
Na,K-ATPase (Na+,K+-activated, Mg2+-dependent

adenosine triphosphate phosphohydrolase, EC 3.6.1.3)

catalyzes the electrogenic exchange of three intracellular

Na+ ions for two extracellular K+ ions using for this trans-

port energy that is released during the hydrolysis of ATP.

In this way, Na,K-ATPase plays a key role in the regula-

tion of intracellular Na+ and K+ concentrations and in

the maintenance of electrical membrane potential, cell

volume, and Na+-coupled transport of amino acids, glu-

cose, nucleotides, and other compounds with low molec-

ular mass [1-3]. Numerous studies that were made

recently demonstrated that Na,K-ATPase is a receptor

for cardiotonic steroids (CTS) that (without Na-pump

inhibition) can activate signal cascades involved in the

regulation of gene expression, proliferation and death of

cells, including receptors for inositol-3-phospates,

release of intracellular Ca2+, Ras, phosphoinositol-3

kinase (PI3K), and mitogen-activated protein kinase

(MAPK) Erk1/2  [4-12]. For example, ouabain, a

hydrophilic CTS that is widely used for experiments in

vitro, protected vascular smooth muscle cells from the

development of programmed cell death (apoptosis)

induced by the deprivation of growth factors [13]. This

effect of CTS is due to the inhibition of Na,K-ATPase,

increase of [Na+]i and expression of Na i
+-sensitive genes

of early response: c-Fos and c-Jun, that, in turn, regulate
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Abstract—Ouabain and other cardiotonic steroids (CTS) kill renal epithelial cells from distal tubules (C7-MDCK) via inter-

action with Na,K-ATPase but independently of inhibition of Na,K-ATPase-mediated ion fluxes. Recently, we demonstrat-

ed that modest intracellular acidification and inhibition of p38 MAPK suppress death of C7-MDCK cells triggered by

ouabain. In the present study we investigate the mechanism of p38 MAPK activation in renal epithelial cell from distal

tubules evoked by cardiotonic steroids. Using Na+/K+ ionophores (monensin, nigericin) and media with different content

of monovalent cations, we revealed that p38 MAPK phosphorylation in ouabain-treated renal epithelial cells is not caused

by Na,K-ATPase inhibition and inversion of the [Na+]i/[K+]i ratio. We also demonstrated that attenuation of pH from 7.45

to 6.75 did not alter the level of p38 MAPK phosphorylation observed in ouabain-treated cells. Inhibitors of PKA, PKC,

and PKG as well as protein phosphatases were unable to abolish p38 MAPK activation triggered by ouabain. Using phos-

photyrosine antibodies we did not detect any effect of ouabain on activation of tyrosine kinases. Thus, our results show that

activation of p38 MAPK and cytotoxic action of CTS are independent of intracellular Na+, K+, and H+ concentrations. The

molecular origin of intermediates of death signaling induced by CTS via conformation changes of Na,K-ATPase with fol-

lowing activation of p38 MAPK should be examined further.
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the expression of antiapoptotic genes including mortalin

[14-16].

It should be noted that CTS effect on the prolifera-

tion and death of cells is tissue specific. For example,

long-term treatment of renal epithelial cells from distal

tubules, in contrast to vascular smooth muscle cells, trig-

gers a signal cascade that leads to the death of dog renal

epithelial cells from distal tubules (MDCK) [17, 18]. This

type of death is characterized by mixed signs of necrosis

(cell swelling) and apoptosis (activation of caspase-3). It

was termed “oncosis” – from the Greek “onkos” that

means swelling [19]. It should be noted that, in contrast

to the ouabain effect, the inhibition of Na,K-ATPase in

the absence of potassium did not affect the viability of

MDCK cells but led to an increase of their sensitivity to

cytotoxic effect of CTS [20, 21]. Taking into account this

observation, we suggested that oncosis is induced by the

interaction of CTS with the α-subunit of Na,K-ATPase,

but it is not a direct consequence of the inhibition of

cations fluxes mediated by this enzyme and the increasing

of intracellular [Na+]i/[K+]i ratio [6].

Using pharmacological approaches we did not reveal

the participation of Ras and PI3K in the development of

MDCK cell death induced by ouabain. Negative data was

also obtained as a result of the study of the involvement of

[Ca2+]i content, reactive oxygen species, and internaliza-

tion of Na,K-ATPase in death machinery triggered by

ouabain [22, 23]. Further study of the CTS-induced sig-

nal cascade have shown that sharp growth of p38 MAPK

phosphorylation preceded the development of oncosis in

C7-MDCK cells treated by ouabain [24].

Phosphorylation of this form of stress-activated MAPK

was found also in other cells that undergo oncosis, where-

as the content of P~p38 MAPK did not change in

ouabain-resistant cells. Ouabain-induced death of C7-

MDCK cells was sharply suppressed in the presence of

SB202190, a specific inhibitor of p38 MAPK, but not in

the presence of its inactive analog, SB202474, as well as in

the presence of inhibitors of Erk and JNK MAPK [24].

We found also that death of C7-MDCK cells was com-

pletely eliminated if pH value in the cell is decreased from

7.1 to 6.9 [25]. These data demonstrate that the effect of

CTS as oncosis inducers is a consequence of activation of

tissue-specific  Na i
+, K i

+-independent pHi-sensitive signal

cascade mediated by p38 MAPK. In this work we contin-

ued study of involvement of Na+
i, K+

i, and pHi in phos-

phorylation of p38 MAPK induced by CTS, as well as a

participation in this signal cascade of other protein kinas-

es and phosphatases.

MATERIALS AND METHODS

Reagents. Ouabain was obtained from ICN (USA),
22NaCl and 86RbCl from Amersham (Canada), monensin,

valinomycin, and nigericin from Sigma (USA), and Go

6983, Go 6976, H-89, and okadaic acid from Calbiochem

(USA). Antibodies for phospho-form of p38-MAPK and

phosphotyrosine residues were obtained from Cell

Signaling (Canada). Remaining reagents were purchased

from Sigma, Gibco BRL (USA), and Anachemia

(Canada).

Cell culture. In this work we used Madin–Darby

canine kidney epithelial cells (C7-MDCK). The func-

tional characteristics of these cells correspond to that of

principal cells from collecting ducts. Cells were seeded in

6-, 12-, and 24-well plates, and also in Petri plates with

area 75 cm2 in an incubator (Fisher Scientific) with an

atmosphere containing 5% CO2. They were grown in

modified Dulbecco’s modified Eagle’s medium

(DMEM) containing 5.5 mM glucose, 10% fetal bovine

serum, penicillin (100 units/ml), and streptomycin

(100 µg/ml). In some experiments cells were incubated in

media A, B, and C. Medium A contained (mM): NaCl,

109.4; KCl, 5.4; CaCl2, 1.8; MgSO4, 0.8; NaHCO3, 29.8;

NaH2PO4, 0.9; Hepes, 8.4; glucose, 5; and also vitamins

and amino acids in concentrations that usually are used in

DMEM. Media B and C had the same composition as

medium A except the concentration of Na+ and K+:

[Na+]o = 145.5 mM, [K+]o = 0.05 mM for medium B and

[Na+]o = 30.7 mM, [K+]o = 114.8 mM for medium C. In

experiments on pH effect on cell morphology and p38

MAPK activation triggered by ouabain, we used control

(pH 7.45) and acidified (pH 6.75) media. Control and

acidic media contained (mM): NaCl, 130; KCl, 5; CaCl2,

1; MgCl2, 1; NaH2PO4, 0.9; Hepes, 20; glucose, 5; and

also vitamins and amino acids in concentrations that are

usually used in DMEM; pH was adjusted to the values

7.45 and 6.75 by the addition of Tris. After experiment

cell morphology was evaluated by Diaphot phase contrast

microscopy (Nikon, Japan) without preliminary fixation.

Intracellular content of exchangeable Na+ and K+ was

measured as the steady-state distribution of 86Rb and 22Na

that was established after 5 h of incubation [20, 21]. With

this aim, C7-MDCK cells in 24-well plates were washed

by phosphate-buffered saline (PBS, pH 7.4). After that

1 ml of medium containing 0.5 µCi/ml 86RbCl or

4 µCi/ml 22NaCl was added (complete composition of the

medium is given above) and cells were incubated for 5 h at

37°C. Then cells were transferred on ice, washed by cold

solution containing 100 mM MgCl2 and 10 mM Hepes

(pH 7.4), and lysed by solution with 1% SDS and 4 mM

EDTA. Contents of intracellular Na+ and K+ were calcu-

lated as A/am, where A is radioactivity of lysate (cpm)

obtained from cells containing m mg of protein, and a is

specific radioactivity of the incubation medium

(cpm/nmol).

Western blot analysis. After completing the experi-

ment, cells were lysed by buffer containing 150 mM

NaCl, 1% Triton X-100, 0.1% SDS, 2 mM EDTA, 2 mM

EGTA, 25 mM Hepes (pH 7.5), 10% glycerin, 1 mM

NaF, 200 µM Na3VO4, and proteinase inhibitors (1 µg/ml
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leupeptin, 1 µg/ml aprotinin, and 1 mM PMSF). After

incubation for 15 min, the lysate was centrifuged at

20,000g for 10 min. SDS sample buffer was added to sam-

ples, and they were kept 5 min at 95°C. Proteins in sam-

ples were separated by using PAGE according to the

Laemmli procedure in the presence of SDS with 4%

stacking and 10% running gels. Proteins separated by

PAGE were transferred to nitrocellulose membrane

(Mini Trans-Blot; Bio-Rad, USA) by transblotting dur-

ing 1.5 h at 400 mA in buffer containing 25 mM

Tris/192 mM glycine (pH 8.3), 20% methanol. To check

quality of protein transfer, the membrane was stained by

Ponceau S die (0.02%), and then blocked at room tem-

perature by 5% fat-free dry milk dissolved in PBS during

1 h under stirring. After that the membrane was incubat-

ed overnight with primary antibodies against phospho-

MAPK or phosphotyrosine residues at 4°C under con-

stant stirring. Then the membrane was washed (3 times

for 15 min with PBS containing 0.05% Tween 20) and

incubated with secondary antibodies. Proteins were visu-

alized using a kit for chemiluminescence (ECL;

Amersham) and photo film (Kodak, USA) with subse-

quent development (Kodak X-Omat 2000A).

RESULTS

Role of Na+
i and K+

i in CTS-induced phosphorylation

of p38 MAPK. Previously we have shown that ouabain

induced maximal increase of p38 MAPK phosphoryla-

tion in C7-MDCK cells after 4-6 h of incubation [24]. It

was noted also that p38 MAPK phosphorylation preced-

ed the death of cells that started from 8-10 h and com-

pleted by 24 h after the ouabain addition. In contrast to

the ouabain effect, the inhibition of Na,K-ATPase that

took place in K+-free medium was not accompanied by

the growth of the content of p38 MAPK phospho-form

[24]. These findings indicate that the effect of CTS on the

phosphorylation of this MAPK is not a direct conse-

quence of inhibition of Na,K-ATPase and the increase of

[Na+]i/[K+]i ratio. However, because of the leakage of

intracellular K+, the extracellular concentration of K+,

[K+]o, is increased in the initially K+-free medium up to

30-50 µM [21], which might be enough for the moderate

activation of Na,K-ATPase [1, 2]. In this connection we

compared effects of ouabain on the content of intracellu-

lar Na+ and K+ and the phosphorylation of p38 MAPK in

control medium A and in medium B that contain 5.4 and

0.05 mM KCl, respectively.

As can be seen from the Table 1, incubation of the

cells in medium B with low K+ concentration for 1.5 h

resulted in 8-fold increase of [Na+]i, which was approxi-

mately the same as in the case of the inhibition of Na+-

pump by ouabain in control medium A. Despite the sharp

growth of content of Na+
i, medium B did not induce the

increase of p38 MAPK phosphorylation. The addition of

ouabain to the medium B was accompanied by 15-fold

increase of p38 MAPK phosphorylation, although the

enhancement in the content of Na+
i was insignificant

(<20%) (Fig. 1 and Table 1).

To investigate further the role of Na+ and K+ in the

phosphorylation of p38 MAPK, we investigated the

action of ouabain under conditions that eliminated trans-

membrane K+ gradient using medium C with ([Na+]o =

30.7 mM, [K+]o = 114.8 mM), and also in the presence of

Na+ and K+ ionophores. As one can expect, the addition

of ouabain to medium C definitely did not affect [K+]i

and significantly reduced the growth of [Na+]i in compar-

ison with the control medium (Table 1). We found that

medium C itself did not effect the increase of the content

of P~p38 MAPK in the presence of ouabain in compari-

son with control medium A (Fig. 1 and Table 1).

The Na+ ionophore monensin induced 4-fold eleva-

tion of [Na+]i but it did not alter the content of [K+]i,

whereas nonselective Na+/K+-ionophore nigericin led to

10-fold growth of [Na+]i and 3-fold decrease of [K+]i

(Table 2). We did not find significant effect of selective

K+-ionophore valinomycin on the intracellular content of

Fig. 1. Results of Western-blot analyses demonstrating the effect of ouabain (3 µM) on the phosphorylation of p38 MAPK in C7-MDCK cells

after 5 h incubation in control medium A ([Na+]o = 140.1 mM; [K+]o = 5.4 mM), in medium B with low K+ concentration ([Na+]o =

145.5 mM; [K+]o = 0.05 mM), and in medium C with high K+ concentration and decreased Na+ concentration ([Na+]o = 30.7 mM; [K+]o =

114.8 mM). Complete composition of medium A is given in “Material and Methods”.

Ouabain –                        +                        –                        +                          –                        +

medium А medium В medium С

P~р38 МАРК
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Na+ and K+, which appears to be due to the initially high

permeability of the membrane of MDCK cells for K+ and

the values of electrical membrane potential that is close to

steady-state potential for K+. Monensin did not alter the

content of phospho-form of p38 MAPK, whereas it was

increased in the presence of nigericin and valinomycin by

3-4 times. In control medium as well as in the presence of

monensin, ouabain increased the content of P~p38 MAPK

by 10-15-fold; in the presence of nigericin and valinomycin

this parameter increased by 3-4 times (Table 2).

Role of pHi in ouabain-induced phosphorylation of

p38 MAPK. We have shown earlier that moderate acidifi-

ouabain

46 ± 4*

n.d.

628 ± 46

n.d.

<0.001

ouabain

708 ± 110*

744 ± 95

225 ± 49*

n.s.

<0.05

ouabain

934 ± 108*

1534 ± 277*

838 ± 143*

n.s.

n.s.

Table 1. Effect of different concentrations of extracellular Na+, K+, and ouabain on intracellular concentration of Na+

and K+ and p38 MAPK phosphorylation

Note: C7-MDCK cells were incubated during 5 h in different media A, B, and C ± 3 µM ouabain. Complete compositions of the used media are

given in “Materials and Methods”. Content of phospho-p38 MAPK in medium A without ouabain was taken as 100%. The mean values ±

S.E. from experiments performed in quadruplicate (for Na+ and K+) and in triplicate (for phospho-MAPK) are given in the table; n.d., not

determined; n.s., not significant.

* p < 0.05 in comparison with values obtained without ouabain.

control

100

103 ± 22

233 ± 95

n.s.

n.s.

control

480 ± 54

n.d.

818 ± 134

n.d.

n.s.

control

76 ± 12

616 ± 40

70 ± 18

<0.001

n.s.

Medium

Medium А ([Na+]o = 140.1 mM; 
[K+]o = 5.4 mM)

Medium B ([Na+]o = 145.5 mM; 
[K+]o = 0.05 mM)

Medium C ([Na+]o = 30.7 mM; 
[K+]o = 114.8 mM)

P1,2

P1,3

Phospho-p38 MAPK, %K+
i, nmol/mg proteinNa+

i, nmol/mg protein

ouabain

36 ± 5*

27 ± 3*

9 ± 2*

60 ± 5*

n.s.

<0.01

<0.02

ouabain

1321 ± 185*

1650 ± 38*

805 ± 69

776 ± 93*

n.s.

<0.05

n.s.

ouabain

1230 ± 340*

1030 ± 307*

1543 ± 523*

948 ± 234*

n.s.

n.s.

n.s.

Table 2. Effect of ouabain and ionophores on intracellular concentrations of Na+ and K+ and p38 MAPK phosphory-

lation

Note: C7-MDCK cells were incubated during 5 h in DMEM in the presence of ionophores and 3 µM ouabain. Content of phospho-p38 MAPK

without ionophores and ouabain was taken as 100%. The mean values ± S.E. from experiments performed in quadruplicate (for Na+ and K+)

and in triplicate (for phospho-p38 MAKP) are given in the table; n.s., not significant.

* p < 0.05 in comparison with values obtained without ouabain.

control

100

82 ± 53

450 ± 130

336 ± 124

n.s.

<0.01

<0.01

control

720 ± 33

726 ± 54

216 ± 18

663 ± 63

n.s.

<0.001

n.s.

control

65 ± 10

251 ± 10

793 ± 90

50 ± 11

<0.001

<0.001

n.s.

Medium

Control

Monensin, 10 µM

Nigericin, 10 µM

Valinomycin, 10 µM

P1,2

P1,3

P1,4

Phospho-p38 MAPK, %K+
i, nmol/mg proteinNa+

i, nmol/mg protein
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cation of the incubation medium as well as of the cyto-

plasm after the addition of inhibitors of Na+/H+ exchang-

er led to the suppression of ouabain-triggered death of

C7-MDCK cells [25]. In this work we compared the

effect of ouabain on cell viability and on activation of p38

MAPK under control conditions (pH 7.45) and after

weak acidification of the medium (pH 6.75). In accor-

dance with the data obtained in the previous study, the

addition of ouabain (3 µM) led to the loss of intercellular

contacts. As a result, the cells lost the connection with

support and became ball-shaped (Fig. 2a), whereas

ouabain did not influence the cell morphology in the

acidic medium (Fig. 2a), their connection with the sup-

port and viability that was determined as the level of chro-

matin fragmentation and the activity of caspase-3 (data

not presented). In contract to the cytotoxic effect of

ouabain, the acidification of the medium did not effect

the phosphorylation of p38 MAPK either in the absence

or in the presence of ouabain (Fig. 2b).

Role of protein kinases and protein phosphatases in

transduction of CTS-induced signal of cell death.

Numerous studies present evidence that in the cells from

a number of tissues the phosphorylation of MAPK as a

result of the effect of growth factors and other stimuli is

due to the activation of serine-threonine protein kinases

including protein kinases A, C, and G [26, 27]. In accor-

dance with data of the Calbiochem catalog 2008/2009,

compound Go 6983 inhibits all isoforms of PKC except

PKC-µ (IC50 10-60 nM), whereas compound Go 6976

specifically inhibits PKC-α and PKC-β1 (IC50 2 and

6 nM, respectively). As can be seen from Fig. 3a, these

compounds at concentration 5 µM did not alter the

ouabain-induced phosphorylation of p38 MAPK. It was

shown using purified enzyme preparations that H-89 sup-

pressed the activity of protein kinases A, C, and G with

IC50 ~ 50 nM, 14 µM, and 350 nM, respectively. When

higher concentrations were used, the inhibition of activi-

ties of PKB, GSK, RS6K, AMP-activated protein kinase,

Rho-dependent protein kinase ROCK-II, and kinase

CHK1 was also observed. H-89 at concentration 10 µM

did not affect the ouabain-induced phosphorylation of

p38 MAPK (Fig. 3a).

Fig. 2. Effect of pH on cell morphology and activation of p38

MAPK induced by ouabain. a) Phase contrast microscopy of C7-

MDCK cells (200-fold magnification) after 18 h incubation in

media with pHo 7.45 and 6.75 in the presence of ouabain (3 µM)

and without it. b) Immunoblotting demonstrating effect of 6 h

incubation without ouabain and in the presence of ouabain

(3 µM) on p38 MAPK phosphorylation. Complete compositions

of the media are given in “Materials and Methods”.

рН 7.45                  рН 6.75
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Fig. 3. Effect of inhibitors of serine-threonine protein kinases (a) and protein phosphatases (b) on p38 MAPK phosphorylation in control and

in cells treated by ouabain. Cells were incubated during 6 h in the DMEM ± 3 µM ouabain, 10 µM H-89, 5 µM Go 6983, 5 µM Go 6976, and

1 µM okadaic acid.
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Okadaic acid is known to inhibit the serine-threo-

nine protein phosphatases except protein phosphatases

PP-1C and PP-2B. Phosphatases PP-1 and PP-2A are

suppressed by this compound with IC50 ~ 10-15 and

0.1 nM, respectively. As should be expected, treatment of

C7-MDCK cells by okadaic acid increased basal level of

phosphorylation of serine and threonine residues that was

recorded using anti-P~p38 MAPK antibodies (Fig. 3b).

Nevertheless, the increase of ouabain-induced p38

MAPK phosphorylation was retained in the presence of

this phosphatase inhibitor (Fig. 3b).

It is known that signals for proliferation involving

phosphorylation of p38 and other MAPK are due to the

activation of tyrosine protein kinases [26, 27]. We cannot

find significantly different change of the level of phospho-

rylation of tyrosine residues of proteins with molecular

masses from ~200 to 20 kDa in C7-MDCK cells that were

treated by ouabain (3 µM) for 5 h (Fig. 4). A slight

increase of tyrosine phosphorylation of a protein with

molecular mass 195 kDa that was found by Contreras and

coworkers in MDCK cells after their incubation with

10 µM ouabain during 8 h [28] was not found in our

experiments.

DISCUSSION

In contrast to smooth muscle cells [28] and cells of

nervous tissue [29, 30], incubation of endothelial cells of

vessels [31] and renal epithelial cells from distal tubules

(MDCK cells) with CTS during 24 h [17, 18, 21] leads to

cell death. Similar to ouabain, the removal of potassium

ions from the medium for MDCK cultivation induced

inhibition of Na,K-ATPase and sharp growth of

[Na+]i/[K+]i ratio but did not cause cytotoxic effect [20,

32]. Data obtained in experiments with 3H-labeled

ouabain binding indicated that only one ouabain binding

site exists in MDCK cells, and the affinity of this site to

ouabain sharply increased when extracellular concentra-

tion of potassium ions is decreased [21], which is in

agreement with numerous data obtained with purified

preparations of Na,K-ATPase [1, 2, 33, 34]. These results

suggest that CTS induce death of MDCK via their inter-

action with Na,K-ATPase α-subunit but independently

of inhibition of ion fluxes mediated by this enzyme.

Investigation of the signal cascade inducing cell

death demonstrated that ouabain activated p38 MAPK in

MDCK cells, but it did not affect the activity of this pro-

tein kinase in smooth muscles cells or in other cells that

are resistant to CTS. It was shown also that ouabain-trig-

gered death was prevented as result of inhibition of p38,

but not JNK and Erk, which indicated the involvement of

this MAPK in the transduction of toxic signal [24].
Fig. 4. Results of Western-blot analyses demonstrating the effect

of ouabain (3 µM) on the content of proteins with phosphorylat-

ed tyrosine residues in C7-MDCK cells. Cells were incubated

during 5 h in control medium or in K+-free medium A.

Composition of medium A is given in “Materials and Methods“.

200 —

Ouabain –               +             –      

[K+]0, mM 5               5             0

116 —

100 —

67 —

37 —

kDa

Fig. 5. Working model illustrating the mechanism of the effect of

CTS and pHi on the death of renal epithelial cells from distal

tubules. 1, 2) Na,K-ATPase in active and inactive state, respec-

tively; 3) mediators of signal cascade resulting in activation of p38

MAPK as a consequence of conformational change of Na,K-

ATPase α-subunit induced by CTS binding; 4) unidentified pH-

sensitive element of signal cascade triggered as a result of p38

MAPK phosphorylation.

CTS

CTS

Extracellular
space

Cytoplasm

Cell death
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Transfer of MDCK cells to K+-free medium led to 10-

fold decrease of the range of ouabain concentrations that

induced increase of p38 MAPK phosphorylation [24].

This indicates that the signal cascade is induced by the

interaction of this CTS with Na,K-ATPase α-subunit. In

the present work, we carried out further investigation of

the mechanism of activation of p38 MAPK by CTS. We

obtained the following principal results.

First, activation of p38 MAPK does not connect

with the inhibition of ion fluxes mediated by Na,K-

ATPase and with the increase of [Na+]i/[K+]i ratio.

Indeed, sharp inhibition of Na,K-ATPase in medium B

with low concentration of K+ that did not contain

ouabain did not induce p38 MAPK phosphorylation,

whereas ouabain increased phosphorylation of this

MAPK in medium C with high concentration of K+ and

low concentration of Na+, which are conditions under

which this CTS did not significantly affect the

[Na+]i/[K+]i ratio (Table 1). Moreover, the Na+-

ionophore monensin induced 4-fold increase of [Na+]i

but did not alter the content of [K+]i, whereas the nonse-

lective Na+/K+ ionophore nigericin led to 10-fold eleva-

tion of [Na+]i and 3-fold decrease of [K+]i (Table 2).

Despite the sharp increase of [Na+]i, monensin did not

influence the content of P~p38 MAPK. Ouabain

increased the content of this phosphoprotein in the pres-

ence of monensin as well as in the presence of nigericin

(Table 2). These results are in agreement with a hypothe-

sis suggesting the participation of p38 MAPK in the trans-

duction of tissue-specific Na+
i,K

+
i-independent cytotoxic

signal produced by CTS through the conformational

change of Na,K-ATPase α-subunit (Fig. 5).

Second, the cytotoxic effect of ouabain is complete-

ly eliminated when extracellular pHo is decreased from

7.45 to 6.75, but pH change did not affect the increase of

p38 MAPK phosphorylation induced by this CTS (Fig.

2). These data show that activation of p38 MAPK pre-

cedes activation of the pH-sensitive mediator that

involved in the transduction of cytotoxic signal (Fig. 5).

Third, we did not reveal participation of serine-thre-

onine protein kinase A, C, and G in the activation of p38

MAPK (Fig. 3) and also the influence of ouabain on the

activity of tyrosine protein kinases (Fig. 4). These nega-

tive results are in agreement with the lack of significant

influence of the inhibitors of serine-threonine and tyro-

sine protein kinases on the cytotoxic effect of ouabain

that was noted in our previous studies [22].

Thus, our data demonstrate a Na+
i-, K+

i-, and H+
i-

independent mechanism of p38 MAPK activation by

ouabain and its involvement in the cytotoxic effect of CTS.

Further studies should identify mediators of this signal

cascade induced by CTS via the change of Na,K-ATPase

conformation and resulting activation of p38 MAPK, as

well as pHi-sensitive mediator in the chain of transduction

of cytotoxic signal that due to activation of p38 MAPK

plays a key role in the transduction of this signal (Fig. 5).
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