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Abstract

Binding of ouabain to Na+/K+-ATPase activated multiple signal transduction pathways including stimulation of Src, Ras, p42/
44 MAPKs and production of reactive oxygen species (ROS) in rat cardiac myocytes. Inhibition of either Src or Ras ablated
ouabain-induced increase in both [Ca2+]

i
 and contractility. While PD98059 abolished the effects of ouabain on [Ca2+]

i,
 it only

caused a partial inhibition of ouabain-induced increases in contractility. On the other hand, pre-incubation of myocytes with
N-acetyl cysteine (NAC) reduced the effects of ouabain on contractility, but not [Ca2+]

i
. Furthermore, 5-hydroxydecanoate (5-

HD) blocked ouabain-induced ROS production and partially inhibited ouabain-induced increases in contractility in cardiac
myocytes. Pre-incubation of myocytes with both 5-HD and PD98059 completely blocked ouabain’s effect on contractility.
Finally, we found that opening of mitochondrial K

ATP
 channel by diazoxide increased intracellular ROS and significantly raised

contractility in cardiac myocytes. These new findings indicate that ouabain regulates cardiac contractility via both [Ca2+]
i
 and

ROS. While activation of MAPKs leads to increases in [Ca2+]
i
, opening of mitochondrial K

ATP
 channel relays the ouabain sig-

nal to increased ROS production in cardiac myocytes. (Mol Cell Biochem 242: 181–187, 2003)
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Introduction

Na+/K+-ATPase is an energy-transducing ion pump in most
mammalian cells [1, 2]. It carries out the active transport of
Na+ and K+ across the plasma membrane using the energy
generated from hydrolysis of ATP. In the heart, this enzyme
also serves as a functional receptor for digitalis compounds
such as digoxin and ouabain [3–6]. Binding of ouabain to
cardiac Na+/K+-ATPase inhibits the ion pumping function of
the enzyme and increases myocyte contractility in the heart.
This effect on cardiac contractility serves as the basis for the
therapeutic use of digitalis drugs in the management of con-
gestive heart failure [3–6].

In recent years we have demonstrated that binding of oua-
bain to the Na+/K+-ATPase can also convert the enzyme into
a signal transducer [7–14]. It appears that ouabain promotes
the interaction of the Na+/K+-ATPase with Src, resulting in
activation of the kinase. The activated Src in turn binds to and
transactivates the epidermal growth factor receptor (EGFR),
leading to recruitment of adaptor protein Shc and subsequent
stimulation of Ras [12, 13]. Downstream from Ras ouabain
stimulates p42/44 mitogen-activated protein kinases (MAPKs)
and increases mitochondrial production of reactive oxygen
species (ROS) [10, 11]. Interestingly, activation of some of
these signal transduction pathways by ouabain is independent
of ouabain-induced changes in intracellular ion concentrations
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as well as in contractility of cardiac myocytes [13]. Signifi-
cantly, we have recently shown that the classic effects of oua-
bain on intracellular calcium ([Ca2+]

i
) also depend on the signal

transducing function of the Na+/K+-ATPase [14]. Inhibition of
either protein tyrosine kinases or Ras or p42/44 MAPKs, but
not ROS production diminishes ouabain-induced increases
in [Ca2+]

i
. These findings led us to extend the above investi-

gation and test the role of the signal transducing function of
the Na+/K+-ATPase in ouabain-induced regulation of contrac-
tility in cardiac myocytes. We report here that the effects of
ouabain on cardiac contraction not only depend on activation
of MAPKs and the subsequent increase in [Ca2+]

i
, but also

require opening of mitochondrial K
ATP

 channels (mitoK
ATP

),
which causes an increase in intracellular ROS.

Materials and methods

Materials

Collagenase Type II was from Worthington (Freehold, NJ,
USA). Indo-1-AM and CM-DCFH diacetate were obtained
from Molecular Probes (Eugene, OR, USA). Diazoxide and
5-HD were from Sigma (Saint Louis, MO, USA). PP2 was
purchased from Calbiochem (San Diego, CA, USA).

Cell preparation and culture

The same protocols were used to prepare Ca2+-tolerant adult
rat ventricular myocytes as described in our previous work
[14, 15]. In brief, Sprague–Dawley rats weighing between
250–300 g were anesthetized with sodium pentobarbital
(60 mg/kg i.p.). The hearts were rapidly removed, attached
to an aortic cannula, and retrograde perfused for 15 min with
Joklik medium to wash out the blood, followed by 5 min
perfusion with a nominally Ca2+-free Joklik medium supple-
mented with 20 mM creatine and 60 mM taurine. The heart
was then perfused with collagenase type II until the heart
became soft and flaccid. Myocytes were dissociated from the
left ventricle, harvested, and plated onto laminin-coated
coverslips as previously described [14]. Medium was changed
2 h post plating. Over 95% of myocytes were quiescent, and
they were used for the experiments after an overnight cul-
ture.

Fluorescence microscopic measurements of [Ca2+]
i
,

contractility and ROS

Myocytes cultured on coverslips were perfused and paced at
0.5 Hz. [Ca2+]

i
 was measured by indo-1 as previously de-

scribed [14]. Myocytes were loaded with 10 µM indo-1-AM
for 30 min. Indo-1 fluorescence was recorded using a micro-
scope-based fluorescence system (Photon Technology In-
ternational, Monmouth Junction, NJ, USA). The probe was
excited at 365 nm, and fluorescence emitted at 405 and 485 nm
was recorded at 60 Hz in real time. [Ca2+]

i
 was calculated

based on the fluorescence ratio and the Ca2+calibration curve
[14]. Myocyte contractility was measured as cell shortening
using an edge detector as previously described [16]. Under
each experimental condition signals were obtained from about
12 single cells from 3–5 different preparations. Intracellular
ROS concentration was measured in cells loaded with 10 µM
CM-DCFH diacetate as previously described [11]. Under
each experimental condition about 15 single myocytes were
imaged with an Attofluor imaging system, and CM-DCF
fluorescence was measured at an excitation wavelength of
480 nm and an emission wavelength of 520 nm.

Preparation of replication-defective adenoviruses and
adenovirus infection of cardiac myocytes

Replication-defective adenoviruses expressing a dominant
negative Asn17 Ras were generated, amplified, purified, and
used for the infection of myocytes as described before [10].
An identical virus containing the β-galactosidase gene (β-
Gal), instead of the Asn17 Ras, was used as the control [10].

Analysis of data

Data are given as the mean ±  S.E. Statistical analysis was
performed using the Student’s t-test, and significance was
accepted at p < 0.05. Each presented immunoblot is repre-
sentative of the similar results from at least three separate
experiments.

Results

Ouabain regulation of cardiac contractility requires
activation of Src, Ras, and MAPKs

We showed previously that binding of ouabain to the Na+/
K+-ATPase activated Src, resulting in transactivation of the
EGFR and subsequent stimulation of the Ras/MAPK cascade
in cardiac myocytes [12, 14]. Inhibition of either Src or Ras
or MAPKs blocked ouabain-induced increases in [Ca2+]

i
 [14].

Because increases in [Ca2+]
i
 are essential for ouabain-induced

rise in contractility [17, 18], we postulated that the effects of
ouabain on myocyte contractility must also be mediated via
the above pathways. As depicted in Fig. 1, ouabain, at non-
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toxic concentrations, increased contractility in cultured adult
rat cardiac myocytes in a time- and dose-dependent manner.
The effects of ouabain on contractility correlated well with
the rise in [Ca2+]

i
. As expected, inhibition of Src by PP2 com-

pletely blocked the effects of ouabain on contractility (Fig.
2). In addition, in cells expressing dominant negative mutant
of Asn17 Ras, ouabain also failed to stimulate myocyte con-
traction (Fig. 2). These data are consistent with the findings
that inhibition of either Src or Ras blocks ouabain-induced
increases in [Ca2+]

i
 [14]. Surprisingly, while pre-incubation

of myocytes with PD 98059 to inhibit MAPK completely

abolished ouabain-induced increases in [Ca2+]
i
, it only caused

a partial inhibition of ouabain-induced rise in contractility
(Fig. 3). These findings indicate that factors other than in-
creases in [Ca2+]

i
 also contribute to ouabain regulation of

cardiac contractility.

Fig. 1. Effects of ouabain on contractility and [Ca2+]i in adult rat cardiac
myocytes. To measure myocyte contractility and [Ca2+]i, cells were perfused
and paced at 0.5 Hz as described under Materials and methods. Cell con-
tractility was measured as cell shortening using an edge detector, and [Ca2+]i

was determined based on the indo-1 fluorescence ratio of 405 and 485 nm.
Panel A shows a representative trace of contractility in a single cell. Oua-
bain (100 µM) was added to the medium at the time as indicated by the
arrow. Panel B shows that ouabain increases both contractility and [Ca2+]i

in a dose dependent manner. Values are presented as mean ± S.E. of 15
single cells from 4 different experiments. *p < 0.05 and **p < 0.01 vs.
control.

Fig. 2. Effects of PP2 and dominant negative Ras on ouabain-induced in-
crease in contractility. Myocytes were pre-incubated with 1 µM PP2 for 20
min or transduced with adenoviruses expressing a dominant negative Ras
for 12 h. (Cells transduced with the same amount of β-gal viruses were used
as viral control.) Both treated and control myocytes were then exposed
to 100 µM ouabain for 10 min and contractility was measured as in Fig.
1. Values are presented as mean ± S.E. of 10 single cells. *p < 0.05 and
**p < 0.01 vs. control.

Fig. 3. Effects of PD 98059 on ouabain-induced increases in contractility and
[Ca2+]i. Myocytes were pre-incubated with 30 µM PD98059 for 30 min, and
then exposed to 100 µM ouabain for 10 min. Contractility and [Ca2+]i were
measured as in Fig. 1. Values are presented as mean ± S.E. of 15 single cells
from 4 different experiments. *p < 0.05 and **p < 0.01 vs. control.
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Involvement of ROS in ouabain-induced increases in
contractility

Since activation of Ras by ouabain also increased mitochon-
drial production of ROS [13, 14], the above findings led us
to examine whether ROS are involved in ouabain-induced
regulation of cardiac contractility. As depicted in Fig. 4,
ouabain increased ROS production in cardiac myocytes.
Pre-incubation of myocytes with 10 mM NAC abolished
ouabain-induced rise in intracellular ROS (Fig. 4) as pre-
viously noted in neonatal cardiac myocytes. Interestingly,
NAC also caused a significant inhibition of ouabain-induced
increases in contractility.

Involvement of mitoK
ATP

 in the effects of ouabain on
contractility

MitoK
ATP

 opening plays a pivotal role in cardioprotection by
K

ATP
 channel openers and ischemic preconditioning [19–22].

In particular, mitoK
ATP

 opening is required to trigger cardio-
protective signaling pathways [23], and we have proposed
that this function is mediated by inducing mitochondrial ROS
production [24]. Accordingly, we assessed the role of inhi-
bition of mitoK

ATP
 in ouabain-induced ROS production and

rise in contractility. As depicted in Fig. 5, pre-incubation of
myocytes with 200 µM 5-HD inhibited the effects of ouabain
on intracellular ROS. Interestingly, 5-HD also suppressed
ouabain-induced increases in contractility under the same ex-

Fig. 6. Effects of diazoxide on intracellular ROS and myocytes contractil-
ity. Myocytes were treated with 10 µM diazoxide in the presence or absence
of either 10 mM NAC or 200 µM 5-HD. Intracellular ROS and contractil-
ity were then measured as in Fig. 4. Values are presented as mean ± S.E.
*p < 0.05, **p < 0.01 vs. control.

Fig. 4. Effects of NAC on ouabain-induced increases in intracellular ROS
and contractility in adult rat cardiac myocytes. Myocytes were loaded with
5- (and 6-)chloromethyl-2′,7′-dichlorofulorescin diacetate, and treated with
100 µM ouabain for 10 min in the presence or absence of 10 mM NAC. Both
ROS and myocytes contractility were measured as described under Mate-
rials and methods. Values are mean ± S.E. of 12 cells from 4 independent
experiments. *p < 0.05, **p < 0.01 vs. control.

perimental conditions (Fig. 5). These findings support a pro-
posal that opening of mitoK

ATP
 and subsequent rise in ROS

production are involved in ouabain-induced regulation of
cardiac contractility. To gain additional support that mitoK

ATP

is involved in regulation of cardiac contraction, myocytes
were exposed to diazoxide, a specific mitoK

ATP
 agonist [22],

and monitored for changes in intracellular ROS and con-
tractility. As depicted in Fig. 6, diazoxide increased both
intracellular ROS and contractility in cardiac myocytes.
Interestingly, pre-incubation of myocytes with either 10 mM
NAC or 200 µM 5-HD caused a complete inhibition of
diazoxide-induced increases in both ROS and myocyte con-

Fig. 5. Effects of 5-HD on oubain-induced increases in intracellular ROS
and myocyte contractility. Myocytes were preincubated with 200 µM 5-HD
for 30 min, and then exposed to 100 µM ouabain. Intracellular ROS and
contractility was measured as in Fig. 4. Values are presented as mean ± S.E.
of 10–15 single cells. *p < 0.05, **p < 0.01 vs. control
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traction (Fig. 6). Since activation of MAPKs and opening of
mitoK

ATP
 are required for ouabain-induced increases in [Ca2+]

i

and ROS, respectively, we reasoned that inhibition of these
two pathways should completely abolish the effects of oua-
bain on myocyte contraction. Indeed, as shown in Fig. 7,
pre-incubation of myocytes with both PD98059 and 5-HD
blocked the ouabain-induced increases in contractility.

Discussion

It has been known for long time that cardiac glycosides in-
cluding ouabain increase [Ca2+]

i
 and contractility in cardiac

myocytes by binding to the Na+/K+-ATPase [3–6]. In rat car-
diac myocytes we showed that 10–100 µM ouabain caused
about 20–50% inhibition of Na+/K+-ATPase in a dose-depend-
ent manner [8, 15]. It is important to note that under our ex-
perimental conditions, ouabain at concentrations up to 100 µM
did not cause arrhythmic contraction and Ca2+ overload in
15 min. It also had no effect on diastolic cell length. On the
other hand, these non-toxic concentrations of ouabain caused
a rapid stimulation of multiple signal transduction pathways
including activation of Ras, p42/44 MAPKs and mitochon-
drial production of ROS (Fig. 4 and [14]). Concomitantly,
it also raised [Ca2+]

i
 and contractility in a time- and dose-

dependent manner in these cells. When the relation between
the signal transducing function of the enzyme and the phar-
macological effects of ouabain on [Ca2+]

i
 and contractility

were determined (Figs 1–5), we showed that inhibition of
either Src by PP2 or Ras by expression of Asn17 Ras ablated
ouabain-induced increases in both [Ca2+]

i
 and contractility.

Clearly, the factors that relay extracellular ouabain to in-
creases in [Ca2+]

i
 and contractility must be the effectors of

Ras.
It is well established that [Ca2+]

i
 is the central regulator of

cardiac contractility [17, 18]. Since ouabain raised [Ca2+]
i
 via

a MAPK-dependent pathway, we postulated that inhibition
of MAPKs by PD98059 should abolish the effects of oua-
bain on both [Ca2+]

i
 and contractility in cardiac myocytes.

Surprisingly, while pre-incubation of myocytes with PD
98059 completely blocked ouabain-induced rise in [Ca2+]

i
, it

only caused a partial inhibition of the effects of ouabain on
contractility. These findings led us to propose that factors
other than MAPKs and [Ca2+]

i
 are also involved in ouabain-

induced increases in contractility. Because inhibition of Ras
completely blocked the effects of ouabain on contractility, we
reasoned that the additional regulatory element(s) must be the
other effector(s) of Ras. We showed previously that down-
stream from Ras ouabain also increased mitochondrial pro-
duction of ROS in cardiac myocytes [13, 14]. Early studies
of others also indicated that antioxidant α-tocopherol reduced
the positive inotropic action of digitalis on atria muscle [25].
Therefore, we postulated that ROS might work in concert
with [Ca2+]

i
 in regulation of contractility in response to oua-

bain. This notion was supported by the experiments shown
in Fig. 4, in which pre-incubation of myocytes with NAC
caused a significant inhibition of the effects of ouabain on
contractility. Since NAC showed no effect on ouabain-in-
duced changes in Na/K-ATPase activity (data not shown),
[Ca2+]

i
 [14], and c-fos expression [11], its effect on ouabain-

induced increases in contractility strongly suggest an involve-
ment of ROS in ouabain regulation of cardiac contraction.

We showed previously that ouabain stimulated mitochon-
drial production of ROS via a Ras-dependent pathway [13].
We noted that the ouabain signaling pathway [7–14] and the
cardioprotective signaling pathway [26] contain many ele-
ments in common, including mitochondrial ROS production.
Moreover, cardioprotection by diazoxide [19] has been pro-
posed to begin with mitoK

ATP
-dependent stimulation of mito-

chondrial ROS production [23, 24]. Therefore, we reasoned
that opening of mitoK

ATP
 might relay the signal from Ras to

ROS production. This hypothesis is supported by the find-
ings shown in Fig. 5 in which inhibition of mitoK

ATP
 by 5-

HD blocked ouabain-induced increases in intracellular ROS.
Furthermore, 5-HD also caused a significant inhibition of oua-
bain-induced rise in contractility, and pre-incubation of myo-
cytes with both PD98059 and 5-HD completely abolished the
effects of ouabain on contractility in cardiac myocytes. Inter-
estingly, opening mitoK

ATP
 by incubation of myocytes with

diazoxide was sufficient to raise intracellular ROS concentra-
tion and increase contractility in myocytes. These effects were

Fig. 7. Combination of PD98059 and 5-HD abolished ouabain-induced
increases in contractility. Myocytes were simultaneously pre-incubated with
200 µM 5-HD and 30 µM PD98059 for 30 min, then exposed to 100 µM
ouabain for 5 or 10 min and assayed for contractility as in Fig. 1. Values
are mean ± S.E. of 10 measurements from 3 different preparations. *p <
0.05, **p < 0.01 vs. control.
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blocked by either 5-HD or NAC (Fig. 6). Clearly, a modest in-
crease in intracellular ROS via opening of mitoK

ATP
 by either

ouabain or diazoxide can cause a significant rise in contractil-
ity in cardiac myocytes.

Although the mechanism by which ROS regulate cardiac
contractility remains to be resolved, it is appropriate to con-
sider the following two alternatives. First, the effects of ROS
may be mediated through sensitizing myofilament to [Ca2+]

i

by its direct action on contractile proteins or regulation of pro-
tein phosphorylation via activation of protein kinases such as
PKC [27, 28]. Interestingly, activation of PKC was also found
to be responsible for endothelin-1-induced increases in myo-
filament Ca2+ sensitivity [29]. In addition, early studies had
suggested a role of PKC in ouabain-induced inotropy in the
heart [30, 31], and we have recently demonstrated that oua-
bain activates multiple isozymes of PKC in cardiac myocytes
under our experimental conditions [32]. Because there is evi-
dence that increases in ROS are sufficient to activate PKC [33],
it is quite possible that ROS may exert its effect on myocyte
contraction by increasing myofilament Ca2+ sensitivity through
activation of PKC. Alternatively, since mitoK

ATP
 plays an im-

portant role in regulation of mitochondrial energy metabolism
[21], it is also possible that opening of mitoK

ATP
 and the sub-

sequent rise in ROS production may prime mitochondria into
a higher working state so that ATP can be delivered more effi-
ciently to the myofibrils for contraction. Interestingly, early
studies did suggest that digitalis affect mitochondrial energy
metabolism [34, 35].

In summary, we demonstrated here that ouabain regulates
cardiac contractility via activation of at least two pathways.
Activation of p42/44 MAPKs and inhibition of the ion pump-
ing function of the Na+/K+-ATPase by ouabain increased [Ca2+]

i

whereas opening of mitoK
ATP

 stimulated the production of
ROS. Both [Ca2+]

i
 and ROS, in turn, worked in concert, re-

sulting in increases in contractility in cardiac myocytes.
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