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1. Introduction 

Duchenne muscular dystrophy (DMD; Emery and Emery 2011) is a disease that 

only affects males with an incidence of around one in 3500 new-born boys. Its 

relentless progress is characterized by loss of the ability to walk by the age of 10 

or 11, leading to a wheelchair life, and death from cardiac and respiratory 

problems usually around the late teens or the early twenties. DMD is caused by a 

large number of different mutations in the large X-chromosomal gene coding for 

dystrophin, a rare, but important protein. Most of these mutations lead to a 

complete lack of dystrophin in the membranes of the skeletal muscle cells of 

patients.  

The fatal effects of the absence of dystrophin are owing to a destabilization of the 

cell membranes of the muscle fibers, as illustrated in Fig. 1. The mechanical 

tension exerted by the physiological use of the muscles causes both mechanical 

and oxidative stress. Stretch-activated, non-selective cation channels let sodium 

and calcium ions enter the cells. Increased content of Na+, [Na+]i, induces edema 

and necrosis, increased [Ca2+]i causes inflammation and cell death. Both, necrosis 

and inflammation lead to fibrosis of the muscle fibers, so that the muscle 

parenchyma is finally transformed into fatty and connective tissue. Today’s most 

common symptomatic treatment of the disease is therefore the administration of 

cortisone derivatives for the suppression of the inflammation.  

At the early stages of the disease edemas can cause a distinct enlargement of 

certain muscles, particularly in the calves of these patients. This phenomenon was 

already described by the name-giving neurologist Armand Duchenne (Duchenne 

1862) as “paralysie hypertrophique”, but was generally overlooked until, recently, 

the group of Frank Lehmann-Horn (Jurkat-Rott et al. 2009, Weber et al. 2012, 

Lehmann-Horn et al. 2012) demonstrated that the muscle fibers showing this 

enlargement are in a depolarized state: their resting potentials have fallen from 

their normal values of about -80 mV (called the P1 state) to values around -60mV 

(P2 state). The enlargement of the muscles was in fact owing to an accumulation 

of intracellular fluid, i.e.it occurs as a consequence of the increased [Na+]i.  

The potassium-sparing diuretic agent eplerenone was able to reverse the swelling 

of the muscles both in a young patient and in an ex-vivo model of the Duchenne 
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muscle. The experiments of the present thesis were designed to further our 

understanding of the edema and depolarization in more detail, and to investigate 

the possibly beneficial effect of eplerenone for a treatment of DMD patients at a 

rather young age. 

 

 

Fig. 1: Pathology of the fatal pathways in the muscle cell membranes in Duchenne muscular 
dystrophy. Dystrophin deficiency leads to necrosis and fibrosis of the muscle cells. 

 

1.1. The model of “Duchenne musculature”  

The target properties of skeletal muscles from DMD patients for our study would 

thus be the increased fiber size (swelling), the increased [Na+]i and the reduced 

membrane resting potential (-60 mV). The model of “Duchenne musculature” 

developed by the of Lehmann-Horn group is produced by the addition of the 

ionophore gramicidin to excised bundles of rat diaphragm which increases the ion 

conductance of the cell membranes, and by the simultaneous addition of the 
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potassium channel blocker glibenclamide which causes an accumulation of [Na+]i, 

while [K+]i cannot leave the cells as a compensation for the increased intracellular 

ion content. The altered ion content of the muscle cells requires a lowering of the 

resting potential of the fibers and leads to the steady P2 state in which no 

propagating action potentials can be elicited. 

1.2. Important properties of eplerenone 

The potassium-sparing diuretic agent is derived from estrogen in a way that is 

similar to that of spironolactone. For a treatment of DMD patients it would be 

preferable over spironolactone because it has a lower risk of gynecomastia and 

breast pain, although its risk of hyperkalemia is higher (Lainscak et al. 2015). 

Eplerenone is known to have a strong antagonistic effect on the mineralocorticoid 

receptor (MR) expressed in skeletal muscle (Chadwick et al. 2015). The affinity to 

this receptor has been shown to be highly selective (Delyani et al. 2006). 

Eplerenone increases angiogenesis (Kobayashi et al. 2010) and prevents 

progressive left ventricular systolic and diastolic dysfunction. It also attenuates left 

ventricular chamber remodeling in dogs (Suzuki et al. 2002). In patients with 

ventricular dysfunction after myocardial infarction, eplerenone-treatment showed 

to be beneficial (Pitt et al. 2003a, 2003b). Single-dose toxicology studies evaluated 

with up to 1000 mg/kg in mice and 2000 mg/kg in rats and dogs) did not end 

fatally. Thyroid adenomas 2.4-13 increased with 75 mg/kg/d eplerenone in rats 

(Delyani et al. 2006).  

Eplerenone reverses aldosterone-induced downregulation of the inwardly 

rectifying potassium channel 2.1 (Kir2.1) and of the mRNA of Kir2.3 in the heart 

(Dartsch et al. 2013). An aldosterone-driven pH-change via the sodium-proton 

exchanger, NHE1, in mesenteric resistance vessels could be inhibited by 

eplerenone and linked to protein kinase C (PKC; (Michea et al. 2005). The 

aldosterone-induced reduction of PKC-activity was recovered by spironolactone in 

rat cardiomyocytes within 15 minutes (Sato et al. 1997). Aldosterone-driven pH-

change was regulated after 24 h of inhibition with eplerenone (Miyata et al. 2005). 

Finally, eplerenone abolished the aldosterone-induced rapid reduction of the 

abundance of the catalytic subunit of the Sodium-potassium-ATPase (Na,K-

ATPase) in the cell surface (Alzamora et al. 2003).  
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1.3. Specific aims of the study 

The mechanisms by which eplerenone causes repolarization in DMD musculature 

are not understood in detail. Several channels and transporters might participate in 

the effect directly, as in the case where the sodium-potassium-chloride 

cotransporter (NKCC) masks an inactivation of the sodium-potassium exchanger 

(Mihailidou et al. 1998, Mihailidou 2006). There are, however, results that seem to 

contradict this possibility, e.g., the reported effect of a Tyr10 phosphorylation of the 

ATPase (Shahidullah et al. 2014) or the speculation that aldosterone-driven 

sodium influx via the sodium-proton-exchanger can be inhibited by MR-

antagonists (Alzamora et al. 2000, Michea et al. 2005), which would limit substrate 

and regulate pump activity. 

Following the re-establishment of the DMD model, we, therefore, tried to find out if 

eplerenone modulates the activities of the ion pumps Na,K-ATPase or NKCC by 

• An increased protein abundance, or  

• A variation of their activities by phosphorylation or dephosphorylation, or 

• A delimitation of their activities by substrate scarcity.  

Further, we tried to identify the protein pathways involved in this modulation. In 

particular, we wanted to find out whether eplerenone produces an increase in 

protein expression or a decrease in protein degradation.  

For this aim, the experiments were carried out in four different groups:  

1. Determination of the effects of eplerenone and some auxiliary drugs on the 

resting potentials of fibers in the Duchenne model, 2. Measurement of 

transmembrane potassium currents in whole-cell recordings, 3. Western blots and 

4. Enzyme-linked Immunosorbent Assay (ELISA). 

Parts of the results have already been published in Breitenbach et al. (2016). 
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2. Materials and Methods 

2.1. Resting membrane potentials 

For obtaining our model Duchenne musculature we used diaphragms from female 

Wistar rats (rattus norvegicus) following the rules and regulations established in 

the laboratory of Lehmann-Horn (Jurkat-Rott et al. 2009). The rats were purchased 

from Charles-River, Sulzfeld, at the age of 7 weeks. When sacrificed the oldest 

rats were less than 1 year old and weighed between 170 and 300 g.  

As to the number of animals needed for the planned experiments, we knew that 

(Jurkat-Rott et al. 2009) were able to record resting potentials from approximately 

240 muscle fibers from each single rat diaphragm. But their experiments were less 

sophisticated than ours. Owing to the high toxicity of the established cocktail of 

gramicidin and glibenclamide for the generation of the Duchenne model, we 

needed a total of 36 animals for the identification of channels and transporters 

involved in the effects of eplerenone, for we were consulting a number of adjuvant 

drugs in our experiments. 

For the sacrifice, an animal was placed in a smaller cage provided with an acrylic 

glass lid with clamps, vents and rubber lining for sealing the cage. The cage was 

then flooded with CO2 at an exchange rate of 10-20 % of cage-volume for 

approximately 3 minutes until breathing was no more evident. After the animal was 

removed from the cage the lung cavity was punctured with a pointed tweezer 

beside the sternum to induce a pneumothorax. This was all performed in 

accordance with university regulations for animal sacrifice. 

Dissection of the diaphragm 

Before the actual sacrifice, a number of bathing solutions were prepared. KCl was 

added to our standard bicarbonate-buffered saline solution (118.5 mM NaCl, 0.8 

mM MgSO4, 1 mM Na2HPO4•2 H2O, 25 mM NaHCO3, 2 mM CaCl2•2 H2O, 10 

mM D-glucose) to yield final K concentrations of 2, 4.5 or 6 mM. The solutions 

were bubbled with carbogen 5 % and adjusted to pH 7.4. Dimethyl sulfoxide 

(DMSO; Sigma-Aldrich, Munich, Germany) was added at 2 ml/l to the 4.5 and 6 

mM solutions to obtain a final osmolarity of 300±5 mosmol/l. The 2mM-solution 
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was used for recording. Drugs were added as dissolved in DMSO, so that the final 

amount of DMSO was always 2 ml/l. 

 

Fig. 2: Small scissors, eye scissors, Spencer scissors, blunt-tipped scissors, scalpel (left to right); 
bar = 1 cm 

The actual dissection of the diaphragm was performed according to standard 

procedures as described by (Jurkat-Rott et al. 2009). With the rat placed on its 

back on a cork tray, the skin of the belly was lifted and cut along the ventral 

vertical line with a small pair of scissors (Fig. 2: left). The skin was removed from 

the flanks from this cut with a scalpel and by ripping with a blunt-tipped pair of 

scissors (Fig. 2: 2nd from right) until the full circumference of the body was freed 

from skin. Then, the pectoral muscles were severed and the stomach was cut from 

below the sternum along the line of ribs to either side of the spine. Then, the ribs 

were cut with Spencer-scissors (Fig. 2: middle; Carl Roth, Karlsruhe, Germany), A 

pair of blunt-tipped scissors was used to cut through sternum and spine. Quickly, 

with the small pair of scissors, the vena cava caudalis above the diaphragm as 

well as the liver and connecting tissue below the diaphragm were severed and the 

pars lumbalis diaphragmae was cut along the dorsal side. The now free diaphragm 

was washed in bicarbonate-buffered saline with 4.5 mM KCl and placed in a glass 

dish coated with Sylgard 184 (Dow Corning, Wiesbaden, Germany). The dish was 

filled with bicarbonate-buffered saline constantly aerated with carbogen 5 %. All 

this was achieved in about 10 minutes after initiation of the CO2 perfusion of the 

cage.  

Finally, any leftovers of the musculus obliquus and ribs were removed and the 

diaphragm pinned to the Sylgard bottom with insect needles, caudal side facing 

upside. Using eye scissors, each diaphragm was cut into 8 preparations of 8 to 12 
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mm wide strips. The strips were pinned down under light tension until the 

beginning of the pre-treatment. 

Pre-treatment of the preparations and application of drugs 

For the investigations of the effects of eplerenone and the adjuvant drugs, we had 

to replenish the intracellular potassium concentration of our diaphragm 

preparations.  For this, we placed the preparation for 30 min in a second dish 

containing the standard solution with 6 mM KCl and 2 ml/l DMSO. Then, the 

preparation was transferred to a third dish with bicarbonate-buffered saline 

solution with 2 mM KCl and 2 ml/l DMSO. The adjuvant drugs were previously 

dissolved in DMSO and added to the latter solution. DMSO was applied to all 

incubation or measurement solutions either with dissolved drugs or as control at a 

1:500 dilution. This resulted in a final concentration of 28.16 mM. 

Eplerenone (Sigma-Aldrich and Molekula, Munich, Germany), was applied at 

concentrations of 20 and 100 mg/l. It was dissolved in DMSO in a 1000-fold stock 

concentration. At 100 g/l eplerenone was oversaturated. Prior to use, the stock 

solution was mixed vigorously and either diluted in more DMSO to 500-fold or 

combined with other drugs solved in DMSO in such a way that all concentrations 

were 500-fold. 

Ouabain octahydrate (Calbiochem) also known as strophanthin octahydrate, was 

dissolved in DMSO to a stock concentration of 10 mM. It was applied at a 

concentration of 10 µM. At this concentration range the cardiac glycoside inhibits 

the sodium-potassium-pump even though rodents have been found to be more 

resistant to ouabain. The LD50 for mice is 5 mg/kg orally. 

Bumetanide (Sigma-Aldrich), a blocker of the sodium-potassium-chloride 

cotransporter NKCC1, was used at a concentration of 100 µM. In rats it has an 

LD50 of 6g/kg for oral administration. 
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In vitro model of Duchenne musculature 

A combination of an ionophore and a channel blocker was used on the diaphragm 

preparations to induce an increased sodium conductance and elevated 

intracellular sodium. This model for Duchenne dystrophy is adapted from (Jurkat-

Rott et al. 2009) and has been presented for the first time by (Lehmann-Horn et al. 

2012). 

Gramicidin D (Calbiochem) is an ionophore composed of 15 apolar amino acids. 

The drug gets integrated into the lipid bilayer of the muscle fiber membrane 

(Jelokhani-Niaraki et al. 2008) where it assembles a hydrophilic pore which 

increases conductance for univalent cations (H+, K+ and Na+ mainly; (Leung and 

Eisenberg 1973, Andersen 1984) independent of the membrane potential.  

Glibenclamide - a sulfonylurea - is used to block the potassium current of ATP-

dependent potassium channels (KATP) by inhibiting the regulatory subunit 

sulfonylurea receptor (SUR1, SUR2a and SUR2B). 

 

Fig. 3: Setup for the recording of resting membrane potentials of rat diaphragm fibers with 
microelectrodes 
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Setup for the recording of membrane potentials with microelectrodes 

All recordings were performed on a vibration-dampened table. All parts of the 

setup (Fig. 3) had a common grounding. 

A small chamber of acrylic glass with Sylgard coating was used to contain the 

tissue sample. The muscle was fixated under light tension to the Sylgard at the 

remains of the centrum tendineum and the musculus obliquus with insect needles. 

The chamber was placed in a small mounting platform attached to the table.  

Standard solution was delivered to the measuring chamber through tygon tubing 

(Saint-Gobain, Charny, France) with mini-pump hose pumps (neoLab, Heidelberg, 

Germany). 

Microelectrodes were pulled from borosilicate tubes with filament (GB150F-10, 1.5 

mm OD, 0.86 mm ID; Science Products, Hofheim, Germany) on a DMZ Universal-

Puller (Zeitz, Munich, Germany). 

The electrodes were filled with 3 M KCl and a chlorinated silver-wire electrode 

(AG-15W; Science Products) was inserted at the butt end. Glass electrodes had a 

resistance of 5-8 MΩ and were attached to the headstage. A bath electrode 

consisting of a coiled chlorinated silver-wire connected through a cable to the 

headstage. The micromanipulator (Leitz, Wetzlar, Germany) for the headstage 

was fixed to the table.  

The headstage was connected to the Turbo TEC-05X amplifier (NPI Electronics, 

Tamm, Germany). Recordings were performed in the current-clamp mode of the 

amplifier. Readout of the amplifier was directed to a Windows PC running WinEDR 

version 3.2.6 (Strathclyde Electrophysiology Software, Scotland) for visual control 

and manually written down. 

Positioning of the electrode with the micromanipulator was performed under visual 

control through a SMZ-U stereo-microscope (Nikon, Dornach, Germany). 

Recordings were performed at room temperature (~22°C). A pH of 7.4 and oxygen 

supply in the solutions was maintained by constant injection of carbogen 5 % 

through a frit with a filter plate. Solutions were delivered to the measuring chamber 

at a rate of 1 ml/min. 
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Impalement of the muscle fiber membranes with the microelectrode was 

performed with the micromanipulator. After the recording of the membrane 

potential, the electrode was retracted and moved perpendicularly to the fiber 

direction to the next with the micromanipulator. Each preparation yielded up to 30 

recordings. 

Shifts of the offset of the electrode maximally were adjusted and subtracted from 

the readings (up to ±3 mV). Values with larger shifts were ignored and the noise of 

the electrode and offset stability checked in the WinEDR software. If either was 

unsatisfactory, the microelectrode was replaced. 

2.2. Whole-cell recordings of potassium currents in the Duchenne model 

The observed influence of eplerenone on the membranes of our Duchenne model 

could be mediated by a change of their potassium conductance. The potassium 

channel Kir2.1 is well known to be common in these cells as it is responsible for 

the repolarization phase of the action potential. One of our aims was to determine 

the properties as well as the abundance and of this channel. This can best be 

achieved when the channel is expressed in human embryonic kidney cells, tsA201 

(Chahine et al. 1994). 

Freezing. The embryonic kidney cells (Bio-One GmbH, Frickenhausen, Germany) 

were at 85-90 % confluence and were contained in cell culture flasks of 25 cm². 

Before use, they were washed with 1 ml phosphate-buffered saline (PBS) 

containing no Ca2+ and no Mg2+ (PAA Laboratories, Linz, Austria). Thereafter, the 

cells were trypsinated with 1 ml trypsin (Biochrom KG, Berlin, Germany) and 

washed again. The cells were resuspended in 5 ml precooled freezing medium 

(DMEM 41090 + 20 % fetal bovine serum (FBS) + 5 % DMSO; DMEM and FBS 

from Gibco, Thermo-Fisher, Waltham, USA). Each freezing tube contained 1 ml of 

cell suspension and was frozen overnight at -80 °C in a cooling box filled with 

isopropanol. The cells were stored at -80 °C until further use. 

Thawing. The freezing tubes were thawed rapidly in a preheated water bath at 37 

°C. The cell suspension was diluted in a culture flask with 4 ml of fresh culture 

medium (DMEM 41090, + 10 % FBS). The first passage directly following thawing 

was never used for experiments.  
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Passaging. Cells were incubated in a cell culture flask at 37 °C and 5 % CO2 until 

85-90 % confluence was reached.  Cells were incubated with 1ml trypsin. Trypsin 

was removed before the cells were resuspended in 5 ml of fresh cell culture 

medium. The cell suspension was diluted 1:5 and split into five new flasks or the 

flask was 1:2 diluted and split into 5 dishes (35 mm, Greiner) for transient 

transfection.     

Transfection of KCNJ2 and green fluorescent protein (GFP). KCNJ2, the gene 

coding for the human inwardly-rectifying Kir2.1 potassium channel was sub-cloned 

into a pcDNA3.1 vector. A total of 0.2 µg KCNJ2-pcDNA3.1 vector and 0.05 µg 

pEGFP-N1 vector were combined with 6 µl jetPEI transfection reagent (Polyplus, 

Illkirch, France) in 200 µl 150 mM NaCl buffer. A 35 mm dish with tsA201 cells of 

~50 % confluence was inoculated with 200 µl of the mix. The transfection reagent 

packs the plasmid into positively charged complexes which interact with the 

anionic proteoglycans of the cell membrane. Thus, the plasmid gets internalized 

by endocytosis. The complexes end up in the endosome, where they absorb 

protons and cause the endosome to release the DNA. Thus, nuclear transport and 

expression are effected (Polyplus jetPEI in vitro DNA Transfection Protocol; July 

2015). 

Preparation of special glass cover slips. In order to produce cover slips with a 

defined locus for the containment of the cells during recording under microscopic 

inspection, we glued Teflon rings of 15 mm diameter (THF GmbH & Co KG, Ulm 

Germany) on ordinary 22 mm² glass cover slips, using Sylgard. These slips were 

autoclaved and stored under sterile conditions. Prior to use, the special slips were 

covered with 2.5 µl Cell-Tak (Corning, Kaiserslautern, Germany) in 71.25 µl of 0.1 

M sodium bicarbonate buffer and 1.25 µl 1 M NaOH. The coating solution was 

removed after 20-30 min and the slips were washed twice.  
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Pre-treatment and transfer to rings. Twelve hours after transfection, the medium 

was exchanged for medium with 10 nM aldosterone. The cells then showed 85-90 

% confluence. They were detached from the dish by trypsination and diluted 1:5 in 

medium with 10 nM aldosterone. To each cover slip, 200 µl of cell suspension was 

applied and the cells were allowed to reattach for 3 hours. 

Medium was exchanged for fresh medium with 10 nM aldosterone with or without 

100 mg/l eplerenone 30 min before the first recording. 

Solutions for whole-cell recordings. For the recordings, an internal buffer 

solution was filled into the recording electrode (K gluconate 110 mM, KCl 20 mM, 

HEPES 10 mM, EGTA 10 mM, MgCl2•6 H2O 1 mM, Na2ATP 5 mM, glucose 5 

mM) and an external buffer solution was filled into the dish to cover the cells (NaCl 

140 mM, KCl 5 mM, CaCl2•2H2O 2 mM, MgCl2•6H2O 1 mM, glucose 5 mM, 

NaHCO3 2 mM, HEPES 10 mM) at room temperature. After the pH was adjusted 

to 7.4, the solutions were filtered with a bottle top filter (Corning, Kaiserslautern, 

Germany) and stored at 4 °C. 

 

Fig. 4: Set for microelectrode recordings of tsA201 cells 
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Setup for whole-cell recording 

Borosilicate glass tubings having a filament inside (GB150F-10, 1.5mm OD, 

1.05mm ID; Science Products, Hofheim, Germany) were used to pull glass 

electrodes with the DMZ Universal-Puller. The electrodes were polished using a 

microforge, so that they had tip diameters of 0.5-1 µm and a resistance of ~2.5 MΩ 

under visual control. The electrodes were filled with internal buffer solution and a 

chlorinated silver-wire (Science Products) was inserted at the butt end. The 

electrode was thus connected to the headstage (Fig. 4). An additional vent in the 

connector was equipped with a syringe so that suction could be applied to the cell 

through the electrode. 

The headstage was mounted in an electrically motorized micromanipulator LN Unit 

Junior (Luigs & Neumann Feinmechanik und Elektrotechnik GmbH, Ratingen, 

Germany). An external reference electrode of chlorinated silver-wire was 

connected to the second port of the headstage. 

Cover slips with transfected and incubated tsA201 cells were placed in an inverted 

microscope Axiovert 100TV (Zeiss, Oberkochen, Germany) at room temperature 

(~22 °C). The microscope was fixated on a vibration-dampened table and 

positioned in a Faraday cage. For detection of the co-transfected GFP the 

microscope was equipped with an appropriate filter and an LPS200x UV-lamp 

(Horiba, Kyoto, Japan, formerly Photon Technology International) was connected 

to it. 

An Axopatch 200B amplifier (Molecular Devices, Union City, USA) delivered the 

detected currents via a Digidata 1322A digitizer connected to a PC with pClamp 

10.4 (both Axon Instruments, Union City, USA). A second connection allowed 

external commands from the PC to the amplifier. All metal parts were grounded 

using the virtual ground input of the amplifier.  

Recordings of the cells were performed in the whole-cell configuration (Hamill et 

al. 1981). 
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Patching and clamping. The cells were washed 3 times with external buffer 

solution for 20 min before the first recording and then covered in 200 µl buffer 

containing aldosterone and eplerenone according to the incubation conditions. The 

slip was placed on the sample tray of the microscope and fixated with a magnetic 

plate with a hole the size of the Teflon ring. The reference electrode was then put 

into the buffer.  

Slight pressure was applied to the internal buffer solution in the recording 

electrode to avoid particles on the surface of the buffer attach to the tip. The 

headstage was then lowered until the tip of the electrode pierced the surface of the 

buffer solution. The pressure was then removed and a test pulse applied. With the 

micromanipulator, the electrode was then brought in proximity of a cell of even 

shape with fluorescent signal until the offset and resistance of the electrode shifted 

slightly.  

Suction was then applied through the syringe until the resistance of the electrode 

rose sharply and the so called “seal” was established. Then suction was increased 

rapidly until the membrane of the cell opened and the resistance rose to >10GΩ 

(“gigaseal”). The cell was then allowed to recover for 10 min to stabilize the seal 

and equilibrate the internal buffer solution with the cytosol. 

Currents were filtered with 2 kHz and recorded with a sampling rate of 5 kHz in the 

Clampex software. Only cells with a capacitance of 10-20 pF were used for 

recorded. 

Stimulation Protocol. After the whole-cell configuration was established currents 

through the Kir2.1 were recorded after applying 100 ms lasting pulses from -120 

mV to +20 mV in 10 mV steps. The holding potential was 0mV (Fig. 5). 

 

Fig. 5: Voltage steps for microelectrode recordings of inwardly rectifying potassium channel 2.1 
Kir2.1 
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2.3. Protein and RNA analysis 

Culture of C2C12 cell line and myotube fusion 

The murine skeletal muscle cell line C2C12 was subcloned by Blau et al. (1983) 

from a myoblast cell line generated by Yaffe and Saxel from C3H mice. Under 

serum starvation or replacement of fetal bovine serum with horse serum, 

myoblasts fuse to myotubes within six days. Addition of bone morphogenic protein 

BMP-2 initiates differentiation to osteoblasts (Katagiri et al. 1994). 

Freezing. Cell culture flasks of 25cm² with C2C12 cells at 85-90% confluence 

were washed with 1ml PBS without Ca2+and Mg2+. Cells were detached with 1ml 

of trypsin. The cells were resuspended in 5ml freezing medium (DMEM 41966 + 

20% FBS+ 5% DMSO; DMEM). Freezing tubes were filled with 1ml cell 

suspension and frozen overnight at -80°C in a cooling box filled with isopropanol. 

Cells were stored at -80°C until further use. 

Thawing. Tubes were thawed rapidly in a preheated water bath at 37°C. The cell 

suspension was diluted in a culture flask with 5ml of fresh growth medium (DMEM 

41966 + 10% FBS + 1% L-Glutamine, Merck, Darmstadt, Germany). The first 

passage directly following thawing was never used for experiments.  

Passaging and initiation of myotube fusion. Cells were incubated in a cell 

culture flask at 37 °C and 10% CO2 until 85-90 % confluence.  Cells were 

detached with 1ml trypsin. Trypsin was removed before  the  cells  were  

resuspended  in  5ml  of  fresh  cell  culture  medium. The cell suspension was 

diluted 1:5 and split into five new flasks or the flask was 1:6 diluted and split into 

six dishes (60 mm, Greiner Bio-One GmbH, Frickenhausen Germany) for fusion. 

At 90 % confluence, growth medium was exchanged for fusion medium (DMEM 

41966 + 10% horse serum + 1 % L-Glutamine; Horse serum from Gibco, Gibco, 

Thermo-Fisher, Waltham, USA) and replaced with fresh medium every other day 

until myotube fusion was complete at day six in the dish. 
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Pre-treatment 

After six days, fusion medium was replaced with serum-free DMEM 41966 with 1% 

L-glutamine and 2 ml/l DMSO with or without 10 nM aldosterone. After 24 h at 37 

°C and 1 0% CO2 medium was replaced with fresh serum-free medium with DMSO 

with our without aldosterone with a either 20 mg/l eplerenone or 100 nM insulin or 

both. Medium was removed after 30 minutes at 37 °C and 10 % CO2. 

Insulin was derived from bovine pancreas and purchased from Sigma-Aldrich. It 

was applied at 100 nM in aqueous solution at pH 5.5. Aldosterone was obtained 

from Sigma-Aldrich. It was dissolved in DMSO to a stock concentration of 10 µM 

and used at a final concentration of 10 nM. 

 

2.3.1. Western blots of C2C12 myotubes 

Lysis 

Medium was removed and cells were washed in 1ml ice-cold PBS once. Dishes 

were placed on a cold thermal pack. Cells were incubated with 600µl ice-cold Tris-

Trition lysis buffer (150mM NaCl, 1% Triton-X, 50mM Tris, 1mM PMSF, 10mM 

NaF, 2 mM NaVO3, 1:100 protease/phosphatase-inhibitor cocktail, Cell Signaling, 

Canvers, USA) for 5 minutes. A precooled rubber policeman was used to scrape 

the cell lysate of the dish and collect it to a precooled Eppendorf tube. The lysate 

was kept at 4°C and 2,000rpm in an ThermoMixer C (Eppendorf, Hamburg, 

Germany) for 30 minutes. Subsequently the tubes were centrifuged in an 

Centrifuge 5402 (Eppendorf, Hamburg, Germany) at 4°C with 14,000rpm for 20 

minutes. The supernatant was transferred to a fresh, precooled tube and the pellet 

discarded. 

Protein detection and lysate dilution 

1µl of protein lysate was diluted 1:20 in 150mM NaCl. Afterwards 200µl of 

bicinchoninic acid assay (BCA; Thermo-Fisher, Waltham, USA) were added and 

kept at 37°C under constant agitation for 30 minutes. Protein content was detected 

at 562nm with a GeneQuant 1300 photospectrometer (GE Healthcare, Munich, 

Germany). Lysates were diluted with Tris-Triton buffer to achieve even 
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concentrations of protein across the lysates of one batch. After dilution, used 

concentrations applied varied between 2 and 6 µg/µl of protein.  

Gel-electrophoresis 

Casting. Proteins were separated with a 9% sodium-dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE). The gels were cast in sets of 

four. For the separation gel, 8.84 ml H2O, 6.2ml 30% acrylamide (19:1; Himedia, 

Mumbai, India), 5ml 1.5M Tris/HCl (pH 8.8), 200 µl 10% sodium dodecyl sulfate 

(SDS), 180 µl ammonium persulfate (Carl Roth, Karlsruhe, Germany) and 48 µl 

Tetramethylethylenediamine (TEMED; Carl Roth) were mixed. The mix was 

poured into 0.75mm deep forms (BioRAD, Hercules, USA) up to approximately 2 

cm below the top. The gel was topped with 99% isopropanol to remove bubbles 

and level the gel top border. After 20 minutes cross-linking in the gel was 

complete. Isopropanol was removed by pouring and aspiration with Whatmann 

filter paper. The casting form was topped off with collection gel mix (4.98 ml H2O, 

1.26 ml 30% acrylamide (19:1), 2ml 1.5M Tris/HCl (pH 8.8), 100 µl 10% SDS, 80 

µl 10% APS, 15 µl TEMED for 4 gels) and combs for forming the 15 µl loading 

pockets were inserted. The gels were ready to use after 20 minutes. 

Loading. Gels were placed into Mini Protean II western blot chambers (BioRAD, 

Hercules, USA). The inner chamber was filled to the top and outer chamber filled 

half with Tris-glycine-SDS buffer (DGel Sciences, Montreal, Canada). Gels were 

equilibrated for 5 minutes.  

Four parts of protein lysate were mixed with 1 part of 5x Laemmli buffer (60 mM 

Tris/HCl pH 6.8, 2% SDS, 10% glycerol, 5% β-mercaptoethanol, 0.01% Orange G; 

Sigma-Aldrich, Munich, Germany) and heated in an Eppendorf thermomixer at 

98°C for 5 minutes under constant agitation. Tubes were centrifuged briefly to 

collect the lysate. First and last lane was filled with 15 µl of a 1:5 mixture of 

5xLaemmli buffer and Tris-Triton lysis buffer to reduce band distortion. PageRuler 

Prestained Protein Ladder (Thermo-Fisher Scientific, Waltham, USA) was used as 

a marker in the second lane and topped off with the same mixture. 15µl of lysate 

was transferred into each gel pocket. 
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Running. The proteins were separated on the gel under 111mV and 400mA in 

constant voltage mode of a Power Pac 300 power source (BioRAD, Hercules, 

USA) for 60 minutes. 

Transfer. Gels were cut to shape with a plastic wedge. The cut gel was placed on 

top of the already stacked sponge and filter papers and equilibrated in precooled 

western blot transfer buffer (DGel Sciences, Montreal, Canada) with 20% 

methanol. Amersham Protran 0.45µm nitrocellulose membrane (GE Healthcare, 

Munich, Germany) was stacked on top to bind the proteins. After 2 minutes, the 

stack (Fig. 6) was completed with filter papers and a sponge and it was slotted into 

the transfer chamber of the Mini Protean.  

A thermal pack was placed in the outer chamber and the latter was topped off with 

transfer buffer. The proteins were transferred from the gel onto the nitrocellulose 

under 100 mV and 400 mA in constant voltage mode for 60 minutes. 

 

Fig. 6: Stacked western blot sandwich for transfer; from bottom to top: bracket, sponge, 2x 
Whatmann filter paper, sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 

gel, nitrocellulose, 2x filter paper, sponge, bracket 

Blocking. The nitrocellulose membrane was incubated for 60 minutes in Tris-

buffered saline (TBS; 24.23 g Trizma/HCl, 80.06 g NaCl in 1l H2O, pH 7.6; Trizma 

from Sigma-Aldrich) with 1% Tween 20 (TBST; Tween 20 from Sigma-Aldrich, 

formerly Fluka) and 5% bovine serum albumin fraction V (BSA; Serva, Heidelberg, 

Germany) to reduce unspecific binding of antibodies. 

Antibodies and incubation. Antibodies were obtained from manufacturers 

according to Table 1. ß-Actin was used as standard in a dilution of 1:10,000 in 

TBST. Antibodies against total protein were used in a 1:1,000 dilution and anti-

phospho-specific antibodies at a 1:500 dilution in TBST. The nitrocellulose was 

incubated with the primary antibodies overnight at 4°C and constant agitation. The 

nitrocellulose was washed three times for 15 minutes in TBST to remove excess 

antibody and reduce unspecific signal. 



19 
 
 

IRDye 800CW anti-rabbit antibody (Li-Cor, Bad Homburg, Germany) in a dilution 

of 1:10,000 was used as secondary antibody. The nitrocellulose was incubated for 

two hours at room temperature (~22°C) in the dark. 

A further three washings in TBST for 15 minutes followed, ensued by a final 

washing in TBS. These steps and all further handling were performed under low 

light conditions and in light-protected storage units. 

Imaging. Antibody signal intensity was recorded from wet membrane using an 

Odyssey 9120 infrared-imager (Li-Cor, Bad Homburg, Germany) connected to a 

Windows PC with Odyssey image studio 3.0.30 in a 169µm resolution. The signal 

of the 700 nm channel was imaged at intensity 3 and of the 800 nm channel at 5. 
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Table 1: Used Antibodies with host- and target-species and manufacturer 

Primary Ab 

 

Target protein 

Host 

species 

Target 

species Manufacturer 

 

Total protein Pan-Actin Rabbit Mouse Cell Signaling, Beverly, USA 

  

Akt/PKB Rabbit Mouse Cell Signaling, Beverly, USA 

  

GSK3α Rabbit Mouse Cell Signaling, Beverly, USA 

  

GSK3β Rabbit Mouse Cell Signaling, Beverly, USA 

  

IRS-1 Rabbit Mouse Cell Signaling, Beverly, USA 

  

IRS-2 Rabbit Mouse Cell Signaling, Beverly, USA 

  

Na,K-ATPase α1 Rabbit Mouse Cell Signaling, Beverly, USA 

  

SGK Rabbit Mouse Cell Signaling, Beverly, USA 

  

Src Rabbit Mouse Cell Signaling, Beverly, USA 

    Vinculin Rabbit Mouse Cell Signaling, Beverly, USA 

 

Phosphorylated  phospho-Akt (Ser473) Rabbit Mouse Cell Signaling, Beverly, USA 

  

phospho-Akt (Thr 308) Rabbit Mouse Cell Signaling, Beverly, USA 

  

phospho-p44/42 MAPK 

(Erk1/2) (Thr202/Tyr204) Rabbit Mouse Cell Signaling, Beverly, USA 

  

phospho-GSK3α (Ser21) Rabbit Mouse Cell Signaling, Beverly, USA 

  

phospho-GSK3β (Ser9) Rabbit Mouse Cell Signaling, Beverly, USA 

  

phospho-IRS-1 (Ser307) Rabbit Mouse Cell Signaling, Beverly, USA 

  

phospho-IRS-1 (Ser318) Rabbit Mouse Cell Signaling, Beverly, USA 

  

phospho-IRS-1 (Ser612) Rabbit Mouse Cell Signaling, Beverly, USA 

  

phospho-Na,K-ATPase α1 

(Ser16) Rabbit Mouse Cell Signaling, Beverly, USA 

  

phospho-Na,K-ATPase α1 

(Tyr10) Rabbit Mouse Cell Signaling, Beverly, USA 

  

phospho-Na,K-ATPase α1 

(Ser943) Goat Mouse Santa Cruz, Santa Cruz, USA 

  

phospho-SGK (Ser78) Rabbit Mouse Cell Signaling, Beverly, USA 

  

phospho-Src (Ser17) Rabbit Mouse Cell Signaling, Beverly, USA 

    phospho-Src (Tyr527) Rabbit Mouse Cell Signaling, Beverly, USA 

Secondary Ab 

 

Anti-rabbit IgG, HRP-linked Goat Rabbit Cell Signaling, Beverly, USA 

  Anti-goat IgG, HRP-linked Cow Goat Jackson Immuno Research, USA 

  

IRDye 800CW Goat Rabbit Li-Cor, Bad Homburg, Germany 
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2.3.2. ELISA  

Lysis. Preparation was performed in the same fashion as for Western Blots. In a 

final step the lysate was transferred to a QIAshredder column placed in a fresh, 

precooled tube and centrifuged in an Eppendorf Centrifuge 5402 at 4°C with 

14,000rpm for 20 minutes. The supernatant was transferred to a fresh, precooled 

tube and the pellet discarded. 

Protein detection and lysate dilution. 1µl of protein lysate was diluted 1:20 in 

150mM NaCl. 200µl of bicinchoninic acid assay (BCA; Thermo-Fisher Scientific, 

Waltham, USA) were added and kept at 37°C under constant agitation for 30 

minutes. Protein content was detected at 562nm with a GeneQuant 1300 

photospectrometer (GE Healthcare, Munich, Germany). Lysates were diluted with 

Tris-Triton buffer to achieve even concentrations of protein across the lysates of 

one batch. After dilution used concentrations contained 4.3µg/µl of protein. 

Antibody incubation. 10µl protein lysate was diluted with 50µl TBST and left in a 

Costar 3590 96-well EIA/RIA plate (Corning, Kaiserslautern, Germany) overnight 

at 4°C. Lysate was then removed. Wells were blocked with 200µl 1% BSA in TBS 

with 0.05% Tween 20 Surfact-Amps (TBS+SA, Thermo-Fischer, Waltham, USA) at 

room temperature (~22°C) for one hour. 

BSA was removed and wells washed three times with 200µl TBS+SA. Wells were 

filled with 100µg Na,K-ATPase and phospho-Na,K-ATPase antibody (see Table 1) 

in 200µl TBS+SA and incubated for two hours at 37°C under constant agitation. 

Primary antibody was removed and wells washed three times with 200µl TBS+SA. 

Wells were incubated with anti-rabbit IgG HRP-linked and anti-goat horseradish 

peroxidase-linked (HRP-linked) in a 1:1,000 dilution in TBS+SA for two hours at 

37°C. Secondary antibody was removed and wells washed three times with 

TBS+SA and once with TBS.  

Color reaction and readout. TBS was removed completely and filled with 150µl 

1-Step Ultra TMB-ELISA Substrate Solution (Thermo-Fischer, Waltham, USA). 

3,3′,5,5′-Tetramethylbenzidine (TMB) was developed for 15 minutes under 

constant agitation. To stop the reaction, 50µl 1M H2SO4 was added and induce the 
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color change. Determination of OD450 was performed on a TECAN Infinite 200 Pro 

plate reader (TECAN, Männedorf, Switzerland). 

2.3.3. Quantitative PCR (qPCR) 

Reagents. RNeasy Mini-Kit, QIAshredder mini-columns, RT2 First Strand Kit, RT2 

qPCR plates CLAM20788 and RT2 SYBR Green ROX Master Mix were obtained 

from QIAgen, Venlo, Netherlands. 

Lysis. Medium was removed and cells were washed in 1ml ice-cold PBS once. 

RNA was purified with a RNeasy Mini-Kit and gDNA was cleaved by centrifugation 

through a QIAshredder mini-column at 13,300rpm in a Heraeus Pico 17 centrifuge 

(Thermo-Fischer, Waltham, USA). 

Quantification. RNA content was quantified with GeneQuant 1300 

photospectrometer. 

RT-PCR. For reverse transcription, into cDNA 0.5µg of RNA were used with a RT2 

First Strand Kit. 

qPCR. Two assays were performed. First a RT2 qPCR plate with individually 

combined primers (catalogue no.: CLAM20788; see Table 3 for gene list) of genes 

with a connection to either aldosterone or insulin signaling was used. After that, an 

individual set of primers (see Table 2) was used in a MicroAmp Fast Optical 96-

well Reaction Plate (0.1ml; Applied Biosystems, Foster City, USA) to verify results 

from the first plate and test additional genes.  A RT2 SYBR Green ROX Master Mix 

was used with cDNA mix. 102µl of reaction solution were pipetted to each well. 

PCR and data recording were performed in a StepOne Plus Real-Time PCR 

System (Thermo-Fischer, Waltham, USA). After an initial denaturing step of 95° for 

ten minutes, 40 cycles of 15 seconds denaturing steps (95°C) and 60 seconds 

reaction steps (60°C) followed. Then a melting curve analysis ramping up from 60 

to 95°C was performed.  
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Table 2: Forward- and reverse-primers for additional quantitative PCRs. 

Gen Protein Primer Sequence Product length 

Ace Angiotensin converting enzyme Forward CTTCTCAGACACAGGAGCCTT 373bp 

  
Reverse CCAGAACTCAGGAGGCATG 

 

ActB ß-actin Forward CAGAGCAAGAGAGGTATCCTG 582bp 

  
Reverse GTTGCCAATAGTGATGACCTG 

 

Akt2 Protein kinase B 2 Forward CAGGTCATCACTATTGGCAAC 456bp 

  
Reverse CTCCTCCATAAGAATGAGCTCA 

 

Atp1a1 Na,K-ATPase α1 Forward CATCAATGCGGAGGATGTC 414bp 

  
Reverse CAGGTGTACTCAAGGATCAGAGA 

 

Hprt 
Hypoxanthine-guanine phosphoribosyl 

transferase 
Forward GAGATGTCATGAAGGAGATGG 220bp 

  
Reverse GTTGAGAGATCATCTCCACCA 

 

Kcnj2 Kir2.1 Forward GGATGCTGGTTATCTTCTGTCT 369bp 

  
Reverse CATCCCTCATGGCAATCAC 

 

Kcnma1 BK channel Forward GCACATTGTAGTCTGTGGACAC 355bp 

  
Reverse CAGCATCTGAGTGATGATCCT 

 

Nr3c2 Mineralocorticoid receptor Forward CACTACCGGATTGGTGCTC 352bp 

  
Reverse CAGCACACAGATAGTTGTGTTGT 

 

Nos1 neuronal NO synthase Forward CAGATGTGGTCCTCACTGACAC 431bp 

  
Reverse GTTGGTGGCGTACTTGACG 

 

Slc4a4 Na+-HCO3- Cotransporter 1 Forward CTTCATGTGTCTTGTCCTGGT 395bp 

  
Reverse GTGTGATATCAGGCACGAAGT 

 

Slc9a1 Na+/H+ Exchanger 1 Forward CTCATCGCCTCAGGAGTAGT 380bp 

  
Reverse GTGAGGAACAGGTCACACATG 

 

Slc12a2 
Bumetanide-Sensitive Na+-K+-Cl- 

Cotransporter 1 
Forward GTCAAGCTGGGATAGGTCTCT 383bp 

  
Reverse CACCAGCAGCACAATCTGA 
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Table 3: List of genes and their corresponding proteins provided by QIAgen. 

Gene Protein name Alternative name 

Ace Angiotensin II converting enzyme 
 

ActB ß-actin 
 

Akt1 Protein kinase B 
 

Akt2 Protein kinase B 
 

Akt3 Protein kinase B 
 

Atp1a1 Na,K-ATPase 
 

Atp1a2 Na,K-ATPase 
 

Clcn1 Voltage-gated chloride channel 1 
 

Foxo3 Forkhead box O3 
 

Gapdh Glyceraldehyde-3-phosphate dehydrogenase 
 

Gata4 GATA binding protein 4 
 

Gsk3a Glycogen synthase kinase 3 α 
 

Gsk3b Glycogen synthase kinase 3 β 
 

Insr Insulin receptor 
 

Jak1 Janus kinase 1 
 

Kcna7 Voltage-Dependent Potassium Channel Kv1.7 
Potassium voltage-gated channel subfamily A 

member 7 

Kcnb1 Delayed Rectifier Potassium Channel 1 
Potassium voltage-gated channel subfamily B 

member 1 

Kcnj1 ATP-regulated potassium channel ROM-K 
Potassium voltage-gated channel subfamily J 

member 1 

Kcnma1 Big Potassium Channel Alpha Subunit 
Potassium calcium-activated channel 

subfamily M α1 

Kcnn4 
Small Conductance Calcium-Activated Potassium 

Channel 4 

Potassium calcium-activated channel 

subfamily N member 4 

Kcnq4 Voltage-gated potassium channel subunit Kv7.4 
Potassium calcium-activated channel 

subfamily Q member 4 

Kcnq5 Voltage-gated potassium channel subunit Kv7.5 
Potassium calcium-activated channel 

subfamily Q member 5 

Kras Kirsten rat sarcoma viral oncogene homolog 
 

Mapk8 Mitogen-activated protein kinase 8 
 

Nos2 inducible NO Synthase 
 

Nos3 endothelial NO synthase 
 

Nox4 NADPH oxidase 4 
 

Nr3c2 Mineralocorticoid receptor 
 

Pgf Placental growth factor 
 

Pik3ca Phosphatidylinositol 3-kinase catalytic subunit α 
 

Pik3r1 Phosphoinositide-3-kinase regulatory subunit 1 
 

Prkca Protein Kinase C α 
 

Pten Phosphatase and tensin homolog 
 

Rock1 Rho associated coiled-coil containing protein kinase 1 
 

Scnn1a Sodium channel Epithelial 1 α Subunit 
 

Sgk1 Serum/glucocorticoid regulated kinase 1 
 

Shc1 Src homology 2 domain-containing-transforming protein 1 
 

Slc12a2 Bumetanide-Sensitive Na+-K+-Cl- Cotransporter 1 Solute carrier family 12 member 2 

Slc12a6 Electroneutral K+-Cl+ Cotransporter 3 Solute carrier family 12 member 6 

Slc2a4 Glucose Transporter Type 4, Insulin-Responsive Solute carrier family 2 member 4 

Slc4a4 Na+-HCO3- Cotransporter 1 Solute carrier family 4 member 4 

Slc4a7 Na+-HCO3- Cotransporter 2 Solute carrier family 4 member 7 

Slc8a3 Na+/Ca2+ Exchanger 3 Solute carrier family 8 member 3 

Slc9a1 Na(+)/H(+) Exchanger 1 Solute carrier family 9 member 1 

Src non-receptor tyrosine kinase 
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2.4. Data analysis 

Resting membrane potentials 

For each sample mean potential and P2-fraction size was calculated. From this, a 

mean of means and SEM was evaluated. Differences between conditions were 

checked for significance with a student’s t-test. 

Histograms of relative frequency per potential were smoothed by weighted 

average of rounded points (WARPing). A number of histograms nh with an equal 

class width of 3mV was generated from the collected data of one condition.  

With a shift of the origin of each histogram of nh-1, the class width could be 

averaged to 𝑑𝑘̅̅ ̅. 

𝒅𝒌̅̅̅̅ =
𝒅𝒌
𝒏𝒉

 

Patch-clamp recordings 

For current density, the average of the steady state current in the tail region of an 

individual trace was calculated and divided by the capacitance of the cell. A mean 

of these averages and their standard error was calculated for each voltage step of 

the same condition. Maximal conductance of the Kir2.1 under each condition was 

evaluated by dividing the steepest current change (ΔA) between two voltage steps 

through the difference between the two steps (ΔV). Normality of data was tested 

with a Shapiro-Wilk test. Maximal conductance was compared with a Kruskal-

Wallis one way analysis of variance on ranks and a post-hoc test with Dunn’s 

method. 

Western Blot 

Recorded blots were evaluated in image studio lite 5.2 (Li-Cor, Bad Homburg, 

Germany). A defined square was set as detection area and copied for detection of 

each band. Background subtraction was performed with either a median of the 

surrounding area a larger square was set in a region of the blot exhibiting average 

background for background noise calculation in the case of strong noise or pixels 

over recording threshold in proximity to the bands. 
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Recorded intensities of bands (IT) in each lane were adjusted (Icorrected) to the factor 

of the ß-actin band of the lane (Iß) compared to the strongest ß-actin band intensity 

(IßMAX) on the same blot. 

𝐼𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 =
𝐼𝑇
𝐼ß

𝐼ß𝑀𝐴𝑋

 

On every blot two to four biological replicates were run. The mean of each 

identical condition in a blot was calculated and then the mean of means and 

standard error for each condition. Normality of data was tested with a Shapiro-Wilk 

test. Datasets were compared with a Kruskal-Wallis one way analysis of variance 

on ranks and a post-hoc test with Dunn’s method. For pGSK3α S21 a one-way 

ANOVA with Tukey’s post-hoc test was performed. 

ELISA 

Averages and standard deviation of extinction of each condition were calculated. 

Values for phosphorylation sites were adjusted according to total protein content 

under each condition to reflect fraction size of phosphorylation. Control was set as 

baseline. Datasets were compared with a one-way ANOVA with Tukey’s post-hoc 

test. 

qPCR 

The mean of Ct-values of each gene under the same condition was averaged. 

Average Ct-value of housekeeping gene ActB was subtracted from the target gene 

Ct-value to get ΔCt. ΔCt-values of treated were then subtracted from untreated to 

calculate ΔΔCt. For the determination of the fold-change, negative power of ΔΔCt 

to the base of 2 was calculated. To find a significant difference of p≤0.05 in mRNA 

levels in triplicate experiments, that is not merely due to technical variability a fold-

change of two is necessary. Thus only recorded Ct-values exhibiting fold-changes 

of <0.6 or >1.8 have been investigated further.  Two testing conditions in question 

were compared in a student’s t-test. 
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Definitions for graphics and interpretation of data analysis  

Figures in the results part show arithmetic mean and either standard deviation 

(SD) or standard error of mean (SEM) as stated in the respective description. In 

bar graphs whiskers for SD or SEM are only shown for one side. 

Exemptions are the recordings of resting membrane potentials Fig. 7. Here the 

frequency of recording of a certain potential determines the height of the bar. 

Average Membrane potentials for P1 and P2 fraction in Fig. 8are means of the 

mean potential from each individual sample. Error bars indicate standard error of 

mean. 

Currents and conductance in patch clamp recordings (Fig. 9 & Fig. 10) are means 

of averaged recordings and error bars indicate standard error of mean. 

Significance in bar graphs in results of Conductance, Western blots and ELISA is 

indicated by an asterisk (*). Horizontal black bars in bar charts in addition to an 

asterisk indicate significance between two distinct conditions.  

Measurements were checked for significant differences with Kruskal-Wallis one 

way analysis of variance on ranks (Kruskal and Wallis 1952) as stated in chapters 

2.4. This included Dunn’s (Dunn 1964) and Tukey’s test (Tukey 1949) as post-hoc 

test to adjust for multiple testing. The significance level was set at 5%. 

Even though tests were adjusted individually in every case, results have to be 

assessed as explorative, due to the number of different experiments and low 

number of measurements in some. Thus, significant results should be seen as 

tendency and not as proof. 

In-detail results for ANOVA and post-hoc tests and their outcomes are listed in 

appendix B. 
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3. Results 

3.1. Resting membrane potentials 

In a first step, we recorded the resting potentials of the muscle fibers in untreated 

diaphragm preparations (Fig. 7A) and compared them with resting potentials in our 

model of Duchenne muscular dystrophy (DMD model, produced by the addition of 

10 µM of the ionophore gramicidin plus 4 µM of the potassium channel blocker 

glibenclamide to the bath; Fig. 7B). The distributions of resting potential values 

obtained by smoothing and plotting the records as described in Methods, showed 

for both controls and the DMD model two peaks, corresponding to the two stable 

states defined in (Lehmann-Horn et al. 2012) as P1 (excitable) and P2 (reduced or 

no excitability). 

In the bathing solutions of these and all other experiments of this section, the 

potassium concentration was reduced to 2 mM. This trick generally produces a 

left-shift of all the distributions and leads to slightly more pronounced distinctions 

from control. 

As a clear result, in the DMD model (Fig. 7B) both peaks P1 and P2 were shifted 

to the right (to less negative potentials) when compared to control (Fig. 7A) and 

the relative number of fibers in the excitable state P1 was reduced while the 

number of fibers in state P2 was increased (see Table 1).  

Eplerenone, our drug of prime interest, when given to the DMD model at 20 mg/l 

(Fig. 7C), changed the distribution so that the two peaks P1 and P2 were situated 

between the limits of -90 mV and -60 mV with unexplained small satellite peaks on 

either side. The most important change was that the P2 fraction was clearly shifted 

towards the left, i.e., that the fibers in the P2 state had recovered a higher resting 

potential. This “repolarization” is the desired effect of eplerenone, which might 

make the drug useful when administered to Duchenne patients. 
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A 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7. Histograms of the relative frequency of 
recorded membrane potentials in rat diaphragm 
fibers under various conditions. 
 
(A) Control (fibers in carbogen-buffered saline 
solution with 2 mM K

+
 and 1:500 dimethyl 

sulfoxide, DMSO). The distribution ranges ~30 
mV and shows two peaks, P1 and P2. 

B 
 
 
 
 
 
 
 
 
 
 
 
 

(B) Duchenne muscular dystrophy model 
(control solution plus 10µM gramicidin and 4 µM 
glibenclamide). 
The resting potentials are generally lower than 
control (right-shift in ~40 % of the fibers. 
Distribution ranges ~55 mV.  
 

C 
 
 
 
 
 
 
 
 
 
 
 
 

(C) Duchenne muscular dystrophy model with 
20 mg/l eplerenone in 1:500 dimethyl sulfoxide.  
Comparison with the result obtained in the 
absence of eplerenone (Fig. 7B) shows that 
fewer fibers are in the P2 state. 
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D 
 
 
 
 
 
 
 
 
 
 

(D) Duchenne muscular dystrophy model with 
20 mg/l eplerenone plus 10 µM ouabain in 
1:500 dimethyl sulfoxide. 
In comparison to the addition of eplerenone by 
itself (Fig. 7C) the distribution of resting 
potentials is left-shifted (to more polarized 
values) and the fractions P1 and P2 appear to 
be merged. 

E 
 
 
 
 
 
 
 
 
 
 
 
 

(E) Duchenne muscular dystrophy model with 
100 µM bumetanide in 1:500 dimethyl sulfoxide.  
The features of the distribution of resting 
potentials are similar to those of the Duchenne 
muscular dystrophy model in Fig. 7B. 

F 
 
 
 
 
 
 
 
 
 
 
 

(F) The effects of 20 mg/l eplerenone plus 100 
µM bumetanide in 1:500 dimethyl sulfoxide on 
the distribution of the resting potentials in the 
Duchenne muscular dystrophy model.  
The combination of the two drugs produces 
high resting potentials; the fraction of fibers in 
state P2 is rather small. 
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Ouabain. According to the Nernst-Goldman equation the resting potential of the 

muscle fibers is mainly determined by the conductance values of the membrane to 

potassium and sodium ions. Thus, eplerenone could have its repolarizing “power” 

by changing either one or both of these conductance values. It could, however, 

also have an effect on the membrane-bound ion pumps responsible for the correct 

ion concentrations within the muscle cells of our model. The most important pump 

in this context is the ATP-driven sodium-potassium pump, Na,K ATPase. It can 

experimentally be blocked by the addition of ouabain to the bathing fluid. 

To test for a possible influence of eplerenone on the Na,K ATPase, we applied 20 

mg/l of the diuretic drug together with 10 µM ouabain to the DMD model and 

recorded the distributions of resting potentials. The result was a distribution where 

the two ordinarily observed P1 and P2 fractions had merged to one broad peak 

with a mean potential value of -72 mV (Fig. 7D and Fig. 8). 

Bumetanide. This drug was described to have a repolarizing effect on depolarized 

murine muscles (van Mil et al. 1997) by blocking the membrane-bound Na,K,Cl-

cotransporter, NKCC. It was already shown to have a repolarizing effect in an 

animal model of the human hereditary muscle disease of hyperkalemic periodic 

paralysis (Wu et al. 2013a, 2013b). We therefore tested this substance at 100 µM 

also on our DMD model by itself (Fig. 7E) or in combination with 20 mg/l 

eplerenone. 

Bumetanide, when administered by itself did not show a substantial effect on the 

distribution of the resting potential (cf. Fig. 7B and Fig. 7E). When, however, the 

blocker of the NKCC was administered together with 20 mg/l eplerenone, the 

combination produced an impressive repolarization (cf. Fig. 7B and Fig. 7F). 

A compilation of the major effects obtained with eplerenone, ouabain and bume-

tanide on the resting potentials of the DMD model are given in Table 1 and Fig. 8. 

The observed changes of the resting potential reported in this chapter could be 

produced by influences of the drugs on membrane-bound ion channels or on ion 

pumps. The following chapter describes experiments investigating the potassium 

channel Kir2.1. 
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One major result of the above series of experiments was the rather large 

contribution of the Na,K-ATPase to the resting membrane potentials. This seemed 

to reveal an unexpectedly high stimulation of this ion pump. The subsequent sets 

of experiments were, therefore, designed to study the Na,K-ATPase and the 

mechanism of its activation in more detail.  

Table 4. Resting membrane potentials of rat diaphragm muscle fibers incubated with the indicated 

combination of drugs for 30 min in bicarbonate-buffered saline solution (potassium concentration 

reduced to 2 mM). 

 

Fig. 8: Averages ± standard error of mean of the resting potentials of rat diaphragm fibers recorded 
30 min after the application of the drugs indicated on the left. The distributions were split into 
fractions P1 (grey) and P2 (black). The compositions of the applied solutions are given in the text 
and in Table 1. 

-100 -90 -80 -70 -60 -50

Average membrane potential (mV)  

≤ -70 mV 

> -70 MV

Control 

DMD model  

DMD model + epl  

DMD model + epl + ouab  

DMD model + ouab  

DMD model + bum  

DMD model + epl + bum  

Number of fibers 290 204 182 469 108 94 229 

 

Gramicidin 20 µM - + + + + + + 

Glibenclamide 4 µM - + + + + + + 

Eplerenone 20 mg/l - - + + - - + 

Ouabain 10 µM - - - + + - - 

Bumetanide 100 µM - - - - - + + 

Average membrane 

potential ± SEM (mV) 
-85.2±4.9 -70.0±4.2 -75.9±3.7 -72.1±7.5 -71.0±4.8 -77.2±3.1 -82.0±6.3 

Average of P2 

fraction ± SEM 

 

3.2±1.1% 42.9±4.5% 19.2±5.1% 36.3±5.5% 33.±9.9% 17.1±4.6% 

 

 

20.1±4.8% 

 

 



33 
 
 

3.2. Whole-cell recordings of potassium currents 

The current conducted through the membrane-bound potassium channel Kir2.1 

plays an important role for the repolarization phase of the action potential. The 

channel is positively regulated by the phosphoinositide 3-kinase (PI3K; Blazer-

Yost et al. 1999). We decided to study this voltage-dependent channel in particular 

because it is known that aldosterone modulates its kinase. The method of choice 

for such a study are whole-cell recordings of the potassium currents through 

murine Kir2.1 channels expressed in tsA201 cells, as described in Methods and 

illustrated in Fig. 9. If eplerenone would influence the opening of these channels, 

we expected a change of the observed current densities (Fig. 10). 

 

Fig. 9: Examples of currents through inwardly rectifying potassium channel 2.1 expressed in 
tsA201 cells each at potentials stepped for 100 ms to potentials of -120 to +40 mV in 20 mV steps. 
The following drugs were applied: (A) Control with 1:500 dimethyl sulfoxide incubation for 24 hours 
(Control). (B) 24 hours incubation with 10 nM aldosterone increases maximal current to 10 nA at -
120 mV step (Aldosterone). (C) 24 hours with dimethyl sulfoxide and 30 min with 20 mg/l 
eplerenone does not change current from control (Eplerenone). (D) 24 h with 10 nM aldosterone 
and 30 min eplerenone increases maximal current to 10 nA (Aldosterone+Eplerenone). 
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Fig. 10: Average of maximal conductance with standard deviation; Eplerenone (Epl; red; n =19), 
aldosterone (Aldo; orange; n = 5) and combination of aldosterone and eplerenone (Aldo+Epl; grey; 
n = 15) are not significantly different from control (Ctrl; blue; n = 14); No significant differences were 
found in One-way ANOVA on Ranks with Dunn’s post-hoc test. 
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3.3. Western Blot 

Evident changes of membrane potential were visible after as little as 20 minutes. A 

change in protein abundance in this short amount of time is unlikely but not 

unheard of. Transfer of phosphate-residues between kinases can change protein 

activity rapidly. Akt/PKB and Insulin receptor substrate 1 (Irs1) were chosen, since 

Irs1 is a known target for degradation by aldosterone and Akt is a downstream 

target of Irs1 (Hitomi et al. 2007). Sgk is an aldosterone-regulated kinase found to 

inhibit atrophy in muscle (Andres-Mateos et al. 2013). Further it regulates the 

epithelial sodium channel (ENaC; Tong et al., 2004) and NHE (Gekle et al. 2001). 

The non-receptor tyrosine kinase Src is co-located with Na,K-ATPase (Liang et al., 

2006) and proinflammatory and profibrotic effects of aldosterone are mediated 

through it (Callera et al. 2005).  

Under conditions affecting the membrane potential, no changes in protein 

abundance were found for eplerenone treatment for 30 minutes, with and without a 

preincubation phase of 24 hours with 10 nM aldosterone. 

Phosphorylation of the Ser473 residue of Akt increases its activity (Hitomi et al. 

2007). Irs1 phosphorylation at Ser612 is a negative regulator for interaction with 

the PI3K/Akt/mTor-pathway (Gual et al., 2005).  GSK3α Ser21 phosphorylation is 

inhibiting protein activity and is increased by Akt phosphorylation (Rommel et al. 

2001). Dephosphorylated GSK3α is limiting glycogen synthase activity (Cross et 

al., 1995). 

Phosphorylation of Akt Ser473 was about half of control for eplerenone only 

treatment (Fig. 11D; p≤0.05). 24 hours of aldosterone incubation with (p≤0.05) or 

without eplerenone (p≤0.05) exhibited a reduction of phosphorylation to one sixth.  

GSK3α phosphorylation at Ser21 (Fig. 12D) was not significantly changed by 

incubation with eplerenone, nor after 24 hours with aldosterone.  Eplerenone 

treatment after 24 hours aldosterone increased phosphorylation significantly by 

1.6-fold over eplerenone only and 1.4-fold over aldosterone treatment (p≤0.05). 

IRS1 Ser612 phosphorylation did not change significantly from control in any 

treatment (Fig. 13D). Neither Sgk, nor Src exhibited a change in total protein (Fig. 

14 & Fig. 15). Protein phosphorylation was not detectable (data not shown). 
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A

 

B

 

                

 

Fig. 11: Akt and its phosphorylation at residue serine 473 were investigated in Western blot 
(Breitenbach et al. 2016). (A) Exemplary picture of Akt (1:1,000) and Actin (1:10,000) antibodies 
staining lysate of C2C12 myotubes on 0.45 µm nitrocellulose. (B) Exemplary picture of pAkt Ser473 
(1:500) and Actin (1:10,000) antibodies staining lysate of C2C12 myotubes on 0.45 µm 
nitrocellulose. (C) Bar graph of measured signal of total Akt protein normalized to Actin; Combined 
incubation of aldosterone (10 nM; 24 hours) and eplerenone (20 mg/l; 30 minutes) is significantly 
increasing Akt (One-way ANOVA on ranks with Dunn's post-hoc test; p≤0.05); n=18-20. (D) Bar 
graph of measured signal of pAkt Ser473 protein normalized to Actin and the total protein of each 
treatment; Eplerenone significantly reduces phosphorylated protein fraction (p≤0.05), aldosterone 
significantly reduced phosphorylated fraction, also in combination with eplerenone (p<0.05); n=13. 
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Fig. 12: Gsk3α and its phosphorylation at residue serine 21 were investigated in Western blot. (A) 
Exemplary picture of Gsk3α (1:1,000) antibodies staining lysate of C2C12 myotubes on 0.45 µm 
nitrocellulose. (B) Exemplary picture of p Gsk3α Ser21 (1:500) and Actin (1:10,000) antibodies 
staining lysate of C2C12 myotubes on 0.45 µm nitrocellulose. (C) Bar graph of measured signal of 
total Gsk3α protein normalized to Actin; no significant changes were detected; n=14-15. (D) Bar 
graph of measured signal of p Gsk3α Ser21 protein normalized to Actin and the total protein of 
each treatment; compared to control, both eplerenone and aldosterone are not significantly 
reduced. Combined incubation with aldosterone (10 nM; 24 hours) and eplerenone (20 mg/l; 30 
minutes) was significantly higher than eplerenone or aldosterone alone (One-way ANOVA on ranks 
with Dunn's post-hoc test; p≤0.05); n=8. 
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Fig. 13: Irs1 and its phosphorylation at residue serine 612 were investigated in Western blot. (A) 
Exemplary picture of Irs1 (1:1,000) and Actin (1:10,000) antibodies staining lysate of C2C12 
myotubes on 0.45 µm nitrocellulose. (B) Exemplary picture of pIrs1 Ser612 (1:500) and Actin 
(1:10,000) antibodies staining lysate of C2C12 myotubes on 0.45 µm nitrocellulose. (C) Bar graph 
of measured signal of total Irs1 protein normalized to Actin; Combined incubation of aldosterone 
(10 nM; 24 hours) and eplerenone (20 mg/l; 30 minutes) is not significantly increasing Irs1 over 
control; n=14-17. (D) Bar graph of measured signal of pIrs1 Ser612 protein normalized to Actin and 
the total protein of each treatment; No significant changes were detected; n=2. 
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Fig. 14:  Sgk protein was investigated in Western blot. (A) Bar graph of measured signal of total 
Sgk protein normalized to Actin; No significant differences were detected. (B) Exemplary picture of 

Sgk (1:1,000) and Actin (1:10,000) antibodies staining lysate of C2C12 myotubes on 0.45 µm 
nitrocellulose; n=16. 

 

 

 

  

 

Fig. 15: Src protein was investigated in Western blot. (A) Bar graph of measured signal of total Src 
protein normalized to Actin; No significant differences were detected. (B) Exemplary picture of Src 
(1:1,000) and Actin (1:10,000) antibodies staining lysate of C2C12 myotubes on 0.45 µm 
nitrocellulose; n=12 

  

0

2

4

6

8

10

12

14

C
tr

l

Ep
l

A
ld

o

A
ld

o
+

Ep
l

Si
gn

al
 V

al
u

e
 

x 
1

0
0

0
0

 

Sgk 
B 

0

10

20

30

40

50

60

70

C
tr

l

Ep
l

A
ld

o

A
ld

o
+

E…

Si
gn

al
 V

al
u

e
 

x 
1

0
0

0
0

 

Src 
B 

A 

A 



40 
 
 

3.4. ELISA 

Repolarization by eplerenone was completely and rapidly abolished by the 

inhibition of Na,K-ATPase. Even though aldosterone is able to induce expression 

changes within 30 minutes (Shigaev et al. 2000), a change in protein activity 

appeared to be more likely. 

In an ELISA-assay, total Na,K-ATPase α1 and phosphorylation of sites Ser16, 

Tyr10 and Ser943 of α1 subunit were determined. As control, C2C12 cells were 

incubated for 24 hours with DMSO (1:500). Protein abundance and 

phosphorylation levels were determined and used as 100 percent value. 

30 minutes of eplerenone incubation did not reduce the amount of total protein 

without an aldosterone pre-incubation (Fig. 16A). Phosphorylation at Tyr10 was 

significantly reduced with a 10nM aldosterone pre-incubation for 24 hours to 

32.5±15.4% (p≤0.05; Fig. 16C). Values for 30 min of 20mg/l eplerenone 

(56.1±29.5%) and the combination of aldosterone pre-incubation and eplerenone 

treatment (38.7±7.9%) were altered, but not with significance. Ser16- or Ser943-

phosphorylation were not changed as result of any described treatment (Fig. 16 B 

and D). Our results suggest a participation of Tyr10-dephosphorylation in 

repolarization. The question, if eplerenone is inducing its effect by this modification 

is not answered finally here and requires further exploration. 

    

Fig. 16: Extinction rate of total Na,K-ATPase α1 subunit and its phosphorylation sites at Ser16, 
Tyr10 and Ser943 (Breitenbach et al. 2016); averages of two technical repetitions of two biological 
replicates; control (blue) was set as baseline; 10 nM aldosterone (orange), 20 mg/l eplerenone 
(red) and aldosterone and eplerenone (grey); phosphorylation was adjusted for amount of total 
protein per condition; n=4.  
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3.5. qPCR 

Since we could not discard expression change as source of the repolarization by 

eplerenone, we examined genes which are either down- or upregulated by 

aldosterone or exhibit effects on ion conductance and transport in skeletal muscle 

and are connected to any of the genes regulated by aldosterone. We investigated 

the effect of insulin signaling additionally, by co-incubation of eplerenone and 

insulin. 

Downregulated by aldosterone.  

 Aldosterone reduces angiotensin converting enzyme 2 (Ace2) mRNA levels 

in cardiomyocytes (Yamamuro et al. 2008). Angiotensin-converting enzyme 

is part of the Renin-angiotensin-aldosterone pathway. Its function is to 

convert angiotensin I to angiotensin II.  

 Janus kinase (Jak) is upregulated by angiotensin II (Granzow et al. 2014). 

Jak is a membrane-associated tyrosine kinase. Jak is phosphorylating 

insulin receptor substrate 1 (IRS1) at a tyrosine residue (Cengel and 

Freund 1999). Phosphorylation of this residue suppresses insulin signaling.  

 Phosphatase and tensin homolog (PTEN) is the corresponding 

phosphatase (Shi et al. 2014).  

 Rho kinase (Rock1) expression is increased by angiotensin (Yousif et al., 

2014). Rock1 is modulating collagen expression in a Src-dependent 

manner. This is eplerenone-sensitive.  

 Levels of Kcnj1 mRNA are decreased by 45% after 3h with 300nM 

aldosterone (Fodstad et al. 2009). Kcnj1 is coding for ROMK. Aldosterone 

is a modulator of ROMK surface expression via Sgk1 and protein kinase A.  

 Expression of endothelial NO-synthase (eNOS) is caveolin-1 (cav-1) 

dependent and downregulated by MR-activation (Pojoga et al. 2010).  

 Aldosterone induces NO-synthesis via Nos1/2/3 and phosphatidylinositol-

4,5-bisphosphate 3-kinase (PI3K). It increases total inducible NO-synthase 

(iNOS; Godfrey et al., 2011).  

 Excess aldosterone causes diminished expression of insulin receptor, Akt 

and insulin-responsive glucose transporter type 4 (GLUT4; Selvaraj et al., 

2013).  
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 Activated Akt downregulates forkhead-box (FoxO) expression (Waugh et 

al., 2009). 

 In hypoaldosteronism Slc4a7 coding for electroneutral Na/HCO(3) 

cotransporter was found to be upregulated (Gröger et al. 2012). 

Upregulated by aldosterone.  

 Glycogen synthase kinases (GSK3α/ß) are direct targets of regulation by 

Akt and inhibit glycogen synthase. GSK3ß is downregulated by 

spironolactone (Zhu et al. 2013).  

 Aldosterone upregulates expression of epithelial sodium channel 

(ENaC/Scnn1a; Butterworth et al., 2009). 

 Aldosterone antagonism inhibits NADPH (Nox4) expression, upregulated by 

fibrosis (Zhang et al. 2013). Aldosterone stimulates reactive oxygen species 

production through activation of NADPH.  

 Gata4 is a transcription factor involved in hypertrophy and is connected to 

aldosterone signaling. MR-bound aldosterone induces GATA4 increase 

(Yoshida et al. 2010).  

 Serum- and glucocorticoid related kinase 1 (Sgk1) was found to be 

significantly increased after 3 hours with 300nM aldosterone (Fodstad et al. 

2009).  

 Voltage-dependent inwardly rectifying potassium channel KV7.4 (Kcnq4) is 

regulated by Sgk1. Sgk1 activity is modulated by phosphorylation by 

aldosterone and also effects ENaC.  

 Big Potassium Channel Alpha (Kcnma1) is upregulated by aldosterone 

dependent on high potassium (Wen et al., 2013). BK channel is a 

contributor to repolarization expressed in muscle under aldosterone 

regulation.  

 Also transcription of Kcnn4 coding for KCa3.1 is increased by the 

mineralocorticoid (Singh et al., 2012). Kcnn4 transcription is regulated 

under multiple mineralocorticoid response elements (MRE).  

 Kirsten rat sarcoma viral oncogene homolog (Kras) is induced by 

aldosterone via Akt-pathway (King et al., 2014; Stockand, 2002).  

 With elevated plasma aldosterone levels neuronal NO-synthase (nNOS) is 

upregulated (Kammerl et al. 2002).  
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 Placental growth factor (Pgf) mRNA is elevated with 100nM aldosterone 

after 4 hours (Jaffe et al. 2010). Inflammation is induced by aldosterone vie 

placental growth factor (Pgf).  

 Aldosterone increases c-Jun N-terminal kinase (Jnk/Mapk8) abundance 

(Chen et al. 2013). Jnk reduces insulin-sensitivity.  

 Angiotensin II is regulated by aldosterone reduces PTEN (da Silva et al., 

2016). 

Transcription of proteins investigated in the other experiments. 

 Aldosterone upregulates expression of Na,K-ATPase (Ewart and Canada 

1995).  

 Voltage-gated inwardly rectifying potassium channel 2.1 encoded by Kcnj2 

is the biggest contributor within the potassium channels to resting 

membrane potential and regulated by Phosphatidylinositol 4,5-

bisphosphate (PIP2), the substrate of PI3K and product of PTEN.  

 Bumetanide-sensitive sodium-potassium-chloride cotransporter (NKCC1) is 

encoded by Slc12a2 and has a big impact on membrane polarization.  

Genes of ion transporters and channels.  

 Outward K+-current through voltage-dependent potassium channel 

Kv2.1(Kcnb1) is regulated by Akt.  

 Voltage-gated chloride channel 1 (Clcn1) is involved in stabilization of 

membrane potential, cAMP-dependent PKA-activation and glucose 

transport.  

 Kcna7 is coding for Voltage-Dependent Potassium Channel KV1.7 highly 

expressed in muscle.  

 Kcnq5 codes for Voltage-Gated Potassium Channel Subunit KV7.5 

regulated by protein kinase C (PKC). Prkca codes for protein kinase C. 

 Sodium-bicarbonate exchanger (Slc4a4) is involved in aldosterone-induce 

cardiac remodeling. Ca2+-entry into the muscle might be facilitated by 

sodium-calcium exchanger (Slc8a3).  

 Slc9a1 is coding for the NHE1, regulating pH and cell volume in an 

aldosterone-sensitive manner. Potassium-chloride cotransporter (Slc12a6) 

is regulated by aldosterone via ERK1/2. 
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Other.  

 Shc1 downregulation increases insulin sensitivity (Tomilov et al. 2011). 

 FoxO3 transcription factor induces muscle atrophy and is inhibited by Akt. 

Evaluation.  

Since this experiment was only performed once with three biological replicates, we 

looked at p-values of ≤10% for possible tendencies of changes in expression. For 

the fold-change in serum-free medium, it was defined that a value of above 1.8 or 

below 0.6 was to be investigated closer (Table 5). The technical resolution of the 

method needs at least a two-fold change to compensate the variation in technical 

replicates. With this wide filtering, we still only found four of 48 genes to be 

changed or of a remarkable result. 

 A 2.35-fold change in Clcn1 was detected after 24 hour treatment with 

20mg/l eplerenone with simultaneous 10nM aldosterone incubation over 24 

hours aldosterone alone, but not significant (p=0.055). 

 Kcnma1 was by trend changed in all conditions with aldosterone. The 

highest change was 2.3-fold after 24 hours of eplerenone and aldosterone 

versus aldosterone alone but also not significant (p=0.09). 

 Kcnq5 exhibited a strong decrease in expression with eplerenone. In all 

conditions we found only in one out of three replicates mRNA, except after 

24 hours of eplerenone and aldosterone. 

 Nos1 was not significantly decreased by 0.57-fold (p=0.11) after 30 minutes 

of eplerenone and this change turned in the opposite direction after 24 

hours. 

 Repetition of the experiment with our own primers (Fig. 17) insignificantly 

decreased Ace expression 0.47-fold (p=0.07), after 30 minutes of 

eplerenone and 100nM insulin at the end of 24 hours of aldosterone 

incubation. 

 In fact, the only significant change we found was in Kcnj2 under the same 

conditions. We found eplerenone and insulin to reduce it to half (p=0.049). 

After 30 minutes insulin alone at the end of 24 hours of aldosterone it was 

reduced to a 0.56-fold (p=0.04). Between the two insulin treatments no 

significant change was detectable.  
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Table 5: Expression fold-change of 44 genes determined by quantitative RT-PCR 

Gene Protein 

10nM aldosterone 

24h 

10nM 

aldosterone 

24h 

10nM aldosterone 

24h 

20mg/l 

eplerenone 

30 min 

20mg/l 

eplerenone 

30 min 

20mg/l eplerenone 

30 min 

   

10nM aldosterone 

24h 

10nM 

aldosterone 

24h 

10nM aldosterone 

24h 

  
20mg/l eplerenone 

30 min 

Ace Angiotensin II converting enzyme 0.83 1.11 1.34 

Akt1 Protein Kinase B 0.98 0.94 0.96 

Akt2 Protein Kinase B 0.94 0.89 0.94 

Akt3 Protein Kinase B 0.97 1.00 1.03 

Atp1a1 Na,K-ATPase α1 subunit 0.99 0.96 0.98 

Atp1a2 Na,K-ATPase α2 subunit 0.95 0.96 1.02 

Clcn1 Chloride voltage-gated channel 1 1.61 2.35 (p=0.055) 1.46 

FoxO3 Forkhead Box O3 transcription activator 1.01 0.97 0.96 

Gata4 GATA Binding Protein 4 0.97 1.05 1.08 

Gapdh Glyceraldehyde-3-Phosphate Dehydrogenase 1.07 1.42 1.32 

Gsk3a Glycogen Synthase Kinase 3 1.01 1.09 1.08 

Gsk3b Glycogen Synthase Kinase 3 0.93 0.91 0.98 

InsR Insulin receptor 0.95 0.91 0.96 

Jak1 Tyrosine-Protein Kinase JAK1 0.95 0.99 1.03 

Kcna7 Delayed rectifier 1.03 1.33 1.29 

Kcnb1 Delayed rectifier 0.92 0.94 1.02 

Kncj1 ROMK Kir1.1 - - - 

Kcnj2 inwardly-rectifying potassium channel 2.1 0.87 0.94 0.81 

Kcnma1 BK Channel Alpha Subunit 1.64 2.30 (p=0.09) 1.41 

Kcnn4 Small Conductance Calcium-Activated Potassium Channel 4 0.90 1.09 1.21 

Kcnq4 Delayed rectifier 0.96 0.96 1.01 

Kcnq5 Delayed rectifier 0.17 (n=3 vs n=1) 0.63 3.78  (n=3 vs n=1) 

Kras Kirsten Rat Sarcoma Viral Oncogene Homolog 0.95 0.95 1.00 

Mapk8 JNK 0.93 0.96 1.03 

Nos1 neuronal NO-Synthase 0.57 (p=0.11) 1.68 0.95 

Nos2 inducible NO-Synthase 1.48 1.28 0.86 

Nos3 endothelial NO synthase - - 1.54 

Nox4 Napdh 0.96 1.15 1.20 

Nr3c2 Mineralocorticoid receptor 1.02 1.54 1.50 

Pgf Placental Growth Factor 1.22 1.33 1.09 

Pik3ca PI3K catalytic subunit 1.01 1.01 1.00 

Pik3R1 PI3K regulatory subunit 0.92 0.95 1.04 

Prkca Protein Kinase C, Alpha 0.98 0.98 1.00 

Pten Phosphatase And Tensin Homolog 1.12 1.13 1.01 

Rock1 Rho kinase 0.96 0.89 0.93 

Scnn1a ENaC 0.74 0.91 1.22 

Sgk1 Serum/Glucocorticoid Regulated Kinase 1.16 1.42 1.22 

Shc1 Src Homology 2 Domain-Containing-Transforming Protein C1 1.01 1.01 1.00 

Slc12a2 Sodium/Potassium/Chloride Transporter 0.98 0.96 0.97 

Slc12a6 KCC 1.00 0.97 0.96 

Slc2a4 Glucose Transporter Type 4, Insulin-Responsive 1.01 0.95 0.94 

Slc4a4 NBC, Sodium Bicarbonate Cotransporter 1  0.80 0.98 1.23 

Slc4a7 NBC, Sodium Bicarbonate Cotransporter 3 0.98 0.95 0.97 

Slc8a3 NCX, Sodium/Calcium Exchanger 1 1.13 1.14 1.00 

Slc9a1 Sodium/Hydrogen Exchanger 1 0.96 0.92 0.96 

Src Non-Receptor Tyrosine Kinase 1.01 0.89 0.88 
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Fig. 17: Ct-values of indicated genes (A: Ace, Angiotensin II converting enzyme; B: Akt1 Protein 
kinase B; C: Kcnj2, inwardly-rectifying potassium channel 2.1; D: Kcnma1, BK Channel Alpha 
Subunit; E: Nr3c2, Mineralocorticoid receptor; F: Slc4a4, Electrogenic NBCe1) of two to three 
biological repetitions with control (light blue; 1:500 dimethyl sulfoxide for 24 hours), 24 hours of 10 
nM Aldosterone (orange), 24 hours of 10 nM aldosterone and 30 minutes 20 mg/l eplerenone 
(grey) , 24 hours of 10 nM aldosterone and 20 mg/l eplerenone (yellow), 24 hours of 10 nM 
aldosterone and 30 minutes 100 nM insulin (dark blue), 24 hours of 10 nM Aldosterone and 30 
minutes 20 mg/l eplerenone and 100 nM insulin (green). Average and standard error are indicated 
by bar and whiskers; n=3. 
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4. Discussion 

Treatment of Duchenne muscular dystrophy is still rather unsatisfactory because 

only some symptoms can be alleviated. Medication with glucocorticoids from a 

young age of the afflicted boys onwards delays the age at which they need a 

wheelchair. This prevents scoliosis and, in combination with assisted ventilation, 

reduces respiratory problems. But gene therapy, searched for since the detection 

of the “Duchenne” gene in 1990, seems still far away. Medication influencing 

another pathway in addition to the reduction of the inflammation would perhaps 

help to reduce the well-known muscular problems when applied at a very early 

age of the patients. The preliminary results of treatment of a DMD patient with the 

potassium-sparing diuretic drug eplerenone seemed potentially helpful (Lehmann-

Horn et al. 2012) as it caused repolarization of the depolarized muscle fibers. 

Resting membrane potentials 

The DMD model used in this study was generated by the application of ionophores 

for sodium and potassium ions plus a potassium channel blocker to strips of rat 

diaphragm. These two measures together produced an accumulation of [Na+]i in 

the muscle fibers and effected the desired depolarization. Additional application of 

eplerenone produced in about 50 % of the fibers a repolarization beyond -70 mV. 

With this repolarization the fibers are able to generate action potentials and normal 

force. If eplerenone is applied to normal diaphragm muscle fibers (i.e. not treated 

to become a DMD model) it does not hyperpolarize the muscle fibers. A similar 

effect has already been described for acetazolamide (Jurkat-Rott et al. 2009). 

Role of the sodium-potassium pump Na,K-ATPase 

 In spite of the fact that the pump always exchanges 3 intracellular Na+ against 2 

extracellular K+ it does not much contribute to the resting potential. The latter is 

mainly determined by the large potassium conductance of the cell membranes. 

When this conductance was lowered, as in our DMD model, the resting potential 

depends much more on the Na,K-ATPase. 

By the same token, ouabain, the blocker of the pump, had little effect on the 

resting potential of normal diaphragm muscle fibers. But when the potassium 

conductance was lowered as it is in the DMD model, ouabain plus eplerenone 
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caused repolarization by about 10 mV. Obviously, eplerenone was able to 

stimulate the pump to such a high degree that the membrane potential was shifted 

to rather negative values. 

Results relating to the molecular biology of the Na,K-ATPase 

It is well known that the expression of the Na,K-pump is increased when the 

intracellular sodium concentration, [Na+]i is increased for  a longer duration 

(Senatorov et al. 2000). This effect should also favor the repolarizing power of 

eplerenone. The expression of the α1 und α2 subunits of the Na,K-ATPase is 

regulated by the potassium content of the serum (Azuma et al. 1991, Jurkat-Rott 

et al. 2009). Our investigations using qPCR did not reveal changes in the amounts 

of ATP1A1 und ATP1A2 mRNA. 

Aldosterone can reduce the amount of the membrane-bound catalytic subunit of 

the Na,K-ATPase. Unfortunately, we were not able to check this result first 

reported by Alzamora et al. (2003).  The tests should, however, be included in any 

future planning of this project.  

The absolute amount of the Na,K-ATPase α1 subunit was unchanged by either 

aldosterone or eplerenone in our ELISA experiments. Therefore, the repolarizing 

effect must be generated by some secondary modification. 

As to Tyr10 as a site of phosphorylation, Shahidullah et al. (2014) have shown that 

increased phosphorylation has a negative influence on the activity of the ATPase. 

Depending on the tissue, the tyrosine phosphorylation process of the ATPase can 

produce diverse effects. In non-pigmented ciliary epithelium, inhibition increased 

the activity (Nakai et al. 1999) whereas in proximal tubules the opposite effect was 

observed (Garvin and Sanders 1991, Féraille et al. 1997).  
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Sodium-Potassium-chloride cotransporter, NKCC 

When eplerenone was administered together with bumetanide the repolarizing 

power of the two drugs was the largest seen in the series of experiments. On the 

other hand, bumetanide by itself had hardly an effect on the DMD model. So far, 

bumetanide has not much been discussed as a possible medication for DMD 

patients. Perhaps the known side effects are the reason for this. The combination 

of eplerenone and bumetanide would, however, permit one to keep the 

concentration of bumetanide low and thus have the wanted effect without 

unwanted side effects. 

At any rate, when bumetanide is administered, hyperpolarization of the muscle 

fibers must be avoided because this could interfere with the conduction of the 

action potential along the surface of the muscle fibers. Another critical point could 

be the reduced transport of potassium into the cells.   
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5. Summary 

Duchenne muscular dystrophy (DMD) is a disease that only affects males with an 

incidence of around one in 3500 new-born boys. Its relentless progress is 

characterized by loss of the ability to walk by the age of 10 or 11. The disease 

leads usually to death around the late teens or the early twenties. DMD is caused 

by a large number of different mutations in the large X-chromosomal gene coding 

for dystrophin, a rare, but important structural protein. Most of these mutations 

lead to a complete lack of dystrophin in the membranes of the skeletal muscle 

cells of patients. This lack leads to destabilization and degradation of the muscular 

contractile proteins. 

At an early stage of the decay process, affected muscle fibers may show a 

swelling that was not explained until recently, when Lehmann-Horn et al. noted 

that the edema was caused by an increase of the intracellular sodium 

concentration [Na+]i of the muscle fibers. The swollen fibers showed a reduced 

resting membrane potential and this was the first reason for their inability to 

contract. A potassium-sparing diuretic agent – eplerenone – was able to reduce 

the edema by extruding the surplus [Na+]i from the cell interior. This process 

caused a repolarization of the cell membranes and a recovery of contractility. The 

present study investigated the fast (within 30 min) action of the diuretic agent with 

electrophysiological and molecular biologic methods. 

A major electrophysiological finding was that the action of eplerenone was caused 

by its effect on the sodium-potassium pump (Na,K-ATPase). Normally, the pump 

contributes little to the resting membrane potential. The increase of its importance 

under eplerenone is, therefore, an unexpected new result. In addition, we found 

that bumetanide, a blocker of the sodium-potassium cotransporter, when given 

together with eplerenone has a strong positive effect on the repolarization of the 

fibers. 

The molecular biologic experiments were designed to reveal by which kind of 

modification of the sodium-potassium pump eplerenone can exert its action. We 

found a phosphorylation of tyrosine at position 10 which can be modified by 

aldosterone. Eplerenone is an antagonist of aldosterone. The search for a kinase 

that mediates the effect of eplerenone between its receptor and the Na,K-pump 
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yielded a change in the phosphorylation of the protein kinase B and its opponent, 

i.e. the glycogen synthase-kinase 3. Data from the literature suggest that these 

findings are of relevance for the effect of eplerenone on the membrane resting 

potential. Further exploration of these connections could be the direction of further 

research into this interesting approach to a possible early treatment of DMD.  
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Appendix 

A. Original Western Blots 

 

Original of Western blot of C2C12 myotube lysate with antibodies for Akt (1:1,000) 

and Actin (1:10,000). From left to right: Control, 100mg/L Aldosterone for 24h, 

20mg/L Eplerenone for 30 min, 100mg/L Aldosterone for 24h and 5mg/L 

Eplerenone for 30 min, 100mg/L Aldosterone for 24h and 20mg/L Eplerenone for 

30 min, 100mg/L Aldosterone for 24h and 100mg/L Eplerenone for 30 min. 

 

Original of Western blot of C2C12 myotube lysate with antibodies for pAkt S473 

(1:500) and Actin (1:10,000). From left to right: Control, 100mg/L Aldosterone for 

24h, 20mg/L Eplerenone for 30 min, 100mg/L Aldosterone for 24h and 5mg/L 

Eplerenone for 30 min, 100mg/L Aldosterone for 24h and 20mg/L Eplerenone for 

30 min, 100mg/L Aldosterone for 24h and 100mg/L Eplerenone for 30 min. 
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Original of Western blot of C2C12 myotube lysate with antibodies for GSK3α 

(1:1,000) and Actin (1:10,000). From left to right: Control, 100mg/L Aldosterone for 

24h, 20mg/L Eplerenone for 30 min, 100mg/L Aldosterone for 24h and 5mg/L 

Eplerenone for 30 min, 100mg/L Aldosterone for 24h and 20mg/L Eplerenone for 

30 min, 100mg/L Aldosterone for 24h and 100mg/L Eplerenone for 30 min. 

 

Original of Western blot of C2C12 myotube lysate with antibodies for pGSK3α S21 

(1:500) and Actin (1:10,000). From left to right: Control, 100mg/L Aldosterone for 

24h, 20mg/L Eplerenone for 30 min, 100mg/L Aldosterone for 24h and 5mg/L 

Eplerenone for 30 min, 100mg/L Aldosterone for 24h and 20mg/L Eplerenone for 

30 min, 100mg/L Aldosterone for 24h and 100mg/L Eplerenone for 30 min, 

Control, 100mg/L Aldosterone for 24h, 20mg/L Eplerenone for 30 min, 100mg/L 

Aldosterone for 24h and 5mg/L Eplerenone for 30 min, 100mg/L Aldosterone for 

24h and 20mg/L Eplerenone for 30 min, 100mg/L Aldosterone for 24h and 

100mg/L Eplerenone for 30 min. 
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Original of Western blot of C2C12 myotube lysate with antibodies for IRS1 

(1:1,000) and Actin (1:10,000). From left to right: Control, 20mg/L Eplerenone for 

30 min, 100mg/L Aldosterone for 24h,  100mg/L Aldosterone for 24h and 20mg/L 

Eplerenone for 30 min. 

 

Original of Western blot of C2C12 myotube lysate with antibodies for pIrs1 S612 

(1:500) and Actin (1:10,000). From left to right: Control, Control, 100mg/L 

Aldosterone for 24h, 100mg/L Aldosterone for 24h, 20mg/L Eplerenone for 30 min, 

20mg/L Eplerenone for 30 min, 100mg/L Aldosterone for 24h and 5mg/L 

Eplerenone for 30 min, 100mg/L Aldosterone for 24h and 5mg/L Eplerenone for 30 

min, 100mg/L Aldosterone for 24h and 20mg/L Eplerenone for 30 min, 100mg/L 

Aldosterone for 24h and 20mg/L Eplerenone for 30 min, 100mg/L Aldosterone for 

24h and 100mg/L Eplerenone for 30 min, 100mg/L Aldosterone for 24h and 
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100mg/L Eplerenone for 30 min. 

 

Original of Western blot of C2C12 myotube lysate with antibodies for Sgk1 

(1:1,000) and Actin (1:10,000). From left to right: Control, Control, Control, Control, 

100mg/L Aldosterone for 24h, 100mg/L Aldosterone for 24h, 100mg/L Aldosterone 

for 24h, 100mg/L Aldosterone for 24h, 20mg/L Eplerenone for 30 min, 20mg/L 

Eplerenone for 30 min, 20mg/L Eplerenone for 30 min, 20mg/L Eplerenone for 30 

min. 

 

Original of Western blot of C2C12 myotube lysate with antibodies for Sgk1 

(1:1,000) and Actin (1:10,000). From left to right: 100mg/L Aldosterone for 24h and 

20mg/L Eplerenone for 30 min, 100mg/L Aldosterone for 24h and 20mg/L 

Eplerenone for 30 min, 100mg/L Aldosterone for 24h and 20mg/L Eplerenone for 

30 min, 100mg/L Aldosterone for 24h and 20mg/L Eplerenone for 30 min. 

 

Original of Western blot of C2C12 myotube lysate with antibodies for Src (1:1,000) 

and Actin (1:10,000). From left to right: Control, 100mg/L Aldosterone for 24h, 

20mg/L Eplerenone for 30 min, 100mg/L Aldosterone for 24h and 5mg/L 

Eplerenone for 30 min, 100mg/L Aldosterone for 24h and 20mg/L Eplerenone for 
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30 min, 100mg/L Aldosterone for 24h and 100mg/L Eplerenone for 30 min, 

Control, 100mg/L Aldosterone for 24h, 20mg/L Eplerenone for 30 min, 100mg/L 

Aldosterone for 24h and 5mg/L Eplerenone for 30 min, 100mg/L Aldosterone for 

24h and 20mg/L Eplerenone for 30 min, 100mg/L Aldosterone for 24h and 

100mg/L Eplerenone for 30 min, Control, 100mg/L Aldosterone for 24h, 20mg/L 

Eplerenone for 30 min, 100mg/L Aldosterone for 24h and 5mg/L Eplerenone for 30 

min, 100mg/L Aldosterone for 24h and 20mg/L Eplerenone for 30 min, 100mg/L 

Aldosterone for 24h and 100mg/L Eplerenone for 30 min, Control, 100mg/L 

Aldosterone for 24h, 20mg/L Eplerenone for 30 min, 100mg/L Aldosterone for 24h 

and 5mg/L Eplerenone for 30 min, 100mg/L Aldosterone for 24h and 20mg/L 

Eplerenone for 30 min, 100mg/L Aldosterone for 24h and 100mg/L Eplerenone for 

30 min. 
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B. ANOVA Analysis protocols 

Western Blot of C2C12 cells with following antibodies: 

Akt 

Table: Measured signal of total Akt protein normalized to Actin. 

Control Epl Aldo Epl+Aldo 

1569149 1710660 2246709 4042270 

1556513 1755533 1733929 3950262 

1757604 1963875 2224050 4229027 

2400981 2044705 3016137 3189957 

1760032 2789172 3072639 3388709 

3090157 2227086 3586978 3924329 

2281518 911847,4 2779583 4268353 

2216526 2183458 1002341 2005193 

1800777 1985074 817505,9 2250878 

1289660 1990922 746912,8 2171514 

964424,3 949772,8 890269 2399318 

1240960 1118152 205004,2 137402,4 

404202,6 408156,5 138944,6 251150,4 

194359,5 166889,2 247566,4 237669,2 

172927,7 226132 158155,3 120839 

273022 160797 499369 594771,5 

620763,3 642503,1 1026784 957725 

648982,2 1094904 1642634 1397423 

  1446438 1513868 

  1201301 1937602 
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Kruskal-Wallis One Way Analysis of Variance on Ranks 

Normality Test (Shapiro-Wilk) Passed (P = 0,144)  

Equal Variance Test: Failed (P < 0,050) 

Group N  Missing  Median  25% 75% 

Col 1 19 1 1423086 566623,2 1904714 

Col 2 19 1 1414406 583916,5 2004368 

Col 3 21 1 1114043 561255 2241044 

Col 4 21 1 2088354 685509,9 3790424 

 

H = 3,611 with 3 degrees of freedom.  (P = 0,307) 

The differences in the median values among the treatment groups are not great 

enough to exclude the possibility that the difference is due to random sampling 

variability; there is not a statistically significant difference   (P = 0,307). 
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pAkt S473 

Table: Measured signal of Akt protein phosphorylated at S473 normalized to Actin. 

Control Epl Aldo Epl+Aldo 

150849,5 118063,7 43529 72663,29 

121489,2 134772,7 46331,2 58063,06 

101336 136522,1 61969,06 60510,56 

87871,06 152818,4 2187,429 57620,41 

63493,77 3505,926 3435,602 5421,58 

49892,98 3202 2830,779 5930 

49768,9 3841,144 2396,106 4433,504 

46129,61 3701,458 9662,301 5028,904 

145331,4 15101,72 10741,67 14572,18 

201691,4 12185,79 8394 16546,13 

113573,7 14126,46 9946,946 10560,6 

183416,1 17768,96 28912,72 14407,78 

62599,5 29306,94 15270,18 13291,78 

17044,17 7349,37  44060,77 

 

Kruskal-Wallis One Way Analysis of Variance on Ranks 

Normality Test (Shapiro-Wilk) Failed (P < 0,050) 

Group N  Missing  Median  25% 75% 

Col 1 15 1 94603,55 49861,96 146711 

Col 2 15 1 14614,09 3806,222 122240,9 

Col 3 14 1 9946,946 3133,191 36220,86 

Col 4 15 1 14489,98 5802,895 57731,07 

 

H = 19,332 with 3 degrees of freedom.  (P = <0,001) 

The differences in the median values among the treatment groups are greater than 

would be expected by chance; there is a statistically significant difference (P = 

<0,001). 
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To isolate the group or groups that differ from the others use a multiple 

comparison procedure. 

All Pairwise Multiple Comparison Procedures (Dunn's Method): 

Comparison Diff of 

Ranks 

Q P<0,05 

Col 1 vs Col 3 25,577 4,145 Yes 

Col 1 vs Col 4 19,286 3,185 Yes 

Col 1 vs Col 2 17,857 2,949 Yes 

Col 2 vs Col 3 7,72 1,251 No 

Col 2 vs Col 4 1,429 0,236 Do Not Test 

Col 4 vs Col 3 6,291 1,02 Do Not Test 
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GSK3α 

Control Epl Aldo Epl+Aldo 

1932873 1359264 1446863 2774885 

1616834 1468081 1106514 2477948 

1521075 1837959 1325131 142381,5 

1492776 1873144 120761,2 148993,9 

104433,5 113852,8 118416,7 108565,4 

88677,71 107953 103111,6 127879 

104590,4 94965,97 96410,27 168851,3 

105322,8 90102 171149,6 120527,6 

272086,6 109243,7 121757,8 121957,2 

324057 129160,5 129719,3 141242,7 

240841,7 109247,8 119607,7 696261,3 

317258,3 112136 846845,8 644149 

913103,7 899448,3 1252380 609712,1 

865329,6 858110,5 674078,5 477862,6 

685744 854311,8 517957,9  

526328,4 505780   

 

Kruskal-Wallis One Way Analysis of Variance on Ranks 

Normality Test (Shapiro-Wilk) Failed (P < 0,050) 

Group N  Missing  Median  25% 75% 

Col 1 17 1 425192,7 139202,6 1347858 

Col 2 17 1 317470,3 109244,7 1244310 

Col 3 16 1 171149,6 119607,7 1106514 

Col 4 15 1 158922,6 126398,5 657177,1 

H = 0,542 with 3 degrees of freedom.  (P = 0,910) 

The differences in the median values among the treatment groups are not great 

enough to exclude the possibility that the difference is due to random sampling 

variability; there is not a statistically significant difference    (P = 0,910) 
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pGSK3α S21 

Control Epl Aldo Epl+Aldo 

122674,123 69310,7469 63149,5495 121558,954 

110265,729 80912,7192 68505,1949 83318,8634 

101803,947 72645,3681 84415,9261 120472,851 

87928,9415 71774,7383 70658,1456 106265,763 

67252,1288 55232,6622 48138,4923 82885,8645 

59715,6381 44985,5139 50273,8191 67754,0748 

57950,8617 38312,093 36964,3573 64881,4327 

42688,6056 43332,0002 42208,2316 89184,1095 

 

Kruskal-Wallis One Way Analysis of Variance on Ranks  

One Way Analysis of Variance 

Group 

Name  

N  Missing Mean Std Dev SEM 

Col 1 9 1 81284,997 28571,799 10101,656 

Col 2 9 1 59563,23 16113,017 5696,812 

Col 3 9 1 58039,215 16229,232 5737,9 

Col 4 9 1 92040,239 21966,125 7766,198 

 

Source of 

Variation 

 DF   SS   MS    F    P  

Between 

Groups 

3 6682050315 2227350105 4,89 0,007 

Residual 28 1,2753E+10 455468909   

Total 31 1,9435E+10    

 

The differences in the mean values among the treatment groups are greater than 

would be expected by chance; there is a statistically significant difference (P = 
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0,007). Power of performed test with alpha = 0,050: 0,772 

All Pairwise Multiple Comparison Procedures (Tukey Test): 

Comparisons for factor: 

Comparison Diff of Means p q P P<0,050 

Col 4 vs. Col 3 34001,024 4 4,506 0,018 Yes 

Col 4 vs. Col 2 32477,009 4 4,304 0,025 Yes 

Col 4 vs. Col 1 10755,242 4 1,425 0,746 No 

Col 1 vs. Col 3 23245,782 4 3,081 0,154 No 

Col 1 vs. Col 2 21721,767 4 2,879 0,199 Do Not Test 

Col 2 vs. Col 3 1524,016 4 0,202 0,999 Do Not Test 
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IRS1 

Control Epl Aldo Epl+Aldo 

681265,096 674014,294 1706743,49 1380271,54 

1152293,75 936877,201 1292155,44 840699,118 

1029564,93 669393,315 1408938,15 871940,803 

1300589,75 312586 1127140,18 1145789,8 

265384,433 669802,971 510848,145 1684534,37 

365194,997 698965,177 486407,863 1346370,54 

102972,409 537768,108 348512 2557742,13 

120196,088 900788,06 609365,915 600264,995 

17308,4157 22811,2767 24066 22491,1654 

19212,172 13987,8203 15989,9641 33508,6479 

37096,7456 73278,3552 51817,19 99860,7633 

47148 107955,753 59974,3646 123415,083 

164555,129 117891,057 113303,317 148578,225 

150344,642 153296,209 91566,1651 122743,035 

  635463,5 848260,068 

  668335,025 753819,079 

  702920,865 747103,862 

Kruskal-Wallis One Way Analysis of Variance on Ranks  

Normality Test (Shapiro-Wilk) Failed (P < 0,050) 

Group N  Missing  Median  25% 75% 

Col 1 15 1 157449,886 44635,186 768340,055 

Col 2 15 1 425177,054 99286,404 680252,015 

Col 3 18 1 510848,145 75770,265 915030,521 

Col 4 18 1 753819,079 123079,059 1246080,17 

H = 3,732 with 3 degrees of freedom.  (P = 0,292) 

The differences in the median values among the treatment groups are not great 

enough to exclude the possibility that the difference is due to random sampling 

variability; there is not a statistically significant difference    (P = 0,292). 
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Sgk 

Control Epl Aldo Epl+Aldo 

13636,6951 12584,9824 17433,9226 28952,9692 

16948,5333 11244,9723 10554,2423 27680,6367 

22772,2141 12175 15021,7266 29229,5796 

16025,4576 10957,9058 17337,7281 28168,1621 

113032,18 143920 177313,86 109048 

104893,248 144057,239 141251,051 119944,05 

154445,508 95373,6378 156589,742 114801,397 

170972,902 36357,6225 157977,663 111717,797 

71219 65173,2924 48308,4445 69253,6642 

64627,6211 74591,68 43681,0958 66907,4043 

79376,4229 44899,5739 51188,7762 70881,6796 

71878,0788 63837,3575 53083,0656 55376,0175 

6159,5501 6060,5014 8185,1987 6323,2126 

9204,4604 2876,1048 6236,1241 5537,3149 

11506,6018 4444,6923 6034,8261 7464,2282 

11563,3336 833 1053,3744 6858,8343 

Kruskal-Wallis One Way Analysis of Variance on Ranks  

Normality Test (Shapiro-Wilk) Failed (P < 0,050) 

Group N  Missing  Median  25% 75% 

Col 1 17 1 43699,918 12081,674 98514,042 

Col 2 17 1 24471,302 7284,852 72237,083 

Col 3 17 1 30557,509 8777,46 119209,055 

Col 4 17 1 42302,799 12518,33 99506,42 

H = 1,368 with 3 degrees of freedom.  (P = 0,713) 

The differences in the median values among the treatment groups are not great 

enough to exclude the possibility that the difference is due to random sampling 

variability; there is not a statistically significant difference    (P = 0,713). 
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Src 

Control Epl Aldo Epl+Aldo 

609770,769 635270,234 636545 399408,26 

549765,155 569802,261 674198,64 427583,142 

696993,412 683423,964 627960,687 458960,695 

571817,297 749358,573 633005,555 405867 

134609,114 156045,741 131218,316 151421,672 

217907,763 191921,894 206887 112131,395 

217889,134 219190,951 200428,922 224563,268 

287922,137 192830,529 276509,983 177480,491 

131012,117 94782,6774 168454,368 98572,9343 

77508,4123 159582,59 130083,075 61802,4545 

666300,716 460371,265 422052,635 521993,726 

508224 419126,582 514100,095 355920,381 

 

Kruskal-Wallis One Way Analysis of Variance on Ranks  

Normality Test (Shapiro-Wilk) Failed (P < 0,050) 

Group N  Missing  Median  25% 75% 

Col 1 13 1 398073,068 155429,119 600282,401 

Col 2 13 1 319158,767 167667,416 618903,24 

Col 3 13 1 349281,309 176448,007 631744,338 

Col 4 13 1 290241,825 121953,965 422154,106 

 

H = 2,334 with 3 degrees of freedom.  (P = 0,506) 

The differences in the median values among the treatment groups are not great 

enough to exclude the possibility that the difference is due to random sampling 

variability; there is not a statistically significant difference    (P = 0,506). 
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Conductance of C2C12 transfected with Kir2.1 

Control Epl Aldo Aldo+Epl 

-1080,6232 -365,068 -1314,6387 -2876,4575 

-411,5791 -671,716 -9991,1069 -1850,7478 

-887,7925 -661,7913 -1235,4473 -1638,3408 

-1321,9258 -822,7318 -457,6608 -1129,571 

-120,0855 -1270,0159 -1916,1692 -1187,1802 

-141,1007 -183,9415  -2217,2222 

-444,53 -1488,1739  -895,4967 

-1617,0513 -944,31  -1858,9014 

-1118,4658 -735,9916  -969,0383 

-1111,767 -1175,9994  -776,7925 

-139,9948 -476,4292  -425,0743 

-428,4089 -1232,4331  -577,9318 

-1558,1096 -733,8978  -1998,0669 

-1532,5466 -474,4925  -609,5353 

 -841,8088  -1350,4757 

 -596,2726   

 -396,605   

 -654,9297   

 -104,1133   

 

Kruskal-Wallis One Way Analysis of Variance on Ranks  

Normality Test (Shapiro-Wilk) Failed (P < 0,050) 

Group N  Missing  Median  25% 75% 

Col 1 15 1 -984,208 -1374,581 -343,959 

Col 2 20 1 -671,716 -944,31 -474,492 

Col 3 6 1 -1314,639 -5953,638 -846,554 

Col 4 16 1 -1187,18 -1858,901 -776,792 
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H = 10,541 with 3 degrees of freedom.  (P = 0,014) 

The differences in the median values among the treatment groups are greater than 

would be expected by chance; there is a statistically significant difference (P = 

0,014). 

To isolate the group or groups that differ from the others use a multiple 

comparison procedure. 

 

 

All Pairwise Multiple Comparison Procedures (Dunn's Method): 

Comparison Diff of 

Ranks 

Q P<0,05 

Col 2 vs Col 3 17,526 2,258 No 

Col 2 vs Col 4 14,393 2,698 Do Not Test 

Col 2 vs Col 1 3,026 0,556 Do Not Test 

Col 1 vs Col 3 14,5 1,802 Do Not Test 

Col 1 vs Col 4 11,367 1,981 Do Not Test 

Col 4 vs Col 3 3,133 0,393 Do Not Test 
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ELISA of C2C12 with Na,K phosphorylated at Y10 

Kruskal-Wallis One Way Analysis of Variance on Ranks  

Normality Test (Shapiro-Wilk) Passed (P = 0,469) 

Equal Variance Test: Failed (P < 0,050) 

Group N  Missing  Median  25% 75% 

Col 1 5 1 1,087 0,622 1,855 

Col 2 5 1 0,369 0,218 0,696 

Col 3 5 1 0,233 0,228 0,492 

Col 4 5 1 0,41 0,355 0,544 

 

H = 8,140 with 3 degrees of freedom.  (P = 0,043) 

The differences in the median values among the treatment groups are greater than 

would be expected by chance; there is a statistically significant difference (P = 

0,043). 

To isolate the group or groups that differ from the others use a multiple 

comparison procedure. 

All Pairwise Multiple Comparison Procedures (Tukey Test): 

Comparison Diff of 

Ranks 

q P<0,05 

Col 1 vs Col 3 37 3,886 Yes 

Col 1 vs Col 2 27 2,836 No 

Col 1 vs Col 4 24 2,521 Do Not Test 

Col 4 vs Col 3 13 1,365 No 

Col 4 vs Col 2 3 0,315 Do Not Test 

Col 2 vs Col 3 10 1,05 Do Not Test 

 

A result of "Do Not Test" occurs for a comparison when no significant difference is 

found between the two rank sums that enclose that comparison.  For example, if 

you had four rank sums sorted in order, and found no significant difference 
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between rank sums 4 vs. 2, then you would not test 4 vs. 3 and 3 vs. 2, but still 

test 4 vs. 1 and 3 vs. 1 (4 vs. 3 and 3 vs. 2 are enclosed by 4 vs. 2: 4 3 2 1).  Note 

that not testing the enclosed rank sums is a procedural rule, and a result of Do Not 

Test should be treated as if there is no significant difference between the rank 

sums, even though one may appear to exist. 
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