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It now generally is agreed that Na,K-ATPase, in addition to its role in the maintenance of Na� and K� gradients across the

cell membrane, plays a role in communicating information from the extracellular environment to intracellular signaling

pathways. It was reported recently that interaction between ouabain-bound Na,K-ATPase and the 1,4,5-trisphosphate receptor

(IP3R) triggers slow calcium oscillations and activation of NF-�B. Here it is demonstrated that this signaling pathway can serve

to prevent cell death and promote cell growth. Rat renal proximal tubular cells in primary culture first were grown in the

presence of 10% serum and then exposed to 0.2% serum for 24 h to induce apoptosis. Serum starvation increased the apoptotic

index from 1.21 � 0.26 to 14.01 � 1.17%. Ouabain in concentrations that did not inhibit Na,K-ATPase activity (1 to 10 nM)

completely abolished the apoptotic effect of serum starvation. Ouabain protection from apoptosis was not observed when

release of calcium from intracellular stores via the IP3R was prevented. It was shown that the NH2 terminal tail of the

Na,K-ATPase � subunit plays a key role in ouabain-triggered calcium oscillations. It was found that ouabain did not protect

from apoptosis in serum-deprived cells that expressed a mutant Na,K-ATPase � subunit with deletion of the NH2 terminal tail.

Ouabain exposure (10 nM for 24 h) significantly increased translocation of NF-�B from cytoplasm to nucleus. Helenalin, an

inhibitor of NF-�B, abolished the antiapoptotic effect of ouabain. Ouabain (0.1 to 10 nM) also was found to stimulate

proliferation and increase the viability of kidney cells. These effects were abolished when release of calcium via the IP3R was

prevented.
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N
a,K-ATPase is a ubiquitous integral membrane pro-

tein that maintains the Na� and K� gradients across

the plasma membrane of animal cells (1). Recent

studies suggest that Na,K-ATPase, in addition to being the

major determinant of intracellular ion composition, may act as

a signal transducer (2–5).

Ouabain, a steroid derivative, is a specific ligand of Na,K-

ATPase that dose-dependently inhibits the activity of Na,K-

ATPase (6). Noninhibitory doses of ouabain activate the signal-

ing function of Na,K-ATPase. The signaling cascade that is

triggered by Na,K-ATPase is complex, and several different

pathways have been implicated (7–9). We recently reported

that ouabain can trigger an interaction between Na,K-ATPase

and the inositol 1,4,5-trisphosphate (IP3) receptor, which results

in low-frequency Ca2� oscillations and activation of the tran-

scription factor NF-�B. This phenomenon was observed in rat

renal proximal tubular cells in primary culture and in a kidney

cell line (10).

A number of recent studies have demonstrated that ouabain

in noninhibitory doses can promote cell proliferation (11–13).

Because NF-�B has an antiapoptotic effect (14), we speculated

that ouabain also might act to protect from apoptosis. Here we

demonstrate that noninhibitory doses of ouabain can protect rat

renal proximal tubular cells from serum deprivation–triggered

apoptosis, albeit not from pharmacologically staurosporine–

triggered apoptosis. We show that protection from serum-trig-

gered apoptosis depends on NF-�B activation. Normal kidney

development is critically dependent on a well-controlled bal-

ance between cell proliferation and apoptosis (15). Accumulat-

ing evidence suggests that ouabain is a mammalian hormone,

produced in the adrenal glands and the hypothalamus (16,17).

Therefore, ouabain might play an important role as a modula-

tor of kidney growth and development.

Materials and Methods
Cells

Rat proximal tubule (RPT) cells were prepared from kidneys of

20-d-old male Sprague-Dawley rats as described previously (18). The

kidneys were removed and placed in cold PBS. The cortical layers were

dissected and placed in a PBS solution that contained collagenase (7 mg

in 20 ml of PBS) for 15 min at 37°C and triturated gently using fire-

polished Pasteur pipette. The reaction was stopped by washing the cells

twice in PBS that contained 1% trypsin inhibitor. After washing, the

equal volumes of cell suspension were plated on 60-mm Petri dishes

that contained glass coverslips. Cells were cultured in supplemented

DMEM (20 mM HEPES, 24 mM NaHCO3, 10 �g/ml penicillin, 10
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�g/ml streptomycin, and 10% FBS) on glass coverslips for 24 h in 5%

CO2 at 37°C. In the serum deprivation protocols, cells were incubated

with 0.2% FBS for 24 h before the experiment. In some protocols, a

kidney cell line (COS-7), derived from fetal monkey kidney, was used.

Expression Plasmids and Cell Transfection
A full-length rat Na,K-ATPase �1-subunit (accession no.

NP_036636.1) was constructed and cloned into pEGFP-C2 vector (�1-

GFP). This construct was modified to obtain a mutant cDNA that

encodes rat Na,K-ATPase �1-subunit with truncation of 38 NH2-termi-

nal residues (�1M38-GFP). These constructs were sequenced to confirm

that GFP was added in-frame at the 5� end of the Na,K-ATPase �1-

subunit. The region of truncation of the NH2-terminus was decided on

the basis of the structure/functional analysis reported elsewhere (19).

RPT cells that were grown on 12-mm glass coverslips were transiently

transfected on culture day 2 with either �1-GFP or �1M38-GFP plas-

mids that contained 0.2 �g/well DNA construct using Effectene (Qia-

gen, Hilden, Germany) according to the manufacturer’s specifications.

Cells were examined with a Leica TCP SP inverted confocal microscope

24 h after transfection. GFP fluorescence was excited at 488 nm and

detected with a 510- to 530-nm band pass filter. After immunostaining

with GFP antibody, approximately 50% of cells were found to be GFP

positive.

Measurements of Cell Proliferation
RPT cells were cultured on 60-mm culture dishes for 24 h. On culture

day 2, when cells were approximately 50% confluent, the culture me-

dium was changed to DMEM that contained 5% FBS. [3H]thymidine 1

�Ci/well was added, and cells were incubated for an additional 24 h in

DMEM 5% FBS in the absence or presence of various ouabain concen-

trations, washed twice with PBS, and then lysed in 1 M NaOH. The cell

lysate was used to measure radioactivity by scintillation counting (LKB;

Wallac, Turku, Finland). Protein content was determined using a kit

from Bio-Rad Laboratories (Hercules, CA) following the manufactur-

er’s instructions. All experiments were performed in triplicate.

COS-7 cell proliferation was determined as described above with

some modifications. COS-7 cells (10,000 cells/well) were cultured in

96-well flat-bottom tissue culture plates in DMEM supplemented with

10% FBS for 24 h. The medium was changed to DMEM with 1% FBS for

an additional 24 h with or without indicated ouabain concentrations.

Cells were incubated with 2.5 �Ci/well [3H]thymidine during the last

5 h of culture. Cells were harvested by using automatic harvester, and

[3H]thymidine incorporation was measured using liquid scintillation

counting.

WST-1 assay (Chemicon International, Temecula, CA) measures the

increase in metabolic activity and is an index of expansion in the

number of viable cells. Cells (10,000 cells/well) were cultured in a

96-well plate (100 �l/well culture medium) for 24 h and exposed for

24 h to different ouabain concentrations or to medium alone (control).

WST-1 reagent (20 �l) was added directly to culture wells and incu-

bated for 1 h. The absorbance was measured at 450 nm with a 96-well

plate reader. The optical density values were normalized to baseline

values and presented as percentage of control.

Trypan blue dye exclusion test was used to evaluate cell viability.

After treatment with indicated ouabain concentrations for 24 h, cells

were harvested and the number of dead cells was determined by

microscopic examination.

Detection and Quantification of Apoptotic Cells
For determination of apoptotic index, we used ApopTag Red In Situ

Apoptosis Detection kit (Chemicon International). Cells were plated on

24-well plates that contained 12-mm glass coverslips. For achieving

approximately the same number of cells, equal volumes of cell suspen-

sion were added to each well. On culture day 2, when cells had

achieved approximately 50% confluence, the medium was changed and

cells were cultured with 10 or 0.2% FBS for 24 h and treated with

various ouabain concentrations. The terminal deoxynucleotidyl trans-

ferase-mediated dUTP nick-end labeling assay was conducted accord-

ing to the manufacturer’s instructions. Nuclei were counterstained with

4�,6-diamidino-2-phenylindole (DAPI; 1.5 �g/ml) added to PBS at last

wash. Cells were mounted in Immu-Mount (Thermo Shandon, Mid-

land, Canada). Only cells in primary culture were used for apoptosis

studies, because it was found in pilot studies that serum deprivation for

48 h had only a marginal effect on apoptosis in cell lines.

Cells were observed with Leica TCS SP inverted confocal scanning

laser microscope using �40/1.4 N.A. oil-immersion objective.

ApopTag Red fluorescence was excited at 543 nm and detected with a

560- to 620-nm band pass filter. Images were recorded using Leica

software. DAPI-stained cells were viewed with an ultraviolet light

source. Cells were considered apoptotic when they exhibited DAPI and

ApopTag Red staining and characteristic apoptotic morphology (cell

shrinkage, pyknotic nuclei, and apoptotic bodies).

Apoptotic index (AI; the number of apoptotic cells/total number of

cells counted � 100%) was determined by counting the number of

ApopTag-positive cells over the total number of cells, determined with

DAPI staining. In each preparation, eight to 10 randomly selected areas

were examined, and in each area, between 100 and 200 DAPI-stained

cells were counted.

NF-�B Activity
NF-�B translocation to nucleus was used as an index of NF-�B

activation and studied with immunocytochemistry and subcellular

fractionation followed by Western blot. Immunocytochemistry was

performed as described previously (10). NF-�B was probed with rabbit

anti-human polyclonal NF-�B p65 antibody (1:200; (Santa Cruz Biotech-

nology, Santa Cruz, CA); secondary antibody was anti-rabbit Alexa 546

(1:3000). Green fluorescence protein was probed with mouse polyclonal

anti-GFP antibody (1:200; Institute for Biodiagnostics, River Falls, WI)

and goat anti-mouse Alexa 546 (1:6000; Molecular Probes, Eugene, OR)

as a secondary antibody. The immunolabeled cells were observed with

a Leica TCS SP inverted confocal scanning laser microscope using

�40/1.4 N.A. objective. Preparations in which the primary antibody

was omitted from the staining protocol were used as negative controls.

NF-�B translocation to nucleus was calculated semiquantitatively as

the ratio between the mean fluorescence signal intensity in a given area

in the nucleus and cytosol (10). In each preparation, six to seven

randomly selected images that contained approximately 100 cells were

observed in a confocal microscope, and all cells in these images were

analyzed. Calculations were performed using software from Scion Im-

age (Scion Corp., Frederick, MD) by a person who was blind to the

protocol.

Western blot was performed as described previously (10). NF-�B was

probed with rabbit anti-human polyclonal NF-�B p65 (1:2000; Santa

Cruz Biotechnology) in nuclear extracts. I�B was probed with a rabbit

anti-human antibody (1:2000; Santa Cruz Biotechnology) in cytosolic

extracts.

Subcellular Fractionation
RPT cells were washed with ice-cold PBS, then 200 �l of Buffer A (10

mM HEPES [pH 7.9], 10 mM KCl, 2 mM MgCl2, 0.1 mM EDTA, and a

cocktail of protease inhibitors and 2% NP 40) was added. The mixture

was vortexed and incubated on ice for 10 min and centrifuged at 500 �
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g for 5 min; the supernatant was cytosolic protein. The pellet was

resuspended in 65 �l of buffer B (50 mM HEPES, 10% glycerol, 300 mM

NaCl, 50 mM KCl, and a cocktail of protease inhibitors). The mixture

was vortexed and incubated on ice for 30 min and centrifuged at

13,000 � g for 10 min; the supernatant was nuclear protein. The protein

content was measured using BioRad protein assay reagent. When the

extracts were not used immediately, they were stored at �80°C.

Rubidium Uptake
The dose-dependent effect of ouabain on Na,K-ATPase activity was

determined by measuring ouabain-sensitive 86Rb� uptake as described

previously (20). Na,K-ATPase–dependent 86Rb� uptake was calculated

as the difference between 86Rb� uptake in the absence of ouabain (total

uptake) and in the presence of 2 mM ouabain (ouabain-insensitive

uptake).

Chemicals
All chemicals were obtained from Sigma (St. Louis, MO) unless

otherwise stated. Chemicals were used in the following concentrations

in all experiments: Staurosporine 0.5 �M, ouabain 0.1 nM to 100 �M,

cyclopiazonic acid 0.5 �M, 2-aminoethoxydiphenyl borate (2-APB) 5

�M, helenalin 1 to 2 �M (Biomol International, Exeter, UK).

Statistical Analyses
Statistical analysis was performed with STATISTICA 6.0 software

(Statsoft, Tulsa, OK). In some groups, t test was considered appropriate,

but in the majority of cases, one-way ANOVA followed by the post hoc

test was used to test the significance of differences. The values are

expressed as means � SEM. P � 0.05 was considered statistically

significant.

Results
Effect of Low Ouabain Concentrations on Na,K-ATPase
Activity

We first made a dose-response study of the effect of ouabain

on Na,K-ATPase activity in RPT cells to ensure that noninhibi-

tory and nontoxic doses of ouabain would be used in later

experiments. Rat renal Na,K-ATPase has a low ouabain sensi-

tivity, and millimolar concentrations of ouabain are required

for full inhibition of the enzyme. Cellular uptake of 86Rb� was

used as an index of Na,K-ATPase activity. RPT cells were

pretreated with indicated ouabain concentrations for 30 min.

We found no detectable changes in 86Rb� uptake between

control cells and cells that were pretreated with 1 nM to 1 �M

of ouabain (Figure 1C, insert). Higher concentrations of ouabain

dose-dependently decreased 86Rb� uptake (Figure 1C).

Noninhibitory Doses of Ouabain Protects from Serum
Deprivation–Triggered but not from Staurosporine-Triggered
Apoptosis

The effect of ouabain on apoptosis first was studied in RPT

cells that were grown in medium supplemented with 10 or 0.2%

FBS, as described in Materials and Methods. Cells that were

grown in 10% FBS had a low incidence of apoptosis (AI 1.21 �

0.26%). Serum deprivation (0.2% FBS for 24 h) caused a dra-

matic increase in the number of apoptotic cells (AI 14.01 �

1.17%). Representative confocal images of apoptotic cells that

were identified with terminal deoxynucleotidyl transferase-me-

diated dUTP nick-end labeling staining are shown in Figure 1.

Ouabain in nanomolar concentrations completely abolishes the

apoptotic effect of serum deprivation (AI in the presence of 1

nM ouabain 3.75 � 0.36%; AI in the presence of 10 nM ouabain

1.57 � 0.27%; Figure 1, A and B). This effect was not unique in

RPT cells, because it also was observed in primary culture of rat

astrocytes (data not shown). To investigate whether the protec-

tive effect of ouabain was specific for serum deprivation–trig-

gered apoptosis, we incubated RPT cells with 0.5 �M stauro-

sporine, a broad-spectrum inhibitor of protein kinases and

potent apoptosis inducer, for 24 h in the presence or absence of

ouabain. Staurosporine caused a significant increase in the

number of apoptotic cells (AI 17.53 � 2.77%). Ouabain had no

protective effect on staurosporine-triggered apoptosis (AI in the

presence of 1 nM ouabain 24.30 � 5.20%; AI in the presence of

10 nM ouabain 21.50 � 4.50%; Figure 1, A and B).

Ouabain-Mediated Protection from Serum Deprivation–
Triggered Apoptosis Is Ca2� Dependent

We have shown that depletion of intracellular Ca2� stores in

the endoplasmic reticulum (ER) abolishes ouabain-induced

Ca2� signaling (10). In the studies shown in Figure 2, RPT cells

were pretreated for 24 h with a sarco-ER Ca2�-ATPase inhibi-

tor, cyclopiazonic acid (CPA; 0.5 �M), to deplete the intracel-

lular stores of calcium. In cells that were pretreated for 24 h

with CPA, the Ca2� concentration in ER indeed was reduced

(supplementary data). This treatment completely abolished the

antiapoptotic effect of ouabain (AI in the presence of 1 nM

ouabain 17.42 � 1.03%; AI in the presence of 10 nM ouabain

18.91 � 3.07%; Figure 2A). CPA alone, in the concentration of

0.5 �M, did not have any effect on AI in serum-deprived RPT

cells (Figure 2A). Regulated Ca2� release from intracellular ER

Ca2� stores occurs via IP3 receptors (IP3R) or via ryanodine

receptors. IP3R are expressed abundantly in RPT cells, whereas

ryanodine receptors do not seem to be of any functional im-

portance in these cells (10). The membrane-permeable sub-

stance 2-APB is an inhibitor of IP3R-evoked Ca2� release as well

as a blocker of store-operated calcium-channels. IP3R has been

reported to be blocked completely by 1 to 20 �M 2-APB,

whereas store-operated calcium-channel is inhibited by 50 to

100 �M 2-APB (21,22). Exposure of RPT cells to 5 �M 2-APB

completely prevented the antiapoptotic effect of ouabain in

serum-deprived cells (AI in the presence of 1 nM ouabain

13.89 � 3.67%; AI in the presence of 10 nM ouabain 13.60 �

5.17%; Figure 2B). 2-APB alone did not have any significant

effect on serum deprivation–triggered apoptosis in RPT cells

(Figure 2B). Taken together, these results strongly indicate that

ouabain protection from serum deprivation–triggered apopto-

sis depends on Ca2� release from the intracellular stores.

Partial Truncation of Na,K-ATPase �1 N-terminus
Abolishes Ouabain Protection from Serum Deprivation–
Triggered Apoptosis

In cells that express a truncated form of Na,K-ATPase �1,

where the first 32 amino acid residues from the N-terminus of

the catalytic �1 subunit of sodium pump (Na,K-ATPase �1

M32) were deleted, ouabain no longer will trigger Ca2� oscil-

lations and activation of NF-�B (23). Because this finding sug-
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Figure 1. Ouabain protects from serum deprivation–triggered apoptosis. (A) Representative fluorescence images of rat proximal
tubule (RPT) cells that were stained by terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) assay
to detect apoptotic cells and by 4�,6-diamidino-2-phenylindole stained to detect all cells and merge images. Cells were considered
apoptotic when they exhibited typical ApopTag Red staining and characteristic apoptotic morphology (supplementary data).
Apoptotic index (AI), the number of apoptotic cells/total number of cells counted � 100%, was determined by analyzing five to
seven randomly selected areas with 100 to 200 cells in each area from six independent experiments. (B) Ouabain in nanomolar
concentrations completely reversed serum deprivation–triggered apoptosis. Serum deprivation increases the AI from 1.21 � 0.26
to 14.01 � 1.17%. Values are mean � SEM; n � 6. #P � 0.001, cells that were treated with 10 versus 0.2% FBS; *P � 0.001 cells that
were treated with 0.2 versus 0.2% FBS � ouabain. Ouabain had no effect on staurosporine-triggered apoptosis. AI mean � SEM,
n � 3. P � 0.05. One-way ANOVA followed by the post hoc test were used. (C) Dose-dependent inhibition of Na,K-ATPase activity
by ouabain measured as ouabain-sensitive 86Rb� uptake in RPT cells (mean � SEM; n � 5). Ouabain in concentrations of 1 nM
to 1 �M did not inhibit ouabain-sensitive 86Rb� uptake in RPT cells (insert). Values are mean � SEM; n � 4.
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gested that first 32 amino acids of the NH2 terminus tail of the

Na,K-ATPase catalytic �1-subunit play a key role in Na,K-

ATPase–IP3R interaction, we next studied the effect of ouabain

on serum-deprived RPT cells that were transfected with Na,K-

ATPase �1M32 or with wild-type rat �1 Na,K-ATPase. Both

�1M32 and wild-type �1 had been fused to GFP to allow

identification of transfected cells. A number of studies have

shown that removal of the N-terminus tail of the �1 subunit

does not alter overall Na,K-ATPase activity (19,24–26). Cells

that expressed wild-type or truncated �1 Na,K-ATPase had

similarly low AI in 10% of FBS (AIGFP-NKA�1WT 1.56 � 0.64%;

AIGFP-NKA�1M32 2.84 � 0.79%; Figure 3C). After 24 h of serum

deprivation, AI was increased to the same extent in cells that

expressed GFP-Na,K-ATPase�1WT and GFP-Na,K-ATPase�1M32

(AIGFP-NKA�1WT 17.54 � 2.23%; AIGFP-NKA�1M32 18.32 � 1.51%; Fig-

ure 3C). The antiapoptotic effect of ouabain was preserved in cells

that expressed wild-type GFP-Na,K-ATPase�1WT (AI in the pres-

ence of 1 nM ouabain 2.14 � 0.83%; AI in the presence of 10 nM

ouabain 1.41 � 0.69%; Figure 3C). In contrast, in cells that expressed

truncated GFP-Na,K-ATPase�1M32, ouabain had no significant pro-

tective effect on serum deprivation–triggered apoptosis (AI in the

presence of 1 nM ouabain 16.56 � 2.43%; AI in the presence of 10 nM

ouabain 16.15 � 3.39%; Figure 3, B and C).

Ouabain Activates NF-�B
We showed previously that 250 �M ouabain triggers a trans-

location of NF-�B to the nucleus within 30 min and that this

effect depends on the interaction between Na,K-ATPase and

IP3R (10,23). Under nonstimulated conditions, NF-�B is located

predominantly in the cytoplasm in association with the inhib-

itory protein I�B. Upon activation, I�B dissociates from this

complex and NF-�B is translocated to the nucleus (27). In

control cells, the NF-�B immunosignal was preferentially de-

tected in cytoplasm (Figure 4, A and B). After 24 h of exposure

to 1 or 10 nM ouabain, the nuclear/cytosolic ratio of the im-

munosignal was significantly increased (Figure 4, A and B).

In another protocol, subcellular fractionation was performed

on cells that were exposed to 0.2% FBS alone or to 0.2% FBS and

10 nM of ouabain. Immunoblotting of nuclear and cytosolic

fractions showed a significant increase in NF-�B and a decrease

in cytosolic I�B (Figure 4, C and D). Short-term exposure to a

low ouabain concentration (10 nM) failed to activate NF-�B

(Figure 4E). The effect was detected initially after 2 h and,

maximum was achieved after 12 h.

Inhibition of NF-�B Prevents Antiapoptotic Effect of
Ouabain

To examine the role of NF-�B activation for ouabain protec-

tion from serum deprivation–triggered apoptosis, we preincu-

bated RPT cells with helenalin, an NF-�B inhibitor that exert its

effect by inhibiting the DNA-binding activity of NF-�B (28).

Helenalin (1 �M) abolished the antiapoptotic effect of ouabain

(AI in the presence of 1 nM ouabain 20.20 � 1.26%; AI in the

presence of 10 nM ouabain 15.83 � 1.03%; Figure 4, F and G).

Helenalin alone, in this low concentration, did not have any

significant effect on serum deprivation– triggered apoptosis

(Figure 4, F and G).

Ouabain Stimulates Cell Proliferation
To study the rate of DNA synthesis, we determined the rate

of [3H]thymidine incorporation. Ouabain 0.1 to 10 nM signifi-

cantly stimulated RPT cell proliferation (125.5 � 5.5% for 0.1

nM, 135.5 � 9.6% for 1 nM, and 119.9 � 9.1% for 10 nM

ouabain; Figure 5A). Higher doses of ouabain (100 nM to 250

�M) had either no effect or an inhibitory effect (data not

shown). Ouabain-mediated stimulation of cell proliferation was

Figure 2. Ouabain protection from serum deprivation–triggered apoptosis is Ca2� dependent. (A) Inhibition of the sarco–endoplasmic
reticulum Ca2�-ATPase (SERCA) pump by cyclopiazonic acid (CPA; 0.5 �M) abolished the antiapoptotic effect of ouabain. AI (mean �

SEM) was calculated from five to seven randomly selected areas with 100 to 200 cells in each area from three independent experiments.
One-way ANOVA followed by the post hoc test were used. P � 0.05, no significance. (B) Inhibition of 1,4,5-trisphosphate receptor (IP3R)
by 2-aminoethoxydiphenyl borate (2-APB; 5 �M) prevented the antiapoptotic effect of ouabain on serum deprivation–triggered
apoptosis. AI mean � SEM; n � 7. One-way ANOVA followed by the post hoc test were used. P � 0.05, no significance.
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Ca2� dependent. Pretreatment of RPT cells with 5 �M 2-APB or

0.5 �M CPA for 24 h completely abolished the stimulatory

effect of ouabain on cell proliferation (Figure 5, C and D). Using

Trypan blue exclusion assay, we found that 24 h of exposure to

ouabain (0.1 nM to 250 �M) did not have any toxic effect on cell

viability (data not shown). We also determined the effect of

ouabain on the rate of metabolic activity measured as an in-

crease in the overall activity of the mitochondrial dehydroge-

nases. Ouabain 0.1 to 10 nM significantly stimulated RPT cell

metabolic activity (143.4 � 22.5% for 0.1 nM, 157.1 � 9.0% for

1 nM, and 117.9 � 9.0% for 10 nM ouabain; Figure 5B). These

effects of low-dose ouabain were not unique for rat kidney cells

because it was also observed in COS-7 monkey kidney cells

(121.4 � 6.1% for 0.1 nM, 118.7 � 5.5% for 1 nM, and 128.7 �

8.6% for 10 nM ouabain; Figure 5E).

Discussion
We recently reported that ouabain can act as an inducer of

regular, low-frequency intracellular calcium oscillations that

elicit activation of the transcription factor NF-�B (10). These

studies were performed on rat RPT cells in primary culture and

on COS cells, a cell line derived from fetal monkeys. Here we

demonstrate that protection from apoptosis and enhanced cell

proliferation are downstream effects of this signaling pathway.

Normal kidney development is critically dependent on a well-

controlled balance between cell proliferation and apoptosis.

Aberrations in these processes lead to a variety of kidney

malformations (15). Therefore, our findings that ouabain in

nanomolar concentrations regulates kidney cell proliferation

and apoptosis have implications for the understanding of nor-

mal kidney development. Because ouabain is a potent inhibitor

of Na,K-ATPase activity, it can be argued that effects of ouabain

are mediated by inhibition of Na,K-ATPase activity. The con-

centrations of ouabain that in this study induced the antiapop-

totic effect and stimulated cell proliferation, however, did not

cause any measurable inhibition of Na,K-ATPase activity.

Our results indicate that the antiapoptotic effect of ouabain

depends on IP3R-mediated Ca2� release from intracellular

stores and subsequently activation of NF-�B. Depletion of in-

tracellular ER Ca2� stores and inhibition of the IP3R abolished

the ouabain-induced slow Ca2� oscillations and prevented the

antiapoptotic effect of ouabain. Calcium oscillations with a

periodicity in the range of 1 min to several minutes will activate

NF-�B (29), a pleiotropic regulator of many genes that are

involved in regulation of cell growth, differentiation, and apo-

ptosis. NF-�B is known to inhibit apoptosis through induction

of antiapoptotic proteins and/or suppression of proapoptotic

genes (14). Constitutive NF-�B activation, observed in many

malignant tumors, protects the cells from apoptotic stimuli

(30,31). Our results indicate that NF-�B activation is required

for protection against serum deprivation–triggered apoptosis.

By using two different methodologic approaches, we demon-

strate that nanomolar concentrations of ouabain activate NF-�B

and that this activation is essential for the antiapoptotic effect of

ouabain. The selective NF-�B inhibitor helenalin prevented

ouabain-mediated NF-�B activation and completely abolished

the antiapoptotic effect of ouabain.

Na,K-ATPase and the IP3R form a cell-signaling microdo-

main that, in the presence of ouabain, generates Ca2� oscilla-

tions (23). Results from this study indicate that the interaction

between ouabain-bound Na,K-ATPase and IP3R is essential for

the antiapoptotic effect of ouabain. The NH2 terminus tail of the

Na,K-ATPase catalytic �1-subunit plays a key role in this in-

teraction (23). In cells that expressed Na,K-ATPase �1-subunit

Figure 3. Partial truncation of Na,K-ATPase �1 N-terminus
abolishes ouabain protection from serum deprivation–trig-
gered apoptosis. (A) Representative confocal image of RPT cells
that were transfected with GFP-tagged Na,K-ATPase �1 (green,
left) and stained with anti-GFP antibody (middle, red).
Merged image is on the right. (B) Representative confocal
images of RPT cells that were transfected with GFP-tagged
Na,K-ATPase, where the N-terminus tail was partially trun-
cated (NKA

�1M32). Cells were treated as indicated. RPT cells
that expressed GFP-tagged NKA

�1M32 were identified by
GFP fluorescence (green, left) and stained using TUNEL
assay for apoptosis (middle, red). Merged image is on the
right. A membrane signal is difficult to distinguish because
the images were recorded with an open pinhole to optimize
detection of apoptotic cells. (C) Ouabain failed to protect
from serum deprivation–triggered apoptosis in RPT cells
that expressed GFP-tagged Na,K-ATPase, where the N-ter-
minus tail was partially truncated (NKA

�1M32), but not in
cells that expressed wild-type GFP-tagged Na,K-ATPase
(NKA

�1WT). u, cells that expressed NKA
�1WT; f, cells that

expressed NKA
�1M32. AI mean � SEM; n � 4. *P � 0.001,

one-way ANOVA followed by the post hoc test.
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with a truncated NH2 terminus tail, ouabain failed to protect

from serum deprivation–triggered apoptosis.

The calcium-dependent antiapoptotic effect of ouabain may

seem paradoxic in view of the fact that a number of recent

studies have demonstrated that calcium release from the ER via

the IP3R results in a mitochondrial overload of calcium and cell

death (32–35). This proapoptotic effect is triggered by the bind-

ing of cytochrome C to IP3R, which leads to an uncontrolled

release of calcium (36,37). In contrast, ouabain-triggered cal-

cium release occurs as highly constant repetitive calcium tran-

sients with a periodicity in the minute range. Therefore, the

pre- or proapoptotic effect of IP3R activation depends on the

pattern of calcium release. The question of whether ouabain

may exert a feedback control on the proapoptotic effects of

cytochrome C remains to be determined. It should be noted,

though, that ouabain failed to protect apoptosis that was in-

duced by 0.5 �M staurosporine for 24 h. This dose of stauro-

sporine is associated with a massive release of cytochrome C.

Low concentrations of ouabain also were found to stimulate

the proliferation of kidney cells from rat and monkey. Our

observation that ouabain stimulates cell growth is in line with

findings from several other laboratories that showed that

ouabain stimulates growth of smooth muscle cells and renal

epithelial cells from both rodent and human species

(11–13,38,39). These effects have been attributed to the activa-

tion of several intracellular signaling pathways, among them

activation of Ras/MAPK-ERK kinase/mitogen-activated pro-

tein kinase cascade (3,4). Here we provide evidence that the

proliferation effect of ouabain also can be transduced via a

signaling pathway that involves calcium release from intracel-

Figure 4. Inhibition of NF-�B prevents antiapoptotic effect of ouabain. (A) Representative confocal images of NF-�B immunofluorescence
signal in RPT cells. Nuclear staining was increased in cells that were treated with 10 nM ouabain. (B) The ratio of nucleus to cytosol
NF-�B immunofluorescence signal in RPT cells that were exposed to 1 and 10 nM ouabain. In each experiment, six to seven randomly
selected areas with 100 to 200 cells in each were analyzed. Values are mean � SEM; n � 3; one-way ANOVA followed by the post hoc
test, *P � 0.05. (C and D) Representative Western blot and densitometric analysis of three independent experiments showing changes
in nuclear NF-�B (C) and cytosolic I�B� protein (D) in cells exposed to 10 nM ouabain. *P � 0.05, t test. (E) Representative Western blot
showing time-course changes in nuclear NF-�B in cells that were exposed to 10 nM ouabain. (F) Representative confocal images of RPT
cells that were stained by TUNEL assay to detect apoptotic cells. RPT cells were treated with 10 nM ouabain in the absence or presence
of NF-�B inhibitor helenalin (1 �M) or just with helenalin. (G) An inhibitor of NF-�B, helenalin (1 �M), abolished the antiapoptotic effect
of ouabain on serum deprivation–triggered apoptosis. Helenalin alone did not have any significant effect on serum deprivation–
triggered apoptosis. Values are mean � SEM; n � 3. *P � 0.05, one-way ANOVA followed by the post hoc test.
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lular stores via the IP3R. Notably, a recent study from Xie’s

group demonstrated a cross-talk between the Ras/MAPK-ERK

kinase/mitogen-activated protein kinase and an IP3R–calcium

signaling pathway in ouabain-stimulated cells (40).

Ouabain protection from apoptosis may be an endogenous

defense mechanism. There now is strong evidence indicating

that ouabain is a mammalian hormone that, like other steroid

hormones, is synthesized and released from the adrenal gland

Figure 5. Ouabain-mediated stimulation of cell proliferation is Ca2� dependent. (A) Ouabain in concentrations of 0.1 to 10 nM
significantly stimulated RPT cell proliferation as measured by [3H]thymidine incorporation. Incorporation of radiolabeled [3H]thymi-
dine into DNA is plotted as percentage of incorporation relative to ouabain-untreated cells. Values are mean � SEM; n � 5. *P � 0.01.
(B) Ouabain in concentrations of 0.1 to 10 nM stimulated RPT cell viability as determined by WST-1. The results were plotted as
percentage of changes compared with ouabain-untreated cells. Values are mean � SEM; n � 4. *P � 0.01. (C) Inhibition of IP3R by 2-APB
(5 �M) abolished the effect of ouabain on cell proliferation. Values are mean � SEM; n � 4. P � 0.05. (D) Inhibition of SERCA pump
by CPA (0.5 �M) abolished the effect of ouabain on cell proliferation. Values are mean � SEM; n � 4. P � 0.05. (E) Ouabain in
concentrations of 0.1 to 10 nM significantly stimulated COS-7 cell proliferation as measured by [3H]thymidine incorporation. Incorpo-
ration of radiolabeled [3H]thymidine into DNA is plotted as percentage of incorporation relative to ouabain-untreated cells. Values are
mean � SEM; n � 5. *P � 0.01. One-way ANOVA followed by the post hoc test were used.
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and the hypothalamus (16,17,41). Circulating levels of ouabain

in mammals is estimated to be in the picomolar range and has

been reported to be significantly increased in conditions in

which extensive cell growth and differentiation are required,

including pregnancy (42), early postnatal life (43), and after

unilateral nephrectomy (44), a condition that is associated with

compensatory growth of the remaining kidney.
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