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1 Introduction 

1.1 The acute respiratory distress syndrome 

The acute respiratory distress syndrome (ARDS) is a devastating syndrome, 

characterized by severe alveolar flooding with a protein-rich exudate that impairs 

alveolar gas exchange and which ultimately leads to respiratory failure (1). 

Current epidemiological analyses indicate that approximately 190,000 cases of 

acute lung injury (ALI) occur per year in the United States of America, mortality 

rates being 38.5% for ALI and 41.1% for ARDS (2). The acute respiratory distress 

syndrome was first described in 1967, when Dr. David G. Ashbaugh described a 

group of 12 adult patients suffering from a respiratory syndrome which did not 

respond to the usual methods of therapy. He had made the observation that “the 

pathophysiology of the illness closely resembled the infantile respiratory distress 

syndrome.” Although the patients originally had experienced several different 

underlying illnesses and traumata, the outcome of the respiratory distress 

syndrome was similar. Initially this condition was termed “adult respiratory 

distress syndrome” (3, 4), but as it occurs in infants as well as in adults, it is now 

called “acute respiratory distress syndrome”. In 1994 the American-European 

Consensus Conference committee suggested a new definition of the syndrome, 

categorizing patients into those having “acute lung injury” with less severe 

hypoxemia, and in patients with “acute respiratory distress syndrome” which 

describes more severe cases. According to the definition, ALI is considered to be 

present if PaO2/FiO2 <300 and ARDS if PaO2/FiO2 <200 (5). The initial trigger for 

ALI/ARDS is always a systemic or direct injury to the alveolar epithelium. The 

most common systemic causes are sepsis or acute pancreatitis; direct injuries can 

be trauma, aspiration or pneumonia, to name the most common. In the acute, 

exsudative phase inflammation is observed, in conjunction with atelectasis, 

congestion and alveolar flooding, leading to respiratory failure. If pulmonary 

edema persists, a fibroproliferative phase has been described, leading to the onset 

of pulmonary fibrosis. Other consequences include multiple organ failure or 

pulmonary hypertension. Impaired alveolar fluid clearance (AFC), caused by 

epithelial injury, is the underlying pathomechanism of persistent pulmonary 
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edema. There is a positive statistical correlation between patient mortality and the 

persistence of pulmonary edema due to an inability to clear edema (6-8). The key 

features of the alveolar pathology associated with ARDS are illustrated in Figure 

1 [adapted from (9)].  

A                                                     B 

 

Figure 1. A healthy alveolus in comparison to an alveolus in the acute exsudative phase of 

the acute respiratory distress syndrome and in the phase of edema resolution. 

(A) On the left side a healthy alveolus with an intact epithelial cell layer, consisting of alveolar 

type I and type II cells, is illustrated. In an injured alveolus depicted on the right side, the epithelial 

cell layer is disrupted and permeable, with infiltration of inflammatory and blood cells, and the 

alveolus is filled with protein-rich edema fluid. (B) An alveolus in recovery: resolution of the 

edema fluid proceeds, where protein is resorbed and phagocytosed, and type II cells proliferate to 

restore tissue integrity. If the patient survives the exsudative phase of ARDS, fibrosis can occur, 

characterized by differentiation of fibroblasts to myofibroblasts and accumulation of extracellular 

matrix [from (9)]. 

 

1.2 Alveolar fluid clearance 

When ARDS was first described in 1967, little was known about the mechanisms 

by which the epithelium regulates fluid transport. In healthy humans, AFC is an 

essential mechanism to keep the amount of epithelial lining fluid (ELF) constant, 

and thereby prevent pulmonary edema. During fetal development, prior to birth, 

the lungs are filled with a protein-free and isoosmolar fluid. This fluid is secreted 

by the lung during ontogenesis, and gas exchange is a function of the placenta. 
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The presence of this fluid in the lungs of the fetus is essential for the proper 

development of the respiratory system. During birth and soon thereafter, the lungs 

must be rapidly cleared of fluid and switched from placental to pulmonary gas 

exchange (10). It is now widely accepted that the epithelial barrier plays an 

essential role in the regulation of fluid balance in the healthy as well as the 

diseased lung. Alveolar fluid clearance is known to be a complex process that 

comprises the well-regulated vectorial transport of sodium, chloride and water, 

amongst other molecules, across the epithelial barrier (11). A significant fraction 

of the transepithelial water transport is driven by active Na+ transport across the 

alveolar epithelium, creating an osmotic force which constitutes the mechanism 

that clears the fetal fluid from the lung during birth, and helps the adult alveolus to 

stay clear from excessive fluid (12-15). Through this mechanism, alveolar edema 

fluid can be transported into the interstitium and cleared by the lymphatic 

drainage or, if transported into the vasculature, by the circulation (16). Therefore, 

it is no surprise that fluid absorption in the lungs of newborns, as well as the 

clearance of pulmonary edema, is dependent upon the presence of the epithelial 

sodium channel, ENaC (17, 18).  

1.3 The epithelial sodium channel  

Active transepithelial Na+ transport is performed in two steps: the Na,K-ATPase 

(official full name: ATPase, Na+/K+-transporting) at the basolateral membrane of 

the epithelial cell actively transports Na+ out of the cell, thereby producing an 

electrochemical gradient. This gradient provides the driving force for Na+ influx 

into the cell through ENaC, hence, ENaC mediates the vectorial transport of 

sodium ions across the epithelium through epithelial cells (19). As the net salt 

movement drives the flow of water through tight epithelia, the active 

transepithelial sodium transport is crucial to keep the volume and the composition 

of fluid on both sides of an epithelial cell layer constant. In tissues responsive to 

aldosterone, ENaC plays an important role in the electrolyte balance and blood 

pressure regulation (20). The ENaC channel was first characterized as a single 

channel in 1986 by Lawrence G. Palmer and Gustavo Frindt, who studied 

single-channel activity in the apical membrane of cortical collecting duct cells 

from rat kidneys, using the patch-clamp technique (21). In 1993 Canessa et al. 
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provided a more molecular definition of ENaC after cloning the genes encoding 

the α, β and γ ENaC subunits, scnn1a, scnn1b and scnn1g, respectively, from the 

rat colon (22, 23). It was thus demonstrated that ENaC consists of three 

homologous subunits: the α, β and γ subunits (24). In humans, an additional 

subunit (δENaC) has also been reported (25). In Xenopus, six different subunits 

are known, where, in addition to the α, β, and γ subunits, a γ2xENaC subunit has 

been identified, as well as an εxENaC subunit (26). Each subunit has two 

membrane-spanning domains and a large extracellular loop. The N- and C-termini 

are both located intracellularly (27). The ENaC complex is expressed in different 

epithelia, including those located in the colon, kidney and the lung, where it is 

present on the apical membrane of polarized epithelial cells. Structurally, ENaC is 

a heteromultimeric channel, and all three ENaC subunits are required for maximal 

expression of channel activity. Expression of αENaC alone in Xenopus oocytes 

leads to a retention of this subunit in the endoplasmic reticulum (ER) and thus to 

low expression at the cell surface, probably due to the absence of a molecular 

signal for targeting to the cell surface (19). Although the α subunit of ENaC can 

form a functional channel alone, the preferred subunit stoichiometry of ENaC has 

been found to be two α subunits together with one β  and one γ subunit, to form a 

tetrameric ion channel at the cell surface (28). Other subunit stoichiometries have 

been suggested, for example a nine-subunit channel, each composed of three each 

of the α, the β and the γ subunits (29, 30), or an eight-or-nine subunit channel with 

a minimum of two γ subunits (31). Activity of ENaC can be blocked by amiloride, 

at concentrations in the submicromolar range (19, 32). The activity of ENaC can 

be regulated by three different mechanisms, namely the open probability of the 

channel (Po), the single channel conductance (i) – although there is no known 

regulatory change in ENaC function due to (i) – and by the number of functional 

channels at the cell surface (N) (32, 33). 

1.4 ENaC in the lung 

In the lung active Na+ absorption is important for keeping the amount and the 

composition of the ELF constant. The osmotic gradient generated by the net Na+ 

flow across the epithelium leads to the absorption of fluid out of the alveolus into 

the interstitium (12-15). In the human lung α, β and γENaC are highly expressed 
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in the small and medium-sized airways. The smallest gas exchange unit of the 

lung is the alveolus, and the human lung contains approximately 500 million 

alveoli, generating a surface area of circa 130 m2 for gas exchange and fluid 

reabsorption (34). The alveolar epithelium consists of two cell-types, namely type 

I (ATI) and type II (ATII) alveolar epithelial cells. Type I cells cover up to 95% of 

the internal surface area of the lung, although ATI cells constitute only one third 

of the total number of alveolar epithelial cells (35). The ATI cells mediate gas 

exchange, being 50-100 μm in diameter and very thin, minimizing the diffusion 

distance between the air space and the pulmonary capillary blood. Until recently, 

the accepted paradigm was that ATI cells do not participate in ion transport 

through the alveolar epithelium and thus do not contribute to AFC. Since (rat) 

ATI cells have been demonstrated to express functional ENaC (36, 37), a new 

model has been suggested in which ion transport occurs across the entire alveolar 

surface. Still, little is known about the ability of ATI cells to specifically 

contribute to ion transport and fluid clearance in the lung. Type II cells, in contrast 

to ATI cells, are cuboidal cells which serve as precursor cells for both types of 

alveolar epithelial cells. Type II cells cover up to 5% of the internal surface of the 

human lung. Alveolar epithelial type II cells produce surfactant proteins, regulate 

fluid and ion transport in the alveolus, have innate immune functions and 

contribute to epithelial repair by removing apoptotic cells (38, 39).  

1.5 ENaC in disease 

Mutations in ENaC have been associated with several disorders, namely Liddle’s 

Syndrome, pseudohyperaldosteronism and hypertension. Liddle’s Syndrome, also 

called pseudoaldosteronism, was first described in 1963 by Grant Winder Liddle 

who died in 1989 (40). Liddle’s Syndrome is characterized by excessive 

Na+-absorption in the distal nephron and K+ secretion in conjunction with low 

aldosterone levels, which leads to early onset hypertension. This inherited disease 

is linked to stop, point or frameshift mutations or deletions in the genes encoding 

the intracellular COOH termini of the β or the γ subunit. Coexpression of a 

β subunit that carries the mutations which are characteristic of Liddle’s syndrome 

together with wild-type α and γ subunits in Xenopus laevis oocytes increases the 

amiloride-sensitive Na+-current approximately three-fold in comparison to the 
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wild-type channel, demonstrating that a larger number of open channels is the 

underlying mechanism for the abnormal regulation of ENaC in this salt-sensitive 

hypertension disorder (41). Furthermore, ENaC mutations have been suggested to 

play a role in cystic fibrosis (42, 43). Resolution of pulmonary edema in ARDS 

patients is critically dependent on AFC, which occurs via sodium transport 

through ENaC. The ENaC channel was implicated in AFC, since amiloride, an 

inhibitor of ENaC, inhibited a vast proportion of fluid clearance in the lungs of 

several animal models, and in the human lung (16). In addition, application of 

amiloride to the lungs of newborn guinea pigs caused respiratory distress (44), 

and targeted deletion of both ENaCα alleles in mice inhibited AFC (18). 

Furthermore, transgenic overexpression of scnn1a (encoding αENaC) in 

scnn1a-deficient mice rescued AFC in those mice (45), whereas airway-specific 

overexpression of ENaC in wild-type mice lead to a depletion of ELF trough 

accelerated sodium absorbtion (46). Taken together, these data implicate ENaC 

and active epithelial sodium transport in AFC. Various factors have been 

described which can impair epithelial sodium transport by downregulating the 

activity of either the Na,K-ATPase or ENaC, as schematically depicted in 

Figure 2 [adapted from (16)]. 

 

 

Figure 2. Factors that cause impaired alveolar fluid clearance. 

ANF, atrial natriuretic factor; ENaC, epithelial sodium channel; Na,K-ATPase, sodium, potassium 

transporting ATPase [from (16)]. 



  

                                                                                                                         17

Inflammation and inflammatory mechanisms lead to an increase in the capacity of 

the lung epithelium to remove excess alveolar fluid as a protective mechanism to 

overcome pulmonary edema in a rat model of septic shock (47). However, lung 

infections can impair AFC due to a variety of underlying causes. For instance, an 

experimental infection of live mice with Mycoplasma pneumoniae reduced cell 

surface expression of ENaC and impaired AFC through the production of reactive 

oxygen nitrogen intermediates (48). Glucocorticoids increase scnn1a mRNA 

levels and ENaC expression at the apical membrane (49). Beta-adrenergic 

stimulation leads to an increased Po for ENaC (50), enhanced the expression of 

αENaC in ATII cells (51), and lead to alveolar edema resolution in hypoxia-

induced ALI and ventilator-induced lung injury (52). Oxidants such as hydrogen 

peroxide suppress glucocorticoid-induced ENaC expression, and antioxidant 

administration seems to restore catecholamine-induced upregulation of AFC. 

Proinflammatory factors, including transforming growth factor (TGF)-β, are 

elevated in broncho-alveolar lavage (BAL) fluids from ARDS patients (16). 

Transforming growth factor-β, a multifunctional cytokine that regulates the 

immune and inflammatory systems, impaired transepithelial sodium transport and 

AFC in live rats and downregulates ENaC expression (53). Transforming growth 

factor-β-inducible genes are upregulated in the lungs of ARDS patients (54), as 

well as in the lungs of nickel- (55) and bleomycin-treated (56) mice. 

Pharmacological inhibition of TGF-β protected mice from bleomycin-induced 

lung injury (1). Altogether, these data suggest a critical role for TGF-β in ARDS, 

and it seems likely that TGF-β influences ENaC, given the role of ENaC in AFC. 

1.6 Transforming growth factor-β 

The first isoform of TGF-β was purified and described in 1983 (57). Richard K. 

Assoian and his colleagues chemically and biologically characterized a 25 kDa 

homodimer consisting of two 12.5 kDa subunits which are held together by 

disulfide bonds (57). This growth factor from human platelets, at that time termed 

“platelet derived TGF-β” is now known as TGF-β1. Almost three decades later, 

several related isoforms have been discovered and TGF-β is now considered as a 

multifunctional cytokine. To date, the TGF-β superfamily of ligand proteins is a 

group of more than 60 structurally-related polypeptide growth factors, and up to 



  

                                                                                                                         18

42 of which are encoded by the human genome. In this group there are three 

TGF-β isoforms, named TGF-β1, TGF-β2 and TGF-β3 (58). The TGF-β 

superfamily of proteins is divided into two subfamilies: the TGF-β/activin/nodal 

subfamily and the bone morphogenetic protein (BMP)/growth/differentiation 

factor (GDF)/Muellerian inhibiting substance (MIS) subfamily. These 

subfamilies, which are defined by sequence similarity and the signaling pathways 

they activate in a cell-specific manner, regulate a variety of cellular functions in 

development, tissue homeostasis and repair, as well as disease pathogenesis (59, 

60). In the healthy human lung TGF-β is expressed mainly in the airway 

epithelium and alveolar macrophages (61) as well as in endothelial and 

mesenchymal cells (62). The TGF-β polypeptide is synthesized as a latent 

complex containing three components: dimeric mature TGF-β, noncovalently 

associated with its latency-associated peptide, which in turn is bound through 

disulfide bonds to the latent TGF-β binding protein (LTBP) (63). Upon activation 

this complex is deposited in – and associated with – the extracellular matrix 

(ECM) which serves as a storage structure and regulator of activity of TGF-β (64). 

For activation, mature TGF-β is cleaved from the latent form by proteases, or by 

nonproteolytic dissociation from latency associated peptide (65). The TGF-β 

ligand regulates various cellular functions by binding three receptors located at the 

cell surface, namely TGF-β receptor types I, II and III (66). The TGF-β receptor 

type I and TGF-β receptor type II contain intracellular serine/threonine kinases in 

their C-terminal domain. To date, twelve members of the receptor serine/threonine 

kinase family have been identified, five of which are type II receptors and seven 

of which are type I receptors (59, 67). Two TGF-β type III receptors, betaglycan 

and endoglin, are accessory receptors with no known intracellular signaling 

capacity. These type III receptors play an important role in the regulation of the 

TGF-β signaling pathway, and play inhibiting or potentiating roles, depending on 

the respective ligand to which the cell is exposed (68, 69). Endoglin only binds 

TGF-β1 and TGF-β3, whereas betaglycan and TGF-β receptors I and II bind all 

three mammalian TGF-β isoforms (69). 
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1.7 TGF-β signaling and Smads 

In the absence of TGF-β, the TGF-β receptors exist at the cell surface as 

homodimers. In general, signal transduction by TGF-β occurs by binding of 

TGF-β at the cell surface to the three receptors described above. Transforming 

growth factor-β either binds to the type III receptor betaglycan, which then 

presents the ligand to the type II receptor, alternatively TGF-β binds to the type II 

receptor directly. Endoglin, a homodimeric membrane glycoprotein has been 

shown to bind TGF-β1 and TGF-β3, as well as the type I and type II receptors 

(70). Together with betaglycan, endoglin is regarded as an accessory receptor 

which regulates TGF-β access to the type I and type II receptors (70). Upon 

TGF-β binding, the type II receptors recruit type I receptors and transactivate 

them by phosphorylation (71). The activated type I receptor transduces the signal 

within the cell by activating receptor-regulated Smad proteins at two C-terminal 

serine residues. There are five receptor-regulated Smads, also called R-Smads: 

Smad1, Smad2, Smad3, Smad5 and Smad8, which form a heterotrimeric complex 

with Smad4, also called common-partner Smad, and translocate into the nucleus 

where gene transcription is regulated in a cell-type-specific manner, together with 

transcription factors, coactivators and repressors (67, 72, 73). These DNA-binding 

cofactors have the ability to bind to R-Smads and to specific DNA sequences 

simultaneously, and are differentially expressed in different cell types, thereby 

providing a basis for cell-type-specific TGF-β signaling (74). Smad6 and Smad7 

act as inhibitory Smads and thus form a distinct subgroup called I-Smads. Using 

different mechanisms, Smad6 and Smad7 oppose R-Smad signaling (75). In some 

cell types TGF-β additionally activates several types of non-Smad-signaling 

pathways (76). A schematic overview of TGF-β signaling is presented in Figure 3 

[adapted from (77)]. 
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Figure 3. The TGF-β signaling pathway. 

Active TGF-β either binds to the type III receptor which then presents it to the type II receptor, 

alternatively, TGF-β binds to the type II receptor directly. Soluble endoglin (Sol-Endo) is thought 

to inhibit receptor binding by sequestering the ligand (77). Upon TGF-β binding, type II receptors 

recruit type I receptors, which are activated by phosphorylation (71). The activated type I receptor 

transduces the signal through the cell by activating receptor-regulated Smads at two C-terminal 

serine residues, which form a heterotrimeric complex with Smad4, also called common-partner 

Smad, and translocate into the nucleus where transcription is regulated in a cell-type-specific 

manner, together with transcription factors, coactivators and repressors [from (77)]. 

As mentioned above, there is much evidence to suggest that TGF-β plays a role in 

the pathogenesis of ARDS, with malfunction of AFC being a key mechanism in 

the development of the disease, which might be affected by TGF-β. Little is 

known, however, about the mechanism by which TGF-β might impair 

transepithelial sodium transport and AFC. The present study aimed to address this 

issue. 

 



  

                                                                                                                         21

2 Aim of this study 

Impaired AFC, caused by epithelial injury, is the underlying pathomechanism of 

persistent pulmonary edema. There is a positive statistical correlation between 

patient mortality [38.5% for ALI and 41.1% for ARDS (2)] and the persistence of 

pulmonary edema and the inability to clear fluid (6-8). In order to prevent 

pulmonary edema, active transepithelial sodium – and thereby fluid – transport by 

ENaC is crucial to keep the volume of fluid on both sides of an epithelial cell 

layer constant. Patients who suffer from ARDS demonstrate significantly elevated 

concentrations of TGF-β in their ELF (54) and in these patients, lower TGF-β 

levels correlate with more ventilator-free and intensive care unit (ICU)-free days 

(78). Therefore, it was hypothesized that a mechanism exists, by which TGF-β 

blocks AFC in the lungs of ARDS patients.  

 

In detail our specific aims were 

 

a) to determine the possible impact of TGF-β on AFC and ENaC function; 

 

b) if TGF-β does indeed impact ENaC activity, to assess the mechanism at a 

cellular and molecular level. 
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3 Materials and methods 

3.1 Materials 

3.1.1 Technical devices 

Autoclave; Systec, Germany 

Benchtop Incubator-Shaker; Sartorius AG, Germany 

Biofuge Fresco; Heraeus, Germany 

Cat/rabbit ventilator; Hugo Sachs Elektronik, Germany 

Cell culture incubator Cytoperm2; Heraeus, Germany 

Cell culture sterile working bench; Heraeus, Germany 

Developing machine X Omat 2000; Kodak, USA 

Electromechanical pressure converter Combitrans; Braun, Germany 

Electrophoresis chambers; Bio-Rad, USA 

Film cassette; Sigma-Aldrich, Germany 

Freezer -20 ºC; Bosch, Germany 

Freezer -40 ºC; Kryotec, Germany 

Freezer -80 ºC; Heraeus, Germany 

Fridge 4 ºC; Bosch, Germany 

Fume hood; Köttermann, Germany 

Fusion A153601 Reader; Packard Bioscience, Germany 

Glass beakers 50, 100, 200, 500, 1000 ml; Schott, Germany 

Glass bottles: 250, 500, 1000 ml; Fischer, Germany 

Incubator (E. coli); Heraeus, Germany 

Light microscope; Leica, Germany 

Magnetic stirrer; Heidolph, Germany 

Microplate reader; MDS Analytical Technologies, Germany, software: SoftMax 

Pro 5.3; Molecular Devices, USA 

Mini spin centrifuge; Eppendorf, Germany 

Mini-Protean® 3 Cell; Bio-Rad, USA 

Multifuge centrifuge 3 s-R; Heraeus, Germany 

Nanodrop® Spectrophotometer; PeqLab Biotechnologie GmbH, Germany 

pH Meter; inoLab® WTW Laboratory Products, Germany 
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Pipetboy; Eppendorf, Germany 

Pipetmans: P10, P20, P100, P200, P1000; Gilson, France 

PlotIT 3.1 software; Scientific Programming Enterprises SPE, USA 

Power supply Power PAC 300; Bio-Rad, USA 

Pump Masterflex 7518-10; Cole Parmer, USA 

Quantity One software; Bio-Rad, USA 

Rocking platform; Heidolph, Germany 

Sequence Detection System StepOnePlus; Applied Biosystems, USA 

Tank for liquid nitrogen; Airliquide, Germany 

Ultrasonic nebulizer Optineb; NEBU-TEC, Germany 

Vacuum centrifuge; Eppendorf, Germany 

Vortex mixer; Eppendorf, Germany 

Water bath Thermo-Frigomix; Braun, Germany 

Western blot chambers: Mini Trans-Blot®; Bio-Rad, USA 

3.1.2 Consumables 

Cryotubes vials; Greiner Bio-One, Germany 

Durapore™ surgical tape; 3M Germany 

Film; Agfa Gevaert, Belgium 

Film; Amersham GE Healthcare, Germany 

Filter 0.2 µm Pall Cardioplegia; Terumo, Germany 

Filter Iso-Gard Filter S; Hudson RCI, USA 

Filter Tip FT: 10, 20, 100, 200, 1000; Greiner Bio-One, Germany 

Filter units 0.22 µm syringe-driven; Millipore, USA 

Gel blotting paper 70×100 mm; Bioscience, Germany 

Optics plates, 96-well; Corning®, Sigma-Aldrich, Germany 

Pasteur pipettes; VWR International, Germany 

Petri dishes for bacteria; Greiner Bio-One, Germany 

Pipette tip 10 µl; Gilson, USA 

Pipette tip 200, 1000 µl; Sarstedt, Germany 

Platinum® SYBR® Green qPCR SuperMix UDG kit; Invitrogen, UK 

PureYield™ Plasmid Midiprep System; Promega, Germany 

QIAprep Spin Miniprep Kit; Qiagen, Germany 
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QuikChange II Site-directed mutagenesis kit; Stratagene, Germany 

Scalpel, disposable; Feather, Japan 

Serological pipettes: 2, 5, 10, 25, 50 ml; Falcon, USA 

Streptavidin Agarose and UltraLink Resins; Thermo Fisher Scientific Inc., USA 

Suture material; Mersilene Ethicon, Belgium 

Syringe 50 ECOJECT® Plus; DispoMed, Germany 

Test tubes: 15, 50 ml; Greiner Bio-One, Germany 

Tissue cell scraper; Greiner Bio-One, Germany 

Tissue culture dish 60/100 mm; Greiner Bio-One, Germany 

Tissue culture flask 250 ml; Greiner Bio-One, Germany 

Tissue culture plates: 6-well; Greiner Bio-One, Germany 

Transfer membrane nitrocellulose; Bio-Rad, USA 

3.1.3 Chemicals and reagents 

2-Propanol; Merck, Germany 

2-Thenoyltrifluoroacetone; Sigma-Aldrich, Germany 

3-Nitropropionic acid; Sigma-Aldrich, Germany 

Acrylamide solution Rotiphorese Gel 30; Roth, Germany 

Agarose; Promega, Germany 

Albumine, bovine serum; Sigma-Aldrich, Germany 

Amiloride; Sigma-Aldrich, Germany 

Ammonium persulfate; Promega, Germany 

Ammonium sulfate; Sigma-Aldrich, Germany 

Ampicillin sodium salt; Sigma-Aldrich, Germany 

Antimycin A; Sigma-Aldrich, Germany 

Apocynin; Sigma-Aldrich, Germany 

BABTA-AM; Sigma-Aldrich, Germany 

Bisindolylmaleimide I hydrochloride; Sigma-Aldrich, Germany 

Brefeldin A; Calbiochem, Germany 

Bromophenol blue; Sigma-Aldrich, Germany 

Calcium chloride; Sigma-Aldrich, Germany 

CompleteTM Protease inhibitor; Roche, Germany 

D-MEM medium; Gibco BRL, Germany 
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D-MEM medium, phenol red-free; Gibco BRL Germany 

DMSO; Sigma-Aldrich, Germany 

Dry milk powder; Carl Roth, Germany 

DTT; Promega, USA 

Dulbecco’s phosphate buffered saline 10×; PAA Laboratories, Austria 

Dulbecco’s phosphate buffered saline with/without Ca & Mg 1×; PAA 

Laboratories, Austria 

ECL Plus Western Blotting Detection System; Amersham Biosciences, UK 

EDTA; Promega, USA 

EGTA; Sigma-Aldrich, Germany 

Elektrolytlösung IIN; Serag-Wiessner, Germany 

Ethanol 70%; SAV-LP, Germany 

Ethanol 99%; J.T. Baker Mallinckrodt Baker B.V., Netherlands 

Ethanol absolute; Riedel-de Haën, Germany 

Ethidium bromide; Carl Roth, Germany 

EUK-134; Cayman Chemical, USA 

EZ-Link Sulfo-NHS-LC-Biotin; Thermo Fisher Scientific Inc., USA 

Fetal calf serum (FCS); Gibco BRL, Germany 

Glycerol; Carl Roth, Germany 

Glycine; Carl Roth, Germany 

H2DCFDA; Invitrogen, UK 

Heparin-Natrium-25 000-ratiopharm®; Ratiopharm, Germany 

HEPES; Sigma-Aldrich, Germany 

Hexamine cobalt chloride; Sigma-Aldrich, Germany 

Hydrochloric acid; Sigma-Aldrich, Germany 

Hydrocortisone; Sigma-Aldrich, Germany 

Hydrogen peroxide; Sigma-Aldrich, Germany 

Igepal CA-630; Sigma-Aldrich, Germany 

Insulin-Transferrin-Sodium-Selenite supplement; Gibco BRL, Germany 

Isotetrandrine; Calbiochem USA 

Ketavet; Pfizer, Germany 

LipofectamineTM 2000; Invitrogen, UK 

L-NAME; Sigma-Aldrich, Germany 
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Luria Broth Base powder; Invitrogen, UK 

Magnesium chloride; Sigma-Aldrich, Germany 

Magnesium sulfate; Sigma-Aldrich, Germany 

Manganese tetrachloride; Sigma-Aldrich, Germany 

Mannit-15%; Serag-Wiessner, Germany 

Methanol; Fluka, Germany 

N-(p-Amylcinnamoyl)anthranilic acid; Calbiochem USA 

n/t-Butanol; Sigma-Aldrich, Germany 

Opti-MEM medium; Gibco BRL, Germany 

Phalloidin oleate; Calbiochem USA 

Potassium acetate; Sigma-Aldrich, Germany 

Potassium borate; Grom-chromatography, Germany 

Potassium chloride; Merck, Germany 

Potassium phosphate; Sigma-Aldrich, Germany 

Precision Plus ProteinTM Standards; Bio-Rad, USA 

Quick StartTM Bradford Dye Reagent; Bio-Rad, USA 

Rompun®; Bayer, Germany 

Rotenone; Sigma-Aldrich, Germany 

SB431542; Calbiochem USA 

Sodium acetate; Sigma-Aldrich, Germany 

Sodium azide; Merck, Germany 

Sodium chloride; Merck, Germany 

Sodium dodecyl sulfate 10% (SDS); Promega, USA 

Sodium hydrogen carbonate NaBic8.4 %; Braun, Germany 

Sodium hydroxide solution; Merck, Germany 

Sodium ortho vanadate; Sigma-Aldrich, Germany 

Sodium phosphate; Sigma-Aldrich, Germany 

Sodium sulfate; Merck, Germany 

STO-609; Sigma-Aldrich, Germany 

Superoxide dismutase - polyethylene glycol; Sigma-Aldrich, Germany 

SuperSignal® West Pico Chemiluminescent Substrate; Pierce, USA 

TEMED; Bio-Rad, USA 

Transforming growth factor (TGF)-β1; R&D Systems, USA 
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Tris; Carl Roth, Germany 

Tris-Cl; USB, USA 

Trypsin/EDTA; Gibco BRL, Germany 

Tryptone yeast extract; Sigma-Aldrich, Germany 

Tween® 20: Sigma-Aldrich, Germany 

Xylocain 2 % 20 mg/ml: AstraZeneca, Germany 

β-glycerophosphate: Sigma-Aldrich, Germany 

β-mercaptoethanol: Sigma-Aldrich, Germany 

3.1.4 Plasmids 

Name  Source 

pcDNA 3.1 mαENaC, FLAG-tagged, Dr. Thomas R. Kleyman 

pcDNA 6.0 V5/His A (+) mβENaC Dr. Thomas R. Kleyman 

pcDNA 3.0 mγENaC, FLAG-tagged Dr. Thomas R. Kleyman 

pcDNA 3.1 hαENaC, FLAG-tagged this study 

pcDNA 6.0 V5/His A (+) hβENaC this study 

pcDNA 3.0 hγENaC, FLAG-tagged this study 

pcDNA 6.0 V5/His A (+) mβENaC C10A this study 

pcDNA 6.0 V5/His A (+) mβENaC C10S this study 

pcDNA 6.0 V5/His A (+) h and mβENaC C30A this study 

pcDNA 6.0 V5/His A (+) h and mβENaC C30S this study 

pcDNA 6.0 V5/His A (+) h and mβENaC C43A this study 

pcDNA 6.0 V5/His A (+) h and mβENaC C43S this study 

pcDNA 6.0 V5/His A (+) mβENaC C557A this study 

pcDNA 6.0 V5/His A (+) mβENaC C557S this study 

pcDNA 6.0 V5/His A (+) mβENaC C595A this study 

pcDNA 6.0 V5/His A (+) mβENaC C595S this study 

pCGN hPLD1  Dr. Michael A. Frohman 

pCGN hPLD1-K898R  Dr. Michael A. Frohman 

pcDNA3 mPIP5KIβ  Dr. Kyota Aoyagi 

pcDNA3 mPIP5KIβ K178A  Dr. Kyota Aoyagi 

pcDNA 3.1 NOX4  Dr. Karl-Heinz Krause 
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In the abbreviations, a lower-case “h” denotes a human gene while a lower-case 

“m” denotes a mouse gene.  

3.1.5 Cell lines 

A549 epithelial cell line, human lung carcinoma; ATCC-LGC, Germany 

MLE-12 cell line; ATCC-LGC, Germany 

3.1.6 Primers for expression analysis 

Table 1. Primers for expression analysis 

gene forward primer reverse primer 
scnn1a (αENaC) 5´-GTGTGCATTCACTCCTGC-3´ 5´-CTGCACGGCTTCCTGCAC-3´ 

scnn1b (βENaC) 5´-GACAAGCTGCAACGCAAG-3´ 5´-GGAAGTCCCTGTTGTTGC-3´ 

scnn1g (γENaC) 5´-CCACCAGCTTGGCACAGT-3´ 5´-ACTGTTGGCTGGGCTCTC-3´ 

SCNN1A (αENaC) 5´-GGTGGACTGGAAGGACTGGAAGATCG-3´ 5´-ATGAAGTTGCCCAGCGTGTCCTCCTC-3´ 

SCNN1B (βENaC) 5´-TTCATCAGGACCTACTTGAGCTGG-3´ 5´-GGCATTGGCATGGCTTAGCTCAGGAG-3´ 

SCNN1G (γENaC) 5´-CTGGAGCTAAGGTGATCATCCATCG-3´ 5´-GCAGCGTTGTAGATGTTCCTGATTG-3´ 

hprt 5´-GATGATCTCTCAACTTTA-3´ 5´- AGTCTGGCCTGTATCCAA-3´ 

HPRT 5´-AAGGACCCCACGAAGTGTTG-3´ 5´-GGCTTTGTATTTTGCTTTTCCA-3´ 

Mouse genes are indicated in lower case, and human genes in upper case. 
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3.1.7 Primers for site-directed mutagenesis 

Table 2. Primers for site-directed mutagenesis 

Gene forward primer reverse primer 
pCMV-Tag4B (vector) 5´-GATACCGTCGACACCGGTTAATACAAGGATGAC-3´ 5´-GTCATCCTTGTATTAACCGGTGTCGACGGTATC-3´ 

scnn1b (βENaC C10A) 5´-AAGTACCTCCTGAAGGCCCTGCACCGGCTGCAG-3´ 5´-CTGCAGCCGGTGCAGGGCCTTCAGGAGGTACTT-3´ 

scnn1b (βENaC C10S) 5´-AAGTACCTCCTGAAGAGCCTGCACCGGCTGCAG-3´ 5´-CTGCAGCCGGTGCAGGCTCTTCAGGAGGTACTT-3´ 

scnn1b (βENaC C30A) 5´-CTGCTAGTGTGGTACGCCAATAACACCAACACC-3´ 5´-GGTGTTGGTGTTATTGGCGTACCACACTAGCAG-3´ 

scnn1b (βENaC C30S) 5´-CTGCTAGTGTGGTACAGCAATAACACCAACACC-3´ 5´-GGTGTTGGTGTTATTGCTGTACCACACTAGCAG-3´ 

scnn1b (βENaC C43A) 5´-CCCAAACGCATCATCGCTGAGGGGCCCAAGAAG-3´ 5´-CTTCTTGGGCCCCTCAGCGATGATGCGTTTCCC-3´ 

scnn1b (βENaC C43S) 5´-CCCAAACGCATCATCAGTGAGGGGCCCAAGAAG-3´ 5´-CTTCTTGGGCCCCTCACTGATGATGCGTTTCCC-3´ 

scnn1b (βENaC C557A) 5´-AAGCTGGTGGCCTCCGCCAAAGGCCTGCGCAGG-3´ 5´-CCTGCGCAGGCCTTTGGCGGAGGCCACCAGCTT-3´ 

scnn1b (βENaC C557S) 5´-AAGCTGGTGGCCTCCAGCAAAGGCCTGCGCAGG-3´ 5´-CCTGCGCAGGCCTTTGCTGGAGGCCACCAGCTT-3´ 

scnn1b (βENaC C595A) 5´-CCTGACACAACCAGCGCCAGGCCCCACGGCGAG-3´ 5´-CTCGCCGTGGGGCCTGGCGCTGGTTGTGTCAGG-3´ 

scnn1b (βENaC C595S) 5´-CCTGACACAACCAGCAGCAGGCCCCACGGCGAG-3´ 5´-CTCGCCGTGGGGCCTGCTGCTGGTTGTGTCAGG-3´ 

SCNN1B (βENaC C30S) 5´-CTGCTGGTGTGGTACTCCGACAACACCAACACC-3´ 5´-GGTGTTGGTGTTGTCGGAGTACCACACCAGCAG -3´ 

SCNN1B (βENaC C43S) 5´-CCCAAGCGCATCATCTCTGAGGGGCCCAAGAAG-3´ 5´- CTTCTTGGGCCCCTCAGAGATGATGCGCTTGGG-3´ 

Mouse genes are indicated in lower case, and human genes in upper case. Engineered 

restriction sites are indicated in bold type, while engineered stop-codons are underlined. 

3.1.8 Antibodies 

FLAG antibody; Sigma Aldrich, USA, catalog number: F-3165 

Monoclonal anti V5 antibody; Sigma Aldrich, USA, catalog number: V-8012 

NOX4 antibody; a gift from J. Hänze, Klinik für Urologie und Kinderurologie, 

Marburg 

Pan-specific TGF-β1,2,3 neutralizing antibody; R&D Systems, USA, catalog 

number: MAB1835 

PIPK I α (C17) antibody; Santa Cruz Biotechnology, Germany, catalog number: 

sc-11774 

PLD1 antibody; Cell Signaling Technology, USA, catalog number: 3832 

Smad 2/3 antibody; Cell Signaling Technology, USA, catalog number: 3102 
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3.1.9 siRNA 

Smad2; Santa Cruz Biotechnology, Germany, catalog number: sc-38374; 

concentration: 50 nmol/ml cell culture medium, cell harvest: 24 h after 

transfection   

Smad3; Santa Cruz Biotechnology, Germany, catalog number: sc-38376; 

concentration: 50 nmol/ml cell culture medium, cell harvest: 24 h after 

transfection  

PLD1; Santa Cruz Biotechnology, Germany, catalog number: sc-44000; 

concentration: 50 nmol/ml cell culture medium, cell harvest: 24 h after 

transfection 

PIPK Iα; Santa Cruz Biotechnology, Germany, catalog number: sc-36232; 

concentration: 150 nmol/ml cell culture medium, cell harvest: 24 h after 

transfection  

NOX4; custom synthesized by Biomers.net, Germany: 

5 ́-CCU CUU CUU UGU CUU CUAC dTdT-3 ́ (sense),   

5 ́-GUA GAA GAC AAA GAA GAGG dTdT-3 ́ (antisense) (67), 250 pmol/well 

of a six-well plate, cell harvest: 72 h after transfection  

Scrambled siRNA; Ambion, USA, catalog number: AM4611; concentration: 

50 nmol/ml cell culture medium, cell harvest: 24 h after transfection; when used 

as a control for NOX4 siRNA: 72 h after transfection 

3.2 Methods 

3.2.1 Active TGF-β determination and neutralization 

Active TGF-β levels in BAL fluids from apparently healthy control human 

subjects and patients with ARDS were assessed by a human TGF-β1 enzyme-

linked immunosorbent assay (ELISA) (R&D Systems; Minneapolis, Minnesota, 

U.S.A.; DB100B), as per the manufacturer’s instructions; or by a dual luciferase 

reporter bioassay, employing the firefly luciferase-based TGF-β-responsive 

p(CAGA)12 reporter, and a Renilla luciferase standardization reporter (79) 

Transforming growth factor-β was neutralized in cell-culture experiments with a 
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pan-TGF-β1,2,3 neutralizing antibody, as previously described (80), at a 

concentration of 10 μg/ml, along with an IgG control antibody also at 10 μg/ml.  

3.2.2 The isolated, ventilated and perfused rabbit lung 

The model of the isolated, ventilated and perfused rabbit lung allowed for the 

investigation of fluid transport out of the alveoli in an intact, ex vivo organ. The 

isolated lung serves as a model of edema fluid reabsorption, where a 2 ml fluid 

challenge applied to the lung by nebulization is absorbed and removed by the 

perfused vasculature over 60 min. Fluid retention in the lung is indicated by an 

increase in the net steady-state mass of the lung (compared at the beginning and 

end of the 60-min period), and by an increased ELF volume. 

3.2.3 Isolation of the rabbit lung 

Lungs were isolated from adult male rabbits (New Zealand White, Bauer, 

Neuenstein-Lohe, Germany). Only healthy animals of 3.0 ± 0.5 kg were used. The 

ear vein of the rabbits was canulated and an initial bolus of anesthetics was 

administered containing approximately 0.5 - 0.7 ml of a mixture of xylazine and 

ketamine in a ratio of 3:2. Additionally, 1,000 IU/kg heparin was applied 

intravenously to prevent coagulation. A further 1 ml of the anesthetics was 

administered stepwise over three min to achieve deep anesthesia, but still allowing 

spontaneous breathing. Animals were placed in a supine position and the legs 

were fixed. Approximately 8-10 ml lidocaine were injected subcutaneously into 

the ventral center of the neck to achieve local anesthesia, and a median incision 

from chin to the cranial thorax was performed. Afterwards, the trachea was 

exposed by blunt dissection and partially transsected, and a tracheal canula with 

an inner diameter of 3 mm was inserted. Throughout the procedure the animals 

were artificially ventilated with room air using a Harvard cat/rabbit ventilator. 

Subsequently, a second median incision was made from the center of the neck to 

the upper abdomen and a mid-sternal thoracotomy was performed. The xypoid 

process was clamped and elongated, the diaphragm was dissected and the ribs 

were spread. Parts of the parietal pleura, the thymus and the bulk of the 

pericardium were removed to expose the heart, and the apex of the heart was 
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clamped. A loose thread loop was formed around the ascendent aorta as well as 

pulmonary trunk, a bolus of 2 ml ketamine/xylazine was administered 

intravenously and a small incision in the upper right ventricle was done. Through 

the opening a fluid-filled pulmonary artery catheter of an inner diameter of 3 mm 

was inserted into the pulmonary artery and fixed with a thread loop immediately 

after which the left atrium was opened by removing the apex of the heart, and the 

descendent aorta was ligated. Lungs were perfused through the pulmonary artery 

catheter with a blood-free buffer, initially at 4 ºC at a perfusion rate of 15 ml/min. 

Thereafter, the lungs, trachea and heart were excised en bloc from the thorax. The 

mitral valves and the chordae tendineae were dissected and a second perfusion 

catheter with an internal diameter of 4 mm was introduced via the left ventricle 

into the left atrium. A tobacco pouch suture was used to fix this second catheter at 

the apex of the left ventricle such that no leakage from the catheterization sites or 

obstruction of the pulmonary circulation occurred. After perfusing at least 1 l of 

buffer through the lungs to remove all blood from the system, the perfusion circuit 

was closed for the recirculation, while the perfusion rate was increased from 15 to 

100 ml/h and the temperature was increased to 37 ºC. 

3.2.4 Mechanical ventilation 

During lung preparation, natural respiration was replaced with artificial 

respiration with room air. The use of a Harvard cat/rabbit ventilator enabled 

constant gas exchange under deep anesthesia. After isolation and separation of the 

lungs, room air was supplemented with 4.5 % CO2 to maintain the pH of the 

recirculating buffer between 7.35-7.37. Ventilation parameters were set at 

30 breaths/min, a plateau pressure of 7.5 mmHg (0 mmHg was referenced at the 

hilum of the organ), and a ratio between inspiration and expiration of 1:1 to 

maintain uniform ventilation. To prevent atelectasis, a positive end-expiratory 

pressure (PEEP) was set to 2 mmHg, resulting in a tidal volume of approximately 

6 ml/kg body mass, which is considered protective (81). 
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3.2.5 Lung perfusion  

Krebs-Henseleit buffer containing 120 mM NaCl, 4.3 mM KCl, 1.1 mM Ka2PO4, 

2.4 mM CaCl2, 1.3 mM magnesium phosphate, 0.24 % (m/v) glucose, and 5% 

(m/v) hydroxyethylamylopectin (for plasma expansion) was used for perfusion 

through a tubing system. Approximately 25 ml NaHCO3 were added to maintain a 

pH of 7.35-7.37. Two independent reservoirs, allowing a perfusate change from 

one reservoir to the other without interrupting the circulation, were installed in the 

system. The perfusate was pumped into the circulation at a flow rate of 

100 ml/min. After passage through the pulmonary artery and perfusing the lungs, 

the perfusate left the lung through a catheter placed in the left atrium to the 

“venous” part of the perfusion. Left atrial pressure (LAP) was adjusted by placing 

a catheter in the venous tubing system above the hilum. The temperature of the 

perfusate was maintained at 37 ºC by using a thermostat-controlled water bath and 

a tube coil dipped into a 37 ºC water bath. A pressure sensor was placed into the 

pulmonary artery to measure the pulmonary arterial pressure (PAP) and another 

pressure sensor into the left atrium to measure LAP. Immediately after the 

fluid-filled arterial catheter was placed into the pulmonary artery and throughout 

the rest of the preparation, lungs were perfused at a 15 ml/min flow rate and at a 

temperature of 4 ºC. After the lungs and heart had been isolated and removed en 

block from the thoracic cavity, the flow was increased step-wise to 100 ml/min 

and the temperature to 37 ºC over approximately 10 min. During this time the 

lungs were perfused with at least 1 l non-recirculating buffer to remove any 

residual blood cells from the circulation. A filter of 0.2 µm mesh size was also 

placed into the circulation system to eliminate remaining cells. After perfusion 

reached the desired 100 ml/min flow rate and the buffer was heated to 37 ºC the 

filter system was removed and the perfusion buffer was recirculated. The volume 

of the recirculating buffer in the system was 300 ml. At the end of the preparation 

and after the lungs were freely suspended from a force transducer LAP was set at 

2 mmHg. Throughout the experiment, a bubble trap was present in the perfusion 

system to prevent any air embolisms in the circulation. 
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3.2.6 Broncho-alveolar lavage 

To measure the amount of fluid that was retained by the lung after fluid 

instillation, a BAL was performed. To do so, 50 ml of iso-osmolar mannitol 

solution were instilled into the right lung and gently reaspirated 3× with a syringe 

to recover lavage fluid while the left lung was ligated. The fluid was centrifuged 

at 1,000 revolutions per minute (rpm) for 10 min to remove cellular debris. 

Altogether approximately 75-80 % of the instilled fluid was recovered during the 

procedure which was always performed in a time period not longer than 30 s and 

immediately after termination of ventilation and perfusion. The amounts of BAL 

fluid from TGF-β treated lungs were compared to the amount of fluid retained by 

vehicle-treated rabbit lungs to assess the ability of the lung to clear the artificial 

edema. 

3.2.7 Weight measurement of the isolated rabbit lung 

For every experiment in the isolated lung model, the mass of the lung was 

measured, and changes in the lung mass were detected continuously by a force 

transducer. All analog signals were amplified, converted into digital signals and 

the use of the PlotIT 3.1 software (Scientific Programming Enterprises, SPE, 

USA) enabled an on-line graphical demonstration of left ventricular pressure 

(LVP), PAP, ventilation pressure (VP) and weight on a personal computer 

troughout the experiment. 

In order to compare the edema resolution of TGF-β treated and untreated lungs 

the differences in weight of the lungs 1.5 h after instillation of the fluid were 

registered and compared.  
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3.2.8 Measurement of the transepithelial sodium flux in the isolated rabbit lung  

After an initial steady-state period after placing the lung in the heated chamber 

aerolizations were performed with an ultrasonic nebulizer which was connected to 

the inspiration loop of the ventilator. The tracer contained 1.2 μCi of 22Na in 5 ml 

of saline. During a 10-min aerosolization period, 1.6-1.8 ml of aerosol were 

generated, and a fraction (~60%) of this aerosol (~1 ml) reached the lung, the bulk 

of which was deposited into the alveolar space (82, 83). A schematic 

representation of the experimental setup of the rabbit lung treatment after isolation 

is depicted in Figure 4. 

 

 

Figure 4. Schematic representation of the experimental setup of the rabbit lung treatment 

after isolation. 

Lungs were isolated and placed freely hanging from a force transducer in a chamber heated to 

37 ºC. After an equilibration time of 30 min an artificial edema was produced by nebulizing 

altogether 2 ml of fluid into the lungs. Nebulization was performed in three steps, each of them 

followed up by a 30-min incubation time. Broncho-alveolar lavages were performed at the end of 

the experiments, approximately 2 h after lung isolation.  

Gamma detectors were placed around the perfusate reservoir and the lung. Those 

detectors were connected to an automated high-voltage power supply that was 

integrated into a computer system, and detected the radiation emitted from the 
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lung and the perfusate, thereby measured tracer movement and 22Na clearance 

from the alveolar compartment. Measurements were performed every 30 s.  

3.2.9 Culture of E. coli bacteria 

3.2.9.1 Preparation of agar plates and medium 

In order to prepare medium for bacterial cells 25 g of Luria broth base powder 

(Invitrogen) were dissolved in 1 l of distilled water and subsequently autoclaved. 

After the liquid had cooled to ~50 ºC ampicillin as selective antibiotic was added 

to a concentration of 50 mg/ml medium. In order to prepare agar plates for 

bacterial cells, 25 g of Luria broth base and 7.5 g bacto agar were dissolved in 1 l 

of distilled water and then autoclaved. After the antibiotic had been added the agar 

containing medium was quickly poured into sterile Petri dishes (250 ml of 

medium make approximately 12 10-cm plates). Once the agar had solidified, the 

plates were stored in the dark at 4 ºC until needed.  

3.2.9.2 Preparation of frozen competent cells 

Using a sterilized inoculating loop, E. coli DH5α from a frozen stock were 

streaked onto a SOB agar plate without antibiotics and incubated overnight (16 h) 

at 37 ºC. After 16 h a single colony from the plate was transferred into 5 ml of 

SOB medium containing 20 mM MgSO4 and incubated for 16 h at 37 ºC with 

shaking (120 rpm). On the next day, the culture was diluted to 200 ml of SOB 

medium containing 20 mM MgSO4 and incubated on a shaker (120 rpm) at 37 ºC 

for 2-3 h. The optical density at 600 nm was monitored every 15 min with a 

spectrophotometer, and when it reached ~3.5 the cells were aliquoted into 50 ml 

Falcon tubes on ice and cooled for 10 min. The bacteria were then centrifuged at 

4,000 rpm for 10 min at 4 ºC. The medium was aspirated off and the tubes were 

kept in an inverted position for 1 min to allow the medium to drain off cell pellet. 

Each pellet was then resuspended in 20 ml of ice-cold frozen storage buffer (FSB) 

and kept on ice for 10 min. Then the cells were pelleted again at 4,000 rpm for 

10 min at 4 ºC. The buffer was aspirated off and the tubes were kept in an inverted 
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position for 1 min followed by another resuspension step in 4 ml of ice-cold FSB. 

To each tube containing 4 ml of bacterial suspension, 140 μl of DMSO were 

added, mixed gently, and incubated on ice for 15 min. Then additional 140 μl of 

DMSO were added and mixed gently. Finally the cell suspensions were quickly 

aliquoted into sterile 0.5 ml Eppendorf tubes on ice, snap-frozen in liquid nitrogen 

and stored at -80 ºC until needed.  

3.2.9.3 Plasmid extraction from filter paper 

When a DNA construct was received from another laboratory on a filter paper, the 

plasmid had to be extracted from the paper in order perform a bacterial 

transformation. Usually the sender had drawn a circle around the spot on the paper 

with a pencil where the DNA had been applied. The paper was cut carefully 

around the circle and into thin strips and put into a 1.5-ml Eppendorf tube, on ice. 

Then, 80-200 μl of sterile water were added, depending on the size of the spot. 

The tube was vortexed every 5 min for 30 min and finally spun down briefly in 

order to collect all the liquid on the bottom of the tube. Then, 5 μl of this solution 

was used to perform bacterial transformation with E. coli as described above. The 

tube containing the paper and the remaining liquid was kept in the freezer for 

several months.  

3.2.9.4 Cryopreservation and resuscitation of frozen bacteria containing DNA 

plasmids in glycerol 

In order to preserve transformed bacteria for longer time-periods, glycerol stocks 

of transformed bacteria were prepared. To do so, 5 ml of LB-medium containing 

50 mg antibiotic per ml were inoculated with one single colony of transformed 

bacteria from an agar plate and incubated overnight (16 h) shaking at 220 rpm at 

37 ºC. To prepare a glycerol stock, 1 ml of the bacterial culture was gently mixed 

with 500 μl of pure glycerol in a cryotube and immediately frozen at -80 ºC. In 

order to resuscitate frozen bacteria, glycerol stocks were slowly thawed on ice and 

bacteria were streaked onto the surface of a fresh ampicillin-containing agar plate 
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with a sterile metal loop. Afterwards, the plate was incubated upside-down at 

37 ºC for 16-24 h. 

3.2.9.5 Plasmid transformation of competent cells 

In order to transform DNA plasmids into competent bacteria, 10 ng of plasmid 

were pipetted into Eppendorf tubes on ice. Competent bacteria were slowly 

thawed on ice and 50 μl of the competent bacteria cell suspension were added to 

the DNA. After incubation for 30 min on ice, the bacteria were heat-shocked at 

exactly 42 ºC for 50 s. Thereafter, the reactions were kept on ice for 2 min, after 

which 900 μl of LB-medium at room temperature (RT) without antibiotics were 

added, and the bacteria were incubated at 37 ºC shaking at 220 rpm for 1.5 h, after 

which 100 μl of the bacteria cell suspension were plated on an agar plate 

containing the required antibiotic, until the agar had absorbed all the liquid. The 

plate was kept upside-down in the incubator to allow bacterial growth at 37 ºC 

overnight. 

3.2.10 Plasmid extraction from bacterial cultures 

3.2.10.1 Mini-preparation of DNA 

Five milliliters of LB-medium were inoculated with one colony of bacteria and 

were incubated overnight at 37 ºC, with shaking at 220 rpm. Small-scale 

isolations of plasmid DNA were performed using the QIAprep Spin Miniprep kit 

(Qiagen) using a microcentrifuge, according to the manufacturer`s protocol.  

3.2.10.2 Midi-preparation of DNA 

In order to obtain larger amounts of plasmid DNA, 5 ml of LB-medium were 

inoculated with one colony of bacteria and were incubated for 8 h at 37 ºC with 

shaking at 220 rpm. This preparation was then transferred into 250 ml of 

LB-medium in an autoclaved Erlenmeyer flask and incubated for 16 h at 37 ºC on 

the shaker. Large-scale DNA preparation was performed using the PureYield™ 
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Plasmid Midiprep System (Promega) according to the manufacturer`s instructions, 

using the protocol “DNA purification by centrifugation”.  

3.2.10.3 Site-directed mutagenesis of plasmid DNA 

Site-directed mutagenesis was performed on the human SCNN1B and mouse 

scnn1b genes, encoding hβENaC and mβENaC, respectively, using the 

QuikChange II site-directed mutagenesis kit (Stratagene, Germany). In a 

V5-tagged mβENaC-expressing construct, all five cysteines in the cytosolic 

domains were mutated to serine: Cys10, Cys30, Cys43, Cys557 and Cys595. In 

hβENaC, Cys30 and Cys43 are the only two intracellular cysteine residues, which 

were also converted to serine. The primers employed are listed in Table 2 on page 

22. Thermal cycling was performed using PfuUltra HF DNA polymerase which 

was provided in the kit. After digestion of the parental DNA by adding 1 µl of 

Dpn I restriction enzyme to each reaction tube, the DNA was transformed into 

competent bacteria as described previously. After transformation single bacterial 

colonies were picked and transferred into 5 ml of LB-medium containing 

ampicillin. After 16 to 24 h of incubation at 37 ºC with shaking at 220 rpm, 

minipreps were prepared and sequenced in order to confirm the successful 

mutagenesis, and to check for strand displacement. 

3.2.11 Culture of mammalian cell lines 

The A549 and MLE-12 cells were purchased from American Type Culture 

Collection (ATCC-LGC, Wesel, Germany). The cells were cultured in 

monolayers in cell culture flasks in D-MEM containing 20 mM HEPES and 10% 

fetal calf serum (FCS) for A549 cells and 2% FCS for MLE-12 cells. For MLE-12 

cells the following additives were filter-sterilized and added to the medium: 

Insulin-Transferrin-Selenium supplement (gibco/Invitrogen), 10 ml/l medium, 

β-estradiol (Sigma-Aldrich, Germany) to a final concentration of 10 nM and 

hydrocortisone (Sigma-Aldrich, Germany) at 10 nM. The medium was changed 

every two to three days. The cells were kept in an incubator in a humidified 

atmosphere with 5% CO2 and 21% O2 at 37 ºC. 
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3.2.12 Subculture of mammalian cells 

When the cells had reached a confluency of 70-90% the cells were detached from 

the flask using Trypsin-EDTA solution (PAA, Austria), diluted in medium and 

subcultured in new flasks. The medium was aspirated from the culture flasks 

using an aspirator and a sterile glass Pasteur pipette. The cells were then rinsed 

once with PBS without Ca2+ and Mg2+ (PAA) to remove any remaining 

FCS-containing medium. Subsequently, the cells were incubated with 2 ml of 

Trypsin-EDTA solution (PAA) for 3-5 min in the incubator at 37 ºC. The state of 

detachment from the surface of the cell culture flask was monitored by observing 

the cells under a microscope. The reaction of trypsin was stopped by adding cell 

culture medium containing 10% FCS. In order to obtain a single-cell suspension 

the cells were gently repeat pipetted and then aliquoted into new flasks or cell 

culture dishes. 

3.2.13 Transient transfection of A549 and MLE-12 cells 

The A549 or MLE-12 cells were transiently transfected with plasmid cDNA using 

LipofectamineTM 2000 transfection reagent (Invitrogen, Karlsruhe). To transfect 

cells in a 60-mm dish, cells were plated the day before transfection to attain 

approximately 70% confluency at the time of transfection. Two sterile bacterial 

culture tubes were prepared per cDNA sample. Then, 0.5 ml of Opti-MEM® 

transfection medium was pipetted into each of the tubes. To one of the tubes 

2.4 μl of LipofectamineTM 2000 transfection reagent were added. To the other tube 

2.4 μg of the respective cDNA were added and mixed gently. After 5 min 

incubation at room temperature (RT), the DNA-containing medium and the 

LipofectamineTM 2000-containing medium were combined and incubated for 

another 20 min at RT to form liposome-like complexes. The complexes were then 

gently pipetted drop-wise onto the plated cells and the plate was gently rocked 

back and forth in order to evenly spread the DNA. After 5 h the medium was 

exchanged. The cells were then incubated at 37 ºC for 16-19 h prior to further 

treatment.  
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3.2.14 Short interfering RNAs transfection of mammalian cells 

The A549 cells were transiently tranfected with siRNA using 

LipofectamineTM 2000 transfection reagent (Invitrogen). To transfect A549 cells 

in a 60-mm dish cells were plated the day before transfection so they were 

approximately 50% confluent at the time of transfection. To transfect the cells, 

two sterile bacterial culture tubes were prepared per sample. Then, 100 μl of 

Opti-MEM® transfection medium was pipetted into each of the tubes. To one of 

them 5 μl of LipofectamineTM 2000 transfection reagent was added and mixed 

gently. After 15 min incubation at RT the respective siRNA was added to the 

other medium-containing tube and mixed by repeat pipetting. The 

siRNA-containing medium and the LipofectamineTM 2000-containing medium 

were then combined and incubated for another 15 min at RT. The mixture was 

then gently pipetted drop-wise onto the plated cells and the plate was gently 

rocked back-and-forth in order to evenly spread the siRNA. After 5 h the medium 

was exchanged. The cells were then incubated at 37 ºC for 48 h. For every set of 

siRNA treated cells one sample with scrambled siRNA was prepared as a negative 

control.  

3.2.15 Stimulation of A549 or MLE-12 cells   

Cells were stimulated with recombinant TGF-β at a concentration of 10 ng/ml cell 

culture medium. Before stimulation the growth medium was aspirated from the 

cells using a sterile Pasteur glass pipette and an aspirator. The cells were then 

rinsed twice with prewarmed sterile PBS without Ca2+ and Mg2+. To stimulate 

cells on a 60-mm cell culture dish, 3 μl of a TGF-β stock solution (concentration: 

10  μg/μl) were diluted in 10 ml of prewarmed D-MEM cell culture medium 

containing 10% FCS, mixed well and then pipetted onto the cells. The cells were 

then incubated at 37 ºC for different time periods. Furthermore, the cells were 

stimulated with: Brefeldin A (BFA) at 10 μg/ml; the phospholipase A2 inhibitor, 

N-(p-amylcinnamoyl)anthranilic acid at 25 μM; the Ca2+-chelator, BAPTA-AM at 

25 mM; the protein kinase C inhibitor, bisindolylmaleimide I at 1 and 10 μM; the 

Ca2+/calmodulin-dependent protein kinase kinase inhibitor, STO-609 at 20 μg/ml; 

the phosphoinositide-3-kinase inhibitor, wortmannin at 100 nM; the 
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phospholipase A inhibitor, isotetrandrine at 1 μg/ml; and the c-jun N-terminal 

kinase inhibitor II at 50 μM. 

3.2.16 Quantitative real-time RT PCR 

Primary mouse ATII cells were isolated and kindly provided by our technical 

assistant, Miriam Schmidt. Total RNA was isolated from cultured cells using a 

Qiagen RNeasy kit (Qiagen, Hilden, Germany), followed by DNase treatment to 

remove any contaminating genomic DNA. Quantitative changes in mRNA 

expression of genes were assessed by quantitative realtime PCR using a 

Platinum® SYBR® Green qPCR SuperMix UDG kit (Invitrogen), and a Sequence 

Detection System StepOnePlus (Applied Biosystems, Foster City, CA) and the 

intron-spanning primer pairs indicated in Table 1 (custom synthesized by Eurofins 

MWG Opereron, Germany). The ubiquitously expressed, pseudogene-free hprt 

gene was used as reference. Cycling conditions were 50 ºC for 2 min, 95 ºC for 5 

min, followed by 40 cycles of 95 ºC for 5 s, 59 ºC for 5 s, and 72 ºC for 30 s. The 

exclusive amplification of the expected PCR product was confirmed by melting 

curve analysis and gel electrophoresis.  

3.2.17 Surface biotinylation of A549 or MLE-12 cells  

After stimulation with TGF-β cells were washed 3× with ice-cold PBS containing 

Ca2+ and Mg2+. Then, 3 ml of ice-cold PBS with Ca2+ and Mg2+ containing 1 mg 

EZ-Link Sulfo-NHS-LC-Biotin (Thermo Fisher Scientific Inc., USA) per ml were 

added to each 60-mm plate. The cells were incubated with biotin for 20 min on 

ice. 

After incubation the biotin-PBS solution was removed from the cells and the cells 

were washed 3×10 min each with 10 ml of ice-cold PBS with Ca2+ and Mg2+ 

containing 100 mM of glycine to quench any unbound biotin. Afterwards, the 

cells were washed 1×10 min with ice-cold PBS with Ca2+ and Mg2+ without 

glycine.  
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3.2.18 Protein isolation from biotinylated A549 or MLE-12 cells  

Proteins were extracted from the biotinylated cells using NP-40 cell lysis buffer 

with CompleteTM Protease inhibitor (Roche) and vanadate added shortly before 

use. After mixing, 100 μl of lysis buffer were dispersed on each 60-mm dish. 

Cells were scraped thoroughly from the culture plate using a cell scraper and the 

lysate was pipetted into a 1.5 ml Eppendorf tube on ice. After a 20-min incubation 

on ice with intermittent vortexing, cell debris and insoluble proteins were 

removed by centrifuging the cell lysate for 20 min at 10,000 rpm at 4 ºC. The 

supernatant was then transferred into a new 1.5 ml Eppendorf tube on ice.  

3.2.19 Measurement of protein concentration 

Each protein solution was diluted 1:30 with water. For each sample plus a buffer 

blank, two wells of a 96 well plate were prepared by pipetting 200 μl of Biorad 

Quickstart® Bradford solution into each well. Then, 10 μl of the diluted protein 

sample or the buffer (same dilution) were added (in duplicates). After 15 min 

incubation the absorption was read in a plate reader at 570 nm. The concentration 

of protein in each sample was calculated employing a previously-prepared protein 

standard curve.  

3.2.20 Pull-down of biotinylated proteins 

To pull down biotinylated proteins from the lysate, 250 μg of protein of each 

sample were incubated with 60 μl streptavidin beads. First, 100 μl of beads were 

washed in 100 μl NP-40 cell lysis buffer. After centrifugation, the supernatant was 

aspirated and the beads were resuspended in 80 μl of lysis buffer.  From this 

mixture, 60 μl were used for the pull-down of each sample. After adding the 

protein, the volume of each sample was brought to 300 μl by adding lysis buffer. 

The tubes were incubated overnight on a rotor at 4 ºC rotating at low speed. On 

the next day, the beads were washed with four different solutions (see buffers at 

the end of this chapter). The beads were washed once with solution A, twice with 

solution B and 3× with solution C. For a final wash, Tris pH 6.8 was used. Then, 

20 μl of protein loading buffer containing 20 mM DTT were added to each tube 

and the samples were boiled at 95 ºC for 10 min on a heating block to remove the 
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biotinylated proteins from the streptavidin beads. When phospholipase D (PLD)1 

was the object of investigation, the samples were heated at 70 ºC for 10 min. Then 

the content of the tubes was spun in a microcentrifuge for 3 min to collect the 

sample at the bottom of the tube, and to pellet the beads. The supernatants were 

then subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(SDS-PAGE) on a 10% SDS-PAGE gel. From each original protein sample, 5 μg 

of protein were loaded on the same gel as an input loading control.  

3.2.21 Protein separation by SDS-PAGE   

The SDS-PAGE gels were prepared the day before use. First, the ingredients for 

the resolving gel were mixed in a small beaker and poured between two glass 

plates held in a gel casting device with spacers, tightened by a clamp. The 

resolving gel was carefully overlaid with a few ml of isopropanol to smoothen the 

gel surface and to exclude air. After polymerization, the isopropanol was removed 

and the ingredients for the stacking gel were mixed and poured on top of the 

resolving gel. Afterwards the comb to form the wells for loading was inserted into 

the stacking gel and the gel was allowed to polymerize completely.  

Composition of a 10% SDS-Polyacrylamide gel, 40 ml: 

Resolving gel: 

Water (distilled)  19.5 ml 

30% acrylamide   13.3 ml 

Tris-Cl, 1.5 M, pH 8.8  10 ml 

SDS, 10% (w/v)  400 μl 

APS, 10% (w/v)  400 μl 

TEMED  16 μl   

Stacking gel, 20 ml: 

Water (distilled)  13.6 ml 

30% acrylamide   3.4 ml 

Tris-Cl, 1.5 M, pH 6.8  2.5 ml 
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SDS, 10% (w/v)  200 μl 

APS, 10% (w/v)  200 μl 

TEMED  20 μl 

3.2.22 Western blot 

After running the gel for 2 h at 110 mV, or until the bromophenol blue marker 

band had reached the bottom of the gel, the proteins were blotted onto a 

nitrocellulose membrane. To do so 1× blotting buffer was prepared by diluting 

800 ml of 10× blotting buffer with distilled water and 200 ml methanol. After 

pouring the buffer into a glass tank, western blot sponges and three filter papers 

were pre-wet and the “blotting sandwich” was assembled in the following order: 

black plastic part of the sandwich cassette, sponge, two filter papers, gel, 

membrane, one filter paper, sponge, clear part of the sandwich cassette. Before the 

cassette was closed firmly, air bubbles were removed carefully with a rolling pin. 

The cassette was locked and placed in the voltage module such that the black part 

of the cassette was facing the black part of the module. An ice box was used to 

keep the blot cool during protein transfer, which was performed for 1 h at 

115 mV. After a 1-min wash of the membrane with phosphate-buffered 

saline + Tween® 20 (PBST) to remove gel residues, the blot was incubated in 

blocking buffer (5% (w/v) non-fat dry milk powder or 5% (w/v) bovine serum 

albumin (BSA) in PBST, depending on the requirements for the respective 

primary antibody) for 1 h at RT. After blocking, the primary antibody (diluted in 

blocking buffer, depending on the requirements for the respective antibody) was 

added and incubated overnight at 4 ºC. On the following day, the blot was washed 

3× for 10 min with PBST. Then, the blot was incubated in the respective 

horseradish peroxidase-bound secondary antibody for 1 h at RT. After 5×10-min 

washes in PBST, the blot was incubated for 5 min with enhanced 

chemiluminescence reagent (Amersham). The protein bands were then visualized 

on a film (Agfa Gevaert) or a hypersensitive film (ECL™ Hyperfilm™, 

Amersham). 
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3.2.23 Fluorescence-based reactive oxygen species detection 

The compound 2′,7′-dichlorodihydrofluorescein diacetate (H2DCFDA) is the 

chemically reduced and acetylated form of 2′,7′-dichlorofluorescein. It permeates 

the cell membrane and diffuses into the cell where the acetate groups are removed 

by intracellular deesterification. The product of this reaction is a charged molecule 

which is much less likely to diffuse out of the cell than is the acetylated form and 

which is converted to the fluorescent 5-chloromethyl-2′-7′-dichlorofluorescein 

(DCF) upon oxidation. Oxidation of H2DCFDA in response to TGF-β in A549 

cells was detected by monitoring the change in fluorescence with a microplate 

reader. The A549 cells were grown overnight to 30-50% confluency on a 96-well 

optical plate. Before loading cells with dye, cells were washed once with 

prewarmed PBS. Then, 0.005 g of DCFDA were dissolved in 100 μl of DMSO, 

diluted 1:1,000 in phenol red-free cell culture medium shortly before use, and 

100 µl of this solution were pipetted into each well. The cells were incubated in a 

cell culture incubator (37 ºC) for 30 min. After dye-loading, the cells were 

incubated with phenol red-free medium containing the relevant pharmacological 

agent (except for siRNA transfections and EUK-134 application, which were 

performed 24 h prior to H2DCFDA preloading). After 30-min incubation, medium 

was replaced with medium containing TGF-β (or vehicle alone) plus the relevant 

pharmacological agent (or vehicle alone). After 30 min, cells were washed 1× 

with PBS, prior to assessment of DCF fluorescence in a microplate 

spectrofluorimeter at λex 485 nm, λex 520 nm. Untreated cells loaded with 

H2DCFDA only were used as blank. 

3.3 Buffers 

Protein lysis buffer 

20 mM Tris-Cl pH 7.5 

150 mM NaCl 

1 mM EDTA 

1 mM EGTA 

0.5% Igepal® CA-630 (NP-40) 



  

                                                                                                                         47

1 mM Na3VO4 added directly before use 

Complete™ 1 tablet per 25 ml of lysis buffer, added directly before use 

2× loading buffer 

100 mM Tris-Cl pH 6.8 

4% SDS 

0.2% bromophenol blue 

20% glycerol  

20 mM DTT (added directly before use) 

10× SDS running buffer 

250 mM Tris 

2.5 M Glycine 

1% SDS 

Blotting buffer 

25 mM Tris 

192 mM glycine 

20% methanol 

Washing buffer PBST 

1× PBS 

0.1% Tween® 20 

Blocking buffer 

1× PBS 

0.1% Tween® 20 

5% non-fat dry milk 
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FSB Transformation buffer for competent cells 

10 mM potassium acetate, pH 7.5 

45 mM MnCl2·4H2O 

10 mM CaCl2·2H2O 

10 mM KCl 

100 mM hexamminecobalt chloride 

100 ml glycerol 

H2O to 1 l 

3.4 Wash solutions for biotinylated proteins on streptavidin beads 

Solution A 

150 mM NaCl 

50 mM Tris pH 7.4  

5 mM EDTA 

Solution B 

500 mM NaCl 

50 mM Tris pH 7.4 

5 mM EDTA 

Solution C 

500 mM NaCl 

20 mM Tris pH 7.4 

0.2% (w/v) BSA 
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3.5 Statistics 

Data are presented as mean ± S.D.. For the animal studies differences between 

groups were assessed by ANOVA with the Newman-Keuls modification. For cell-

based studies, an unpaired Student’s t-test was employed. P values <0.05 were 

considered significant.  
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4 Results 

Alveolar fluid clearance is an essential mechanism that maintains the amount of 

ELF constant and thereby prevents pulmonary edema persistence. Pulmonary 

edema is a hallmark of ARDS, a syndrome of acute respiratory failure caused by 

alveolar damage. In broncho-alveolar lavage fluids of patients suffering from 

ARDS, significantly elevated levels of TGF-β have been reported (54), and in 

these patients, lower TGF-β levels correlate with more ventilator-free and ICU-

free days (78). It was hypothesized in this study that TGF-β blocks active fluid 

reabsorption, thereby contributing to the formation and the persistence of alveolar 

edema.  

4.1 Exogenous TGF-β application blocks fluid reabsorption in 

isolated, ventilated and perfused rabbit lungs 

To delineate the effects of TGF-β on fluid balance in the lung, an isolated, 

ventilated and perfused rabbit lung was employed. The isolated lung serves as a 

model of edema fluid reabsorption, where a 2 ml fluid challenge applied to the 

lung is absorbed and removed by the perfused vasculature over 60 min, post-

nebulization. Fluid retention in the lung is indicated by an increase in the net 

steady-state mass of the lung (compared at the beginning and end of the 60 min-

period), and by an increased ELF volume. Vehicle-treated control lungs exhibited 

a net loss in mass of ~0.2 g (Figure 5A), while lungs maintained at 8 ºC (where 

active transport processes are shut down) exhibited a net gain of 1.51 ± 0.25 g, 

comparable with that observed to TGF-β application (10 ng/ml, final 

concentration in the ELF), and TGF-β combined with low temperature (Figure 

5A). Application of SB431542 (10 μM final concentration in the ELF), an 

inhibitor of TGF-β signaling via the type I TGF-β receptor Tgfbr1 that acts as a 

competitive adenosine triphosphate (ATP) binding-site inhibitor, had no effect on 

net lung mass, however, preapplication of SB431542 abrogated the effects of 

TGF-β on net lung mass (Figure 5A). Amiloride increased net lung mass to 

1.0 ± 0.03 g, although TGF-β applied together with amiloride had no additive 

effect over that of TGF-β applied alone, suggesting that TGF-β and amiloride may 
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share the same targets. Since ENaC function can be regulated by actin-dependent 

trafficking events (84, 85), phalloidin oleate (PO), a cell membrane-permeable 

inhibitor of F→G actin conversion was employed (at 1 μM final concentration in 

the ELF). Application of PO had no impact on the net mass of vehicle treated 

control lungs, however, preapplication of PO abrogated the effects of TGF-β on 

net lung mass (Figure 5A), indicating a role for F→G actin conversion in 

mediating the effect of TGF-β on lung fluid dynamics.  

A 

 

B 

 

Figure 5. Exogenous TGF-β application blocks fluid reabsorption in isolated, ventilated 

and perfused rabbit lungs. 

(A) Epithelial lining fluid (ELF) volumes were assessed in isolated, ventilated and perfused rabbit 

lungs treated with vehicle (Veh), low temperature (8 ºC), TGF-β (TGFβ), SB431542 (SB), 

amiloride (Amil), phalloidin oleate (PO), or combinations thereof, 60 min after a 2 ml fluid 

challenge. (n = 8, per group). (B) The increase in ELF volume of isolated lungs described in (A) 

was also assessed. Data represent mean ± S.D. *, P < 0.05.  
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Trends in changes in the ELF volume of the isolated, ventilated, and perfused 

rabbit lungs (Figure 5B) paralleled the observations made on net lung mass 

(Figure 5A). Application of low temperature (8 ºC) and/or TGF-β resulted in a 

two-fold increase in ELF volume of 2 ml, which approximates the volume of the 

fluid applied to the lung in the 2 ml fluid challenge. This increase in ELF volume 

was prevented by preapplication of SB431542 or PO, although neither agent alone 

had any effect on net lung mass (Figure 5B). Taken together, data generated in the 

isolated, ventilated and perfused rabbit lung indicate that TGF-β applied to the 

alveolar airspaces blocked alveolar fluid reabsorption, as was evident by the 

inability of the lung to clear a fluid challenge.  

4.2 Exogenous TGF-β application blocks active 22Na+ efflux from the 

alveolar airspaces in isolated, ventilated and perfused rabbit lungs 

Transepithelial Na+ transport out of the alveolar airspaces drives AFC (6). Since 

fluid clearance from the lung was blocked by TGF-β administration to the 

alveolar airspaces, the effects of TGF-β application on active transepithelial Na+ 

transport from the alveolar airspaces into the vasculature were assessed in an 

isolated, ventilated, and perfused rabbit lung. Application of TGF-β (10 ng/ml 

final concentration in the ELF) caused an 80% reduction in the active component 

of 22Na+ efflux from the alveolar airspaces (Figure 6A and 6B). The effects of 

TGF-β were blocked by preapplication of SB431542 (Figure 6A and 6B) or PO 

(Figure 6C and 6D). Amiloride application resulted in a 60% reduction in the 

active component of 22Na+ efflux from the alveolar airspaces (Figure 6C and 6D), 

however, the effects of the administration of amiloride and TGF-β together 

(Figure 6C and 6D) were not additive over the effects of TGF-β applied alone 

(Figure 6A and 6B), suggesting that TGF-β and amiloride share the same targets. 

Taken together, these data demonstrate that TGF-β blocks active 22Na+ efflux 

from the alveolar airspaces in isolated, ventilated and perfused rabbit lungs. 
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A                                                            B 

     

C                                                            D 

     

Figure 6. TGF-β signaling blocks 22Na+ clearance from alveolar airspaces and alveolar 

fluid reabsorption. 

(A) Representative original recording of 22Na+ clearance from an isolated, ventilated, and perfused 

rabbit lung, treated with vehicle, illustrating baseline clearance over 1 h (blue), or low temperature 

(8 ºC; red), TGF-β [10 ng/ml in epithelial lining fluid (ELF); green], SB431542 (10 μM in ELF; 

yellow), and TGF-β after SB431542 preapplication (brown). (B) Data quantified from multiple 

experiments (n = 8, per group) illustrated in (A), for passive transport, determined from 

[3H]mannitol flux, and the active component of 22Na+ clearance. (C) Representative original 

recording of 22Na+ clearance from an isolated, ventilated, and perfused rabbit lung, illustrating the 

effects of amiloride (10 μM in ELF; orange) and phalloidin oleate (PO; 1 μM in the ELF; yellow) 

in the absence of TGF-β. Both amiloride (black) and PO (brown) were also applied 30 min after 

TGF-β application. (D) Data quantified from multiple experiments (n = 8; per group) illustrated in 

(C), for passive transport, determined from [3H]mannitol flux, and the active component of the 
22Na+ clearance. Data represent mean ± S.D. *, P < 0.05. 
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4.3  TGF-β does not acutely influence ENaC gene expression in lung 

epithelial cells 

To verify that ENaC was indeed targeted by TGF-β, both the expression and cell 

surface distribution of the three classical ENaC subunits, αENaC (encoded by the 

SCNN1A gene), βENaC (encoded by the SCNN1B gene) and γENaC (encoded by 

the SCNN1G gene) were studied in lung epithelial cells 30 min and 150 min after 

TGF-β (10 ng/ml) application. Stimulation with TGF-β for 150 min did not alter 

steady-state mRNA levels of the SCNN1A, SCNN1B, or SCNN1G genes in A549 

cells (Figure 7A), or of the scnn1a, scnn1b, or scnn1g genes in primary mouse 

alveolar type II (ATII) cells (Figure 7B).  

         A                                                         B 

                

Figure 7. TGF-β does not acutely influence gene expression of ENaC in lung 

epithelial cells. 

Levels of mRNA transcripts encoding αENaC (scnn1a), βENaC (scnn1b) and γENaC (scnn1g) 

assessed by real-time RT-PCR in A549 (A) and mouse alveolar type II (ATII) cells (B) after 

TGF-β (10 ng/ml) exposure (n = 3, per group). *, P < 0.05. 

4.4 TGF-β drives endocytosis of human ENaC in lung epithelial cells 

Since the effect of TGF-β appeared to be independent of gene expression, the 

surface abundance of ENaC subunits was assessed. Given the very low surface 
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expression levels of ENaC complexes on primary ATII cells and lung epithelial 

cell lines, human (A549) and mouse (MLE-12) cells were transfected with human 

and mouse epitope-tagged ENaC subunits, respectively, to study the effects of 

TGF-β on ENaC surface abundance (Figure 8).  

A                                                               B 

          

Figure 8. TGF-β drives endocytosis of human ENaC in lung epithelial cells. 

(A) A549 cells expressing FLAG-tagged human αENaC or γENaC or V5-tagged human βENaC. 

Total cellular levels are evident in input lanes, while cell surface abundance was assessed by cell 

surface biotinylation, pull-down, and immunoblot (IB) on the same membrane. Cells were 

pretreated (or not) with brefeldin A (BFA; 10 μg/ml), and were untransfected (UT), transfected 

with empty vector (EV), or transfected (TF) with constructs expressing the epitope-tagged ENaC 

subunits. (B) Data from multiple experiments were quantified by densitometric analysis of 

immunoblot bands. Data represent mean ± S.D. (n = 3-8, per group). *, P < 0.05. 

In these studies, cells were pretreated with brefeldin A (BFA), to prevent 

retrograde trafficking of ENaC to the cell surface after endocytosis (86). Several 

cross-reacting bands were evident when A549 cell extracts were probed with 

anti-FLAG or anti-V5 antibodies. These cross-reacting bands conveniently served 
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as loading controls (see untransfected (UT) and empty vector-transfected (EV) 

lanes). The A549 cells transfected with plasmids expressing FLAG-tagged human 

αENaC or γENaC demonstrated a typical multi-band smear for the cell surface 

ENaC fraction (Figure 8A), due to proteolytic processing of these ENaC subunits 

at the cell surface (87). The application of TGF-β (10 ng/ml) for 30 min or 150 

min had no effect on cell surface abundance of either subunit (Figure 8A, 

quantified in Figure 8B). For V5-tagged human βENaC, gels loaded with 10 μg 

input also revealed a multi-band smear for βENaC. Treatment of transfected A549 

cells with TGF-β caused a rapid (within 30 min) and dramatic (>80%) reduction 

in the cell surface abundance of V5-tagged human βENaC (Figure 8A, quantified 

in Figure 8B).  

4.5 TGF-β drives endocytosis of mouse ENaC in lung epithelial cells 

A similar study as for human βENaC was performed for mouse βENaC, where 

TGF-β caused a rapid loss of surface abundance of V5-tagged mouse βENaC 

transfected into mouse MLE-12 cells (Figure 9). 

A                                                                     B 

         

Figure 9. TGF-β drives endocytosis of mouse ENaC in lung epithelial cells. 

(A) Mouse lung epithelial MLE-12 cells were transfected (TF) with V5-tagged mouse βENaC, and 

the effect of TGF-β on cell surface abundance of V5-tagged βENaC assessed by cell surface 

biotinylation, pull-down, and immunoblot (IB) on the same membrane. Cells were pretreated (or 

not) with brefeldin A (BFA; 10 μg/ml), and were untransfected (UT), transfected with empty 

vector (EV), or transfected (TF) with constructs expressing the V5-tagged βENaC subunit. (B) 

Data from multiple experiments were quantified by densitometric analysis of immunoblot bands. 

Data represent mean ± S.D. (n = 3-8, per group). *, P < 0.05. 
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Thus, the ability of TGF-β to promote loss of βENaC from the lung epithelial cell 

surface was conserved between mouse and human. When all three epitope-tagged 

ENaC subunits were expressed together, TGF-β treatment was able to reduce the 

surface abundance of the βENaC subunit, as well as the FLAG-tagged αENaC and 

γENaC subunits (Figure 10A, quantified in Figure 10B). Taken together, these 

data demonstrate that TGF-β can rapidly promote loss of ENaC complexes from 

the surface of lung epithelial cells. 

A                                                                  B 

   

Figure 10. The βENaC subunit is the target for the TGF-β-induced withdrawal of ENaC 

complexes from the cell surface. 

(A) A549 cells were transfected with all three tagged ENaC subunits simultaneously, and the 

effects of TGF-β on surface abundance of FLAG-tagged αENaC and γENaC assessed. Total 

cellular levels are evident in input lanes, while cell surface abundance was assessed by cell surface 

biotinylation, pull-down, and immunoblot (IB) on the same membrane. Cells were pretreated (or 

not) with brefeldin A (BFA; 10 μg/ml), and were untransfected (UT), transfected with empty 

vector (EV), or transfected (TF) with constructs expressing the epitope-tagged ENaC subunits. 

Given similar molecular masses, it was not possible to differentiate between αENaC and γENaC, 

however, a clear reduction in the intensity of the band marked by an asterisk (*) is evident. The 

same immunoblot was reprobed with an anti-V5 antibody to reveal surface abundance of the 

βENaC. (B) Data from multiple experiments were quantified by densitometric analysis of 

immunoblot bands. Data represent mean ± S.D. (n = 3-8, per group). *, P < 0.05.  



  

                                                                                                                         58

4.6 An intact TGF-β/Tgfbr1/Smad2/3 axis is required for 

TGF-β-induced effects on ENaC cell surface abundance 

Transforming growth factor-β may signal through a variety of receptors and 

second messengers, therefore, a combination of pharmacological inhibitors and 

genetic approaches was employed to delineate the proximal signaling pathway 

underlying the effects of TGF-β on ENaC cell surface abundance. Application of 

SB431542 (10 μM), an inhibitor of TGF-β signaling via the type I TGF-β receptor 

Tgfbr1 blocked the ability of TGF-β to reduce cell surface abundance of βENaC 

(Figure 11A, quantified in Figure 11C).  

A                                                          B 

      
 

Figure 11. TGF-β drives ENaC endocytosis in a Tgfbr1/Smad2/3-dependent pathway. 

Effects of (A) the TGF-β receptor (Tgfbr)1 inhibitor SB431542 (10 μM) and (B) Smad2/3 

knockdown by small interfering (si)RNA, on the endocytosis of V5-tagged βENaC by A549 cells 

stimulated by TGF-β (10 ng/ml). Scrambled (scr) siRNA sequences served as tranfection controls 

(C). Data from multiple experiments were quantified by densitometry (n = 3, per group). Data 

represent mean ± S.D. *, P < 0.05; UT, untransfected; EV, empty vector-transfected. 

C 



  

                                                                                                                         59

Simultaneous genetic ablation of Smad2 and Smad3 by small interfering (si)RNA 

also blocked the ability of TGF-β to reduce cell surface abundance of βENaC 

(Figure 11B, quantified in Figure 11C). Together, these data indicate that TGF-β 

signaling was mediated by Tgfbr1 and Smad2/3. 

4.7 Actin mobility is required for TGF-β-induced effects on ENaC cell 

surface abundance 

Phalloidin oleate (PO), a cell membrane-permeable inhibitor of F→G actin 

conversion (1 μM) blocked the ability of TGF-β to reduce cell surface abundance 

of βENaC (Figure 12). These data indicate that ENaC was endocytosed in an 

actin-dependent manner in response to TGF-β stimulation. 

A                                                                                B 

            

Figure 12. Actin mobility is required for TGF-β-induced effects on ENaC cell surface 

abundance. 

(A) The effect of phalloidin oleate (PO), an endocytic inhibitor, on the endocytosis of V5-tagged 

βENaC by A549 cells stimulated by TGF-β (10 ng/ml). (B) Data from multiple experiments were 

quantified by densitometry (n = 3, per group). Data represent mean ± S.D. *, P < 0.05; 

UT, untransfected; EV, empty vector-transfected. 

4.8 TGF-β is the active principle in the lung fluids of ARDS patients 

that promotes loss of ENaC from the lung epithelial cell surface 

When BAL fluids from ARDS patients were applied to A549 cells transfected 

with V5-tagged human βENaC, a rapid (within 30 min) loss of βENaC from the 
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cell surface was observed, in comparison with transfected cells treated with BAL 

fluids from control patients (Figure 13A). This effect of BAL fluids from ARDS 

patients could be abrogated when BAL fluids were preincubated with a 

pan-TGF-β1,2,3 nAB (Figure 13B and D) or when transfected A549 cells were 

pretreated with SB431542 (Figure 13C and D). These data indicate that TGF-β is 

the active principle in BAL fluid from ARDS patients that can induce endocytosis 

of βENaC.  

A                                                           B 

        

C                                                           D 

              

 

Figure 13. TGF-β is the active principle in the lung fluids of ARDS patients that promotes 

loss of ENaC from the lung epithelial cell surface. 

(A) Effects of BAL fluid from three control patients (designated C1, C2, and C3) and three ARDS 

patients (designated P1, P2, and P3) on βENaC endocytosis in A549 cells. (B) Ability of a TGF-

β1,2,3 neutralizing antibody (nAb) to block BAL fluid-induced βENaC endocytosis in A549 cells 

[in control lanes (-), the nAb (10 μg/ml) was replaced by a non-specific IgG (IgG)], and (C) the 

ability of  SB431542 to block BAL fluid-induced βENaC endocytosis by A549 cells. In control 

lanes (-), the SB431542 was replaced by vehicle alone [0.1% (v/v) dimethyl sulfoxide]. (D) Data 

from multiple experiments were quantified by densitometry (n = 3, per group). Data represent 

mean ± S.D. *, P < 0.05. veh, vehicle; UT, untransfected; EV, empty vector-transfected. 
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4.9 TGF-β effects on ENaC cell surface stability  

are dependent upon PLD1 

Efforts were then made to identify more distal parts of the TGF-β pathway that 

promoted ENaC endocytosis. An initial broad screen of candidate signaling 

molecules ruled out several key cell signaling pathways. The following inhibitors 

did not inhibit TGF-β-stimulated endocytosis of βENaC in a biotin pull-down 

assay: The phospholipase A2 inhibitor, N-(p-amylcinnamoyl)anthranilic acid (25 

μM) (Figure 14A); the Ca2+-chelator, BAPTA-AM (25 mM) (Figure 14B); the 

protein kinase C inhibitor, bisindolylmaleimide I (1 and 10 μM) (Figure 14C and 

14D); the Ca2+/calmodulin-dependent protein kinase kinase inhibitor, STO-609 

(20 μg/ml) (Figure 14E); the phosphoinositide-3-kinase inhibitor, wortmannin 

(100 nM) (Figure 14F); the phospholipase A inhibitor, isotetrandrine (1 μg/ml) 

(Figure 14G); and c-jun N-terminal kinase inhibitor II (50 μM) (Figure 14H). In 

contrast, preincubation of A549 cells with 0.1% (v) n-butanol blocked the ability 

of TGF-β (10 ng/ml) to stimulate V5-tagged βENaC endocytosis, thus implicating 

PLD (Figure 15A). In the presence of n-butanol PLD converts 

phosphatidylcholine by transphosphorylation into phosphatidylbutanol (PBut) 

rather than into phosphatidic acid (PA), a natural reaction product of PLD activity, 

and therefore it is commonly used as an antagonist of PLD-induced PA 

generation. In contrast, t-butanol [also at 0.1 % (v/v)], which is not a substrate for 

transphosphatidylation by PLD, was employed as a control, and did not impact the 

effects of TGF-β (Figure 15A).  
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Figure 14. Screening pathway inhibitors for impact on TGF-β-induced ENaC endocytosis. 

The A549 cells expressing V5-tagged human βENaC were treated with a spectrum of signaling 

pathway inhibitors prior to treatment with TGF-β (TGFβ; 10 ng/ml): (A) the phospholipase A2 

inhibitor, N-(p-amylcinnamoyl)anthranilic acid (ACA) (25 µM), (B) the membrane-permeable 

intracellular Ca2+-chelator BAPTA-AM (25 mM), (C) the protein kinase C inhibitor, 

bisindolylmaleimide I (BIS) (1 µM), (D) the protein kinase C inhibitor, bisindolylmaleimide I 

(10 µM), (E) the Ca2+/calmodulin-dependent protein kinase kinase inhibitor, STO-609 (20 µg/ml), 

(F) the phosphoinositide-3-kinase inhibitor, wortmannin (100 nM), (G) the phospholipase A 

inhibitor, isotetrandrine (1 µg/ml), and (H) the c-jun N-terminal kinase (JNK) inhibitor II (50 µM). 

Total cellular levels are evident in input lanes, while cell surface abundance was assessed by cell 

surface biotinylation, pull-down, and immunoblot on the same membrane. Cells were pretreated 

with brefeldin A (10 µg/ml), and were untransfected (UT), transfected with empty vector (EV), or 

transfected with a construct expressing V5-tagged human βENaC. 
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TGF-β (10 ng/ml) stimulated the production of PA by A549 cells (Figure 15B), 

further supporting a role for PLD. The measurements of the production of PA 

were conducted by a group from the University of Essen, not by the author, and 

are included to facilitate the flow of arguments. 

A                                                                                 B 

           

Figure 15. TGF-β activation of phospholipase D1 is required for βENaC endocytosis. 

(A) The impact of n-butanol [n; 0.1 % (v/v); a PLD inhibitor] or t-butanol [t; 0.1 % (v/v); which is 

not a substrate for transphosphatidylation, and was employed as a control] on βENaC endocytosis 

by A549 cells in response to TGF-β (10 ng/ml) was assessed by biotin pull-down. An arrow 

indicates the primary βENaC band, while a bracket indicates the βENaC smear. (B) The 

production of [3H]phosphatidic acid (PA) was assessed in A549 cells after stimulation with TGF-β 

(10 ng/ml) (n = 3, per group) after pretreatment of A549 cells with n- or t-butanol [0.1 % (v/v)]. 

Data in panel (B) were generated by a group from the University of Essen, not by the author, and 

were included to facilitate the flow of arguments. Data represent mean ± S.D. *, P < 0.05; 

UT, untransfected; EV, empty vector-transfected. 

Also, genetic ablation of PLD1 by siRNA knockdown blocked the ability of 

TGF-β to stimulate βENaC endocytosis (Figure 16). 
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Figure 16. TGF-β activation of phospholipase D1 is required for βENaC endocytosis.  

The impact of PLD1 gene ablation by small interfering (si)RNA knockdown on βENaC 

endocytosis by A549 cells in response to TGF-β was assessed by biotin pull-down. A scrambled 

(scr) siRNA sequence served as a transfection control; UT, untransfected; EV, empty 

vector-transfected. 

In further support of a role for PLD1, expression of a dominant-negative PLD1 

variant in A549 cells markedly reduced the ability of TGF-β to drive βENaC 

endocytosis (Figure 17). 
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Figure 17. TGF-β activation of phospholipase D1 is required for βENaC endocytosis.  

The impact of overexpression of wild-type (wt) or a dominant-negative (dn) variant of PLD1 on 

βENaC endocytosis by A549 cells in response to TGF-β was assessed by biotin pull-down; 

UT, untransfected; EV, empty vector-transfected. 

Stimulation of untransfected A549 cells with TGF-β (10 ng/ml) drove production 

of phosphatidylbutanol (PBut), which is diagnostic for PLD activity (Figure 18). 

Genetic ablation of Smad2/3 blocked TGF-β-induced PBut formation placing 

PLD activity downstream of Tgfbr1-induced Smad2/3 phosphorylation in this 

pathway (Figure 18). These experiments were conducted by a group from the 

University of Essen, not by the author, and are included to facilitate the flow of 

arguments. These data thus implicate PLD1 in the signaling cascade that connects 

TGF-β signaling with βENaC endocytosis in lung epithelial cells. 
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Figure 18. TGF-β drives production of phosphatidylbutanol (PBut). 

The production of [3H]Phosphatidylbutanol (PBut) was assessed in A549 cells after stimulation 

with TGF-β (10 ng/ml) (n = 3, per group) after pretreatment of A549 cells with scrambled siRNA 

or siRNA targeting Smad2/3. Data represent mean ± S.D. *, P < 0.05. These data were generated 

by a group from the University of Essen, not by the author, and are included to facilitate the flow 

of arguments. 

4.10 TGF-β effects on ENaC cell surface stability are dependent upon 

phosphatidylinositol-4-phosphate 5-kinase 1α 

The PA generated by PLD1 is an important regulator of phosphoinositide 

signaling (88), being a key regulator of phosphatidylinositol-4-phosphate 5-kinase 

1α (PIP5K1α) which generates phosphatidylinositol (4,5)-bisphosphate 

[PtdIns(4,5)P2], a phosphoinositide that has been implicated in the positive (89) 

and negative (90) regulation of ENaC activity. No specific inhibitor of PIP5K1α 

exists, therefore, a gene ablation approach using siRNA was employed. 

Knockdown of PIP5K1α expression in A549 cells abrogated the effects of TGF-β, 

preventing TGF-β-induced endocytosis of βENaC (Figure 19A). However, 

knockdown of PIP5K1α expression did not impact the ability of TGF-β to drive 

PA production (Figure 19B), indicating that the role of of PIP5K1α in the 

TGF-β/βENaC endocytosis pathway was downstream of PLD1.  
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A                                                                            B 

        

Figure 19. TGF-β activation of phosphatidylinositol-4-phosphate 5-kinase 1α is required for 

βENaC endocytosis. 

(A) The impact of PIP5K1A gene ablation by small interfering (si)RNA knockdown on βENaC 

endocytosis by A549 cells in response to TGF-β (10 ng/ml) was assessed by biotin pull-down. 

Scrambled (scr) siRNA sequences served as a transfection controls. (B) The impact of PIP5K1A 

gene ablation by small interfering (si)RNA knockdown on the production of [3H]phosphatidic acid 

(PA) by A549 cells stimulated by TGF-β. Data represent mean ± S.D. *, P < 0.05. 

UT, untransfected; EV, empty vector-transfected. 

The siRNA knockdown data were confirmed by expression of a 

dominant-negative of PIP5K1α in A549 cells, which also prevented βENaC 

endocytosis in response to TGF-β stimulation of A549 cells (Figure 20). 
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Figure 20. TGF-β activation of phosphatidylinositol-4-phosphate 5-kinase 1α is required for 

βENaC endocytosis. 

The impact of overexpression of wild-type (wt) or a dominant-negative (dn) variant of PIP5K1A 

on βENaC endocytosis by A549 cells in response to TGF-β was assessed by biotin pull-down. UT, 

untransfected; EV, empty vector-transfected. 

4.11 TGF-β effects on ENaC plasma membrane stability are dependent 

upon reactive oxygen species 

The role of reactive oxygen species (ROS) as well as reactive nitrogen derivatives 

in the modulation of AFC (91), and ENaC activity in particular (92), has been 

widely explored. During a preliminary pathway screen, two cell-permeable and 

non-specific quenchers of ROS, EUK-134 (Figure 21A) and polyethylene glycol 

(PEG)-complexed superoxide dismutase (SOD; Figure 21B) blocked the ability of 

TGF-β to drive βENaC endocytosis. 
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A                                                            B 

         

Figure 21. Effects of reactive oxygen species (ROS) scavengers on TGF-β-driven βENaC 

endocytosis by A549 cells. 

Effects of the ROS scavengers EUK-134 (A) and polyethylene glycol (PEG)-complexed 

superoxide dismutase (SOD) (B) on TGF-β-driven βENaC endocytosis by A549 cells. veh, 

vehicle; TGFβ, TGF-β; UT, untransfected; EV, empty vector-transfected. 

In contrast, L-NAME (100 mM; an inhibitor of NO generation by nitric oxide 

synthases) was without effect (Figure 22).  

 

 

Figure 22. Effect of nitric oxide synthase inhibition on TGF-β-induced ENaC endocytosis.  

The A549 cells expressing V5-tagged human βENaC were treated with L-NAME (100mM) prior 

to treatement with TGF-β (TGFβ; 10 ng/ml). Total cellular levels of V5-ENaC are evident in input 

lanes, while surface-abundance was assessed by cell surface biotinylation, pull-down and 

immunoblot on the same membrane. Cells were pretreated with brefeldin A (10 µg/ml) and were 

untransfected (UT), transfected with empty vector (EV), or transfected with a construct expressing 

V5-tagged human βENaC. 

Using a fluorescence-based assay for ROS production, based on the measurement 

of H2O2, it was demonstrated that TGF-β could drive ROS production in A549 

cells (Figure 23A). This effect was blocked by pretreatment of A549 cells with 
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SB431542, and by knockdown of Smad2 and Smad3 expression (Figure 23B), 

implicating the Tbfbr1/Smad2/3 axis in TGF-β-induced ROS production. 

  A                                            B 

            

Figure 23. TGF-β drives reactive oxygen species (ROS) production in A549 cells. 

(A) illustrates the arbitrary fluorescence units (AFU) obtained with untreated or TGF-β-treated 

naïve cells, without (-) or with addition of 100 μM H2O2 as a positive control. (B) TGF-β pathway 

inhibitors and ROS scavengers were assessed for effects on TGF-β-induced ROS production 

(measured as H2O2 production) by A549 cells, which were untreated (-), or treated with 

dimethylsulfoxide [DMSO; 0.1% (v/v)]; SB431542 (SB; 10 μM); scrambled small interfering 

(si)RNA (scr), siRNA targeting Smad2 and Smad3 (S2/3); PEG-complexed SOD (SOD; 

150 U/ml); or EUK-134 (EUK; 20 μM). (n = 3, per group). Data represent mean ± S.D. *, 

P < 0.05.  

None of the inhibitors of complexes I-III of the mitochondrial electron transport 

chain could block TGF-β-induced ROS production, including 3-nitroproprionic 

acid (complex II), thenoyltrifluoroacetone (complex II), antimycin A (complex 

III), and rotenone (complex I) (Figure 24). However, NaN3, an inhibitor of 

complex IV and NADPH oxidases, was able to do so (Figure 24), suggesting a 

role for either complex IV or NADPH oxidases in TGF-β-induced ROS 

production by A549 cells. 
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Figure 24. TGF-β-induced ROS is dependent on either complex IV of the respiratory chain 

or NAPDH oxidases. 

Inhibitors of the electron transport chain and NADPH oxidases were assessed for effects on 

TGF-β-induced ROS production by A549 cells: 3-nitroproprionic acid (3NPA; 5 mM), 

thenoyltrifluoroacetone (TTFA; 10 μM), antimycin A (AntiA; 3 μg/ml), rotenone (Roten; 

100 μM), NaN3 (1 mM), and apocynin (100 μM; Apocy) (n = 5, per group). Data represent 

mean ± S.D. *, P < 0.05. 

4.12 TGF-β effects on ENaC plasma membrane stability are dependent 

upon reactive oxygen species generated by NOX4 

Sodium azide, an inhibitor of complex IV and NADPH (nicotinamide adenine 

dinucleotide phosphate) oxidases, was able to block TGF-β-induced ROS 

production (Figure 24), suggesting a role for either complex IV or NADPH 

oxidases in TGF-β-induced ROS production by A549 cells. To test this idea 

further, A549 cells were pretreated with apocynin, an inhibitor of NADPH 

oxidases, which also blocked both the ability of TGF-β to drive ROS production 

in A549 cells (Figure 24), and the ability of TGF-β to promote βENaC 

endocytosis (Figure 25). These data confirmed a role for NADPH oxidases in the 

TGF-β/βENaC endocytosis pathway.  
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Figure 25. TGF-β effects on ENaC plasma membrane stability are dependent upon reactive 

oxygen species generated by NADPH oxidases. 

The effect of apocynin, an inhibitor of NADPH oxidases (300 μM) on TGF-β-driven βENaC 

endocytosis by A549 cells. veh, vehicle; UT; untransfected; EV, empty vector-transfected.  

Genetic ablation of NOX (NADPH oxidase) 4 by siRNA both completely blocked 

TGF-β-stimulated ROS production in A549 cells (Figure 26A), and prevented the 

TGF-β-induced endocytosis of βENaC by A549 cells (Figure 27). These data 

confirm NOX4 as the source of TGF-β-induced ROS in A549 cells.  

                A                                               B 

           

Figure 26. The effects of genetic ablation of NOX4 on TGF-β-induced ROS production by 

A549 cells. 

(A)The impact of NOX4 gene ablation by small interfering (si)RNA knockdown on βENaC 

endocytosis by A549 cells in response to TGF-β (n = 3, per group). (B) The effect of NOX4 

knockdown on baseline ROS levels (n = 3, per group). Data represent mean ± S.D. *, P < 0.05. 
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Figure 27. TGF-β effects on ENaC plasma membrane stability are dependent upon reactive 

oxygen species generated by NOX4. 

The impact of NOX4 gene ablation by small interfering (si)RNA knockdown on βENaC 

endocytosis by A549 cells in response to TGF-β. A scrambled (scr) siRNA sequence served as a 

transfection control. veh, vehicle; UT; untransfected; EV, empty vector-transfected. 

Genetic ablation of both PLD1 and PIP5K1α in A549 cells prevented 

TGF-β-stimulated ROS production, suggesting that NOX4-generated ROS in the 

TGF-β/βENaC endocytosis pathway was downstream of both PLD1 and PIP5K1α 

(Figure 28). 
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Figure 28. The effects of genetic ablation of PLD1 and PIP5K1A on TGF-β-induced ROS 

production by A549 cells. 

Scrambled small-interfering (si)RNA (scr), siRNA targeting phospholipase D1 (PLD1) and 

phosphatidylinositol-4-phosphate 5-kinase 1α (PIP5K1α; n = 3, per group). Data represent 

mean ± S.D. *, P < 0.05. 

4.13 TGF-β signaling targets Cys43 of βENaC in human and mouse 

cells 

Hydrogen peroxide is emerging as an important second messenger in intracellular 

signaling. Although H2O2 is a relatively mild oxidant, its signaling activity has 

been attributed to chemoselective oxidation of cysteine residues (93, 94). 

Therefore, all cysteine residues in the cytosolic domains of βENaC (being the 

region proximal to the M1 transmembrane domain, and the region distal to the M2 

transmembrane domain; (Figure 29) were converted by site-directed mutagenesis 

of the human SCNN1B and mouse scnn1b genes, to serine or alanine residues. A 

schematic illustration of the cytosolic domains of human and mouse βENaC is 

depicted in figure 29. 



  

                                                                                                                         75

 

Figure 29. TGF-β signaling targets Cys43 of βENaC in human and mouse cells. 

Schematic illustration of the cytosolic domains of human and mouse βENaC. The amino acid 

sequences of the regions proximal to the first transmembrane (M1) domain and distal to the second 

transmembrane domain (M2) are illustrated. All cysteine residues are indicated.  

Conversion of Cys10, Cys30, Cys557 and Cys595 mouse βENaC to a serine residue 

had no effect on the ability of TGF-β to promote V5-tagged mouse βENaC 

endocytosis by MLE-12 cells (Figure 30). However, conversion of Cys43 to a 

serine residue completely blocked the ability of TGF-β to promote V5-tagged 

mouse βENaC endocytosis by MLE-12 cells (Figure 30). 

 

 

Figure 30. The impact of cysteine residue replacements on mouse βENaC endocytosis by 

MLE-12 cells in response to TGF-β. 

The impact of cysteine residue replacements on mouse βENaC endocytosis by MLE-12 cells in 

response to TGF-β (10 ng/ml; 30 min) was assessed by biotin pull-down. As the biotin pull-down 

and input fractions were resolved on separate gels, an α-tubulin input loading control was also 

prepared. UT, untransfected; EV, empty vector-transfected.  
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Identical trends were observed when using human βENaC, where conversion of 

Cys43 to a serine residue (Figure 31A) also completely blocked the ability of 

TGF-β to promote V5-tagged human βENaC endocytosis by A549 cells, while 

conversion of Cys30 to a serine residue was without any effect (Figure 31B).  

A 

 

B 

 

Figure 31. The impact of Cys43 and Cys30 replacement on human βENaC endocytosis by 

A549 cells in response to TGF-β. 

(A) The impact of Cys43 replacement with serine on human βENaC endocytosis by A549 cells in 

response to TGF-β (30 min) was assessed by biotin pull-down. (B) The impact of Cys30 

replacement with alanine or serine on human βENaC endocytosis by A549 cells in response to 

TGF-β (30 min) was assessed by biotin pull-down. wt, wild-type; UT, untransfected; EV, empty 

vector-transfected.  

Interestingly, Cys30 and Cys43 are the only two intracellular cysteine residues in 

human βENaC, and their positions are exactly conserved comparing mouse and 
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human ENaC. Thus, the conserved Cys43 appears to represent a direct or indirect 

target of TGF-β-induced ROS, generated by NOX4. 

The preceding data, therefore, establish the sequence of this novel TGF-β 

signaling pathway as  

 

TGF-β→Tgfbr1→Smad2/3→PLD1→PIP5K1α→NOX4→ROS→βENaC(Cys43). 
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5 Discussion 

The data presented here demonstrate that TGF-β plays a key role in the acute 

regulation of ENaC activity, and hence, can impact alveolar ion and fluid 

transport. These observations are relevant to pathological conditions characterized 

by a failure of fluid reabsorption, with such a condition being exemplified by 

alveolar edema in patients with ALI/ARDS. Transforming growth factor-β has 

already been implicated as an important mediator of ALI, however, to date, all 

proposed roles for TGF-β in ARDS have been ascribed to long-term effects 

dependent upon gene regulation. For example, TGF-β is activated locally by 

integrin αvβ6 (95), which, in the case of mechanical ventilation, acts in 

cooperation with PAR-1 (96), to increase epithelial and endothelial permeability, 

and promote alveolar flooding. The mechanisms underlying this effect are 

unclear, but have been attributed to the depletion of reduced glutathione, and 

increased oxidized glutathione which results from downregulation of 

γ-glutamylcysteine synthetase gene expression by TGF-β. Similarly, TGF-β 

(10 ng/ml) downregulated SCNN1A (encoding αENaC) gene expression in 

alveolar epithelial cells, which would also impair transepithelial alveolar ion and 

fluid transport (97), which was consistent with the observation made in that study 

that 24 h after intratracheal instillation of TGF-β into live rats (250 ng/rat), a 

reduction in distal airspace fluid clearance was observed (97). 

In addition to local integrin-mediated activation, other studies have demonstrated 

that TGF-β may be activated and released from the lung extracellular matrix by 

proteases such as elastase (98), leading to elevated active TGF-β levels in BAL 

fluids of patients with ARDS. The authors of two reports have demonstrated 

increased abundance of both TGF-β mRNA and protein in lung tissue from ARDS 

patients (54) and increased active TGF-β1 levels (7-14 ng/ml ELF) in BAL fluids 

from patients with ARDS (54, 78). Notably, lower BAL fluid TGF-β levels in 

ARDS patients were correlated with more ventilator-free and ICU-free days (78), 

correlating TGF-β levels with the severity of ARDS. This concentration of TGF-β 

is approximately double that of circulating TGF-β levels in the plasma of healthy 

subjects [4.1 ± 2.0 ng/ml normal human plasma (99)], although it was 

substantially lower than TGF-β levels in the pleural fluid during thoracic 
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empyema [40 ng/ml (100)]. Irrespective of whether TGF-β is locally activated at 

the epithelial cell surface, or whether increased free, active TGF-β levels are 

generated in the lung, as long as TGF-β can access Tgfbr1, the same downstream 

pathway, described in this study, is likely to be activated, culminating in impaired 

alveolar ion and fluid transport. 

In the present study, it was shown that when TGF-β was applied to isolated, 

ventilated, and perfused rabbit lungs, a rapid and pronounced block in alveolar 

fluid reabsorption was evident. Subsequent investigations revealed that active Na+ 

transport out of the alveolar airspaces was impaired, leading to perturbed AFC. 

This suggested that the sodium transport machinery was most likely targeted by 

TGF-β, the two leading candidates being the Na,K-ATPase and ENaC, which 

together drive transepithelial alveolar sodium transport (15, 101). Further 

investigations using the ENaC inhibitor amiloride in the isolated, ventilated and 

perfused rabbit lung suggested that amiloride-sensitive sodium channels such as 

ENaC were the target of TGF-β. 

The activity of ENaC may be regulated chronically (at the gene transcription 

level), and defects in ENaC gene regulation have been associated with disease. 

For example, transcription of the SCNN1G gene (encoding γENaC) is impaired by 

tumor necrosis factor-α in Crohn’s disease, a chronic inflammatory bowel disease 

(102), leading to impaired sodium transport across the colon epithelium (103). 

Directly related to this study, TGF-β can downregulate the SCNN1A gene 

(encoding αENaC) in alveolar epithelial cells, after a 96-h exposure to 10 ng/ml 

TGF-β (97). In this study, however, TGF-β did not impact mRNA levels of genes 

encoding the α β, and γ ENaC subunits over the short (30 min-2 h) experimental 

time-course, ruling out gene regulatory effects. 

The primary mechanisms regulating ENaC activity are acute, allowing the cell to 

rapidly respond to fast-changing needs in sodium absorption. These mechanisms 

target channel open probablity (Po), or membrane trafficking, which alters channel 

cell surface abundance (104). Phosphoinositides can bind βENaC and γENaC, 

rapidly increasing ENaC Po, and hence, channel activity (105). Additionally, both 

membrane-bound serine peptidases (87, 106) and laminar shear stress can activate 

ENaC by increasing Po (107). Membrane trafficking also represents a means of 

acute regulation of ENaC activity (108), since only a small fraction of ENaC 
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channels reside on the plasma membrane, the rest being located in sub-apical 

compartments that are rapidly delivered to the plasma membrane by the 

appropriate stimulus, to increase ENaC cell surface abundance, and drive sodium 

absorption (104). The activity of ENaC is negatively regulated by endocytosis of 

channel complexes into clathrin-coated pits (108), but the pathways directing 

ENaC endocytosis are unclear (108). To date, ubiquitination mediated by the E3 

ubiquitin ligase NEDD4-2 represents a convergence point for the regulation of 

ENaC surface density by several pathways, including the aldosterone/serum and 

glucocorticoid kinase pathway, the extracellular regulated kinase pathway, and the 

vasopressin/cAMP pathway (108). In the present study, using transfected human 

and mouse lung epithelial cell lines expressing epitope-tagged ENaC subunits, the 

β subunit of ENaC was identified as a target for TGF-β-driven endocytosis. 

Appropriately, the β subunit of ENaC is the regulatory subunit responsible for 

stabilizing ENaC complexes in the plasma membrane (101). This represents a 

hitherto undescribed ENaC regulatory pathway that relies on ENaC trafficking. 

Disturbances to ENaC trafficking which lead to abnormal cell surface stability of 

the αβγENaC complex cause severe disease, an example being Liddle’s 

Syndrome, characterized by severe hypertension, hypokalemia, and 

hypoaldosteronism. In affected patients, mutations in the SCNN1B and SCNN1G 

genes generate βENaC and γENaC variants which are truncated at the C-terminus 

(109), leading to loss of a critical PY (proline/tyrosine) domain that serves as a 

docking motif for NEDD4-2 (110). In the absence of NEDD4-2 docking, the 

βENaC and γENaC Liddle variants are not ubiquitinated (110), and hence, are not 

endocytosed, leading to increased cell surface stability and thus, hyperabsorption 

of sodium in the renal tubule. 

In the present study, a new ENaC trafficking defect is described, where TGF-β 

promotes excessive endocytosis of βENaC, leading to a pronounced reduction in 

αβγENaC complexes at the lung epithelial cell surface, and hence, reduced 

sodium and fluid reabsorption. Importantly, BAL fluids from healthy volunteers 

did not drive ENaC endocytosis, while BAL fluids from ARDS patients did. Thus, 

BAL fluids from ARDS patients contain a factor which drove ENaC endocytosis 

in alveolar epithelial cells. The acute respiratory distress syndrome is 

characterized by protein-rich edema fluid in lungs of affected patients. Therefore, 
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BAL fluids from ARDS patients contain a multitude of growth factors, cytokines 

and other molecules, which could contribute to disease pathogenesis. In this study, 

using neutralizing antibodies or a TGF-β signaling pathway inhibitor (SB431542), 

TGF-β was identified as being the factor in ARDS patient BAL fluids that was 

exclusively responsible for driving ENaC endocytosis by alveolar epithelial cells. 

This observation makes a strong case for a role for TGF-β in the impaired alveolar 

fluid reabsorption observed in ARDS patients, thereby contributing to the rapid 

onset and dangerous persistence of alveolar edema in these patients. In the longer 

term, these effects would be exacerbated by the chronic effects of TGF-β on the 

transcriptional regulation of ion transporting machinery described by other 

investigators (95, 97, 111). Seven steps of an entirely novel TGF-β signaling 

pathway (Figure 32) that underlie this ENaC trafficking defect are being clarified 

in the present study. Unique for TGF-β signaling – which generally affects gene 

regulation – this pathway drives a rapid (within 30 min) and dramatic (>80%) 

reduction in the cell surface abundance of ENaC on lung epithelial cells. This new 

signaling pathway is activated by TGF-β acting through Tgfbr1, a type I TGF-β 

receptor. Activation of Tgfbr1 (acting in concert with Tgfbr2) will drive Smad2 

and Smad3 phosphorylation. This represents the proximal arm of the classical 

TGF-β signaling pathway, which normally proceeds by driving complex 

formation between phosphoSmad2/3 and Smad4, and translocation of the 

Smad2/3/4 complex into the nucleus, where Smad complexes bind to target 

promoters and then recruit additional coactivators or corepressors, which regulate 

the expression of a multitude of TGF-β-responsive genes. This novel pathway 

diverges from the classical gene regulatory pathway at the point of Smad2/3 

phosphorylation, which within minutes activated PLD1, a phospholipid 

phosphohydrolase which catalyzes the hydrolysis of phosphatidylcholine and 

other membrane phospholipids to PA and choline. PA may also be generated 

intracellularly by the phosphorylation of 1,2-diacylgylcerol by diacylglycerol 

kinase (88), however, since siRNA-mediated knockdown of PLD1 completely 

blocked the ability of TGF-β to drive ENaC endocytosis in A549 cells, a role for 

diacylglycerol kinase was not considered further. 

The PA generated by PLD1 is an important regulator of phosphoinositide 

signaling (88), given the ability of PA to activate PIP5K1α (112). This suggested 
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that PIP5K1α might play a part in the TGF-β/βENaC endocytic pathway. Indeed, 

siRNA knockdown or overexpression of a dominant-negative PIP5K1α blocked 

the ability of TGF-β to drive βENaC endocytosis, confirming a key role for 

PIP5K1α in this pathway. This study highlights a role for PIP5K1α-derived 

phosphoinositides in ENaC regulation by TGF-β, contributing to a growing and 

complex discussion about how phosphoinositides regulate ENaC activity (105). 

PIP5K1α generates PtdIns(4,5)P2, a phosphoinositide that has been implicated in 

both positive (89) and negative (90) regulation of ENaC. PtdIns(4,5)P2 increased 

ENaC Po in excised inside-out patches (113), and resting levels of PtdIns(4,5)P2 

set basal ENaC activity (114), suggesting PtdIns(4,5)P2 as a positive regulator of 

ENaC. However, PIP5K1α also decreases the cell surface abundance of ENaC in 

cortical collecting duct cells (90), in a pathway believed to rely on 

PtdIns(4,5)P2-mediated recruitment of epsin to the plasma membrane, which 

drives the formation of clathrin-coated vesicles. In this study, a new role for 

phosphoinositides in acute, negative regulation of ENaC activity that is related to 

ROS production has been identified. How PIP5K1α-generated PtdIns(4,5)P2 both 

negatively and positively regulate ENaC remains a matter of discussion. It is 

proposed that the precise subcellular location of PtdIns(4,5)P2 generation (and 

breakdown) defines phosphoinositide effects on ENaC. 

Data presented here indicate that siRNA knockdown of PIP5K1α prevented ROS 

formation in response to TGF-β stimulation of A549 cells. Thus, PIP5K1α was 

located upstream of the ROS-producing oxidase. A combination of inhibitor and 

gene ablation studies revealed that oxidase to be NADPH oxidase 4 (NOX4) 

[reviewed in (115)], and it is speculated here that PtdIns(4,5)P2 generated by 

PIP5K1α activated NOX4 (Figure 32). The possibility of a bridging molecule 

between PIP5K1α and NOX4 has also not been ruled out. Knockdown of NOX4 

did not impact baseline (unstimulated) ROS levels, thus, a knock-on effect of 

reduced baseline ROS levels on the expression of ROS-sensitive NADPH 

oxidases and associated subunits such as NOX1, NOX2, and p22phox (116), was 

ruled out. The activation of NADPH oxidases (although not NOX4) by PIP5K1α 

enzymatic products is not without precedent, since PtdIns(4,5)P2 can regulate the 

subcellular distribution and ROS production of NOX5 (117). The proper cellular 

localization of NADPH oxidases is critical for NADPH oxidase function (115), 
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therefore, PtdIns(4,5)P2 might directly activate NOX4, or might recruit or position 

NOX4 to drive βENaC endocytosis. Interestingly, TGF-β is known to upregulate 

gene expression of NOX4 in lung vascular smooth muscle cells (118). However, 

the rapid effect of TGF-β on ENaC endocytosis reported here precludes a role for 

NOX4 gene expression. Thus, this is the first report of the ability of TGF-β to 

activate NOX4, and drive ROS production by NOX4, in the absence of 

transcriptional regulation of the NOX4 gene. These data add to a growing body of 

evidence which highlights NOX4 as an important player in a diverse range of lung 

pathologies, including pulmonary arterial hypertension (119) and fibrotic lung 

disease (120). 

The findings presented here which document the acute negative regulation of 

ENaC activity by ROS are interesting considering that neutralization of ROS in 

animal models of ARDS, for example, by application of the membrane-permeable 

aminothiol N-acetylcysteine in an acute pancreatitis rat model (121), or 

application of the ROS quencher EUK-8 in a porcine LPS model (122), both 

attenuated alveolar edema. It is tempting to speculate that that might have been 

due, in part, to neutralization of NOX4-generated ROS which would drive ENaC 

endocytosis. 

Both ROS, RNS and H2O2 are emerging as important second messengers in 

intracellular signaling, particularly in the context of ENaC regulation (123), where 

both ROS and NO regulate channel activity (123). It is demonstrated here that 

NOS-generated NO did not impact TGF-β induced endocytosis of βENaC, in 

contrast to NOX4-generated ROS (measured as H2O2), which mediated this 

process. Although H2O2 is a relatively mild oxidant, its signaling activity has been 

attributed to chemoselective oxidation of cysteine residues (124). Therefore, all 

cysteine residues in the cytosolic domains of βENaC (being the region proximal 

to the M1 transmembrane domain, and the region distal to the M2 transmembrane 

domain; Figure 29) were converted by site-directed mutagenesis of the human 

SCNN1B and mouse scnn1b genes, to serine residues. A critical role for a 

conserved cysteine residue, Cys43, in both mouse and human ENaC was 

demonstrated using this approach. This suggests that the TGF-β/ENaC endocytic 

pathway is a conserved means of ENaC regulation across many species [Cys43 is 
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also conserved in rabbits (GenBankTM accession number NP001076197) and dogs 

(GenBankTM accession number XP534912), for example]. 

The βENaC Cys43 residue might be oxidized by NOX4-generated ROS, which in 

itself could serve as a trigger for βENaC endocytosis. The Cys43 residue appears 

to be an excellent candidate as a target for reaction with ROS, RNS or H2O2 due 

to the adjacent acidic residue (Glu), which confers special reactivity conducive to 

oxidative modification (124). Interestingly, of all cysteine residues, only Cys43 

was conserved between human and mouse βENaC in that an adjacent acidic 

residue was present (Figure 29). Alternatively, NOX4-generated ROS might target 

an intermediate signaling molecule which recognizes Cys43 in βENaC and 

promotes βENaC endocytosis. These questions form the basis of projects that will 

be built on these studies. This pathway is schematically illustrated in Figure 32, in 

the background of what is already known about TGF-β and AFC.  

In summary, an entirely novel TGF-β signaling pathway is described here, which 

acutely regulates the activity of ENaC in the alveolar epithelium. Elucidation of 

this pathway is particularly exciting, since TGF-β is generally accredited with 

long-term (chronic) effects that rely on changes to gene expression. This 

regulatory pathway appears to be conserved across several species, including 

mouse, rabbit and humans, and may also represent a normal ENaC regulatory 

mechanism in healthy tissues. Given the pathological roles played by TGF-β in 

conditions associated with a failure of fluid reabsorption, such as the persistence 

of pulmonary edema in ARDS, this pathway represents a candidate 

pathomechanism at play in affected lungs. This possibility is underscored by the 

demonstration here that TGF-β in lung fluids from patients with ARDS was able 

to drive ENaC endocytosis in alveolar epithelial cells. Delineation of this 

signaling pathway revealed several candidate enzyme systems which might be 

targeted in an attempt to normalize AFC in affected patients, including targeting 

phosphoinositide metabolism and ROS. Additionally, this pathway may also be 

operative under physiological and pathological conditions in other organs where 

ENaC plays an important role, including the collecting tubules of the kidney, and 

the colon. 
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Figure 32. Schematic illustration of the TGF-β/ENaC pathway described in this study. 

In healthy lungs, latent TGF-β is inactive, and the Na,K-ATPase and epithelial sodium channel 

(ENaC) drive Na+ absorption by epithelial cells, maintaining fluid influx and reabsorption in 

equilibrium, and epithelial lining fluid volume at an appropriate level. Activation of latent TGF-β 

by elastase (98), integrin-dependent (1) or protease-activated receptor (PAR)-dependent 

mechanisms (125) in acute lung injury has been described. TGF-β is implicated in chronic (gene 

regulatory) effects (green arrows), including loss of cell-cell junctions (1), downregulation of 

SCNN1A (encoding αENaC) (53), and epithelial-to-mesenchymal transition (EMT) (126), leading 

to barrier failure. Application of a TGF-β neutralizing antibody (nAb) or a soluble type II receptor 

(sTgfbr2) dampened the deleterious effects of TGF-β (1). In this report, an acute effect of TGF-β 

on alveolar fluid reabsorption is described. In the novel signaling pathway delineated (dark gray 

arrows), TGF-β, acting through the type I TGF-β receptor, induces Smad2/3 phosphorylation, 

which in turn activates phospholipase D1 (PLD1). The PLD1 generates phosphatidic acid (PA) 

from phosphatidylcholine (PC). PA is an activator of phosphatidylinositol-4-phosphate 5-kinase 

1α (PIP5K1α), which drives NOX4 activation, perhaps by phosphatidylinositol (4,5)-bisphosphate 

[PtdIns(4,5)P2] formation from phosphatidylinositol 4′-monophosphate (PI4P). Activated NOX4 

generates reactive oxygen species (ROS) which either directly or indirectly promote βENaC 

endocytosis in a manner dependent on Cys43. This leads to loss of Na+-absorbing capacity of the 

epithelial cell and alveolar flooding, promoting the formation or persistence of alveolar edema. 

The targets of reagents employed in this study are also illustrated. 
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6 Summary 

TGF-β is a pathogenic factor in patients with acute respiratory distress syndrome 

(ARDS), a devastating condition characterized by alveolar edema. In the present 

study, a novel TGF-β signaling pathway is described, which rapidly and 

dramatically promotes endocytosis of the epithelial sodium channel (ENaC) from 

the surface of alveolar epithelial cells. Elevated TGF-β levels were demonstrated 

in bronchoalveolar lavage fluids from ARDS patients, where TGF-β was 

identified as the principle in lung fluid of ARDS patients that promoted ENaC 

endocytosis. Administration of TGF-β to the alveolar airspaces of isolated rabbit 

lungs caused pronounced fluid retention and impaired sodium transport. The same 

effect could be observed in the presence of amiloride, an inhibitor of the epithelial 

sodium channel, and was abrogated after treatment with SB431542, an inhibitor 

of TGF-β signaling via the type I TGF-β receptor, suggesting ENaC as the target 

of TGF-β. Moreover, preapplication of PO abrogated the effects of TGF-β on net 

lung mass, indicating a role for F→G actin conversion in mediating the effect of 

TGF-β on lung fluid dynamics. 

TGF-β rapidly activated phospholipase D1, which activated phosphatidylinositol-

4-phosphate 5-kinase 1α, which drove NADPH oxidase 4 activation, generating 

reactive oxygen species which promoted βENaC endocytosis in a manner 

dependent on Cys43 of βENaC. This led to loss of sodium-absorbing capacity of 

the epithelial cells, and alveolar flooding, promoting the formation or persistence 

of alveolar edema. These data describe a novel TGF-β-dependent mechanism that 

regulates ion and fluid transport in the lung that is relevant to pathological 

mechanisms at play in ARDS patients. 



  

                                                                                                                         87

7 Zusammenfassung 

TGF-β ist ein pathogener Faktor in Patienten mit einem akuten respiratorischen 

Syndrom (ARDS). Das akute respiratorische Syndrom ist eine schwerwiegende 

Erkrankung, welche durch ein alveoläres Ödem gekennzeichnet ist. In der 

vorliegenden Studie wird ein neuer TGF-β Signaltransduktionsweg beschrieben, 

der schnell und gravierend eine Endozytose des epithelialen Natriumkanals 

(ENaC) von der Oberfläche von alveolären Epithelzellen verursacht. In 

bronchiolo-alveolärer Lavage-Flüssigkeit von ARDS Patienten wurden erhöhte 

TGF-β-Konzentrationen gemessen, wobei TGF-β als der Faktor, der für die 

Endozytose von ENaC verantwortlich ist, identifiziert wurde. Vernebelung von 

TGF-β in die Alveolen von isolierten Kaninchenlungen führte zu einem 

ausgeprägten Aufstau von Flüssigkeit und vermindertem Natriumtransport in den 

Lungen. Derselbe Effekt wurde in der Gegenwart von Amilorid, einem ENaC 

Inhibitoren, beobachtet, und war aufgehoben, wenn vorher SB431542, ein 

TGF-β-Signaltransduktionsweg-Inhibitor, gegeben wurde. Daraus ließ sich 

schließen, dass TGF-β ENaC beeinflusst. Des Weiteren konnte durch 

Verabreichung von Phalloidin Oleat der durch TGF-β ausgelöste Effekt auf den 

Flüssigkeitstransport in der Lunge verhindert werden, was darauf hindeutet, dass 

die Umwandlung von F- zu G-Aktin an dem beobachteten von TGF-β-induzierten 

Effekt beteiligt ist.  

TGF-β aktivierte innerhalb kurzer Zeit Phospholipase D1, welche wiederum 

Phosphatidylinositol-4-phosphat 5-Kinase 1α aktivierte, was anschließend zur 

Aktivierung der NADPH Oxidase 4 führte, die reaktive Sauerstoffspezies 

produzierte, welche die Endozytose von ENaC verusachten. Dieser letzte Schritt 

war durch eine Veränderung am Cystein 43 der βENaC Untereinheit bedingt. Die 

Fähigkeit der Epithelzellen, Natrium zu absorbieren, war dadurch stark reduziert, 

was einen Flüssigkeitsstau in den Alveolen und damit die Entwicklung oder 

Persistenz eines alveolären Ödems fördert. Die Daten der vorliegenden Studie 

dokumentieren einen bisher unbekannten TGF-β-abhängigen Mechanismus, 

welcher den Ionen- und Flüssigkeitstransport in der Lunge reguliert, und der daher 

während der Pathogenese eines akuten respiratorischen Syndroms von großer 

Bedeutung ist. 
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