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Abstract—Na,K-ATPase maintains sodium and potassium homeostasis. It is the only known receptor for
cardiotonic steroids such as ouabain. Binding of ouabain to Na,K-ATPase leads to the activation of Src kinase
and the subsequent initiation of intracellular signaling pathways, including the induction of apoptosis.
Changes in Na,K-ATPase activity is one of the earliest responses to hypoxia and is most critical for cell sur-
vival. However, it is not known how the hypoxia affects the functioning of Na,K-ATPase as a receptor. We
have shown that, under the conditions of hypoxia and ischemia, ouabain is less toxic for murine fibroblast
cells (SC-1 cell line) and ouabain does not cause an increase in the level of reactive oxygen species, which is
typically observed at 20% pO,. Under hypoxia, the treatment of cells with ouabain also does not lead to the
activation of Na,K-ATPase-associated Src kinase. Thus, at low oxygen content, the receptor function of
Na,K-ATPase is altered, and cells become less sensitive to cardiotonic steroids. The decrease in sensitivity to
cardiotonic steroids, which is evident at hypoxic conditions, should be taken into account in clinical practice.
At the same time, in the presence of ouabain the cells are less sensitive to hypoxia, which indicates that car-
diotonic steroids can be protective in acute ischemia.
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Na,K-ATPase is a transmembrane protein that
creates a gradient of ions that is critical for the cell via-
bility of any animal cell. The enzyme transports three
Naions out of the cell and two K ions into the cell against
their electrochemical gradients and uses the energy of
ATP. During the enzymatic cycle, Na,K-ATPase under-
goes two main E1—E2 conformational transitions as fol-
lows: E1 with high affinity for Na* and ATP and E2 with
high affinity for K*. The monomer of Na,K-ATPase is
composed of two subunits, i.e., the (o) catalytic and
(B) regulatory. The c-subunit contains binding sites
for metal ions, actuator, and nucleotide-binding
domains, as well as the P-domain, which undergoes
phosphorylation during the catalytic cycle. The B-sub-
unit is required for embedding the a-subunit into the
membrane and the occlusion of potassium ions. This
subunit contains only a single transmembrane loop
and a heavily glycosylated extracellular domain [1].

In addition to ion-pumping function, Na,K-ATPase
also functions as the receptor for cardiotonic steroids
(CTSs), specific inhibitors of the Na,K-ATPase.
CTSs were detected and isolated from plants more
than 200 years ago; since then, they have been widely

Abbreviations: CTS, cardiotonic steroid; ROS, reactive oxygen
species; PBS, phosphate buffered saline; DMSO, dimethyl sulf-
oxide.
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used in clinical practice in patients with chronic heart
failure [2]. The CTS molecule binds to the extracellu-
lar fragment of the oi-subunit and stabilizes the enzyme
in the E2P conformation and disrupts the cycle of the
Na,K-ATPase [3, 4]. After inhibiting the enzyme, the
intracellular Na* concentration increases, which leads
to the inhibition of the Na*/Ca*-exchanger and slows
the transmembrane exchange of Na* and Ca?". This
results in an increased concentration of Ca’" in the
cell, which increases the force of myocardial contrac-
tions [5].

Later, endogenous analogues of CTSs were also
found in vertebrates [6]. In particular, endogenous
ouabain and marinobufagenin were identified in
humans [7, 8]. CTSs present in vertebrate blood
plasma at a nanomolar concentration do not inhibit the
Na,K-ATPase, but act as hormones triggering apoptosis
signaling pathways or cell. Thus, the Na,K-ATPase is
not only an ion pump, but also as the receptor for
CTSs [2].

At present, it has been suggested that binding of
CTSs triggers signal transmission mediated by interac-
tion between the Na,K-ATPase and Src kinase. Src
kinase is included in the Src kinase family of tyrosine
kinases not coupled to receptors but involved in the
regulation of the growth, differentiation, and survival
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of cells, as well as cytoskeletal organization, secretion,
ion channel functioning, and many other cellular pro-
cesses [9, 10]. Src kinase activity is regulated by phos-
phorylation of Y416 and Y527 tyrosine residues. Y527
phosphorylation causes conformational changes in the
protein molecule resulting in the inactivation of Src
kinase [11, 12]. Dephosphorylation of Y527 increases
Src kinase activity and the activity of Src kinase
enhances stronger after phosphorylation of Y416 [13].
Src kinase binds directly to Na,K-ATPase, forming a
signaling complex. The Src kinase in association with
Na, K-ATPase is inactive, but binding ouabain freed
the kinase domain from the Na,K-ATPase/Src kinase
complex and restored the activity of Src kinase [14]. In
addition, binding ouabain to the Na,K-ATPase acti-
vates phosphorylation of Y416 [9] and further
increases the activity of Src kinase.

CTSs are involved in the regulation of many physi-
ological and pathological conditions. Ouabain is one
of the most widely used CTSs in medical research and
can protect the heart against ischemia-reperfusion
injury via activating signaling pathways involving Src
kinase and reactive oxygen species (ROS) [15].

The Na,K-ATPase is highly sensitive to the intra-
cellular redox state and oxygen content [16, 17]. The
activity of the enzyme was suppressed considerably
under hypoxic conditions and oxidative stress [17—20]
due to the glutathionylation of regulatory cysteine res-
idues in the o-subunit [20]. This modification is fully
reversible and plays an important role in the adapta-
tion of cells, preventing irreversible ATP depletion in
the cell [20]. However, whether the receptor function
of Na,K-ATPase changes in hypoxia has not yet been
elucidated.

MATERIALS AND METHODS

Cell cultures. The SC-1 cell line of murine embry-
onic fibroblasts was used. Cells were grown in Dul-
becco’s modified Eagle’s culture medium containing
4.5 g/L glucose (Invitrogen, United States), 10% fetal
calf serum (Invitrogen), 2 mM glutamine (PanEco,
Russia), 100 U/mL penicillin, and 100 ug/mL strepto-
mycin (Invitrogen), at 37°C under 5% CO,. Cells were

placed in flasks (25 cm?) for adhesive cell cultures
(Corning-Costar).

Immunoblotting analysis of Src kinase phosphoryla-
tion. Cells were detached from the plate using trypsin,
washed in PBS, centrifuged (100 g, 10 min), and the
pellet was frozen. To lyse the cells, 200 uL of RIPA
buffer was added to the pellet (2.5—3 million cells)
containing 25 mM Tris-HCI pH 7.6, 150 mM NacCl,
1% Nonidet-P40, 0.1% sodium dodecyl sulfate
(SDS), and 1% sodium deoxycholate. The mixture
was incubated at +4°C and stirring for 1 h, after which
the samples were centrifuged and the supernatant was
collected. Protein concentration in the lysates was
measured by the Lowry method. Then, each of the
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samples was loaded on 10% polyacrylamide gel and
the Laemmli method of gel electrophoresis was per-
formed. Then, in a buffer containing 25 mM Tris,
192 mM glycine, and 20% ethanol, the proteins were
transferred from the gel to PVDF-membrane
(BioRad) at 250 mA for 1.5 h. The membranes were
blocked in 5% skim milk (BioRad) in PBST for 30 min
and incubated with primary antibodies to Src kinase
(2108s, CellSignalling) at a dilution of 1 : 1000, to Src
kinase phosphorylated at Tyr527 (2105s, CellSignal-
ling) at a dilution of 1 : 1000, and with antibodies to
Src kinase phosphorylated at Tyr416 (2101s, CellSig-
nalling) at a dilution of 1 : 500. The membranes were
then hybridized with a solution of secondary horserad-
ish peroxidase-conjugated antibodies. To viualize che-
miluminescence, the membrane was stained using a
SuperSignal™ West Femto Maximum Sensitivity Sub-
strate kit (Thermo Scientific), the signal was detected
using the Bio-Rad ChemiDoc MP apparatus. Each
membrane was then incubated with a solution of anti-
bodies to B-actin (AM4302, Ambion), stained with
secondary antibodies and the signal was visualized.
The analysis of immunoblotting data was performed in
the ImagelLab software (Bio-Rad). The intensities of
each band of Src kinase isoforms were normalized to
the intensity of the actin band in the corresponding
membrane, and then the value obtained for each of the
phosphorylated isoforms was normalized to the value
obtained for total Src kinase.

Assessment of cell survival under hypoxic conditions.
To determine cell survival under hypoxic conditions
(0.05% oxygen), the cells were plated on 96-well plates
and placed in the sealed oxygen-impermeable cham-
ber, which was filled with ready gas mixtures from bal-
loons containing 0.05% oxygen, 5% carbon dioxide,
and nitrogen. Cell survival was assessed based on their
respiratory activity using the MTT test (Invitrogen).
MTT dye was diluted in phosphate buffer to a concen-
tration of 12 mM. Ten microliters of dye were added in
each well, mixed, and incubated for 3.5 or 24 h at a
given oxygen concentration and a temperature of
37°C. Then, 150 uL DMSO were added to each well,
mixed, and incubated for 10 min at 37°C. Thereafter,
each sample was mixed and the absorbance was mea-
sured at 540 nm.

Flow cytometry. Intracellular parameters were
assessed with flow cytometry. For this, the cells were
suspended. Cells grown in 12-well plates were
detached from the support using trypsin. For this, the
growth medium was collected, cells were washed with
Versen solution; the monolayer was poured with a
solution for detaching cells (0.25% sterile trypsin solu-
tion with Hanks’ salts (without Ca?* and Mg?") and
incubated at 37°C for 1—2 min, shaking periodically.
When the cells were completely detached from the
plate, 500 uL of complete medium was added and
thoroughly dispersed. The cells were transferred into
sealed flasks with a stopper that has inlet and outlet
openings of small diameters (less than 2 mm).



150

Flasks with cell suspension were placed on a water
bath at 37°C. Inlet and outlet openings of flasks were
sequentially connected to tubing with three flasks in
one series connection; the first of the flasks was sup-
plied with gas from a balloon with a fixed oxygen con-
centration (5% CO,, 0.05% O,, 94.95% N,). Before
entering the first flask gas from a balloon passed
through three similar flasks containing water of high
purity (Millipore) standing on a bath to provide the
cells with inflowing gas mixture of required humidity
and temperature. The output tubing of each flask was
connected to a flask with water allowing to record gas
flow in the system. After 10 min, ouabain was added in
varying concentrations. Cells were incubated for 30 min
or 3.5 h with continuous flow of gas and stirring.

Cytometric analysis was performed using the
GALLIOS flow cytometer (Beckman Coulter). Before
staining, the cells were centrifuged, the supernatant
removed, and the cells were resuspended in 100 uL of
PBS. The level of ROS was evaluated using dihydror-
hodamine 123 (DHR 123) (Invitrogen, Ex/Em =
507/525), which can detect ROS not only in the cyto-
sol, but also in mitochondria. To stain cells, DHR 123
was added to a final concentration of 10 uM and incu-
bated for 30 min at 37°C in the dark. Glutathione lev-
els were evaluated using ThiolTracker (Ex/Em
405/525 nm) (Invitrogen). To stain the cells, Thiol-
Tracker was added at a final concentration of 7.5 uM
and incubated for 30 min at 37°C in the dark. To deter-
mine the cells with damaged membrane, propidium
iodide was added 1 min prior to measurement at a con-
centration of 10 ug/mL (Sigma, United States, Ex/Em =
535/617 nm). Glutathione and ROS levels were mea-
sured based on average intensity of green fluorescence
in cells not stained with propidium iodide.

Statistical analysis. The mean values * standard
deviations are given. A comparison of the group data
was performed using the Student’s z-test; value p <
0.05 was considered to be statistically significant.

RESULTS AND DISCUSSION

Cytotoxic Effect of Ouabain Decreases
under Hypoxia and Ischemia

Toxic effects of ouabain under hypoxia and ischemia
were assessed using the SC-1 cell line of murine fibro-
blasts. SC-1 cells contain o/1-isoform of Na,K-ATPase.
In rodents, the affinity of this isoform to ouabain is
three orders of magnitude lower than that of the iso-
form in humans and other mammals. The effect of
ouabain on the receptor function of Na,K-ATPase was
evaluated at concentrations of 50, 250, and 500 uM, at
which the toxic effects of ouabain are low (Fig. 1).
Previously, we have shown that, under hypoxic condi-
tions, in as little as 3.5 h, the level of glutathionylation
of the o-subunit of Na,K-ATPase in SC-1 cells
increases by two times [21]. The influence of hypoxia
and ischemia on the sensitivity of SC-1 cells to
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ouabain was determined using the MTT test based on
the change in cell viability under different conditions
after 24 h of incubation with ouabain. Hypoxia condi-
tions were simulated as follows: 0.05% pO,, pH 7.4, 1 g/L
of glucose, while ischemia conditions were simulated
as follows: 0.05% pO,, pH 6.2, glucose 0 g/L. Control
cells were at 20% pO,. After incubation under hypoxic
conditions for 24 h, cell viability was reduced 2 times
(Fig. 1a). Addition of ouabain in these conditions
increases cell viability, in contrast to cells maintained
at 20% pO,, whose viability reduced under the action
of ouabain (Fig. 1a). At 20% pO,, pH 6.2, and the
absence of glucose, the cytotoxic effects of ouabain are
enhanced and appear at lower concentrations. At a
concentration of 500 uM, ouabain causes a 37%
decrease in cell viability (Fig. 1b). A reduction in the
oxygen content at pH 6.2 and the absence of glucose
reduce cell viability by 80%. However, under these
conditions simulating ischemia, cytotoxic effect of
ouabain is not observed.

It is known that ROS levels can rise in the cells in
the presence of ouabain [22]. Under conditions of
20% pO, SC-1 cells show a dose-dependent increase
in ROS as early as 3.5 h after incubation with ouabain
(Fig. 2). At a concentration of 500 uM ouabain, level
of ROS increased by almost two times. The same
increase in ROS was also identified during incubation
under 20% pO, in medium without glucose at pH 6.2
(Fig. 2). At the same time, under hypoxic conditions, the
ROS level increases to a lesser extent under the influence
of ouabain and hardly changes under ischemia. Thus, the
cell response to ouabain changes at low oxygen. Under
hypoxia, ouabain has a protective effect (Figs. 1, 2). The
observed effect explains cardioprotective influence of
ouabain exposure against myocardial tissue injury after
myocardial infarction [15]. This may be associated with
altered affinity of ouabain/Na,K-ATPase complex to
intracellular ligands under low oxygen levels.

Ouabain Lowers Level of Activated Src Kinase
under Hypoxia

The influence of ouabain on Src kinase activity was
assessed based on the change in the level of inhibitory
(Y527) and activating (Y416) phosphorylation with
Western blotting (Fig. 3). Inhibitory phosphorylation
of Src kinase level decreases (Fig. 3b) and activating
phosphorylation level increases (Fig. 3c) in SC-1 cells at
20% pO, under the influence of ouabain at a concen-
tration of 250 and 500 uM. An increase in the level of
activating phosphorylation under the influence of
ouabain was shown previously for other types of cells
[9, 14, 23]. At hypoxia (0.05% pO,) the level of activat-
ing phosphorylation is significantly higher than at 20%
pO, (Fig. 3b), which was also shown in samples of the
rat pulmonary artery [10]. The addition of ouabain
under hypoxic conditions causes a reduction in acti-
vating phosphorylation level of Src kinase more than
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2 times, while inhibitory phosphorylation level hardly
changes. Thus, ouabain cancels an increase in the level
of activated form of Src kinase induced by low oxygen
content. Based on the data, it can be concluded that, at a
reduced oxygen content, Na,K-ATPase does not lose
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the ability to bind to ouabain, but the effect of ouabain
on the receptor functioning of the enzyme changes
substantially compared to its effect at 20% pO,. The
reason for this may be the redox-modification of cys-
teine residues in the Na,K-ATPase molecule, in par-
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ticular glutathionylation, which occurs during hypoxia
[21] and can affect the interaction of Na,K-ATPase
with ouabain.

Redox modifications of proteins arise due to
changes in the redox state of cells. To evaluate the
redox state we determined levels of ROS and GSH in
cells after ouabain treatment for 30 min (Fig. 4).
During hypoxia, the ROS level is higher than in the
presence of 20% pO, (Fig. 4a). This is consistent with
the data, according to which an increase in ROS levels
in cells under hypoxia occurs in the first 15—30 min of
incubation [24]. In the presence of ouabain under 20%
pO,, the level of ROS increases in the cells, whereas
under hypoxia ROS level decreases (Fig. 4a). GSH

level is higher under hypoxia than at 20% pO, (Fig. 4b).
This agrees with the data obtained previously using
SC-1 cells that were incubated over 3.5 h under
hypoxic conditions [21]. Level of glutathionylation of
the Na,K-ATPase increased [21]. The addition of
ouabain leads to a decrease in GSH level under
hypoxia and its increase at 20% pO, (Fig. 4b). Thus,
the presence of ouabain influences the redox state of
cells during hypoxia and, therefore, on the redox-
dependent modification of proteins.

Based on the data, it can be concluded that the cell
response to CTSs changes at a low oxygen content. In
the presence of ouabain, cells become less sensitive to
the low oxygen supply. This may be associated with the
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decreased consumption of intracellular ATP on func-
tioning of the Na,K-ATPase, the influence of ouabain
on the redox state of cells, and changes in the activity
of Na,K-ATPase ligands, in particular, Src kinase.
Thus, the changes in the effects of CTSs on cells under
ischemic conditions should be taken into account in
clinical practice. It can be suggested that CTSs will be
protective in acute ischemic conditions.
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