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Abstract

There is a great need for treatment that arrests progression of chronic kidney disease. Increased 

albumin in primary urine leads to apoptosis and fibrosis of podocytes and tubular cells and is a 

major cause of functional deterioration. There have been many attempts to target fibrosis but few 

to target apoptosis, because of lack of appropriate agents. Our group has described an ouabain 

activated Na,K-ATPase/IP3R signalosome, which protects from apoptosis. Here we show that 

albumin uptake in primary rat renal epithelial cells is accompanied by a time and dose dependent 

mitochondrial accumulation of the apoptotic factor Bax, down-regulation of the anti-apoptotic 

factor Bcl-xL and mitochondrial membrane depolarization. Ouabain opposes these effects and 

protects from apoptoss in albumin-exposed proximal tubule cells and podocytes. The efficacy of 

ouabain as an anti-apoptotic and kidney-protective therapeutic tool is tested in rats with passive 

Heymann nephritis, a model of proteinuric chronic kidney disease. Chronic ouabain treatment 

preserves renal function, protects from renal cortical apoptosis, up-regulation of Bax, down-

regulation of Bcl-xL and rescues from glomerular tubular disconnection and podocyte loss. Thus 

we have identified a novel clinically feasible therapeutic tool, which has the potential to protect 

from apoptosis and rescue from loss of functional tissue in chronic proteinuric kidney disease.
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Introduction

Chronic kidney disease (CKD) is a rapidly increasing world-wide public health problem1. 

CKD results from many causes, including diabetes, glomerulonephritis, hypoxia, 

hypertension, infections and polycystic kidney disease. Most forms of CKD are 

progressive1–3 and characterized by disrupted glomerular perm-selectivity, albuminuria, loss 

of podocytes, interstitial fibrosis and glomerular-tubular disconnection4–9. Albuminuria, a 

well-documented predictor of progressive loss of kidney function, is considered a cause of 

kidney damage and loss of function10–13. The nature of albumin toxicity has been 

extensively studied in the past decade, and it is well recognized that prolonged exposure of 

renal tubular cells to albumin results in apoptosis and fibrosis14–18, but their interrelationship 

is not yet fully understood. There are several ongoing trials aimed at halting progression of 

CKD using drugs targeted to inhibit pro-fibrotic and/or stimulate anti-fibrotic molecular 

pathways19–22 but there are few attempts to target the apoptotic process, mainly because of 

lack of non-toxic agents.

Apoptosis is triggered either via an extrinsic pathway stimulated by activation of plasma 

membrane death receptors or via an intrinsic mitochondrial pathway. The intrinsic apoptotic 

pathway is controlled by the family of Bcl-2 proteins. The mitochondrial apoptotic pathway 

is initiated by activation of Bax, a prominent pro-apoptotic member of the Bcl-2 family, to 

the outer mitochondrial membrane, where it oligomerizes and penetrates the inner 

mitochondrial membrane. This results in release of cytochrome C and caspase activation, the 

apoptotic executors. Bcl-xL, a prominent anti-apoptotic member of the Bcl-2 family, 

counteracts Bax accumulation on the mitochondria and Bax-induced permeabilization of the 

mitochondrial membranes.23,24

Our group has identified an anti-apoptotic signal activated by the cardiotonic steroid 

ouabain, which involves interaction between Na, K-ATPase and the inositol 1,4,5-

triphosphate receptor (IP3R) and triggering of slow intracellular calcium oscillations. We 

have shown that the ouabain signal may interfere with the apoptotic process by down-

regulation of the apoptotic factor Bax and up-regulation of the anti-apoptotic factor Bcl-xl. 
25–30 Studies from us and other investigators have provided evidence for a tissue protective 

effect of ouabain30–36.

The aim of this study has been to test the hypothesis that activation of the ouabain signal 

can, via down-regulation of Bax and up-regulation of Bcl-xL rescue from the onset of 

albumin-triggered apoptotic process and thereby halt the progression of CKD. If this would 

be the case, ouabain may be a good candidate for a clinically feasible anti-apoptotic drug. 

Proximal tubular cells (PTC) are the main target for the toxic effects of albumin overload17, 

and loss of early PTC will result in glomerular—tubular disconnection, and irreversible renal 

damage5,7.

To assess at which stage ouabain interferes with the apoptotic process, Bax recruitment to 

the mitochondria, changes of the mitochondrial membrane potential and cellular abundance 

and localization of Bcl-xL were sequentially studied in a homogenous preparation of 

primary rat PTC (RPTC). Podocytes, which constitute a well-recognized locus minoris 
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resistentiae in CKD37,38 were also examined with regard to their apoptotic response to 

albumin and the rescuing effect of ouabain. To obtain the first proof of principle that ouabain 

may protect from apoptosis and progressive renal damage in proteinuric CKD, we used a 

well-established rat model of human proteinuric kidney disease, passive Heymann nephritis 

(PHN)39,40.

Results

Albumin uptake into primary renal cells triggers apoptosis followed by increased 
expression of TGF-beta 1. Protective effect of ouabain

It is well documented that excessive uptake of albumin into RPTC triggers apoptosis30,41–43 

and generation of pro-fibrotic factors, such as TGF-beta44. To determine the order by which 

these processes are initiated, we incubated RPTC with fatty acid and endotoxin-free albumin 

(10 mg/mL) for 2, 4, 8 and 18 hours. The level of apoptosis triggered by albumin was 

determined with TUNEL staining45 and expression of the pro-fibrotic TGF-β1 precursor 

with immunoblotting (Figure 1A-D). Apoptotic index (AI) was significantly increased after 

2 hours of albumin incubation, and continued to increase during the following 16 hours. In 

contrast, expression of the TGF-beta1 precursor was not increased until after 8 hours of 

albumin incubation.

The apoptotic effect of albumin was dose-dependent and co-incubation with ouabain (5nM) 

resulted in a robust reduction of AI with all tested albumin concentrations (5, 10 or 20 

mg/mL for 8 or 18 hours; Figure 1E and F respectively). The expression of TGF-beta 

precursor in RPTC exposed to albumin for 8 or 18 hours was also attenuated by ouabain 

(5nM) (Supplemental Figure (FigS1B). Ouabain did not interfere with albumin uptake in 

RPTC (FigS1C).

To test whether albumin might trigger apoptosis of primary rat podocytes, isolated glomeruli 

were plated, cultured for three days, and stained with the podocyte specific transcriptional 

factor WT146. AI was determined in cells that had migrated out from the glomerulus and 

were WT1 positive (Figure 1G). Incubation with albumin for 18 hours triggered apoptosis in 

adose-dependent manner. Co-incubation with ouabain resulted in significant reduction of AI 

(Figure 1H).

Ouabain interferes with the albumin triggered intrinsic apoptotic pathway

In RPTC exposed to albumin (10 mg/ml) for 8 or 18 hours, Bcl-xL abundance was 

decreased and the Bax abundance was increased as measured by immunoblotting (Figure 

2B-C). The abundance of cleaved caspase-3 was increased, indicating that the apoptotic 

process was reaching the point of no return. Ouabain (5nM) partially rescued from Bcl-xL 

down-regulation, Bax up-regulation and increase of cleaved caspase-3.

The ouabain signaling pathway includes activation of the IP3R, release of calcium from 

endoplasmatic reticulum (ER) via the IP3R and activation of the prosurvival NF-κB (nuclear 

factor kappa-light-chain-enhancer of activated B cells) p65 subunit (Fig 2A)25,27,47. When 

cells co-incubated with albumin and ouabain were depleted of calcium from ER stores by 

SERCA pump inhibition with cyclopiazonic acid (CPA) or co-incubated with helenalin, a 
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specific NF-κB p65 subunit inhibitor, the rescuing effects of ouabain were abolished (Figure 

2B-C). Ouabain had little effect on Bax and Bcl-xL expression in control cells. The extrinsic 

apoptotic pathway can be triggered by incubation with lipopolysaccharide (LPS). Ouabain 

(5nM) did not protect against LPS-triggered cytokine release (Figure 2D, FigS2).

Ouabain protects from albumin triggered mitochondrial dysfunction

To further characterize the involvement of mitochondria in albumin toxicity, time-sequence 

studies were performed with regard to mitochondrial membrane potential, Bax co-

localization with mitochondria and Bcl-xL abundance (Figure 3A-C). Albumin (2.5 mg/mL) 

caused time-dependent depolarization of the mitochondrial membrane (Figure 3G). Co-

localization between Bax and mitochondria in albumin-exposed cells increased in a time-

dependent manner and the increase was significant after two hours (Figure 3G). The 

intensity of the fluorescent signal from Bcl-xL in albumin incubated RPTC decreased in a 

time-dependent manner. Changes were significant after two hours incubation with albumin 

(Figure 3G). Albumin had no effect on co-localization between Bcl-xL and mitochondria 

(FigS3A). In RPTC co-incubated with albumin (2.5mg/mL) and ouabain (5nM) for 8 hours, 

the effects on mitochondrial accumulation of Bax, mitochondrial membrane potential and 

Bcl-xL abundance were greatly attenuated (Figure 3D-F). Incubation of RPTC with 10 

mg/mL albumin resulted in a more pronounced effect (FigS3B-E) and was seen after 30 

minutes (FigS4A-C).

To study whether albumin concentrations in the range of those reported in primary filtrate in 

proteinuric disease48 can cause mitochondrial dysfunction, cells were incubated with 0.2 

mg/mL albumin. Significant reduction of mitochondrial membrane potential was observed at 

both 8 and 18 hours. In cells co-incubated with ouabain (5nM) the mitochondrial membrane 

potential was maintained at control levels (Figure 3H-I).

Chronic ouabain treatment protects from apoptosis in rats with PHN

To assess the nephroprotective effect of ouabain in vivo, rats were induced with PHN, a 

well-studied model of chronic proteinuric kidney disease with a relatively slow progressive 

course39,40. PHN rats were treated with ouabain (15 μg/kg/day) or vehicle, and followed for 

four months. Control rats were treated with vehicle. Treatment with this concentration of 

ouabain does not affect heart rate (FigS5A) and arterial pressure (FigS5B). Significant 

albuminuria was present two weeks after PHN induction and was lower in ouabain–treated 

than in vehicle–treated PHN rats from the fourth week of observation. At the end of the 

follow-up period serum creatinine was significantly higher in vehicle-treated than in 

ouabain-treated PHN rats (FigS5C).

At time of sacrifice kidneys were prepared for immunohistochemistry and morphometric 

analysis. Analysis of apoptosis and expression of Bax and Bcl-xL was performed in the 

outer cortex where the vast majority of tubular cells are PTC49 as seen in FigS6. To assess 

the level of apoptosis we quantified the number of cells with a condensed (pyknotic) 

nucleus, a marker of apoptosis that correlate well with TUNEL staining (FigS7). Vehicle-

treated PHN animals had a significantly larger number of condensed nuclei than control 

animals. The number of condensed nuclei in ouabain-treated PHN animals was not different 
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from that of controls (Figure 4A). Bcl-xL and Bax expression was visualized by 

immunohistochemistry and semi-quantitative evaluation of the fluorescence signal was 

performed. Renal cortical expression of Bcl-xL and Bax was detected in all groups studied 

(Figure 4B-C). The Bax immunofluorescence signal was significantly higher and the Bcl-xL 

signal was significantly lower in sections from vehicle-treated PHN rats than in sections 

from control rats. In contrast, neither the Bax nor the Bcl-xL immunofluorescence signal 

was significantly different between ouabain-treated PHN rats and control rats.

Chronic ouabain treatment protects from glomerular-tubular disconnection in PHN rats

Early PTC are most exposed to increase in filtered albumin. The number of apoptotic cells at 

the level of the glomerular-tubular junction was 3-fold higher in kidneys from vehicle-

treated than in kidneys from ouabain-treated PHN rats (Figure 5A). Apoptotic cells in the 

early PTC were rarely observed in control rats (data not shown).

Apoptosis and atrophy of early PTC may result in glomerular-tubular disconnection7. The 

frequency of existing and ongoing glomerular-tubular disconnection was studied with 

morphometric analysis in each animal using on average 75 serial sections (3–4 μm 

thickness). The number of a-tubular glomeruli and atrophic tubuli were assessed as 

described by Benigini et al.50. The incidence of a-tubular glomeruli and glomeruli connected 

to atrophic tubuli was low in control rats. We found a large increase in both a-tubular 

glomeruli (16%) and glomeruli connected to atrophic tubules (17%) in vehicle-treated PHN 

rats. The number of a-tubular glomeruli and glomeruli connected to atrophic tubules was 

significantly less pronounced in ouabain treated PHN rats (8.5% and 11% respectively) 

(Figure 5B-C).

Chronic ouabain treatment protects from loss of podocytes in PHN rats

Loss of podocytes is generally considered a sign of permanent renal damage38,51–54. Kidney 

sections were stained for the podocyte marker WT1. The AI of WT1 positive cells was 

increased in both vehicle and ouabain-treated PHN rats, but the increase was significantly 

less pronounced in ouabain-treated PHN rats (Figure 6A). There was a large reduction of 

WT1 positive cells per glomerulus in vehicle-treated PHN rats compared to control rats. 

Significantly more WT1 positive cells were preserved in ouabain-treated PHN animals 

(Figure 6B).

Kidney fibrosis and glomerular collagen accumulation is less pronounced in ouabain-
treated than in vehicle-treated PHN rats

Fibrosis is a typical feature of CKD14,16. We found up-regulation of the signal from the 

profibrotic factor TGF-beta 1 in vehicle-treated PHN rats compared to control. TGF-beta 1 

up-regulation was not observed in ouabain-treated PHN rats (FigS8B). Glomerular collagen 

IV accumulation was observed in both vehicle and ouabain-treated PHN rats, but was more 

pronounced in vehicle-treated PHN rats (FigS8C). Kidneys from adult rats have a 

regenerative capacity, which may be preserved in CKD55,56. Vehicle-treated PHN rats 

displayed more proliferating cells, detected by markers Ki-67 and PCNA, than control rats. 

The number of proliferating cells was significantly lower in ouabain-treated than in vehicle-

treated PHN rats (FigS8A).
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Discussion

The pathogenesis of CKD is multifactorial. Here we confirm the observation from many 

previous studies that apoptosis contributes to the progressive course of the disease and 

demonstrate that the progression can be slowed down by ouabain, a compound that acts by 

interfering with the early phase of the apoptotic process.

There is a great need to develop novel approaches to halt the progression of CKD and 

specifically target the various factors that contribute to the disease process. Although many 

studies have pointed to the importance of apoptosis in CKD, there is as yet no anti-apoptotic 

drug available. Caspase inhibitors have been tested but have failed to reach the market57. 

Caspase inhibitors interfere with a late stage in the apoptotic pathway and may therefore 

prevent death of cells where DNA damage has already occurred.

To test if ouabain protects from the early phase of apoptosis, before the process is 

irreversible, we focused this study on the effect of ouabain on two important members of the 

Bcl family, the apoptotic protein Bax, and the anti-apoptotic protein Bcl-xL. Bax exists in 

equilibrium between cytosolic and mitochondria-associated forms, and shifts toward the 

latter when activated by a stress stimulus to induce cell death. Activated Bax accumulates on 

mitochondria, oligomerizes and permeabilizes the mitochondrial outer membrane. This 

results in release of cytochrome c, and marks the point of no return in the apoptotic process. 

Bcl-xl prevents Bax recruitment to the mitochondria and its oligomerization and 

permeabilization of the outer mitochondrial membrane. During the course of the apoptotic 

process Bax expression increases and Bcl-xl expression decreases. Here we demonstrated 

that ouabain decreases Bax and increases Bcl-xl expression and that ouabain prevents 

mitochondrial Bax accumulation and depolarization of the outer mitochondrial membrane in 

primary PTC challenged with an excessive load of albumin. These findings indicate that 

ouabain protects against the onset of albumin-triggered apoptosis. A cartoon illustrating the 

ouabain effect on the apoptotic pathway is shown in FigS9.

The molecular mechanism by which ouabain exerts its early antiapoptotic effect remains to 

be elucidated, but are likely dependent on a signaling pathway involving calcium release 

from the IP3R. It is possible that ouabain can exert both an acute and a chronic effect. In a 

previous study27 we have presented evidence that ouabain may exert a long-term anti-

apoptotic effect by activating the Nf-κB factor p65, a transcriptional regulator of Bcl-xl58. 

Our observation that the Bcl-xl abundance is down-regulated in albumin triggered cells, 

maintained in cells treated with ouabain but not in cells treated with ouabain and helenalin, 

an inhibitor of the transcriptional effects of NF-κB, suggests that this may be the case.

Kidney sections from rats with untreated PHN showed signs of ongoing proximal tubular 

apoptosis, as indicated by increased Bax and decreased Bcl-xL abundance as well as 

elevated number of apoptotic cells. In contrast a comparison between slices from ouabain 

treated PHN rats and control rats did not reveal significant differences with regard to these 

parameters. A study of the proximal tubules adjacent to the glomeruli showed significantly 

increased number of apoptotic cells in kidneys from both untreated and ouabain treated PHN 

rats as compared to controls. However, the increase was much more pronounced in untreated 
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than in treated kidneys from PHN rats. Massive apoptosis of early PTC leads to glomerular-

tubular disconnection. Oliver first described the occurrence of a-tubular glomeruli in CKD in 

193759. A-tubular glomeruli have more recently been reported in human transplanted 

kidneys, kidneys from rats with PHN, and in mouse models for obstructive kidney disease 

and polycystic kidney disease49,60–62. Yet glomerular-tubular disconnection has remained an 

under-estimated cause of irreversible loss of renal function in CKD. Notably, the loss of 

functional nephrons observed in the untreated PHN rats, correlated well to the increase in 

serum creatinine (Supplemental table 1). Renal tubular cells have a relatively high 

regenerative capacity55,56. The number of newly formed epithelial cells was increased in 

kidneys from both vehicle and ouabain-treated PHN rats, but the increase was less 

pronounced in kidneys from ouabain-treated rats. This regenerative capacity is likely of 

importance for the preservation of tubular function, but not sufficient to repair a well-

advanced or complete glomerular-tubular disconnection.

Excessive exposure to albumin did also trigger apoptosis in primary rat podocytes. 

Podocytes have low regenerative capacity and the importance of podocyte damage for the 

progressive course of CKD is well documented. Ouabain protected from podocyte apoptosis 

both in vitro and in vivo. The podocyte AI was higher and there were fewer WT1 positive 

cells per glomeruli in kidneys from untreated than in ouabain treated PHN rats. PHN is 

induced by injection of anti-Fx1A antibody, which mainly targets podocyte foot processes. 

We cannot exclude that complement dependent cell death may to some extent contribute to 

podocytes loss. Cell death due to immune reaction is however mainly mediated via the 

extrinsic apoptotic pathway63,64 which does not involve Bax and Bcl-xl proteins to the same 

extent as the mitochondrial apoptotic pathway. It is therefore unlikely that ouabain would 

have interfered with this pathway.

Tubulointerstitial fibrosis is generally considered as the final common pathway of the 

majority of progressive CKD65,66. Apoptosis is regularly observed in fibrotic tissue, and 

mounting evidence suggest that apoptosis contributes to the fibrotic process31,67–69. It was 

recently reported that expression of reticulon 1, a protein that induces apoptosis, attenuates 

the fibrotic process and the severity and progression of CKD in mice and humans70. In the 

albumin exposed PTC apoptosis preceded the increase in expression of the multifunctional 

protein TGFβ which triggers formation of extracellular matrix and fibrosis as well as 

apoptosis (likely via the extrinsic apoptotic pathway)71. Ouabain down-regulated TGFβ 
expression, both in the in vitro and in vivo study, suggesting that execution of apoptosis via 

the intrinsic mitochondrial pathway precedes the increased TGFβ expression. Taken 

together, available information indicates that a drug targeting the onset of the mitochondrial 

apoptotic pathway should be highly beneficial in CKD.

A large number of studies performed on rodents have suggested that albumin is a major 

contributor to the progressive course of CKD. Yet many patients with minimal change 

disease (MCD) or membranous glomerular nephritis can have stable nephrotic range 

proteinuria for many years without apparent loss of renal function. These observations are 

however not necessarily contradictory. Most patients with MCD are very young, and it is 

well documented that the regenerative capacity of renal tubular cells is age dependent and 

younger patients have a more favorable prognosis than older patients72,73. It is also 
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important to consider that the progression of CKD to renal failure is generally a slow 

process3, that often takes more than a decade and that most patients are relatively 

asymptomatic as long as 50% of the renal functional capacity is preserved. Currently kidney 

biopsy specimens from humans are rarely examined for apoptosis and expression of pro-

apoptotic proteins. More information about the incidence of apoptosis in human kidneys 

would likely increase the awareness that clinically relevant drugs targeting the apoptotic 

process before the point of no return would be beneficial.

In conclusion, this study highlights apoptosis as a cause of albumin toxicity and as a 

contributor to the progressive loss of functional renal tissue in CKD, and provides a basis for 

the development of the cardiotonic steroid ouabain as a complementary therapy in CKD.

Condensed Material and Methods

The complete material and methods including a list of antibodies used can be found in 

supplemental material.

Animals and Rat primary cultures

Forty-day-old male Sprague-Dawley rats were used for the PHN, model. For cell preparation 

twenty-day-old male Sprague-Dawley rats were used. All experiments were performed 

according to Karolinska Institutet regulations concerning care and use of laboratory animals, 

and approved by the Stockholm North ethical evaluation board for animal research.

Primary culture of rat proximal tubular cells (RPTC) was prepared as previously 

described74. Characterization RPTC show, on day 3 in culture 99% of the cells express 

SGLT-2 a marker for proximal tubular cells (FigS1A). Glomeruli isolation and podocytes 

culture were performed as previously described75. Albumin treatment of primary cultures 

was started on day two or three in vitro for all experiments, cells were exposed either vehicle 

(PBS) or fatty acid and endotoxin-free bovine albumin in the growth media for up to 18 

hours, with or without presence of ouabain 5 nM.

Detection of apoptosis in primary culture

TUNEL assay by use of ApopTag Red In Situ Apoptosis Detection kit (Merk Millipore) was 

used according to the manufacturer’s instructions. Nuclei were counterstained with DAPI. 

For determination of AI in podocytes, podocytes were detected by anti-WT1 antibody.

Mitochondrial membrane potential determination

The integrity of the mitochondrial membrane potential was measured in RPTC using the 

JC-1 dye (Life Technologies). Mitochondrial depolarization is detected by a shift in 

fluorescence emission from red (~590 nm) to green (~527 nm). Cells were incubated with 

2.5 μg/ml JC-1 dye in cultured medium for 15 min at 37°C and then analyzed. The 

mitochondrial membrane potential change was quantified by calculating the ratio of red to 

green fluorescence intensity.
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Immunocytochemistry

RPTC and podocytes in primary culture were fixed in 4% Paraformaldehyde for 10 minutes, 

washed and treated with 0.3% Triton X-100 for 10 minutes. Then incubated with, 5% BSA, 

0.1% Triton X-100, for 1 hour. Primary antibodies were applied overnight at 4°C. Following 

three washes, cells were incubated with secondary antibodies for 1 hour at room 

temperature. Cells were washed, and mounted for analysis.

Bax, Bcl-xL translocation assessment

RPTC on day two in vitro were labeled with CellLight® Mitochondria-GFP BacMam (Life 

Technologies) overnight. The following day, RPTC were incubated with albumin with or 

without ouabain or vehicle for up to 8 h. Following cells were immunostained for Bax or 

Bcl-xL and analysis of Bax/Bcl-xL translocation to the mitochondria was done. To assess 

co-localization between immune-labeled Bax/Bcl-xL and GFP expressing mitochondria, the 

method of Edlich el al. 201123 was used. Results are shown as fraction of Bax/Bcl-xL – 

mitochondria overlap to total number of mitochondria.

Animal model, passive Heymann nephritis

Animals were divided into control group and PHN group. PHN was induced by a single 

injection of rabbit anti-Fx1A antibody (a kind gift from Professor David J Salant, Boston 

University Medical Center), controls were given vehicle. On day 0 after PHN injection half 

the group was started on ouabain treatment (15 μg/mL/day) and the other half was given 

vehicle (sterile PBS) delivered by mini-pumps implanted subcutaneously. All animals were 

followed for 4 months. Spot urine samples were collected every second week and 

albuminuria was measured using Nephrat II (Exocell). At sacrifice blood samples were 

collected for serum creatinine determination and kidneys were removed from for histological 

and morphological studies.

Renal histology and morphometric analysis

Dissected kidneys were fixed in Dubosq-Brazil, dehydrated in alcohol and embedded in 

paraffin. Kidney sections 3–4 μm were stained with periodic acid-Schiff reagent (PAS), 

sections including superficial and juxtamedullary glomeruli were evaluated.

To assess glomerular-tubular disconnection, on average 75 serial sections (3–4 μm) were 

examined for each animal. For each group of animals, 300–320 glomeruli were examined. 

Only glomeruli located entirely within the serially sectioned tissue were included in the 

analysis. The glomeruli were classified as connected to a normal proximal tubule, connected 

to an atrophic proximal tubule, or without a tubular connection.

Detection of apoptosis in renal tissue

To detect apoptotic PTC kidney sections were deparaffinized, rehydrated and subjected to 

antigen retrieval, nuclei were stained with DAPI and sections mounted with Immu-Mount. 

All samples were stained under identical conditions and analyzed using identical microscopy 

settings. Cells were classified as being apoptotic if they had a condensed nucleus, where the 

nuclei was shrunk and had abnormal morphology with no visible interior.
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To detect apoptotic podocytes, sections were consecutive immunostained using WT1 

antibodies, a podocyte marker, followed by ApopTag Red In Situ Apoptosis Detection kit 

according to the manufacturer’s instructions.

To evaluate apoptotic PTC at the level of the glomerular-tubular junction, sections were 

stained with Peroxidase In Situ Apoptosis Detection kit (Merk Millipore) according to 

manufacturer’s instructions, and counterstained with Harris hematoxylin (Richard Allan 

Scientific). Sections were assessed and the number of apoptotic cells per glomerular-tubular 

junction was determined. In each slice, 25 to 30 randomly selected glomeruli were 

examined.

Statistical Analysis

Results are presented as mean ± SEM. To determine differences among groups, two-way 

ANOVA followed by Fisher-LSD post-hoc test was used. If the distribution of the variables 

was not parametric, the non-parametric Mann-Whitney test was used. Comparisons between 

groups were made using Kruskal-Wallis one-way ANOVA on ranks with pair-wise multiple 

comparisons made by Dunn’s method.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Albumin uptake into primary renal cells triggers apoptosis followed by increased 
expression of TGF-beta 1. Protective effect of ouabain.
A) Albumin-induced apoptosis in RPTC incubated with 10 mg/mL albumin for 2, 4 or 8 

hours and vehicle control. RPTC were TUNEL-stained (red) to detect apoptotic cells and 

counterstained with DAPI (blue). Scale bar for all images = 40μm.

B) Quantification of albumin-induced apoptosis in RPTC treated with 10 mg/mL albumin 

(open bars) or vehicle (grey bars) for 2, 4, 8 or 18 hours. Histograms show mean ± SEM. 

Experiments were repeated four times. The AI in vehicle-treated (control) cells was stable at 

2% for the duration of the 18 hours. AI for 10mg/mL albumin was significantly increased vs 

control *p<0.001, #p<0.01.

C) Albumin-induced TGF-beta 1 expression in RPTC detected by immunoblot. RPTC were 

incubated with 10 mg/ml albumin in serum-free medium for 2, 4 or 8 hours.
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D) Quantification of albumin-induced TGF-beta 1 expression in RPTC incubated with 10 

mg/mL albumin (open bars) or vehicle (grey bars) for 2, 4, 8 or 18 hours. Experiments were 

repeated four times and vehicle control for each time point was set to 100%. Histograms 

show mean ± SEM, *p<0.001 vs control.

E, F) Dose dependence of albumin-induced apoptosis in RPTC. RPTC were incubated with 

0 (vehicle control), 5, 10 or 20 mg/mL albumin alone (solid line), and in combination with 5 

nM ouabain (dashed line) for 8 hours in E) or 18 hours in F). Plots represent mean ± SEM. 

Experiments were repeated four times. p<0.001 for 5, 10 and 20 mg/mL albumin vs vehicle 

control (0 mg/mL), at both 8 and 18 hours. p<0.01 for 5nM ouabain with 5, 10 and 20 

mg/mL albumin vs the corresponding albumin treatment alone, at both 8 and 18 hours.

G) Primary culture of podocytes; images show isolated rat glomeruli plated and cultured for 

three days. Staining with the podocyte specific transcriptional factor WT1 shown in green 

and DAPI stained nuclei shown in blue. Podocytes that migrate out from the glomerulus 

were used for the apoptosis study shown in H). Note that a subset of cells (indicated by 

arrow) are not WT1 positive and therefore not included in the analysis. All scale bars = 

20μm.

H) Dose dependence of albumin-induced apoptosis in podocytes. Podocytes were incubated 

with 0 (vehicle control), 1, 5 or 10 mg/ml albumin alone (solid line), and in combination 

with 5 nM ouabain (dashed line) for 18 hours. Only cells positive for the podocyte marker 

WT1 was included in the analysis. Plots represent mean ± SEM. Experiments were repeated 

four times. p<0.001 for 5 and 10 mg/mL albumin vs vehicle control (0 mg/mL), p<0.01 for 

ouabain treatment together with 5 and 10 mg/mL albumin vs the corresponding albumin 

treatment alone.
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Figure 2. Ouabain intervenes with the intrinsic apoptotic pathway triggered by albumin, but not 
with LPS stimulated cytokine expression.
A) Cartoon illustrating the ouabain/Na,K-ATPase/IP3R signaling pathway. Ouabain binds to 

Na/K-ATPase which triggers interaction between the Na/K-ATPase and the IP3R through 

the amino acid residues LKK in the N-terminus of the catalytic α subunit of the Na/K-

ATPase. The interaction activates the IP3R causing calcium to release from the ER. The 

slow calcium oscillations promote activation the NF-κB p65 subunit which leads to 

protection from apoptosis through stimulation of the anti-apoptotic protein Bcl-xL.

B) Western blot showing expression of Bax, Bcl-xL, caspase-3 and cleaved caspase-3 in 

RPTC after 8 hours incubation with 10 mg/mL albumin, 5 nM ouabain, 1 μM Helenalin and 

1μM CPA as indicated.

C) Densitometric quantification of Bcl-xL (left), Bax (center) and cleaved caspase-3 (right) 

after 8 hours incubation with 10 mg/mL albumin, 5 nM ouabain, 1 μM Helenalin and 1μM 

CPA as indicated. The density of the band from control cells was set to 100%. Histograms 

show the mean ± SEM. Experiments were repeated five times. *p<0.001, #p<0.01.

D) Expression of the inflammatory cytokines, IL-1β and IL-6, after incubation with LPS 1 

μg/mL for 0, 1, 2, 4 or 8 hours, and for 8 hours together with 5 nM ouabain as indicated.
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Figure 3. Ouabain protects from albumin triggered mitochondrial dysfunction.
A) Changes in mitochondrial membrane potential in RPTC incubated with vehicle, 2.5 

mg/ml albumin or 2.5 mg/ml albumin and 5nM of ouabain for 8h, visualized using JC-1 dye. 

Aggregation of JC-1 indicate high-Δψ mitochondria in red fluorescence. Monomeric dye 

indicate low-Δψ mitochondria in green fluorescence. Mitochondrial depolarization is shown 

as a decrease in the red/green fluorescence intensity ratio. All scale bars = 10μm.

B) Localization of Bax to mitochondria in RPTC incubated with vehicle, 2.5 mg/ml albumin 

or 2.5 mg/ml albumin and 5nM of ouabain for 8h. Representative confocal images of Bax 
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immunofluorescence staining shown in red and mitochondria in green, by using the 

mitochondrial marker BacMam 2.0. All scale bars = 5μm.

C) Bcl-xL expression in RPTC incubated with vehicle, 2.5 mg/ml albumin or 2.5 mg/ml 

albumin and 5nM of ouabain for 8h. Representative confocal images of Bcl-xL 

immunofluorescence signal in red and mitochondria in green, by using the mitochondrial 

marker BacMam 2.0. All scale bars = 5μm.

D) Quantification mitochondrial membrane potential change in RPTC incubated with 

vehicle (control) or 2.5 mg/ml albumin in the presence and absence of 5nM ouabain for 8h. 

*p<0.001. Data are shown as % of control, mean ± SEM. Experiments were repeated three 

times.

E) Quantification of Bax localization to mitochondria in RPTC incubated with vehicle 

(control) or 2.5 mg/ml albumin in the presence and absence of 5nM ouabain for 8h. Co-

localization was assessed along two perpendicular line traces across the nucleus. Overlap of 

mitochondria and Bax fluorescence signal peaks along the lines were analyzed. Peaks were 

considered to overlap if spaced by no more than 140 nm. *p<0.001. Data are shown as % 

overlapping Bax/mitochondrial peaks, mean ± SEM. Experiments were repeated four times.

F) Quantification of Bcl-xL expression in RPTC incubated with vehicle (control) or 2.5 

mg/ml albumin in the presence and absence of 5nM ouabain for 8h. #p<0.01. All data are 

shown as % Bcl-xL immune reactivity when control was set to 100%, mean ± SEM. 

Experiments were repeated four times.

G) Plot shows time dependent change as % of control for mitochondrial membrane potential 

(solid line), localization of Bax to mitochondria (dashed line) and Bcl-xL expression (dotted 

line) in response to 2.5mg/ml albumin.

H, I) Quantification of mitochondrial membrane potential change in RPTC incubated with 

vehicle (control) or 0.2 mg/ml albumin in presence and absence of 5nM of ouabain for 8 

hours H) and 18 hours I). Data are shown as % of control, mean ± SEM #p<0.05. 

Experiments were repeated three times.

For all experiments Mann-Whitney U test was used to determine whether differences were 

statistically significant.
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Figure 4. Long-term treatment with ouabain attenuates apoptosis of renal cortical cells in the 
PHN rat
A) Representative DAPI staining of nuclei in renal cortex of control rats, PHN rats and 

ouabain-treated PHN rats at four months after PHN induction. The arrows indicate typical 

condensed nuclei. For quantification control was set to 100%. All scale bars = 40μm.

B) Representative immunostaining for Bcl-xL in renal cortex of control rats, PHN rats and 

ouabain-treated PHN rats at four months after PHN induction. For semi-quantitative 

evaluation of Bcl-xL immunoreactivity signal, control was set to 100%. All scale bars = 

40μm.

C) Representative immunostaining for Bax in renal cortex of control rats, PHN rats and 

ouabain-treated PHN rats at four months after PHN induction. For semi-quantitative 

evaluation of Bax immunoreactivity signal, control was set to 100%. All scale bars = 40μm.

For all experiments, analysis was done in two sections from each kidney and in five 

(condensed nuclei) or six (Bcl-xl and Bax) randomly selected areas of the outer cortex. 

Histograms show the mean ± SEM. Statistical analysis was performed using ANOVA 

followed by t-test. *p<0.05
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Figure 5. Kidneys from ouabain-treated PHN rats have fewer disconnected proximal tubules 
than kidneys from vehicle-treated PHN rats.
A) Representative TUNEL staining of early proximal tubules from vehicle- and ouabain-

treated PHN rats at four months after PHN induction. Control rats rarely display any positive 

TUNEL stain in this region. Histograms show quantitative determination of apoptotic PTC, 

shown as mean ± SEM. *p<0.01.

B) Typical PAS staining of slices for morphometric studies, evaluating the glomerular-

tubular connections in individual glomeruli. Pictures illustrate the pattern of glomerular-
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tubular connections, each glomerulus in the slide is counted (left) and evaluated as 

connected to a normal proximal tubule (middle left), to an atrophic proximal tubule (middle 

right), or without a tubular connection, i.e a-tubular glomeruli (right).

C) Summary of morphometric studies. Quantitative determination of glomeruli connected to 

an atrophic proximal tubule (left) and a-tubular glomeruli (right). Histograms represent 

mean ± SEM. *p<0.001, #p<0.01

For all experiments Mann-Whitney U test was used to determine significant differences.
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Figure 6. Kidneys from ouabain-treated PHN rats have more preserved WT1 positive glomerular 
cells than kidneys from vehicle-treated PHN rats.
A) Representative micrographs showing TUNEL stain in WT1 positive glomerular cells 

from control rats, vehicle-treated and ouabain-treated PHN rats. Sections were TUNEL-

stained (red) to detect apoptotic cells and stained for WT1 (green) to detect podocytes, DAPI 

stained nuclei are shown in blue. All scale bars = 20μm. Histogram shows quantification of 

apoptotic podocytes, for control rats, PHN rats and ouabain-treated PHN rats. Histograms 

show mean ± SEM.
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B) Histogram shows quantification of WT1 positive cells per glomerulus for control rats, 

PHN rats and ouabain-treated PHN rats. Histograms show mean ± SEM.

For all experiments Mann-Whitney U test was used to determine significant differences 

*p<0.01, #p<0.05
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