
Na+,K+-ATPase is a heterodimer protein composed

of a catalytic α-subunit and a regulatory β-subunit.

Na+,K+-ATPase plays a key role in maintaining the elec-

trochemical gradient of monovalent cations across the

plasma membrane in all studied animal cells. Ouabain

and other cardiotonic steroids (CTS) inhibit Na+,K+-

ATPase by interacting with its ubiquitous α1- and tissue-

specific α2-α4 subunits. This inhibition results in the dis-

sipation of Na+ and K+ transmembrane gradients, which

in turn affects cell mechanisms and parameters regulated

by the ratio between intracellular concentrations of Na+

and K+ ([Na+]i/[K+]i), such as plasma membrane electric

potential, cell volume, transepithelial transfer of salts and

osmotically bound water, Na+ symport with glucose,

amino acids, and nucleotides, etc. [1-3]. More recently, it

was shown that long-term treatment of cells with CTS

activates expression of c-Fos and other immediate early

genes (IEG), as well as genes for myosin light chain,

actin, atrial natriuretic factor, mortalin, and other tissue-

specific late response genes [4-6]. Using Affymetrix tech-

nology, we demonstrated that in human umbilical vein

endothelial cells (HUVEC) and in several other mam-

malian cell cultures incubated in a K+-free medium, inhi-

bition of Na+,K+-ATPase shifts RNA expression into a

pattern similar to that observed after treatment of cells

with ouabain [7]. These data suggest the existence of a

new mechanism for coupling of cell excitability and gene

transcription that is mediated by increase in the

[Na+]i/[K+]i ratio [8].

Experimental data obtained during the last 20 years

suggest that, in addition to regulating Nai
+,Ki

+-sensitive

cell mechanisms, CTS can also affect cell functions

independently of inhibition of the Na+,K+-pump. This

makes CTS a new class of steroid hormones. Thus, for
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Abstract—Side-by-side with inhibition of the Na+,K+-ATPase ouabain and other cardiotonic steroids (CTS) can affect cell

functions by mechanisms other than regulation of the intracellular Na+ and K+ ratio ([Na+]i/[K+]i). Thus, we compared the

dose- and time-dependences of the effect of ouabain on intracellular [Na+]i/[K+]i ratio, Na+,K+-ATPase activity, and pro-

liferation of human umbilical vein endothelial cells (HUVEC). Treatment of the cells with 1-3 nM ouabain for 24-72 h

decreased the [Na+]i/[K+]i ratio and increased cell proliferation by 20-50%. We discovered that the same ouabain concen-

trations increased Na+,K+-ATPase activity by 25-30%, as measured by the rate of 86Rb+ influx. Higher ouabain concentra-

tions inhibited Na+,K+-ATPase, increased [Na+]i/[K+]i ratio, suppressed cell growth, and caused cell death. When cells were

treated with low ouabain concentrations for 48 or 72 h, a negative correlation between [Na+]i/[K+]i ratio and cell growth

activation was observed. In cells treated with high ouabain concentrations for 24 h, the [Na+]i/[K+]i ratio correlated posi-

tively with proliferation inhibition. These data demonstrate that inhibition of HUVEC proliferation at high CTS concen-

trations correlates with dissipation of the Na+ and K+ concentration gradients, whereas cell growth stimulation by low CTS

doses results from activation of Na+,K+-ATPase and decrease in the [Na+]i/[K+]i ratio.
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example, relatively low concentrations of ouabain and

other CTS caused binding of Na+,K+-ATPase α-subunit

to the non-receptor Src tyrosine protein kinase, phos-

phatidylinositol 3-kinase, and inositol-1,4,5-trisphos-

phate receptor [9-11]. It should be noted that in most

studies, CTS-induced changes in ion balance and the

above-mentioned functional responses were studied

within different time intervals. However, the time course

of such experiments should be of particular importance

because of extremely slow kinetics of the interaction of

ouabain with the human house-keeping α1-isoform of

Na+,K+-ATPase [12]. For this reason, we studied the

dose- and time-dependences of effects of ouabain on

HUVEC proliferation and intracellular K+ and Na+ con-

tent in these cells.

MATERIALS AND METHODS

Reagents. 22NaCl and 86RbCl were purchased from

Perkin Elmer (USA). All other reagents were from Gibco

BRL (USA), Calbiochem (USA), Sigma (USA), and

Anachemia (Canada).

Cell culture. Human umbilical vein endothelial cells

(HUVEC) were purchased from Lonza (USA). The cells

were cultured in Endothelial Cell Growth Medium 2

(EGM-2 BulletKit, CC3162; Lonza) supplemented with

10% fetal bovine serum (FBS) in 5% CO2 at 37°C (the

number of passages did not exceed 8). Before the experi-

ment, the cells were incubated for 24 h in the medium

containing 0.2% FBS, then washed with phosphate-

buffered saline (PBS), and incubated for up to 72 h in

EGM-2 containing 0.2% FBS and 1-3000 nM ouabain.

Cell viability was determined by the caspase-3 activi-

ty method from the fluorescence of the substrate DEVD-

AMC (N-acetyl-Asp-Glu-Val-Asp-AMC); Ac-DEVD-

CHO was used as caspase-3 inhibitor. The cells were

grown in 6-well plates. Before the measurements, the

plates were transferred onto ice, and the cells were scraped

off and centrifuged at 5000g for 10 min at 4°C. The pellet

was washed twice with 3 ml of cold PBS and then resus-

pended in 150 µl of medium containing 0.32 M sucrose,

5 mM EDTA, 10 mM Tris-HCl (pH 8.0), 1% Triton X-

100, 2 mM dithiothreitol (DTT), 1 mM phenylmethane-

sulfonyl fluoride (PMSF), 10 µg/ml pepstatin A, and

10 µg/ml aprotinin. The lysates were centrifuged, and 100-µl

aliquots of the supernatant were frozen in liquid nitrogen

and stored at –80°C. To measure enzymatic activity, 20 µl

of the sample was mixed with 400 µl of medium contain-

ing 5 mM MgCl2, 1 mM EGTA, 50 mM Tris-HCl

(pH 7.0), 0.1% CHAPS, 1 mM DTT, 40 µM DEVD-

AMC in the absence or presence of 2 µM Ac-DEVD-

CHO. After the mixture was incubated for 3 h at 37°C, the

reaction was stopped by adding 1 ml of 0.5 M glycine-

NaOH buffer (pH 10.0). The reaction mixture was diluted

with water, and fluorescence was measured at 465 nm (λex,

365 nm). The calibration curve was plotted using 0.01-

0.3 µM 7-amino-4-methylcoumarin. Caspase-3 activity

was determined as the difference between the rates of

DEVD-AMC hydrolysis in the presence and absence of

Ac-DEVD-CHO as described earlier in detail [13].

Microsomes were isolated from pig kidney outer

medulla. The medulla was diced with scissors and mixed

with 10 volumes (w/v) of the isolation medium contain-

ing 0.25 M sucrose, 1 mM EDTA, 20 mM Tris-HCl

(pH 7.5), 1 mM DTT, 5 µM thiorphan, 0.2 mM PMSF,

and protease inhibitor cocktail (see above). The suspen-

sion was disrupted with a Potter–Elvehjem tissue grinder,

and the homogenate was filtered through three layers of

pre-boiled gauze wetted with the isolation medium and

centrifuged at 5000g for 15 min. The supernatant was col-

lected into a separate tube and stored at 4°C; the pellet

was resuspended in two volumes (w/v) of the isolation

medium and centrifuged at 5000g for 15 min. The super-

natants were combined and centrifuged at 45,000g for 1 h.

The pellet was resuspended in a minimal volume of the

isolation medium and stored at –20°C. Protein concen-

tration in the microsomal fraction was determined by the

Lowry method.

Cell proliferation was determined after the cells were

plated in 24-well plates and treated with experimental

agents as described below. The cells were detached from

the plates with PBS containing 0.05% trypsin and 0.1%

EDTA, washed with PBS supplemented with 5% FBS,

and resuspended in PBS containing 0.2% Trypan Blue.

Live cells (not stained by Trypan Blue) were counted with

a hemocytometer.

Activity of the Na+,K+-pump was quantified as the

ouabain-sensitive component of the 86Rb+ influx rate.

Cells in 24-well plates were washed twice with 2 ml of

medium A containing 140 mM NaCl, 5 mM KCl, 1 mM

MgCl2, 1 mM CaCl2, 5 mM D-glucose, and 20 mM

HEPES-Tris (pH 7.4) and incubated in the same medium

for 1 h at 37°C. The medium was then replaced with

medium A (0.25 ml) containing various ouabain concen-

trations. After 5-min incubation, 0.25 ml of medium A

containing 1 µCi/ml 86Rb+ and 20 µM bumetanide

(Na+,K+,2Cl– cotransporter inhibitor) were added. The

kinetics of isotope uptake stayed linear up to 10 min of

incubation (data not shown). In our study, isotope uptake

was stopped after 5 min of incubation by adding 2 ml of

ice-cold medium W containing 100 mM MgCl2 and

10 mM HEPES-Tris (pH 7.4). The cells were then

washed four times with 2 ml of medium W and lysed with

1 ml of 1% sodium dodecyl sulfate containing 4 mM

EDTA. The radioactivity of the incubation medium and

lysates was measured with a liquid scintillation counter.

The rate of 86Rb+ influx was calculated as V = A/a·m·t,

where A is sample radioactivity (counts per min, cpm), a

is specific radioactivity of K+ (86Rb+) in the medium

(cpm/nmol), m is protein content (mg), and t is incuba-

tion time with the isotope (5 min).
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Na+,K+-ATPase activity in pig kidney microsomes

was measured as described in [14] from inorganic phos-

phate accumulation in medium containing 120 mM

NaCl, 30 mM KCl, 3 mM MgCl2, 3 mM ATP, and

30 mM imidazole (pH 7.4). The protein concentration

was 0.01 mg/ml. The reaction was initiated by adding

ATP. For more details, see [15].

Intracellular concentrations of exchangeable K+ and

Na+ were measured from the steady-state distribution of

extra- and intracellular 86Rb+ and 22Na+, respectively, as

described in detail in [7, 16]. Cells grown in 24- and 12-

well plates (for 86Rb+ and 22Na+ measurements, respec-

tively) were incubated for up to 72 h in the presence or

absence of various ouabain concentrations. The plates

were transferred onto ice, and the cells were washed four

times with 2 ml of medium W. The cells were then lysed

as described above, and radioactivity of the incubation

medium and cell lysates was quantified. The intracellular

cation content was calculated as A/a·m, where A is sample

radioactivity (cpm), a is specific radioactivity of 86Rb+

(K+) or 22Na+ in the medium (cpm/nmol), and m is pro-

tein content (mg).

Statistical data analysis was performed using

Student’s t-test. Differences were considered significant

at p < 0.05.

RESULTS

Viability of ouabain-treated cells. It was shown earli-

er that prolonged incubation with high CTS concentra-

tions causes death of human and porcine endothelial cells

[17, 18]. Here, we examined dose- and time-dependences

of ouabain action on the viability of HUVEC. Figure 1

shows that prolonged incubation with ouabain increases

its cytotoxic effect, as estimated from caspase-3 activa-

tion. Indeed, an increase in caspase-3 activity was

observed after 6, 24, 48, and 72 h of incubation with 3000,

100, 30, and 10 nM ouabain, respectively. Based on these

results, for further studies of cell proliferation and intra-

cellular contents of monovalent cations, we select time

intervals and ouabain doses that did not affect cell sur-

vival. Thus, for example, when ouabain was used in con-

centrations of 3000 and 30 nM, incubation times were

limited to 6 and 48 h, respectively.

Intracellular contents of Na+ and K+. Ouabain in

concentrations of 1 and 3 nM increased Ki
+ and

decreased Nai
+ contents by 20-30% (table). These differ-

ences were significant after 6, 24, and 48 h, but disap-

Fig. 1. Effect of ouabain on caspase-3 activity in HUVEC. Data

from three independent experiments (four measurements per

experiment) are presented as mean ± SE; * p < 0.05 as compared

to control cells incubated for the same times in the absence of

ouabain.
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peared after 72 h of incubation. As expected, higher

ouabain concentrations dissipated the transmembrane

gradient of monovalent cations due to inhibition of the

Na+,K+-ATPase. It should be noted that the apparent

affinity for ouabain increased with increase in the incuba-

tion time. Thus, 100 nM ouabain increased [Na+]i to its

half-maximal value after 6-h incubation, whereas after 24

and 48 h of incubation, the same effect was documented

in the presence of 3 and 10 nM ouabain, respectively.

Activities of Na+,K+-pump and ATPase. The reason

for increased [Na+]i/[K+]i ratio in cells treated with 1 and

3 nM ouabain might be the activation of Na+,K+-ATPase.

Indeed, ouabain (1-3 nM) increased 86Rb+ influx by 25-

30% when measured in the presence of the Na+,K+,2Cl–-

cotransporter selective inhibitor bumetanide (Fig. 2a).

To determine if Na+,K+-ATPase activation by low

doses of ouabain is preserved in a cell-free system, we used

pig kidney microsomes. Ouabain (1-10 nM) activated

ATPase by 15-20% (Fig. 2b). As expected, further increase

in ouabain concentration to 2-3 µM caused abrupt

decrease in both 86Rb+ influx rate and ATPase activity.

Cell proliferation. Figure 3 displays that exposure to 1

and 3 nM ouabain for 48 and 72 h increased proliferation

of HUVEC by ~30-40% as determined from Trypan Blue

staining (Fig. 3). Note that the number of dead cells

(stained with Trypan Blue) did not exceed 2-4% of the

total number of cells. This observation correlates well

with the absence of caspase-3 activity increase for the

incubation times and ouabain concentrations used in this

experiment (Fig. 1). Prolonged incubation with higher

ouabain concentrations (above 30 nM) resulted in cell

growth inhibition by 20-40%, which is in a good agree-

ment with earlier results on the opposite action of high

and low ouabain doses on proliferation of rat astrocytes

[19], prostate smooth muscle cells [20], canine, human,

rat, and bovine vascular smooth muscle cells [21, 22],

human fibroblasts [23], and human endothelial cells [24,

25]. To examine the mechanism of this phenomenon, we

compared dose-dependence actions of ouabain on cell

proliferation and on intracellular content of monovalent

cations. We found negative correlation between

[Na+]i/[K+]i ratio and activation of proliferation of

HUVEC treated with low doses of ouabain for 48 and 72 h

(Fig. 4a) and positive correlation between [Na+]i/[K+]i

ratio and inhibition of proliferation of cells treated with

high doses of ouabain for 24 h (Fig. 4b).

Fig. 2. 86Rb+ influx in HUVEC (a) and ATPase activity in pig kidney microsomes (b) at different ouabain concentrations. Data from four

independent experiments are presented as mean ± SE; * p < 0.05, ** p < 0.01, *** p < 0.001.
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DISCUSSION

Evidence of CTS-induced Nai
+,Ki

+-independent sig-

naling was suggested from the fact that low CTS concen-

trations affect cell functions without noticeable changes

in the Na+,K+-pump activity and/or the content of intra-

cellular Na+ and K+. Nevertheless, it should be noted

that, except in rare cases, CTS regulation of Na+,K+-

pump activity, [Na+]i/[K+]i ratio, and cell functions has

been studied during different time intervals. Thus, activa-

tion of vascular smooth muscle cell proliferation was

observed 48 h after addition of 1 nM ouabain, while the

independence of this effect on the [Na+]i/[K+]i ratio was

suggested based on the data that demonstrated no

changes in 86Rb+ influx within 10 min of incubation [21,

26]. Therefore, in this work we performed a comparison

of the dose- and time-dependence of ouabain action on

the [Na+]i/[K+]i ratio and HUVEC proliferation. This

approach is also important because high CTS concentra-

tions exhibit cytotoxic effect when incubated with

endothelial cells for prolonged periods [17, 18, 24, 25].

For this reason, we first studied the dose-dependence and

the time course of ouabain cytotoxic action (Fig. 1) and

only then assessed ion balance and cell proliferation in

viable cell cultures with constant caspase-3 activity levels

and not stained by Trypan Blue.

Comparison of effects of different ouabain doses on

the intracellular concentrations of monovalent cations at

different time periods showed that the threshold of

ouabain concentration required for increase in the

[Na+]i/[K+]i ratio decreases more than 10 times with an

increase in the incubation time from 6 to 72 h (table). It

should be noted the intracellular K+ concentrations were

calculated using 86Rb+. The atomic radii of K+ and 86Rb+

differ slightly – 1.33 and 1.49 Å, respectively. It is known

that the Na+,K+-pump displays no selectivity toward these

ions; however, it remains unknown whether other trans-

Fig. 3. HUVEC proliferation at different ouabain concentrations.

The number of live cells after 6, 24, 48, and 72 h of incubation in

the absence of ouabain was taken as 100%. Data from four inde-

pendent experiments (four measurements per experiment) are

presented as mean ± SE; * p < 0.05 as compared to control cells

incubated for the same periods in the absence of ouabain.
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porters and potassium-binding cytoplasmic molecules can

be affected by this difference. This question will be

resolved by us in the near future through additional stud-

ies using atomic absorption spectroscopy. The delayed

kinetics of ouabain action on intracellular Na+ and K+

concentrations might be explained by the slow kinetics of

its binding to Na+,K+-ATPase [12] and/or Na+,K+-

ATPase accumulation in the CTS-sensitive E2 conforma-

tion resulting from the increase in intracellular Na+ with

increase in incubation time. Indeed, Holthouse and co-

workers [27] found that in human kidney proximal tubule

cells, low ouabain doses activate Na+,K+-ATPase by

increasing activity of the ubiquitous isoform of the

Na+/H+ exchanger NHE1 that mediates Na+ influx. The

observed effect might also be explained by circulation of

Na+,K+-ATPase between its membrane-bound and inter-

nalized forms. However, the latter hypothesis contradicts

the data on the activation of Na+,K+-ATPase by low doses

of ouabain in the cell-free system (pig kidney microsomes)

(Fig. 2b). Irrespectively of the mechanism of the observed

phenomenon, our data show the importance of measuring

effects of CTS on the intracellular ion homeostasis and

cell functions within the same time intervals.

We found that prolonged incubation of cells with 1

and 3 nM ouabain was accompanied by Ki
+ accumulation

and decrease in Nai
+ content, with corresponding 30-50%

decrease in [Na+]i/[K+]i ratio (table). Also, low ouabain

doses increased, rather than decreased, 86Rb+ influx rate

(Fig. 2), thereby indicating that the [Na+]i/[K+]i increase

is mediated by Na+,K+-pump activation. This conclusion

correlates well with data on Na+,K+-ATPase activation by

low CTS concentrations observed by other researchers.

Thus, it was shown that ouabain in concentrations below

10 nM decreased Nai
+ content in guinea pig atrial [28, 29]

and attenuated Na+,K+-pump-mediated ion flux in single

cardiomyocytes from guinea pig, dog, and human [30]. In

human erythrocytes, activation of 86Rb+ uptake occurred

at ouabain concentration of 0.1 nM [31], whereas in

opossum kidney proximal tubule cells and human

endothelial cells, similar activation was observed at

ouabain concentrations of 1-10 nM [32, 33]. Ouabain

and other CTS also activated 86Rb+ uptake in hippocam-

pal slice cultures [34].

To explain this phenomenon, Gao and co-workers

suggested that ouabain activates Na+,K+-ATPase by

interacting with its α2- and α3-subunits, but not with the

α1-subunit [30]. However, the α1-isoform is the only

Na+,K+-ATPase isoform found in endothelial cells [35].

We showed that 1-10 nM ouabain caused ∼30% activation

of highly purified Na+,K+-ATPase from dog kidneys and

duck salt glands (unpublished data), and this enzyme is

known to contain α1-subunit only. Based on the analysis

of kinetics of 3H-labeled ouabain binding, Ghysel-Burton

and Godfraind proposed that activation and inhibition of

sodium pump by low and high doses of ouabain, respec-

tively, can be due to the presence of two different

ouabain-binding sites within the same α-subunit of

Na+,K+-ATPase [29]. However, the results of X-ray

analysis disprove the existence of a second binding site in

the same subunit [36]. Considering our data on the acti-

vation of Na+,K+-ATPase in pig kidney microsomes

(Fig. 2b) containing α1-subunit only, as well as numerous

evidence on the existence of Na+,K+-ATPase in a form of

α2β2-oligomer with functionally different α-subunits

[37], we suggest the following. Two α1-subunits of the

α2β2-oligomer have ouabain-binding sites with different

affinities. Ouabain binding to the high-affinity site in one

of the oligomer α-subunits activates the enzyme, while

saturation with ouabain of both sites located in different

subunits inhibits Na+,K+-ATPase.

Incubation of HUVEC with low ouabain concentra-

tions of for 48-72 h increased cell count by 20-40%,

whereas ouabain concentrations over 30 nM decreased

HUVEC proliferation (Fig. 3). These results correlate

well with the data on the activation and inhibition of cell

growth by low and high doses, respectively, of ouabain

and other CTS in endothelial cells [33], vascular smooth

muscle cells [21, 26], kidney proximal tubule cells [32,

38], several neuronal cell lines [39], and primary kidney

cell cultures from renal cysts of patients with autosomal

dominant polycystic kidney disease [40]. The correlation

between ouabain dose-dependence of [Na+]i/[K+]i ratio

and cell growth (Fig. 4) convincingly shows that activa-

tion and inhibition of cell proliferation is caused by

increase and decrease in the monovalent cation trans-

membrane gradient due to activation and inhibition,

respectively, of the Na+,K+-pump.

Our hypothesis on the key role of Na+,K+-ATPase

activation and the corresponding decrease in the

[Na+]i/[K+]i ratio in the regulation of cell growth is in

good agreement with numerous studies that demonstrat-

ed Na+,K+-ATPase activation by proliferation inducers.

For example, Na+,K+-ATPase activity increased in

canine renal epithelial cell in response to serum-derived

growth factors [41] and in murine macrophages treated

with hemopoietic growth factors [42]. Na+,K+-ATPase

activation and increase in intracellular K+ were observed

in proliferating human lymphocytes [43]. Tian and co-

workers demonstrated that siRNA-mediated knockdown

of Na+,K+-ATPase α1-subunit decreases basal prolifera-

tion of LLC-PK1 cells and abolishes the growth-stimu-

lating effect of low ouabain doses [44].

It is well documented that long-term elevation of

[Na+]i drastically changes the cell transcriptome via acti-

vation of both Cai
2+-mediated and Cai

2+-independent

mechanisms of transcription regulation. At the same

time, [K+]i decrease suppresses translation at the elonga-

tion stage without affecting ribosome assembly from its

subunits [8]. Elucidation of the role of these two mecha-

nisms, as well as of other signaling pathways, in the acti-

vation and inhibition of cell proliferation by low and high

CTS doses, respectively, requires further study.
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