound in
human plasma. Clin Chem  43, 715-722 (1997)

53. Dmitrieva R. I, A. Y. Bagrov, E. Lalli, P. Sassone-
Corsi, D. M. Stocco, P. Doris: Mammalian bufadienolide is
synthesized from cholesterol in the adrenal cortex by a
pathway that is independent of cholesterol side-chain
cleavage. Hypertension 36, 442-448 (2000)

54. Li S, C. Eim, U. Kirch, R. E. Lang, W. Schoner: Bovine
adrenals and hypothalamus are a major source of
proscillaridin A - and ouabain-immunoreactivities. Life Sci
62, 1023-1033 (1998)

55. Blaustein M. P, M. Juhaszova, V. A. Golovina, P. J.
Church, E. F. Stanley: Na/Ca exchanger and PMCA
localization in neurons and astrocytes; functional
implications. Ann N Y Acad Sci 876, 356-366 (2002)

56. Blaustein M. P, S. W. Robinson, S. S. Gottlieb, C. W.
Balke  J. M. Hamlyn: Sex, Digitalis, and the sodium pump.
Mol Interv 3, 68-72 (2003)

57. Harwood S. M, D. A. Allen, A. M. S. Chesser, D. I.
New, M. J. Raftery, M. M. Yaqoob: Calpain is activated in
experimental uremia: Is calpain a mediator of uremia-
induced myocardial injury? Kid Int 63, 866-877 (2003)

58. Harwood S, A. M. Mullen, A. C. McMahon, A.
Dawnay: Plasma OLC is elevated in mild experimental

uremia but is not associated with hypertension. Am J
Hypertens 14, 1112-1115 (2001)

59. Manunta P, P. Stella, R. Rivera, D. Ciurlino, D. Cusi,
M. Ferrandi, J. M. Hamlyn, G. Bianchi: Left ventricular
mass, stroke volume, and ouabain-like factor in essential
hypertension. Hypertension 34, 450-456 (1999)

60. Huang L, H. Li, Z. Xie: Ouabain-induced hypertrophy
in cultured cardiac myocytes is accompanied by changes in
expression of several late response genes, J Mol Cell
Cardiol 29, 429-437 (1997)

Key Words: Ouabain, Signaling, Proteases, Review

Send correspondence to: Dr Steven Harwood, Centre for
Experimental Medicine, Nephrology and Critical Care,
Queen Mary, University of London, William Harvey
Research Institute, John Vane Science Centre,
Charterhouse Square, London EC1M 6BQ, United
Kingdom, Tel:  44-0- 20-882-6015, Fax: 44-0-207-882-
5739, E-mail: s.m.harwood@qmul.ac.uk

http://www.bioscience.org/current/vol10.htm


