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Abstract 
Alveolar epithelial cells are a main target of acute lung injury (ALI) and acute respiratory distress 

syndrome (ARDS), which are characterized by fluid accumulation and impaired ion transport in the 

lungs. This thesis characterizes cell culture models of the alveolar epithelium and studies ion 

transport under normal and ALI conditions. The human distal pulmonary epithelial cell line NCI-

H441 was found to express high levels of junctional proteins ZO-1, and E-cadherin, seal-forming 

claudin-3, -4, -5 and Na+-K+-ATPase. Consistent with this phenotype the cell line formed a 

functional barrier with active ion transport as assessed by measurements of transepithelial electrical 

resistance (TEER), paracellular permeability and transepithelial potential difference (TEPD). 

Phenotypic and functional properties of NCI-H441 cells were optimized by varying cell seeding 

density and concentrations of dexamethasone and insulin-transferrin-selenium supplements to 

achieve in vivo-like polarized monolayers with high levels of electrical resistance, potential 

difference and expression of claudin-3 and α1-Na+-K+-ATPase. Treatment with inhibitors of sodium 

and chloride channels and the cyclic adenosine monophosphate (cAMP) agonist forskolin showed 

that sodium absorption through ENaC is the primary transport pathway for sodium under baseline 

and stimulated conditions. Transcellular chloride transport could not be detected at baseline while it 

was secreted through apical channels under forskolin stimulation. Under an oleic acid-induced ALI 

model, the tight epithelium became leaky as assessed by the deterioration and disappearance of the 

restrictive component of paracellular permeability and the absorptive sodium flux was impaired. 

These changes were associated with altered expression of tight junctions (decreased claudin-3 but 

elevated ZO-1) and ion transport proteins (downregulated α1-Na+-K+-ATPase and β-ENaC subunit). 

The extracellular signal regulated kinases (ERK) pathway was found to play a complex role in the 

regulation of TEER and TEPD. Under baseline conditions inhibition of ERK phosphorylation 

reduced the expression of α1-Na+-K+-ATPase and consequently TEPD, but had no effect on tight 

junction proteins and TEER. Oleic acid was found to activate the ERK pathway in a dose dependent 
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manner. But inhibition of the pathway did not block the effects of oleic acid on the TEER and 

TEPD, suggesting that oleic acid mediated injury proceeds via an ERK-independent pathway. 
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1.1 Overview 

1.1.1 Motivation 

Pulmonary edema is a life-threatening condition characterized by flooded lungs in which excessive 

fluid accumulates in the extravascular compartments. One of the most common causes of 

pulmonary edema is acute lung injury (ALI)/acute respiratory distress syndrome (ARDS), which 

has an incidence of up to 75 per 100,000 individuals and exhibits mortality rates of more than 30% 

[1]. Resolution of the edema is essential for recovery from ALI/ARDS, however recent clinical 

trials of drug therapy to accelerate edema fluid reabsorption have not been successful [2, 3]. Part of 

the reason is that our understanding of the rate and direction of alveolar fluid transport is 

incomplete. The basic paradigm of epithelial fluid transport is well established and deceptively 

simple: transport of sodium and chloride ions via transcellular (through ion channels) and 

paracellular (between cellular tight junctions) pathways establishes osmotic pressure gradients that 

result in the absorption or secretion of water, depending on the directionality of net ion transport, 

which, in turn, is locally regulated by conditions prevalent in the alveolus. While the key transport 

proteins and the biochemical and biomechanical factors that influence transport have been 

identified, the difficulty of making detailed measurements in whole lungs has hindered our 

understanding of how the regulation and interaction between the cellular pathways. One of the aims 

of this thesis was to characterize and optimize cell culture models of the alveolar epithelium in 

which transport rates and pathways can be studied in detail. 

Oleic acid-induced lung injury is an extensively used experimental model of ARDS [4]. Patients 

with ARDS have elevated serum levels of oleic acid [5], and infusion of oleic acid in animals 

results in an acute lung injury–type syndrome [1]. The deleterious effects of oleic acid have been 

attributed to increases in the permeability of both vascular and alveolar epithelium to solute, caused 

by changes in membrane fluidity and increases in intracellular calcium concentration [6-8]. 



3 
 

Intravenous infusion of oleic acid also decreased ion transport across the alveolar epithelium [8]. 

Decreased ion transport can result from post-translational modification of ion transporters, initiation 

of signaling events leading to their internalization, decreased gene transcription, or diminished 

paracellular resistance [9]. However, the precise mechanism by which oleic acid induces lung 

edema remains to be elucidated. Existing studies of oleic acid induced lung injury in mice indicate 

the involvement of the extracellular signal-regulated kinase (ERK) pathway [10]. Therefore, a 

second aim of this thesis was to test the hypothesis that oleic acid-induced disruption of barrier 

function and ion transport in the cell culture model is associated with the ERK pathway.  

To achieve these aims, potential cell line models of the alveolar epithelium was characterized by an 

in-depth analysis of the transport protein expression profile, cell morphology, barrier function and 

electrical properties to determine its similarity to primary human alveolar epithelial cells. Secondly, 

a standardized set of culture conditions was determined that provide optimal cell phenotype and 

function and the contributions of various channels to sodium and chloride transport was assessed. 

Finally, quantitative measurements of the alterations in barrier function and ion transport induced 

by oleic acid were carried out and the role of the signaling pathways was explored.  

1.1.2 Thesis outline 

Chapter 1 provides a literature review and an outline of lung anatomy and alveolar fluid transport 

under normal and ALI/ARDS conditions and a summary of models used for alveolar transport 

studies.  

Chapter 2 describes the experimental and analytical methods used to develop and characterize the 

cell culture model.  

Chapter 3 describes the results of the: (a) model characterization and optimization, (b) 

measurements of transport properties under oleic acid-induced lung injury, and (c) investigations of 

the signaling pathways involved in the regulation of fluid transport. 
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Chapter 4 discusses the findings of the research, puts them into perspective, and discusses future 

directions with a summary of this thesis. 

Chapter 5 concludes the findings of this thesis together. 

1.1.3 Publications 

The research described in this thesis has been submitted to peer-reviewed journals and presented at 

international conferences. The data generated by the research has been used to develop a 

mathematical model of epithelial ion and fluid transport in a separate project; this has been 

presented at a conference and a manuscript is in preparation. 

Journal articles 

1) H. Ren, N. P. Birch and V. Suresh, ‘An optimised human cell culture model for alveolar 

epithelial transport’, published in PLoS One, doi:10.1371/journal.pone.0165225 

This describes the phenotypic and functional characterization of the cell culture model described in 

Sec 2.1 – 2.7 and Sec 3.1 – 3.2. 

2) H. Ren, N. P. Birch and V. Suresh, ‘Oleic acid impairs alveolar epithelial barrier function and 

sodium transport through an ERK-independent pathway’, in preparation for American Journal of 

Physiology -  Lung Cell and Molecular Physiology, target submission date June 2016  

3) S. Fong, H. Ren, N. P. Birch, J. Sneyd and V. Suresh, ‘An experimentally validated 

mathematical model of ion transport in alveolar epithelial cells’, in preparation for Journal of 

Theoretical Biology, target submission date June 2017 

Conferences 
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1) H. Ren, N. P. Birch and V. Suresh, ‘Barrier function and ion transport in an oleic acid-induced 

model of lung injury’, Proceedings of the AuPS Vol. 47 (pp. 92P). Adelaide, Australia:Australian 

Physiological Society (AuPS). 

2) H. Ren, N. P. Birch and V. Suresh, ‘A cell culture model of ion transport in the human alveolar 

epithelium’, Medical Sciences Congress, Queenstown, New Zealand, 2015. 

3) S. Fong, H. Ren, J. A. Sneyd, N. P. Birch, and V. Suresh, ‘Modelling epithelial fluid and ion 

transport in the lungs’, Biological Cell Information Processing Workshop at the Conference on 

Unconventional Computation & Natural Computation, Auckland, New Zealand, 2015. 

4) H. Ren and V. Suresh, ‘Sodium and chloride transport in a model alveolar epithelium’, Medical 

Sciences Congress, Queenstown, New Zealand, 2014. 

  



6 
 

1.2 Anatomical basis of alveolar fluid formation 

The alveolar epithelium which comprises 99% of the surface area of the lung, is the primary site for 

the removal of excess alveolar fluid [11]. Distal airway epithelium may also contribute to fluid 

clearance in addition to alveolar epithelial cells. However, due to their smaller surface area, distal 

airways probably contribute to a smaller degree to the overall fluid reabsorption. In this section, 

airway epithelium will be introduced including its structure, cytology and function.  

1.2.1 Structure and function of the human airway 

The human airway can be anatomically divided into three-compartments: the head airways, the 

conducting airways and the respiratory zone [12]. The head airways, which are also referred to as 

the nasopharyngeal region, include the nasal passages, mouth, pharynx and larynx. The main 

function of the nasal passages is olfaction and the heating, humidifying and filtering of inhaled air 

[13]. The conducting airways, which are also known as the trachea-bronchial region, include the 

trachea, bronchi and bronchioles. The trachea bifurcates at the carina, behind the sternum into the 

two main bronchi of which each leads to a lung. In the lung, the bronchus divides further into a 

sequence of smaller and smaller airway bronchi and bronchiole, which have a diameter of about 0.5 

mm. The first approximately 16 bifurcations (generations 1-16 in the bifurcating airway model; 

Figure 1.1) belong to the conducting airways. The main function of this region is to further 

humidify and filter air and conduct it from the head to the gas exchange region [13]. The respiratory 

zone, which is also named as the gas-exchange region, is found deep inside the lungs and is made 

up of the terminal and respiratory bronchioles, alveolar ducts, and sacs. The bronchioles bifurcate 

about 7 further times until they reach the alveolar ducts, which have a diameter of approximately 

0.2 mm. The ducts lead the air into the alveoli sacs where gas exchange takes place (i.e., the alveoli, 

generations 17-23 in the bifurcating airway model; Figure 1.1). The total gas exchange surface area 

is about 72 m2 [14]. We pump approximately 30 m3 of air through our respiratory system per day. 
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The alveoli are surrounded by millions of pulmonary capillaries. Venous blood, which is pumped 

through these capillaries, takes up oxygen and expels CO2 in the gas exchange region due to 

diffusion gradients between the blood and the inspired air [13]. 

 

 

Figure 1.1 Structure of the human respiratory tract [13]. 

The human airway can be anatomically divided into three regions: the head airways, 

the conducting airways (generations 1-16) and the respiratory zone (generations 17-

23). 
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1.2.2 Structure and function of the alveolus 

The primary function of the lungs is gas exchange between the atmosphere and pulmonary blood 

circulation. Oxygen is transferred from the atmosphere via the lungs to the tissues, and carbon 

dioxide, which is a waste product of respiration is expired. Exchange of gases (oxygen and carbon 

dioxide) between the alveoli and the blood occurs by simple diffusion driven by the concentration 

gradient. The efficient air exchange requires two crucial structural elements: a large surface area 

and a short diffusion distance [15].  

The large surface area is achieved by alveoli miniaturisation. The alveoli are located in the distal 

lung. They have bubble-like structures with an average diameter of 200 µm [16]. Human lungs 

contain about 700 million alveoli with a total surface area of around 70 m2. This special 

miniaturisation provides a large surface area of contact between air and blood with a minimum 

requirement of space.  

In the meantime, the short diffusion distance is accomplished by the very thin anatomical air-blood 

barrier. The air-blood barrier has a three-ply design, which is composed of the alveolar epithelial 

barrier, the basal lamina, and the endothelial barrier (Figure 1.2). The surface of the alveolar 

epithelium is separated from the gas phase by a fluid layer which is called alveolar lining fluid.  

This liquid layer lies above the alveolar epithelium and covers the entire alveolar epithelium. The 

thickness of the fluid layer is less than a micrometer which enables efficient gas exchange [15].  
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Figure 1.2 Diagram illustrating a cross section of the structural elements for the gas 

exchange [17]. 

The air-blood barrier is formed by the epithelium, the basal lamina, and the 

endothelium. The apical side of the epithelium is covered with a fluid layer (alveolar 

fluid, blue color). AF, alveolar fluid; EDC, endothelial cell; EPC, epithelial cells; RBC, 
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red blood cell. The box represents a magnification of the air-blood barrier depicting the 

distinct layers. The basal lamina (BL) is clearly visible. 

1.2.3 Composition of human lung epithelium 

The airway epithelium is a pseudo-stratified mucosal barrier. It is composed of multiple types of 

cells (Figure 1.3). It serves as a physical and mechanical barrier to impede entry of foreign particles. 

It also play an important role in both the innate and adaptive immune responses [18]. Therefore, it 

constitutes the first barrier of defense against environmental insults and infection. 

 

Figure 1.3 The adult lung epithelium is composed of various different cell types [18]. 

The airway epithelium consists of multiple cell types. The conducting airway comprises 

clara cells, goblet cells, ciliated cells, basal cells and neuroendocrine cells. The 

alveolar epithelium is made up of alveolar type I and type II cells. 

The conducting airway is formed by a track of tracheo-bronchial pseudostratified epithelium, with a 

diverse population of secretory clara and goblet cells, ciliated, basal and neuroendocrine cells. 

Ciliated and secretory cells function together to clear the airway passages of micro-organisms, air 
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pollutants and other inhaled pathogens. Mucous and goblet cells produce and release mucous into 

the apical surface of the epithelium [19]. Foreign particles are trapped and then cleared out by the 

action of ciliated cells which  beats and moves in the ascending direction rhythmically [20, 21]. 

Mucous is a viscoelastic gel. It is mainly composed of highly charged glycoproteins called mucins. 

There are also some anti-viral and anti-inflammatory components such as lysozyme, defensins, IgA, 

and various cytokines [22]. The alveolar surface, where gas exchange takes place, is covered by two 

types of alveolar epithelial cells, alveolar type I and alveolar type II cells. 

The alveolar epithelium comprises two type of cells, alveolar type I and alveolar type II cells. They 

differ in their morphology (Table 1.1) and function. Type I cells are large and squamous. They 

cover more than 95% of the alveolar surface but only account for 1/3 of the epithelial cells in 

number. Traditionally, alveolar type I cells were considered to function only in gas exchange 

processes. However, recent studies indicate their involvement in ion and water transport processes 

as well [15]. Alveolar type I cells have been demonstrated to express proteins that participate in ion 

transport processes [15]. They have also been shown to exhibit the highest known water 

permeability of any mammalian cell type [15]. In contrast to alveolar type I cells, alveolar type II 

cells are small and cuboidal. Their number is much higher, although they cover only ∼5% of the 

alveolar surface [15]. The main function of alveolar type II cells is characterized by their ability to 

synthesize, secrete, and recycle components of the lung surfactant. The surfactant reduces the 

surface tension to prevent the alveoli from collapsing in order to enable an efficient gas exchange. 

Alveolar type II cells also play a crucial role in the ion transport, which has been studied in both 

freshly isolated and in cultured type II cells by various methods, including using chamber 

techniques [23], radiolabeled probes [24, 25] and patch-clamp techniques [26-28]. Furthermore, 

alveolar type II cells also contribute to tissue repair processes after lung injury by proliferating and 

migrating to injured areas [15]. When type I cells are damaged, type II cells divide. Their cell 

progeny can not only maintain the morphologic characteristics of type II cells, but also spread over 
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the denuded basement membrane and transdifferentiate into type I cells [29]. Under certain 

conditions, cultured alveolar type II cells lose their characteristics and become “alveolar type I-like” 

cells in vitro. Therefore, alveolar type II cells have long been considered to be the stem cells of 

alveolar type I cells [15]. Interestingly, recent studies have also reported that type I cells exhibit 

phenotypic plasticity in vitro. It has been shown that type I cells can both self-renew and give rise to 

type II cells under repair conditions [30].  

Table 1.1 Comparison of morphology of alveolar type I and alveolar type II cells [15]. 

 Alveolar type I cells Alveolar type II cells 

Shape large and squamous small and cuboidal 

Diameter  50-100 µm ∼10 µm 

Volume  2,000 to 3,000 µm3  450-900 µm3 

Fraction  ∼ 1/3 ∼ 2/3 

Area ∼ 95% ∼ 5% 

 

1.3 Alveolar fluid balance under normal condition 

The surface of the alveolar epithelium is separated from the gas phase by a very thin layer of 

alveolar lining fluid, which is essential for maintaining efficient gas exchange, surfactant 

homeostasis, and defense against inhaled toxins and pathogens [15]. The alveolar lining fluid 
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originates primarily from fluid infiltration into the alveolar airspace, and this is the product of a 

pressure gradient between the blood capillaries and the alveolar airspace (Figure 1.4) [17]. The 

amount of alveolar lining fluid in the alveoli affects gas exchange, because it increases the diffusion 

distance for the gas.  

 

Figure 1.4 Circular flow of water in the lung [17].  

The water within the alveoli originates from the pulmonary capillaries. The bulk of fluid 

in the mammalian lung is supposed to be localized in the interstitial space of the lung. 

From here the greatest part is drained (1) via the pulmonary lymphatic system and thus 

returned to the vascular system. A small portion of the fluid within the interstitial space 

enters the alveoli (2). From the fluid inside the alveoli one part evaporates and is 

exhaled during respiration (3). In order to balance the fluid content in the alveoli, 

another part of the alveolar fluid is reabsorbed (4) by the activity of the alveolar 

epithelial cells back to the interstitial space from where it can be drained (1) back to the 

vascular system. 
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One of the most important functions of the alveolar epithelium is to control the depth and 

electrolyte composition of the alveolar lining fluid by regulating ion and water transport across the 

alveolar epithelium. In order to avoid excessive fluid infiltration into the alveolar airspace, the 

alveolar epithelium must exhibit an impermeable barrier to limit ion and water diffusion to keep the 

alveoli relatively dry. This is achieved by epithelial junctions (forming paracellular pathway, Figure 

1.5) and ion-transporting proteins (forming transcellular pathway, Figure 1.5). 

 

Figure 1.5 Two distinct pathways across cellular sheets [31]. 

Two pathways are involved in the alveolar fluid balance. Ion and water transport can 

go through either the paracellular pathway (in-between the cells) or transcellular 

pathway (across the cells). Figure is adapted with permit. 

 

1.3.1 Paracellular transport 

Paracellular transport is the diffusion of ions or molecules via the intercellular space, driven by the 

transepithelial electrochemical gradient. Alveolar epithelial cells express junctional proteins 

including tight junctions, adherens junctions, gap junctions, and desmosomes, each serving a 
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distinct function [32-35]. The structure of the epithelial junctions are pictured in Figure 1.6. As belt-

like strands around the cells, these junctions seal the paracellular clefts between neighboring cells, 

serving as a mechanical barrier. They also determine paracellular permeability and selectivity to 

water and different ions. The specific protein composition of epithelial junctional complexes 

defines the barrier characteristics and generate tight or leaky epithelium [36]. Tight junctions are a 

network of interwoven strands forming a ring around the lateral plasma membrane. Adherens 

junctions connect neighbouring cells by linking to the actin cytoskeleton via anchoring proteins. 

Gap junctions, which form metabolite channels, and desmosomes, which provide mechanical 

strength to tissues, also comprises the protein complexes of the alveolar epithelial cells [37].  
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Figure 1.6 Structure of epithelial junctions [38].  

Schematic drawing of alveolar epithelial cells. Tight junctions, adherens junctions, 

desmosomes and gap junctions are the three main junctional complexes connecting 

adjacent epithelial cells. Tight junctions are the most apical protein complexes and 

regulate epithelial barrier paracellular permeability. Adherens junctions and 

desmosomes stabilize cell-to-cell adhesion and maintain lung homeostasis. They also 

regulate the actin-cytoskeletal organization and confer mechanical strength to the 

alveolar epithelial barrier. Gap junctions are essential for intercellular communication 

and secretion of surfactant. Hemidesmosomes bind basal epithelial cells to the 

basement membrane. Hereditary mucoepithelial dysplasia (HMD) affects desmosomal 

structures. ZO, zona occludens; IFs, intermediate filaments. 

These junctional complexes, particularly the apical junctional complex including the tight junctions 

and the adherens junctions (Figure 1.6), separate the apical and basolateral surfaces of the 

epithelium and establish polarity [39]. The process of apical–basal polarization is closely connected 

to the establishment of the apical junctional complex [40]. The polarization of epithelial cells is 

characterized by the asymmetric distribution of proteins and lipids on the apical and basolateral 

membranes. The apical domain faces the lumen, the lateral domain contacts the neighboring cells 

and the basolateral domain contacts the basement membrane. Polarized epithelial cells can carry out 

specialized functions such as absorption, transcytosis, and secretion. These vectorial functions 

depend on the localization of channels and transporters to the apical and basolateral sides of the 

plasma membrane [41]. Many of the membrane proteins of polarized epithelial cells are common to 

non-polarized cells. However, their nonrandom distribution on the apical and basolateral membrane 

in polarized epithelial cells is characteristic of vectorial functions, i.e. transport in a preferred 

direction from the apical to the basolateral domain or vice versa. For example, apical membrane 

located Na+ channels and the basolateral membrane located Na+-K+-ATPase result in the generation 
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of a transepithelial gradient of Na+ that facilitates transport of ions and water from the apical to the 

basolateral compartment. The characterization of polarized epithelial cell phenotype includes (a) 

plasma membrane proteins and lipids distribute to three distinct surface domains, which are apical, 

lateral, and basal domains; (b) tight junctions separate apical and lateral surface domains and form 

permeable barriers to the diffusion of ions, water and macromolecules; (c) well-developed 

junctional complex including cell adhesion molecules form cohesive cell-cell interactions; and (d) 

cytoplasmic organelles and the cytoplasmic and cortical cytoskeleton distribute asymmetrically 

[41].  

1.3.1.1 Tight junctions 

Tight junctions are located at the uppermost cell-cell-contact sites at the lateral membrane interface 

of epithelial cells. Tight junctions assembled as a set of branched anastomosing strands of protein 

particles in freeze-fracture electron microscopy. They bring opposing cell membranes into direct 

and close contacts [42]. Two mutually exclusive functions of tight junctions have been discovered: 

a fence function which prevents the mixing of membrane proteins between the apical and 

basolateral membranes; and a gate function which controls the paracellular diffusion of ions and 

solutes in-between cells [43]. Tight junctions are the most crucial determinant of epithelial barrier 

function, although other junctional proteins, particularly adherens junctions, also contribute to the 

barrier function by regulating tight junction assembly [35, 44, 45].  

Tight junction proteins are dynamic. They can be roughly divided into two groups: transmembrane 

proteins, and cytoplasmic scaffolding proteins (Figure 1.7). The transmembrane proteins are 

composed of claudins, occludin and junctional adhesion molecule (JAM), which confer the fence 

and gate function. Zonula occludens-1, -2, -3 (ZO-1, 2, 3) are scaffolding proteins, interacting with 

claudins and occludin. They link tight junctions to the actin-cytoskeleton and the adherens junction, 

which constitute a belt ring surrounding the intracellular surface.  
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Figure 1.7 Schematic of the tight junctions [46]. 

The three groups of proteins and their interaction are showing in this schematic. 

Scaffolding ZO proteins, mediate the interaction between transmembrane proteins, 

mainly claudin and occludin, and cytoskeletal proteins actin and myosin. 

 

1.3.1.1.1 Claudins 

Claudins are 21-28 kDa proteins which consists of four transmembrane domains: two extracellular 

loops, amino- and carboxy-terminal cytoplasmic domains, and a short cytoplasmic turn. Claudins 

binds to the tight junctions-associated PDZ domain-containing plaque proteins ZO-1, ZO-2, and 

ZO-3 through its PDZ domain-binding motif at the carboxy-terminal [47].  

The key function of claudins is to generate tight junction strands, which is the structural and 

functional core of tight junctions within the plasma membrane [48]. Claudins directly regulate the 

gate function and act as paracellular tight junction channels that have biophysical properties similar 
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to those of traditional ion channel. They control ion permeability and charge selectivity [49]. The 

claudin family plays different roles in regulating paracellular permeability. Pore-forming claudins 

(such as claudin-2, -16 and -19) increase the paracellular permeability to ions or water when 

overexpressed while seal-forming claudins (such as claudin-3, -4, -5 and -8) decrease the 

paracellular permeability to ions or water [46, 50].  

Claudins comprise a multigene family with at least 27 members [51]. There are two claudin-18 

splice variants: claudin-18.1 and claudin-18.2. Claudin-18.1 is found primarily in the lung, while 

claudin-18.2 is expressed in the stomach [52]. In human lung tissue, the most abundant claudin 

transcripts are claudin- 1, -3, -4, -5, -7, -8, -10, -12, -18.1, and -23 [53]. The expression of claudins 

are not uniform throughout the alveolus. Instead, type I and type II alveolar epithelial cells have 

distinct patterns of claudin expression [48]. The most prominent difference is that type II cells 

express over 17-fold more claudin-3 than type I cells. By contrast, claudin-4 expression by type II 

and type I cells is comparable [48]. Type I and type II cells also express comparable levels of 

claudin-18 [48], which is specifically expressed by alveolar epithelium and is absent from the upper 

airways.  

1.3.1.1.2 Occludin 

Occludin is an approximately 65 kDa protein. It consists of four transmembrane domains, two 

extracellular loops, and amino- and carboxy-terminal cytoplasmic regions [46]. The coiled-coil 

domain of carboxy-terminal region interacts with ZO-1, ZO-2 and ZO-3. This interaction is 

important for the regulation of tight junctions [54, 55]. Occludin also has a MARVEL domain, 

which is a four transmembrane-helix structure with its function related to membrane apposition 

events [56].  

Occludin is not essential for the formation of tight junction strands in some cell types, since the 

morphology of tight junction strands are not affected in those cells [57-59]. Moreover, the occludin 
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knock out mouse does not exhibit deficiencies in epithelial barrier function, although a complex 

pathophysiological phenotype is observed, including growth retardation, chronic inflammation, 

hyperplasia of the gastric epithelium, brain calcification and testicular atrophy [57]. However, 

overexpression of occludin is associated with increased barrier function as indicated by an elevated 

transepithelial electric resistance in mammalian epithelial cells [60, 61]. 

Occludin has a relatively long cytoplasmic C terminus compared with claudins. It contains several 

phosphorylation sites and a coiled-coil domain, which may interact with a variety of compounds, 

including PKC-z, c-Yes, connexin26, and the regulatory subunit of phosphatidylinositol 3-kinase 

(PI3K) [54], as well as occludin itself [31, 35]. These suggest a role for occludin in signal 

transduction. 

1.3.1.1.3  Zonula occludens (ZO) 

Zonula occludens (ZO) proteins are peripheral proteins localizing at tight junctional sites. They are 

scaffolding proteins contributing to the junctional complex by recruiting many types of proteins to 

the cytoplasmic surface of the junction [62].  

ZO proteins belong to the large family of membrane-associated guanylate kinase (MAGUK)-like 

proteins. ZO proteins include three members ZO-1, ZO-2 and ZO-3, which are 220 kDa, 160 kDa 

and 130 kDa in size respectively [63]. Structurally, ZO proteins carry three PDZ domains, one SH3 

domain, a GUK domain and a proline-rich region [64]. ZO-1 associates with ZO-2 and ZO-3 

through binding to their corresponding PDZ-2 domains [65, 66].  

The ZO proteins recruit many other proteins to the site of tight junctions and play a crucial role in 

the assembly of tight junctions [63]. ZO proteins can directly interact with most of the 

transmembrane proteins localizing at tight junctions, such as occludin, claudins and JAM [47, 67, 

68]. ZOs were found to associate with the cadherin-based adherens junctions [69]. In addition, by 

directly interacting with connexins, ZO proteins also associate with gap junctions [70, 71]. These 
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findings indicate a general role of ZO proteins in intercellular adhesion and communication. 

Besides of the functions related to structural barrier mechanisms, more recent research suggested 

ZO proteins are also involved in the cell signal transduction and transcriptional modulation [62].  

1.3.1.2 Adherens junction 

The adherens junction lies basal to tight junctions in mammalian epithelial cells. It appears like an 

adhesive belt encircling the cells just below the apical surface. The adherens junction exerts a 

variety of functions including initiation and stabilization of cell-cell adhesion, regulation of the 

actin cytoskeleton, intracellular signaling transduction and transcriptional modulation [43]. The core 

of the adherens junction involves the interactions among transmembrane glycoproteins of the 

cadherin superfamily and the catenin family [72]. Working together, these proteins control the 

formation, maintenance and function of adherens junctions. 

1.3.1.2.1 E-cadherin 

Cadherins act as the primary structural component of adherens junction. They are calcium-

dependent trans-dimerization providing adhesion between neighboring epithelial cells. Classical 

cadherins have five characteristic extracellular cadherin repeat domains. These domains form trans-

cadherin interactions between neighboring cells, which initiates weak cell–cell adhesion and form 

the adherens junction [73]. The correct conformational organization of the extracellular domain of 

cadherin requires the binding of Ca2+ to each extracellular domain [74]. The classical cadherin 

family of Ca2+-dependent adhesion proteins comprises a large family of cell surface proteins. The 

family members include E (epithelial)- cadherin, N (neural)- cadherin, VE (vascular-endothelial)- 

cadherin, P (placental)- cadherin, R (retinal)- cadherin, and K (kidney)-cadherin [75]. 

E-cadherin is a single-pass, transmembrane glycoprotein. The extracellular region of E-cadherin 

extends from the cell surface and binds to the cadherins on the adjacent cells. The intracellular 

region contains the binding sites which allows E-cadherin to interact with catenins and other 
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regulatory proteins [76, 77]. Functionally, E-cadherin is linked to the formation of a polarized 

epithelial phenotype [78, 79]. E-cadherin is the core transmembrane protein of the adherens 

junction. It is required for binding and localization of catenins and ZO-1 [80]. Decreased expression 

of E-cadherin by siRNA causes a delay in the correct localization of adherens junction α- and β-

catenin, and tight junction protein ZO-1 [44]. 

1.3.1.2.2 Catenins 

The catenin family consist of α-catenin, β-catenin and p120-catenin [43]. In the adherens junction, 

the cytoplasmic region of cadherin binds to β-catenin and to p120 [80]. β-Catenin in turn binds to α-

catenin. Besides, α-catenin also has a few binding partners. For example, it links β-catenin to actin. 

It has the ability to promote adherens junction protein clustering and stabilization of cell adhesion 

[76]. In addition, the intracellular side of cadherin-based contacts functionally link cadherins to the 

underlying cytoskeleton.  

1.3.2 Transcellular transport 

The transcellular transport is the movement of ions or molecules across the cell membrane through 

the apical and basolateral channels or transporters. Expression of these channels, transporters and 

pumps is regulated and transport through them maintains the alveolar fluid balance. These ion 

transport proteins provide pathways for Na+, Cl- and water transport (Figure 1.8), which is critical 

for the removal of alveolar fluid from the alveolar airspace [81]. Na+ enters the cell by the apical 

Na+ channels, and then is extruded by the basolaterally located Na+-K+-ATPase. Chloride transport 

is parallel to Na+ transport, which maintains electrical neutrality. Chloride can be transported both 

paracellularly through epithelial junctions and transcellularly via Cl- channels [15, 82-84]. 

Transport of Na+ and Cl- establishes an osmotic pressure gradient that results in the absorption of 

water. 
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Figure 1.8 Ion transport pathways for Na+, Cl- and H2O across alveolar epithelium 

[81]. 

The alveolar epithelium is thought to mainly absorb liquid. The absorption is driven by 

vectorial transport of Na+ and Cl- from the apical surface to the basolateral surface. 

Sodium absorption is mediated by the apical Na+ channels and basolateral Na+-K+-

ATPase. Chloride can be transported through both transcellular and paracellular 

pathways. Figure is adapted to reflect both transcellular and paracellular pathways for 

Cl- transport, although in this present study, the contribution of Cl- channels to Cl- 

transport under baseline condition has been shown to be very limited. Absorption of 

Na+ and Cl- establishes an osmotic pressure gradient that results in the absorption of 

water from the alveolar region into the interstitial space.  
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The following paragraphs summarize the known ion and water transport proteins in alveolar 

epithelial cells, which provides mechanisms for Na+, Cl−, and K+ transport. All together, they 

maintain alveolar fluid balance (Figure 1.9). 

 

Figure 1.9 Ion transport proteins identified in alveolar type I and alveolar type II cells 

[15].  

In type II cells a variety of ion transporting proteins have been identified. ENaC, CNG 

and Na+-K+-ATPase are responsible for sodium transport; Kv, Kir and Kca are 

potassium channels; CFTR, CLC, GABAA NKCC and AE comprises chloride pathways; 

AQP3 and AQP5 facilitate water transport. 

 

1.3.2.1 Na+ transport 

The cellular and molecular mechanisms which are responsible for the vectorial transport of Na+ 

from the alveoli region to the interstitial space have been well demonstrated. Na+ enters the cell by 

the amiloride-sensitive Na+ channel (ENaC) or other cationic channels which are located at the 
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apical surface, and then is extruded by Na+-K+-ATPase which are located at the basolateral surface 

[85, 86].  

1.3.2.1.1 Epithelial Na+ channel (ENaC) 

Transport of Na+ through the amiloride-sensitive Na+ channel (ENaC) is considered to be the 

primary pathway for transepithelial Na+ movement and the regulation of lung fluid re-absorption 

via osmosis [87].  

The total amount of Na+ transport through ENaC is determined by three components: (1) the 

activity of individual ENaC (channel opening probability), (2) the amount of ENaC (number or 

density) located at the apical membrane, and (3) the driving force for Na+ entry through ENaC 

depending on the apical membrane potential and the equilibrium potential determined by the 

cytosolic and extracellular Na+ concentrations [88].  

ENaC is composed of three subunits α, β, and γ. It has been demonstrated that the α-subunit is 

capable of forming a Na+-conducting pore and that β and γ subunits augment its conductance [89]. 

Channels may be formed when α-ENaC is expressed, which is independent of the β and γ subunits 

[90, 91]. Therefore, expression of the α-subunit is considered to be of critical importance. This has 

been shown in the α-ENaC knockout mice. The death of newborn mice lacking α-ENaC are 

incapable of clearing the fluid from their lungs [92]. Another study which extended these findings 

indicates that the low mRNA abundance level of α-ENaC in nasal epithelium is associated with 

respiratory failure in the premature infants [93]. However, a case report suggests the clearance of 

alveolar fluid in humans may not critically depend on α-ENaC after birth [94]. The result in this 

report could be explained by the up-regulation of other ENaC subunits or the presence of δ-ENaC 

subunit [95], or could be explained by a greater reliance on the non-ENaC sodium channels. 

ENaC expression and activity are delicately controlled by a complex regulation system. The 

function of ENaC is dependent on direct modulation of channel activity, channel degradation and 
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membrane trafficking [96-98]. ENaC channel activity can be modulated at transcriptional, 

translational, and post-translational levels. For instance, cAMP can increase the open probability 

and number of channels at the apical membrane, thereby increasing ENaC channel activity [99]. In 

a more recent study, it has been demonstrated that intracellular as well as extracellular protease 

termed channel-activating proteases can also affect ENaC sodium conductance [100]. Trafficking of 

channels to membrane is also an important system which regulates ENaC activity [101]. The two 

major hormones that modulate ENaC expression in the lung are catecholamines [102] and 

glucocorticoids [103].  

1.3.2.1.2  Cyclic nucleotide-gated (CNG) cation channels 

CNG channels are amiloride-insensitive channels, which have also been detected in both alveolar 

type I and alveolar type II cells, although amiloride-sensitive Na+ uptake via ENaC is considered to 

represent the major pathway of transepithelial Na+ reabsorption [104]. Nonselective channels are 

suggested to be responsible for the amiloride-insensitive Na+ reabsorption [105-107]. These 

channels can be activated by micromolar concentrations of cGMP and inhibited by di- and trivalent 

cations [107]. As permeating ions they show no preference for Na+ over K+ [107]. It has been 

suggested that CNG channels play a role in alveolar fluid reabsorption, and exogenous cGMP 

stimulates the liquid absorption in the lung [105].  

1.3.2.1.3 Na+-K+-ATPase 

The Na+-K+-ATPase is a heterodimeric protein consisting of an α- and β-subunit. Both α- and β-

subunits are expressed in a tissue- and cell- specific fashion. In the alveolar epithelium, the α1-

subunit appears to be the predominant expressed isoform, although low levels of the α2 and α3 

isoforms are also detectable. The β1-subunit has been identified in lung, fetal distal lung epithelium 

and alveolar epithelial cells [108]. The α subunit is the catalytic component of the complex. It is 

involved in Na+ extrusion, K+ intrusion and ATPase activity [109]. The β subunit is a highly 
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glycosylated protein. Its role is not yet well understood, but seems to be an important regulatory 

component of the complex [98].  

Na+-K+-ATPase can be inhibited by ouabain. After applying ouabain, the short circuit current is 

reduced across alveolar type II cells [102], and the solute and fluid transport is markedly decreased 

in the alveoli [109]. Similar to ENaC, modulation of Na+-K+-ATPase activity is complex, which 

also involves the modulation of the trafficking of the protein to the membrane. Besides, both short-

term and long-term hormonal regulation may affect its activity, such as glucocorticoid, 

catecholamines, insulin and thyroid hormone [110]. These hormones can also induce sustained 

increase in the expression of Na+-K+-ATPase subunits at both mRNA and protein levels, which 

contributes to the long-term effect of elevated Na+-K+-ATPase activity [110].  

1.3.2.2 Cl- transport 

Concurrent Cl- transport parallel to Na+ transport maintains electrical neutrality. It was initially 

thought that Cl- moved passively through the paracellular pathway, but the importance of channels 

and co-transporters is now well established [15, 82]. Of these, the cystic fibrosis transmembrane 

conductance regulator (CFTR) is the principal pathway at the apical membrane [15, 82-84]. 

Calcium-activated chloride channels (CaCC), such as  bestrophin-1 and TMEM16A,  are also of 

great importance for Cl- transport [111]. In addition, voltage-gated chloride channels e.g. CLC-2 

and CLC-5 may also comprise apical Cl- pathway [15]. On the basolateral membrane, electroneutral 

cotransporters Na+-K+-2Cl- cotransporter (NKCC), K+-Cl cotransporter (KCC) and HCO3
--Cl- anion 

exchangers (AE) are important components for transepithelial  Cl- transport [15]. 

1.3.2.2.1 Cystic fibrosis transmembrane conductance regulator (CFTR) 

The CFTR is a 1480-residue long membrane protein. It has the typical ABC transporter architecture 

with two TMDs and two NBDs [112]. The unique feature of CFTR is its additional regulatory (R) 

region, as well as long N- and C-terminal extensions which are about 80 and 30 residues in length 



28 
 

respectively [113]. Despite the structural similarity, the function of CFTR is different from other 

ABC transporters. CFTR is the only known member of the ABC family which can act as an ion 

channel [114, 115]. CFTR is a phosphorylation-dependent epithelial Cl- channel [116, 117]. 

However, it is not very selective [118]. CFTR has been shown to facilitate HCO3
- transport [119] 

and regulate Cl-/HCO3
-exchangers [120], both of which are probably influential on the properties of 

extracellular mucus.  

The CFTR is found in the apical membranes of epithelial cells [116]. It has been identified in both 

type I and type II alveolar epithelial cells, and has been shown to participate in alveolar fluid 

balance [15]. However, the role of CFTR in alveolar epithelium is controversial. Some studies 

indicate that CFTR is involved in Cl- absorption [83, 84, 121], while others report that the CFTR is 

involved in Cl- secretion [122, 123]. Nevertheless, CFTR is essential in determining transepithelial 

ion transport and fluid balance. Mutations in CFTR give rise to cystic fibrosis [124]. 

The opening of CFTR channel is dependent on protein kinase A (PKA) phosphorylation of its R 

region [125]. CFTR channel activity is dependent on the presence of intracellular ATP as well 

[126]. CFTR activity can also be modulated by other kinases such as protein kinase C (PKC) and 

CK2 [127]. In addition, CFTR activity may be regulated by a great many of other proteins, 

including PDZ-interacting proteins and STAS domain interactors [127].  

1.3.2.2.2 Calcium-activated chloride channels (CaCC) 

Cl- currents that are stimulated by Ca2+, which is independent of the mechanism, are generically 

referred to as Ca2+-activated Cl- currents and the channels that mediate these currents as CaCC 

[128]. It is activated when intracellular Ca2+ is elevated. The Ca2+ that activates CaCC can come 

from either Ca2+ influx or Ca2+ release from intracellular stores [128]. 
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The molecular candidates of CaCC are still a matter of controversy. The family of bestrophins has 

been suggested to form CaCC, although they have a biophysical signature that is distinct from that 

of epithelial CaCC [129]. Bestrophins are the product of the vitelliform macular dystrophy (VMD2) 

gene. Both Bestrophin-1 and Bestrophin-2 are necessary components of the ATP-induced as Ca2+-

activated Cl- secretion in mouse airways [130]. Bestrophin-1 has also been demonstrated to be 

expressed both molecularly and functionally in human airway epithelial cell lines [131, 132], as 

well as in human and mouse fetal lungs [133]. Therefore, Bestrophins are important in the 

regulation of the airway surface liquid. Another candidate to mediate CaCC is TMEM16A, which 

has also been known as Anoctamin-1 [111]. Anoctamin family have ten members. Although other 

anoctamins may also function as anion channels, such as TMEM16B [134], TMEM16A is the one 

with a particular expression and function in epithelial cells [135]. TMEM16A expression was 

detected in A549 cells [136], rat type II cells [136], mouse lung tissue [137], human and mouse fetal 

lungs [133], and also secretory epithelial tissues including superficial epithelia of the airway, ductal 

glands, and oviduct [138-141]. TMEM16A play important roles in fluid secretion and airway 

homeostasis  [134, 139, 140, 142]. TMEM16A knock down in cultured cells or gene knockout in 

mice significantly decrease calcium-dependent chloride secretion [140, 142-144]. It has been 

suggested that activating TMEM16A might be therapeutically beneficial for the treatment for cystic 

fibrosis patients, where CFTR is absent or defective [140]. TMEM16A may also plays an important 

role in pathological conditions of LPS-induced acute lung injury as a protective protein [137]. 

TMEM16A expression was significantly increased by LPS stimulation in LA795 cells and in mouse 

lung tissue [137].  Alveolar fluid clearance was reduced with the treatment of TMEM16A inhibitor 

in the LPS challenged mice [137]. In addition, TMEM16A in A549 cells inhibits LPS-induced NF-

κB activation and decreases proinflammatory cytokines release, protecting A549 from acute LPS-

mediated damage [136]. Moreover, overexpression of TMEM16A attenuated the pro-inflammatory 

cytokines IL-6, IL-8, and CXCL1/2 in the CFBE41o– cells (a well-characterized cystic fibrosis 
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airway cell line) under air-liquid culture [145], suggest that constitutive activation of TMEM16A 

may be a useful therapeutic target for anti-inflammatory treatment in cystic fibrosis. 

 

1.3.2.2.3 Voltage-gated chloride channels (CLC) 

Beside the CFTR and CaCC, some other Cl- channels have been identified in the alveolar epithelial 

cells. There is evidence demonstrating the presence of a few different types of voltage-gated 

chloride channels such as CLC2 and CLC5 [82, 146]. Cl- transport in alveolar epithelial cells is not 

well understood. The role of Cl- channels in the alveolar epithelium is still under debate. One reason 

for this lack of information may be caused by the use of isolated and cultured alveolar epithelial 

cells. There is sufficient evidence indicating that the ion transport properties of the alveolar 

epithelial cells vary depending on the cultivation time and culture condition in vitro [147, 148]. 

Uncovering the role as well as the molecular identity of Cl- channels in the alveolar epithelium 

remains a challenge for future studies.  

1.3.2.2.4 Electroneutral co-transports 

The participation of electroneutral co-transporters on the basolateral membrane is also critical for 

the transepithelial Cl- transport. Na+-K+-2Cl- cotransporters (NKCC), K+-Cl- cotransporters (KCC), 

and HCO3
--Cl- anion exchangers (AE) are expressed on the basolateral membrane in the alveolar 

epithelium [149-153]. Together with apically located Cl- channels, these co-transporters provide 

pathway for transepithelial Cl- transport. 

Both NKCC and KCC isoforms belong to a family of cation chloride cotransporters, which share a 

common predicted membrane topology [151]. NKCC are a class of ion transport proteins that 

transport Na+, K+ and Cl- in an electrically neutral manner with a stoichiometry of 1Na:1K:2Cl 

[154]. Two NKCC isoforms have been identified. NKCC1 is present in a wide variety of secretory 
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and reabsorptive epithelia and non-epithelial cells such as endothelial cells and neurons, while 

NKCC2 is expressed only in the epithelial cells in kidney [155]. NKCC1 is typically present on the 

basolateral membrane and provide the pathway for Cl- secretion in the secretory epithelium [151, 

154]. The transepithelial Cl- secretion is composed of two steps: a Cl- uptake step through 

transporters such as NKCC in the basolateral membrane and a Cl- releasing step through Cl- 

channels in the apical membrane [151, 156]. NKCC1 inhibitor bumetanide decreased fluid secretion 

by approximately 50% in human fetal lung [133]. It also blocked alveolar fluid secretion in 

cardiogenic lung edema in rat, suggesting it as a unique therapeutic target in cardiogenic lung 

edema [157]. Another cation chloride cotransporters may contribute to the alveolar epithelial Cl- 

transport is KCC. KCC have four isoforms. Three of them (KCC1, KCC3 and KCC4) have been 

detected in the monolayer cultures of rat alveolar epithelial cells, and play an important role in the 

terbutaline-stimulated transepithelial Cl-  absorption [158]. In many epithelia that secrete Cl-, HCO3
-

-Cl- anion exchangers may also participate the uptake of Cl- across the basolateral membrane [159]. 

The HCO3
--Cl- anion exchangers gene family includes three members: AE1, AE2, and AE3 [160]. 

The mRNA of AE2 isoform was detected in human bronchi, rat tracheal serous cells and Calu-3 

cells [159, 161]. HCO3
--Cl- anion exchangers at least partially contribute to basolateral Cl- uptake in 

the Xenopus lung epithelia [149] and dog tracheal epithelium [162]. However, how the above 

cotransporters function in the adult epithelium under basal, stimulated, and injured conditions is still 

largely unknown. 

1.3.2.3 Water transport  

The general knowledge is that Na+ and Cl− transport drives net alveolar fluid clearance. This has 

been demonstrated in a variety of species, including humans. Water transport driven by osmosis 

across lung epithelium is the principal mechanism of fluid transport under normal physiological 

conditions. Osmotic gradients are produced by active and secondary active ion transport, which are 

dissipated by water transport across cell membranes. All cell membranes containing lipid bilayers 
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are modestly permeable to water. However, in certain cell types, the water permeability of 

membranes, such as those in the alveolar and kidney epithelium, is 5-50 fold higher due to the 

contribution of aquaporin-type water channels [163].  

The aquaporins (AQPs) are about 30 kDa monomer. They are a family of small integral membrane 

proteins. They function as selective water transporters, and glycerol transporters 

(aquaglyceroporins) in some cases [164]. At present, there are 12 identified AQPs in mammals, 

with at least 4 of them expressed in the lung [163]. AQP-1 is distributed throughout the lung 

endothelium. AQP3 is expressed in alveolar type II cells in large and small airways. AQP4 is 

expressed in the ciliated columnar cells of bronchial, tracheal and nasopharyngeal epithelium [165]. 

AQP5 is expressed on the apical surface of alveolar epithelial type I cells, which may be the reason 

that type I cells are highly water permeable [166]. 

However, a series of studies using single- or double-knockout AQP-1 and AQP-5 in mice model 

suggests that the rate of alveolar fluid clearance are not affected in the absence of either or both 

aquaporins [167, 168]. These results indicate that the water transport across the alveolar epithelium 

which are generated by the ion transport gradient primarily occurs via paracellular pathways, 

although a transcellular route through aquaporins may also play a role [165].  

1.4 Models to study Alveolar Fluid transport 

Alveolar fluid transport has been studied extensively using a substantial number of experimental 

models, including in vivo studies, intact lungs, isolated and cultured primary cells and established 

cell lines with different species including human [169-173]. These models provide useful 

approaches for understanding the lung fluid balance under both normal and pathological conditions. 

The experimental evidence has generated important insights regarding the resolution of pulmonary 

edema. Table 1.2 summaries the pros and cons of the models for studying the alveolar fluid 

transport. 
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Table 1.2 Comparison of models for studies of human alveolar fluid transport. 

 Advantages Disadvantages 

In vivo model observe the overall fluid clearance limited to animals and lung edema 

patients 

In situ 

perfused lung 

 preserves normal lymphatic drainage; 

avoids the trauma of removing the lungs 

from the thorax 

cannot distinguish the fluid transport 

between the alveolar and the airway 

epithelium 

Ex vivo 

perfused lung 

maintain the structural and functional 

integrity of the lung with artificial 

circulation 

cannot distinguish the fluid transport 

between the alveolar and the airway 

epithelium 

Non-

perfused lung 

lack of perfusion eliminates the 

potential injuries; 

viability may be maintained for a 

short period;  

cannot distinguish the fluid transport 

between the alveolar and the airway 

epithelium 

In situ lung slice 

model 

maintain normal orientation of alveolar; 

identify and discriminate type I and type 

II cells 

Human lung slice model has not 

been available  
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Primary cell 

culture models 

provide important information 

regarding the rate, direction and 

regulation of transport 

limited proliferation profile; 

properties of isolated and cultivated 

alveolar epithelial cells vary upon 

passaging and culture conditions 

Lung epithelial 

cell lines 

robust and reproducible;  

characterize and perturb individual 

proteins and pathways under tightly 

controlled conditions 

Phenotype might be different from 

the primary cells since they also 

show the behavior of cancer cells 

 

1.4.1 In vivo models 

The in vivo models provide helpful approaches for observing the overall fluid clearance in the 

lungs, and has been validated in both prior clinical and experimental studies [172, 174]. Since the 

rate of clearance of edema fluid from the alveolar space is much faster than that of protein removal 

[174], protein concentration in the distal air spaces is an index of alveolar fluid clearance.  

In the in vivo model, alveolar fluid clearance can be measured by instilling the test solution into 

distal air space and monitoring the alteration of the protein concentration over time.  The net 

alveolar fluid clearance rate can be calculated by the formula:  

Alveolar fluid clearance % = 100 × [1 − (initial edema protein / final edema protein)]. 

By using an anesthetized and ventilated sheep model, the first evidence was observed in vivo that 

transepithelial ion transport is responsible for the removal of alveolar edema fluid across the distal 

pulmonary epithelium [175]. In addition, net liquid clearance was also measured in vivo in both 



35 
 

large animals, such as sheep, goat and dog [176-178], and small animals like rabbits and rats [179, 

180]. These in vivo animal studies has established validity for the studies in humans. Alveolar fluid 

clearance has been measured in patients with lung edema by measuring protein concentrations in 

the alveolar fluid samples [181, 182]. However, the human in vivo model is limited to lung edema 

patients. It is impossible to be applied to healthy individuals to observe normal fluid clearance in 

the lung. 

1.4.2 Intact lung models 

There are a number of experimental models using intact lung preparations to measure salt and 

water transport across the alveolar and distal airway epithelia, such as the in situ perfused lung, 

isolated ex vivo perfused lung and non-perfused lung preparations [172]. 

1.4.2.1 In situ perfused lung 

In situ lung perfusion has been accomplished without removing the lungs from the thorax. Blood 

can be collected, used as perfusate, and circulated by an external pump. This model has been 

applied in a number of animals, including goat, sheep, rabbit and rat. The clear advantage of the in 

situ lung perfusion model is that it preserves lung lymphatic drainage and avoids the trauma of 

removing the lungs from the thorax [183]. For example, in a goat lung in situ perfusion model, the 

effect of temperature on the alveolar fluid transport was investigated [177]. A similar study in sheep 

observed the involvement of water channels in excess fluid clearance from the distal airspaces of 

the lung [184]. 

1.4.2.2 Ex vivo perfused lung 

Ex vivo perfused lung model establishes a perfusion through the pulmonary circulation with blood 

or media in an artificial environment by using isolated lungs which is removed from the systemic 
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circulation. This model can maintain the structural and functional integrity of the organ [185]. It has 

been developed for a variety of animals such as rats, rabbits and hamsters and rabbits from sheep 

and guinea pigs. It provides a method of evaluating various parameters in an intact organ. This is 

not possible in the intact subjects which may be due to ethical and pathological reasons. Isolated 

perfused tissue models provide a more realistic correlation with the in vivo studies compared with 

the primary cell monolayer culture models [173].  

1.4.2.3 Non-perfused lung 

Alveolar fluid transport can be studied in lungs without perfusion or ventilation for up to 4 hours 

[183]. Therefore, isolated non-perfused lung model has been used with rats and mice to measure 

alveolar fluid clearance [172]. This model has also been substantiated and extended to the ex vivo 

non-perfused human lung [182]. The human lung model is usually a surgically resected lobe from a 

patient with bronchogenic carcinoma. The lack of perfusion eliminates the potential injuries which 

might occur in the experimental process, but does not maintain the normal lymphatic drainage.   

The above intact lung models have been widely used in the alveolar fluid transport and have 

provided experimental evidence that active ion transport drives osmotic water absorption [186, 

187]. The role of ENaC and Na+-K+-ATPase were identified in isolated perfusion models in many 

animal models with the use of the transporter inhibitors. Amiloride (ENaC inhibitor) inhibited 

sodium uptake in distal airway epithelium [188, 189] and inhibited basal fluid clearance [190, 191]. 

In addition, Na+-K+-ATPase inhibition with ouabain reduces liquid clearance, which has 

consistently been demonstrated in various species including humans [182, 183, 191, 192]. In the 

human lung, amiloride and ouabain reduced alveolar liquid clearance by 40 and 49% respectively 

[182].  

Important species differences in the basal rates of fluid clearance have been identified [171]. The 

slowest fluid clearance was measured in dogs, intermediate rates of fluid clearance in sheep and 
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goats, and the highest basal fluid clearance rates were measured in rabbits, guinea pigs, rats, and 

mice [171]. It is difficult to estimate the basal rate of fluid clearance in the human lung. However, 

on the basis of the isolated, non-perfused human lung model, the basal rate of fluid clearance 

appears to be intermediate to fast [182]. In fact, the rate of fluid clearance in the ex vivo human lung 

is approximately half of that of in the ex vivo rat lung [193]. The explanation for the difference 

among the species is not clear. It may be due to the structural difference among different species, so 

that the contribution of the distal airway epithelium may not be uniform. It may also be related to 

the number and/or activity of ion transporters such as ENaC and Na+-K+-ATPase in the alveolar 

epithelium in different species, although no significant difference was found in the morphometric 

studies [194].  

A practical limitation to wider use of the above intact lung models is that the surgery and 

maintenance of the preparation require strict protocols and skilled technique [185]. Another 

limitation is the short period, usually up to 4 hours, for which viability may be maintained [172]. In 

addition, it is unable to determine the precise surface area of alveolar and distal airway epithelium 

[172]. It cannot distinguish the fluid absorption between the alveolar and the airway epithelium 

either [172].  

1.4.3 In situ lung slice model 

A few studies have achieved to use lung slice preparations for studying alveolar ion transport. Rat 

lungs are inflated with agarose or gelatin and are then cut into small sections of 200 ~ 300 µM [195-

197]. The precision-cut lung slices can maintain normal orientation of alveolar and keep epithelial 

differentiation for up to 72 hours [195-197]. This preparation procedure preserves the alveolar 

architecture and allows access to intact alveolar epithelium. Type I and type II cells can be 

identified and discriminated by fluorescence microscopy using their selective markers [195-197]. 

The lung slices can then be used for electrophysiological measurements. By using this technique, 
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type I cells type II cells and were characterized by patch-clamp analysis respectively [195-197]. 

Whole-cell patch clamp measurements indicate that both highly selective epithelial amiloride-

sensitive channels and low-selective cation channels are present in both type I and type II cells 

[195, 197]. Interestingly, low-selective ENaCs mediate up to half of the Na+ entry in type II cells 

[195]. Besides, anion channels with properties like CFTR are also observed in type II cells [198]. 

Despite the achievements under the lung slice model, the previous studies were done with rat lungs. 

Human lung slice model is in great demand but still a challenge. 

1.4.4 In vitro models 

In vitro cell culture models have received increasing acceptability as an alternative to animal 

models over the past few decades. A number of factors may account for this, including the 

relatively low cost compared to animal models, its ability to predict and simulate, and fast 

throughput. Moreover, 3R strategy (Replacement, Reduction and Refinement) recommends the 

reduced usages of animals and development of non-animal methods [173]. Simplified in vitro 

models have been extremely useful for mechanistic characterization of transport functions of the 

respiratory epithelial tract lining the distal lung. They have provided important information 

regarding the rate, direction and regulation of transport since they offer the ability to characterize 

and perturb individual proteins and pathways under tightly controlled conditions [199]. For 

example, in vitro models have permitted more detailed characterization of important biological 

features which are identified in the lung in vivo, such as the presence of functional tight junctions, 

pathways responsible for ion transport in alveolar epithelial cells, and expression of cell-specific 

phenotypic markers.  

1.4.4.1 Primary cell culture models 

Isolated and cultured alveolar type I and alveolar type II cells have been used in a great number of 

the studies focusing on alveolar epithelial ion transport processes. Alveolar type II cells isolated 
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from a wide range of species have been intensively investigated, such as rat, mice, rabbit and 

human [15]. Compared with alveolar type II cells, isolation and culture of alveolar type I cells are 

much more difficult. One possible explanation is that their cytoplasmic extensions are thin. It could 

also be because the intercellular junctions are very tight [200]. Recent improvements for isolating 

type I cells have been made with rat lungs [201]. Although type I cell-like monolayers can be 

induced by culturing freshly isolated type II cell in vitro, freshly isolated and cultured type I cells 

are still in great needs to extend our knowledge on type I cell biology. 

Human alveolar cell culture models are based on alveolar epithelial cells derived from human 

patients undergoing lung resection surgery. Human primary culture of alveolar monolayers may be 

a desired model in terms of species correlations. However, due to the lack of availability of human 

lung tissues and ethical issues, the involvement of human tissues in the transport studies is scarce. 

Therefore, most lung permeability studies have been based on isolation and culture of cells from the 

lungs of animals including mouse, rat, rabbit and pig [202]. Since species differences between 

human and animals might be more significant than once assumed, characterization of each model is 

necessary before applying it into transport studies.  

Many of the transport processes and other characteristics present in the primary culture model are 

likely to represent those in the respiratory epithelium in the intact lung [199]. Therefore, human 

primary cultured pneumocyte monolayers appear to be a reliable model to study alveolar epithelial 

cell biology and transport processes. Human primary type II monolayer express a series of alveolar 

type II cell marker and lamellar bodies [203]. It also expresses numerous junctional proteins such as 

claudins, ZO and E-cadherin, which enable the formation of a tight barrier under culture. Besides 

that, a great number of ion transport-related proteins is present in the human primary type II 

cultures, including ENaC, CNG, CFTR, and several basolateral sodium cotransport and exchange 

mechanisms [23].  
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However, the availability of the source material remains of the primary human cells is a bottleneck 

[23, 204]. Very few studies have used them although they are the most representative of the in vivo 

situation. Very different from many other cells in primary culture, alveolar epithelial cells are not 

suitable for passaging because they generally exhibit a very limited proliferation profile. A recent 

study has successfully passaged human primary alveolar epithelial type II cells while retaining their 

phenotype and functional properties, but only up to two generations [205]. It should also be noted 

that, the properties of isolated and cultivated alveolar epithelial cells vary upon passaging [169]. 

When cultured in vitro on tissue culture plastic or on microporous transwell inserts, type II cells 

become type I-like cells [23, 200]. For example, the cells become flat, lose differentiated 

morphologic features, cease synthesis and secretion surfactant. Interestingly, under certain culture 

conditions, such as shape change and keratinocyte growth factor, the type I-like cells revert to the 

type II cell phenotype [200].  

Furthermore, the properties of isolated alveolar epithelial cells also depends on the culture 

conditions [15]. In addition, when grown under air-liquid interface in the presence of steroids, the 

predominantly detected Na+ channel is a low-conductance highly Na+-selective channel. In contrast, 

under the submerged culture that lacked steroids, a nonselective cation channel becomes 

predominant [91]. Therefore, a reliable normalization scheme for data observed from each set of 

cell preparations is in demand.  

1.4.4.2 Lung epithelial cell lines 

Respiratory epithelial cell lines offer alternative in vitro models that are robust and 

reproducible. These immortal cell lines of different species (such as human A549 and NCI-H441, 

rat R3/1 and L-2, mouse MLE-12 and 15) have been utilized for study of physiology and cell 

biology of alveolar epithelium over the years by many laboratories. A number of studies have used 
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cell lines from various animal species, but species-specific differences in fluid transport rates and 

sensitivity to agonists and inhibitors may limit applicability to humans [206]. 

The only two human pulmonary epithelial cell lines, A549 and NCI-H441, have been widely used 

as models for the alveolar epithelium for biopharmaceutical research [202, 207-211]. A549 cells 

were isolated from a human pulmonary adenocarcinoma and exhibit a phenotype similar to that of 

type II cells due to the presence of lamellar bodies and surfactant proteins [202, 209, 212]. NCI-

H441 cells were originally isolated from the pericardial fluid of a patient with papillary 

adenocarcinoma of the lung and show characteristics of both type II and Clara-like bronchiolar 

epithelial cells [202, 213]. Studies can thus be designed to characterize metabolism and transport 

properties of both these two cell types. 

The present knowledge about the transport properties of the NCI-H441 and A549 cell lines is 

limited to drug transport aspect, although they are widely used as lung epithelial cells [211, 214]. 

A549 cell line do not exhibit significant transepithelial electrical resistance due to the lack of 

functional tight junctional complexes. In contrast, there is an emerging evidence that NCI-H441 

cells are capable to form polarized cells monolayers, exhibiting a significant TEER. However, the 

expression profile of the junctional complexes, which determine the barrier function, has not been 

compared. In addition, there is a severe lack of a well characterized cell culture model of these two 

cell lines for ion transport studies. A number of studies have identified ENaC and Na+-K+-ATPase 

expression in these cell lines as the primary pathway for sodium transport and characterized their 

function and regulation [103, 215-220]. However, chloride transport is poorly understood: there are 

conflicting reports on the expression of CFTR in A549 cells [221-223] and while CFTR has been 

detected in NCI-H441 cells [103], its role in ion/fluid homeostasis is debated [218, 224]. None of 

these studies have examined sodium and chloride transport in conjunction and there is no 

information about the paracellular and transcellular components of net transport. The properties of 

these cell line models have also not been compared to recent data from primary human cell cultures 
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[23] and there is little information on how transport protein expression and function is affected by 

culture conditions that vary widely in cell seeding density [211, 225-228] and the nature and 

concentration of supplements [210, 216, 217, 225-227]. Therefore, one of the aims of this research 

is to characterize comprehensively the ion transport properties of these two cell lines. 

1.5 Fluid clearance under lung edema  

The alveolar epithelium plays a crucial role in the process of alveolar fluid balance. Unlike the 

endothelium that limits vascular hyper-permeability and leukocyte infiltration, epithelial cell 

monolayer stabilizes the alveolar barrier, producing surfactant and ensuring alveolar fluid clearance 

[229]. The alveolar epithelium serve as not only a tight epithelial barrier that prevent the movement 

of excessive fluid into the alveoli space, but also actively involved in the ion and water transport 

processes [102]. These are all essential for alveolar fluid balance and edema fluid clearance. 

Disruption in the function of alveolar epithelium resulting in the decrease of alveolar fluid clearance 

and accumulation of alveolar and interstitial edema fluid in the lung, which a hallmark of lung 

edema (also known as pulmonary edema) [98].  

1.5.1 Etiology 

Although presenting the common feature of impaired alveolar fluid clearance and flooded lung, the 

formation of lung edema could have different causes. Depending on the underlying driver behind 

the fluid accumulation, lung edema can be subdivided into two main categories, cardiogenic and 

non-cardiogenic lung edema [230].  

1.5.1.1 Cardiogenic pulmonary edema  

A common trigger of the formation of lung edema is cardiogenic (also known as hydrostatic) lung 

edema. It is caused by the increased hydrostatic capillary pressure because of the elevated 

pulmonary venous pressure. A variety of causes can lead to increased hydrostatic pressure, such as 
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excessive administration of intravascular volume, obstruction of pulmonary venous outflow or 

secondary left ventricular failure resulting from left ventricular systolic or diastolic dysfunction. An 

increased pressure in the pulmonary vein can be a result of the elevated of left heart atrial pressure, 

which causes an increased fluid transport from the pulmonary capillaries into the alveolar airspace 

[11].  

1.5.1.2 Non-cardiogenic pulmonary edema  

Non-cardiogenic pulmonary edema develops as a result of increased alveolar–capillary barrier 

permeability without noticeable alterations in pulmonary arterial pressure. This may be due to direct 

damage to the lung vasculature caused by inflammation or circulating edemagenic agents. Besides 

of the endothelial damage in the vasculature, pathologic insults of the alveolar epithelium can also 

result in the development of pulmonary edema [230].  

The most common cause of non-cardiogenic pulmonary edema is ARDS and ALI. ARDS is a type 

of acute diffuse lung injury associated with a predisposing risk factor (e.g. direct pulmonary injury 

such as pneumonia or blood-borne insults following severe sepsis) and a high case fatality rate. It is 

characterized by inflammatory injury to the alveolar capillary barrier with increased pulmonary 

vascular permeability and alveolar collapse, which leads to extravasation of protein-rich edema 

fluid into the airspace and severe impairment of gas exchange [231]. ALI is a mild form of ARDS. 

The severity of hypoxaemia distinguishes ALI from ARDS. A definition of ALI and ARDS was 

established in 1994 by the American European Consensus Conference [232] and updated in 2013 

[233]. The updated definition does not use the term ALI, but since it is an umbrella term used by the 

majority of published epidemiological and interventional studies it will be used in this thesis. 

In addition to ARDS, there are also rare forms of non-cardiogenic pulmonary edema, such as 

neurogenic pulmonary edema and ventilator-induced pulmonary edema [230, 234]. Neurogenic 

pulmonary edema is a clinical syndrome characterized by a significant central nervous system insult 
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which can lead to the acute onset of pulmonary edema [235]. The etiology of neurogenic pulmonary 

edema is considered to be a surge of catecholamines which results in cardiopulmonary dysfunction 

[235]. Besides neurogenic pulmonary edema, artificial ventilation used to support gas exchange can 

also cause lung edema. The ventilator-induced lung injury is caused by over-distention of the 

alveoli which leads to an increased alveolar-capillary permeability with the transport of edema fluid 

into the alveoli airspace [236].  

The resolution of pulmonary edema is an essential step for recovery from ARDS and ALI. 

However, no pharmacological approaches have been shown to be effective in enhancing edema 

clearance in the clinical setting [3]. Understanding of fundamental mechanisms involved in 

regulation of lung edema is essential for development of therapeutic strategies [237]. 

1.5.2 Impaired fluid clearance under lung edema 

The degree of acute lung injury to the distal lung epithelium can serve as an important determinant 

and predictor of the outcome [230]. The majority of patients have impaired alveolar epithelial fluid 

transport, which is associated with more prolonged acute respiratory failure as well as a higher 

mortality. In contrast, a minority of patients have normal fluid balance. Alveolar edema fluid can be 

cleared in these patients and they have a higher survival rate [181, 238]. These results indicate that a 

functional lung epithelium is linked with a better prognosis in patients with acute lung injury [239].  

1.5.2.1 Mild-to-moderate lung injury 

Compromise of either lung endothelial or epithelial barrier is detrimental to the normal lung 

function. Interestingly, the lung epithelium offers greater substantial resistance than the adjacent 

lung endothelium to the passive movement of liquid and protein into the alveoli [102]. In mild-to-

moderate lung injury, even when lung endothelial injury occurs, the integrity and function of the 

alveolar epithelial barrier may still be intact, and retain its normal impermeability and fluid 
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transport capacity [98]. In this case, the capacity of ion and water transport in the alveolar 

epithelium is not only preserved, but may even be upregulated [98]. For example, when septic 

shock was induced in rats, permeability to proteins was not altered, despite that endothelial injury 

and interstitial lung edema occurred. The alveolar epithelial fluid transport was increased by 32% 

[240]. The clearance of alveolar edema across the epithelial barrier can be up-regulated both by 

cyclic adenosine monophosphate (cAMP)-dependent mechanisms through the stimulation of 

adrenergic or dopamine receptor, and by a number of cAMP-independent mechanisms such as 

glucocorticoids, thyroid hormone and growth factors [165].  

1.5.2.1.1 cAMP stimulation mechanisms 

Cyclic adenosine monophosphate (cAMP) is an intracellular messenger. The catecholamine-

dependent mechanisms involve the activation of the β-adrenergic receptors to stimulate adenyl 

cyclase, which increases intracellular cAMP. cAMP can be stimulated by endogenous elevations of 

epinephrine or exogenous dobutamine or epinephrine [165]. This results in the upregulation of 

alveolar fluid clearance, which involves the activation of ENaC and CFTR systems [241]. This has 

been proved in humans and many adult mammals that stimulation of β2-adrenergic receptors 

increases fluid clearance [174, 193, 239, 242]. After intravenous administration of epinephrine or 

instillation of terbutaline in the alveolar space, the stimulatory effect occurs rapidly. This 

stimulation can be prevented either by a nonspecific β2-receptor antagonist (such as propranolol) or 

by a β2-antagonist. The increased fluid clearance can also be inhibited by amiloride. This suggests 

that the up-regulation was associated to an increased transepithelial sodium transport [174, 193, 

242]. The role of CFTR under cAMP-stimulated conditions was tested in an intact lung model. In 

this model, CFTR was not functional due to the failure in trafficking of CFTR to the cell membrane, 

which is also the most common mutation in human cystic fibrosis. Unlike the wild-type control 

mice,  fluid clearance could not be up-regulated with either agonists or forskolin in the ∆F508 mice 
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(a CFTR mutant model). The results indicated that CFTR is essential for cAMP-stimulated fluid 

clearance under isosmolar conditions from the distal airspaces of the lung [83].  

1.5.2.1.2 cAMP independent mechanisms 

Alveolar fluid clearance can also be stimulated under lung injury by catecholamine-independent 

mechanisms [240]. The catecholamine-independent pathways involve glucocorticoids, thyroid 

hormone, and pro-inflammatory mediators such as tumor necrosis factor and leukotriene D4 [239]. 

Hormonal factors, such as glucocorticoids, can stimulate fluid transport by transcriptional 

mechanisms, while thyroid hormone may work through post-translational mechanisms [86, 243]. 

Some growth factors can work through a few mechanisms, such as a transcriptional modulation, a 

direct membrane effect, or an enhancement in the number of alveolar type II cells. Studies also 

demonstrated that pro-inflammatory cytokines, such as tumor necrosis factor and leukotriene D4, 

can stimulate sodium absorption and fluid clearance [244]. Moreover, serine proteases can also up-

regulate the activity of ENaC and potentially increase fluid absorption across the lung epithelium 

[245].  

1.5.2.2 Severe lung injury 

Under severe lung injury, significant alveolar epithelium damage is marked by an increase in 

paracellular permeability, and subsequently a loss of vectorial ion and water transport capacity of 

the alveolar epithelial cells [102, 240]. If lung vascular hydrostatic pressures are elevated in the 

setting of persistent endothelial or epithelial injury, the clearance of edema fluid could be impaired 

by the ongoing alveolar flooding. For example, endothelial permeability increases rapidly during 

acute inflammation. When the alveolar epithelium is damaged as well, the increased endothelial and 

epithelial permeability will result in alveolar flooding with high-molecular-weight proteins, leading 

to prolonged changes in gas exchange and a much higher risk of disordered repair [230].  
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Hypoxia can decrease sodium transport and alveolar liquid clearance by inhibiting Na+-K+-ATPase 

function in the alveolar epithelial cells. Restoration of normoxia reversed the inhibiting effects of 

hypoxia in rats rapidly [246]. Thus, the simple administration of supplemental oxygen may speed 

up the removal of alveolar fluid and enhance the resolution of lung edema.  

It has been shown that several inflammatory mediators can alter Na+ transport by their effect on 

either the integrity or function of the alveolar epithelium [98]. Cytokines released during lung injury 

such as TNF, IL-1β, IL-8, and TGF-β, were shown to decrease the expression and function of Na+-

K+-ATPase or/and ENaC, thereby reducing Na+ transport and vectorial fluid transport across 

alveolar epithelium [98]. Reactive oxygen species and NO have also been shown to decrease Na+ 

transport and alveolar liquid clearance during hypoxia [247], mycoplasma lung infection and 

ventilator induced lung injury [248] and ventilator induced lung injury [249].  

The microbial agents themselves can modulate Na+ transport and liquid movement as well [250]. 

For example, influenza virus directly injured alveolar epithelial cells by inhibiting ENaC and lung 

fluid clearance [251]. 

1.5.3 Models to study acute lung injury induced lung edema 

Modeling the acute and chronic pathologic changes of acute lung injury has been a significant 

challenge from the time that ARDS was first described in humans [252]. Many models have been 

developed to understand the cellular and molecular pathogenesis of acute lung injury. These 

including human models, animal models and in vitro cell culture models. Table 1.3 summaries the 

pros and cons of the models for studying the alveolar fluid transport. 

Table 1.3 Comparison of models for studies of ALI-induced lung edema. 

 Advantages Disadvantages 
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Human in vivo 

model 

 provide valuable in vivo human 

data 

not suitable for ion transport 

under ALI-induced lung edema 

Human ex vivo 

model 

integrity of the lung is preserved; 

test potential therapies in ALI 

limited availability of organs; 

requires technical expertise  

Animal models hypotheses generated from human 

studies can be tested in animal 

models directly;  

validate the laboratory observations 

without going directly to human 

models 

animal models are different from 

humans in many physiologic and 

immunologic aspects;  

the feature and degree of lung 

injury can vary depending on the 

insults used to induce acute lung 

injury models 

In vitro models the only way to explore the 

molecular mechanisms of each 

contributing factor and link acute 

lung injury processes to the changes 

in ion channel function individually 

lack of the information about the 

overall effect in the whole body 
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1.5.3.1 Human models  

Human models of acute lung injury are advantageous since they can provide valuable information 

regarding the in the testing of novel therapeutic compounds in clinical studies. Both in vivo and ex 

vivo human models have been developed to study acute lung injury [232].  

1.5.3.1.1 Human in vivo model  

The in vivo human model involves the LPS inhalation of the healthy volunteers. Although a mild 

systemic inflammatory response is also observed, neither the pulmonary or systemic effects 

stimulated by LPS have been associated with significant adverse clinical events in vivo [232]. 

Therefore, it is not suitable for ion transport under ALI-induced lung edema. In addition, there are 

many pathological, ethical and logistical challenges which limit the use of in vivo surgical models in 

humans.  

1.5.3.1.2 Human ex vivo model 

Human ex vivo research uses consented donor organs which are maintained in a viable state with 

established ventilation and perfusion systems [232]. Human ex vivo models of acute lung injury 

uses similar noxious stimuli to those used in animals, such as live bacteria, and infuse the stimuli 

into lung tissue or deliver them to the airways and distal lung [232]. Such models could also enable 

the testing of potential therapies in ALI, so that to obtain relevant, reliable and predictable human 

data before early phase clinical studies. Since the architectural integrity of the lung is preserved, ex 

vivo modelling is superior to tissue- and cell- based models [232]. For instance, type I cells are 

difficult to culture in vitro; so little is known about the response of this cell type to injury and the 

subsequent repair. Human ex vivo models offer useful tools in testing disease-modifying therapies 

in ALI and shed light on the pathogenesis of ALI. However, this is an emerging area and not 

widespread yet, which may due to the limited availability of organs. In addition, this technique 

requires a large amount of technical expertise in particular.  
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1.5.3.2 Animal models  

Many different animal models have been used to model acute lung injury based on clinical 

disorders which are associated with ALI/ARDS in humans. These clinical disorders include sepsis, 

multiple transfusions, multiple trauma, aspiration of gastric contents, and reperfusion of ischemic 

tissues [250, 253]. The loss of alveolar–capillary barrier integrity not only impairs fluid transport, 

but also prevents reabsorption of edema fluid from the alveolar space. There is no consensus as to 

what exactly constitutes acute lung injury in animal models [254]. This is partly because no single 

marker or parameter has enough sensitivity and specificity to model acute lung injury with all kinds 

of symptoms and severities [254]. 

Animal models provide a bridge between human patients and the laboratory bench. Hypotheses 

which has been generated from human studies can be tested in animal models directly. The results 

of more simple in vitro studies can also be tested in animal models to assess their relevance and 

consistency in intact living systems. Moreover, mechanisms can be studied in the animal models as 

well. This can be achieved by treating animals with inhibitors which block key steps in specific 

pathways. It can also be performed by creating animals with specific gene alterations to test the role 

of the target gene or pathways. Therefore, there would be no way to test clinical hypotheses without 

animal models. Besides, it would also not be possible to validate the laboratory observations 

without going directly to human models [255].  

1.5.3.2.1 Animal species in modeling acute lung injury induced lung edema  

Animal model studies are most valuable if the characteristics of the model are directly relevant to 

humans. They are also helpful if they show that a concept proven in laboratory systems is relevant 

in a complex living animal, even if the relevance of the animal model to human model is not clear. 

This is often the case when fundamental laboratory findings are tested in mice. For example, if an 

inhibitor of a specific cellular pathway protects mice from sepsis-induced lung injury, it suggests 
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that the pathway is important in this animal model. The observations need to be tested further in 

human models or models closer to humans [255].  

Ideally, the animal would be treated with mechanical ventilation to simulate the primary treatment 

applied to patients with ALI. Only large animal models permit studies in ventilated animals over 

time, such as ventilated and tracheostomized primates, dogs, sheep, or pigs. Such models are 

extremely expensive, complex to organize, and require scarce resources. On the other hand, studies 

with small animals such as mice, rats, and rabbits are relatively simple and rapid to do, but the 

relevance for humans is limited. Nevertheless, they have been useful in studying individual 

pathways. Specially, using genetically modified animals allows mechanism studies. If the 

characteristics of the animal model are well known and the results are interpreted with appropriate 

caution, animal studies can provide focused evaluations of key physiologic and molecular 

pathways, and can be used to develop new hypotheses to test in humans. 

Aside from size, animal models are different from humans in many physiologic and immunologic 

aspects [255]. For instance, lipopolysaccharide (LPS) sensitivity among different species varies, 

which could be because that the divergent forms of TLR4 recognize different LPS structures [256]. 

Another example is cytokine IL-8. Mice lack IL-8. In contrast, it is the most important neutrophil 

chemoattractant for humans [252]. In addition, pulmonary intravascular macrophages are prominent 

in the pulmonary microcirculation of sheep, pigs, goats, cattle, and horses, whereas humans have 

few PIMs [257]. Aside from that, inducible nitric oxide synthase is prominent in rodents. However, 

human macrophages produce far less NO unless they are suitably activated, typically by interferon-

gamma [258]. 
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1.5.3.2.2 Insults in modeling acute lung injury induced lung edema 

The feature and degree of lung injury can vary depending on the insults which are used to induce 

acute lung injury models. The commonly used models include oleic acid, LPS, acid aspiration, 

ischemia/reperfusion models.  

Oleic acid model: Oleic acid (cis-9-octadece-noic acid) is a C18:1 unsaturated -9 free fatty acid 

[250]. Being the most common free fatty acid in mammals, it represents 60% of the free fatty acid 

pool. Oleic acid has been demonstrated to induce increased pulmonary vascular permeability, 

within seconds of exposure [259]. It results in extravascular lung fluid accumulation [260]. It is 

directly toxic to endothelial cells [261], which appears to be due to necrosis, rather than apoptosis 

[262]. Epithelial injury follows endothelial injury to occur, with swelling and necrosis of type I 

cells, but no evidence of apoptosis [262]. The precise mechanism by which oleic acid induces the 

formation of lung edema remains to be unveiled. Although oleic acid-induced lung injury is a 

widely used experimental model of ARDS [4], very few study to date has addressed the effect of 

oleic acid on vectorial sodium transport as well as its implications in lung physiology and 

pathophysiology. The oleic acid model was developed in an attempt to reproduce ALI induced by 

lipid embolism (191). First of all, perturbations to lipid metabolism are involved in the pathogenesis 

of ARDS [5, 263]. Secondly, serum samples from patients with ARDS or at-risk patients who 

developed ARDS subsequently have significantly higher levels of oleic acid [263]. Besides, patients 

with sepsis, with approximately half of them developing ARDS, also exhibited a great increase in 

oleic acid levels in plasma [264]. In addition, increased free oleic acid was found in 

bronchoalveolar lavage fluids from mice in an LPS-induced acute lung injury model [265]. 

Together, these findings indicated a potential role of oleic acid as a prognostic factor for ARDS 

[263].  

Oleic acid can trigger diverse intracellular pathways causing lung damage [266]. The extracellular 

signal-regulated protein kinase (ERK) pathway has been reported to be important for the epithelial 
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signals essential for the development of the entire respiratory tract [267]. It has been shown to be 

activated in the lung injury model under a few different stimuli including oleic acid [10], oxidants 

[268] and LPS [269]. Oleic acid could induce ERK1/2 phosphorylation not only in the lung tissue 

of mice, but also in cultured A549 epithelial lung cells [10]. ERK1/2 inhibition blocked neutrophil 

migration, edema and lipid body formation as well as IL-6, but not IL-1β production [10]. In 

addition, it is also been found that blocking ERK pathway upregulated aquaporin 4 expression in 

alveolar type II cells in rats with oleic acid-induced lung injury [270]. In addition, it is also been 

found that blocking ERK pathway upregulated aquaporin 4 expression in alveolar type II cells in 

rats with oleic acid-induced lung injury [270]. A great many cell signaling pathways other than 

ERK, such as Rho-kinase [271], PKA [272], PI3K [273, 274], Akt [274], P38 [275], JNK [274, 

275] and PKC [276], have also been found to be activated by oleic acid in the acute lung injury 

model in mice or rats. Among them, several pathways have been identified to be involved in the 

impairment of lung function. For example, the expression of Rho-kinase (ROCK-1 and ROCK-2) 

protein was upregulated in lungs obtained from oleic acid-administrated rats [271]. Treatment with 

its inhibitor Y-27632 in rats reversed the oleic acid-induced lung damage, which was demonstrated 

by histopathological assessment and confirmed in Western blot experiments [271]. Moreover, the 

pathological signs, such as malondialdehyde, myeloperoxidase and 3-nitro-l-tyrosine and 

nitrite/nitrate, were also normalized after the administration of Y-27632 [271]. In another in vivo 

model of rats, oleic acid was also found to increase the inflammatory cytokine and ROS levels and 

caused lung dysfunction by decreasing cAMP synthesis, inhibiting PKA activity, stimulating 

caspase 3, and reducing the Bcl-2/Bax ratio [272]. Phosphatase and tensin homologue (PTEN) is the 

primary counter-regulator of the PI3K/Akt pathway. Its inhibitor bpV (phen) increased lung tissue 

levels of phospho-Akt and ERK and has been found to significantly reduce the protein content, 

lactate dehydrogenase, as well as tumour necrosis factor-α and chemokines in bronchoalveolar 

lavage fluid in the oleic acid treated mice [273]. The incidence of alveolar lesions, consistent with 

acute lung injury, and terminal uridine deoxynucleotidyl transferase dUTP nick end labelling 
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(TUNEL)-positive cells was also significantly reduced [273]. There are also a number of pathways, 

although activated by oleic acid, whose role in the impairment of lung function have not been 

elucidated, such as PKC [276], P38 [275], Akt [274] and JNK [274, 275].  

LPS model: LPS is a component of the outer membrane of gram-negative bacteria. LPS is usually 

extracted from Escherichia coli and consists of several serotypes including O111:B4, O55:B5, 

O26:B6 and 0127:B8 [253]. It is used to induce ARDS in pigs, dogs and sheep, causing local 

subclinical alveolar inflammatory responses including neutrophil recruitment, increased cytokine 

and chemokine production. These reactions are analogous to that which occurs in acute lung injury 

[232]. With little direct toxicity to cells in vitro, LPS is a potent activator of the innate immune 

responses via TLR4 pathways. LPS is also an important mediator of sepsis in response to gram-

negative bacteria. LPS administration was one of the earliest methods to model bacterial sepsis. The 

initial site of injury is the capillary endothelium after intravenous application of LPS. The cellular 

mechanism of LPS-induced appears to be apoptosis. In contrast, in the oleic acid model, the injury 

is caused by a direct toxic effect leading to necrosis [232]. Following the LPS administration, 

apoptosis of endothelial cells occurs rapidly and precedes other tissue damage [232]. LPS is easy to 

apply to animals, and the results are reproducible within experiments [255]. The LPS model also 

has clear advantages to model the gram-negative bacteria-induced ALI in animals and humans. 

Other models: A few other commonly used animal models modeling acute lung injury-induced 

lung edema include mechanical ventilation, hyperoxia and acid aspiration. Each of the models has 

its advantages and disadvantages, and has been reviewed by Matute-Bello G et al. [250].  

1.5.3.3 In vitro models  

Human and animal in vivo models have the potential to reflect the contributions from unknown 

factors which are omitted in experimental in vitro cell-based studies. In the in vitro models, 

interacting factors are known and isolated to identify their contribution. In vitro measurements are 
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the only way to explore the molecular mechanisms of each contributing factor and link acute lung 

injury processes to the changes in ion channel function individually [277]. In the in vitro models, 

lung epithelial cells were cultured and were exposed to various of insults to study the cellular and 

molecular mechanisms. For example, pulmonary edema fluid from patients with ALI/ARDS 

increased alveolar epithelial repair by 33 ± 3% compared with pooled plasma from healthy donors 

in an in vitro A549 cell wound-repair model [278]. IL-1β contributed significantly to the increased 

epithelial repair, indicating that IL-1β may promote repair of the injured alveolar epithelium [278]. 

In an oleic acid-induced acute lung injury in vitro model, oleic acid blocked whole-cell sodium 

currents and decreased the activity of sodium channels and Na+-K+-ATPase in the A549 cells [8]. 

The mechanisms of inflammatory stimuli such as LPS [136, 279] and cytokines [280] were also 

studied in the in vitro models. However, the mechanisms of acute lung injury involved in a specific 

model are not well understood.  

1.6 Aim of this thesis 

The overall aim of this thesis was to characterize in depth a cell culture model of the alveolar 

epithelium and use it to investigate barrier function and ion transport in experimental acute lung 

injury.  

The specific aims were:  

1) To compare the phenotypic and functional properties of two existing distal pulmonary 

epithelial cell lines NCI-H441 and A549 to determine their suitability as models for the 

alveolar epithelium; 

2) To optimize the culture conditions of the chosen in vitro model for alveolar epithelial 

transport studies and characterize its transport properties; and 

3) To quantify changes in barrier function and ion transport under oleic acid-induced lung 

injury and explore signaling pathways involved.  
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2.1 Cell culture and maintenance 

Human alveolar epithelial cell lines NCI-H441 (also referred to as H441) cells (HTB-174) and 

A549 cells (CCL-185), were obtained from the American Type Culture Collection (ATCC, 

Manassas, USA) and grown in T-25 culture flasks in an atmosphere of 5% CO2 at 37°C. NCI-H441 

cells and A549 cells were maintained in proliferation medium (RPMI 1640 and F-12K respectively) 

containing 10% FBS and 1% penicillin-streptomycin (P/S) and 1% GlutaMAX. For subculture, 

cells were detached using TrypLE when reaching confluence. Cells were stained with trypan blue 

(in PBS) and cell number was counted using a hemocytometer.  

The lung epithelial cells can be cultured either under an air-liquid interface or liquid-covered 

culture. In air-liquid culture, lung epithelial cells can be grown on porous membrane with the 

medium in only basolateral chamber leaving the apical side exposed in the air, mimicking oxygen 

exchange environment in the in vivo airway. On the other hand, in liquid-covered culture, cells are 

cultured with medium on both sides, meaning liquid-covered or submerged culture. The media-

submerged culture is physiologically unrealistic although it is also commonly used. Culture 

methods have major impacts on cellular phenotypes. Both primary cells and cell lines show better 

differentiation and ciliogenesis when cultured at air-liquid interface, making them more ‘in vivo-

like’. Therefore, the air-liquid culture was adopted in this research. 

Cells were seeded onto 12-well transwell inserts (Costar 3460, Corning, New York, USA) at a 

density of 100,000 cells/well (unless indicated otherwise), and were grown in the submerged 

condition with 0.5 ml and 1.5 ml proliferation medium in the apical and basolateral chambers 

respectively). The seeding day was regarded as Day 0. Cells were allowed to attach overnight 

before the medium in both chambers was replaced with polarization medium. The polarization 

medium was made up of RPMI 1640 or F-12K medium containing 4% FBS, 1% penicillin-

streptomycin, 1% GlutaMAX, 1% insulin-transferrin-selenium (ITS), and 200 nM dexamethasone 
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(Dex). The cell culture medium and supplements are listed in the Appendix Table A1. After the 

cells reaches confluence (typically on day 3), the polarization medium were removed from the 

apical compartment, leaving the apical surface of the cells exposed to air (air-liquid culture). The 

medium was changed every two days. Cells develop into polarized monolayer after 9 days, and then 

can be used for analysis (Figure 2.1). Cells between passages 53-65 for the NCI-H441 cells and 82-

95 for the A549 cells were used in this study.  

 

Figure 2.1 Experimental model of polarized epithelial cell culture. 

 

After polarized, cells were treated with oleic acid to induce an acute lung injury model in vitro. 

Oleic acid alone is not water soluble, hence a few compounds are available to increase its water 

solubility for use in cell culture experiments. In this study, oleic acid/ bovine serum albumin (BSA) 

complex, oleic acid/methyl-β-cyclodextrin (MbCD) complex, and oleic acid in the form of sodium 

salt were tested. The above three different forms of oleic acid were used at the indicated 

concentration in the polarization medium without FBS on the basolateral side for 24 hours. Then 

cells were used for analysis. 
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2.2 Transepithelial electrical resistance (TEER) and transepithelial 

potential difference (TEPD) measurements 

TEER and TEPD measurements were used to evaluate the barrier function and transepithelial ion 

transport in the cell cultures. TEER is a measure of the permeability of the cell layer to ionic species 

while TEPD is a measure of the ability to generate and maintain ionic concentration gradients 

across the cell layer [281]. Pre-warmed Hanks' Balanced Salt Solution (HBSS) was added to the 

apical (0.5 ml) and basolateral (1.5 ml) chambers. Cells were equilibrated with HBSS for 10 

minutes in the incubator in an atmosphere of 5% CO2 at 37°C. TEER and TEPD values were 

measured using an EndOhm-12 chamber voltohmmeter (World Precision Instruments, Sarasota, 

Florida, USA) following the manufacturer’s instructions (available online at 

www.wpiinc.com/clientuploads/pdf/EndOhm_IMs.pdf). Briefly, the transwell insert was placed in 

the voltohmmeter chamber and the electrical resistance/potential difference was read off the display. 

This was repeated using a blank insert without cells and the measurements were corrected by 

subtracting the values for the blank insert. The TEER was calculated by multiplying the measured 

resistance with the surface area of the insert (1.12 cm2). TEPD values here are stated with the apical 

electrode as ground, i.e. a positive TEPD means that apical chamber is at a lower potential than the 

basolateral one (Figure 2.2). 
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Figure 2.2 Measurement of TEER and TEPD. 

 

2.3 Modulation of TEER and TEPD 

2.3.1 Perturbation of the paracellular pathway 

NCI-H441 cells were grown under the air-liquid culture condition until they reached maximum 

resistance (Day 9) - only cells forming a tight monolayer with TEER higher than 350 Ω·cm2 were 

used. To disrupt the cell barrier integrity, cells were treated with the calcium chelator EGTA 

(ethylene glycol-bis (beta-aminoethyl ether)-N,N,N',N'-tetra acetic acid) tetrasodium (0-3 mM) or 

the medium chain fatty acid sodium caprate (0-7.5 mM) following a previous protocol with slight 

modification [282]. Cells were incubated with barrier modulators on the apical side. The EGTA 

tetrasodium perturbation was carried out using standard HBSS (Ca2+ containing) in both apical and 

basolateral chambers, while the sodium caprate experiments using standard HBSS (Ca2+ containing) 

in the basolateral chamber and Ca2+ /Mg2+ free HBSS in the apical chamber to avoid precipitation 

of the fatty acid. Appropriate controls for each treatment were done with vehicles in the individual 

experimental conditions respectively. Electrical readings of TEER were taken at intervals of 30 

minutes for 2 hours subsequent to addition of the modulators. No decrease in TEER stability was 
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observed over a 2 hour incubation period with the Ca2+ /Mg2+ free HBSS incubation compared with 

that with standard HBSS. Therefore, it was assumed that Ca2+ /Mg2+ free HBSS on the apical side 

only had little effect on monolayer integrity. Flux samples of 50 µl were taken at 0, 30, 60 minutes 

from the basolateral chamber after exposure to barrier modulators to measure the permeation profile 

of PEGs. After this, cells lysate was obtained for Western blot analysis. The buffers and 

perturbation chemicals used in the measurement are listed in the Appendix Table A2.  

2.3.2 Perturbation of transcellular pathway 

To determine the contributions of each channel to the transepithelial ion transport across cell 

monolayer, cells were treated with amiloride (ENaC inhibitor), CFTR(inh)-172 (highly specific 

CFTR inhibitor), NPPB (a broad spectrum chloride channel inhibitor), or forskolin (cAMP agonist) 

in 0.5 ml HBSS on the apical side, or with ouabain (Na+-K+-ATPase inhibitor) in 1.5 ml HBSS on 

the basolateral side. All chemicals were used at a concentration of 10 µM. The duration of exposure 

was 5 minutes for amiloride, CFTR(inh)-172 and NPPB, and 10 minutes for forskolin and ouabain. 

TEER and TEPD were measured both before and after treatment. Effect of inhibitors was 

normalized to the values of before-treatment. Cells treated with HBSS were used as control. To 

study the contributions of ENaC and CFTR to the forskolin-stimulated response, cells were treated 

with 10 µM forskolin for 10 minutes before adding 10 µM amiloride or 10 µM CFTR (inh)-172 to 

the apical side. Forskolin activates both ENaC and CFTR via an increase in intracellular cAMP. To 

study the individual contributions of ENaC and CFTR to forskolin stimulation, two protocols were 

followed. In one case, cells were treated with forskolin for 10 minutes to activate both ENaC and 

CFTR before adding amiloride, CFTR(inh)-172 or NPPB to the apical side. To study the forskolin 

response independent of ENaC activation, cells were treated with amiloride first before applying 

forskolin, CFTR(inh)-172 or NPPB. The buffers and perturbation chemicals used in the 

measurement are listed in the Appendix Table A2.  
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2.4  Permeability studies 

2.4.1 Sample preparation 

Paracellular transport of sodium fluorescein (MW=376 Da) and polyethylene glycol (PEGs; mixture 

of PEG200/400/PEG1000) was used to assess barrier integrity. To ensure that the integrity of the 

monolayer was maintained during the course of the experiment, TEER was measured before and 

after these studies. Before each experiment the culture medium was removed from the basolateral 

compartment and the monolayer was washed with pre-warmed HBSS. Then pre-warmed HBSS was 

added, 1.5 ml in the basolateral chamber and 0.4 ml in the apical chamber, and the cells returned to 

the incubator at 37°C for 30 minutes to equilibrate. After the equilibration period, paracellular 

markers sodium fluorescein (final concentration of 10 µM in 0.5 ml HBSS) and PEGs (final 

concentration of 1 mg/ml PEG200, 1 mg/ml PEG400 and 5 mg/ml PEG1000 in 0.5 ml HBSS) was 

added to the apical chamber. Samples of 0.1 ml were taken from the basolateral compartment of 

each well every 30 minutes from 0 to 120 minutes, and replaced with an equal amount of fresh 

warm HBSS. After confirming that the diffusion of sodium fluorescein was linear, samples were 

taken at 0, 30 and 60 minutes to measure the permeability. For the permeability perturbation, NCI-

H441 cell monolayer was incubated with EGTA and sodium caprate in the apical chambers for 60 

minutes at the desired concentration. Basolateral samples were taken at 0, 30 and 60 minutes after 

the incubation. All samples were stored at -20 °C until analysis. The paracellular transport tracers 

used in the measurement are listed in the Appendix Table A3.  

2.4.2 Fluorescence analysis of sodium fluorescein  

Samples of 0.1 ml were mixed with equal volume of 1 mM NaOH and the fluorescence was 

measured in black, 96-well plates using an EnSpire® Multimode Plate Reader (PerkinElmer, Ohio, 

USA) with excitation and emission wavelengths of 485 nm and 520 nm respectively. The readings 

were converted to fluorescein concentrations using a calibration curve. Concentrations in the 
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basolateral compartment were plotted as a function of time and permeability coefficients Papp were 

calculated using the equation:  

 
𝑃#$$ =

𝑉	
𝐴𝐶*

𝑑𝐶
𝑑𝑡 , (1) 

where dC/dt is the slope of a linear fit to concentration vs. time plot, V is the volume of HBSS in 

the basal chamber, A is the surface area of the membrane (1.12 cm2), and C0 is the concentration of 

fluorescein added to the donor (apical) compartment [210]. 

2.4.3 LC-MS Analysis of PEG Oligomers  

The LC system consisted an LC packings UltiMate pump, a Switchos Microcolumn Switching Unit 

and a Famos Well Plate Microautosampler (Thermo Fisher Scientific, Auckland, New Zealand). 

The mass spectrometric detection was performed on a QSTAR XL Quadrupole-Time-of-Flight 

mass spectrometry with IonSpray (Thermo Fisher Scientific, Auckland, New Zealand). Samples 

were diluted 20 times for analysis and tetraethylene glycol dimethyl ether (TGDE) were added to 

each sample to a final concentration of 0.5 µg/ml as an internal standard. Samples of 5 µl were 

injected into the analytical column in loading buffer (2% acetonitrile and 0.1% formic acid in water) 

at a flow rate of 12 µl/min. The stationary phase was an Agilent Zorbax SB-C18 column with 3.5 

µm particle diameter (Waters, Ireland). The column dimensions were 150 × 0.3 mm. The mobile 

phase (flow rate 30 µl/ min) was set to give a gradient elution by varying the proportions of 0.1% 

formic acid in water (A) to 0.1% formic acid in acetonitrile (B) as indicated in the Table 2.1. The 

composition was returned to the initial conditions at the ratio of 75% A to 25% B for 5 min before 

the next injection. The chromatographic run time for each sample was 30 min. 
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Table 2.1 LC pump gradient. 

Total time 

(min) 

Flow rate 

 (µl/min) 

A (%)  

 (0.1% formic acid in water) 

B (%) 

 (0.1% formic acid in acetonitrile) 

0.1 6 75 25 

2.0 6 75 25 

16.0 6 50 50 

17.5 6 2 98 

19.5 6 2 98 

20.5 6 75 25 

25 6 75 25 

 

The mass spectrometer was calibrated by 10 pmol/µl renin from the Standards Chemical Kit with 

Higher Concentration polypropylene glycol polymers (PPGs) (Catalog 4412399, Sciex, 

Massachusetts, USA) before each experiment. The m/z range used in the experiments (100-1600) 
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were the same as that used in the calibration of renin. Full scan mode was set to look at the 

spectrum of the samples (Table 2.2).  

Table 2.2 Mass spectrometry settings for full scan mode. 

Parameter Settings 

Ion source IonSpray 

Ionisation mode Positive 

Ion source gas 1 (GS1) 30 

Ion source gas 2 (GS3) 0 

Curtain gas (CUR) 30 

IonSpray voltage 5000 

Declustering potential (DP) 40 

Focusing Potential (FP) 180 

Declustering potential 2 (DP2) 10 
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Collision Gas (CAD) 9 

 

The MS/MS mode was operated to fragment specific parent products and the most abundant peak 

was used for quantitation. The settings for MS/MS mode were the same as in the full scan mode 

expect for the optimized collision energy (Table 2.3).  

Table 2.3 Mass spectrometry settings for MS/MS mode. 

Oligomer Analyst 

 (m/z) 

Analyst 

 (charge) 

collision energy  

 (CE) 

Quantitation peak  

 (m/z) 

PEG239 239.1 1 15 195.0 – 195.6 

PEG283 283.1 1 15 239.0 – 239.5 

PEG327 327.2 1 18 282.9 – 283.6 

PEG371 371.2 1 20 326.9 – 327.6 

PEG415 415.2 1 20 371.0 – 371.6 

PEG459 459.2 1 21 415.0 – 415.7 
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Oligomer Analyst 

 (m/z) 

Analyst 

 (charge) 

collision energy  

 (CE) 

Quantitation peak  

 (m/z) 

PEG548 548.3 1 25 503.0 – 504.8 

PEG856 428.2 2 21 811.1 – 814.0 

PEG988 494.3 2 15 943.0 – 946.5 

PEG1200 560.8 2 20 1075.0 – 1079.5 

Internal standard 

TGDE 

223.1 1 12 103.0 – 103.2 

 

The LC-MS measurement was controlled by the Analyst QS software on the computer. The 

chromatogram for each analyte was analyzed using the MultiQuant software. Blank buffer (HPLC 

grade water) was spiked with known amounts of PEG200, PEG 400 and PEG1000 to provide a 

calibration curve covering the range of 0-1 µg/ml PEG200 and PEG400 and 0-5 µg/ml PEG1000. 

These samples were processed and analyzed alongside study samples. Blank samples were also 

prepared to account for PEG oligomers derived from external sources.  



68 
 

2.4.4 Mathematical modelling of paracellular permeation  

The paracellular flux of PEG 200/400/1000 across the cell line monolayers is supposed to yield 

two-component permeation profiles [283]. According to this, flux data can be modeled by assuming 

the paracellular pathway to consist of two populations of pores: one with a small radius that is 

impermeable to large molecules and permits restricted diffusion of small molecules and a second 

population with a large radius through which free diffusion of small and large molecules. Following 

a previous study [282], the relationship between pore geometry and apparent permeability can be 

written as: 

𝑃#$$ = 𝛼
𝑟01

𝑟 1 −
𝑟
𝑟0

1
+	
𝛽
𝑟, 

where 𝛼 and 𝛽 are given by 

𝛼 =
𝑘7𝑇𝑛0
6𝜇𝑙0𝐴=

, 𝛽 =
𝑘7𝑇𝑛>𝑟>1

6𝜇𝑙>𝐴=
. 

In this model, PEG permeability data yields three parameters; rs, the estimated restrictive pore 

radius with units of Angstroms (Å); α, with the units s-1, which is related to the number of restrictive 

tight junction pores and their length; and β, with the units of cm2/s, which is related to the number, 

radius and length of the nonrestrictive tight junction pores. A high-capacity size-restrictive 

component has a sharp radius cut-off to molecules and a low-capacity pathway has no apparent 

upper cutoff. These two pathways have been termed pore and leak pathways, respectively, and data 

support that the structural basis of these two pathways is distinct. In the equation above 𝑟 is the 

hydrodynamic radius of each PEG oligomer and was calculated using the formula r = 0.29 M0.454 

where r is measured in Å and M is the molecular mass in Daltons. The molecular weight of the ten 

PEGs are 239 Da, 283 Da, 327 Da, 371 Da, 415 Da, 459 Da, 548 Da, 856 Da, 988 Da, 1200 Da, 

with the hydrodynamic radius ranging from 3.48 Å to 7.03 Å. The equation was fitted to the 
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measured 𝑃#$$  values to determine 𝑟0 , 𝛼  and 𝛽  using the nonlinear regression fitting function 

nonlm() in Matlab 2014R (MathWorks, Massachussetts, USA). The Matlab code for the 

permeability modelling is provided in the Appendix B.  

2.5 Quantitative polymerase chain reaction (qPCR) 

2.5.1 RNA isolation and cDNA preparation 

RNA was extracted from cells using a PureLink® RNA Mini Kit (Catalog 12183018A, Thermo 

Fisher Scientific, Auckland, New Zealand). RNA concentrations were measured using Nanodrop 

8000 (Thermo Fisher Scientific, Waltham, Massachusetts, USA). On-Column DNase I Digestion 

Set (DNASE70-1SET, Sigma, Auckland, New Zealand) was used to remove genomic DNA, when 

RT-PCR was performed. For the qPCR, genomic DNA was digested using post-column DNase I 

(Catalog AMPD1, Sigma, Auckland, New Zealand) treatment. Briefly, RNA (1 µg) was incubated 

with 1 unit of DNase I for 15 minutes at room temperature. The reaction was stopped by heating 

with 50 mM EDTA at 70 °C for 10 minutes. Reverse transcription was carried out using the High 

Capacity cDNA Reverse Transcription Kit (Catalog 4368814, Thermo Fisher Scientific, Auckland, 

New Zealand) following the manufacturer’s instructions. 

2.5.2 Reverse transcription polymerase chain reaction (RT-PCR) 

cDNA, 0.5 µg/reaction (20 µl volume), was amplified using GeneAmp High Fidelity PCR System 

(Catalog 4328217, Thermo Fisher Scientific, Auckland, New Zealand) in a Mastercycler Gradient 

thermocycler (Eppendorf, Hamburg, Germany). The PCR amplification involved a single cycle of 

95 °C for 2 minutes, and then 35 cycles of 94 °C for 30 seconds, annealing temperature (Error! 

Reference source not found.)  for 45 seconds, 72 °C for 60 seconds followed by a single 7-minute 

extension cycle at 72 °C. All primer sequences and amplicon sizes are indicated in the Error! 

Reference source not found.. RT-PCR products were electrophoresed on 2% E-Gel® EX Agarose 
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Gels (Catalog G4020-02, Thermo Fisher Scientific, Auckland, New Zealand) using E-Gel® 

iBase™ Power System (Thermo Fisher Scientific, Auckland, New Zealand). GAPDH expression 

was used to monitor RNA levels across samples. Gel images were taken using Gel Doc™ XR+ 

System (Bio-Rad, Auckland, New Zealand).  

2.5.3 Real-time quantitative polymerase chain reaction (qPCR) 

RNA was extracted from cells using a PureLink® RNA Mini Kit (Thermo Fisher Scientific, 

Auckland, New Zealand). RNA concentrations were measured using a Nanodrop 8000 (Thermo 

Fisher Scientific, Waltham, Massachusetts, USA). Genomic DNA was removed using post-column 

DNase I (Catalog AMPD1, Sigma, Auckland, New Zealand) treatment. Briefly, RNA sample of 1 

µg was incubated with 1 unit of DNase I for 15 minutes at room temperature. The reaction was then 

stopped by heating with 50 mM EDTA at 70 °C for 10 minutes. Reverse transcription was carried 

out using the High Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific, Auckland, 

New Zealand) following the manufacturer’s instructions. The cDNA (30 ng/reaction, 12 µl reaction 

volume) was amplified in an Applied Biosystems 7900HT Sequence Detection System (Thermo 

Fisher Scientific, Auckland, New Zealand) using QuantiTect SYBR Green PCR Kit (Biostrategy, 

Auckland, New Zealand) in 384 well microplates. The PCR amplification involved a single 

denaturing step of 95 °C for 15 minutes, and then 45 cycles of 94 °C for 15 seconds, 56 °C for 30 

seconds, and 72 °C for 30 seconds. The thermal dissociation protocol was run at the end of the PCR 

to give an indication of products that were present in the reaction. RNA from three different batches 

of cells were quantitated. Each reaction included three technical replicates and no-reverse 

transcriptase (no-RT) controls for each gene. Data were analyzed using the software SDS 2.4 

(Thermo Fisher Scientific, Auckland, New Zealand). 𝐶@ values ranged from 16 to 38 for most target 

genes. If signal was detected after 45 cycles these genes were considered undetectable. No signal 

was detected in the no-RT control samples except for four target genes (SP-A, β-ENaC GAPDH 

and Claudin-2). For the first three genes, 𝐶@ values for the no-RT controls were at least 15 cycles 
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greater than the cDNA samples. In the case of Claudin-2,	𝐶@ values for the no-RT controls were 6 

cycles greater. All primer sequences and amplicon sizes are listed in Appendix Table A4. All of the 

primer pairs met the criteria of one peak on the thermal dissociation curve and a single band of the 

correct size on agarose gels. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH), TATA-binding 

protein (TBP) and β-actin were used as reference genes to normalise the results. All three reference 

genes had GeNorm M < 1 and CV < 0.5 across samples from both cell lines and therefore meet 

published criteria for stable expression[284]. The relative expression of a target gene is expressed as 

∆𝐶@ = 𝐶@
BCD −	𝐶@

@#BEC@ + 	20 

where 𝐶@
BCD is the mean 𝐶@ of the three reference genes. The addition of 20 makes the equation equal 

to log1 10K×	normalised	gene	expression  and makes the visual presentation of results more 

intuitive.  

2.6 Western Blotting 

2.6.1 Protein preparation 

Cells were lysed in RIPA buffer (R0278, Sigma, Auckland, New Zealand) containing 1% protease 

inhibitor cocktail (P8340, Sigma, Auckland, New Zealand). Protein concentrations were determined 

using the DCTM Protein Assay (Bio-Rad, Auckland, New Zealand). Prior to SDS-PAGE samples 

were heated at 95°C for 5 minutes in 4 × Laemmli sample buffer (Bio-Rad, Auckland, New 

Zealand) and 2-mercaptoethanol (Sigma, Auckland, New Zealand). For detection of CFTR, samples 

were heated at 37°C for 15 minutes prior to SDS-PAGE to prevent its preciputation [285]. The 

airway epithelial cell line Calu-3 was used as a positive control for CFTR and to optimize the 

protocol. Protein samples (40 µg) were separated on 4–15% Mini-PROTEAN® TGX™ precast 

polyacrylamide gels (Bio-Rad, Auckland, New Zealand) and transferred onto PVDF membranes 

(Bio-Rad, Auckland, New Zealand).  
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2.6.2 Chemiluminescent detection 

The PVDF membranes were blocked in 5% skim milk in Tris-buffered saline with 0.1% Tween 20 

for 1 hour at room temperature and then incubated with primary antibodies overnight at 4°C. After 

washing with TBST for 3 times, the PVDF membrane was incubated with appropriate HRP-

conjugated secondary antibodies for 2 hours at room temperature. Immunoreactive bands were 

visualized using ClarityTM Western ECL Substrate kit (Bio-rad, Auckland, New Zealand) according 

to the manufacturer’s instructions and images were captured on an ImageQuant LAS 4000 (Fuji 

Film, Tokyo, Japan). β-actin levels were quantitated in all samples using one of two β-actin 

antibodies – both gave similar results. The antibodies used in this method are listed in the Appendix 

Table A5.  

2.6.3 Fluorescence detection 

The nitrocellulose membranes were blocked in the Odyssey® Blocking Buffer (927-40000, LI-

COR, Nebraska, USA). After incubated with primary antibodies overnight at 4°C, the membranes 

were washed with PBST for 3 times. Then the membranes were incubated with appropriate LI-COR 

fluorescent secondary antibodies in dark boxes for 2 hours at room temperature. Immunoreactive 

bands were visualized using a LI-COR Odyssey CLx imaging system (LI-COR, Nebraska, USA). 

β-actin levels were quantitated in all samples using one of two β-actin antibodies – both gave 

similar results. Quantification of target protein and β-actin was done using Image Studio v3.0 (LI-

COR, Nebraska, USA). The antibodies used in this method are listed in the Appendix Table A5.  

2.7 Immunofluorescence microscopy 

Cells in transwell inserts were fixed with -20°C methanol for 5 minutes at 4°C. Cells were then 

washed three times with PBS, blocked with 1% bovine serum albumin in PBS (Thermo Fisher 

Scientific, Auckland, New Zealand) for 60 minutes at room temperature, and then incubated with 
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primary antibodies overnight at 4°C to probe the junctional proteins ZO-1 and E-cadherin (apical 

located) and sodium pump Na+-K+-ATPase (basolateral located). After three washes with PBS, cells 

were incubated with the appropriate fluorescence-conjugated secondary antibodies for 2 hours at 

room temperature. The antibodies used in this method are listed in the Appendix Table A5. Cell 

nuclei were counterstained with Hoechst 33342 (H21492, Thermo Fisher Scientific, Auckland, New 

Zealand) for 10 minutes at room temperature. A subset of samples was stained with Hoechst 33342 

only without any antibodies to assess the effect of seeding density on the development of multiple 

layers of cells. No-primary antibody controls were used to determine non-specific staining. 

Transwell membranes were then sliced into strips and mounted onto glass slides with the cell side 

up, and treated with ProLong® Gold anti-fade reagent (P10144, Thermo Fisher Scientific, 

Auckland, New Zealand) overnight at 4°C with coverslips on top. The coverslips were sealed with 

nail polish to keep the samples from drying. Cells were imaged using a ZEISS LSM 710 confocal 

microscope with a 40x oil-immersion lens. Z stack scanning was done in an apical to basolateral 

direction with an interval of 0.5 µm. Laser settings were optimized to obtain the best signal for each 

sample. Images were processed and analyzed using ZEN 2011 software (black edition, Carl Zeiss, 

Germany). 

2.8 Transport rate of Na+ measured by Inductively Coupled Plasma 

Mass Spectrometry (ICP-MS) 

2.8.1 Sample preparation 

Quantitative Na+ transport was measured under an asymmetrical Na+ condition. After cells were 

differentiated in the transwell (Day 9), culture medium was removed from the basolateral 

compartment and cell monolayer was washed with Na+ free buffer (Table 2.4). To measure Na+ 

transport, 0.5 ml Na+ free buffer and Kreb’s solution were used in the receiver and donor chamber 

respectively. After incubation for 1 hour, 0.1 ml samples from the receiver chamber were taken and 
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stored at -20 °C until analysis. Transport rate was calculated as the amount of Na+ flux over time. 

Na+ transport was measured in both apical-to-basolateral and basolateral-to-apical directions. 

Table 2.4 Composition of buffers used for Na+  transport rate determinations. 

 Kreb’s solution Na+ free buffer 

NaCl  135 mM  

Choline Chloride   135 mM 

CaCl2 1.2 mM 1.2 mM 

MgCl2 1.2 mM 1.2 mM 

K2HPO4 2.4 mM 2.4 mM 

KH2PO4 0.6 mM 0.6 mM 

HEPES 5 mM 5 mM 

Dextrose 10 mM 10 mM 

 

2.8.2 Inductively Coupled Plasma Mass Spectrometry (ICP-MS) analysis of Na+  

The measurements were carried out by Stuart Morrow at the Mass Spectrometry Centre at the 

University of Auckland. An Agilent 7700 ICP-MS (Aglient Technologies UK Limited, Stockport, 
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UK) was used. 23Na was selected for monitoring, with 159Tb monitored as the online internal 

standard to compensate for sample matrix effects. Due to the relative ease of sodium ionization, 

23Na was monitored with the helium collision cell mode on, with the aim of reducing the 23Na signal 

reaching the MS detector as well as to remove any potential polyatomic interference. With the 

collision cell mode on, the Agilent 7700 ICP-MS system uses an octopole reaction system with 

helium as the collision gas; this was developed by Agilent to aid the removal of matrix and 

polyatomic interferences. However, in this mode the analyte of interest is diluted by the collision 

gas; analysis of 23Na in this mode effectively dilutes the 23Na signal and prevents MS detector 

damage in the event samples are highly concentrated. Standards contain sodium at the following 

concentrations: 0 mM, 7.5 mM, 15 mM, 30 mM, 60 mM respectively. The ICP-MS method was 

found to be linear over this range. Standards and samples were prepared by being diluted 10 times 

(100 µl into 1ml) in 3% nitric acid prior to analysis. Due to the small sample volume, the samples 

were introduced manually using a short piece of 0.3mm i.d. PFA tube connected to the standard 

Agilent peristaltic pump system with online internal standard mixing tee. The instrument is tuned 

using a 1ppb solution of 7Li, 89Y, 140Ce & 205Tl in 2% HNO3 (Catalog 5185-5959, Agilent Tuning 

Solution, Auckland, New Zealand) to optimise instrument sensitivity, limit oxide formation (m/z+ 

156/140) and reduce doubly charged species (m/z++ 70/140). The instrument parameters for plasma, 

lenses and cell are listed in the Table 2.5, Table 2.6 and Table 2.7 respectively.   

Table 2.5 Setting for plasma parameters. 

Parameter Settings 

RF Power 1550 W 
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RF Matching 1.70 V 

Smpl Depth 9.0 mm 

Carrier Gas 1.00 L/min 

Nebulizer Pump 0.10 rps 

S/C Temp 2 

Makeup/Dilution Gas 0.10 L/min 

 

Table 2.6 Setting for lenses parameters. 

Parameter Settings 

Extract 1 -4.5 V 

Extract 2 -205.0 V 

Omega Bias -80 V 
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Omega Lens 8.6 V 

Cell Entrance -50 V 

Cell Exit -60 V 

Deflect -1.6 V 

Plate Bias -60 V 

 

Table 2.7 Setting for cell parameters. 

Parameter Settings 

OctP Bias -18.0 V 

OctP RF 200 V 

He Flow 4.3 ml/min 

Energy Discrimination 3.0 V 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     

2.9 Statistical Analysis 
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To ensure reproducibility of the results, at least two independent experiments were performed using 

different batches of cells. In each experiment, TEER, TEPD and Papp were measured in at least 3 

transwells while qPCR, western blot and immunofluorescence studies were performed using 1 

transwell each. Each individual transwell was treated as an independent sample for statistical 

analysis. Data were analyzed using unpaired Student’s t-test for single comparisons and one-way or 

two-way ANOVA analysis followed by post-hoc Dunnett or Bonferroni tests for multiple 

comparisons. Analysis was carried out using the software package GraphPad Prism version 6.0. 

Results were considered significant at P < 0.05. 
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3 Results 
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In this chapter we present the key results of the thesis that characterize the barrier function and ion 

transport properties of alveolar epithelial models under normal and acute lung injury conditions. In 

Sections 3.1 we compare the phenotypic and functional properties of two existing distal pulmonary 

epithelial cell lines NCI-H441 and A549 and determine that NCI-H441 cells exhibit close similarity 

to published data on primary cultures of human alveolar epithelial cells. Choosing this cell line as 

the model for further studies, in Section 3.2 we describe the results of optimizing culture conditions 

and the characterization of ion transport under baseline conditions. In Sections 3.3.1 - 3.3.2 we 

study the alterations of barrier function and ion transport properties in an in vitro oleic acid-induced 

acute lung injury model. Finally, in Sections 3.3.3 we explore the involvement of ERK pathway in 

the oleic acid-induced acute lung injury. 

3.1 Transport properties of two existing cell culture models (NCI-

H441 and A549) for human alveolar epithelial transport 

Both NCI-H441 and A549 cells have been reported to show some aspects of alveolar type II cell 

phenotype such as the expression of surfactant proteins -A, -B, -C, and -D [210]. They have been 

widely used as models for the alveolar epithelium for biopharmaceutical research. However, there is 

a lack of a well characterized cell culture model of these two cell lines for transport studies. In this 

section, we compared the barrier and ion transport properties of the two cell lines under air-liquid 

culture including TEER, TEPD, permeability and expression profile of transport-related proteins.  

3.1.1 NCI-H441 cells develop higher TEER and TEPD than A549 cells 

The barrier function of the epithelial cells can be evaluated by the transepithelial electrical 

resistance (TEER) representing the contribution of both the paracellular resistance (Rpara, reflecting 

the resistance of the tight junctions) and the transcellular resistance (Rtrans, reflecting the resistance 

of the apical and basolateral membranes). Initial studies examined the TEER time course across two 
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establishing models of the alveolar epithelium, NCI-H441 cells and A549 cells. Although both of 

these cell lines, have alveolar type II cell phenotype they are distinct in electrophysiological 

features.  

TEER values for NCI-H441 cells under the air-liquid culture condition increased during the culture 

period to a maximum value of 529 ± 178 Ω·cm2 on day 9 and remained higher than 250 Ω·cm2 for 

5 days (Figure 3.1A, B). In contrast, TEER values for A549 cells showed little change over the 

same time period with a peak of 28 ± 4 Ω·cm2 on day 9 (Figure 3.1A, B). High resistance across the 

NCI-H441 cells indicates the formation of a tighter barrier. 

To determine the transepithelial ion transport across the two cell lines, TEPD was measured. TEPD 

is the voltage difference across the epithelium which is caused by the vectorial transport of Na+ 

from the apical membrane to the basolateral side. The TEPD patterns of the two cell types are 

similar to that of TEER. The TEPD values of NCI-H441 cells reached a maximum of 11.9 ± 4 mV 

on day 9 (Figure 3.1C, D). In contrast, TEPD values from A549 cells remained close to 0 mV over 

the same period (Figure 3.1C, D). These data suggest that NCI-H441 cells present active ion 

transport. This is essential in providing osmotic gradient which can drive fluid absorption from 

apical to basolateral direction. 
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Figure 3.1 NCI-H441 cells develop much higher TEER and TEPD than A549 cells. 

TEER (A) and TEPD (C) across NCI-H441 cell and A549 cell monolayers measured in 

the culture period of 0-15 days (n = 9). Maximum TEER (B) and TEPD (D) of NCI-

H441 and A549 cells was observed on Day 9 (n = 9). Data is shown as mean ± SD; 

****, P < 0.0001 by Student’s t- test. 
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3.1.2 NCI-H441 cells are less permeable to sodium fluorescein than A549 cells 

Barrier function of the model was tested by measuring the diffusion of a paracellular tracer, sodium 

fluorescein between the apical and basolateral compartments.  

As the maximum TEER and TEPD values of NCI-H441 cells and A549 cells were seen on day 9, 

this time point was selected for permeability measurements using the paracellular tracer sodium 

fluorescein. The permeability for the blank inserts was (2773 ± 76) ×10-8 cm/s (data not shown). 

The concentration vs. time plots were linear for both cell lines with R2 = 0.97 for NCI-H441 and R2 

=0.99 for A549 respectively (Figure 3.2A), indicating that the data are consistent with the passive 

diffusion model used for calculating permeability. The Papp values of NCI-H441 and A549 cells 

were (176 ± 42) ×10-8 cm/s and (738 ± 190) ×10-8 cm/s respectively (Figure 3.2B). These data 

indicate that NCI-H441 cells form a tighter and less permeable epithelium than A549 cells with the 

ability to maintain transepithelial ion concentration gradients. Paracellular markers such as sodium 

fluorescein and FITC-labeled dextrans are not neutral in charge. The permeability in the apical-to-

basolateral direction for NCI-H441 cells were about 2 times of that in the basolateral-to-apical 

direction (Figure 3.2C), while the permeability in the two opposite directions were almost the same 

for the A549 cells (Figure 3.2D). The asymmetric fluxes across NCI-H441 cells could be the result 

of the TEPD across the cell layer (basolateral chamber at a higher potential), which provides extra 

driving force for the negatively charged sodium fluorescein.  
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Figure 3.2 NCI-H441 cells are less permeable to sodium fluorescein. 

Time course (A, n = 6) and apparent permeability (B, n = 11) to sodium fluorescein 

across NCI-H441 and A549 cell monolayers were measured in the apical-to-basolateral 

direction on Day 9. Permeability to sodium fluorescein of NCI-H441 (C) and A549 (D) 

cells was shown in both apical-to-basolateral and basolateral-to-apical directions (n = 

6). Data are shown as mean ± SD; ***, P < 0.001; ****, P < 0.0001 by Student’s t- 

test. 
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3.1.3 NCI-H441 and A549 cells exhibit distinct permeability profile to the PEG 

oligomers 

To further assess the differential permeability of the epithelial junctions to small and large 

molecules (i.e., size selectivity), the paracellular flux of a series of ten polyethylene glycol 

oligomers (selected from the PEG200/400/1000 mixture) were measured simultaneously by LC-

MS.  The molecular weight of the ten PEGs and their hydrodynamic radius are listed in Section 2.5.  

The cumulative PEG flux across both NCI-H441 (Figure 3.3A) and A549 (Figure 3.3B) cell 

monolayers remained linear over a 2 hours period over the whole range of PEG oligomers. The 

apparent permeability of PEG oligomers was plotted against the hydrodynamic radius. The 

permeation of PEG oligomers across blank transwell inserts was 6-fold greater than across NCI-

H441 cell monolayers and displayed no significant size selectivity (Figure 3.3C), although the free 

diffusion of the oligomers did decline with increasing hydrodynamic radius. Profile of the 

permeability across NCI-H441 cells shows a biphasic relationship with a first component (C1) 

characterized by marked decline in permeability over the three smallest oligomers, followed by 

sharp “cutoff” to a relatively constant but quantitatively minor second component (C2) composed of 

oligomers 4.69–7.02 Å (Figure 3.3D). In contrast, profile of A549 cells has only the first 

component (C1) phase with permeability decreasing as PEG size increases. This suggests that the 

restrictive pore size of A549 cells is larger than that of the largest PEG oligomer used in this 

measurement (Figure 3.3D). The permeability of the ten PEG oligomers was lower in NCI-H441 

cells compared with A549 cells (60% lower permeability for the smallest oligomer, PEG 239), 

which is consistent with the higher electrical resistance (Figure 3.1B) and lower permeability to 

sodium fluorescein (Figure 3.2B) of NCI-H441 cells.  The permeability of the ten PEG oligomers in 

the apical-to-basolateral and basolateral-to-apical directions were compared in both NCI-H441 

(Figure 3.3E) and A549 (Figure 3.3F) cells. No asymmetry was observed for any of these PEG 



86 
 

oligomers in any of the two cell lines, indicating PEG oligomers are transported by passive 

diffusion only.  
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Figure 3.3 NCI-H441 and A549 cells have distinct permeability profile to the PEG 

oligomers. 

Permeability to PEG oligomers were also measured on day 9. Time course of the 

smallest 4 PEG oligomers across NCI-H441 (A, n = 3) and A549 (B, n = 3) cell 

monolayers was shown in the apical-to-basolateral direction on Day 9. Note the 

different y-axis ranges for panels A and B. Permeability profile to 10 PEG oligomers of 

blank transwells was measured in the apical-to-basolateral direction (C, n=6). 

Permeability profiles to 10 PEG oligomers in the apical-to-basolateral direction across 

NCI-H441 and A549 cell monolayers on Day 9 were shown (D, n=6). Permeability to 

the PEG oligomers of NCI-H441 (E) and A549 (F) cells was shown in both apical-to-

basolateral and basolateral-to-apical directions (n=9). Note the different y-axis ranges 

for panels E and F. Data is shown as mean ± SD. 

The permeation profile can be further analyzed by a mathematical sieving model yielding 

quantitative descriptors of the paracellular pathway. Application of the mathematical model to the 

cell line data yields values describing C1 (r, the restrictive pore radius, and α, which is proportional 

to the number of restrictive tight junction pores). In addition, the model describes the contribution 

of C2 to PEG permeability in terms of β, which is proportional to the number and/or radius of tight 

junction pores non-restrictive for this size range of PEGs. By definition, the model cannot provide a 

radius value for the “unrestricted” C2 using probes of this size range. The mean values calculated 

for NCI-H441 and A549 cells are shown in (Table 3.1). NCI-H441 and A549 cells showed distinct 

permeability profiles. The radius of the restrictive pore of NCI-H441 cells is about 4.33 Å while 

that of A549 cells is much larger (> 7.02 Å, the largest PEG). NCI-H441 cells have obvious 

restrictive paracellular transport with α value of 1893 ± 194. In contrast, non-restrictive paracellular 

transport is dominant for A549 cells with β value of 5170 ± 172 (Table 3.1).  
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Table 3.1 Sieving parameters derived from application of modified sieving model to 

the cell line data presented Figure 3.3D. 

 γ (Å) α (s-1) β (cm2/s) 

NCI-H441 4.28 ± 0.07 2166 ± 387 243 ± 42 

A549 > 7.02 --  5739 ± 133 

Individual replicate profiles were analyzed by the mathematical model, and the 

resulting values were shown as best fit estimate ± SE, n=6. Note: --, value < 0 from the 

model calculation. 

 

3.1.4 NCI-H441 and A549 cells exhibit mRNA expression of type II markers, 

barrier components and ion channels   

 
Taken together, the above data of TEER, TEPD and permeability indicate that NCI-H441 cells form 

a tighter and less permeable epithelium than A549 cells with the ability to maintain transepithelial 

ion concentration gradients. These distinct paracellular and transcellular properties between NCI-

H441 and A549 cells suggested different expression profiles of functional barrier and ion-

transporting proteins. 

Gene expression profiles of alveolar epithelial cell markers, junctional proteins and transport 

proteins for Na+, Cl- and water were determined in both cell lines by qPCR (Figure 3.4). Both NCI-

H441 and A549 cells expressed the alveolar type II cell markers surfactant proteins SP-A, SP-B, 

SP-C and the water channel AQP3 but not the type I cell marker AQP5 (Figure 3.4A). NCI-H441 

cells expressed higher levels of all the four type II cell markers compared with A549 cells (Figure 

3.4A). As for the junctional proteins, A549 cells expressed higher claudin-2, but NCI-H441 cells 

showed higher occludin and claudins-3, 4, 5, 7, 8 (Figure 3.4B). Both cell lines expressed 
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transcripts encoding the α, β and γ subunits of ENaC, α1-Na+-K+-ATPase and the cyclic nucleotide-

gated sodium channel α-CNG-1. NCI-H441 cells showed higher α-ENaC and α-CNG-1, but no 

detectable α-CNG-2. A549 cells showed no detectable α-CNG-3 (Figure 3.4C). Transcripts for the 

chloride channels CFTR, CLC-2, bestrophin-1 and TMEM16A, but not TMEM16B, were found in 

both cell lines. The Na+-K+-2Cl- cotransporter NKCC1 was also expressed in both cell lines (Figure 

3.4D). These results indicate that both cell lines express the key molecular components involved in 

ion and fluid transport, but there are differences in transcript levels. We next investigated if these 

differences translated to variations in protein expression. 
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Figure 3.4 mRNA expression profiles of NCI-H441 and A549 cells. 
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mRNA samples (n=3) were obtained from three independent cultures of NCI-H441 cells 

and A549 cells. mRNA expression of alveolar epithelial cell markers (A), junctional 

proteins (B), Na+ channels (C) and Cl- channels (D) were analyzed by quantitative real-

time PCR.  Data are shown as mean ± SD; **, P < 0.01; ***, P < 0.001; ****, P < 

0.0001 by two-way ANOVA analysis followed by post-hoc Bonferroni test. (#: target not 

detected.) 

 

3.1.5 NCI-H441 and A549 cells exhibit differential expression of barrier and 

transport proteins at the protein level   

The expression of junctional and transport proteins was detected by western blotting (Figure 3.5). 

Results were found to be consistent in three independent cultures within each cell line. ZO-1, E-

cadherin and claudins-1, -3, -5 were expressed in both cell lines. NCI-H441 cells showed much 

higher expression of ZO-1 and claudin-3, -5, slightly higher expression of E-cadherin and lower 

expression of claudin-1 than the A549 cells (Figure 3.5A). However, claudin-2 and claudin-4 which 

were expressed at the mRNA level in both cells lines were not detected at the protein level in NCI-

H441 and A549 cells, respectively (Figure 3.5A). Discrepancies between mRNA and the protein 

expression of claudins are not uncommon and have been reported for human corneal and 

conjunctival epithelium [286]. The difference may reflect low levels of the translation of claudin 

mRNAs into protein or rapid protein turnover. For the proteins that contribute to Na+, Cl− and water 

transport, α1-Na+-K+-ATPase was more abundant in NCI-H441 cells than in A549 cells while ENaC 

subunits α, β, γ, and AQP3 were expressed at similar levels in both cell lines (Figure 3.5B). Three 

bands were found for α-ENaC in both NCI-H441 and A549 with sizes of approximately 104 kDa, 

90 kDa and 74 kDa cells. The lower two bands are likely to correspond to full length (uncleaved) 

and cleaved α-ENaC. The cleaved form is more abundant in NCI-H441 cells compared to A549 

cells indicating higher α-ENaC activity.  
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Four different antibodies were used to detect CFTR protein in the cell lines (Figure 3.5C). Two 

antibodies (University of North Carolina UNC #570 and UNC #596) showed prominent bands for 

CFTR around 170 kDa in the positive control airway epithelial cell line Calu-3. The UNC #570, but 

not the UNC #596 antibody showed faint bands around the same size in A549 and NCI-H441 cells. 

A third antibody (Santa Cruz sc-10747) also showed bands around 150-170 kDa in all three cell 

lines; however the detection of multiple bands by this antibody makes it difficult to interpret the 

findings. The fourth antibody (Bioss bs1277R) showed bands at a lower molecular mass of around 

120 kDa. Thus the expression of CFTR protein in A549 and NCI-H441 cells cannot be definitively 

ruled out. However, it is likely that any expression is at a low level. This could explain why some 

studies have demonstrated that NCI-H441 cells [287] and A549 cells express CFTR, while others 

have reported that they do not [222, 223, 288]. 
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Figure 3.5 Protein expression profiles of NCI-H441 and A549 cells. 
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Expression of junctional proteins (A), Na+ and water transporters (B) and CFTR (C) 

was examined by Western blotting. Protein lysates from three independent cultures of 

NCI-H441 cells (Lane 1, 2 and 3) and A549 cells (Lane 4, 5 and 6) are tested (n=3). In 

(C) Calu-3 cell lysates were used as positive control (Lane 7). Four different antibodies 

were used to detect CFTR protein in four different blots (C). The supplier and catalog 

of the antibodies are shown under each blot. Levels of actin expression were used to 

monitor protein loading. The size of the closest molecular weight marker to each target 

protein is shown.  

 

3.1.6 NCI-H441 and A549 cells form polarized epithelium 

The formation of mature apical junctional complexes is intimately linked to cell polarization. It is 

often used as a benchmark of completed polarization [40]. Thus the cell layer morphology and 

expression of junctional proteins was visualized by confocal imaging following immunofluorescent 

staining.  

Digital reconstruction of confocal images showed that NCI-H441 cells had heights of around 29.5 

µm while A549 cells were flatter with heights of around 16 µm. Lateral dimensions for both cells 

types were 5 – 20 µm (Figure 3.6A, B). The morphology was consistent with the cuboidal shape 

associated with type II cells. Immunofluorescence images showed continuous staining of ZO-1, E-

cadherin and α1-Na+-K+-ATPase around cell borders in both NCI-H441 and A549 cells (XY 

sections, Figure 3.6A-D, panels b and c). ZO-1 expression was confined to the apical extremity of 

the membrane while E-cadherin and α1-Na+-K+-ATPase were expressed more basolaterally (YZ 

sections, Figure 3.6A-D, panels d-f). The segregation of the proteins to the apical and basolateral 

aspects of the membrane is an indicator of epithelial polarization [40]. Therefore, we can conclude 

that both NCI-H441 cells and A549 cells form a well-organized epithelial junctional complex in our 

cell culture model, which provides a structural basis for a polarized monolayer.   
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Figure 3.6 Immunostaining of NCI-H441 and A549 cells for ZO-1, E-cadherin and 

α1-Na+-K+-ATPase. 
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NCI-H441 cells and A549 cells were double stained for either ZO-1 and α1-Na+-K+-

ATPase (A, B) or ZO-1 and E-cadherin (C, D). The locations of the XY slices are shown 

in the schematic YZ section (a). Nuclei are stained blue. XY (b, c) and YZ (d – f) scans 

are shown. Representative images from two independent experiments were shown. 

 

3.2 Optimisation and characterisation of NCI-H441 cells as a model 

for human alveolar epithelial transport  

Consideration of the above data reveals that NCI-H441 cells develop better barrier function (higher 

TEER and lower permeability), more established transepithelial ion transport (higher TEPD), and 

express higher levels of cleaved α-ENaC and α1-Na+-K+-ATPase that are necessary for Na+ 

transport.  Hence we decided to focus on this cell line for characterizing the Na+ and Cl− transport 

properties. 

3.2.1 Optimisation of cell culture conditions for the growth of a polarised NCI-

H441 monolayer  

The optimal culture conditions, including the cell seeding density and supplement concentrations, to 

yield best barrier function (TEER) and transepithelial ion transport (TEPD) in NCI-H441 cells were 

explored. 

3.2.1.1 Optimisation of seeding density 

Initial studies showed that TEER of over 300 Ω·cm2 and TEPD of over 7 mV were consistently 

produced by using 200 nM dexamethasone with ITS. Thus this condition (basic medium 

supplemented with 4% FBS, 1% ITS and 200 nM dexamethasone) was used to determine the effect 

of seeding density. In our study, three seeding densities starting from 100,000 cells/transwell were 



97 
 

explored. Cross-sectional images of Hoechst 33342-stained cell layers showed that a monolayer of 

cells developed at a seeding density of 100,000 cells/transwell, but multi-layers developed at higher 

densities of 250,000 and 500,000 cells/transwell (Figure 3.7A).  

 

Figure 3.7 Optimization of seeding density. 

NCI-H441 cells were seeded at three densities and the cell nuclei were stained blue on 

Day 9. Cross-sections from YZ scans are showed the effect of seeding density on the 

development of NCI-H441 cell layers (A). Representative images from two independent 

experiments were shown. 

 

3.2.1.2 Optimisation of the concentrations of ITS and dexamethasone 

Next, the role of ITS was determined at the seeding density of 100,000 cells/transwell. TEER 

(Figure 3.8A) and TEPD (Figure 3.8C) were examined in the absence and presence of ITS at 0 nM 

and 200 nM dexamethasone respectively. Maximum TEER and TEPD were seen on Day 9 (data not 

shown). Using 1% ITS or 200 nM dexamethasone alone led to very low TEER, 83 ± 21 Ω·cm2 and 

337 ± 151 Ω·cm2 respectively (Figure 3.8A), and very low TEPD, 0 and 2.2 ± 0.4 mV respectively 

(Figure 3.8C). Combination of 1% ITS and 200 nM dexamethasone resulted in significantly higher 

TEER 509 ± 182 Ω·cm2 (Figure 3.8A) and TEPD 11.9 ± 1.3 mV (Figure 3.8C). 
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As ITS was needed to induce moderate TEER and TEPD, the effect of dexamethasone (0-5000 nM) 

was further explored in the presence of 1% ITS (Figure 3.8B, D). As the concentration of 

dexamethasone increased from 0 nM to 200 nM, TEER and TEPD also increased. Levels of 

dexamethasone exceeding 200 nM induced similar level of TEER (~ 500 Ω·cm2, Figure 3.8B) and 

TEPD (~ 11 mV, Figure 3.8D). In addition, 10 nM triiodo-L-thyronine (T3) in the presence of 1% 

ITS and 200 nM dexamethasone did not have a significant effect on TEER and TEPD (data not 

shown). 

 

Figure 3.8 Optimisation of the concentrations of ITS and dexamethasone. 

Effect of 1% ITS on TEER (A, n=5) and TEPD (C, n=5) in the presence and absence of 

dexamethasone. Dose response of TEER (B, n=7) and TEPD (D, n=7) to 
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dexamethasone in the presence of 1% ITS. Data are shown as mean ± SD; **, P < 0.01;  

***, P < 0.001; ****, P < 0.0001 using one-way ANOVA analysis followed by post-hoc 

Dunnett test. 

 

3.2.1.3 Expression of transport proteins under different concentrations of ITS and 

dexamethasone. 

The expression of transport-related proteins was also examined in the absence and presence of ITS 

at 0 nM and 200 nM dexamethasone respectively. Combination of 1% ITS and 200 nM 

dexamethasone induced robust expression of claudin-3 and α1-Na+-K+-ATPase (Figure 3.9A), 

which is consistent with the higher levels of TEER and TEPD. As the concentration of 

dexamethasone increased from 0 nM to 200 nM, expression of claudin-3 and α1-Na+-K+-ATPase 

also increased. Levels of dexamethasone exceeding 200 nM induced similar level of expression of 

claudin-3 and α1-Na+-K+-ATPase (Figure 3.9B). Dexamethasone and ITS had little effect on the 

expression of ZO-1, E-cadherin, claudins-1, 4, 5, α-ENaC and AQP3 (data not shown).  

These experiments indicated that cells at a seeding density of 100,000 cells/transwell cultured in the 

basic medium supplemented with 4% FBS, 1% ITS and 200 nM dexamethasone achieved a tight, 

polarised NCI-H441 cell monolayer and these conditions were used in subsequent experiments.  
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Figure 3.9 Expression transport proteins under different concentrations of ITS and 

dexamethasone. 

Effect of 1% ITS on the expression of transport proteins in the presence and absence of 

dexamethasone (A). Dose response of dexamethasone on the protein expression in the 

presence of 1% ITS (B). Data show representative images from two independent 

experiments. 
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3.2.2 Characterization of barrier function of polarized NCI-H441 cells 

A variety of barrier modulators have been described that act through distinct mechanisms to 

increase paracellular transport, such as Ca2+ chelators, fatty acids, surfactants, glycerides and etc. 

[289, 290]. EGTA acts by chelating extracellular Ca2+ with concomitant loosening of the tight 

junction while sodium caprate (C10) acts through an intracellular mechanism involving activation 

of phospholipase C. They have been used to characterize the paracellular transport of intestinal 

epithelium T84 cell line [282]. However, it is still unclear if and how the modulators alter the 

barrier function of lung epithelium. In addition, the precise mechanisms by which junctional 

proteins are involved in these distinct regulations have not been explored. We therefore used these 

modulators to characterize NCI-H441 monolayers under perturbation and explored the alteration of 

expression of epithelial junctions. 

3.2.2.1 Functional profiling of paracellular modulator EGTA sodium with PEG Oligomers 

3.2.2.1.1 EGTA sodium decreases TEER and increase permeability of NCI-H441 monolayer 

EGTA sodium caused a dramatic decrease in TEER in NCI-H441 cell monolayer (Figure 3.10A, 

B). EGTA sodium at 3 mM reduced TEER by 99% within 30 minutes (Figure 3.10A EGTA 

sodium-induced TEER decrease was concentration-dependent (Figure 3.10B). The permeability of 

all PEG oligomers increased after treatment with EGTA sodium (Figure 3.10C). Treatment with 2 

mM EGTA sodium caused the permeability of PEG oligomers to linearly decrease over radius size 

(only C2 model present). Furthermore, 3 mM EGTA sodium increased the permeability of all PEG 

oligomers although proportionally the increases are much greater with the larger oligomers (Figure 

3.10C). This result suggested that size selectivity across this range of probes was virtually abolished 

(Figure 3.10C). 
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Figure 3.10 Effects of barrier perturbation EGTA sodium on TEER and permeability 

of NCI-H441 monolayers. 

Time course of TEER decreases in the presence of 3 mM EGTA sodium, n=6 (A). 

Effects of 1 hour apical exposure (30 min) of varying doses of EGTA sodium on the 

TEER decrease, n=6 (B). Effect of EGTA sodium on the permeability profile of PEG 

oligomers, n=3 (C). Data are shown as mean ± SD; ****, P<0.0001 by one-way 

ANOVA. 

Application of the sieving model to these data suggested changes in both components of diffusion 

in the NCI-H441 cells (Table 3.2). With increasing concentrations of EGTA sodium, the size of 

restrictive pores increased while the contribution of component 2 (β) increased dramatically while 
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the contribution of component 1 (α) becoming insignificant. At 3 mM EGTA sodium, there is no 

longer evidence of a restrictive pore in that the estimated radius was far in excess of the size of even 

the largest PEG oligomer (7.02 Å) used in this study. This is consistent with the major effect of 

EGTA being a large dilatation of existing junction pores or the fusing of these to form a population 

of larger pores. Under these circumstances of extreme tight junction perturbation, the system 

conforms to a single population of essentially unrestricted pores (Table 3.2).  

Table 3.2 Sieving parameters derived from application of modified sieving model to 

the cell line data presented in Figure 3.10C. 

 γ (Å) α (s-1) β (cm2/s) 

EGTA-Na 

0 mM 
4.23  ±  0.04 2440   ±  285 272  ±  20 

EGTA-Na 

2 mM 
4.9  ±   2.17 -44  ±   138 3063  ±   51 

EGTA-Na 

3 mM 
> 7.02 -- 4979  ±    170 

Individual replicate profiles were analyzed by the mathematical model, and the 

resulting values were shown as best fit estimate ± SE, n=3. Note: --, value < 0 from the 

model calculation. 

 

3.2.2.1.2 EGTA sodium down-regulates E-cadherin in the NCI-H441 monolayer 

We further investigated the alteration of junctional proteins in search of the underlying mechanisms 

how the EGTA sodium changed the permeability profile of PEGs. We measured the expression of 

tight junction claudin-3, -4, -5, ZO-1 and adherens junction E-cadherin. Only E-cadherin was found 

to be down-regulated by EGTA sodium while the expression levels of the other proteins remained 
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unchanged. These data indicated that EGTA sodium may act through the regulation of E-cadherin 

(Figure 3.11A). 

 

Figure 3.11 Effects of EGTA sodium on the expression of junctional proteins. 

Polarized NCI-H441 cells were treated with EGTA sodium for 1 hour. Effect of 1, 2 and 

3 mM EGTA-Na on the expression of junctional proteins (Claudin-3, Claudin-4, 

Claudin-5, ZO-1 and E-cadherin) at protein level were determined. Only the expression 

of E-cadherin (A) was found to be altered. Image show representative images from two 

independent experiments. Quantification combines two independent blots. Data are 

shown as mean ± SD; ****, P<0.0001 by one-way ANOVA. 
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3.2.2.2 Functional profiling of paracellular modulator sodium caprate with PEG Oligomers 

3.2.2.2.1 Sodium caprate decreases TEER and increase permeability of NCI-H441 monolayer 

The decrease in TEER induced by sodium caprate was similar to that of EGTA sodium although it 

took a bit longer time (around 60 minutes) for sodium caprate to reach the maximum reduction 

(Figure 3.12A). Similar to EGTA sodium, sodium caprate also reduced TEER in a dose-dependent 

fashion (Figure 3.12B). The permeability profile generated by sodium caprate is, however, 

markedly different compared with that induced by EGTA sodium (Figure 3.12C). With the use of 5 

mM sodium caprate, although there was also a general increase in PEG permeability, this was 

similar across the whole range. The net effect is to produce an upward shift in the PEG profile while 

retaining the overall size selectivity (Figure 3.12C). Treated with higher concentration of sodium 

caprate at 10 mM, the permeability of PEG oligomers lost the C1 component and showed linear 

decrease over radius size (only C2 model present).  
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Figure 3.12 Effects of barrier perturbation sodium caprate on TEER and 

permeability of NCI-H441 monolayers. 

Time course of TEER decreases in the presence of 7.5 mM sodium caprate, n=6 (A). 

Effects of 1 hour apical exposure (60 min) of varying doses of sodium caprate on the 

TEER decrease, n=6 (B). Effect of sodium caprate on the permeability profile of PEG 

oligomers, n=3 (C). Data are shown as mean ± SD; *, P<0.05; **, P<0.01 by one-way 

ANOVA. 

The data from sodium caprate modeling were markedly different, which suggested mechanistic 

differences in the action of these modulators on the epithelial junction complex in NCI-H441 cells 

(Table 3.3). In this case, there was no discernible increase in pore radius, but α values decreased and   
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β values increased. This suggests that, rather than pore dilatation, sodium caprate increased the 

number of functional large pores (Component 2), but reduced the small ones (Component 1) 

through which PEG oligomers can permeate. 

Table 3.3 Sieving parameters derived from application of modified sieving model to 

the cell line data presented in Figure 3.12C. 

 γ (Å) α (s-1) β (cm2/s) 

Na caprate 

0 mM 
4.22  ±   0.04 2458  ±  279 226  ±   19 

Na caprate 

5 mM 
4.41 ±  0.11 1704  ±   416 1488    ±   52 

Na caprate 

7.5 mM 
4.82  ±   0.54 -196  ±   158 4030   ±  53 

Individual replicate profiles were analyzed by the mathematical model, and the 

resulting values were shown as best fit estimate ± SE, n=3. Note: --, value < 0 from the 

model calculation. 

 

3.2.2.2.2 Sodium caprate down-regulates E-cadherin and claudin-5 in the NCI-H441 

monolayer 

The effect of sodium caprate on the expression of tight junction claudin-3, -4, -5, ZO-1 and 

adherens junction E-cadherin was also determined (Figure 3.13A). Different from EGTA sodium, 

sodium caprate not only decreased the expression of adherens junction E-cadherin, but also tight 

junction ZO-1. These data indicated that sodium caprate may act through the down-regulation of E-

cadherin and ZO-1 (Figure 3.13A). 
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Figure 3.13 Effects of sodium caprate on the expression of junctional proteins. 

Polarized NCI-H441 cells were treated with sodium caprate for 1 hour. Effect of 1, 2 

and 3 mM sodium caprate on the expression of junctional proteins (Claudin-3, Claudin-

4, Claudin-5, ZO-1 and E-cadherin) at protein level were determined. Only the 

expression of E-cadherin (A) and ZO-1 (B) were found to be altered. Image show 

representative images from two independent experiments. Quantification combines two 

independent blots. Data are shown as mean ± SD; *, P<0.05; ***, P<0.001 by one-way 

ANOVA. (NaC: sodium caprate.) 

 

3.2.3 Characterization of ion transport properties of polarized NCI-H441 cells. 

Ion transport properties were also characterized for NCI-H441 cells. A variety of ion transport 

inhibitors and agonist were applied to determine the contribution of each ion channel to the ion 

transport in the polarized NCI-H441 cell monolayer.  
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3.2.3.1 Contributions of ENaC and Na+-K+-ATPase to Na+ transport at baseline condition 

ENaC is amiloride-sensitive Na+ channel and can be inhibited by amiloride. Amiloride dose-

response experiments indicated a maximum inhibition of 94% and a half maximal inhibitory 

concentration (IC50) of 217 nM (Figure 3.14A) which is similar to the value of ~ 500 nM reported 

in primary human Type II cells [23]. The results suggest that Na+ enters the cells primarily through 

amiloride-sensitive sodium channels (ENaC), but other amiloride-insensitive sodium channels (such 

as CNGs, which were detected at mRNA level) may also participate in the Na+ transport. Na+-K+-

ATPase inhibitor ouabain also caused a dose-dependent decrease in Na+ transport, and the 

maximum inhibition (~ 60% inhibition) was observed at 10 µM (Figure 3.14B). 

 

Figure 3.14 Contributions of ENaC and Na+-K+-ATPase to Na+ transport. 

Dose response of TEPD to the ENaC inhibitor amiloride (A, n=5) and Na+-K+-ATPase 

inhibitor Ouabain (B, n=4). Data are shown as mean ± SD; ****, P < 0.0001 using 

one-way ANOVA analysis followed by post-hoc Dunnett test.   
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3.2.3.2 Contributions of CFTR and other Cl- channels to Cl- transport at baseline condition 

CFTR (inh)-172 is a highly selective CFTR inhibitor, and NPPB is a broad spectrum Cl- channel 

inhibitor. A few Cl- channels including CFTR, CLC2, bestrophin-1 and TMEM16A have been 

detected in the NCI-H441 cells in our model. To investigate the contribution of CFTR and other Cl- 

channels to the Cl- transport, the two inhibitors were used in concentrations between 0.1 to 100 

times their reported IC50 values (1 µM for CFTR (inh)-172 [291] and 0.08 µM for NPPB [292]); 

the results indicated no effect on the TEPD (Figure 3.15A, B). These results suggest that Cl- 

transport through CFTR or NPPB-sensitive Cl- channels does not contribute to the TEPD at 

baseline. 

 

Figure 3.15 Contributions of CFTR and other Cl- channels to Cl- transport. 

Dose response of TEPD to the CFTR inhibitor CFTR (inh)-172 (A, n=6) and broad 

spectrum chloride channel inhibitor NPPB (B, n=6). Data are shown as mean ± SD; no 

statistical importance was found using one-way ANOVA analysis.  
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3.2.3.3 ENaC is the major contributor to the transepithelial potential difference in NCI-

H441 cells at baseline conditions 

In summary, treatment with the ENaC inhibitor amiloride (10 µM) and the Na+-K+-ATPase 

inhibitor ouabain (10 µM) significantly reduced TEPD by 91% and 58% respectively, while the 

CFTR inhibitor CFTR(inh)-172 (10 µM) and the broad spectrum chloride channel inhibitor NPPB 

(10 µM) had no effect (Figure 3.16A). The results indicate that sodium absorption by ENaC is 

responsible for most of the baseline TEPD, that Na+-K+-ATPase extrudes the absorbed Na+ into the 

basolateral space and that Cl- transport through CFTR or NPPB-sensitive Cl- channels does not 

contribute to the TEPD at baseline. After washout of the inhibitors/agonist with HBSS, the TEPD 

returned to baseline levels indicating that the perturbation in TEPD is transient and is not a result of 

permanent inactivation of the channels (data not shown). 

 

Figure 3.16 ENaC is the major contributor to the TEPD in NCI-H441 cells at 

baseline conditions 

Response of TEPD to different perturbations (CTL: contral; A: amiloride; O: ouabain; 

C: CFTR (inh)-172; N: NPPB). Each agent was used at a concentration of 10 µM 
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(n=13 for amiloride; n=6 for ouabain, CFTR (inh)-172 and NPPB). Data is shown as 

mean ± SD; ****, P<0.0001 by one-way ANOVA. 

 

3.2.3.4 Na+ absorption through ENaC and Cl- secretion through Cl- channels contributes to 

the forskolin stimulated TEPD in NCI-H441 cells  

The contributions of ENaC and Cl- channels to ion transport following treatment with the cAMP 

agonist forskolin (10 µM) were determined. Forskolin treatment of control cells resulted in a 32% 

increase in TEPD (Figure 3.17A). Subsequent addition of amiloride reduced the forskolin-

stimulated TEPD to 84% below the baseline value. Addition of CFTR(inh)-172 to forskolin-treated 

cells caused a small (~ 4%) decrease in TEPD that was not statistically significant while addition of 

NPPB resulted in a 15% decrease (P < 0.01). When cells were pre-treated with amiloride before 

adding forskolin no changes in TEPD were detected (Figure 3.17B). The data suggest that Na+ 

absorption via ENaC is the primary determinant of TEPD under baseline and forskolin-stimulated 

conditions; that Cl- transport via CFTR or NPPB-sensitive channels is not detectable at baseline; 

and that NPPB-sensitive channels, but not CFTR secrete Cl- following forskolin stimulation. 
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Figure 3.17 Na+ and Cl− transport under forskolin-stimulated conditions across NCI-

H441 cell monolayer. 

Effect of forskolin followed by amiloride, CFTR(inh)-172 or NPPB on TEPD (A, n=9). 

Effect of amiloride followed by forskolin, CFTR(inh)-172 or NPPB on TEPD (B, n=7). 

Each inhibitor was used at a concetration of 10 µM. (CTL: control; A: amiloride; O: 

ouabain; C: CFTR (inh)-172; N: NPPB; F: forskolin). Data are shown as mean ± SD; 

**, P < 0.01; ****, P < 0.0001 using one-way ANOVA analysis followed by post-hoc 

Dunnett test.   
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3.2.3.5 Na+ flux under baseline  

Na+ flux in both apical-to-basolateral and basolateral-to-apical directions was measured using Krebs 

buffer in the donor chamber and osmotically matched Na+ free buffer (compositions specified in 

Table 2.4) in the receiver. The net apical-to-basolateral flux with asymmetric Na+ conditions was 

estimated by taking the difference of the two measurements. The Na+ flux was 10.7 umol·h-1·cm-2 in 

the apical-to-basolateral direction vs. 3.7 umol·h-1·cm-2 in the basolateral-to-apical direction (Figure 

3.18A). This gives a net Na+ absorption of 7.0 umol·h-1·cm-2.  

 

Figure 3.18 Na+ transport under baseline across NCI-H441 cell monolayer. 

Na+ transport was measured in both apical-to-basolateral and basolateral-to-apical 

directions (A, n=6). Data is shown as mean ± SD. ****, P<0.0001 by one-way ANOVA. 

 

3.3 Characterization of NCI-H441 cells as a model of oleic acid-

induced lung injury 
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In Sections 3.1 and 3.2, NCI-H441 and A549 cell lines were investigated as potential models for 

alveolar epithelial transport, and the barrier and ion transport properties were characterized under 

normal physiological condition. Next, we further studied the alteration of barrier function and ion 

transport properties under the disease condition of acute lung injury. Different preclinical models of 

acute lung injury have been developed by applying different reagents including, but not limited to, 

oleic acid, bacterial lipopolysaccharide (LPS), cytokines and bleomycin [250, 253, 259]. Oleic acid 

has been reported to induce acute lung injury in a manner characteristic of acute respiratory distress 

syndrome (ARDS) but without substantial inflammation [4]. This model has good reproducibility 

and has been widely used. Its structural and functional alterations are consistent with ARDS, 

including severe alveolar attenuation and edema[4]. In this study, a few reagents including LPS, 

TNF-α, IL-1β, IFN-γ, IL-10 and oleic acid were tested to induce an in vitro lung injury model. 

However, no significant changes in the TEER and TEPD were observed under the treatment of 

LPS, TNF-α, IL-1β, IFN-γ and IL-10 at 24 hours (data not shown). Based on these, the oleic acid-

induced acute lung injury model was used as our model to study the changes of barrier function and 

ion transport under disease conditions. Changes in protein expression correlating to the functional 

changes and cell signalling pathways involved in the change were also investigated. 

3.3.1 Changes of barrier properties of NCI-H441 cells under oleic acid induced 

lung injury 

3.3.1.1 Oleic acid sodium and oleic acid/BSA have no effect on TEER 

Various forms of oleic acid have been used to create lung injury models in vivo. Among them, three 

different compounds (i.e., oleic acid/ MβCD complex, oleic acid/BSA complex, and oleic acid 

sodium salt) with moderate water solubility of oleic acid are available for cell culture experiments. 

To explore if which form(s) of oleic acid has effect on TEER, three forms of oleic acid were tested 



116 
 

with polarized NCI-H441 cell monolayer. Oleic acid sodium up to 1000 µM at 24 hours did not 

change the TEER (Figure 3.19A), and neither did oleic acid/BSA up to 500 µM (Figure 3.19B).  

 

Figure 3.19 Oleic acid of another two forms have no effect on TEER. 

NCI-H441 cells were treated with oleic acid sodium or oleic acid/BSA complex for 24 

hours. Effect on TEER was determined (n=6). CTL: vehicle control with no BSA; BSA: 

BSA only without oleic acid; oleic acid at 10, 100 and 500 µM are in the form of oleic 

acid/BSA complex. Data is shown as mean ± SD; no statistical importance was found by 

one-way ANOVA. 

 

3.3.1.2 Oleic acid/methyl-β-cyclodextrin (MβCD) disrupts the barrier function 

The effect of oleic acid (oleic acid/MβCD complex) on the alveolar epithelial function was assessed 

by determining TEER and permeability. Oleic acid decreased TEER in both concentration-

dependent (Figure 3.20A) and time dependent (Figure 3.20B) manner. Oleic acid of 10 µM, 20 µM, 

25 µM and 30 µM at 24 hours reduced the TEER around 9%, 40%, 81% and 96% respectively 

while MβCD alone showed no effect on TEPD (Figure 3.20A). Oleic acid at 30 µM started taking 

significant effect on the TEPD reduction after 8 hours. TEPD decreased 7%, 26%, 63% and 97% at 
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2 hours, 8 hours 12 hours and 24 hours respectively (Figure 3.20B). The form of MβCD-conjugated 

oleic acid was the only one found to be effective on the barrier properties. So it was used for further 

studies. Oleic acid also altered the permeability profile to PEG oligomers (Figure 3.20C). The 

permeability to PEG oligomers increased as the concentration of oleic acid raised. Oleic acid at 20 

µM slightly increased the permeability of PEG oligomers. The permeability of PEG oligomers 

showed linear decrease over radius size (only C1 model present) after treating with 25 µM oleic 

acid. Increasing the oleic acid to 30 µM, the permeability displayed no significant size selectivity, 

although the free diffusion of the oligomers did decline with increasing hydrodynamic radius 

(Figure 3.20C). Therefore, the concentration ranges of oleic acid 0 -25 µM was used in the 

following studies. 
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Figure 3.20 Oleic acid decreased TEER and increased permeability. 

Effects of 24 hours basolateral exposure of varying doses of oleic acid on the TEER 

decrease (A, n=9). Time course of TEER decrease in the presence of 30 µM oleic acid, 

(B, n=6). Effect of oleic acid at 24 hours on the permeability profile of PEG oligomers, 

(C, n=6). CTL/Control: vehicle control with no MβCD or oleic acid; MβCD: MβCD 

only without oleic acid; oleic acid at 10, 20, 25 and 30 µM are in the form of oleic acid/ 

MβCD complex. Results are mean ± SD; *, P<0.05; ***, P<0.001; ****, P<0.0001 by 

one-way ANOVA; each group was compared with MβCD group. 
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Application of the sieving model to these data suggested the changes of pore size in the NCI-H441 

cells after treatment with oleic acid (Table 3.4). MβCD alone doesn’t change the permeability 

profile. With increasing concentrations of oleic acid, the size of restrictive pores increased, the 

contribution of component 1 (α) decreased and the contribution from component 2 (β) increased 

significantly. Under extreme tight junction perturbation (30 µM oleic acid), there is no longer 

evidence of a restrictive pore in that the estimated radius was far in excess of the size of even the 

largest PEG oligomer (7.02 Å).  

Table 3.4 Sieving parameters derived from application of modified sieving model to 

the cell line data presented in Figure 3.20C. 

 γ (Å) α (s-1) β (cm2/s) 

Control 4.33 ± 0.04 1893 ± 194 213 ± 19 

MβCD 4.35 ± 0.05 1914 ± 250 185 ± 26 

OA 10 µM 4.37 ± 0.06 1740 ± 241 230 ± 27 

OA 20 µM 4.50 ± 0.08 1589 ± 255 427 ± 41 

OA 25 µM 8.12 ± 4.6 28 ± 42 2800 ± 361 

OA 30 µM > 7.02 -- 6301 ± 226 

Individual replicate profiles were analyzed by the mathematical model, and the 

resulting values were shown as best fit estimate ± SE, n=6. Note: --, value < 0 from the 

model calculation. (OA: oleic acid)  
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3.3.1.3 Modulation of oleic acid/MβCD on the expression of junctional proteins at protein 

level 

We further investigated the alteration of junctional protein expression in search for the underlying 

mechanisms by which oleic acid disrupted the lung barrier function. We measured the expression of 

tight junction claudin-3, -4, -5, ZO-1 and adherens junction E-cadherin. Claudin-3 was found to be 

down-regulated and ZO-1 was up-regulated while the expression of other proteins did not change 

(Figure 3.21A). These data indicated that claudin-3 and ZO-1 might be involved in the oleic acid 

induced barrier disruption (Figure 3.21A). 

 

Figure 3.21 Expression changes of junctional proteins under oleic acid treatment at 

protein level. 

NCI-H441 cells were treated with various concentration of oleic acid for 24 hours. 

Expression changes of junctional proteins (Claudin-3, Claudin-4, Claudin-5, ZO-1 and 
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E-cadherin) at protein level was measured by Western blot. Only the expression of 

Claudin-3 (A) and ZO-1 (B) were found to be altered. Image show representative 

images from three independent experiments. Quantification combines three independent 

blots. CTL: vehicle control with no MβCD or oleic acid; MβCD: MβCD only without 

oleic acid; oleic acid at 10, 20 and 25 µM are in the form of oleic acid/ MβCD complex. 

Data are shown as mean ± SD; *, P<0.05 by one-way ANOVA. 

 

3.3.1.4 Modulation of oleic acid/MβCD on the expression of junctional proteins at mRNA 

level 

Since claudin-3 and ZO-1 were modulated at protein level, we further tested if these changes were 

due to the alterations at the mRNA level. Claudin-3 was down-regulated (Figure 3.22A) while ZO-1 

was unchanged (Figure 3.22B) at the mRNA level. Other than that, there were no significant 

difference found with other junctional proteins (Claudin-4, Claudin-5 and E-cadherin) at the mRNA 

level (data not shown). These results suggested that oleic acid may down-regulate claudin-3 

transcription, but up-regulate ZO-1 through post-transcriptional mechanisms.  
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Figure 3.22 Expression changes of junctional proteins under oleic acid treatment at 

mRNA level. 

NCI-H441 cells were treated with various concentration of oleic acid for 24 hours. 

Expression changes of Claudin-3 (A) and ZO-1 (B) at mRNA level was measured by 

real-time PCR. CTL: vehicle control with no MβCD or oleic acid; MβCD: MβCD only 

without oleic acid; oleic acid at 10, 20 and 25 µM are in the form of oleic acid/ MβCD 

complex. Data is shown as mean ± SD from three experiments; *, P<0.05 by one-way 

ANOVA.  

 

3.3.2 Changes of ion transport properties of NCI-H441 cells under oleic acid 

induced lung injury 

3.3.2.1 Oleic acid sodium and oleic acid/BSA have no effect on TEPD 

Effect of two other forms of oleic acid on the TEPD were tested with NCI-H441 cells. Oleic acid 

sodium up to 1000 µM at 24 hours did not change the TEPD (Figure 3.23A), and neither did oleic 

acid/BSA up to 500 µM (Figure 3.23B). 
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Figure 3.23 Oleic acid of another two forms have no effect on TEPD. 

NCI-H441 cells were treated with oleic acid sodium or oleic acid/BSA for 24 hours. 

Effect on TEPD was determined (n=6). CTL: vehicle control with no BSA; BSA: BSA 

only without oleic acid; oleic acid at 10, 100 and 500 µM are in the form of oleic 

acid/BSA complex. Data is shown as mean ± SD; no statistical importance was found by 

one-way ANOVA. 

 

3.3.2.2 Oleic acid/MβCD impairs transepithelial ion transport 

Oleic acid decreased TEPD in both concentration-dependent (Figure 3.24A) and time dependent 

(Figure 3.24B) manner. Oleic acid of 10 µM, 20 µM and 25 µM at 24 hours reduced the TEPD 

around 52%, 83%, 97% and 100% respectively while MβCD showed very little effect on TEPD 

(Figure 3.24A). Oleic acid at 25 µM started taking significant effect on the TEPD reduction after 2 

hours. TEPD decreased 12%, 70%, 84% and 100% at 2 hours, 8 hours 12 hours and 24 hours 

respectively (Figure 3.24B).  
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Figure 3.24 Oleic acid impair ion transport. 

Effects of 24 hours basolateral exposure of varying doses of oleic acid on the TEPD 

decrease (A, n=9). Time course of TEPD decrease in the presence of 30 µM oleic acid 

(B, n=6). CTL: vehicle control with no MβCD or oleic acid; MβCD: MβCD only 

without oleic acid; oleic acid at 10, 20 and 25 µM are in the form of oleic acid/ MβCD 

complex. Data are shown as mean ± SD; ****, P<0.0001 by one-way ANOVA; each 

group was compared with MβCD group) 

 

3.3.2.3 Oleic acid/MβCD impairs sodium absorption 

To determine if Na+ transport are affected by oleic acid, Na+ flux were measured. Na+ transport 

were determined in both apical-to-basolateral and basolateral-to-apical directions (Figure 3.25A). 

Oleic acid at 10 µM, 20 µM and 25 µM reduced net Na+ flux by 20%, 80% and 90% respectively 

(Figure 3.25A).  
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Figure 3.25 Oleic acid/MβCD impairs sodium absorption. 

NCI-H441 cells were treated with oleic acid for 24 hours. Na+ transport was measured 

in both apical-to-basolateral and basolateral-to-apical directions (n=4). Net Na+ flux 

was calculated and presented (A). CTL: vehicle control with no MβCD or oleic acid; 

MβCD: MβCD only without oleic acid; oleic acid at 10, 20 and 25 µM are in the form 

of oleic acid/ MβCD complex. Data is shown as mean ± SD; ****, P<0.0001 by one-

way ANOVA. 

 

3.3.2.4 Modulation of oleic acid/MβCD on the expression of ion transport proteins at protein 

level 

We further investigated the expression of ion transport proteins to see how oleic acid impairs 

sodium transport. We measured the expression of α1-Na+-K+-ATPase, α-ENaC, β-ENaC and γ-

ENaC which are responsible for sodium absorption. Only α1-Na+-K+-ATPase and β-ENaC were 

found to be down-regulated significantly (Figure 3.26A) while the expression of other proteins did 

not change (data not shown). These data indicated that oleic acid may impair sodium absorption 

through down-regulating both α1-Na+-K+-ATPase and β-ENaC. 
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Figure 3.26 Expression changes of ion transport proteins under oleic acid treatment 

at protein level. 

NCI-H441 cells were treated with various concentration of oleic acid for 24 hours. 

Expression changes of ion transporting proteins (α1-Na+-K+-ATPase, α-ENaC, β-ENaC, 

γ-ENaC, and AQP3) at protein level was measured by Western blot. Only the expression 

of α1-Na+-K+-ATPase (A) and β-ENaC (B) were found to be altered. Image show 

representative images from three independent experiments. Quantification combines 

three independent blots. CTL: vehicle control with no MβCD or oleic acid; MβCD: 

MβCD only without oleic acid; oleic acid at 10, 20 and 25 µM are in the form of oleic 

acid/ MβCD complex.  Data are shown as mean ± SD; *, P<0.05; **, P<0.01 by one-

way ANOVA.  
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3.3.2.5 Modulation of junctional proteins mRNA levels by oleic acid/MβCD  

Quantitative PCR showed that α1-Na+-K+-ATPase and all the three subunits of ENaC were down-

regulated at the mRNA level, which suggested that oleic acid may down-regulate the expression of 

α1-Na+-K+-ATPase and β-ENaC through inhibiting its mRNA transcription (Figure 3.27A, C). In 

addition, oleic acid also down-regulated α-ENaC and γ-ENaC at mRNA level although no change 

was observed at protein level (Figure 3.27B, D). 
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Figure 3.27 Expression changes of ion transport proteins under oleic acid treatment 

at mRNA level.  

NCI-H441 cells were treated with various concentration of oleic acid for 24 hours. 

Expression of ion transporting proteins α1-Na+-K+-ATPase (A), α-ENaC (B), β-ENaC 

(C) and γ-ENaC (D) at mRNA level was measured by real-time PCR. CTL: vehicle 

control with no MβCD or oleic acid; MβCD: MβCD only without oleic acid; oleic acid 

at 10, 20 and 25 µM are in the form of oleic acid/ MβCD complex. Data is shown as 

mean ± SD from three experiment; **, P<0.01; ***, P<0.001 by one-way ANOVA.  

. 
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3.3.3 Involvement of ERK pathway in the alveolar epithelial transport under 

normal and acute lung injury conditions. 

The above data suggested that oleic acid may disrupt alveolar barrier function through the down-

regulation of claudin-3, E-cadherin or/and up-regulation of ZO-1; and that oleic acid may impair 

sodium absorption through down-regulating α1-Na+-K+-ATPase and β-ENaC. We further explored 

the possible cell signaling pathways which might be involved in these processes. It has been shown 

that oleic acid induces lung injury through ERK pathway activation in mice and inhibition of ERK  

blocked neutrophil migration, edema, and lipid body and IL-6 formation [10]. However, little is 

known about the contribution of ERK pathway to the barrier function and ion transport properties of 

alveolar epithelium under oleic acid induced lung injury.  

3.3.3.1 Role of ERK pathway under normal condition. 

The MAPK families are ubiquitous and highly conserved serine-threonine kinases, including 

p38MAPK, extracellular signal-related kinase (ERK) and c-Jun N-terminal kinase (JNK). The 

signaling cascade is initiated by three-tired sequential phosphorylation steps (MAPKKK, MAPKK, 

MAPK). MEK1 and MEK2 are upstream kinases (MAPKK) of ERK1 and ERK2. U0126 is a small 

molecule compound that directly inhibits MEK1/2 through inhibition of the catalytic activity of the 

active enzyme.  

3.3.3.1.1 Role of ERK pathway in the maintenance of TEER and TEPD. 

Firstly, we tested if ERK pathway is involved in the maintenance of baseline TEER and TEPD in 

the polarized NCI-H441 cells. ERK inhibitor U0126 induced a time-dependent decrease on TEPD 

(Figure 3.28B) but not TEER (Figure 3.28A) in the polarized NCI-H441 monolayer under normal 

condition. U0126 increased TEER by 40% at 12 hours, 30% at 18 hours, and returned to the normal 
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level at 24 hours (Figure 3.28A). The effect of U0126 on TEER is different from that on TEPD. 

U0126 at 10 µM at 12 hours, 18 hours and 24 hours caused a 33%, 56% and 66% reduction on 

TEPD (Figure 3.28B). The effect of increase on TEPD This indicated that ERK pathway plays an 

essential role in the TEPD maintenance. 

 

Figure 3.28 ERK inhibitor U0126 decreased TEPD, but not TEER. 

NCI-H441 cells were differentiated in the transwell inserts for 9 days. ERK inhibitor 

U0126 were added to the basolateral chamber in the medium containing ITS and Dex. 

Cells were treated for 12, 18 and 24 hours respectively. Effect of U0126 on the oleic 

acid induced TEER (A, n=9) and TEPD (B, n=9) decrease was measured. Data is 

shown as mean ± SD; ****, P<0.0001 by one-way ANOVA. 

 

3.3.3.1.2 Role of U0126 on the expression of transport proteins at protein level. 

We further investigated what transport proteins are altered under the treatment with ERK inhibitor. 

We measured the expression of tight junction claudin-3, -4, -5, ZO-1; adherens junction E-cadherin; 

ion transport protein ENaC, α1-Na+-K+-ATPase and AQP3. When treated with U0126 at 10 µM, 
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only α1-Na+-K+-ATPase was down-regulated (Figure 3.29A). This suggested that U0126 may 

decrease TEPD through the down-regulation of α1-Na+-K+-ATPase. Interestingly, the expression of 

tested junctional proteins was not affected although U0126 increased TEER at 12 hours and 18 

hours. The uncorrelated effects indicated that there may be other junctional proteins are involved in 

the up-regulated TEER by oleic acid. It could also be that oleic acid affect the barrier function 

through the re-distribution of junctional complex which is independent of protein expression. 

 

Figure 3.29 Expression changes of transport proteins under U0126 treatment at 

protein level. 

NCI-H441 cells were treated with ERK inhibitor U0126 for 12, 18 and 24 hours 

respectively. Expression changes of junctional proteins (Claudin-3, Claudin-4, Claudin-

5, ZO-1 and E-cadherin) and ion transporting proteins (α-ENaC, ß-ENaC, γ-ENaC, α1-

Na+-K+-ATPase, CFTR, AQP3) at protein level was measured by Western blot. Only the 

expression of α1-Na+-K+-ATPase was down-regulated (A). Image show representative 
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images from three independent experiments. Quantification combines three independent 

blots. Data are shown as mean ± SD; *, P<0.05; **, P<0.01 by one-way ANOVA.  

 

3.3.3.2 Role of ERK pathway under oleic acid induced lung injury. 

To further investigate the involvement of ERK pathway in the oleic acid-induced acute lung injury, 

we studied the ERK activation upon stimulation by oleic acid in the NCI-H441 epithelium. ERK 

inhibitor U0126 was used along with oleic acid on the basolateral membrane to block the pathway 

to test its role in the oleic acid-induced TEER and TEPD decrease. 

3.3.3.2.1 Oleic acid activated ERK pathway 

The ERK activation upon the oleic acid treatment was determined. Oleic acid induced a 

concentration-dependent ERK phosphorylation (Figure 3.30A). The peak of ERK activation was 

observed at 25 µM oleic acid stimulation (Figure 3.30A). When applying the ERK inhibitor U0126 

with oleic acid, the ERK activation provoked by oleic acid was significantly reduced (Figure 

3.30B).   
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Figure 3.30 Oleic acid activated ERK pathway. 

Oleic acid stimulates ERK phosphorylation in a dose dependent manner (A). U0126 

inhibit oleic acid-induced activation (B). Image show representative images from three 
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independent experiments. CTL: vehicle control with no MβCD or oleic acid; MβCD: 

MβCD only without oleic acid; oleic acid at 10, 20 and 25 µM are in the form of oleic 

acid/ MβCD complex. Quantification combines three independent blots. Data are shown 

as mean ± SD; **, P<0.01 by one-way ANOVA.  

 

3.3.3.2.2 ERK inhibitor U0126 did not reverse the effect of oleic acid on TEER or TEPD  

We have shown that oleic acid disrupts both barrier function and Na+ absorption. Next, we want to 

test if ERK pathway is involved in these processes. ERK inhibitor U0126 was pre-incubated for 30 

minutes, and then co-incubated with 10, 20 and 25µM oleic acid. However, there are no changes on 

either TEER (Figure 3.31A) or TEPD (Figure 3.31B). This suggests that ERK pathway did not 

significantly contribute to the oleic acid – induced TEER or TEPD decrease. There may be other 

pathway(s) involved in the barrier and ion transport impairment in the oleic acid-induced lung 

injury.  
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Figure 3.31 ERK inhibitor U0126 alleviated oleic acid induced TEPD decrease, but 

not TEER decrease. 

NCI-H441 cells were pre-incubated with 10 µM ERK inhibitor U0126 for 30 minutes, 

and then were treated along with oleic acid for 24 hours. TEER (A, n=9) and TEPD (B, 

n=9) were measured both before and after treatment. CTL: vehicle control with no 

MβCD or oleic acid; MβCD: MβCD only without oleic acid; oleic acid at 10, 20 and 25 
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µM are in the form of oleic acid/ MβCD complex. Data is shown as mean ± SD; ****, 

P<0.0001 by two-way ANOVA.   
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4 Discussion 
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The main results of this work are: 1) Barrier function and ion transport properties of NCI-H441 and 

A549 cells are compared under an air-liquid interface culture model, and NCI-H441 cell is proved 

to be a better model for alveolar epithelial transport studies; 2) NCI-H441 cells cultured at an air-

liquid interface replicate the phenotypic and functional ion transport characteristics of primary 

cultures of human type II alveolar epithelial cells; 3) culture conditions strongly influence the 

morphological, phenotypic and functional characteristics of the NCI-H441 cell model; 4) the cells 

form an absorptive epithelium with ENaC-mediated sodium absorption and passive paracellular 

motion of chloride as the primary pathways of ion transport; 5) oleic acid impairs the two essential  

functions of the alveolar epithelium (i.e. barrier function and ion transport) under the NCI-H441 cell 

model; 6) oleic acid induced barrier disruption and ion transport impairment is independent of ERK 

signaling pathway in the NCI-H441 model. In this section, the above points will be discussed to 

further elucidate our observations.  

 

4.1 NCI-H441 and A549 cells exhibit distinct paracellular and 

transcellular transport properties 

The first aim of this study was to establish and characterize a robust and reproducible in vitro model 

of the human alveolar epithelium for the study of ion and water transport. While primary cell 

cultures are the gold standard for such models, difficulties in obtaining and long term passaging of 

primary cells have limited their use. We therefore focused on the human cell lines NCI-H441 and 

A549 that have been widely used as models of the alveolar epithelium [103, 202, 207-211, 215-218, 

224, 287, 293, 294]. This study further evaluated these two cell models and focused on several 

important areas not covered by these studies: 1) compare the barrier function with calculated tight 

junction pore size and expression profile of junctional proteins; 2) visualize the apical junctional 

complex to confirm both NCI-H441 and A549 cells are capable of forming polarized epithelial 

monolayer; and 3) compare the properties of our model with human primary cell culture models.  
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4.1.1 NCI-H441 epithelium form tight monolayer while A549 epithelium is 

leaky 

NCI-H441 cells form a functional barrier characterized by a significant transepithelial electrical 

resistance and potential difference. In contrast, the A549 cell line forms a leaky barrier with low 

electrical resistance and high paracellular permeability and does not develop a transepithelial 

potential difference. These results are consistent with previous studies that have found that A549 

cells are incapable of forming functional tight junctions [207, 225, 292, 295]. 

In this study, it is confirmed by three different assays that NCI-H441 cells can form a tight barrier 

but A549 cells are leaky. First, NCI-H441 cells develop a significant transepithelial electrical 

resistance and potential difference, while A549 cells show low electrical resistance and do not 

develop a transepithelial potential difference. Second, permeability to sodium fluorescein reveals 

that A549 cells present 4.2 times higher paracellular flux to sodium fluorescein than NCI-H441 

cells. Unfortunately, sodium fluorescein is not a perfect indicator for paracellular transport. The 

negatively charged sodium fluorescein results in asymmetric fluxes across NCI-H441 cells in the 

opposite directions. Besides, permeability using a single tracer cannot provide information on size-

dependent permeability. Ideal tracers used to characterize paracellular permeability should show no 

transcellular transport and be non-charged so that they are not subject to charge discrimination by 

the pores. Further, they should have similar hydrodynamic characteristics for consistent behavior 

and should be available in a large size range. Use of continuous series of polyethylene glycol 

oligomers (PEGs) can fulfill these criteria and reveal permeability at sub-Ångstrom increments. 

Therefore, last, the technique involving a simultaneous measurement of 10 PEG oligomers with 

mathematical modeling of the paracellular pathway was used to define the functional characteristics 

of the paracellular route in the alveolar epithelial cell models. A similar methodology has been used 

previously to characterize the intestinal epithelial cell lines T84 and Caco-2, but to our knowledge 
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this is the first attempt to use this approach to profile the paracellular pathway in in vitro models of 

lung epithelial cells. Using this method, plotting tracer permeability as a function of size, reveals a 

bimodal relationship between size and permeability in a variety of epithelial cells. With the 

mathematical fitting to the model, two distinct permeation components could be defined, a 

restrictive component with a sharp molecular size cut-off (component 1) and a second component 

that is not restrictive for these size molecules (component 2). The model allows a quantitative 

assessment of the contribution of these two components to paracellular transport (α and β) as well 

as estimating the pore size of the restrictive component. NCI-H441 and A549 cells showed distinct 

permeability profile to the PEG oligomers. NCI-H441 cells present a biphasic permeability profile 

with a first component (C1) followed by sharp “cutoff” before the second component (C2) (Figure 

3.3D). In contrast, profile of A549 cells has only the first component (C1) phase with decreased 

permeability over the ten PEG oligomers. NCI-H441 cells have obvious restrictive paracellular 

transport with α value of 1893 ± 194. In contrast, non-restrictive paracellular transport is dominant 

for A549 cells with β value of 5170 ± 172 (Table 3.1). The value for α is much greater than β 

illustrating the dominance of the restrictive pathway for paracellular permeation of small molecules. 

In contrast, the nonrestrictive pathway (defined by β) provides the permeation route for larger 

molecules.  

Tight junctions restrict the paracellular movement of ions, solutes, drugs, and larger material across 

epithelia. The restrictive component (C1) of small pores are lined or created by claudins. The pores 

show variable ionic charge selectivity and electrical resistance based on the pattern of claudin 

proteins expressed in a particular junction. The radius of the restrictive pore of NCI-H441 cells is 

about 4.33 Å while that of A549 cells is much larger (> 7.02 Å). These results are consistent with 

previous studies that have found that A549 cells are incapable of forming functional tight junctions 

[207, 225, 292, 295].  
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The contrasting barrier functions between the two cell lines may be due to the differential 

expression of junctional proteins. The claudin family plays different roles in regulating paracellular 

permeability. Pore-forming claudins (such as claudin-2) increase the paracellular permeability to 

ions or water when overexpressed while seal-forming claudins (such as claudin-3, -4 and -5) 

decrease the paracellular permeability [46, 50]. At the protein level, NCI-H441 cells did not express 

pore-forming claudin-2 and expressed high levels of seal-forming claudin-3, -4, and -5. On the 

other hand, A549 cells expressed claudin-2, higher levels of claudin-1, lower levels of claudin-3 

and -5, and no claudin-4. In addition, NCI-H441 cells also expressed higher levels of ZO-1 and E-

cadherin.  

Although NCI-H441 and A549 cells show different expression profiles of junctional proteins, both 

of them can form a polarized monolayer. The structure of the apical junctional complex in the two 

cell models have been visualized for the first time by visualizing under immunofluorescence. Both 

NCI-H441 and A549 cells show a well-organized junctional complex with tight junction ZO-1 lying 

above adherens junction E-cadherin.  

4.1.2 NCI-H441 epithelium presents active ion transport 

TEPD observations indicated that NCI-H441 cells have active ion transport, which may be 

attributed to both a tight barrier and the higher expression of ion transport protein Na+-K+-

ATPase. Na+-K+-ATPase localizes at basolateral surface of type II cells. The main function of the 

Na+-K+-ATPase is the regulation of intracellular Na+ concentration [109]. It has been proposed that 

the Na+-K+-ATPase is required in the formation and maintenance of intercellular junctions, where it 

can act as a signaling and scaffolding center [296]. Higher expression of Na+-K+-ATPase provides 

more driving force for Na+ absorption in the NCI-H441 cells and may improve the barrier function 

as well.  
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4.1.3 NCI-H441 cultures show similar paracellular and transcelluar properties 

to that of human primary alveolar type II cells  

NCI-H441 cells have presented similar paracellular and transcelluar properties to that of primary 

human alveolar type II epithelial cultures. The electrical resistance of NCI-H441 cells (529 ± 178 

Ω·cm2) is similar to those of primary type II cells (419 ± 168 Ω·cm2) while the potential difference 

is higher (11.9 ± 4 mV vs 3.2 mV) [23]. This indicated that NCI-H441 cells are capable of forming 

a tight barrier with active ion transport as human primary cultures. In both NCI-H441 cells and 

human primary cells, the amiloride-sensitive component contributes > 90% to the baseline potential 

difference. This similarity is mirrored in the protein expression profiles. Primary human alveolar 

type II cells express junctional proteins ZO-1, claudins-3, -4, -5 and -18 and E-cadherin [297, 298]. 

In our study, protein expression of these components was detected in the NCI-H441 cells (except 

claudin-18, which was not tested). We also show for the first time that NCI-H441 cells express 

AQP3 and confirm that they do not express AQP5 [293].  

The ion transport proteins α-ENaC, β-ENaC, γ-ENaC and α1-Na+-K+-ATPase were also detected in 

the NCI-H441 cells which is consistent with previous studies [23]. Gene expression of αCNG-1, 

αCNG-3 and CFTR was also detected in both of them [23]. Slightly different from the primary 

cells, we found a few more Cl-channels (such as NKCC1, CLC2, Bestrophin-1, TMEM16A) were 

expressed at mRNA level in the NCI-H441 cells. This may be caused by the different culture 

conditions. In our study CFTR was expressed at the mRNA level in both cell lines, but a definitive 

signal was not obtained at the protein level suggesting that it may only be expressed at low 

abundance in both cell types. The results show that the NCI-H441 cell line has phenotypic and 

functional characteristics that are similar in many respects to human type II cells. These biological 

and electrophysiological features of the NCI-H441 cell line, which are of great similarity to that of 

human alveolar type II cells, makes it a suitable model for alveolar epithelial transport studies. 
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4.2 Optimisation of cell culture condition for polarised NCI-H441 cell 

monolayer 

A second aim of the study was to establish the effect of culture conditions on the properties of the in 

vitro model. Reported culture conditions for air-liquid culture of NCI-H441 cells vary widely in 

seeding density (20,000 - 5,000,000 cells/cm2) [211, 225-228], dexamethasone concentration (10 – 

2000 nM) [210, 216, 225-227], and the use of supplements such as ITS and T3 [216, 217]. We 

examined the effect of these variables on the phenotypic and functional characteristics of the model. 

4.2.1 Seeding density  

A previous study with a seeding density of 20,000 cells/cm2 observed the formation of a monolayer 

[225] while other studies have not characterized cell layer morphology [211, 216, 217, 287]. Using 

confocal imaging, we demonstrated for the first time that NCI-H441 cells seeded at 100,000 

cells/transwell form a monolayer with columnar cells similar to the in vivo epithelium. On the 

contrary, higher densities lead to multiple cell layers growing on top of each other. Purely 

functional measurements such as TEER and Papp cannot characterize these structural features and 

we recommend that morphological characterization of in vitro models should be carried out for 

applications in which the structure of the cell layer is important, e.g. drug absorption and pollutant 

transport in the alveolar epithelium.  

4.2.2 ITS and dexamethasone 

Some studies have used charcoal stripped serum instead of FBS which could offer better 

reproducibility [217, 224]. In our experiments there was little variation in the model characteristics 

with different batches of FBS. Instead, dexamethasone and ITS supplementation were the most 

significant factors affecting TEER, TEPD and protein expression.  
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We found that ITS and dexamethasone act synergistically and lead to higher TEER and TEPD. 

Changes were much smaller when either supplement was used in isolation. Additional use of T3 in 

the presence of 1% ITS and 200 nM dexamethasone did not have a significant effect on TEER and 

TEPD (data not shown). These changes correlated well with increases in the expression of Na+-K+-

ATPase and claudin-3. The four-fold increase in TEPD when ITS and dexamethasone are used in 

conjunction mirrors the marked increase in the expression of Na+-K+-ATPase. This is also seen in 

the dose response to dexamethasone where TEPD and Na+-K+-ATPase markedly increase as 

dexamethasone is increased up to 50 nM and then level off. Similar trends are seen in the response 

of TEER and claudin-3. Consistent with these results, claudin-3 has been found to act as a sealing 

component of the tight junction to increase barrier function in epithelia from  various organs and 

species (including humans) [297]. Overexpression of Claudin-3 has been reported to associate with 

increased epithelial barrier function in the NIH/3T3 cells (mouse embryonic fibroblast cells) and 

MDCK II cells (Canine kidney epithelial cells), while down-regulating its expression cause a 

decrease in barrier function in the MKN28 (human gastric epithelial cells) epithelial cells and Caco-

2 cells (human colorectal  epithelial cells) [297, 299]. However, two studies in rat alveolar epithelial 

cells have found that overexpression of claudin-3 decreased TEER and barrier function [300, 301]. 

Whether these reflect species- and/or cell line-specific differences or result from interactions 

between the different claudins will require further investigation. Our results provide a rational basis 

for the choice of culture conditions in working with NCI-H441 cells and also suggest an important 

role for claudin-3 in regulating barrier function in the model.  

4.3 Characterisation of paracellular and transcellular pathways in the 

NCI-H441 epithelium 

A third aim of the study was to characterize the paracellular and transcellular pathways in the NCI-

H441 model. Paracellular pathway modulators EGTA sodium and sodium caprate regulate the 

barrier function in different patterns as indicated by the PEGs permeability profiles. The expression 
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changes of junctional proteins suggest that different mechanisms are involved in the actions of these 

two modulators. As for the transcellular pathway, treatment of NCI-H441 cells with inhibitors and 

agonists of sodium and chloride channels indicated sodium absorption through ENaC under 

baseline and forskolin-stimulated conditions. Chloride is secreted following forskolin stimulation, 

but not at baseline. 

4.3.1 Paracellular pathway of the NCI-H441 epithelium 

EGTA is a classic tight junction modulator that acts by chelating extracellular calcium [289, 302]. It 

has been shown previously to have dramatic effects on paracellular permeability and transepithelial 

resistance [282, 303]. Using the NCI-H441 model in this study, EGTA sodium presented rapidly 

action on the TEER decrease with strong pore dilatation effect. This is consistent with an intestinal 

cell model of T84 epithelium [282]. It abolished size discrimination due to a marked increase in the 

previously restrictive pore radius, reverting essentially to a single component system consisting of 

large pores. Under 3mM EGTA sodium, the two component sieving model does not allow an 

accurate estimate of pore radius but it is clear that after EGTA treatment the radius of paracellular 

pores will be far > 7.02 Å (the size of the largest PEG oligomer used here). The precise mechanism 

behind EGTA-induced reductions in barrier function remains unclear but appears to involve a 

substantial redistribution of E-cadherin, a Ca2+-dependent adhesion molecule within the adherens 

junction [302]. A downstream effect may be the disassembly of other junctional components, 

including the tight junction, mediated at least in part by protein kinase C [289, 304]. EGTA was 

found to delocalize E-cadherin from the cell periphery in strain I MDCK cells [302]. The 

colocalization between occludin, claudin-1, E-cadherin and F-actin disappeared upon EGTA 

treatment in the human bronchial epithelial 16HBE14o- cells [305]. In this present study, it showed 

for the first time that EGTA down-regulated the expression of E-cadherin at the protein level, while 

the tight junctional protein claudin-3, -4, -5 and ZO-1 are not affected. This may explain the acting 

mechanism of the EGTA sodium. EGTA chelates extracellular calcium resulting in the reduced 
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expression of Ca2+-dependent E-cadherin, which leads to the breaks of the epithelial junctional 

barrier. This might also explain why the colocalization between occludin, claudin-1, E-cadherin and 

F-actin disappear when the 16HBE14o- cells were treated with EGTA [305]. 

Caprate is a medium-chain fatty acid constituent of milk fat. It was shown to promote drug 

absorption in the gastrointestinal tract without obvious harmful reactions [306]. Specifically, 

sodium caprate (C10) has been shown to decrease transepithelial electrical resistance and increase 

the permeability of FITC-dextran or 14C mannitol in intestine-derived cell line monolayers [282, 

306, 307] and rat and human colon [308]. In this study, compare with EGTA, sodium caprate (C10) 

presented less rapid action on TEER drop and showed different changes in PEG permeation and 

sieving parameters in the NCI-H441 cells. Sodium caprate markedly increased PEG permeability by 

the decreasing α but increasing β. However, the restrictive pore sized did not increase dramatically 

as seen under the EGTA treatment. The results argue strongly that simple pore dilatation is not the 

mechanism by which sodium caprate increases paracellular permeability. The mechanism of these 

effects has been proposed to be via phospholipase C activation and upregulation of intracellular 

Ca2+, which would lead to calmodulin dependent contraction of actin–myosin filaments attached to 

the intracellular domain of tight junctions [289, 309]. It has been shown that sodium caprate 

induced redistribution of ZO-1 and occludin in the human intestinal Caco-2 cells [309]. There is 

also evidence suggesting that sodium caprate decreased the tricellulin and claudin-5 in the human 

intestinal HT-29/B6 cells, which was not due to altered protein expression, as occludin, claudins or 

tricellulin were not significantly changed in Western blots [310]. Consistent with these previous 

studies, in this study, it was observed that sodium caprate does not reduce the expression of claudin-

5. However, E-cadherin and ZO-1 are obviously down-regulated in the NCI-H441 model. This 

results suggests that sodium caprate affects not only the expression of adherens junctional but also 

tight junction protein, which might lead to the rearrangement of both adherens junction and tight 

junction complex. Clearly, more studies are needed to characterize these pathways. 



147 
 

4.3.2 Transcellular pathway of the NCI-H441 epithelium 

This study also determined the transcellular pathways responsible for sodium and chloride transport 

in the NCI-H441 model. Gene expression of a number of sodium and chloride transport proteins 

was found in the NCI-H441 cells and inhibitor studies were used to identify the contributions of 

specific pathways. Amiloride treatment reduced the TEPD by a maximum amount of 94% with an 

IC50 of 217 nM. These values are similar to measurements in primary human type II cultures [23] 

and indicate that sodium is absorbed by NCI-H441 and that the transport is primarily transcellular 

and mediated by ENaC.  

Next we examined chloride transport and found that both CFTR-specific and broad spectrum 

chloride channel inhibitors did not change TEPD. Since Cl- absorption is required for 

electroneutrality, the data suggest that Cl- transport under baseline conditions occurs either via the 

paracellular pathway or through chloride channel(s) that are not inhibited by CFTR(inh)-172 or 

NPPB. Our measurements cannot distinguish between these possibilities. These findings are 

broadly consistent with published results: in two studies CFTR inhibition caused a small decrease 

(NCI-H441 cells [224]) or no change (primary human type II cells [84]) in fluid absorption 

implying that CFTR-mediated Cl- absorption is not of primary importance while another study [23] 

found a small degree of CFTR-mediated Cl- secretion at baseline (~ 5% increase in TEPD 

following CFTR inhibition).  

In order to investigate the role of Cl- channels under stimulated conditions, NCI-H441 cells were 

treated with the cAMP agonist forskolin that can activate both ENaC and CFTR. Forskolin induced 

an increase in TEPD that was abrogated by subsequent treatment with amiloride, consistent with 

activation of ENaC. Treatment with CFTR(inh)-172 following forskolin stimulation caused a small 

decrease in TEPD (~ 4% from peak) that was not statistically significant while treatment with 

NPPB caused a decrease of 15% indicating Cl- secretion via non-CFTR channels under this 

condition. Forskolin-induced ENaC activation will depolarise the apical membrane and reduce the 

driving force for Cl- secretion. We tested if secretion could be enhanced by blocking ENaC with 
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amiloride prior to the addition of forskolin. Surprisingly, no changes in TEPD were observed. 

Similar results have been reported in primary human type II cells in which forskolin stimulation 

following amiloride pre-treatment did not elicit a response [84] which was ascribed to the lack of a 

significant driving force for transepithelial Cl- transport under baseline and amiloride-treated 

conditions. We suggest that our results reflect differences in basolateral Cl- influx via NKCC1 or 

other Cl- channels. When ENaC is activated by forskolin treatment, increased intracellular Na+ 

provides the impetus for Cl- entry across the basolateral membrane and subsequent secretion across 

the apical membrane. With ENaC inhibition the impetus for basolateral Cl- entry (and hence apical 

secretion) is removed. The results indicate that Cl- is secreted, not absorbed, via non-CFTR, NPPB-

sensitive channels under cAMP stimulation in our model.  

4.4 Impaired barrier function and ion transport under oleic acid 

induced lung injury 

A key aim of the present study was to characterize the alterations of barrier function and ion 

transport under the acute lung injury condition using NCI-H441 cell model. The oleic acid induced 

lung injury model is widely used, which was developed as an attempt to reproduce ARDS due to 

lipid embolism [4]. In this study, effect of different forms of oleic acid on the barrier function and 

ion transport were tested. Oleic acid/MβCD shows deleterious effects on the barrier function and 

sodium absorption with altered expression of tight junctions and sodium channels and pump. These 

effects of oleic acid are independent of ERK pathway although oleic acid can induce ERK 

phosphorylation. 
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4.4.1 Oleic acid of different forms presents different effects on the barrier 

function 

Oleic acid induces early, fast, and reversible sparse inflammatory lung injury with permeability 

alterations and deficiency in gas exchange and lung mechanics [266]. The oleic acid induced lung 

injury animal model has very good reproducibility. Variation in the outcome of this model could be 

due to the different conjugations of oleic acid used in different studies [266]. Oleic acid is soluble in 

ethanol or emulsifiable in the blood before application [206]. It can also be prepared in a soluble 

form, avoiding unwanted effects of ethanol, DMSO, or fatty embolism caused during blood 

emulsification [206]. A frequently used approach to increase the water solubility is to complex oleic 

acid with albumin [311]. The advantage is that albumin is a physiologically relevant carrier of fatty 

acid. However, albumin can deliver impurities to cells and can extract fatty acid. Besides, the high 

affinity of albumin for fatty acid may result in very little delivery to membranes. Moreover, 

albumin can extract fatty acid and nutrients from cells, which could alter their metabolic state [312]. 

Another promising vehicle for solubilization of fatty acid is the family of cyclodextrins, which are 

cyclic oligosaccharides formed by bacterial degradation of starch. They have a polar surface and a 

hydrophobic cylindrical cavity that can bind and solubilize a wide variety of hydrophobic 

molecules, such as cholesterol and fatty acid [313]. Cyclodextrins are widely used to solubilize 

hydrophobic drugs and enhance drug absorption in pharmaceutical research [313]. It is also used to 

manipulate levels of cholesterol in cell membranes in biochemical and physiological studies [314]. 

Of our interest, it is a lipid-binding agent [315] and is used as a substitute for albumin for 

intravenous infusion of fatty acid [316]. Methyl-β-cyclodextrin (MβCD) concentration required to 

solubilize and deliver fatty acid to cells is low. It maintains a low concentration of unbound fatty 

acid throughout the delivery of fatty acid to cell membranes and lipid membranes. Fatty acid 

dissociates from MβCD very rapidly compared with albumin. MβCD can deliver fatty acid to cells 

without altering the plasma membrane structure and fatty acid metabolism [311]. Therefore, MβCD 
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can be used as an ideal vehicle for delivery of fatty acid to both membranes and cells. In this present 

study, three water soluble forms of oleic acid, oleic acid/MβCD, oleic acid/BSA and oleic acid 

sodium have been tested. This study has shown for the first time that only oleic acid/MβCD was 

found to decrease TEER and TEPD under the in vitro NCI-H441 cell model. Oleic acid/BSA up to 

500 µM and oleic acid sodium up to 1mM showed no impact on the TEER and TEPD. This is 

probably because MβCD can deliver oleic acid more efficiently than BSA. Oleic acid sodium 

becomes soapy in the testing medium at the concentration higher than 500 µM.  

4.4.2 Oleic acid disrupts the barrier function and modulates the expression of 

tight junctions 

The deleterious effects of oleic acid have been attributed to increases in the permeability of both 

vascular and alveolar epithelium to solute. Oleic acid infusion profoundly disrupts both the lung 

endothelium and epithelium, resulting in acute increases in lung fluid and total alveolar protein in 

an in vivo animal model with rats [6]. The permeability enhancing effect of oleic acid has also been 

observed in vitro in the rat primary alveolar epithelial cells and human alveolar epithelial cell line 

A549 [317]. In this study, similar results were shown in the NCI-H441 cell model. Oleic acid has 

shown its capability to disrupt the barrier function of the NCI-H441 cell monolayer. It decreased the 

TEER and increased the permeability to PEG oligomers in a dose dependent manner. The profile of 

PEG permeation indicates that oleic acid decrease the component 1 indicator α, decrease the 

component 2 indicator β and dilatate the restrictive pore size as the applying concentration goes up. 

This may be caused by changes in membrane fluidity and increases in intracellular calcium 

concentration [6, 7]. Sharing common structural characteristics with fatty acid, oleic acid can 

penetrate the cell membrane, thus it may alter the structure of the membrane and thereby increase 

the membrane permeability [318]. However, how oleic acid disrupts the alveolar epithelial barrier 

has not been explored. In this study, it has been shown for the first time that oleic acid alters the 

expression of junctional proteins in the NCI-H441 model. It down-regulates claudin-3 but up-
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regulates ZO-1 at the protein level. However, the corresponding regulation at the mRNA level was 

only observed for claudin-3. The down-regulation of claudin-3 protein could be due to the 

decreased claudin-3 gene transcript, while the up-regulation of ZO-1 might happen in the post-

translational processes. Worth to mention, in addition to its involvement in the tight junction 

complex, ZO-1 also serves as cell signaling trigger. The downstream signaling pathways of ZO-1 

which was activated by oleic acid has not been investigated. The normal function of epithelial 

barrier is dependent on both extracellular and intracellular Ca2+ [319]. The increase of permeability 

in the rat alveolar epithelial cells was closely connected to the Ca2+ influx caused by the oleic acid, 

and can be partly reversed by the application of nifedipine, an antagonist of calcium ion influx [6]. 

There is also evidence that permeability enhancing action of oleic acid in the A549 cells is inhibited 

by calmodulin antagonists and calmodulin kinase inhibitors through suppression of calcium influx 

[317]. These previous studies suggest that the effect of oleic acid on the paracellular epithelial 

barrier is mediated by the activation of Ca2+ influx and consequent alterations the epithelial junction 

structures. In addition, PKC inhibitor H-7 slightly suppressed the enhancing action of oleic acid 

suggesting the involvement of the PKC pathway in the oleic acid induced barrier disruption [317]. 

Elaborate cell signaling studies are further needed to explore the how oleic acid directly affects 

epithelial barrier function.  

4.4.3 Oleic acid decreases sodium absorption and downregulates the expression 

of β-ENaC and Na+-K+-ATPase 

Fluid management affects the clinical outcomes of ARDS [320]. The removal of edema fluid 

depends on the vectorial transport of salt and water across the alveolar epithelium, through apically 

located sodium channels, followed by its extrusion into the interstitium via the basolaterally located 

Na+-K+-ATPase [86, 240]. The direct epithelial cell injury in ARDS results in decreased fluid 

clearance. Oleic acid has been demonstrated to induce an increase in pulmonary vascular 

permeability, resulting in extravascular lung water accumulation [259]. Oleic acid dramatically 
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blocked active transepithelial 22Na transport (by 92%) and provoked alveolar edema in an isolated, 

ventilated, and perfused rabbit lung model [8]. The fluid formation in the oleic acid induced lung 

edema could be due to the inhibition of epithelial Na+ channels and Na+-K+-ATPase activity [9]. 

Oleic acid has been shown to inhibit Na+-K+-ATPase activity in an in vivo perfused lung mice 

model [321]. It has also been demonstrated that oleic acid completely blocked amiloride-sensitive 

sodium currents and also largely abrogated the activity of ouabain-sensitive Na+-K+-ATPase in 

A549 cells [8]. It is still unclear how oleic acid alters the activities of Na+ transporters. One possible 

explanation is that oleic acid is a cis-unsaturated free fatty acid. It can be rapidly incorporated into 

the plasma membrane and may cause structural disruptions in the hydrophobic bilayer core or 

perturb membrane fluidity and lipid–protein interactions [322]. In particular, integral membrane 

proteins that function by switching between different conformational states such as ion channels can 

be affected by oleic acid [8]. Apart from that, oleic acid was found to be covalently associated with 

subunits of both the epithelial Na+ channel and the Na+-K+-ATPase without observed alterations on 

their surface expression [8]. However, there was no direct proof that this association resulted in 

inhibition of function of these two transporters in that study. Furthermore, the statement that cell 

surface expression of epithelial Na+ channels and Na+-K+-ATPase was unaltered by oleic acid is not 

supported by experimental evidence [9]. Therefore, the precise molecular mechanism by which 

oleic acid injures ion transporters and impairs amiloride-sensitive Na+ channels and Na+-K+-ATPase 

activity needs to be elucidated. In our study, similar observation that oleic acid impair sodium 

absorption has been shown under the NCI-H441 alveolar epithelial model. Decreased Na+ transport 

can result from post-translational modification of ion transporters, initiation of signaling events 

leading to their internalization, decreased gene transcription, or diminished paracellular resistance 

[9]. In this present study, it has been demonstrated for the first time that oleic acid impair sodium 

absorption and down-regulate the expression of α1-Na+-K+-ATPase and β-ENaC in the NCI-H441 

cells at the protein level. The reduced expression of α1-Na+-K+-ATPase and β-ENaC could be 

explained by the decreased corresponding gene transcription. Together, the data from the NCI-H441 
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model indicate that oleic acid impairs not only one, but both of the essential mechanisms of 

transepithelial sodium transport in the lung although may through different mechanisms. Oleic acid 

inhibits transport of sodium from the alveolar space into the alveolar epithelial cells, mediated by 

amiloride-sensitive sodium channels, and also inhibits the subsequent extrusion of sodium from the 

alveolar epithelial cell into the interstitium, mediated by Na+-K+-ATPase. In this way, oleic acid 

dramatically blocks both capacity of the lung to clear edema fluid. Although the role of the 

association between oleic acid and Na+-K+-ATPase and its downstream effects are still mostly 

unknown, oleic acid may induce lung injury starting with Na+-K+-ATPase activation [323]. The 

Na+-K+-ATPase interacts with different signaling proteins forming a protein complex called 

signalosome [324]. The signaling properties of Na+-K+-ATPase such as promoting MAPK 

activation including ERK can work in an independent fashion of ion pump functions [325, 326]. 

4.4.4 Effects of oleic acid on the barrier function and ion transport is 

independent of ERK pathway 

Oleic acid can trigger diverse intracellular pathways causing lung damage [266]. Many cell 

signaling pathways, such as  ERK [10], Rho-kinase [271], PKA [272] and PI3K [273, 274], have 

been found to be activated by oleic acid in the acute lung injury model in mice or rats and have been 

identified to be involved in the impairment of lung function. Since the role of ERK pathway has 

been confirmed by both in vivo mice and in vitro A549 cell models [10], in this study, the 

importance of ERK pathway were determined under both normal and lung injury conditions. It was 

demonstrated for the first time that ERK pathway is essential to maintain ion transport under normal 

condition. Blocking ERK pathway results in decreased TEPD which is associated with the down-

regulation of α1-Na+-K+-ATPase. Moreover, oleic acid induced ERK phosphorylation in a clear 

dose dependent fashion in the in vitro NCI-H441 cell model. Blocker experiments focusing on 

selective inhibition of ERK pathway specifically blocked phosphorylation of ERK. However, 

blocking ERK pathway did not abolish the reduction effect of oleic acid on either TEER or TEPD. 
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Our study demonstrates that oleic acid impair sodium absorption in the NCI-H441 alveolar 

epithelium. We have further demonstrated that oleic acid may damage the sodium absorption by 

decreasing the expression of β-ENaC and α1-Na+-K+-ATPase through mRNA down-regulation. 

Furthermore, this study showed that these effects are independent of ERK pathway. It suggests that 

the intracellular signal transduction triggered by oleic acid may include other pathways and hence 

inhibiting ERK pathways is not effective. However, its final elucidation needs be further 

investigated which is beyond the scope of the present study. 

4.5 Future directions 

In the present study, NCI-H441 cells and A549 cells have shown distinct barrier properties although 

they both form polarized epithelium. Different from NCI-H441 cells, A549 cell line forms a leaky 

barrier with low electrical resistance and high paracellular permeability. The contrasting barrier 

functions between the two cell lines may be due to the differential expression of tight junction 

proteins. NCI-H441 cells did not express pore-forming claudin-2 and expressed high levels of seal-

forming claudin-3, -4, and -5. On the other hand, A549 cells expressed claudin-2, higher levels of 

claudin-1, lower levels of claudin-3 and -5, and no claudin-4. Further investigation is needed to 

clarify the relations between the barrier function and claudins. Claudin-2 can be knocked down, or 

claudin-3, -4, -5 can be overexpressed in the A549 cells to test their roles in the formation of a leaky 

barrier. Similarly, claudin-2 can be overexpressed, or claudin-3, -4, -5 can be knocked down in the 

NCI-H441 cells to determine their roles in the formation of a tight barrier. This will gain new 

insights into the roles of the above claudins in the regulation of barrier function.  

A limited number of studies have investigated alveolar ion transport using isolated human type II 

cells. However, there are discrepancies between the bioelectrical properties of human primary cells 

in the published papers by different research groups. For example, one study found that CFTR 

secrete Cl- [23], while another observed CFTR-mediated Cl- absorption [84] under forskolin-
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stimulated conditions. In the future experiments, more tests need to be performed to confirm these 

inconsistent observations in human type II cells. Moreover, current models to study alveolar ion 

transport are mostly centered on type II cells. In contrast to type II cells, type I cells have not been 

intensively investigated as the isolation and culture techniques of type I cells have only been 

developed recently. This may not represent the entire picture in vivo as type I cells are also heavily 

implicated in alveolar ion transport. In the future studies, increasing attentions should be given to 

the human type I cells. In addition, in the present study, we compare the similarity of NCI-H441 

cell model to the human primary type II cells by referring to the published data. Our results indicate 

that NCI-H441 cell line is a reasonable model. More in-depth comparisons are needed for future 

studies. For instance, direct comparisons of NCI-H441 cells and human primary type II cells should 

be carried out under the same culture condition to demonstrate the similarity and difference. Barrier 

function and ion transport properties of these two cell models should be determined side by side.  

Human embryonic stem cells, induced pluripotent stem cells and mesenchymal stem cells, have 

been successfully differentiated into alveolar epithelial cells with type II cell markers and functional 

surfactant uptake and release. The results offer promise for the development of in vitro models that 

more closely correspond to in vivo tissue. Future studies can focus on the characterization of these 

cells as potential models for ion and fluid transport. This will provide experimental guidance on the 

development of potential in vitro human alveolar type II cell models.    

This study has shown that different forms of oleic acid have distinct actions on the NCI-H441 

epithelium in vitro. Only oleic acid/MβCD can disrupt the NCI-H441 monolayer as demonstrated 

by decreased TEER and TEPD. However, how MβCD facilitates the action of oleic acid on the 

impairment of lung epithelium has not been studied. Future studies can take the investigation 

further on the mechanisms of the actions of different forms of oleic acid.  
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The NCI-H441 alveolar epithelium was found to be damaged under an oleic acid-induced lung 

injury model in this study. Barrier function was deteriorated with decreased expression of junctional 

claudin-3 and increased expression of ZO-1. ZO-1 is not only a scaffold protein in the tight junction 

complex. It can also act as a cell signaling transductor. However, the role of the down-regulated 

ZO-1 in the abnormal barrier is not clear. In addition, how oleic acid reduce the expression of α1-

Na+-K+-ATPase is also largely unknown. Further investigation should be carried out to elucidate the 

question.  

The lack of response to inhibition of the ERK pathway suggests that other pathways may play 

important roles in the oleic acid induced lung injury. There are a number of pathways can be 

activated by oleic acid, such as Rho-kinase, PKA and PI3K, PKC, P38, Akt and JNK, whose role in 

the impairment of lung function have not been elucidated. Therefore, the role of the above pathways 

besides ERK pathway needs to be tested under the oleic acid induced lung injury model in the 

future study. These data could contribute to the development of new pharmacological intervention 

strategies aimed at improving alveolar fluid clearance in the acute lung injury. 
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In conclusion, this study has developed a robust, reproducible in vitro model of the human alveolar 

epithelium and established the culture conditions to produce optimal morphological, phenotypic and 

functional characteristics for the study of alveolar fluid and ion transport. The model can be used 

for studying regulatory mechanisms and pathways involved in alveolar fluid homeostasis both 

under physiological conditions and during acute lung injury. Further, this is the first study 

developing an in vitro acute lung injury using NCI-H441 cell model with oleic acid. Oleic acid has 

been shown to promote in vitro lung injury by both disrupting epithelial barrier function and by 

impairing ion transport, which is associated with altered expression of tight junctions and sodium 

transporters. This study has also indicated, for the first time, that ERK pathway plays a functional 

role in the maintenance of polarized epithelium, but not barrier function, at least partly by 

modulating the expression of Na+-K+-ATPase. Finally, this is also the first study demonstrating that 

oleic acid-induced barrier disruption and sodium transport deficiency is independent of ERK 

pathway. Therefore, this study provides valuable mechanistic insights into the oleic acid induced 

acute lung injury under the in vitro NCI-H441 cell model. Since effective pharmacotherapy for lung 

edema is still in great demand, this study may provide a new therapeutic approach to the treatment 

of lung edema. 
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A.  Supplemental methods 

Table A1. Cell culture medium and supplements. 

 

Name Catalog No Supplier Country 

RPMI 1640 21870-076 Thermo Fisher Scientific Auckland, New Zealand 

F-12K 21127-022 Thermo Fisher Scientific Auckland, New Zealand 

Fetal bovine serum 

(FBS) 

10091-148 Thermo Fisher Scientific Auckland, New Zealand 

Penicillin-streptomycin 

(P/S) 

15070-063 Thermo Fisher Scientific Auckland, New Zealand 

GlutaMAX 35050-061 Thermo Fisher Scientific Auckland, New Zealand 

Trypan blue T8154 Sigma Auckland, New Zealand 

TrypLE 12604-021 Thermo Fisher Scientific Auckland, New Zealand 

PBS 20012-027 Thermo Fisher Scientific Auckland, New Zealand 
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Insulin-transferrin-

selenium (ITS) 

41400-045 Thermo Fisher Scientific Auckland, New Zealand 

Dexamethasone (Dex) D4902 Sigma Auckland, New Zealand 
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Table A2. Buffers and modulators used in the measurement of TEER and TEPD. 

Name Catalog No Supplier Country 

EGTA tetrasodium E8145 Sigma Auckland, New Zealand 

Sodium caprate C4151 Sigma Auckland, New Zealand 

Oleic acid sodium O7501 Sigma Auckland, New Zealand 

Methyl-β-cyclodextrin C4555 Sigma  Auckland, New Zealand 

Oleic Acid - Methyl-β-

cyclodextrin 

O1257 Sigma  Auckland, New Zealand 

Bovine Serum 

Albumin 

A6003 Sigma  Auckland, New Zealand 

Oleic Acid - Albumin 

from bovine serum 

O3008 Sigma  Auckland, New Zealand 

HBSS 14025-076 Thermo Fisher Scientific Auckland, New Zealand 
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Ca2+/Mg2+ free HBSS 14175-095 Thermo Fisher Scientific Auckland, New Zealand 

Amiloride A7410 Sigma  Auckland, New Zealand 

Ouabain O3125 Sigma  Auckland, New Zealand 

CFTR(inh)-172 C2992 Sigma  Auckland, New Zealand 

NPPB N4779 Sigma  Auckland, New Zealand 

Forskolin F3917 Sigma  Auckland, New Zealand 
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Table A3. Chemicals used for permeability assay. 

Name Catalog No Supplier Country 

Sodium fluorescein F6377 Sigma  Auckland, New Zealand 

PEG200 88440 Sigma  Auckland, New Zealand 

PEG400 91893 Sigma  Auckland, New Zealand 

PEG1000 81188 Sigma  Auckland, New Zealand 

Tetraethylene glycol 

dimethyl ether (TGDE) 

172405 Sigma  Auckland, New Zealand 
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Table A4. Primer list. 

Target gene Amplicon 

Size (bp)   

Primer sequence 

(5’à3’) 

 

Annealing 

temperature 

Reference 

ZO-1 122 Forward:  

GCGGTCAGAGCCT TC TGATC 

Reverse:  

CATGCTTTACAGGAGTTGAGA

CAG 

60 °C [327] 

E-cadherin 247 Forward:  

GCTGGACCGAGAGAGTTTCC 

Reverse:  

GGTGTATACAGCCTCCCACG 

60 °C Designed 

using 

NCBI 

primer 

designing 

tool 

Occludin 229 Forward:  

GAAGCCAAACCTCTGTGAGC 

56°C [328] 
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Reverse:  

GAAGACATCGTCTGGGGTGT 

Claudin-1 233 Forward:  

CCGTTGGCATGAAGTGTATG 

Reverse:  

AAGGCAGAGAGAAGCAGCAG 

60 °C [225] 

Claudin-2 91 Forward:  

ACCTGCTACCGCCACTCTGT 

Reverse:  

CTCCCTGGCCTGCATTATCTC 

60°C 

 

[329] 

Claudin-3 141 Forward:  

ACCGCCAATACTTGACCAC  

Reverse:  

TTTTTTTTTTTTTTTTTGCAAA

ACG 

56 °C The 

claudin 

gene 

family: 

expression 

in normal 

and 

neoplastic 

tissues 
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Claudin-4 148 Forward:  

GGACAGCTTCACCCTTGG  

Reverse:  

TTTTTTTTTTTTTTTCCTGTGC

A 

56 °C The 

claudin 

gene 

family: 

expression 

in normal 

and 

neoplastic 

tissues 

Claudin-5 108 Forward:  

GAGCAGCCCCTGTGAAGATT 

Reverse:  

GTCTCTGGCAAAAAGCGGTG 

56°C Design by 

NCBI 

primer 

designing 

tool 

Claudin-7 84 Forward:  

ATCCCTACCAACATTAAGTAT

GAGTTTG 

Reverse:  

TGCACCTCCCAGGATGACTAG 

56°C [330] 

Claudin-8 71 Forward:  56°C [330] 
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TGCTGACGGCTGGAATCAT 

Reverse:  

ATTGGCAACCCAGCTCACA 

Claudin-18 81 Forward:  

TCATGTTCATTGTCTCAGGTC

TTTG 

Reverse:  

ACATCCAGAAGTTAGTCACCA

GCAT 

56°C [330] 

α-ENaC 101 Forward:  

CTTTGGCATGATGTACTGGCA 

Reverse:  

GGAAGACGAGCTTGTCCGAG

T 

56 °C Differentia

tion of 

Epithelial 

Na_ 

Channel 

Function 

β-ENaC 101 Forward:  

GAGCCCTGCAACTACCGGA 

Reverse:  

56 °C Differentia

tion of 

Epithelial 

Na_ 

Channel 
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GCCGAAGGAAGTGCCTTCTC Function 

γ-ENaC 456 Forward:  

GCACCGTTCGCCACCTTCTA 

Reverse:  

AGGTCACCAGCAGCTCCTCA 

56 °C [331] 

α-CNG1 191 Forward:  

TGCTGATTGTGAAGCTGGTC 

Reverse:  

AGTAGCTGCCATCGCTCAAT 

60 °C [23] 

α-CNG2 200 Forward:  

CTCCGTCCTCAGGTCTTCAG 

Reverse:  

CGTCGATTGCCCATTTTACT 

60 °C [23] 

α-CNG3 239 Forward:  

ATCTCAATCCCAGAGCATGG 

Reverse:  

60 °C [23] 
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GAATCAATCTTGGCCTGGAA 

α1-Na+-K+-

ATPase 

101 Forward:  

AGTTGCAGGAGATGCCTCTGA  

Reverse:  

TCTCGACGATTTTGGCGTATC 

56 °C Differentia

tion of 

Epithelial 

Na_ 

Channel 

Function 

CFTR 103 Forward:  

TCCTCTCGTTCAGCAGTTTC 

Reverse:  

GAACACAGGATAGAAGCAAT

GC 

 

56 °C Predesigne

d by 

Integrated 

DNA 

Technolog

ies (Iowa, 

USA) 

NKCC1 132 Forward:  

TTTGTAAGAGGAGGAGGAGC

A 

Reverse:  

TTCTGCAAATCCAACCACAT 

56 °C [332] 
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CLC2 234 Forward:  

AGTGGGAGGAGCAGCAACTA 

Reverse:  

GGACTTTCACACCCTGTGCT 

60 °C [23] 

Bestrophin-

1 

252 Forward:  

GCAGTCTACAAGCGCTTCCCC

A 

Reverse:  

CCAGTCGTAGGCATACAGGTG

TCCA 

60 °C [23] 

TMEM16A 289 Forward:  

AAGCTCATCCGCTACCTGAA 

Reverse:  

CGATGTCTTTGGCTCTGACA 

60 °C [23] 

TMEM16B 298 Forward:  

TCGAAACATCCAGAGCAGTG 

Reverse:  

60 °C [23] 
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CAATGACAAAAGCGTTGCTG 

SP-A 368 Forward:  

TTGGAGCCTGAAAAGAAGGA 

Reverse:  

GGCTTGGAGCTCCTCATCTA 

56°C [23] 

SP-B 756 Forward:  

AGCAATTCCCCAGCGTAGTC 

Reverse:  

GACGTCTGCTTCTCTGCCAA 

56°C Design by 

NCBI 

primer 

designing 

tool 

SP-C 296 Forward:  

CCTCTGTCCCCTCTCCCTAC 

Reverse:  

CTCCAGAACCATCTCCGTGT 

56°C [23] 

AQP3   88 Forward:  

GAGATGCTCCACATCCGCTA 

Reverse:  

56 °C Design by 

NCBI 

primer 

designing 
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AGCCACAGCCAAACATCACC tool 

AQP5 760  Forward:  

GGTGTGCTCCGTGGCCTTCCT 

Reverse:  

CTTCCGCTCTTCCCGCTGCTC 

60 °C [333] 

GAPDH 216 Forward:  

CTCCTCTGACTTCAACAGCGA

CA 

Reverse:  

GAGGGTCTCTCTCTTCCTCTT

GT 

56 °C Design by 

NCBI 

primer 

designing 

tool 
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Table A5. Primary and secondary antibodies. 

Target protein Catalog  Supplier Country 

ZO-1 40-2200 Thermo Fisher scientific Auckland, New Zealand 

E-cadherin 13-1700 Thermo Fisher scientific Auckland, New Zealand 

Claudin-1 51-9000 Thermo Fisher scientific Auckland, New Zealand 

Claudin-2 51-6100 Thermo Fisher scientific Auckland, New Zealand 

Claudin-3 34-1700 Thermo Fisher scientific Auckland, New Zealand 

Claudin-4 32-9400 Thermo Fisher scientific Auckland, New Zealand 

Claudin-5 34-2500 Thermo Fisher scientific Auckland, New Zealand 

α-ENaC sc-22239 Santa Cruz Texas, USA 

α1-Na+-K+-ATPase 05-369 Millipore Massachusetts, USA 
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CFTR bs-1277R Bioss North Carolina, USA 

AQP3 sc-20811 Santa Cruz Dallas, Texas, USA 

AQP5  sc-28628 Santa Cruz Dallas, Texas, USA 

β-actin ab8227 Abcam Massachusetts, USA 

β-actin A00702-100 Gene Script New Jersey, USA 

β-actin PA1-183 Thermo Fisher Auckland, New Zealand 

donkey anti-goat 

IgG-HRP 

sc-2020 Santa Cruz Dallas, Texas, USA 

goat anti-rabbit 

IgG-HRP 

sc-2004 Santa Cruz Dallas, Texas, USA 

goat anti-mouse 

IgG-HRP 

A4416 Sigma Auckland, New Zealand 

IRDye® 680RD 

Donkey anti-Mouse 

925-68072 LI-COR Nebraska, USA 
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IgG (H + L) 

IRDye® 680RD 

Donkey anti-Rabbit 

IgG (H + L) 

925-68073 LI-COR Nebraska, USA 

IRDye® 800CW 

Goat anti-Mouse 

IgG (H + L) 

926-32212 LI-COR Nebraska, USA 

IRDye® 800CW 

Donkey anti-Rabbit 

IgG (H + L) 

926-32213 LI-COR Nebraska, USA 

Alexa Fluor® 488 

goat anti-mouse 

A11001 Thermo Fisher Auckland, New Zealand 

Alexa Fluor® 594 

goat anti-rabbit 

A11012 Thermo Fisher Auckland, New Zealand 
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B. Mathematical modelling 

function model = PoreSizeAnalysis 
% To call function type model = PoreSizeAnalysis; 
% Fits the Watson et al model to Papp data 
% Output variable model contains all information about the fitted model 
 
format shortg; % controls decimal places in output display 
 
%%%  1.Baseline condition 
% 
% Apparent permeability values (x 10^8 cm/s) 
 
 papp = [P3.48-1 P3.48-2... 
P3.76-1 P3.76-2... 
P4.02-1 P4.02-2... 
P4.25-1 P4.25-2... 
P4.48-1 P4.48-2... 
P4.69-1 P4.69-2... 
P5.08-1 P5.08-2... 
P6.22-1 P6.22-2... 
P6.64-1 P6.64-2... 
P7.03-1 P7.03-2]; 
 
r = [3.48 3.48... 
     3.76 3.76... 
     4.02 4.02... 
     4.25 4.25... 
     4.48 4.48... 
     4.69 4.69... 
     5.08 5.08... 
     6.22 6.22... 
     6.64 6.64... 
     7.03 7.03]; 
 
% Sort r and papp in decreasing order 
[rsort, indx]  = sort(r); 
psort = papp(indx); 
 
% Initial guess for rs1, alpha, beta 
beta0 = [5, 2400, 300]; 
 
% call the fitting function, parameter estimate and some stats printed 
model = fitnlm(rsort, psort, @pmodel,beta0)  
 



178 
 

% calculate predicted papp 
ppred = model.Fitted; 
 
% calculate 95% CI for parameters 
ci = coefCI(model) 
 
% graph results 
plot(rsort, psort, 'o', rsort, ppred, '*-'); 
legend('Expt','Model'); 
 
%Function specifying the model to be fitted 
    function papp = pmodel(par,x) 
        % par(1) = rs1; par(2) = alpha; par(3) = beta 
        % x is the set of PEG radii 
        % papp must be returned as a column vector 
         
        N = length(x); 
        for i = 1:N 
           % if(x(i) < par(1)) 
           %     papp(i,1) = (par(2)*par(1)^2/r(i)*(1 - r(i)/par(1))^2 +... 
           %         par(3)/r(i)); 
           % else 
                papp(i,1) = par(3)/r(i); 
           % end             
        end 
    end 
end 
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