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Abstract 

 Epithelial tissues play a critical role in maintaining systemic health by establishing a 

functional barrier that separates the external environment from the host to provide an innate 

defense against environmental insult. Epithelial barrier disruption is suspected to play a 

central role in the onset of chronic inflammatory disease, although, fundamental knowledge 

of the underlying pathogenesis remains poorly understood. Thus, identifying factors that 

mediate epithelial barrier loss is clinically relevant as it will open the possibility that novel 

interventional strategies may be developed to mitigate early disease-associated signaling 

events.  

Lipopolysaccharide (LPS) is a Gram-negative bacterial virulence factor implicated in 

periodontal disease onset. Amphiregulin (AR) is a ligand for the epidermal growth factor 

receptor (EGFR) and downstream mediator of tumor necrosis factor-alpha (TNF-α) (Chokki 

et al., 2006) that is normally sequestered at cell-cell contacts in stable epithelial barriers. AR 

and corresponding signaling components modulating the EGFR pathway are altered in a rat 

model of periodontal disease that exhibited concomitant altered barrier architecture (Fujita et 

al., 2011; Firth et al., 2011). Treatment of this model with monoamine oxidase (MAO) 

inhibitors ameliorated disease indices (Ekuni et al., 2009).  

 This study employs an in vitro histiotypic model of epithelium to provide evidence 

that LPS-reduced epithelial barrier function associated with chronic inflammatory disease 

may be mediated by altered AR and TNF-α secretion. MAO-B inhibition by (−)-deprenyl 

enhanced barrier model transepithelial electrical resistance (TER), prevented LPS-, AR- and 

H2O2-induced reduction in TER and attenuated LPS-induced AR and TNF-α secretion and 

H2O2-induced AR secretion. Furthermore, immunostaining of barrier model cultures showed 
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that markers of cell-cell junctions were altered by LPS challenge and treatment of the model 

with (−)-deprenyl protects against this disruption. This study addresses the underlying 

mechanism by which (−)-deprenyl protects against bacterial virulence factor-induced 

epithelial barrier disruption and points to a significant role for AR as a central mediator of 

barrier integrity. Ultimately, this project aims to provide in vitro evidence for the efficacy of 

(−)-deprenyl treatment of LPS-induced epithelial barrier disruption, which may promote 

development of enhanced MAO-B inhibitors and lead to an effective clinical treatment for 

disease-associated epithelial barrier loss. 
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1 Introduction 

 Epithelial tissues play a critical role in maintaining systemic health by establishing a 

functional barrier that physically separates the external environment from the host. Epithelial 

barriers cover or line all organs and have a tissue-specific level of permeability, which 

facilitates the controlled transepithelial transport of molecules and fluids conducive to the 

optimal function of the particular tissue it protects. This barrier provides an innate non-

specific defense that serves to protect underlying tissues from environmental stresses, 

chemical damage and bacterial infection. Furthermore, maintaining the normal balance 

between competence to respond to pathogens and not generating an inflammatory response 

to commensals appears to depend on the integrity of the epithelial barriers (Rakoff-

Nahouman et al., 2004; Fukata et al., 2005; Brown et al., 2007). Loss of barrier function that 

accompanies alterations of cell-cell junctional proteins is associated with chronic epithelial 

inflammatory processes typified by periodontal disease, psoriasis, chronic airway 

inflammatory diseases, conjunctivitis, various forms of kidney proximal tubule disease as 

well as gut related barrier disruption seen in inflammatory bowel disease (IBD) (Fujita et al., 

2010; Chung et al., 2005a; He et al., 2009; Kucharzik et al., 2001; Xavier and Podolsky, 

2007; Sartor, 2006; Runswick et al., 2007; Balkovetz, 2009; Wine et al., 2009). In this 

regard, disruption of epithelial barrier is suspected to play a central and general role in the 

onset of chronic inflammatory disease. While serious itself, there is also evidence that loss of 

barrier may lead to disease at distant sites. For example, chronic loss of both gut and 

periodontal barrier has been associated with chronic heart disease and various systemic 

diseases, possibly due to prolonged systemic access by pathogens (Ebersole et al., 2010; 
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Nakajima et al., 2010; Haapamäkia et al., 2010; Actis et al., 2011). Fundamental knowledge 

of the underlying pathogenesis remains poorly understood. Therefore, identifying factors 

that mediate epithelial barrier loss is clinically relevant, as it will open the possibility that 

novel interventional strategies may be developed to mitigate disease-associated signaling.  

1.1 Epithelium in Health and Chronic Inflammation 

 Development and survival of multicellular organisms, from sea sponges to mammals, 

is dependent on the ability to maintain unique structural integrity and chemical composition 

of specialized internal compartments. This is achieved by establishing cell barriers that 

separate body compartments from the external environment. Multicellular organisms rely on 

tissue compartmentalization to interface with the external environment while supporting 

specialized internal functions. The cells that define this interface between the organism and 

the external environment are a characteristic of all multicellular eukaryotes and play a 

critical role in barrier maintenance. To establish boundaries, cells that cover the external 

surface and line internal compartments must form barriers to inhibit unrestricted exchange of 

materials. Accordingly, barrier function is defined as the ability of epithelial and endothelial-

lined surfaces to restrict free passage of water, ions, and large solutes. Simple epithelial 

linings in the gastrointestinal, respiratory, renal and reproductive systems are composed of 

monolayers of polarized cells with extended lateral surfaces that ensure maximum contact 

between opposing cells. The plasma membranes of these cells effectively restrict most 

hydrophilic solutes from crossing the boundary. In addition, the paracellular pathway 

between cells must also be sealed. This later function is the responsibility of the apical 

junctional complex (AJC), which is composed of the tight junction (TJ) and the subjacent 

adherens junction (AJ). In simple epithelia, TJ and AJ are closely positioned in the apical 
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part of the lateral plasma membrane (Figure 2). It is generally believed that the AJC plays a 

key role in formation and maintenance of epithelial barriers (Tsukita et al., 2001; Blaschuk 

and Rowlands, 2002). Desmosomes are localized along the lateral membranes beneath the 

AJ (Figure 2). While the TJs seal the paracellular pathway, the AJs and desmosomes provide 

strong adhesive bonds necessary to maintain cellular proximity and enable assembly of TJs. 

AJs are also critical for epithelial polarization and differentiation, mucosal morphogenesis 

and tumor suppression, which are processes that rely on a multitude of interactions between 

AJs and other proteins, including actin and β-catenin. 

 A proposed model for inflammatory disease incorporates roles for microbiota, 

epithelium and the innate and adaptive arms of the immune system (Clayburgh et al., 2004). 

This model proposes a self-potentiating cycle by which small defects in any of these 

components become amplified and result in disease. For instance, an episode of 

inflammatory challenge may damage the epithelial barrier and enable microbiota to enter the 

basal lamina and underlying connective tissue. The anti-inflammatory response elicited may 

be limited by alterations in IL-10 expression, such as that found in IL-10 knockout mice or 

in patients with polymorphisms adjacent to the IL-10 gene (Jarry et al., 2008; Powrie et al., 

1994; Fisher et al., 2008). This may result in epithelial immune activation proceeding 

unchecked and lead to excessive release of cytokines, such as TNF-α, that increase loss of 

barrier function, which in turn would cause further leakage of luminal bacteria and 

perpetuate the pro-inflammatory cycle. Alternatively, the defect may be a deficiency of the 

epithelial barrier function. In this case, aberrant immune regulation or altered composition of 

the microbiota could enable initiation of the pro-inflammatory cycle. Lastly, alterations in 

innate immunity, such as those associated with abnormalities in Toll-like receptors (Uematsu 
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et al., 2008; Fukata et al., 2008; Vijay-Kumar et al., 2007; Sutmuller et al., 2006), or defects 

in adaptive immunity, demonstrated by the presence of antibodies to bacterial components 

(Sanders et al., 2006; Lodes et al., 2004), may trigger this self-amplifying inflammatory 

cycle. This model of disease progression may explain the therapeutic effects of 

immunosupressants (D’Haens et al., 1999), immunomodulators and probiotocs (Bibiloni et 

al., 2005) as well as the benefits of attenuating inflammatory disease by employing novel 

methods that preserve barrier function (Arrieta et al., 2008). As a result, efforts to improve 

the understanding of the role of epithelial barrier in mediating interactions between adherent 

microbiota and host epithelial and immune cells, may lead to novel therapies that mitigate 

loss of epithelial barrier function associated with inflammatory disease pathogenesis. 

1.1.2 Lipopolysaccharides and chronic inflammation 

 Lipopolysaccharides are essential structural components of the outer membrane of 

Gram-negative bacteria and potent endotoxins. LPS typically consists of three domains: the 

lipid anchor domain of LPS (lipid A), a short core oligosaccharide and an O side chain that 

may be a long polysaccharide (Raetz and Whitfield, 2002; Miller et al., 2005). Lipid A is the 

main pathogen-associated molecular pattern of LPS. The innate immune system recognizes 

bacterial pathogens such as LPS via a family of pathogen recognition receptors called Toll-

like receptors (TLRs). Among them TLR4 is predominantly involved in recognition of LPS 

in epithelium and the receptor elicits an immune response that serves to control infection 

processes (Akira et al., 2006; Poltorak et al., 1998). Engagement of TLR4 with LPS induces 

dimerization, which brings together two signaling domains that subsequently serve as a 

platform for the recruitment of various intracellular adaptor molecules (Kenny and O’Neill, 

2008). MyD88 is an adaptor used by TLR4 and functions to activate a transcription factor 
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called nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) as well as the 

mitogen-activated protein kinases (MAPKs). MyD88 also activates the transcription factors 

AP-1 and interferon regulatory factor 5 (IRF-5) further downstream. These transcription 

factors induce expression of specific proinflammatory cytokine genes (Lu et al., 2008). In 

addition, these events drive cellular signaling which culminates in dynamic changes in the 

expression of genes that encode chemokines and cell adhesion molecules as well as markers 

of dendritic cell maturation (West et al., 2006; Van Vliet et al., 2007). Responses elicited by 

TLR activation represent a double-edged sword. In the context of local acute infection, TLR-

induced events are critical in immune defense and the survival of the host by functioning to 

provoke the innate immune response and enhance adaptive immunity against infection 

(Akira et al., 2006). Even so, when a long-term association exists between TLRs and their 

respective foreign agonists, receptor activation often is debilitating, and sometimes fatal, in 

the context of systemic inflammation leading to sepsis, or in the setting of chronic 

inflammatory disease resulting in tissue damage (Zuany-Amorim et al., 2002).  

 In vivo, periodontal disease offers a model of such chronic inflammatory conditions 

caused by prolonged exposure to pathogenic bacteria and/or their secreted virulence factors, 

which may result in pathological tissue changes (Robson et al., 1999). The periodontal 

sulcus is located in a strategic location between the tooth and surrounding gingival tissue and 

is composed of junctional epithelium, which interfaces with periodontal soft and mineralized 

tissue. The recess of the sulcus favors population by an adherent bacterial biofilm and may 

experience chronic challenge by bacterial virulence factors. Conversion of this biofilm to a 

Gram-negative, LPS-rich microbial population is associated with the conversion of the 

junctional epithelium to pocket epithelium, which is regarded as a marker of disease 
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initiation (Bosshardt and Lang, 2005). Periodontitis is associated with oxidative stress 

(Akalin et al., 2007), decreased total antioxidant status (Chapple et al., 2007) and/or 

increased lipid peroxidation in gingival crevicular fluid and saliva (Tomofuji et al., 2006).  

 In a number of tissues, LPS can act directly on epithelial cells to increase paracellular 

permeability (Hanson et al., 2011). LPS is capable of disrupting mucosal architecture and 

increasing mucosal permeability in the stomach and intestine (Wallace et al., 1987). Also, 

the breakdown of the basement membrane in chronic periodontal inflammation suggests that 

LPS could be penetrating into the stroma (Takarada et al., 1974a) and thereby affecting the 

behavior of underlying fibroblasts. It has previously been reported that LPS signals through 

gingival fibroblast TLR2 and 4 to induce expression of keratinocyte growth factor 

expression, a paracrine mediator of epithelial proliferation (Putnins et al., 2002). This 

suggests that LPS penetration to the underlying stromal may be inducing changes in 

fibroblast protein expression, which subsequently alters epithelial behavior. In support of 

this, the responses of gingival fibroblasts to either bacterial components or inflammatory 

mediators have been reported to largely determine the overall cytokine environment in the 

gingiva (Takashiba et al., 2003; Dunford, 2006; Kuboniwa et al., 2007). Nevertheless, which 

tissue initiates the signaling interaction between the two cell types and to what degree this 

cell-type ligand-receptor crosstalk participates in the onset and or maintenance of chronic 

inflammation is poorly understood. 

 Ekuni et al previously used an LPS-induced rat model of periodontitis to study 

chronic bacterial virulence factor-induced inflammation (Ekuni et al., 2009). In this model, 

LPS was added daily to the periodontal sulcus. Chronic inflammation in this model 

manifested over 8 weeks with the development of elongated rete ridges, hyperplasia and 
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apical migration of junction epithelium and elevated infiltration of polymorphonuclear 

leukocytes. Localized inflammation was further associated with more distant effects on 

elevated systemic oxidative stress and alveolar bone loss (Ekuni et al., 2009). LPS-induced 

inflammation was found to be associated with hyperplasia and elevated MAO-B-mediated 

increases in H2O2 and TNF-α activity in junctional epithelial (Firth et al., 2011). Loss of 

normal junctional epithelial barrier structure resulting in the penetration of bacterial 

virulence factor into the underlying stroma (Firth et al., 2011) was mediated by ROS and 

TNF-α. Further analysis showed that MAO inhibitors phenylzine and (−)-deprenyl 

significantly reduced the TNF-α induction and ameliorated disease-associated epithelial 

tissue changes and alveolar bone loss (Ekuni et al., 2009). Recently, a study that performed a 

global analysis of genes that change with disease has shown that these changes are 

associated with upregulation of AR expression and depression of EGFR pathway signaling 

(Firth et al., 2011). Since this work suggested inflammation-induced changes to epithelial 

architecture could be reduced by MAO inhibitor phenylzine, an objective of my project was 

to study the effect of MAO inhibitors on an in vitro model of epithelial barrier chronically 

challenged by LPS.   

1.1.3 Chronic barrier disease in the junctional epithelium  

 The junctional epithelium (JE) is the epithelial component of the dento-gingival 

complex that is in contact with the tooth surface. The innermost cells of the JE form and 

maintain a tight seal against the mineralized tooth surface, the so-called epithelial attachment 

(Schroeder and Listgarten, 1997). The JE is regarded as the most interesting structure of the 

gingiva. The JEs interposition between the underlying soft and mineralized connective 

tissues of the periodontium (i.e., gingival connective tissue, periodontal ligament, alveolar 
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bone, and root cementum) points to its important roles in tissue homeostasis and defense 

against microorganisms and their products (Schroeder and Listgarten, 1997).  

 In contrast to other appendages, such as scales of reptiles, hair, feathers, fingernails, 

claws, antlers and hoofs, teeth are transmucosal organs. As such, they are permanently 

exposed to a contaminated environment, since the permanently wet, warm, and nutrient-rich 

oral cavity forms a habitat in which microorganisms thrive. These microorganisms form 

complex ecological systems that adhere to a glycoprotein layer on solid and nonshedding 

surfaces and are called biofilms. Since a biofilm quickly forms on the exposed tooth surface, 

the tissues in the vicinity of this biofilm are constantly challenged. Defense mechanisms do 

not preclude the development of extensive inflammatory lesions in the gingiva, and, 

occasionally, the inflammatory lesion may progress to the loss of bone and the connective 

tissue attachment to the tooth. Figure 1 presents a set of histological images showing healthy 

and diseased epithelial tissues of rat maxillary molars taken from a study that employed an in 

vivo LPS-induced periodontal disease model (Ekuni et al., 2009). In this disease model, the 

direct application of a daily treatment of Escherichia coli LPS, to the area of potential space 

between the tooth enamel and the surrounding gingival tissue (the gingival sulcus) was 

performed and effectively modeled normal disease pathobiology. Progression of chronic 

inflammation over 8 weeks could be confirmed by histological changes to the JE that is 

consistent with the disease state. In these histological studies of JE, the cemento-enamel 

junction (Figure 2, black arrowhead) is a commonly used reference point to measure 

morphological indicators of disease onset. The JE is of interest to the study of epithelial 

barrier since it located at a strategically important interface between the gingival sulcus, 

populated with bacteria, and the periodontal soft and mineralized connective tissues that 
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require protection from becoming exposed to bacteria and their products. In the LPS-induced 

periodontal disease model, the LPS treatment groups exhibited detachment of tissue and 

apical migration of JE characteristic of the disease (Figure 1D). LPS-induced tissue 

alterations lead to increased pocket depth below the cemento-enamel junction, which is 

normally associated with disease and this pocket depth can be probed by clinicians to test for 

the presence of periodontitis. The conversion of the JE to pocket epithelium is regarded as a 

hallmark in the progression of gingivitis to periodontitis. Furthermore, the lack of a tight 

physical seal by the JE may also allow bacteria and their products to penetrate the JE, 

thereby directly challenging the epithelial cells and attenuating their defense mechanisms. 

Bacteria such as Porphyromonas gingivalis have developed sophisticated strategies aimed at 

perturbing the structural and functional integrity of the JE, a mechanism that may 

significantly contribute to the initiation of pocket formation and attachment loss. Currently, 

data documenting triggering pathogenic factors and the subsequent cascade of cell and 

extracellular events leading to pocket formation are limited. 
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Figure 1. In vivo rat periodontal disease model 

These histological images show the enamel space of mineralized tissue with the surrounding 
soft periodontal tissue. In these representative tissue samples, the black arrowhead indicates 
the epithelial cell apical boundary called the cemento-enamel junction that is normally 
associated with health (A) or disease (D). The cemento-enamel junction is a commonly used 
reference point to measure morphological indicators of disease onset. In disease, detachment 
of tissue (D, below arrowhead) and proliferation of cells in a downward direction below the 
cemento enamel junction is observed (D). Cryopreserved histiological tissue sections were 
prepared for precise laser-capture microdissection, which permitted tissue extraction for 
microarray analysis specific to healthy (B, C) and diseased (E, F) junctional epithelium. 
Reproduced with permission from Ekuni et al., 2009.  
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1.2 Epithelial Barrier Organization and Function 

  Normal barrier function requires an intact epithelial cell layer and sealing of the 

paracellular pathway (Turner, 2009), which is the route of transepithelial transport that 

involves passive movement through the space between adjacent cells. Consequently, 

epithelial cell damage induced by irritants or cytotoxic agents result in loss of barrier 

function. The primary responsibility for epithelial barrier function resides with the epithelial 

cell plasma membrane, which is impermeable to most hydrophilic solutes in the absence of 

specific transporters. In the presence of an intact epithelial cell layer, the paracellular 

pathway between cells must be sealed to create a barrier against the free diffusion of water 

and solutes. This function is mediated by the AJC (Figure 2). The most apical AJC 

component, the TJ, visualized by freeze-fracture electron microscopy, appears as a 

continuous network of intramembranous strands or fibrils obliterating the intramembranous 

space (Staehelin, 1973). The AJs are also components of the AJC and are located subjacent 

to TJs in polarized epithelial cells. AJs are distinguished ultrastructuraly as a prominent 

electron-dense plaque along the plasma membrane (Miyaguchi, 2000). Both TJs and AJs 

comprise clusters of transmembrane and cytosolic proteins (Tsukita et al., 2001; Blaschuk 

and Rowlands, 2002; González-Mariscale et al., 2003). Lastly, both TJs and AJs are 

supported by a perijunctional ring of actin and myosin that can mediate barrier function 

(Perez-Moreno et al., 2003) (Figure 2).  

 AJs require the activity of lineage-specific Ca2+-dependent adhesion proteins, termed 

cadherins. Cadherins are a family of transmembrane proteins that establish homotypic 

interactions with molecules on adjacent cells. Epithelial cadherin is referred to as E-cadherin. 

Both E-cadherin and members of the nectin family represent the major transmembrane 
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components of epithelial AJs (Blaschuk and Rowlands, 2002). The N-terminal ectodomain 

of E-cadherin contains homophilic interaction specificity and the cytoplasmic tail interacts 

directly with two homologous proteins called catenin δ1 and β-catenin. Furthermore, β-

catenin interacts with actin-binding proteins such as α-catenin-1, vinculin and α-actinin, 

which link E-cadherin to underlying actin filaments and regulates local actin assembly and 

development of the apical perijunctional actomyosin ring (Figure 2) (Blaschuk and 

Rowlands, 2002; Goto et al., 2000; Jaggi et al., 2005; Thiery et al., 2003; Wheelock and 

Johnson, 2003). It is generally believed that the interaction with F-actin assembled into an 

apical circumferential actin ring in polarized epithelial cells mediates the maintenance and 

remodeling of the AJC (Perez-Moreno et al., 2003). AJs along with desmosomes provide the 

adhesive bonds that maintain cellular proximity and also are the site of intercellular 

communication. Plasma membrane localization of E-cadherin is critical for the maintenance 

of epithelial cell-cell junctions and epithelium integrity (Bush et al., 2000; Goto et al., 2000; 

Zabner et al., 2003). E-cadherin intracellular trafficking between plasma membrane and 

cytoplasm is required for the maintenance of epithelial cell-cell junctions and functional 

integrity of the paracellular barrier in the epithelium (Bush et al., 2000; Jaggi et al., 2005; 

Goto et al., 2000). Loss of AJs result in a disruption of cell-cell and cell-matrix contacts, 

premature apoptosis and ineffective epithelial cell polarization and differentiation 

(Hermiston and Gordon, 1995). Moreover, a reduction in the adhesive properties of E-

cadherin is related to the loss of differentiation and the subsequent acquisition of a higher 

motility and invasiveness of epithelial cells (Goto et al., 2000; Zabner et al., 2003; Otto et 

al., 1993). Dislocation of E-cadherin in the epithelium induces epithelial shedding and 

increases permeability, which leads to conditions such as chronic lung airway diseases (Goto 
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et al., 2000; Zabner et al., 2003). Lastly, the AJs play a pivotal role in regulating the activity 

of the entire junctional complex because their establishment subsequently leads to the 

formation of other cell-cell junctions (Bush et al., 2000; Chen and Gumbiner, 2006; Huntley 

et al., 2002). Specifically, assembly of AJs is a prerequisite for the assembly of TJs, which 

form the most exclusive aspect of the paracellular seal and function to mediate solute flux 

across the paracellular space.  

 TJs are multi-protein complexes composed of transmembrane proteins, regulatory 

molecules that include kinases and peripheral membrane proteins, which function as 

scaffolds to organize the tight junction complex (Figure 2). The transmembrane proteins 

physically interact with opposing partners on membranes of adjacent cells providing a 

mechanical link between two plasma membranes and establishing an effective paracellular 

barrier to diffusion of fluid and solutes. The transmembrane proteins of epithelial TJs 

include occludin, members of the claudin family and junctional adhesion molecule (JAM)-A 

(González-Mariscal et al., 2003). The most important of the transmembrane proteins are 

members of the claudin family, which play significant roles in formation, integrity and 

function of TJs, the epithelial permeability barrier and epithelial polarization (Turksen and 

Troy, 2011). To date, 27 distinct claudins have been cloned in mammals (Angelow and Yu, 

2007; Gupta and Ryan, 2010). Moreover, Claudins are expressed in a tissue-specific manner, 

and mutation or deletion of individual claudin family members can have substantial effects 

on organ function. The role of occludin, a transmembrane tight junction protein that interacts 

directly with claudins and actin, is less understood. Occludin was the first identified TJ-

associated integral membrane protein but evidence suggests that occluding is not essential 

and indeed may be dispensable as evidenced by findings showing that intestinal barrier 
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function remains intact in occludin-deficient mice (Saitou et al., 2000) and differentiation 

into polarized epithelial cells bearing tight junctions continues in occluding deficient 

embryonic stem cells (Saitou et al., 1998). The cytoplasmic TJ plaque has an astonishing 

complexity with over thirty different proteins reportedly associated with this structure 

(Gonzalez-Mariscale et al., 2003). The most widely studied components of the TJ cytosolic 

plaque are members of the zonula occludens (ZO) family, which mediate interactions 

between different types of transmembrane TJ proteins and/or link these transmembrane 

components to the actin cytoskeleton (Turner, 2009). Indeed, peripheral membrane proteins, 

such as ZO-1 and ZO-2, are crucial to tight junction assembly and maintenance, partly 

owing to the fact that that these proteins include multiple domains for interacting with other 

proteins, including claudins, occludin and actin. 
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Figure 2. Epithelial barrier anatomy 

An electron micrograph (A) and corresponding line drawing (B) of the apical junctional 
complex and desmosomes of two adjacent intestinal epithelial cells. Below the base of the 
microvilli, the plasma membrane of adjacent cells appear to fuse at the tight junction, where 
claudins, ZO-1, occluding and F-actin interact. E-cadherin, α-catenin 1, β-catenin, catenin δ1 
(not shown in line drawing) and F-actin interact to form the adherens junction subjacent to 
the tight junction. Myosin light chain kinase (MLCK) is associated with the perijunctional 
actomyosin ring. Located below the apical junctional complex are the desmosomes, which 
are formed by interactions between desmoglein, desmocollin, desmoplakin and keratin. 
Reproduced with permission from Turner, 2009. 
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1.2.4 Barrier properties of the tight junction 

Epithelial TJs are responsible for regulating the “fence and gate” function of 

polarized epithelial cells. Specifically, TJs provide a physical barrier at the apical end of the 

epithelial cell where they serve a ‘gate function’, which limits the free interchange of most 

solutes along the paracellular pathway. This paracellular pathway is generally more 

permeable than the transcellular pathway, which is a route of transepithelial transport that 

involves active or passive movement across cell membranes, usually as a result of the action 

of specific transport channels. Thus, the TJ is considered the rate-limiting step in 

transepithelial transport and the principle determinant of epithelial barrier permeability.  In 

addition, TJs serve a ‘fence function’ by separating the apical end of polarized epithelial 

cells from the basolateral end, hence functioning as a diffusion barrier to plasma membrane 

lipids and proteins, and defining apical and basolateral membrane domains of polarized 

epithelial cells (Madara, 1988). TJs form early in development (Eckert and Fleming, 2008) 

and are instrumental in formation of permeability barriers that are tissue- and differentiation- 

specific, molecule-selective and dynamic in nature (Madara, 1990).  

Via homotypic and heterotypic interactions, claudins selectively regulate the charge 

and size of molecules that flux through the paracellular regions of epithelial tissues (Gupta 

and Ryan, 2010; Angelow and Yu, 2007; Turksen and Troy, 2011). Thus, specific barrier 

properties of the TJ can be defined in terms of size and charge selectivity. Two routes enable 

transport across the TJ, and recent studies suggest the contributions of these types of 

paracellular transport may be regulated independently (Fihn et al., 2000; Van Itallie et al., 

2008; Watson et al., 2005). The first route, which is referred to as the leak pathway, enables 

paracellular transport of large solutes, including limited flux of proteins and bacterial 
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lipopolysaccharides (Van Itallie et al., 2008; Watson et al., 2005). At present, the size at 

which particles are prevented from entering this pathway has not been defined. Even so, it 

has been established that materials as large as whole bacteria are prevented from passing 

through the leak pathway. This pathway does not exhibit charge selectivity, which is 

expected from a route that allows such large solutes to cross. Furthermore, flux across the 

leak pathway is significantly increased by cytokines, including interferon-γ (IFN-γ) in vitro 

and tumour necrosis factor (TNF) in vitro and in vivo (Watson et al., 2005; Wang et al., 

2005; Clayburgh et al., 2006). 

 Small pores that are formed by TJ-associated claudin proteins characterize the second 

pathway. These pores are primary determinates of charge selectivity along the paracellular 

pathway (Amasheh et al., 2002; Colegio et al., 2003; Simon et al., 1999) and generally have 

a radius that excludes molecules larger than 4 Å (Van Itallie et al., 2008; Watson et al., 

2005). Expression of specific claudins can vary between organs and within different regions 

of a single organ. Claudin expression also seems to be plastic in the context of tissue 

homeostasis as they respond dynamically to the needs of physiological changes in particular 

tissues. For example, claudin expression can be modified by external stimuli, such as 

cytokines (Turner, 2009). In addition, a recent study has demonstrated that LPS-induced 

chronic epithelial inflammation in a rat periodontitis model is associated with significant loss 

of claudin-1 as detected by both expression array and immunostaining (Ekuni et al., 2009) 

This finding was confirmed by an in vitro PLE cell culture experiment in which LPS-

induced loss of epithelial barrier was found to correlate with loss of claudin-1 protein levels 

as assayed by flow cytometry (Fujita et al., 2011). Thus, TJs exhibit both size and charge 
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selectivity, and these properties may be mediated individually or jointly by physiological or 

pathophysiological stimuli. 

1.2.5 Techniques to measure permselectivity of epithelial tight junctions 

  Depending on local transport requirements, TJs form paracellular barriers that differ 

in electrical conductance, ionic charge preference and level of permeability for uncharged 

solutes. These properties of the paracellular barrier are collectively referred to as 

permselectivity. An example of this is demonstrated in the renal tubule and intestine where 

electrical resistance is found to progressively increase as the transport of large volumes of 

isosmotic fluids shifts to more selective transport based on high electro-osmotic gradients 

(Powell, 1981). The barrier functions as if perforated by pores that exhibit both size and 

charge selectivity. At present, the understanding of the molecular nature of these pores is 

limited despite the discovery of many TJ proteins. 

 Paracellular permeability is commonly measured by analysis of the flux of variously 

sized noncharged hydrophilic tracers, such as radioactively labeled urea, inulin, mannitol and 

fluorescent dextrans (Ghandehari et al., 1997; Sanders et al., 1995). Studies that have 

employed this technique have been able to show a disproportionately larger permeability for 

compounds smaller than mannitol. This was demonstrated most elegantly by a study that 

profiled paracellular flux across monolayers of T84 and Caco-2 epithelial cells with a 

continuous series of noncharged polyethylene glycol oligomers (Watson et al., 2001). This 

study showed that paracellular permeability is biphasic, consisting of a high capacity, size-

restrictive pathway and a low capacity, size-independent pathway. The high capacity 

pathway behaves as a system of relatively small sized pores with radii of ~4 Å. The physical 
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basis of the low capacity pathway is less understood and may represent fixed tricellular 

junctions, transient breaks or a system of large pores. 

 In addition to solute flux, paracellular barrier function is commonly characterized by 

transepithelial electrical resistance (TER). Studies have established that electrical tightness 

of cultured epithelial cells as measured by TER can be increased or decreased by altering the 

expression profiles of specific TJ proteins (Gonzalez-Mariscale et al., 2003; Schneeberger 

and Lynch, 2004). Significant interest has been focused on integral membrane components 

of the TJs, particularly claudins, occluding and JAMs as these three proteins have been 

shown to comprise the TJ strands that are both easily visualized by freeze fracture electron 

microscopy and that are the sites of the adhesive cell-cell barriers. Furthermore, studies have 

established that claudins can alter the TER through regulation of ionic charge selectivity 

(Van Itallie et al., 2001; Amasheh et al., 2002).  

 Although paracellular flux of noncharged solutes and electrical resistance are both 

measures of permeability through the paracellular pathway, their relationship sometimes is 

paradoxical. For instance, it has been consistently demonstrated that TER decreases at the 

same time that solute flux increases following treatment of T84 epithelial cell monolayers 

with interferon-γ (Watson et al., 2005). In contrast, there are examples where changing 

claudin levels alter TER levels without concomitant changes in paracellular flux of 

noncharged solutes (Van Itallie et al., 2001; Amasheh et al., 2002). 

1.3 Regulation of Epithelial Barrier 

 The ability of cytokines, such as TNF and IFNγ, to regulate the function of the tight 

junction barrier has been previously established (Madara and Stafford, 1989). Since this 

discovery, increased TJ protein transcription, vesicular removal of proteins from the TJ, TJ 
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protein degradation, kinase activation and cytoskeletal modulation have all been proposed to 

mediate cytokine-induced loss of TJ barrier function. Although extensive apoptosis of 

epithelial cells may also induce barrier loss, the relevance of single-cell apoptosis to barrier 

dysfunction remains controversial owing to differing results in diverse experimental systems. 

1.3.1 Tight junction regulation through the cytoskeleton 

 TNF and IFNγ alter TJ barrier function in intestinal (Madara and Stafford, 1989; 

Taylor et al., 1998), renal (Mullin et al., 1992), pulmonary (Mazzon and Cuzzocrea, 2007) 

and salivary gland (Baker et al., 2008) epithelia as well as between endothelial cells 

(Tiruppathi et al., 2001). The effects of TNF on barrier integrity have been best studied in 

the gut, where this cytokine has a central role in many diseases associated with intestinal 

epithelial barrier dysfunction, including IBD (Baert et al., 1999), intestinal ischaemia (Taylor 

et al., 1998; Tamion et al., 1997) and graft-versus host disease (Brown et al., 1999). For 

example, although the effect of therapy with TNF-specific antibodies may be largely due to 

the overall reduction in inflammation, it is notable that this treatment corrects barrier 

dysfunction in patients with Crohn’s disease (Suenaert et al., 2002). 

 Myosin light chain kinase (MLCK) has been shown to play a central role in TNF-

induced epithelial and endothelial barrier dysregulation, both in vitro and in vivo (Wang et 

al., 2005; Clayburgh et al., 2005; Zolotarevsky et al., 2002; Ma et al., 2005; McKenzie and 

Ridley, 2007). TNF-induced MLCK activation increases paracellular flux through the leak 

pathway (Wang et al., 2005). MLCK activation occurs as a result of increased enzymatic 

activity and upregulated MLCK transcription and translation, both in vitro and in vivo 

(Wang et al., 2005; Ma et al., 2005; Graham et al., 2006). Similarly, MLCK expression and 

activity are increased in intestinal epithelial cells of patients with IBD (Blair et al., 2006). 
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The degree to which MLCK expression and activity are increased correlates with local 

disease activity in these patients, suggesting that these processes are regulated by local 

cytokine signaling (Blair et al., 2006). MLCK also participates as an intermediate in barrier 

dysfunction induced by the TNF family member LIGHT (also known as TNFSF14) 

(Clayburgh et al., 2006; Schwarz et al. 2007), interleukin-1β (IL-1β) (Al-Sadi et al., 2008), 

enteropathogenic Escherichia coli infection (Zolotarevsky et al., 2002), Helicobacter pylori 

infection (Wroblewski et al., 2009), giardiasis (Scott et al., 2002), LPS (Moriez et al., 2005; 

Eutamene et al., 2005) and the ethanol metabolite acetaldehyde (Ferrier et al., 2006). Thus, 

MLCK activation can be viewed as a common final pathway of acute tight junction 

regulation in response to a broad range of infectious and immune stimuli.  

 Although it is clear that MLCK phosphorylates myosin II regulatory light chain 

(MLC) within the perijunctional actomyosin ring to activate myosin ATPase activity, the 

subsequent molecular events that cause increased permeability are poorly understood. 

Recent work suggests that ZO-1, which interacts directly with actin, occludin, claudins and 

other proteins, may be an essential effector of perijunctional actomyosin ring-mediated TJ 

regulation (Shen et al., 2006; Van Itallie et al., 2009; Scharl et al., 2009). Endocytic removal 

of the transmembrane protein occludin from the TJ is also common in actomyosin-

dependent, cytokine-mediated TJ regulation (Clayburgh et al., 2005; Utech et al., 2005). In 

vitro studies of tight junction regulation induced by LIGHT suggest that occludin 

endocytosis occurs via caveolae and that inhibition of this process can prevent loss of barrier 

integrity despite MLCK activation (Schwarz et al., 2007). Caveolae are specialized flask-

shaped invaginations of the plasma membrane that contain the protein caveolin-1 and 

cholesterol. These proteins mediate uptake of some extracellular materials and are involved 
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in cell signaling. Caveolar endocytosis of occludin has also been associated with loss of 

epithelial and endothelial TJ barrier function in response to actin disruption (Shen and 

Turner, 2005) and chemokine signaling (Stamatovic et al., 2009), respectively, in vitro. 

Nevertheless, other mechanisms of occludin removal may also be involved as in vitro studies 

have shown that IFNγ-induced occludin internalization is mediated by myosin ATPase-

dependent macropinocytosis (Utech et al., 2005; Bruewer et al., 2005), and occludin 

cleavage may modify the barrier to enhance transepithelial migration of inflammatory cells 

in the lung (Chun and Prince, 2009). Further work is necessary to define the contributions of 

occludin and endocytosis to in vivo TJ regulation. This is particularly important since 

intestinal barrier function is intact in occludin-deficient mice, despite numerous in vitro 

studies demonstrating a role for occludin in TJ function (Saitou et al., 2000). Future analyses 

of the response of occludin-deficient mice to stress, with particular reference to intestinal TJ 

function, as well as studies of potential compensatory changes in other, perhaps 

undiscovered, proteins that enable these mice to avoid intestinal disease will be of interest. 

 Although MLCK activation is important, it is not the only means of cytoskeletal TJ 

regulation. Other mediators include myosin ATPase (Van Itallie et al., 2009), the activity of 

which is regulated by MLC phosphorylation (Amano et al., 1996); members of the Rho 

kinase family (McKenzie and Ridley, 2007; Van Itallie et al., 2009; Utech et al., 2005; Jou et 

al., 1998), which can both phosphorylate MLC directly (Amano et al., 1996) and inhibit 

MLC phosphatase (Kimura et al., 1996); and AMP-activated protein kinase (Scharl et al., 

2009), which is activated during stress and can also directly phosphorylate MLC (Lee et al., 

2007). Moreover, Rho kinases and AMP-activated protein kinase each have diverse effects 
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that are separate from myosin function, and it is likely that at least some of these contribute 

to TJ regulation. 

1.3.2 Tight junction permeability and claudin expression 

 Regulation of perijunctional actomyosin, discussed above, provides a means of 

rapidly and reversibly regulating the paracellular leak pathway. In contrast, synthesis and 

trafficking of claudin proteins provides a means of regulating TJ pores over longer periods. 

The perijunctional actomyosin ring does not seem to be directly involved in this mechanism 

of barrier regulation, which is consistent with the fact that claudins do not interact with actin 

directly. Expression of specific claudin proteins changes during development, differentiation 

and disease and in response to stressors such as cytokines in intestinal (Heller et al., 2005), 

renal (Balkovetz, 2009), alveolar (Wray et al., 2009) and gingival epithelial cells (Fujita et 

al., 2010). In addition to affecting barrier function, altered patterns of claudin expression 

may have other consequences. For example, claudin proteins have been associated with 

control of cell and organ growth. It may be, therefore, that some changes in claudin protein 

expression enhance cell proliferation and regeneration, as might be necessary to compensate 

for cell loss in colitis. This may explain the increased claudin-1 expression by intestinal 

epithelial cells of patients with IBD (Weber et al., 2008). Nonetheless, claudin-1 has also 

been shown to enhance neoplastic transformation, tumor growth and metastasis in 

experimental models (Dhawan et al., 2005). Thus, changes in claudin expression likely have 

negative consequences. 

 One common change in claudin expression associated with disease that directly 

affects barrier function is the increased claudin-2 expression by intestinal epithelial cells in 

animal models of colitis and patients with IBD (Heller et al., 2005). Consistent with this, IL-
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13 and IL-17, which are increased in the mucosa of patients with colitis (Heller et al., 2005; 

Fujino et al., 2003), reduce barrier function and increase claudin-2 expression in cultured 

intestinal epithelium monolayers (Heller et al., 2005; Kinugasa et al., 2000). In vitro studies 

have shown that claudin-2 expression increases the number of pores that allow paracellular 

flux of cations, predominantly Na+, and small molecules with radii less than 4 Å (Van Itallie 

et al., 2008; Yu et al., 2009), and recent analyses have provided new insight into the 

structure of these pores (Angelow and Yu, 2009). However, it is not clear whether increased 

claudin-2 expression contributes to disease progression or, as proposed above for claudin-1, 

is an adaptive response that promotes homeostasis. 

1.3.3 Tight junctions and mucosal homeostasis 

 One interpretation of the available data is that the tight junction barrier integrates the 

relationship between luminal microbial material and mucosal immune function. In most 

individuals, this is a homeostatic relationship in which regulated increases in TJ permeability 

or transient epithelial cell damage trigger the release of pro-inflammatory cytokines, such as 

TNF and IFNγ, as well as immunoregulatory responses. These immunoregulatory responses 

may include dendritic cell conditioning by epithelial cell-derived transforming growth 

factor-β (TGFβ) and retinoic acid, both of which can enhance regulatory T cell 

differentiation (Mucida et al., 2007; Coombes et al., 2007). This precarious balance between 

pro-inflammatory and immunoregulatory responses can fail if there are exaggerated 

responses to pro-inflammatory cytokines. As a result, mucosal immune cell activation may 

proceed unregulated and the release of cytokines, including TNF and IL-13, may enhance 

barrier loss that, in turn, promotes further leakage of luminal material and perpetuates the 

pro-inflammatory cycle. This is clearly exemplified in IBD. Under normal circumstances, 
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the immense load of bacteria and associated antigens present in the lumen of the lower small 

intestine and colon is effectively contained by the intestinal epithelium. According to the 

‘leaky gut’ theory of intestinal disease, an initial injury- or inflammatory-mediated insult 

causes disruption of TJs and increased paracellular permeability allowing entry of luminal 

antigens (Hollander, 1999; Clayburgh et al., 2004). The resulting immune activation triggers 

repeat cycles of inflammatory response and barrier disruption that establish and propagate 

inflammatory bowel disease. 

1.3.4 Regulation of tight junctions by lipopolysaccharide 

 Enterohemorrhagic and enteropathogenic Escherichia coli can directly modify 

epithelial cell surface architecture and apical junctions leading to a loss of epithelial cell 

polarity and reduced barrier function (Guttman and Finlay, 2009; Lapointe et al., 2009) via 

Cdc42  (Alto et al., 2006; Dean and Kenny, 2004) and RhoA signal pathways (Arbeloa et al., 

2008; Simovitch et al., 2010). Also, bacterial induction of host inflammatory mediators such 

as TNF-α and AR are effectors of barrier loss by causing endocytosis of TJ components such 

as ZO-1 (Schwarz et al, 2007; Shen et al., 2008) in a myosin light chain kinase (MLCK)-

dependent manner (Al-Sadi et al., 2008; Ma et al., 2005). Recent studies that employed a rat 

model of LPS-induced periodontitis showed by gene expression array that the diffusible 

paracrine mediators TNF-α (Ekuni et al., 2009) and its downstream effector AR (Firth et al., 

2011) were significantly induced at epithelial disease sites. This suggests the possibility that 

stromally secreted AR is diffusibly affecting epithelial behavior in chronic inflammation.  

1.4 Inflammatory Mediator Signaling Pathway and Barrier Disruption 

 The proteolytic processing of growth factors and cytokines is a key regulatory 

mechanism controlling receptor-mediated signaling. In the case of membrane-anchored 
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growth factors, the proteolytic processing has been proposed to regulate the availability of 

active soluble forms, switch receptor signaling from autocrine or juxtacrine modes to 

paracrine or endocrine mechanisms, and/or influence the nature (e.g. duration) of the 

signaling event. Growth factors and cytokines that are released from membrane-anchored 

forms include members of the EGF superfamily, colony-stimulating factor-1, TNF-α, and the 

Kit ligand. The EGF superfamily includes two structurally related subfamilies: the EGF-like 

growth factors and the neuregulins (Sunnarborg et al., 2002). The EGF subfamily includes 

TGF-α, AR, HB-EGF, betacellulin, epiregulin and epigen (Pastore et al., 2008). Soluble 

EGF family growth factors are all derived by proteolytic cleavage of the ectodomains of 

integral membrane precursors. 

 A recent study has extensively focused on the regulation of functional epithelial 

barrier by LPS. This has been studied using in vitro cell culture approaches and by global 

gene array analysis using an in vivo rat periodontal disease model (Ekuni et al., 2009). Using 

Genemapp functional analysis, the laboratory recently identified that AR, an EGF family 

member normally sequestered at cell-cell contacts in stable epithelial barriers, was strongly 

induced and the corresponding EGFR signaling components were altered in disease (Firth et 

al., 2011).  

1.4.1 Amphiregulin structure and function 

The glycoprotein AR was first discovered in the concentrated conditioned medium of 

MCF-7 breast cancer cells treated with phorbol 12-myristate-13-acetate (PMA) (Shoyab et 

al., 1988). This protein was named ‘amphi’ due to the fact that it was stimulatory to various 

cells including several human fibroblast cell lines, while being inhibitory to other cells such 
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as neuroblastoma and adenocarcinoma cell lines (Shoyab et al., 1988). Notably, the 

inhibitory properties of AR have yet to be validated.  

 AR is initially synthesized as a 252 amino acid transmembrane precursor that is 

typically localized to the basolateral membrane domain in polarized epithelial cells such as 

HCA-7 and Caco-2 cells (Damstrup et al., 1999). The AR transmembrane precursor 

undergoes ectodomain cleavage and is released as a secreted protein (Plowman et al., 1990). 

As a result of proteolytic processing and posttranslational modifications, there are several 

forms of AR protein that vary in size both on the cell surface and for soluble forms (Johnson 

et al., 1993; Brown et al., 1998). Two AR soluble forms that migrate between 20 and 25 kDa 

on SDS-PAGE have been characterized (Shoyab et al., 1989; Plowman et al., 1990). In 

addition, soluble AR forms of 9.5–10, 35, and 55–60 kDa have been identified in other cell 

types (Culouscou et al., 1992; Johnson et al., 1993; Thorne and Plowman, 1994; Piepkorn et 

al., 1995; Martinez-Lacaci et al., 1996). Some of these isoforms have been found to possess 

biological activity but it is not known whether all forms are biologically active. Moreover, 

the variety of soluble AR forms implies intricacies in AR processing that have not yet been 

elucidated. AR can undergo substantial glycosylation but this does not appear to have an 

effect on its bioactivity (Plowman et al., 1990; Shoyab et al., 1989; Martinez-Lacaci et al., 

1996). Thus, glycosylation may be more important for other properties of the protein such as 

stability, solubility, resistance to proteolysis or localization (Rademacher et al., 1988). 

AR was originally demonstrated to be a ligand for EGFR because it could partially 

compete with 125I-EGF for binding to the EGFR in A431 cells. It has now been confirmed 

that AR acts exclusively through the EGFR (Salomon et al., 1995; Johnson et al., 1993). AR 

can also be regulated by the EGFR itself and activation of EGFR has been shown to induce 
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AR expression in several cell types (Kansra et al., 2005; Normanno et al., 1994). For 

example, stimulation of EGFR in prostate stromal cells with mitogenic levels of the EGFR 

ligands EGF and HB-EGF increased AR expression more than 15-fold (Sorensen et al., 

2000). The specific pathway leading from EGFR activation to AR transcription has not yet 

been elucidated. Although AR can serve as a substitute for EGFR ligands such as EGF, it 

acts as a much weaker growth factor compared to the other EGF family growth factors 

(Shoyab et al., 1989) and its only target within the ErbB family is EGFR itself (Riese and 

Stern, 1998).   

1.4.2 AR ectodomain shedding and transactivation of the EGFR 

 Provided the pleiotropic effects of EGFR signaling, the strength and duration of 

EGFR signaling must be tightly regulated through availability of EGFR ligands. All EGFR 

ligands are synthesized in a proform as type I transmembrane proteins. Soluble ligands are 

produced via extracellular cleavage of the integral membrane precursor proteins. This 

cleavage event is referred to as ectodomain shedding and plays and important role in 

mediating ligand availability and receptor activation (Sanderson et al., 2006). A ligand may 

be presented to the EGFR in several ways, which include autocrine, paracrine and juxtacrine 

modes of signaling. Both autocrine and paracrine modes of signaling require a soluble ligand 

and thus require release of the membrane-anchored ligand by a protease. AR has been 

demonstrated to act as an autocrine factor in normal cells such as human mammary 

epithelial, human urothelial and human lung bronchial epithelial cells. In addition, AR has 

been shown to be an autocrine factor in cancer cells such as hepatocellular carcinoma, colon 

cancer, gastric cancer, breast cancer and pancreatic cancer cells (Funatomi et al., 1997; 
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Culouscou et al., 1992; Damstrup et al., 1999; Castillo et al., 2006; Akagi et al., 1995; 

Willmarth and Ethier, 2008). 

 In vitro and in vivo evidence points to tumor necrosis factor alpha-converting enzyme 

(TACE /ADAM17) as the critical convertase for AR. Mice lacking active TACE and AR 

knockout mice exhibit the same mammary gland branching defects (Sternlicht, 2006). TACE 

deficient murine fibroblasts were impaired in shedding of AR, but shedding could be rescued 

by transfection of wild-type TACE (Sunnarborg et al., 2002). TACE-dependent cleavage of 

AR has been shown to be important for EGFR phosphorylation (Schafer et al., 2004b). 

ADAM10 may also have small sheddase activity (Le Gall et al., 2009) so knockdowns are 

needed for specific identification. The mechanism of TACE activation remains unclear 

although ROS is implicated by several lines of evidence (Myers et al., 2009). For example 

exogenous H2O2 can stimulate shedding of various EGF members including AR (Lemjabbar 

et al., 2003). ROS may cause direct modifications to TACE perhaps by oxidizing a cysteine 

thiol group thereby relieving inhibition of its metalloprotease activity (Zhang et al., 2001). 

 G-protein-coupled receptor (GPCR) activation signals through EGFR (Blobel, 2005; 

Ohtsu et al., 2006). This communication between GPCR and EGFR signaling systems 

involves cell surface proteolysis of EGFR-like ligands that directly activate the EGFR. These 

ligands include HB-EGF, TGF-α and AR. Multiple GPCRs converge on EGFRs (Schafer et 

al., 2004a). Distinct members of the ADAM family regulate GPCR-induced proliferation 

(Schafer et al., 2004b). For example, GPCR-induced ADAM17 specific cleavage of pro-AR 

has been established (Gschwind et al., 2003). Studies of squamous cell carcinoma cells 

stimulated with the GPCR agonists lysophosphatidic acid (LPA) or carbachol specifically 

resulted in metalloprotease cleavage and release of AR. Moreover, AR gene silencing by 
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siRNA or inhibition of AR biological activity by neutralizing antibodies and heparin 

prevents GPCR-induced EGFR tyrosine phosphorylation, downstream mitogenic signaling 

events, cell proliferation, migration and activation of the survival mediator Akt/PKB 

(Gschwind et al., 2003). Therefore, despite some functional redundancy among EGF family 

ligands, a distinct and essential role for AR in GPCR-triggered cellular responses is apparent 

(Gschwind et al., 2003). In addition, certain GPCR agonists such as LPA can act to alter 

TER in pulmonary epithelial cell culture (He et al., 2009). Moreover, TACE knockdown in 

cell culture inhibits LPA-induced growth factor transactivation (Schafer et al., 2004b). 

Several signaling components have been implicated in GPCR-initiated TACE activation 

(Myers et al., 2009) including ROS. ROS can act as second messengers in GPCR-mediated 

TACE activation (Zhang et al., 2001; Forman et al., 2002). ATP stimulates mitochondrially-

produced ROS to initiate P2Y family GPCR signaling resulting in EGFR phosphorylation. 

This pathway is inhibited both by TACE inhibitor TAPI and ROS scavenger N-

acetylcysteine (NAC) (Myers et al., 2009). P2Y family GPCR receptors have also been 

linked to ROS production in eosinophils and prostate tumor cells (Ferrari et al., 2000; Sauer 

et al., 2001).  

1.4.2.1 Oxidant-induced MMP-dependent transactivation of EGFR signaling 

 IBD is a chronic intestinal inflammatory disorder and its etiology remains unknown. 

Current models of disease pathogenesis identify as the two principal determinants of IBD 

pathogenesis: increased permeability of the epithelial barrier of the intestinal mucosa, which 

results in penetration of luminal bacterial products into the mucosa; and an abnormal 

immune response to these products (Farhadi et al., 2003; Clayburgh et al., 2004). Regarding 

intestinal hyperpermeability in IBD, two factors are thought to play critical roles: oxidant-
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induced stress and pro-inflammatory cytokines, especially TNF-α and interferon-γ (Bruewer 

et al., 2003; Podolsky, 2002). The principal permeability pathway in IBD is the paracellular 

route, which is regulated by TJs between the intestinal epithelial cells that constitute the 

intestinal barrier (Clayburgh et al., 2004). 

 Several studies have identified mechanisms of oxidant-induced intestinal 

hyperpermeability using in vitro, animal, and clinical models of IBD (Keshavarzian et al., 

1990; Banan et al., 2000a; Banan et al., 2000b). Using in vitro models of human intestinal 

epithelium, key roles have been identified for specific intracellular signaling pathways 

mediating disruption of TJ permeability by oxidative stress. These pathways involve 

signaling via the EGFR (Banan et al., 2000a; Banan et al., 2000b), signaling via NF-kB 

activation (Banan et al., 2004), and signaling via specific protein kinase C (PKC) isoforms, 

which are either protective or injurious, depending on the PKC isoform (Banan et al., 2001; 

Banan et al., 2005). 

 A recent study proposes an epithelial permeability model in which oxidant, H2O2, 

transactivates EGFR signaling by activation of TACE and cleavage of the precursor form of 

an EGFR ligand (Forsyth et al., 2007). The pathway is referred to as “metalloprotease-

dependent transactivation of EGFR signaling” (Prenzel et al., 1999; Fischer et al., 2004). In 

this model, metalloproteases, especially from the ADAM family of membrane-bound 

metalloproteases, become activated by a variety of signals and cleave EGFR precursor 

ligands attached to the cell surface. These solubilized EGFR ligands then bind to the EGFR 

and initiate EGFR-mediated signaling pathways (Schafer et al., 2004a). Several studies have 

shown that oxidants such as H2O2 are one of several stimuli capable of triggering signaling 

via ADAM-dependent transactivation of the EGFR (Schafer et al., 2004a). The ADAM 
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involved in greater than 80% of all cases is the tumor necrosis factor-α convertase (TACE; 

ADAM-17) (Black et al., 1997; Blobel, 2005). It is known that TACE is the metalloprotease 

required for TNF-α cleavage and biological activity (Black et al., 1997). TNF-α is also 

known to stimulate TACE expression in a kind of vicious circle (Black et al., 1997). In the 

intestine, TACE levels are increased in the inflamed mucosa of patients with IBD, and 

TACE inhibitors ameliorate colitis in animal models of IBD (Colon et al., 2001; Brynskov et 

al., 2002). In addition, oxidant stress is known to exist in IBD epithelium, and TACE is 

required for TNF-α production that is important in the pathogenesis of IBD. Therefore, 

stimulation of TACE activity by oxidant stress could drive IBD pathogenesis by stimulation 

of both TNF-α production and through EGFR-mediated increased permeability resulting 

from TACE cleavage and activation of EGFR ligands. Finally, with oxidant stimulation 

TACE has been shown to be translocated to cell-cell junction areas and co-localizes with 

ZO-1 in proximity with the proposed EGFR ligand/EGF receptor. This data supports a 

model for translocation of TACE with specific pro-ligand substrates as a key regulatory 

mechanism of TACE specificity (Werb and Yan, 1998).  

 Downstream EGFR-mediated mitogen-activated protein kinase (MAPK) signaling 

via ERK1/2 MAPKs has been shown to be necessary for oxidant-induced intestinal 

hyperpermeability (Forsyth et al., 2007). Thus, another concept that emerges from this study 

is that ERK1/2 activation seems to be one critical pathway mediating intestinal 

hyperpermeability in response to oxidants through TACE-EGFR signaling. This data agrees 

with other studies showing tyrosine kinase and Src inhibitors block H2O2-induced 

permeability in Caco-2 monolayers (Basuroy et al., 2003). Furthermore, this result is in 

agreement with data from other studies showing that both TGF-α-induced hyperpermeability 
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in MDCK cells (Chen et al., 2000) and H2O2-induced endothelial hyperpermeability (Fischer 

et al., 2004) can be blocked with the same ERK1/2 inhibitor.  

 Key downstream targets of ERK appear to be critical in the regulation of paracellular 

permeability in many cell types. A significant downstream target is MLCK (Clayburgh et al., 

2004). ERK1/2 directly phosphorylates MLCK (Nguyen et al., 1999), and MLCK activation 

of myosin light chain is one key mechanism regulating intestinal permeability and may play 

a role in IBD (Clayburgh et al., 2004). In addition, ERK1/2 can be immunoprecipitated with 

the TJ protein occludin in oxidant-treated IECs (Basuroy et al., 2006), suggesting 

phosphorylation of occludin by ERK1/2 as another mechanism for ERK1/2 regulation of TJ 

permeability. Finally, ERK1/2 have been shown to regulate TACE activation and 

phosphorylate TACE directly (Soond et al., 2005). 

1.5 MAO General Introduction 

 MAOs belong to the protein family of flavin-containing amine oxidoreductases 

called flavoproteins and function to catalyze the inactivation by oxidative deamination of a 

range of biogenic monoamines (Edmondson et al., 2004). For example, MAOs play a vital 

role in inactivating catecholamine neurotransmitters that are free within the nerve terminal 

and not protected by storage vesicles. MAO enzymes use oxygen to remove an amine group 

from a molecule, resulting in the corresponding aldehyde and either ammonia (in the case of 

primary amines) or a substituted amine (in the case of secondary amines). H2O2 generation is 

a significant byproduct of this MAO catalyzed reaction (Magyar and Szende, 2004). H2O2 is 

also the major source of cellular ROS. Two isoenzymes of MAO, referred to as MAO-A and 

MAO-B, are present in most mammalian tissues and are located intracellularly in most cell 

types bound tightly to the outer mitochondrial membrane, however, the proportions of 
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MAO-A and MAO-B vary from tissue to tissue (Tipton et al., 2004; Shih et al., 1999). These 

isoenzymes were originally distinguished by their sensitivities to the acetylenic inhibitors 

clorgyline and l-deprenyl (Selegine), and by their substrate specificities (Johnston, 1968). 

Typically, MAO-A is inhibited by clorgyline at low concentrations, whereas MAO-B is 

inhibited by low concentrations of l-deprenyl. The differential substrate specificities 

exhibited by these isoforms include, for example, serotonin, melatonin, norepinephrine, and 

epinephrine being primarily broken down by MAO-A. Benzylamine and trace amines are 

broken down by MAO-B. MAO-B also acts on a broad spectrum of phenylethylamines 

including β-phenylethylamine. Common substrates exist for both types of MAO, such as 

tyramine and dopamine (Magyar and Szende, 2004). There is also evidence for heterogeneity 

in the behavior of MAO isoenzymes within the same species. For example, although MAO 

is known to be an imidazoline-binding enzyme in the brain and peripheral tissues, only 

~10% of human liver MAO-B is capable of binding imidazolines, and human platelet MAO-

B has been shown to bind imidazolines only weakly (Raddatz et al., 1995). It is not known 

whether this reflects tissue-specific differences in enzyme processing or results from the 

effects of an endogenous ligand. MAO in peripheral tissues, such as the intestine, liver, 

lungs and placenta, seems to protect the body by oxidizing amines from the blood or by 

preventing their entry into the circulation. Although the roles of MAO-A and MAO-B in 

terminating the actions of neurotransmitters and dietary amines have been studied 

extensively, less attention has been paid to the functions of the products of MAO activity. 

For instance, H2O2 formed during this reaction might have important metabolic and 

signaling functions in the brain (Klann and Thiels, 1999), however, at higher concentrations, 

H2O2 is toxic (Halliwell et al., 1992).   
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 A recent study has extensively focused on the regulation of functional epithelium by 

the Gram-negative bacterial virulence factor LPS. This has been studied using in vitro cell 

culture approaches and by global gene array analysis using an in vivo rat periodontal disease 

model (Ekuni et al., 2009). Expression microarray analysis of healthy and diseased rat 

junctional epithelium found that three of the top 10 LPS-induced genes are associated with 

the generation of ROS signaling mediators. Notably, one of these genes was MAO-B and a 

weight of clinical evidence suggests that therapeutic inhibition of MAO may ameliorate the 

chronic inflammatory conditions found in rheumatoid arthritis and Crohn’s disease (Lieb, 

1983; Kast, 1998).  

1.5.1 MAO inhibitors 

 MAO inhibitors were among the first antidepressants to be identified. The first MAO 

inhibitory antidepressant to be discovered was iproniazid. This compound was initially 

developed to treat tuberculosis. Although iproniazid was shown to be an ineffective 

treatment for tuberculosis, it was observed to have ‘psycho energizing’ effects in patients 

and was also found to inhibit MAO. This was followed by the development of other 

hydrazine derivative MAO inhibitors, such as phenelzine, as antidepressants. Nevertheless, 

reports of liver toxicity, hypertensive crises, haemorrhage and, in some cases, death resulted 

in the withdrawal of many MAO inhibitors from the clinic. Liver toxicity, which was 

associated specifically with hydrazine-derived inhibitors, was avoided by the development of 

non-hydrazine-derived inhibitors such as pargyline and tranylcypromine. Nevertheless, 

hypertensive crises continued to be a serious problem. This side effect, referred to as the 

‘cheese reaction’, occurs when tyramine and other sympathomimetic amines, which are 

found in fermented foods such as cheese (Da Prada et al., 1988), enter the circulation and 
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potentiate sympathetic cardiovascular activity by releasing noradrenaline. Selective 

irreversible MAO-B inhibitors, such as deprenyl (Youdim and Weinstock, 2004), have no 

such tyramine potentiation effects because the intestine contains relatively low levels of 

MAO-B and tyramine is effectively metabolized by intestinal MAO-A (Hasan et al., 1988). 

Irreversible MAO-A inhibitors such as clorgyline possess this detrimental side effect, which 

makes them undesirable for clinical use. The development of reversible MAO-A inhibitors, 

such as moclobemide and lazabemide (Da Prada et al., 1990), also avoided the “cheese 

reaction” side effect since reversible inhibitors can block sufficient MAO-A in the CNS to 

obtain an antidepressant effect, while dietary tyramine is able to displace the inhibitor from 

peripheral MAO-A, enabling its metabolism (Anderson et al., 1993).  

 In addition to the mechanism-based MAO inhibitors that have been developed for 

clinical use as antidepressant drugs, MAO inhibitors have also been developed to treat 

neurological disorders, including Parkinson’s disease and Alzheimer’s disease, which are 

conditions associated with elevated MAO activity. Drugs such as clorgyline, deprenyl, 

pargyline and others (Knoll, 2000; Mazzio et al., 1998; Raffel and Wieland, 1999) are now 

utilized in pharmacological therapy as selective inhibitors of MAO for their beneficial effect 

in the treatment of these neurodegenerative diseases (Youdim and Buccafusco, 2005). The 

reaction catalyzed by MAOs produces, H2O2, which is a source of ROS hydroxyl radicals, 

and MAO inhibitors might, therefore, be useful in managing the outcome of stroke and other 

tissue damage associated with oxidative stress. MAO inhibitors block activity of MAOs of A 

or B type thereby preventing the breakdown of monoamine neurotransmitters and increasing 

their availability while decreasing intracellular H2O2 levels. In addition, a study has 
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previously demonstrated H2O2 scavenging by the MAO-A/B inhibitor phenelzine (Ekuni et 

al., 2009).  

 MAO inhibitors have been developed to act either on both classes of MAO or 

specifically inhibit type A or B isoenzymes. MAO-A inhibitors include clorgyline and 

moclobemide. Moclobemide has partial MAO-B inhibitory activity since this MAO inhibitor 

preferentially inhibits MAO-A (~80%) and to a lesser extent, MAO-B (20-30% inhibition) 

(Foye et al., 2008; Nair et al., 1993). MAO-B inhibitors include pargyline, (−)-deprenyl and 

the (−)-deprenyl derivatives selegiline and rasegiline. Phenylzine exhibits inhibitory activity 

against both MAO-A and MAO-B.  

1.5.1.1 MAO-B inhibitor (−)-deprenyl 

 (−)-Deprenyl is a selective irreversible MAO-B inhibitor that has been previously 

used as an antidepressant and functions to increase the bioavailability of dopamine (Knoll, 

2000; Matsubara et al., 2001). (−)-Deprenyl may also delay the progression of Parkinson’s 

disease (Klegeris and McGeer, 2000; Magyar and Szende, 2004) and is utilized in the 

treatment of Alzheimer’s disease (Birks and Flicker, 2000; Freedman et al., 1998). 

Moreover, (−)-deprenyl has been reported to induce a rapid increase in NO production in the 

brain tissue and cerebral blood vessels with a protective action on the vascular endothelium 

affected by the toxic effect of amyloid peptide (Thomas, 2000). The protective effects of (−)-

deprenyl are lost at higher concentrations, which might even be pro-apoptotic (Magyar and 

Szende, 2004).  

 The MAO enzymes metabolize biogenic amines such as seretonine and dopamine 

and produces H2O2 as a byproduct (Magyar and Szende, 2004). The major source of cellular 

ROS is H2O2. Thus, (−)-deprenyl’s effect of inhibiting the enzymes action of MAO-B serves 
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two roles. First, it potentiates the effect of dopamine and second, it decreases levels of ROS. 

Furthermore, (−)-deprenyl has been found to have antiapoptotic activities (Toronyi et al., 

2002; Wadia et al., 1998; Tatton et al., 1994; Magyar et al., 1998). Although not fully 

understood, (−)-deprenyl protects the mitochondria (Wadia et al., 1998) and exerts its 

antiapoptotic effects via alterations in gene expression (i.e., (−)-deprenyl alters gene 

expression of the intrinsic apoptosis mediating Bcl-2 family by increasing levels of 

antiapoptotic Bcl-2 and Bcl-xL and decreases levels of proapoptotic BAX) (Xu et al., 1999; 

De Marchi et al., 2003), decreasing oxidative stress (Lee, 2006) and interfering with the 

action of apoptosis-mediating effector caspases such as caspase-3 (Szende et al., 2001). In 

rat lung microvascular endothelial cells, (−)-deprenyl attenuated BAK peptide-induced 

monolayer hyperpermeability, ROS formation, cytochrome c release, and caspase-3 

activation (Tharakan et al., 2010). Subsequent studies have elucidated the antiapoptotic 

effect of (−)-deprenyl in other cells, including liver and kidney cells (De Marchi et al., 2003; 

Costantini et al., 1995). 

 Deprenyl (phenyl-isopropyl-methyl-propargylamine) was originally synthesized in 

1962 by Ecseri in the Chinoin Pharmaceutical Works, Budapest, Hungary. Similar to the 

other MAO inhibitors, deprenyl was developed as a “psychic energizer”. Deprenyl played a 

significant role in MAO research and has become the “golden standard” of MAO-B 

inhibitors. The (−)-optical isomer of deprenyl (selegiline) is more effective to inhibit MAO 

irreversibly, than the (+)- enantiomer (Magyar et al., 1967). (−)-Deprenyl also has been 

shown to not potentiate, but rather inhibit the tyramine effect on mouse vas deferens 

preparation (Knoll et al., 1968). The lack of tyramine potentiation may explain why (−)-

deprenyl does not induce “cheese effect”, which is the serious side effect that is frequently 
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observed in patients treated with non-selective or irreversible MAO-A selective blockers (ex. 

clorgyline) after ingestion of foods rich in indirectly acting sympathomimetics, such as 

tyramine (Youdim and Finberg, 1987; Palfreymann et al., 1988; Jarrott and Vajda, 1987). 

The lack of “cheese reaction” can mostly be explained by the uneven distribution of the 

subtypes of the MAO in the organs. The presence of MAO-A is dominant in the intestine 

and therefore the metabolism of tyramine is only slightly affected by MAO-B blockers. 

MAO-B activity is dominant in the central nervous system and it is selectively blocked by 

(−)-deprenyl, leading to a symptomatic improvement in Parkinsonian movement disorders 

(Magyar and Szende, 2004). 

1.5.1.2 Pharmacology of (−)-deprenyl 

 (−)-Deprenyl possesses complex pharmacological properties and its mechanism of 

action cannot be explained solely by its selective MAO-B inhibitory potency. As a result of 

MAO-B inhibition, (-)-deprenyl reduces the formation of ROS by blocking the normal 

metabolism of biogenic amines (e.g. noradrenaline, dopamine), which results in the 

formation of H2O2, beside NH3 and the substrate-derived aldehyde (see equation). 

 

 By decreasing the formation of H2O2, the major source of cellular ROS, (−)-deprenyl 

prevents or diminishes the oxidative stress in tissues. Moreover, (−)-deprenyl treatment 

suppresses non-enzymatic and iron-catalyzed autoxidation of dopamine, as well. Neurons 

rich in neuro melanine and ionized iron (Fe2+) are capable of forming ROS in the presence of 

high concentration of H2O2 according to the Fenton reaction (see equation). 
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 MAO-B activity increases with age, which facilitates the H2O2 formation. It is 

suggested that the over-production of H2O2 is not compensated by the capacity of the normal 

protective mechanisms of the tissues (Magyar et al., 1993). (−)-Deprenyl is able to inhibit 

the increased MAO-B activity in elderly patients, which might provide some protection in 

the treatment of patients with Parkinson's disease. In addition, chronic treatment with low 

concentrations of (−)-deprenyl induces antioxidant mechanisms, by enhancing processes not 

related to MAO-B inhibition e.g. induction of ROS scavenger functions (Magyar and 

Szende, 2004). (−)-Deprenyl administration at concentrations lower than needed to inhibit 

MAO-B activity (ex. 60 pmol and 4.2 nmol) have been shown to decrease neuronal damage 

due to oxidative shock (Wu et al., 1993; Chiueh et al., 1994). Long-term treatment with the 

drug can enhance antioxidant defense through the synthesis of Mn and Cu/Zn dependent 

superoxide dismutase (SOD1, SOD2) and catalase activity in experimental animals (Carrillo 

et al., 1991; Carrillo et al., 1992; Carrillo et al., 1993; Knoll, 1988).  

1.5.1.3 MAO inhibitor transcriptional effects 

 (−)-Deprenyl has also been shown to affect gene expression. Using nerve growth 

factor-differentiated PC-12 cell line metabolic labeling of newly synthesized proteins and 

subsequent identification by two-dimensional gel autoradiography showed that deprenyl and 

other propargylamines induced de novo synthesis of several proteins. (−)-Deprenyl also 

induced neuroprotective cytokine expression. Also, when administered intraperitoneally, (−)-

deprenyl enhanced the expression of nerve growth factor mRNA in intact rat cerebral cortex 

and protected rat cortical tissue from ischemic insult (Serkova et al., 1996). Transcriptional 

effects can be elicited at (−)-deprenyl concentrations below that necessary to inhibit MAO-B 

and therefore represent a separate mechanism. (−)-Deprenyl has been found to selectively 
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alter the expression of a number of mRNAs and 40 - 50 proteins in nerve and glial cells and 

decrease DNA fragmentation characteristic of apoptosis (Tatton et al., 1996). Of the 40-50 

mRNAs and proteins whose synthesis is altered by (−)-deprenyl in nerve and glial cells the 

general shift in expression is interpreted to maintain mitochondrial function and decrease 

cytoplasmic oxidative radical levels and thereby reduce apoptosis (Tatton et al., 1997). The 

preponderance of (−)-deprenyl-induced proteins changes characterized to date were 

appropriate to antiapoptosis. These included superoxide dismutases-1 and -2, glutathione 

peroxidase, c-JUN and glyceraldehyde-3-phosphate dehydrognease. Also, the antiapoptotic 

maintenance of BCL-2/BAX ratio was found in (−)-deprenyl-treated groups. Importantly, 

propargylamines do not alter new protein synthesis in undamaged nerve cells (Tatton et al., 

2002). Also in neuronal cells, (−)-deprenyl (and another MAO called rasagiline) protection 

was confirmed by the induction of pro-survival BCL-2 and neurotrophic factors. Both drugs 

prevented mitochondrial membrane permeabilization and loss of membrane potential. DNA 

array studies indicate that rasagiline increases expression of genes coding mitochondrial 

energy synthesis, inhibitors of apoptosis, transcription factors, kinases and components of 

the ubiquitin-proteasome system sequentially (Naoi et al., 2007). Similarly, (−)-deprenyl 

protects against MPP+-induced toxicity in mouse primary neuronal culture by inducing 

induction of anti-oxidant thioredoxin expression, which in turn mediates the induction of 

anti-oxidant mitrochondrial manganese superoxide dismutase and antiapoptotic Bcl-2 

(Andoh et al., 2005). Of particular interest, studies with photoaffinity labeled 

propargylamines bind directly to GAPDH in rat hippocampus (Kragten et al., 1998) and 

cultured catecholaminergic cells (Carlile et al., 2000). Drug treatment prevented GAPDH 

upregulation as well as nuclear accumulation associated with apoptosis (Carlile et al., 2000). 
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(−)-Deprenyl also significantly induced anti-oxidant heme oxygenase-1 and -2 in response to 

dopamine-induced oxidative stress in human neuroblastoma cell culture (Rieder et al., 2004). 

All studies to date have been carried out using various types of neural cells (nerve, glial, 

astrocyte) but none have examined (−)-deprenyl effects on gene expression in epithelial 

cells. We have tested for (−)-deprenyl-induced antiapoptosis in our barrier model and found 

that the (−)-deprenyl concentrations, which reduced TER did not reduced relative cell 

number suggesting TER reductions was a result of changes to junctional complexes that 

mediate barrier function (Figure 15). Relative cell number was reduced, however at higher 

concentrations of inhibitor (Figure 15). Also many of the transcriptional changes have not 

been characterized at either the mRNA or protein level. Of particular significance would be 

detected of changes involving cell-cell contacts. 

1.5.1.4 Anti-inflammatory effects of MAO inhibitors 

 Previously it was postulated that remission of rheumatoid arthritis in patients taking 

MAO inhibitors may be due to inhibition of prostaglandin E2 (PGE2) synthesis (Lieb, 1983). 

Subsequently, two cases were described in which the MAO inhibitor phenelzine induced 

remission in patients with another chronic inflammatory disease, Crohn’s disease (Kast, 

1998). It was postulated that MAO inhibitors may inhibit these diseases by blocking TNF-α 

levels but no evidence was presented (Altschuler, 2000). However, further evidence begins 

to support this hypothesis. First, MAO-B levels are closely related to the pathogenesis of 

Parkinson’s disease and upregulation of TNF-α and IL-6  mRNA were increased in the 

hippocampus of Parkinson’s patients (Nagatsu and Sawada 2006; Sawada et al., 2006). 

MAO-B inhibitors are effective for the treatment of Parkinson's disease, both through their 

direct effect on MAO-B and in part by also activating multiple factors for anti-oxidative 
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stress including anti-inflammatory cytokines (Nagatsu and Sawada, 2006). Second, the 

MAO-A inhibitor moclobemide inhibited the unstimulated production of TNF-α and IL-8 in 

whole blood from healthy volunteers and enhanced the LPS stimulated production of the 

anti-inflammatory cytokine IL-10 (Lin et al., 2000). Even so, the impact MAO-B inhibitors 

may have on LPS-induced cytokine expression in oral tissues has not been evaluated. In an 

in vivo chronic inflammatory disease model, it was found that LPS-induced TNF-α 

expression was largely abrogated by inhibition of MAO-B activity (Ekuni et al., 2009). 

Differences in this data compared to previous reports suggest that tissue-specific differences 

in LPS induction of MAO-A versus MAO-B expression and regulation may exist. 

1.6 Rational, Hypothesis and Objectives of this Study 

Rational: Epithelial tissues play a critical role in maintaining systemic health by 

establishing a functional barrier that physically separates the external environment from the 

host to provide an innate defense against environmental insult. Loss of function of epithelial 

barrier that accompanies alterations of cell-cell junctional proteins is associated with a 

multitude of epithelial inflammatory processes typified by periodontal disease, psoriasis, 

chronic airway inflammatory diseases as well as gut related barrier loss seen in inflammatory 

bowel disease (IBD) (Fujita et al., 2010; Chung et al., 2005a; He et al., 2009; Kucharzik et 

al., 2001). In this regard, barrier disruption is suspected to play a central and general role in 

the onset of inflammatory disease. Fundamental knowledge of the underlying pathogenesis 

remains poorly understood. Therefore, identifying factors that mediate epithelial barrier loss 

is clinically relevant as it will open the possibility that novel interventional strategies may be 

developed to mitigate early disease-associated signaling events.  
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 Lipopolysaccharide (LPS) is a Gram-negative bacterial virulence factor implicated in 

periodontal disease onset. Amphiregulin (AR) is a ligand for the epidermal growth factor 

receptor (EGFR) and downstream mediator of tumor necrosis factor-alpha (TNF-α) (Chokki 

et al., 2006) that is normally sequestered at cell-cell contacts in stable epithelial barriers. AR 

and corresponding signaling components modulating the EGFR pathway are altered in the 

oral junctional epithelium of an LPS-induced Wistar rat model of periodontal disease that 

exhibited concomitant altered barrier architecture (Firth et al., 2011). Expression microarray 

analysis of diseased junctional epithelium found that three of the top 10 LPS-induced genes 

are associated with the generation of ROS signaling mediators. One of these genes was 

monoamine oxidase-B (MAO-B). Subsequently, treatment of the LPS-induced rat 

periodontal disease model with MAO inhibitors was found to greatly ameliorate disease 

indices (Ekuni et al., 2009). In addition, a weight of clinical evidence suggests that 

therapeutic inhibition of MAO may ameliorate the chronic inflammatory conditions found in 

rheumatoid arthritis and Crohn’s disease (Lieb, 1983; Kast, 1998). 

 Current methods for management of periodontal disease are at times unsuccessful 

and therefore novel approaches still need to be developed. Protection of barrier integrity may 

potentially reduce penetration of bacterial virulence factors and therefore represents a novel 

treatment modality. We will therefore examine, in cell culture, MAO effects on LPS-

mediated barrier disruption. 

 

Hypothesis: MAO inhibitors protect against LPS-mediated loss of in vitro epithelial cell 

barrier. 
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Objectives: 

1) Develop an in vitro model of epithelial barrier to test the degree to which exogenous 

barrier mediators of interest (LPS, H2O2, AR and TNF-α) induce barrier loss and the 

degree to which MAO inhibitor treatment ameliorates this loss of barrier. 

2) Employ ELISA analysis of conditioned media collected from the in vitro barrier 

model to investigate the altered secretion of AR and TNF-α in response to chronic 

treatment with exogenous mediators of barrier (LPS and H2O2) ± MAO inhibitor. 

3) Perform immunostaining analysis of in vitro barrier model cell cultures to test the 

degree to which cell-cell junction markers are altered by LPS ± MAO inhibitor 

chronic treatment. 
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2  (−)-Deprenyl Attenuates Altered AR Expression and Prevents 

Barrier Loss Induced by Chronic LPS Challenge in a Histiotypic 

Model of Epithelium. 

2.1 Introduction 

  Using a Wistar rat model of LPS-induced periodontal disease, a recent study showed 

that chronic inflammation of oral junctional epithelia led to altered barrier architecture and 

LPS penetration to underlying stroma (Ekuni et al., 2009). Gene chip analysis revealed 

disease-elevated MAO-B. These changes were associated with elevated ROS levels and 

TNF-α release. Treatment with MAO inhibitor ameliorated these disease indices (Ekuni et 

al., 2009). These findings were extended with gene chip analysis that showed AR, an EGFR 

ligand and downstream mediator of TNF-α (Chokki et al., 2006), as well as several other 

proteins modulating the EGFR pathway were also altered in the LPS-induced periodontal 

disease model (Firth et al., 2011). This project in Dr. Putnin’s laboratory used an in vitro 

histiotypic model of epithelium to test the degree to which altered AR release into the 

conditioned media regulates LPS-induced loss of epithelial barrier. In addition, we tested the 

degree to which MAO inhibitor treatment modulates LPS-induced AR release to prevent loss 

of epithelial barrier integrity.  
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2.2 Material and Methods 

2.2.1 Materials 

 Transwell™ Permeable Supports (6.5mm diameter polycarbonate membrane, 0.4µm 

membrane pore size), 75 cm2 tissue culture flasks and 96 well plates were from Corning 

Incorporated Life Sciences (Lowell, MA). Millicell® ERS-2 (Electrical Resistance System) 

was from Millipore Corporation (Bedford, MA). Human amphiregulin and human TNF-α 

DuoSet® ELISA kits were from R&D Systems® (Minneapolis MN). CellTiter 96® AQueous 

Non-radioactive Cell Proliferation Assay was from Promega Corporation (Madison, WI). 

Amphiregulin and TNF-α were from Santa Cruz Biotechnology, INC (Santa Cruz, CA). 

Antibodies for mouse claudin-1, rabbit claudin-3, mouse claudin-4, rabbit claudin-7 and 

rabbit ZO-1 were from Invitrogen Corporation (Camarillo, CA). Bodipy FL phallocidin for 

cytoskeleton stain of F-actin was from Molecular Probes® (Eugene, OR). The antibody for 

mouse E-cadherin was from BD Biosciences (Franklin Lakes, NJ). Periodontal ligament 

epithelial cells (PLE) from epithelial rests of Malassez were isolated from porcine 

periodontal ligament and cultured as previously described (Brunette et al., 1976). Madin-

Darby canine kidney-I cells (MDCK-I) at passage number 23 were generously supplied from 

Dr. Kevin Donato (Department of Laboratory Medicine & Pathobiology, University of 

Toronto). This high-barrier cell line was derived by cloning the parental cell line MDCK 

(CCL-34) and the source of these cells is the distal tubule of the kidney. Intestinal epithelial 

cells-6 (IEC-6) cell line was from the American Type Culture Collection (Manassas, VA). 

This cell line was derived from normal rat intestine (Quaroni et al., 1979). 

Lipopolysaccharides from Escherichia coli 055:B5, hydrogen peroxide solution 30% (w/w), 

R-(−)-deprenyl hydrochloride, phenelzine sulphate salt, moclobemide, N-Methyl-N-
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propargyl-3-(2,4-dichlorophenoxy)propylamine hydrochloride (clorgyline) and pargyline 

hydrochloride were from Sigma (Oakville, Ontario). α-Minimum Essential Medium (α-

MEM), antibiotic-antimycotic (anti-anti), fetal bovine serum (FBS), Dulbecco's Modified 

Eagle Medium (DMEM), trypsin-EDTA and Glutamax™ were from Gibco (Grand Island, 

NY). FBS for α-MEM was from PAA Laboratories Incorporated (Etobicoke, ON). All other 

chemicals were from Sigma (Oakville, Ontario). 

2.2.2 Epithelial cell culture experiments 

 The PLE cell line was cultured in α-Minimum Essential Medium (α-MEM) 

containing L-glutamine, and supplemented with 1% anti-anti (10,000 units of penicillin 

(base), 10,000 µg of streptomycin (base), and 25 µg of amphotericin B/ml utilizing penicillin 

G (sodium salt), streptomycin sulfate, and amphotericin B as Fungizone® Antimycotic in 

0.85% saline) and 15% FBS. The MDCK-I and IEC-6 cell lines were cultured in DMEM 

containing 4,500 mg/L D-glucose and sodium pyruvate and supplemented with 1% anti-anti 

and 10% FBS.   

 All cells were cultured on 75 cm2 tissue culture flasks and were maintained at 37°C in 

a humidified atmosphere of 95% air 5% CO2. To remove the confluent cells, they were 

treated with trypsin-EDTA (Gibco, Grand Island, NY) for 5 minutes. This was replaced with 

fresh trypsin for an additional 12 minutes and removed with the dislodged cells. Cells were 

harvested into 10 ml of medium with the corresponding concentration of supplemented 

serum and pelleted by centrifuging at low speed for 4 minutes. The culture medium was 

decanted and replaced with 10 mls of fresh medium with the corresponding concentrations 

of FBS and additional supplements. Cells were suspended and 100 µl of this suspension was 

added to 9.9 ml of Isoton-II® (Coulter Electronics of Canada, Ltd., BC) and counted three 
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times with a CoulterCounter® (Coulter Electronics of Canada, Ltd., BC). Total number of 

cells and concentration of cell suspension was calculated. For the experiments, cells were 

plated on Transwell™ permeable supports with polycarbonate membranes (6.5 mm diameter 

and 0.4µm pore size) (Corning, Lowell, MA). 
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Figure 3. Experimental timeline 

MDCK-I, IEC-6 and PLE epithelial cell lines were cultured in Transwell™ chambers (A) 
and transepithelial electrical resistance (TER) was monitored by a Millicell® Electrical 
Resistance System (B) as an assay of barrier formation. TER measurements on days 1, 3, 5, 
7 and 9 were followed by a full media change with treatments administered at 48-hour 
intervals beginning on day 3 (C). Media from apical and basal chambers collected at 48-hour 
intervals was analyzed for AR and TNF-α secretion by sandwich ELISA. Fixed cultures 
were immunostained for AR, zonula occludens-1 (ZO-1), actin, claudin-1, claudin-3, 
claudin-4 and claudin-7 and E-cadherin as markers of cell-cell junctions.  
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2.2.3 Assay of barrier formation 

 To assay changes in barrier integrity, we measured transepithelial electrical 

resistance (TER) of Transwell™ epithelial cell cultures, which is a commonly used 

technique to characterize paracellular barrier function (Gonzalez-Mariscal et al., 2003; 

Schneeberger and Lynch, 2004; Van Itallie et al., 2008). MDCK-I, IEC-6 and PLE epithelial 

cell lines were cultured in Transwell™ chambers and TER was monitored by a Millicell® 

Electrical Resistance System as an assay of barrier formation (Figure 3). Throughout the 

experiments, 100µl and 600µl of culture medium with or without treatments was added to 

the apical and basal compartments, respectively. Prior to cell plating, Transwells™ were 

incubated overnight in basal media supplemented with 1% anti-anti. PLE cells were plated at 

a high density of 8.0 x 104 cells and cultured in α-MEM supplemented with 15% FBS and 

1% anti-anti. MDCK-I cells were plated at a density of 5.0 x 104 cells and cultured in 

DMEM supplemented with 1% FBS, 1% anti-anti. IEC-6 cells were plated at a high density 

of 8.0 x 104 cells and cultured in DMEM supplemented with 5% FBS, 1% anti-anti. When 

the treatments were applied at 72 hours, the serum concentration in PLE and IEC-6 culture 

media was reduced to 1% FBS and the MDCK-I treatment containing culture medium 

remained the same as the plating medium. Notably, at 72 hours post cell-plating the MAO 

inhibitors were applied alone in the media change for 1 hour and this was followed by the 

addition of the co-treatment to the apical and basal Transwell™ compartment media. Every 

48 hours after this initial staggered co-treatment, both treatments were applied 

simultaneously in the media change. A full media change was performed at 24 hours post-

cell plating. Subsequently, the medium was completely changed every 48 hours. This was 

done to prevent any adverse affects due to the evaporation and loss of medium that was 
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observable in the Transwells™ after three days of culturing. This also provided the cells 

with two days to recover from a consistently recorded drop in TER, likely induced by the 

impact of a full medium change. TER measurements were recorded in ohms with the 

Millicell® ERS-2 at 0, 1, 3, 5, 7 and 9 days of culturing (day 0 TER was consistently 

recorded as 0 ohms). Prior to taking the TER measurement, the Millicell® ERS-2 electrode 

was sterilized for 15 minutes in 70% ethanol (Millicell® ERS-2 User Guide). In addition, the 

cell cultures were allowed to cool to room temperature for 15 minutes prior to taking the 

TER measurements (Millicell® ERS-2 User Guide). Treatments of the cell cultures with 

MAO inhibitors, and/or exogenous LPS, AR, TNF-α or H2O2 were applied at 72 hours. This 

72-hour time point was chosen as a suitable time for administering the treatments since it 

corresponds to a period in time where the MDCK-I cell culture TER began to increase 

substantially. Cell culture medium was changed immediately after the TER measurements. 

In addition, conditioned medium from the apical and basal compartments were reserved for 

later ELISA analysis. This media collection required adding 50µl of the corresponding 

medium to the apical compartment to account for the media loss that occurred while taking 

TER measurements. At day 9, Transwell™ cultures were fixed in a solution of 2% 

formaldehyde/PBS fix. The cells were fixed for 2 hours at room temperature followed by an 

overnight fix at 4°C before having the fix replaced with PBS. 

2.2.4 Quantitation of AR and TNF-α protein secretion by ELISA analysis 

 MDCK-I, PLE and IEC-6 cell culture conditioned medium collected from apical and 

basal Transwell™ chambers at 2, 4 and 6 days of treatment (Figure 3) and immediately 

stored at -80°C were analyzed for AR and TNF-α secretion by sandwich ELISA. Sandwich 

ELISA was performed according to the kit manufacturer’s instructions. Briefly, 96-well 
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plates were coated with 100µl per well of the diluted capture antibody (2µg/ml in PBS for 

AR and 4µg/ml in PBS for TNF-α). These plates were then sealed and incubated overnight at 

room temperature. Next, each well was aspirated using vacuum suction and washed with 

wash buffer (0.05% Tween® 20 in PBS), repeating the process two times for a total of three 

washes. Plates were then blocked by adding 300µl of reagent diluent (1% BSA in PBS) to 

each well and incubating the plates at room temperature for 1 hour. After this incubation, the 

aspiration/wash step was repeated. The assay procedure began by adding 50µl per well of 

samples or standards in reagent diluent. To produce a standard curve, which enables the 

conversion of optical density to protein amount, a seven point standard curve using 2-fold 

serial dilutions in reagent dilution (1000-15.6pg/ml) was performed. Plates were then sealed 

and incubated overnight at room temperature. After this incubation, a repeat of the 

aspiration/wash step was performed. Next, 50µl of the detection antibody diluted in reagent 

diluent (100ng/ml for AR and 250ng/ml for TNF-α) was added to each well. These plates 

were sealed and incubated for 2 hours at room temperature. A repeat of the aspiration/wash 

procedure was then performed. Next, 100µl of the working dilution (1:200 dilution with 

reagent diluent) of Streptavidin-HRP was added to each well. The plates were covered to 

avoid light and incubated for 20 minutes at room temperature. After this incubation, a repeat 

of the aspiration/wash step was performed. Next, 100µl of substrate solution (1:1 mixture of 

color reagent A (H2O2) and color reagent B (Tetramethylbenzidine)) was added to each well. 

During this step, the plates were covered to avoid light. After 1 hour of incubation, 50µl of 

stop solution (2N H2SO4) was added to each well and the plates were gently tapped to ensure 

thorough mixing. To determine the optical density of each well, a microplate reader set to 

450 nm with a 595 nm reference was immediately employed. Conversion to protein amount 
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in pg/ml from the optical density readings was performed using the slope of the standard 

curve optical density readings. 

2.2.5 Immunohistochemistry 

 At the end of the experimental period (6 days post treatment, Figure 3C), 

Transwell™ cell cultures had their media removed from the apical and basolateral 

compartments of the Transwell™ inserts by vacuum filtration. The cultures were then 

washed three times in phosphate buffered saline (PBS) and the cells were fixed in a solution 

of 2% formaldehyde/PBS fix. The cells were fixed at room temperature for 2 hours and then 

fixed at 4°C overnight. The following day, the fix solution was rinsed three times in PBS. 

Next, all the PBS was vacuum suctioned and the Transwell™ inserts were removed from the 

24 well tray and flipped upside down so that the membrane could be carefully removed with 

a fresh scalpel. This was done quickly to prevent the membranes from drying. The 

membranes, once removed, were placed onto the well of a 24 well plastic tray with the cells 

facing upwards. Next, 0.5% Triton X-100 (50µl Triton X-100/10ml PBS) was administered 

to each membrane for exactly 4 minutes. This was followed by five washes with PBS for a 

10-minute period each on a shaker system set at medium-low shaker level. Next, free 

aldehyde groups were quenched with a 0.05% NaBH4/PBS solution (.005g/10ml PBS) for 10 

minutes. The 0.05% NaBH4/PBS solution was vacuum suctioned and this was followed by 

administration of block solution (Glycine/PBS/Block (30 mg/ml BSA(V)/10mg/ml 

glycine/0.1% NaN3)) to eliminate any potential non-specific binding. This block solution 

remained on the cultures for 1 hour. Next, the primary antibodies were prepared with block 

solution and 10µl total solution was applied per membrane. This solution was comprised of a 

dilution (1:50) of block/primary antibody. Next, the block buffer was removed by vacuum 
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suction. The membranes were then positioned in the center of the well in order to prevent the 

antibody solution from running off of the membrane. 10µl of the antibody solution was then 

pipetted into the center of each membrane. The primary antibody solution was left for 1 hour 

and checked periodically for any loss of antibody solution. If primary antibody solution was 

lost, more of the solution was added. The cultures were left overnight in 250µl of this 

primary antibody solution, which was a volume that completely submersed the membranes. 

Next, a wash buffer was prepared by making a dilution (1:30) of the block/buffer/glycine 

solution with PBS and Bodipy FL Phallocidin cytoskeleton stain of F- actin was 

administered in a dilution (1:300) of reagent and wash buffer solution (1:300 dilution of 

6.6µM Bodipy FL Phallocidin is 22nM) for 10 minutes. Subsequently, the wash buffer alone 

was applied 5 times for 10 minutes each. Next, the secondary antibody was added in a 

PBS/block solution (1:100) and the samples were incubated at room temperature in the dark 

for 1 hour. Next, the samples were washed 3 times for 5 minutes in PBS in the dark. Lastly, 

the membranes were mounted on glass microscope slides with Invitrogen Prolong® Gold 

Antifade with DAPI reagent (Invitrogen Molecular Probes® Eugene, OR, P-36931). Imaging 

of the samples was performed immediately with a Nikon Confocal Microscope C1 with Q 

Imaging Retiga 2000R (Melville, NY). Filters used were ND16, ND8 and ND4. The laser 

and detector configuration was as follows: Laser 1 was a 408nm UV Laser for blue 

fluorescence, laser 2 was a 488nm blue laser for green fluorescence and laser 3 was a 543nm 

green laser for red fluorescence. 

 Representative confocal images from IEC-6 and MDCK-I Transwell™ cultures were 

processed to display scale bars and separated RGB channels using Nikon EZ-C1 software. 

Image J64 image-processing software was used to reconstruct z-axis images of MDCK-I 
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cultures on Transwell™ membranes. As shown by z-axis images, ZO-1 immunostaining was 

localized at the apical region of polarized MDCK-I Transwell barrier model cultures, which 

is consistent with the literature (Turner, 2009). As a result, confocal imaging of x,y-axis 

images was restricted to this apical region. All other confocal imaging of cell-cell markers in 

the x,y-axis was restricted to cellular regions near the middle of the DAPI nuclear staining to 

maintain consistency between sample images and to image junctional regions containing 

adherens junctions, which are typically located subjacent to the tight junctions (Figure 2) 

(Turner, 2009). Lastly, for each experiment, RGB gain structures were established using 

Nikon EZ-C1 software. These gain structures were maintained throughout the image 

collecting process to enable direct comparisons between samples of the various treatment 

groups. By doing this, protein expression of the molecules of interest could be inferred by 

observing the corresponding immunostaining fluorescence intensity. 

2.2.6 Proliferation assay 

 MDCK-I cultures were grown on Transwell™ polycarbonate membranes in DMEM 

supplemented with 1% FBS and 1% anti-anti. Cells were treated after 72 hours of cell 

plating and chronic treatments continued every 48 hours as outlined in the barrier model 

protocol (Figure 3C). The CellTiter 96® AQueous Non-Radioactive Cell Proliferation Assay 

was performed directly on these cultures at day 6 of treatment. For every 100µl of 

conditioned media, 20µl of MTS/PMS solution was added as per the manufacturers 

instructions (Promega, Technical Bulletin No. 169). Next, plates were incubated for 1-hour 

at 37°C in a humidified, 5% CO2 atmosphere. After a 1-hour incubation period, the 

conditioned media/MTS/PMS solution from the apical and basal compartments of the 

Transwell™ cell cultures were pooled and mixed. Lastly, the absorbance of formazan was 
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immediately recorded from the cell culture plates at 490nm using an ELISA plate reader. 

Absorbance was expressed as relative cell number. 

2.2.7 Statistical analysis 

 Data analysis was performed using a statistical program called “A calculating 

companion for Brunette’s Critical Thinking”. This program is available at the following 

website: http://www.dmbru.net/Calculating_Companion/tests.php  (Website and all applets 

copyright © 2008, DM Brunette). All results were subjected to statistical analysis using one-

way analysis of variance (ANOVA) and analyzed for comparisons between the groups by 

Tukey’s test. Data were expressed as means ± S.D. of triplicate samples and the level of 

significance was taken to * p < 0.05 and **p<0.01. 

2.3 Results 

2.3.1 Exogenous mediators of epithelial barrier model 
 
  The high barrier forming MDCK-I cell line is considered a gold standard for studies 

of epithelial barrier formation as measured by TER (Gonzalez-Mariscale et al., 2003; 

Schneeberger and Lynch, 2004). This cell line was employed in a pilot experiment (n=1) 

(Figure 4A) designed to investigate exogenous mediators of an in vitro epithelial barrier 

model. These mediators included the bacterial virulence factor LPS, TNF-α, and inhibitors of 

MAO-A/B and MAO-B, which became of interest for this barrier study because of previous 

data collected using an in vitro rat periodontitis disease model (Ekuni et al., 2009). Previous 

studies showed that proinflammatory cytokines such as TNF-α decrease TER and increase 

paracellular permeability to ions and normally impermeable molecules in intestinal (Bruewer 

et al., 2003; Fish et al., 1999; Francoeur et al., 2004; Li et al., 2007; Rodriguez et al., 1999) 
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and airway epithelia (Coyne et al., 2002). Dr Putnins’ laboratory employed gene chip 

analysis of epithelial tissues from a rat LPS-induced periodontal disease model, which 

showed amphiregulin (AR), an epidermal growth factor receptor (EGFR) ligand and 

downstream mediator of TNF-α (Chokki et al., 2006), as well as several associated proteins 

that modulate the EGFR pathway were also altered in the LPS-induced periodontal disease 

model (Firth et al., 2011).  Thus, AR became of interest as a potential significant mediator of 

the in vitro barrier model. Changes in Transwell™ MDCK-I cell culture TER were measured 

by a Millicell® ERS-2 at 48, 96 and 144 hours of treatment. Chronic treatment of the model 

at 72 hours post-cell plating with the MAO-A/B inhibitor phenelzine at 50µM + 5µg/ml 

LPS-induced increases in TER, suggesting MAO-A/B inhibitor-mediated enhancement of 

epithelial barrier integrity can occur in an LPS-rich environment (Figure 4A). Treatment 

with 5µg/ml LPS, 10ng/ml AR and 10ng/ml TNF-α-induced reduced epithelial barrier 

formation (Figure 4A). TNF-α chronic treatment was the most effective at reducing TER, 

followed by AR and last LPS (Figure 4A). Further experiments that employed exogenous 

AR and TNF-α treatments were carrier out with this MDCK-I barrier model (Figure 4B, C). 

This study employed larger sample sizes (n=3) and a concentration range of exogenous AR 

and TNF-α treatments. Both treatments reduced TER in a concentration dependent manner 

and confirmed that chronic TNF-α treatment induced greater reduction in TER in 

comparison to chronic AR treatment at the same concentrations (Figure 4B,C).  
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Figure 4. Exogenous mediators of in vitro MDCK-I barrier model  

Pilot experiment (n=1) using the MDCK-I barrier model treated at 72 hours (T) post-cell 
plating with the MAO-A/B inhibitor phenelzine (P) ± LPS (L), LPS alone, AR and TNF-α 
(A). Changes in TER were measured with the Millicell® ERS-2 at 48, 96 and 144 hours of 
treatment. Exogenous AR (B) and TNF-α (C) treatment of MDCK-I barrier model and assay 
of barrier formation by TER. Data are presented as mean ± SD; n = 3. Analysis of 144-hour 
TER using One-way ANOVA with Tukey’s test found notable significant differences 
between (1) Control (CTL) and AR (10ng/ml) at p<0.05, (2) CTL and TNF-α (5ng/ml) at 
p<0.01 and (3) TNF-α (5ng/ml) and TNF-α (10ng/ml) at p<0.05.  
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2.3.2 Treatment of the MDCK-I barrier model with MAO-A/B, MAO-B and MAO-A 

inhibitor classes 

  Previously it was demonstrated that chronic treatment with the MAO-A/B inhibitor 

phenelzine induced increases in the MDCK-I barrier model TER (Figure 4A). To further 

determine the effect of MAO inhibition in the barrier model TER, MDCK-Is were 

chronically treated with a concentration range of MAO-A/B, MAO-B and MAO-A over a 6 

day time period as defined in the experimental protocol (Figure 3C). MAO-A/B and MAO-B 

inhibitor treatment induced concentration dependent increases in TER (Figure 5A). MAO-A 

inhibitor treatment negatively affected barrier formation as measured by TER (Figure 5A). 

At 96 hours of treatment, reduction of TNF-α and AR protein secretion was noted in the 

MAO-A/B and MAO-B inhibitor treated groups. In contrast, increased AR and TNF-α 

protein secretion was noted at 96 hours of MAO-A inhibitor and LPS treatment (Figure 

5B,C).  

 An interesting finding, was that chronic treatment of the barrier model with the low 

concentration (5µM) treatment of the MAO-A inhibitor moclobemide, resulted in a 

significant (p < 0.01) increase in TER above the control (Figure 5A). In addition, this 

increase in TER was associated with reduced TNF-α and AR secretion at 96 hours of 

treatment (Figure 5B,C). These findings contradict the results from the other MAO-A 

inhibitor treatments, which include clorgyline (5µM and 40µM) and moclobemide (at the 

higher treatment concentration of 40µM). These treatments induced decreases in TER below 

the control measurements. This discrepancy can be explained by the fact that moclobemide 

preferentially inhibits MAO-A (~80%) and to a lesser extent, MAO-B (20-30% inhibition) 

(Foye et al., 2008; Nair et al., 1993). The partial inhibition of MAO-B by the low 
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concentration treatment of moclobemide may be the factor that is inducing an increase in 

barrier formation as assessed by TER. Furthermore, higher concentrations of moclobemide 

would likely introduce an increased amount of MAO-A inhibition that could override the 

increase in TER due that may be caused by the partial inhibition of MAO-B. 
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Figure 5. Treatment of the MDCK-I barrier model with MAO-A/B, MAO-B and 
MAO-A inhibitor classes 

(A) MDCK-I cultures grown on Transwell™ membranes were treated at 72 hours (T) post-
cell plating with a concentration range of MAO inhibitors and LPS alone. Analysis of 144-
hour TER using One-way ANOVA with Tukey’s test found notable significant differences 
between 1) Control (CTL) and 5µM phenelzine (P), 2) 5µM P and 10µM P, 3) 5µM deprenyl 
(D) and CTL, 4) 5µM D and 40µM D, 5) 5µM moclobemide and CTL and 6) 5µM clorgyline 
and CTL. (B, C) At 96 hours of treatment, total TNF-α and AR protein secretion was 
assayed by ELISA analysis of pooled and mixed apical and basal conditioned media. 
Significant difference between groups numbered and groups bordering bars (*p <0.05, 
**p<0.01). Data are presented as mean ± SD; n = 3. 
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2.3.3 Treatment of PLE, IEC-6 and MDCK-I barrier models with (−)-deprenyl ± LPS 

  Treatment of PLE, IEC-6 and MDCK-I barrier models with (−)-deprenyl induces 

increases in TER in an LPS conditioned environment, demonstrating a potential protective 

role against LPS-induced reduction in TER (Figure 6A). Furthermore, ELISA analysis of the 

conditioned media showed inhibition of LPS-induced TNF-α protein secretion in the 

presence of (−)-deprenyl (Figure 6B,C). TNF-α secretion was most highly active at the early 

assay time point (48hrs) and induction decreased progressively at the 96 and 144-hour assay 

time points (Figure 6C). This finding of a temporal TNF-α activation pattern in several cell 

types is consistent with literature findings that have established TNF-α as an acute 

inflammatory mediator in many epithelial tissues (Noti et al., 2010; Ulich et al., 1995). 

Furthermore, the finding of a consistent pattern between the three epithelial cell lines of LPS 

reduction in TER and protection by (−)-deprenyl co treatment and a temporal pattern of 

TNF-α secretion suggests that these signaling mechanisms represent an epithelial 

phenomenon that may be consistent among all epithelial cell types. 

 A summary of the in vitro assays (Table 1A,B and C) highlights that LPS reduced 

barrier and increased TNF-α and AR expression. Subsequently, the effect of a variety of 

MAO inhibitors was tested using these in vitro assays. MAO-A/B was effective at 

reconstituting the barrier that was reduced by LPS and also reduced LPS-mediated TNF- α 

and AR expression. The MAO-B (−)-deprenyl was as effective as the tested MAO-A/B 

inhibitor. The MAO-A inhibitors tended to work in an opposite manner. In vivo rat 

periodontal disease model experiments that were conducted previously in Dr. Putnin’s 

laboratory are summarized in Table 1D (Ekuni et al., 2009). Only MAO-A/B inhibitor was 

tested for reduction in disease and this was effective. 
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Figure 6. PLE, IEC-6 and MDCK-I barrier model treatment with (−)-deprenyl ± LPS 

(A) PLE and IEC-6 were challenged at 72 hours (T) with LPS (L) ± (−)-deprenyl (D). 
MDCK-I cultures were treated with a concentration range of L ± D. TER changes were 
measured at 48, 96 and 144 hours of treatment. Analysis using One-way ANOVA with 
Tukey’s test found notable significant differences between LPS 5µg/ml and L (5µg/ml) + D 
(40µM) (1**), LPS (2**) 5µg/ml and CTL, LPS 5µg/ml and L (5µg/ml) + D (40µM) (3**), 
L (5µg/ml) (4**) and CTL, LPS 1µg/ml and L (1µg/ml) + D (40µM) (5**) and LPS 5µg/ml 
(6**) and CTL. (B) Total TNF-α protein secretion was assayed by ELISA analysis of pooled 
and mixed apical and basal conditioned media. Significant difference between groups 
numbered and groups bordering bars (*p <0.05, **p<0.01). Data are presented as mean ± 
SD; n = 3. (C) Relative protein expression of TNF-α assayed in the conditioned media is 
presented as mean; n =3 of fold change over untreated controls. 
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Table 1. MAO inhibitor in vitro and in vivo effects 

 In vitro Transwell™ MDCK-I culture In vivo animal 
 A. Barrier 

Effect 
B. TNF-α 
Expression 

C. AR 
Expression 

D. Periodontal 
Disease 

MAO-A/B     
   Phenelzine ++ -- - reduced 
     
MAO-B     
   Deprenyl ++ -- --- nd 
   Pargyline + - - nd 
     
MAO-A     
   Clorgyline -- ++ ++ nd 
   Moclobemide     
(partial MAO-B 
inhibitor activity) 

-/+ (higher 
concentration) 

nd nd nd 

     
 
In vitro Assays (A, B and C): LPS reduced barrier formation as measured by TER and 
increased TNF-α and AR expression. Subsequently, the effect of a variety of MAO 
inhibitors was tested using these in vitro assays. MAO-A/B was effective at reconstituting 
the barrier that was reduced by LPS and also reduced LPS‐mediated TNF‐α and AR 
expression. The MAO-B (−)-deprenyl was as effective as the tested MAO-A/B inhibitor. 
The MAO-A inhibitors tended to work in an antagonistic manner. In vivo Disease Model 
(D): Dr. Putnin’s laboratory previously tested the change in disease using an in vivo rat 
periodontal disease model (Ekuni et al., 2009). Only MAO-A/B inhibitor was tested for 
reduction in disease and this was effective. 
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2.3.4 (−)-Deprenyl prevents LPS-induced loss of actin and E-cadherin at cell-cell 

junctions 

 As loss of E-cadherin-mediated adherence junctions is involved in epithelial barrier 

dysfunction (Goto et al., 2000; Zabner et al., 2003), the next experiment investigated the 

effect of LPS ± (−)-deprenyl on E-cadherin localization in the MDCK-I barrier model 

Transwell™ cultures. E-cadherin localization was determined by immunocytochemistry with 

antibody specificity to the extracellular domain of E-cadherin. After 6 days of chronic LPS ± 

(−)-deprenyl treatments, immunostaining of barrier model MDCK-I cultures grown on 

Transwell™ membranes showed that (−)-deprenyl prevented LPS-induced loss of 

intercellular E-cadherin at cell-cell contacts (Figure 7).  

 The cytoplasmic tail of E-cadherin, interacts directly with β-catenin. Furthermore, β-

catenin interacts with α-catenin-1, which regulates local actin assembly and plays a 

significant role in the development of the perijunctional actomyosin ring. Thus, actin 

staining was performed on these cells to assess this important indirect interaction with E-

cadheren. Actin immunostaining was localized at cell-cell junctions and remained stable 

after 6 days of LPS challenge (Figure 7). This suggests that LPS-induces loss of specific 

cell-cell junctions proteins, in this case E-cadherin and not actin. This finding also suggests 

that the cells were still viable and that the LPS concentration used (5µg/ml) to induce 

reduced TER and loss of E-cadherin cell-cell staining in these Transwell™ cultures was not 

inducing cellular apoptosis. This was confirmed in a corresponding cell proliferation assay 

of conditioned media collected from Transwell™ barrier model cultures at day 6 of 

treatment, which showed no difference in relative cell number between the treatment groups 

(Figure. 16A). 
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Figure 7. E-cadherin and actin immunostaining of MDCK-I barrier model cultures 

Cells were fixed and immunostained at the final day 6 treatment time point of the epithelial 
barrier model. MDCK-I cultures were treated at 72 hours post cell plating with LPS (L) at 
5µg/ml ± 40µM (−)-deprenyl (D) and chronic treatments continued every 48 hours as 
outlined in the barrier model protocol (Figure 3C). Bar = 50µm. 
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2.3.5 (−)-Deprenyl prevents LPS-induced loss of ZO-1 at tight junctions and increased 

ZO-1 immunostaining at these cell contact sites 

  ZO-1 was studied because this peripheral membrane component, plays a significant 

role in organizing tight junction assembly and maintenance, partly owing to the fact that this 

protein includes multiple domains for interacting with other proteins, including the 

transmembrane proteins claudin and occludin and cytoskeleton-associated actin (Turner, 

2009). Immunostaining of MDCK-I cultures grown on Transwell™ membranes showed that 

at 6 days of chronic treatment, (−)-deprenyl prevented LPS-induced loss of ZO-1 and 

increased protein expression at apical tight junction contacts (Figure 8C). In addition, ZO-1 

immunostaining was exclusively localized in the apical regions of the cell as shown in the z-

axis images, suggesting that these MDCK-I cultures were polarized on these Transwell™ 

membranes (Figure 8C, z-axis images). These images are consistent with the results of the 

TER barrier experiment in Figure 6A from which these samples were collected. Comparing 

the TER data that corresponds to these immunostaining results suggests that disruption of 

ZO-1 immunostaining by LPS is associated with reduced TER. The finding that (−)-deprenyl 

increased ZO-1 immunostaining intensity at tight junction contact sites suggests that the 

increased TER measured in theses samples may be influenced by either upregulated ZO-1 

protein expression at these sites or inhibition of the normal level of endocytotic cycling of 

ZO-1 away from tight junctions. 
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Figure 8. ZO-1 immunostaining of MDCK-I barrier model cultures 

MDCK-Is were fixed and immunostained at day 6 of chronic treatment as outlined in the 
barrier model protocol (Figure 3C). Representative z-axis images of the control (CTL), LPS 
alone and LPS + (−)-deprenyl (L+D) treatment groups are presented alongside their 
corresponding x,y axis image. MDCK-I cultures were treated 72 hours after cell plating with 
a concentration range of LPS ± (−)-deprenyl and chronic treatments continued every 48 
hours as outlined in the barrier model protocol (Figure 3C). Bar = 50µm. 
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2.3.6 Claudin immunostaining of MDCK-I and IEC-6 barrier model cultures at day 6 

of chronic (−)-deprenyl ± LPS treatment 

  Claudins are transmembrane proteins associated with the epithelial tight junction and 

are important because they determine the extent of barrier. Different epithelial cell sheets 

have their own unique set of claudin species, and this compositional heterogeneity is now 

believed to explain the diversified barrier properties of tight junctions (Goodenough, 1999; 

Morita et al., 1999). Claudin proteins can exert a unique barrier property in terms of charge 

selectivity and size selectivity and that the combination and mixing ratios of claudins in a 

given cell type determine the overall barrier properties of its tight junctions.   

 MDCKs have most often been reported to express claudin 1 and 4 (Table 2). Thus, 

these proteins were analyzed by immunocytochemistry. Immunostaining of MDCK-I 

cultures grown on Transwell™ membranes showed that at 6 days of chronic treatment, (−)-

deprenyl prevented LPS-induced loss of claudin-1 and -4 and increased claudin positive 

staining at pericellular and intracellular locations (Figure 9). Both pericelluar and 

intracellular claudin positive staining was increased in the (−)-deprenyl + LPS co-treatment 

samples relative to the other treatment groups (Figure 9). Despite this, our pericellular and 

intracellular claudin immunostaining results do not appear consistent with immunostaining 

results from previous studies, which show defined localization of claudins at cell-cell 

junctions (Wisner et al., 2008; Wang et al., 2009). Even so, the overall increase in claudin 

protein expression associated with chronic (−)-deprenyl treatment suggests an important area 

for future research. In particular, a future area of investigation may include screening of 

additional claudin proteins. 
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 Rat colon epithelium is reported to express a multitude of different claudin proteins 

with claudin-1, -3 and -7 showing importance to barrier function in colonocytes (Table 2). 

As a result, immunocytochemistry was performed to analyze the expression of these tight 

junction proteins in the IEC-6 in vitro barrier model. Immunostaining of IEC-6 cultures 

grown on Transwell™ membranes showed that at 6 days of chronic treatment, (−)-deprenyl 

prevented LPS-induced loss of claudin-1, claudin-3 and claudin-4 and increased claudin 

positive staining (Figure 10). Similar to the MDCK-I samples, both pericellular and 

intracellular claudin positive immunostaining was increased in the (−)-deprenyl + LPS co-

treatment samples relative to the other treatment groups (Figure 10). Lastly, the claudin 

distributions were again found to be inconsistent with previous reports of claudin 

immunostaining in IEC-6 cultures. 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Figure 9. Claudin-1 and claudin-4 immunostaining of MDCK-I barrier model cultures 

MDCK-Is were fixed and immunostained for claudin-1 (cld-1) and claudin-4 (cld-4) at day 6 
of chronic treatment. The cultures were initially treated after 72 hours of cell plating with 
LPS (L) at 10µg/ml ± 10µM (−)-deprenyl (D) and chronic treatments continued every 48 
hours as outlined in the barrier model protocol (Figure 3C). Bar = 50µm. 
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Figure 10. Claudin-1, claudin-3 and claudin-4 immunostaining of IEC-6 barrier model 
cultures 

IEC-6s were fixed and immunostained for claudin-1 (cld-1), claudin-3 (cld-3) and claudin-7 
(cld-7) at day 6 of chronic treatment. IEC-6 cultures were initially treated at 72 hours post 
cell plating with LPS (L) at 10µg/ml ± 10µM (−)-deprenyl (D) and chronic treatments 
continued every 48 hours as outlined in the barrier model protocol (Figure 3C). Bar = 50µm. 
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Table 2. Distribution of claudins expressed in different epithelial cell lines and tissues 

Table reproduced with permission from Turksen and Troy, 2004. 
 
Epithelial Cell Lines Known Claudin 

Expression 
Reference 

IEC-6 (Rat intestinal epithelial 
cell line-6) 

1, 2, 4 Poritz et al., 2004; Guo et al., 
2003; Wang et al., 2009 

MDCK (Madin-Darby canine 
Kidney) 

1 Ohkubo and Ozawa, 2004 

MDCK-I (Madin-Darby 
canine Kidney-1) 

1, 4 Furuse et al., 2001; Sonoda et 
al., 1999 

MDCK-II (Madin-Darby 
canine Kidney-II) 

1, 2, 3, 4 Furuse et al., 2001; Singh 
and Harris, 2004 

Caco-2 (Human colorectal 
adenocarcinoma-2) 

1 Dorkoosh et al., 2004 

T84 (Human colonic 
adenocarcinoma cell line) 

1, 4 Bruewer et al., 2003 

HMEC (Human mammary 
epithelial cells) 

1 Swisshelm et al., 1999 

Human retinal pigment 
epithelium  

1, 3 Abe et al., 2003; Rajasekaran 
et al., 2003 

COMMA-1D (Mouse 
epithelial mammary cells) 

1 Stelwagen and Callaghan, 
2003 

HaCat (Human keratinocyte 
cells) 

1, 3 Tebbe et al., 2002 

Epithelial Tissues   
Skin epidermis 1, 2, 3, 4, 6, 8, 12, 17 Brandner et al., 2002 

(human); Furuse et al., 2002 
(mouse); Tebbe et al., 2002 
(human); Turksen and Troy 
2002 (mouse) 

Human cornea epithelium 1, 2, 3, 7, 9, 14 Ban et al., 2003 
Rat pancreatic duct epithelia 2, 3, 4 Rahner et al., 2001 
Kidney distal tubule 1, 3, 8 Kiuchi-Saishin et al., 2002 

(mouse); Reyes et al., 2002 
(rabbit) 

Kidney collecting duct 1, 3, 4, 8 Kiuchi-Saishin et al., 2002 
(mouse); Reyes et al., 2002 
(rabbit) 
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Table 2. Distribution of claudins expressed in different epithelial cell lines and tissues  
 
Epithelial Tissues Known Claudin 

Expression 
Reference 

Kidney proximal tubule 2, 10, 11 Kiuchi-Saishin et al., 2002 
(mouse); Reyes et al., 2002 
(rabbit) 

Mouse vestibule sensory 
epithelium 

1, 3, 9, 12, 14, 18 Kitajiri et al., 2004 

Rat uterus epithelium 1 Orchard and Murphy, 2002 
Human gut gastrointestinal 
mucosa 

4 Nichols et al., 2004 

Rat colon epithelium 
(colonocytes) 

1, 2, 3, 4, 5, 7 Rahner et al., 2001; Zeissig et 
al., 2004; Guttman et al., 2006 
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2.3.7 AR immunostaining of MDCK-I and IEC-6 barrier model cultures at day 6 of 

chronic (−)-deprenyl ± LPS treatment 

  Immunostaining of AR in MDCK-I and IEC-6 Transwell™ barrier model cultures at 

day 6 of chronic (−)-deprenyl ± LPS treatment showed that (−)-deprenyl prevented LPS-

induced loss of AR at locations normally localized pericellularly and increased protein 

expression at these sites (Figure 11). These results suggest that chronic LPS treatment either 

induces the release of AR from its attachment to the cell membrane and/or reduces the 

amount of AR expressed at these pericellular locations. This finding is consistent with 

previous literature demonstrating that LPS-induces AR release from epithelial cells (Brandl 

et al., 2010). Co-treatment with (−)-deprenyl may prevent this LPS-induced AR release from 

its cell attachment and/or upregulate the amount of AR expressed at these pericellular sites. 

In representative MDCK-I control samples, immunostaining of AR was localized 

pericellularly and displayed what appears to be intense localized intracellular staining. The 

pericellular and intracellular immunostaining of AR in (−)-deprenyl and (−)-deprenyl + LPS 

treated cultures was more prevalent in the representative samples in comparison to control 

samples. AR immunostaining in MDCK-I barrier model cultures was dramatically reduced 

with chronic LPS treatment over 6 days. IEC-6 AR immunostaining showed a similar pattern 

to the MDCK-I samples. In control samples, AR showed pericellular localization in the IEC-

6 samples and in (−)-deprenyl and (−)-deprenyl + LPS treated cultures this staining pattern 

was more prevalent in the cells. Again, AR immunostaining was significantly lost with 

chronic LPS treatment over 6 days. These results suggest that AR protein expression may be 

upregulated in (−)-deprenyl treated cells or that the release of AR from its cell attachment is 

reduced by (−)-deprenyl treatment. 
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Figure 11. AR immunostaining of MDCK-I and IEC-6 barrier model cultures 

MDCK-Is and IEC-6s were fixed and immunostained for AR at day 6 of chronic treatment. 
Cultures were initially treated after 72 hours of cell plating with 10µg/ml of LPS (L) ± 10µM 
(−)-deprenyl (D) and chronic treatments continued every 48 hours as outlined in the barrier 
model protocol (Figure 3C). Bar = 50µm. 
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2.3.8 AR and TNF-α ELISA analysis of conditioned media collected from MDCK-I 

barrier model cultures at day 2, 4 and 6 of LPS ± (−)-deprenyl chronic treatment 

 ELISA analysis of MDCK-I conditioned media collected from apical and basal 

Transwell™ chambers at 2, 4 and 6 days of LPS challenge was performed to investigate the 

release of AR and TNF-α in response to LPS ± (−)-deprenyl treatment (Figure 12 and Figure 

13). LPS-treated MDCK-I cultures showed a concentration dependent total increase in AR 

protein secretion into the conditioned media, which was significantly induced (p<0.05) by 

17% on day 2, 66% on day 4 and 105% on day 6 (Figure 12). In relation to AR protein 

secretion, a smaller but significant (p<0.05) total increase in TNF-α secretion into the 

conditioned media was induced by 34% on day 2 and 36% on day 4 but induction 

diminished to 18% above control by day 6 (Figure 13). This temporal pattern of LPS-

induced TNF-α and AR secretion is consistent with previous studies that established TNF-α 

as an acute inflammatory mediator and AR as a chronic inflammatory mediator (Noti et al., 

2010; Ulich et al., 1995; Nakagome and Nagata, 2011; Ungaro et al., 2009). Increasing LPS 

concentration and treatment duration correlated to both the extent of barrier loss (Figure 6A-

MDCK-I barrier model) and total AR secretion (Figure 12). Co-treatment of LPS with (−)-

deprenyl reduced the level of TNF-α secreted into the conditioned media (shown as percent 

reduction of amount induced by LPS) although the level reduced secretion was not 

significantly below the amount induced by LPS alone (Figure 13). Co-treatment of LPS with 

(−)-deprenyl also reduced the level of AR secreted into the conditioned media (Figure 12). 

Notably, this reduction in AR expression was more pronounced in comparison to (−)-

deprenyl-induced TNF-α reduction in expression and was found to have protein expression 

significantly below control levels at all assay time points (Figure 12). LPS-induced AR was 
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predominantly secreted into the basal culture chamber whereas induced TNF-α secretion was 

more equally distributed between apical and basal directions (Figure 12 and Figure 13). 

Lastly, AR and TNF-α were both predominantly expressed in the basal compartment and 

(−)-deprenyl-associated reduction in both of these barrier mediators was far greater in the 

basal direction (Figure 12 and Figure 13). This finding that AR is predominately secreted in 

to the basal medium in MDCK-I cells is supported by previous studies of epithelial cells 

grown on Transwell™ membranes, which showed both AR cell-surface protein expression 

localized predominately in the basolateral domain of polarized epithelial cells and secretion 

of AR directed predominately towards the basal Transwell™ compartment (Damstrup et al., 

1999; Brown et al., 1998). Furthermore, this pattern of accentuated AR secretion towards the 

basolateral Transwell™ compartment is supported by studies showing that the putative 

receptor for AR, called EGFR, is localized primarily in the basolateral domain of polarized 

epithelial cells (Rumelhard et al., 2007; Mascia et al., 2003) and the metalloprotease called 

TACE, which is responsible for cleaving and release of pro-AR into the active soluble form 

of AR, is also predominately localized basolateraly in polarized epithelial cultures (Merchant 

et al., 2008).  
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Figure 12. AR ELISA of LPS ± (−)-deprenyl treated MDCK-I barrier model 

Conditioned media collected from apical and basal Transwell™ chambers at 2 (A), 4 (B) and 
6 (C) days of LPS (L) ± (−)-deprenyl (D) treatment. Percentage increase shown relative to 
control. One-way ANOVA with Tukey's test (* p<0.05, ** p<0.01). 
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Figure 13. TNF-α ELISA of LPS ± (−)-deprenyl treated MDCK-I barrier model 

Conditioned media collected from apical and basal Transwell™ chambers at 2 (A), 4 (B) and 
6 (C) days of treatment with a range of LPS (L) concentrations ± (−)-deprenyl (D). 
Percentage increase shown relative to control. Percentage decrease of amount induced 
shown. One-way ANOVA with Tukey's test (* p<0.05, ** p<0.01). 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2.3.9 Exogenous mediators of in vitro barrier model ± (−)-deprenyl co-treatment 

  The next set of experiments was designed to study mediators of in vitro barrier, 

specifically AR and H2O2, which are proposed to act downstream in the epithelial response 

to LPS challenge. The previously established (−)-deprenyl-induced increase in MDCK-I 

TER (Figure 5A and Figure 6A) was attenuated by co-treatment of exogenous AR in a 

concentration dependent manner (Figure 14). Challenging the MDCK-I barrier model alone 

with exogenous AR resulted in a concentration dependent reduction barrier formation as 

measured by TER at 144 hours of treatment (Figure 14). In comparison to the AR 

treatments, TNF-α treatments produced dramatic reductions in TER (data not shown) that 

were significantly more pronounced in comparison to the previous barrier experiment that 

challenge barrier formation with these concentrations (Figure 4C). This was likely a result of 

employing a new stock solution of TNF-α that may of had greater TNF-α activity in 

comparison to the previous ‘older’ stock solution of TNF-α that was used in the previous 

TER experiment outlined in Figure 4C. With increasing concentration of AR, the (−)-

deprenyl-induced increases in MDCK-I TER at 144 hours of treatment was progressively 

reduced suggesting that AR was able to override the induction of increased barrier by (−)-

deprenyl treatment (Figure 14). This finding suggests that AR is a significant mediator of in 

vitro barrier integrity as measured by TER and that AR likely acts downstream of (−)-

deprenyl. 

 We wanted to next investigate the impact on epithelial barrier TER caused by 

treatment with the proposed ROS signaling mediator H2O2 that induces the activation of 

downstream mediators of in vitro barrier, AR and TNF-α. H2O2-induced TER reduction in 

the MDCK-I barrier model with concomitant altered AR secretion was prevented by (−)-
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deprenyl co-treatment (Figure 15). This finding suggests that (−)-deprenyl may inhibit the 

release of AR caused by H2O2 dependent mechanism. The concentration of H2O2 used in the 

study by Forsyth et al., 2007 is consistent with the 200 to 500 µM concentration used by 

other investigators in the initial discovery of oxidant-induced EGFR transactivation (Prenzel 

et al., 1999) as well as more recent intestinal epithelial cell studies by others (Song et al., 

2006). We have found in this study and in previous studies this concentration does not affect 

cell viability (Figure 16D) (Banan et al., 2000a, Banan et al., 2000b). 
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Figure 14. (−)-Deprenyl-induced increases in MDCK-I barrier model TER are 
attenuated by co-treatment of exogenous AR in a concentration dependent manner 

MDCK-Is grown on Transwell™ membranes were challenged at 72 hours with a 
concentration range of AR ± (−)-deprenyl. Analysis of TER after 144 hours of treatment 
using One-way ANOVA with Tukey’s test found notable significant differences between 
groups bordering bars (*p <0.05, **p<0.01). Data are presented as mean ± SD; n = 3. 
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Figure 15. H2O2-induced TER reduction in the MDCK-I barrier model with associated 
increases in AR secretion was prevented by (−)-deprenyl co-treatment 

MDCK-I Transwell™ barrier model cultures were treated at 72 hours (T) with various 
concentrations of H2O2 alone and 0.1mM H2O2  ± a range of (−)-deprenyl (D) 
concentrations. Analysis of 144-hour TER (A) using One-way ANOVA with Tukey’s test 
found notable significant differences between 1) Control (CTL) and 10µM D + 0.1mM 
H2O2, 2) CTL and 0.1mM H2O2. AR secretion into the basal Transwell™ compartment was 
assayed by ELISA (B). Significant difference between groups bordering bars and numbered 
(**p<0.01). Data are presented as mean ± SD; n = 3. 
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2.3.10 Proliferation assays of MDCK-I barrier model challenged with exogenous 

mediators of in vitro barrier model ± (−)-deprenyl co-treatment 

  MDCK-Is grown on Transwells™ membranes and treated at 72 hours with (A) LPS 

± (−)-deprenyl showed differences in the level of cellular proliferation in the (−)-deprenyl 

alone and (−)-deprenyl + LPS treated groups (Figure 16A). This minor increase in relative 

cell number in (−)-deprenyl treated cells is consistent with literature that has established (−)-

deprenyl as an anti-apoptotic agent (Toronyi et al., 2002; Wadia et al., 1998; Tatton et al., 

1994; Magyar et al., 1998). Nonetheless, these differences were minor and do not appear 

sufficient to account for the dramatic increased in TER found in (−)-deprenyl treatment of 

the MDCK-I barrier model (Figure. 5A and Figure 6A). A concentration range of exogenous 

AR treatment induced no significant difference in the level of cellular proliferation (Figure 

16B). Likewise, a concentration range of TNF-α and H2O2-induced no significant difference 

in cellular proliferation at lower concentrations but did exhibit a significant reduction at the 

higher treatment concentration (Figure 16C and D). These results suggest that the 

corresponding TER experiments (Figure 4B,C and Figure 15A) (corresponding LPS ± (−)-

deprenyl TER experiment not shown), which showed a concentration dependent reduction in 

TER at these concentrations of in vitro barrier mediators, were not influenced by cellular 

apoptosis. Furthermore, these results suggest that the cells were viable at these treatment 

concentrations and the reduction of TER was largely a result of changes in the junctional 

components that mediate barrier function.  
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Figure 16. Cell proliferation assays of MDCK-I barrier model experiments 

Transwell™ barrier model cultures of MDCK-Is were treated at 72 hours post cell plating 
with (A) LPS ± (−)-deprenyl (D) and a concentration range of exogenous AR (B), TNF-α 
(C) and H2O2 (D). At day 6 of chronic treatment, conditioned media from the apical and 
basal Transwell™ compartments were pooled, mixed and assayed. The absorbance at 490nm 
was measured directly from 96-well assay plates and is expressed as relative cell number. 
Significant differences between groups bordering bars (*p <0.05, **p<0.01). Data are 
presented as mean ± SD; n = 3. 
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3 Discussion 

3.1 Background and Design of Epithelial Barrier Model 
 
 Onset of epithelial barrier disease is associated with a multitude of chronic 

inflammatory disorders (Fujita et al., 2010; Chung et al., 2005a; He et al., 2009; Kucharzik 

et al., 2001; Xavier and Podolsky, 2007; Sartor, 2006; Runswick et al., 2007; Balkovetz, 

2009; Wine et al., 2009). Using an in vivo rat model of LPS-induced periodontal disease it 

has been demonstrated that chronic inflammation of oral junctional epithelia, which may be 

associated with barrier disruption, leads to LPS penetration to underlying stroma (Ekuni et 

al., 2009). Further support for this was provided in a recent immunostaining analysis of tight 

junction components that mediate epithelial barrier function in periodontal epithelium. This 

study showed loss of claudin-1 immunostaining in LPS-treated junctional epithelia (Fujita et 

al., 2011). Gene chip analysis of the junctional epithelia revealed disease-elevated MAO-B. 

These changes were associated with elevated ROS (H2O2) and TNF-α immunostaining in 

vivo and increased TNF-α release into the conditioned media of an in vitro PLE culture 

model of the junctional epithelium (Ekuni et al., 2009). Treatment with MAO inhibitor 

greatly ameliorated these disease indices (Ekuni et al., 2009). These findings were extended 

with gene chip analysis that showed AR, an EGFR ligand and downstream mediator of TNF-

α (Chokki et al., 2006), as well as several other proteins modulating the EGFR pathway 

were altered in the LPS-induced periodontal disease model (Firth et al., 2011).  

 To study epithelial barrier responses to chronic LPS-induced inflammatory 

challenge, my project employed a timed epithelial cell culture model (Figure 3C), which 

offered several experimental advantages. 1) Application of LPS or inflammatory mediators 

TNF-α, AR or ROS mediator H2O2 every 48 hours for up to 216 hours (9 days) modeled loss 
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of barrier associated with chronic inflammation. 2) Concurrent application of MAO-A/B and 

MAO-B inhibitors was found to both protect against this loss of barrier and enhance barrier. 

Progression of the loss of a functional barrier could be monitored over many days of chronic 

challenge with barrier mediators of interest by analyzing TER changes in the Transwell™ 

epithelial cultures, altered secretion of endogenous mediators of epithelial barrier and 

alteration of the localization and accumulation of critical junctional markers of barrier 

integrity. This in vitro barrier model design permitted precise analysis of barrier formation 

specific to healthy and diseased epithelium. It also revealed the potential of MAO inhibitor 

treatment for therapeutic management of epithelial barrier diseases.  

 MDCK-I cells were employed in this study because they form cell culture barriers 

with high TER and, thus, are considered a ‘Gold Standard’ for analysis of TER responses to 

mediators of in vitro epithelial barrier. In this study, high TER was confirmed in cell culture 

experiments that compared the MDCK-I, PLE and IEC-6 barrier model responses to chronic 

LPS ± (−)-deprenyl treatment. PLE and IEC-6 barrier models exhibited significantly lower 

TER when compared to barriers produced by MDCK-Is, however, the impact of LPS ± (−)-

deprenyl treatment on changes in both TER and TNF-α secretion was similar among these 

cell lines, suggesting that the epithelial responses to LPS ± (−)-deprenyl represent an 

epithelial-wide phenomenon. Further experiments in this study were restricted to using the 

MDCK-I barrier model since the TER effect sizes were considerably greater than that those 

found in the PLE and IEC-6 barrier models. 
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3.2 Epithelial Barrier Model Responses to MAO Inhibitor Treatment 

 To determine the effect of MAO inhibition in epithelial barrier TER, MDCK-I barrier 

model cultures were treated with the three classes of MAO inhibitors (MAO-A/B, MAO-B 

and MAO-A). These experiments showed that MAO-A/B and MAO-B inhibitor treatment of 

the epithelial barrier model induced dramatic increases in epithelial barrier formation as 

measured by TER. Associated with these increases in TER, was a significant reduction in the 

amounts of TNF-α and AR protein secreted by the barrier model cell cultures into the 

conditioned media. In contrast, MAO-A inhibitor treatment negatively affected barrier 

formation as measured by TER and this was associated with a significant concomitant 

increase in both TNF-α and AR protein secretion into the conditioned media (Figure 5B, C). 

Selective MAO-A inhibitors possess a detrimental side effect referred to as tyramine 

syndrome, which makes MAO-A inhibitors undesirable for clinical use (Youdim and 

Finberg, 1987; Palfreymann et al., 1988; Jarrott and Vajda, 1987). This side effect, also 

referred to as the ‘cheese reaction’, occurs when tyramine and other sympathomimetic 

amines, which are found in fermented foods such as cheese (Da Prada et al., 1988), enter the 

circulation and potentiate sympathetic cardiovascular activity by releasing noradrenaline. 

Selective irreversible MAO-B inhibitors, such as (−)-deprenyl, do not exhibit tyramine 

potentiation effects because the intestine contains relatively low levels of MAO-B and 

tyramine is effectively metabolized by intestinal MAO-A (Hasan et al., 1988). Since MAO-

B inhibitors do not exhibit this negative side effect and because the selective MAO-B 

inhibitor (−)-deprenyl was shown to produce enhanced barrier formation as measured by 

increases in TER similar to treatment with the MAO-A/B inhibitor phenelzine, this study 

focused on the role of MAO-B inhibition by (−)-deprenyl in mediating in vitro epithelial 
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barrier. Further analysis was focused to validate (−)-deprenyl-induced increases in the 

epithelial barrier model TER by investigating cell-cell markers of functional tight junctions 

and adherens junctions and endogenous mediators of in vitro epithelial barrier function. 

 Treatment of the in vitro barrier model with (−)-deprenyl enhanced epithelial barrier 

integrity both by itself and by negating the reduction in barrier TER induced by chronic LPS, 

AR and H2O2 challenge. Associated with this (−)-deprenyl-induced barrier enhancement was 

a reduction in the level of endogenous protein secretion of critical downstream regulators of 

barrier integrity. Specifically, (−)-deprenyl-induced increases in MDCK-I barrier model TER 

were associated with both attenuated H2O2-induced AR protein secretion and attenuated 

LPS-induced AR and TNF-α protein secretion. In addition, this study employed histiotypic 

models of PLE, IEC-6 and MDCK-I epithelial barriers to demonstrate that (−)-deprenyl 

treatment enhanced barrier and prevented both LPS-induced barrier loss as measured by 

TER and LPS-induced TNF-α secretion in multiple epithelial cell types. This suggests that 

(−)-deprenyl increased TER and attenuated release of inflammatory cytokines may be an 

epithelial phenomenon. These findings are supported by a previous study that showed LPS-

induced TNF-α was significantly reduced by co-treatment with the MAO-A/B inhibitor 

phenelzine in an in vivo rat periodontal disease model and this was associated with less 

inflammation and reduction in disease indices (Ekuni et al., 2009). Lastly, these findings 

clarify previously described protective effects of (−)-deprenyl in inhibiting vascular 

endothelial cell hyperpermeabilty after both hemorrhagic shock (Tharakan et al., 2010) and 

burn injury (Whaley et al., 2009). Notably, protective effects of (−)-deprenyl have been 

shown to be lost at higher treatment concentrations and these concentrations may be pro-

apoptotic (Magyar and Szende, 2004). This study supports the possibility of (−)-deprenyl-
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induced pro-apoptosis at higher concentrations by showing that in vitro epithelial barrier 

model TER was reduced in a concentration dependent manner at concentrations of (−)-

deprenyl treatment greater than 40µM (data not shown). 

 The mechanism by which MAO up-regulation and subsequent therapeutic inhibition 

may mediate chronic inflammatory disease progression and prevention, respectively, is 

significant. It was previously suggested that remission of rheumatoid arthritis in patients 

taking MAO inhibitors was a result of inhibition of the synthesis of prostaglandin E2 (Lieb, 

1983). Two cases were described in which the MAO-A/B inhibitor phenelzine induced 

remission in patients exhibiting Crohn’s disease, another chronic inflammatory disorder 

(Kast, 1998). It was postulated that MAO inhibitors may induce remission in these diseases 

by reducing TNF levels, but no evidence was produced (Altschuler, 2000). Even so, further 

evidence supports this hypothesis. For example, MAO-B levels are related to the 

pathogenesis of Parkinson’s disease and up-regulation of TNF-α and interleukin-6 mRNA 

was elevated in the hippocampus of Parkinson’s patients (Nagatsu and Sawada, 2006; 

Sawada et al., 2006). MAO-B inhibitors are effective for the treatment of Parkinson’s 

disease, both through their direct effect on MAO-B and in part by activating multiple factors 

for anti-oxidative stress including anti-inflammatory cytokines (Nagatsu and Sawada, 2006).  

3.3 Inflammatory Mediator Signaling Pathway and Barrier Disruption 

 Engagement of TLR4 with LPS induces dimerization by bringing together two 

signaling domains, which subsequently serve as a platform for the recruitment of various 

intracellular adaptor molecules. MyD88 is an adaptor used by TLR4 and functions to 

activate mitogen-activated protein kinases (MAPKs) and the transcription factors NF-κB, 

AP-1, IRF-5. These transcription factors induce expression of pro-inflammatory cytokine 
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genes (Lu et al., 2008) (Figure 17). The immune responses elicited by LPS-induced TLR4 

activation represent a double-edged sword. In the context of local acute infection, TLR4-

induced events are critical to immune defense and the survival of the host by functioning to 

provoke the innate immune response and enhance adaptive immunity against infection. 

Despite this, TLR4 activation by LPS often is debilitating, and sometimes fatal, in the 

context of systemic inflammation leading to sepsis, or in the setting of chronic inflammatory 

disease resulting in tissue damage (Zuany-Amorim et al., 2002). This study employed 

histiotypic models of PLE, IEC-6 and MDCK-I epithelial barriers to demonstrate that 

chronic treatment with LPS-induced barrier loss as measured by TER in multiple epithelial 

cell types. This suggests that LPS-induced loss of barrier may be an epithelial phenomenon. 

 LPS-induced loss of barrier model TER was associated with a concomitant increase 

in TNF-α and AR protein secretion into the conditioned medium. This finding is significant 

since metalloprotease-dependent AR release is understood to mediate TNF-α-induced IL-8 

secretion in the human airway epithelial cell line NCI-H292, suggesting that TNF-α is an 

upstream mediator of AR activation (Chokki et al., 2006). It is possible that LPS binding to 

its putative TLR4 receptor on the surface of epithelial cells is eliciting a signaling cascade 

involving TNF-α-induced AR activation (Figure 17). Additionally, LPS induced a significant 

reduction of the immunostaining of AR protein accumulation at pericellular locations, which 

is consistent with established literature that suggests pro-AR may be released from its cell 

attachment into its diffusible active form by external stimuli such as LPS (Willmarth and 

Ethier, 2008). Co-treatment of the barrier model with LPS and the MAO-B inhibitor (−)-

deprenyl prevented this LPS-induced loss in TER, attenuated the induction of AR secretion 

into the conditioned medium and prevented the LPS-induced loss of pericellular AR 
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immunostaining in barrier model cultures. This study addresses the underlying mechanism 

by which (−)-deprenyl mediates a protective role against bacterial virulence factor-induced 

disruption of epithelial barrier and points to a significant role for AR as a central mediator of 

barrier integrity.  

 It has been previously shown that H2O2 was elevated in diseased junctional epithelial 

tissues in a LPS-treated cell culture model of chronic inflammatory periodontitis (Ekuni et 

al., 2009). Moreover, H2O2 along with other ROS participate in cell signaling and/or injury 

(Thannickal et al., 2000). Consistent with these findings, chronic exogenous H2O2 treatment 

of our MDCK-I barrier model reduced TER in a concentration dependent manner and was 

associated with concomitant upregulation of AR release into the conditioned media. Co-

treatment of the barrier model with the MAO-B inhibitor (−)-deprenyl prevented this H2O2-

induced loss in TER and attenuated the induction of AR secretion into the conditioned 

medium. This increase in AR protein secretion induced by chronic ROS (H2O2) treatment is 

supported by previous studies of EGFR signal transactivation that have showed ROS 

mediate the activity of TACE, which in turn cleave membrane-anchored AR proligand into a 

soluble ligand that binds the EGFR leading to receptor dimerization and activation (Shao and 

Nadel, 2005; Singh et al., 2009). In addition, studies of smoke triggered EGFR 

transactivation in lung epithelial cells have provided evidence for a signaling mechanism in 

lung epithelial cells that includes generation of oxygen radicals (including H2O2) by smoke 

particles and associated stimulants such as LPS, which in turn stimulate TACE to cleave 

transmembrane AR, which in turn promotes binding of soluble AR to the EGFR that leads to 

upregulated cell proliferation (Lemjabbar et al., 2003; Baginski et al., 2006). The NOX 

family of NADPH oxidases participates in the production of ROS (Bedard and Krause, 
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2007). Nox enzymes share the capacity to transport electrons across the plasma membrane 

and to generate superoxide and other downstream ROS. The core component of Nox is the 

catalytic subunit glycoprotein p91phox, and several homologs have been identified in various 

cell types (Cheng et al., 2001; Lambeth, 2002). Activation of TLR4 by LPS generates ROS 

(Asehnoune et al., 2004) and a study by Park et al., 2004 reported that TLR4 has a direct 

interaction with Nox enzymes. This interaction is essential for LPS-induced ROS production 

and activation of NF-κB (Figure 17). Recently, a homolog of the gp91phox, Duox1, was 

identified in epithelial cells and was found to be involved in the LPS-induced generation of 

H2O2 through a PKC-αβ dependent signaling mechanism (Geiszt et al., 2003; Koff et al., 

2009) (Figure 17).  In support of a role for PKC in LPS-induced barrier loss, it has been 

shown that MAO-A and MAO-B genes exhibit difference in their core promoter regions, 

which is suggested to account for the varying effects of some specific ligands on the 

differential expression of the MAO-A and MAO-B genes. Interestingly, expression of MAO-

B, but not MAO-A, is specifically regulated by a mitogen-activated protein kinase (MAPK) 

pathway that includes PKC (Shih et al., 1999; Zhu et al., 1994; Wong et al., 2002). In 

addition, a previous microarray analysis has shown that LPS-induced periodontal disease is 

associated with significant MAO-B upregulation and not MAO-A upregulation in diseased 

epithelial tissues (Ekuni et al., 2009). These findings are consistent with an LPS-induced 

barrier loss may be mediated by a PKC-dependent upregulation of MAO-B activity (Figure 

17). Furthermore, a recent study that employed a gastric epithelial cell line supports the 

involvement of PKC in the ROS-mediated metalloprotease activation and sequential 

ectodomain shedding of AR (Kishida et al., 2005). These findings are supported in our 

barrier model study, which clearly showed that MAO-B inhibition by (−)-deprenyl reduced 
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both H2O2 and LPS-induced AR activation and associated epithelial barrier loss induced by 

H2O2 and LPS. 

 TNF-α and oxidants such as H2O2 are widely acknowledged as key pro-inflammatory 

factors involved in mediating tissue alterations associated with chronic inflammatory 

diseases such ulcerative colitis and Crohn’s disease (Podolsky, 2002; Farhadi et al., 2003). 

Indeed, anti-TNF-α (Zeissig et al., 2004) or antioxidant (Keshavarzian et al., 1992) therapies 

have been shown to be effective in the treatment of IBD. A previous study employed a cell 

culture model of the junctional epithelium to demonstrate that H2O2 induces TNF-α protein 

expression in a concentration-dependant manner, and it can be effectively inhibited by 

treatment with the H2O2 antagonist catalase and the ROS scavenger N-acetylcysteine (Ekuni 

et al., 2009). In addition, in lung epithelial cells, a smoke triggered cell proliferation 

mechanism has been demonstrated that includes generation of oxygen radicals (including 

H2O2), which in turn stimulate TACE to cleave transmembrane AR to enable binding of AR 

to the EGFR and induced epithelial cell proliferation (Lemjabbar et al., 2003).  Moreover, it 

has been established that LPS-induced ROS coordinates TNF-α production through IκB 

kinase complex regulation of transcription factor NF-κB (Figure 17) (Sanlioglu et al., 2001). 

Increased TNF-α activity during inflammation may be due to post-translational activation of 

the pro-hormone rather than transcriptional upregulation. Indeed, a previous study 

demonstrated that neither microarray nor RT-qPCR data revealed any significant changes in 

Tnfa transcription in a LPS-induced rat periodontal disease model (Ekuni et al., 2009).  

Among candidates for LPS-induced TNF-α converting enzyme function in mouse myeloid 

cells in vivo is primarily ADAM 17 (TACE), although ADAM 10 and ADAM 19, matrix 

metalloproteinase 7 and proteinase 3 are also TNF-α converting enzyme candidates 
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(Horiuchi et al., 2007). TNF-α is also known to stimulate TACE expression in a kind of 

vicious circle (Black et al., 1997).  A previous microarray of a rat periodontal disease model 

showed moderate increase in ADAM 10 (1.82-fold) and ADAM 17 (1.16-fold) (Ekuni et al., 

2009). The elucidation of TNF-α and AR activation by ADAMs in our in vitro epithelial 

barrier model remains a subject for further enquiry. Lastly, A recent study provided the 

novel finding that oxidant-induced barrier hyperpermeability and tissue injury in chronic 

inflammatory disease is partly dependent on TACE metalloproteinase-mediated 

transactivation of EGFR signaling (Forsyth et al., 2007).  

 This study addresses, for the first time, the underlying mechanism by which (−)-

deprenyl mediates a protective role against bacterial virulence factor-induced epithelial 

barrier disruption and points to a significant role for AR as a central mediator of barrier 

integrity. The data from this study provides evidence for AR acting as the critical EGFR 

ligand that mediates loss of epithelial barrier. The key points of this proposed model are 

summarized in Figure 17. The model begins with LPS-induced oxidant stress (1), resulting 

in activation of the metalloproteinase TACE (2). Activated TACE then cleaves membrane 

AR to a soluble form (3) that binds to the EGFR. EGFR activation then results in 

downstream MAPK/ERK1/2 activation (4). ERK1/2 signaling (5) then results in increased 

intestinal permeability (6) by pathways that have yet to be identified.  
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Figure 17. Proposed signaling model for AR-mediated EGFR regulation of epithelial 
barrier permeability in response to LPS-induced oxidant stress 

The schematic depicts the elements proposed in a mechanism for epithelial barrier 
hyperpermeability induced by LPS-mediated oxidant stress (Reproduced with permission 
from Forsyth et al., 2007). Proposed steps are numbered in order of occurrence. 1) The 
process begins with LPS-induced H2O2 (oxidant stress) via a Nox enzyme called Duox-1. 
This initiates both cell-surface signals through TACE activation (Koff et al., 2006) and 
induces pro-inflammatory gene expression by activation of the transcription factors NF-κB, 
AP-1 and IRF-5 (Lu et al., 2008) 2) TACE activation. 3) TACE activation results in 
translocation to cell-cell contact zones where it cleaves AR pro-ligand to form soluble AR 
that is able to bind to the EGFR. TACE also mediates TNF-α activation, which has been 
previously demonstrated to be an upstream signaling event involved in AR activation 
(Chokki et al., 2006) 4) EGFR becomes phosphorylated and activates downstream MAPK 
signals including ERK1/2. 5) Activated ERK1/2 then phosphorylate cellular targets that 
mediate barrier permeability. 6) These ERK1/2 targets then mediate changes in intestinal 
permeability. 7) Activation of the EGFR has also been shown to disrupt E-cadherin 
expression and localization, which affects cell-cell adhesion and further potentiating the loss 
of tight junction-mediated barrier function (Chung et al., 2005a; Chung et al., 2005b). 
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3.4 Analysis of Epithelial Junction Proteins Involved in Barrier Function 

 Immunostaining analysis of integral markers of tights junctions and adherens 

junctions in barrier model cell cultures suggested that (−)-deprenyl treatment might enhance 

barrier integrity by mediating ZO-1 and E-cadherin protection from LPS-induced disruption 

at cell-cell junctions. In addition, LPS-induced alteration of the immunostaining of AR and 

claudin protein accumulation at pericellular locations was attenuated by (−)-deprenyl co-

treatment. This study addresses the underlying mechanism by which (−)-deprenyl mediates a 

protective role against bacterial virulence factor-induced disruption of key tight junction and 

adherens junctions components and points to a significant role for AR as a central mediator 

of barrier integrity.  

 A previous study employed an AR expressing transgenic mouse model (INV-AR 

mouse) to investigate the contribution of upregulated AR in altering the integrity of cell–cell 

junctions associated with pathogenesis of the chronic inflammatory condition psoriasis. This 

study showed that components of adherens junctions (E-cadherin, P-cadherin, α- and β-

catenin) and tight junctions (ZO-1 and ZO-2) were downregulated in the involved skin of the 

INV-AR mouse compared with site-matched skin taken from a non-transgenic littermate 

(Chung et al., 2005a). Our study supports this finding of downregulation of tight junction 

and adherens junction components by AR. Immunostaining analysis of integral markers of 

tight junctions and adherens junctions in our MDCK-I barrier model cell cultures showed 

that LPS-mediated reduction in TER was associated with disruption of ZO-1 and E-cadherin 

accumulation at cell-cell junctions and this was also associated with increased TNF-α and 

AR secretion into the conditioned media. In addition, LPS-induced a significant reduction of 

the immunostaining of AR protein accumulation at pericellular locations, which is consistent 
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with established literature that suggests pro-AR may be released from its cell attachment into 

its diffusible active form by external stimuli such as LPS (Willmarth and Ethier, 2008).   

 Several studies have suggested that AR might have a unique effect on E-cadherin 

expression and localization. In support of this, our study found that chronic LPS treatment of 

the MDCK-I barrier model reduced E-cadherin immunostaining at cell-cell junctions and 

this was associated with increased AR secretion into the conditioned media. In addition, (−)-

deprenyl co-treatment ameliorated this loss of E-cadherin and this was associated with 

significant reduction in AR secretion. E-cadherin is a structural protein that mediates cell-

cell adhesion and supports development of tight junctions. E-cadherin expression was found 

to be down regulated in keratinocytes of mice that over express AR (INV-AR mice) and AR 

was involved in processing E-cadherin to an 80kDa form in psoriatic lesions of these mice. 

In addition, treatment of MDCK cells with AR stimulated their motility up to two-fold more 

than another EGFR ligand called TGF-α due to a relocalization and downregulation of E-

cadherin (Chung et al., 2005a). Treatment of MDCK cells with AR-induced a spindle-like 

morphology that was associated with relocalization of E-cadherin at sites of cell-cell contact 

(Chung et al., 2005b).  

 Tight junctions and adherens junctions regulate cell–cell adhesion and barrier 

function of simple polarized epithelia. These junctions are positioned in the apical end of the 

lateral plasma membrane and form the so-called apical junctional complex (AJC). In this 

study, immunostaining analysis of the MDCK-I barrier model cultures confirmed this 

localized apical staining of the peripheral-associated tight junction ZO-1 (Figure 8). Studies 

on the molecular mechanisms that regulate tight junctions have shown that actomyosin 

contraction, which is mediated by myosin II regulatory light chain (MLC) phosphorylation 
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through MLCK, is a primary force that regulates acute tight junctions under physiological 

conditions (Shen, 2009). Studies have also indicated that pro-inflammatory cytokines such as 

TNF-α and IL-1β induce tight junction dysfunction in an MLCK-dependent manner in both 

cultured epithelial cells and mouse intestines (Al-Sadi et al., 2008; Ma et al., 2005). 

Furthermore, MLCK activation has been implicated in human diseases such as IBD based on 

clinical evidence showing patients’ samples have increased MLC phosphorylation and 

MLCK expression. These findings suggest that MLCK-mediated breaching of cell-cell 

junctions is a significant pathogenic element in chronic inflammatory disease progression. In 

my study, it is possible, although no experiments were performed, that MLCK is involved in 

the alteration of barrier integrity induced by mediators of in vitro barrier. Future analysis is 

required to assess the role of MLCK in mediating the barrier integrity of our epithelial model 

as assessed by both changes in TER, mediators of in vitro barrier and markers of functional 

tight junctions and adherens junctions. For instance, future studies should investigate the role 

of MLCK activation in (−)-deprenyl treated epithelial barrier models and its relevance to the 

dramatic increases in TER. 

 The AJC is a highly dynamic entity, undergoing rapid remodeling during normal 

epithelial morphogenesis and under pathologic conditions. There is growing evidence that 

remodeling of the AJC is mediated by internalization of junctional proteins (Ivanov et al., 

2005).  For example, live-cell fluorescence imaging and analyses of frozen jejunum sections 

from mice revealed that occludin and ZO-1 concentrate at tight junctions but are 

dynamically internalized from these cell-cell junctions upon treatment with TNF-α (Schwarz 

et al., 2007; Shen et al., 2008). Disruption of epithelial barrier properties and cell–cell 

adhesion by various pathogenic stimuli including cytokines, growth factors, oxidative stress 
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and bacterial and viral toxins has been shown to result in endocytosis of adherens junction 

and tight junction proteins. For example, oxidative stress triggers internalization of 

endothelial VE-cadherin (Kevil et al., 1998) and epithelial E-cadherin (Rao et al., 2002) as 

well as internalization of epithelial tight junction proteins, occludin and ZO-1 (Basuroy et 

al., 2003) Furthermore, internalization of the AJC components has been described as a result 

of bacterial or viral invasion of epithelial monolayers. Examples include cytosolic 

translocation of adherens junction proteins by Listeria innocula (Lecuit et al., 2000; Sousa et 

al., 2004) as well as internalization of occludin induced by Escherichia coli or Clostridial 

toxins, (McNamara et al., 2001; Nusrat et al., 2002) rotavirus (Obert et al., 2000) and dengue 

virus (Talavera et al., 2004). In my study, immunostaining of chronically treated MDCK-I 

barrier model cultures showed significant disruption of E-cadherin, ZO-1 and claudins, 

which supports these previous findings. 

 Several mechanisms can mediate disassembly of the epithelial AJC. The first 

mechanism implies expressional downregulation of junctional proteins. Another mechanism 

suitable for rapid disassembly of the AJC involves endocytosis of tight junction and 

adherens junction proteins. In this study, immunostaining analysis of the MDCK-I barrier 

model cultures showed that the peripheral-associated tight junction protein ZO-1 was 

disrupted at the apical tight junction and (−)-deprenyl treatment by itself or with co-

treatment of LPS ameliorated this disruption. In addition, (−)-deprenyl treatment induced a 

significant increase in the immunostaining of ZO-1 at the apical tight junction. This suggests 

that (−)-deprenyl is suppressing the normal downregulation of this junctional protein and/or 

that (−)-deprenyl treatment is disrupting normal endocytosis and is effectively trapping ZO-1 

at the apical tight junction. Further studies must be conducted to determine the mechanism 
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causing this (−)-deprenyl-induced increase in ZO-1 staining at the apical tight junction, 

especially since this is associated with a dramatic increase in the level of TER and may be a 

principle event that is inducing this dramatic TER increase since ZO-1 functions as an 

integral scaffolding protein which organizes and thus mediates the barrier function of the 

tight junction. 

 Claudins are transmembrane proteins associated with the epithelial tight junction and 

play a significant role in establishing the extent of epithelial barrier integrity. Different 

epithelial cell sheets have their own unique set of claudin species, and this compositional 

heterogeneity is believed to explain the diversified barrier properties of tight junctions 

(Goodenough, 1999; Morita et al., 1999). Claudin proteins can exert a unique barrier 

property in terms of charge selectivity and size selectivity and the combination and mixing 

ratios of claudins in a given cell type determine the overall barrier properties of its tight 

junctions. In this study, fixed IEC-6 and MDCK-I barrier model cultures were 

immunostained for specific claudin proteins that were previously determined to be highly 

expressed and confer barrier function in these particular cell lines and corresponding 

epithelial tissue types (Table 2). In both cell lines, (−)-deprenyl treatment induced increases 

in intracellular and pericellular claudin protein expression, suggesting that the increased TER 

associated with these cultures may be a result of increased transmembrane claudin 

expression producing enhanced sealing of the paracellular flux pathway. Pores that are 

formed by tight junction-associated claudin proteins are primary determinates of charge 

selectivity along the paracellular pathway (Amasheh et al., 2002; Colegio et al., 2003; Simon 

et al., 1999) and based on our immunostaining results, it is possible that an increase in 

claudin expression is altering the pore structure and thus influencing paracellular flux. Our 



 

  104 

pericellular and intracellular claudin immunostaining results do not appear consistent with 

immunostaining results from previous studies (Wisner et al., 2008; Wang et al., 2009), 

which show highly defined localization of claudins at cell-cell junctions. Even so, the overall 

increase in claudin protein expression associated with chronic (−)-deprenyl treatment 

suggests an important area for future research. Studies of claudin upregulated expression 

using epithelial cell lines do have their limitations. Specifically, upregulation of exogenous 

claudins affects the expression and function of endogenous claudins (Yu et al., 2003) and the 

effects of exogenous claudins on tight junction permeability are dependent on the types of 

claudin endogenously expressed in the analyzed cells (Van Itallie et al., 2003). Nevertheless, 

taking the results of these types of study together, it seems that each claudin can exert a 

unique barrier property in terms of charge selectivity and size selectivity and that the 

combination and mixing ratios of claudins in a given cell type determine the overall barrier 

properties of its tight junctions (Furuse and Tsukita, 2006). 

3.5 Conclusions 

 In conclusion, this study provides evidence that both MAO-B inhibition by (−)-

deprenyl and MAO-A/B inhibition by phenelzine induces dramatic increases in epithelial 

barrier integrity as measured by TER. (−)-Deprenyl-induced increases in MDCK-I TER 

were associated with concomitant reduction in TNF-α and AR protein secretion into the 

conditioned media, increased immunostaining of ZO-1 at tight junctions and increased 

pericellular immunostaining of endogenous AR and claudin proteins. Progression of MDCK-

I barrier loss induced by exogenous treatment of LPS and downstream signaling mediators 

H2O2 and AR could be prevented or reduced by (−)-deprenyl co-treatment. (−)-Deprenyl co-

treatment also prevented LPS-induced loss of E-cadherin and ZO-1 immunostaining at cell-
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cell junctions and AR and cluadin-1 immunostaining at pericellular locations. MAO-A 

inhibitor treatment was found to negatively impact MDCK-I barrier model TER with 

concomitant increases in AR and TNF-α protein secretion. Since selective MAO-A 

inhibitors are associated with the negative side effect called tyramine syndrome, this barrier 

model data supports the focused development of MAO-B inhibitors as a potential clinical 

treatment for barrier disease. The mechanism by which (−)-deprenyl alleviates the symptoms 

of chronic inflammatory diseases may largely be a reduction in the levels of MAO-B 

produced ROS molecules (in this case H2O2) that can induce expression of both pro-

inflammatory cytokines and downstream barrier mediators. In particular, (−)-deprenyl-

mediated attenuation of LPS- and H2O2-induced AR release appears to significantly regulate 

barrier, however, other mechanisms mat be involved. In summary, this study proposes a 

model in which MAO-B inhibition by (−)-deprenyl mediates AR-dependent EGFR 

transactivation in response to LPS and H2O2. This may be an important mechanism 

mediating epithelial barrier loss in chronic inflammatory disease. 

3.6 Future Directions 

  Clinical use of MAO-B inhibitors is currently limited to anti-depression and 

Parkinson’s therapy and their use for epithelial barrier protection requires modification to 

reduce or eliminate access across the blood-brain barrier.  The global aim of future research 

is the development of enhanced MAO-B inhibitors that may provide an effective clinical 

treatment for epithelial barrier disease. 

 

1. Future studies could perform animal testing of novel MAO inhibitors as a step towards the 

development of a clinical treatment for epithelial barrier disease. These experiments could 
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use an established mouse model of intestinal barrier disease to test the in vivo effectiveness 

of novel MAO inhibitors in re-establishing epithelial barrier. These studies could further 

characterize the novel drugs for reductions to crossing the blood-brain barrier, optimal doses 

and possible toxicity and side effects. 

 

2. The functional examination of the epithelial barrier can be accomplished through a variety 

of means. One of the most common involves the use of TER. Although this is a relatively 

simple method to examine electrical conductivity between epithelial compartments, its 

specificity in accurately examining the integrity of the tight junctions has come into 

question, as TER does not always correspond to tight junction porosity (Stevenson et al., 

1988; Gonzàlez-Mariscal et al., 1989). Despite this, TER remains an important tool as a 

preliminary indicator of barrier function.  

 This project provides preliminary evidence that (−)-deprenyl treatment induced 

increases in TER in an epithelial barrier model (Figure 5 and Figure 6). As a confirmation of 

the barrier maintenance, a future study should utilize molecular tracers to visually examine 

the integrity of the barrier. This may be performed by adding FITC conjugated 10kD dextran 

(Invitrogen) to the apical compartment of the monolayers, fixing the samples and examining 

the permeation of the dextran between the cells that form the monolayer (Umeda et al., 2006; 

Furuse et al., 2001). Once examined, these experiments can also be performed in conjunction 

with claudin or ZO-1 antibody localization. 

 

3.To follow up on the results of this study, which established that MAO inhibitors attenuate 

LPS-induced TNF-α and AR protein levels and re-establishes control cell-cell contacts, 
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future studies could employ an in vitro model of epithelial barrier to determine the precise 

mechanism and point of action of MAO inhibitors on suppression of the inflammatory 

pathways associated with supporting barrier function at the levels of gene transcription, 

protein function and intercellular signaling pathways. 

 

4. Future studies could use the knowledge gained from determining the precise mechanism 

of MAO inhibitors to develop novel MAO inhibitors designed specifically for the treatment 

of inflammatory epithelial barrier disease. Novel MAO inhibitors will be designed and 

synthesized to target specific molecular determinants of epithelial barrier loss and will also 

incorporate modifications that reduce or eliminate the drug from crossing the blood-brain 

barrier. 
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Appendix: One-Way ANOVA Analysis with Tukey’s Test 
 
Statistical analysis was performed using “A Calculating Companion for Brunette’s Critical 
Thinking” (http://www.dmbru.net/Calculating_Companion/tests.php, Website and all applets 
copyright © 2008, DM Brunette).  

A. Statistical Analysis of Figure 4 Data 
 
Degrees of Freedom (df) = 6 
Critical Value (qc) = 4.34 (p<0.05) and 6.33 (p<0.01). 
 
AR Treated Groups from Barrier Model TER Analysis 
 
a) 48-hour treatment:  
 One-way ANOVA analysis: F = 1.074, P = 5.143. F must be at least 5.143 to reach 
p<0.05. Therefore, the null hypothesis (Ho) is not rejected. 
 
b) 96-hour treatment: 
  One-way ANOVA analysis: F = 2.731, P = 5.143. F must be at least 5.143 to reach 
p<0.05. Therefore, Ho is not rejected. 
 
c) 144-hour treatment: 
  One-way ANOVA analysis: F = 10.158, P = 5.143. F must be at least 5.143 to reach 
p<0.05. Therefore, Ho is rejected. 
 Tukey’s Test: Ho of two groups being similar is rejected if q ≥ to qc. 

• q value of 6.239 was found between CTL and AR(10ng/ml). 
• All other comparisons do not reject Ho. 

 
TNF-α Treated Groups from Barrier Model TER Analysis 
 
a) 48-hour treatment:  
 One-way ANOVA analysis:  F = 17.55, P = 5.143. F must be at least 5.143 to reach 
p<0.05. Therefore, Ho is rejected. 
 Tukey’s Test:  

• q value of 5.46 was found between CTL and TNF-α (5ng/ml). 
• q value of 8.234 was found between TNF-α(5ng/ml) and TNF-α (10ng/ml). 
• All other comparisons do not reject Ho. 

 
b) 96-hour treatment: 
  One-way ANOVA analysis: Ho is not rejected at p<0.05. F = 14.775, P = 5.143. F 
must be at least 5.143 to reach p<0.05. Therefore, Ho is rejected. 
 Tukey’s Test:  

• q value of 7.675 was found between CTL and TNF-α (10ng/ml). 
• All other comparisons do not reject Ho. 
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c) 144-hour treatment: 
 One-way ANOVA analysis: Ho is not rejected at p<0.05. F = 70.917, P = 5.143. F 
must be at least 5.143 to reach p<0.05. Therefore, Ho is rejected. 
 Tukey’s Test:  

• q value of 11.915 was found between CTL and TNF-α (5ng/ml). 
• q value of 16.266 was found between CTL and TNF-α (10ng/ml). 
• q value of 4.351 was found between TNF-α (5ng/ml) and TNF-α (10ng/ml). 
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B. Statistical Analysis of Figure 5 Data 
 
MAO-A/B Inhibitor TER Experiment 
 
df = 8 
qc = 4.53 (p<0.05) and 6.20 (p<0.01). 
 
a) 48-hour treatment: 
 One-way ANOVA analysis: F = 40.083, P = 4.066. F must be at least 4.066 to reach 
p<0.05. Therefore, Ho is rejected. 
 Tukey’s Test:  

• q value of 8.406 was found between phenelzine (40µM) and phenelzine 
(5µM). 

• q value of 13.22 was found between phenelzine (40µM) and CTL. 
• q value of 13.608 was found between phenelzine (40µM) and LPS (5µg/ml). 
• q value of 4.814 was found between phenelzine (5µM) and CTL. 
• q value of 5.203 was found between phenelzine (5µM) and LPS (5µg/ml). 
• all other comparisons do not reject Ho. 

 
b) 96-hour treatment: 
 One-way ANOVA analysis: F = 800.326, P = 4.066. F must be at least 4.066 to reach 
p<0.05. Therefore, Ho is rejected. 
 Tukey’s Test:  

• q value of 34.765 was found between phenelzine (40µM) and phenelzine 
(5µM). 

• q value of 58.674 was found between phenelzine (40µM) and CTL. 
• q value of 60.812 was found between phenelzine (40µM) and LPS (5µg/ml). 
• q value of 23.908 was found between phenelzine (5µM) and CTL. 
• q value of 26.047 was found between phenelzine (5µM) and LPS (5µg/ml). 
• all other comparisons do not reject Ho. 

 
c) 144-hour treatment: 
 One-way ANOVA analysis: F = 601.684, P = 4.066. F must be at least 4.066 to reach 
p<0.05. Therefore, Ho is rejected. 
 Tukey’s Test:  

• q value of 11.981 was found between phenelzine (40µM) and phenelzine 
(5µM). 

• q value of 41.117 was found between phenelzine (40µM) and CTL. 
• q value of 52.546 was found between phenelzine (40µM) and LPS (5µg/ml). 
• q value of 29.136 was found between phenelzine (5µM) and CTL. 
• q value of 40.565 was found between phenelzine (5µM) and LPS (5µg/ml). 
• q value of 11.429 was found between CTL and LPS (5µg/ml). 
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MAO-A/B Inhibitor TNF-α ELISA Analysis 
 
df = 8 
qc = 4.34 (p<0.05) and 6.33 (p<0.01). 
 
96-hour treatment: 
 One-way ANOVA analysis: F = 63.552, P = 4.066. F must be at least 4.066 to reach 
p<0.05. Therefore, Ho is rejected. 
 Tukey’s Test:  

• q value of 7.686 was found between LPS (5µg/ml) and CTL. 
• q value of 13.993 was found between LPS (5µg/ml) and phenelzine (5µM). 
• q value of 18.328 was found between LPS (5µg/ml) and phenelzine (40µM). 
• q value of 6.307 was found between CTL and phenelzine (5µM). 
• q value of 10.642 was found between CTL and phenelzine (40µM). 
• q value of 4.34 was found between phenelzine (5µM) and phenelzine (40µM). 

 
MAO-A/B Inhibitor AR ELISA Analysis 
 
df = 8 
qc = 4.34 (p<0.05) and 6.33 (p<0.01). 
 
96-hour treatment: 
  One-way ANOVA analysis: F = 88.194, P = 4.066. F must be at least 4.066 to reach 
p<0.05. Therefore, Ho is rejected. 
 Tukey’s Test:  

• q value of 13.528 was found between LPS (5µg/ml) and CTL. 
• q value of 18.323 was found between LPS (5µg/ml) and phenelzine (5µM). 
• q value of 21.2 was found between LPS (5µg/ml) and phenelzine (40µM). 
• q value of 4.795 was found between CTL and phenelzine (5µM). 
• q value of 7.672 was found between CTL and phenelzine (40µM). 
• all other comparisons do not reject Ho. 

 
MAO-B Inhibitor TER Experiment 
 
df = 10 
qc = 4.65 (p<0.05) and 6.14 (p<0.01). 
 
a) 48-hour treatment: 
 One-way ANOVA analysis: F = 10.687, P = 3.478. F must be at least 3.478 to reach 
p<0.05. Therefore, Ho is rejected. 
 Tukey’s Test:  

• q value of 6.627 was found between deprenyl (40µM) and pargyline (5µM). 
• q value of 6.635 was found between deprenyl (40µM) and deprenyl (5µM). 
• q value of 6.686 was found between deprenyl (40µM) and pargyline (40µM). 
• q value of 8.449 was found between deprenyl (40µM) and CTL. 
• all other comparisons do not reject Ho. 
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b) 96-hour treatment: 
 One-way ANOVA analysis: F = 60.213, P = 3.478. F must be at least 3.478 to reach 
p<0.05. Therefore, Ho is rejected. 
 Tukey’s Test:  

• q value of 16.156 was found between deprenyl (40µM) and deprenyl (5µM). 
• q value of 17.022 was found between deprenyl (40µM) and pargyline 

(40µM). 
• q value of 17.174 was found between deprenyl (40µM) and pargyline (5µM). 
• q value of 18.606 was found between deprenyl (40µM) and CTL. 
• all other comparisons do not reject Ho. 

 
c) 144-hour treatment: 
 One-way ANOVA analysis: F = 44.879, P = 3.478. F must be at least 3.478 to reach 
p<0.05. Therefore, Ho is rejected. 
 Tukey’s Test:  

• q value of 7.492 was found between deprenyl (40µM) and deprenyl (5µM). 
• q value of 12.364 was found between deprenyl (40µM) and pargyline 

(40µM). 
• q value of 12.735 was found between deprenyl (40µM) and pargyline (5µM). 
• q value of 17.758 was found between deprenyl (40µM) and CTL. 
• q value of 4.871 was found between deprenyl (5µM) and pargyline (40µM). 
• q value of 5.243 was found between deprenyl (5µM) and pargyline (5µM).  
• q value of 10.265 was found between deprenyl (5µM) and CTL.  
• all other comparisons do not reject Ho. 

 
MAO-B Inhibitor TNF-α ELISA Analysis 
 
df = 10 
qc = 4.65 (p<0.05) and 6.14 (p<0.01). 
 
96-hour treatment: 
 One-way ANOVA analysis: F = 20.106, P = 3.478. F must be at least 3.478 to reach 
p<0.05. Therefore, Ho is rejected. 
 Tukey’s Test:  

• q value of 12.126 was found between CTL and deprenyl (40µM). 
• q value of 7.795 was found between CTL and deprenyl (5µM). 
• q value of 7.507 was found between pargyline (5µM) and deprenyl (40µM). 
• q value of 7.507 between pargyline (40µM) and deprenyl (40µM). 
• all other comparisons do not reject Ho. 
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MAO-B Inhibitor AR ELISA Analysis 
 
df = 10 
qc = 4.65 (p<0.05) and 6.14 (p<0.01).. 
 
96-hour treatment: 
  One-way ANOVA analysis: F = 34.222, P = 3.478. F must be at least 3.478 to reach 
p<0.05. Therefore, Ho is rejected. 
 Tukey’s Test:  

• q value of 6.411 was found between pargyline (5µM) and pargyline (40µM). 
• q value of 6.673 was found between deprenyl (5µM) and pargyline (40µM). 
• q value of 14.918 was found between deprenyl (40µM) and pargyline 

(40µM). 
• q value of 4.972 was found between CTL and pargyline (5µM). 
• q value of 13.479 was found between CTL and deprenyl (40µM). 
• q value of 5.234 was found between CTL and deprenyl (5µM). 
• q value of 8.506 was found between deprenyl (40µM) and pargyline (5µM). 
• q value of 8.244 was found between deprenyl (40µM) and deprenyl (5µM). 
• all other comparisons do not reject Ho. 

 
MAO-A Inhibitor TER Experiment 
 
df = 10 
qc = 4.65 (p<0.05) and 6.14 (p<0.01). 
 
a) 48-hour treatment: 
 One-way ANOVA analysis: F = 31.621, P = 3.478. F must be at least 3.478 to reach 
p<0.05. Therefore, Ho is rejected. 
 Tukey’s Test:  

• q value of 6.42 was found between moclobemide (5µM) and CTL. 
• q value of 9.304 was found between moclobemide (5µM) and clorgyline 

(5µM). 
• q value of 14.536 was found between moclobemide (5µM) and clorgyline 

(40µM). 
• q value of 6.257 was found between moclobemide (40µM) and clorgyline 

(5µM). 
• q value of 11.489 was found between moclobemide (40µM) and clorgyline 

(40µM). 
• q value of 8.116 was found between CTL and clorgyline (40µM). 
• q value of 5.232 was found between clorgyline (5µM) and clorgyline (40µM). 
• all other comparisons do not reject Ho. 
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b) 96-hour treatment: 
 One-way ANOVA analysis: F = 49.586, P = 3.478. F must be at least 3.478 to reach 
p<0.05. Therefore, Ho is rejected. 
 Tukey’s Test:  

• q value of 8.208 was found between moclobemide (5µM) and  moclobemide 
(40µM). 

• q value of 8.536 was found between moclobemide (5µM) and CTL. 
• q value of 12.728 was found between moclobemide (5µM) and clorgyline 

(5µM). 
• q value of 19.266 was found between moclobemide (5µM) and clorgyline 

(40µM). 
• q value of 11.059 was found between moclobemide (40µM) and clorgyline 

(40µM). 
• q value of 10.73 was found between CTL and clorgyline (40µM). 
• q value of 6.538 was found between clorgyline (5µM) and clorgyline (40µM). 
• all other comparisons do not reject Ho 

 
c) 144-hour treatment: 
 One-way ANOVA analysis: F = 73.695, P = 3.478. F must be at least 3.478 to reach 
p<0.05. Therefore, Ho is rejected. 
 Tukey’s Test:  

• q value of 10.09 was found between moclobemide (5µM) and CTL. 
• q value of 12.395 was found between moclobemide (40µM) and 

moclobemide (5µM). 
• q value of 17.885 was found between moclobemide (5µM) and clorgyline 

(5µM). 
• q value of 22.687 was found between moclobemide (5µM) and clorgyline 

(40µM). 
• q value of 7.795 was found between CTL and clorgyline (5µM). 
• q value of 12.597 was found between CTL and clorgyline (40µM).  
• q value of 5.489 was found between moclobemide (40µM) and clorgyline 

(5µM).  
• q value of 10.292 was found between moclobemide (40µM) and clorgyline 

(40µM).  
• q value of 4.803 was found between clorgyline (5µM) and clorgyline (40µM).  
• all other comparisons do not reject Ho. 
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MAO-A Inhibitor TNF-α ELISA Analysis 
 
df = 10 
qc = 4.65 (p<0.05) and 6.14 (p<0.01). 
 
96-hour treatment 
 One-way ANOVA analysis: F = 63.57, P = 3.478. F must be at least 3.478 to reach 
p<0.05. Therefore, Ho is rejected. 
 Tukey’s Test:  

• q value of 12.216 was found between clorgyline (40µM) and clorgyline 
(5µM). 

• q value of 16.094 was found between clorgyline (40µM) and moclobemide 
(40µM). 

• q value of 16.482 was found between clorgyline (40µM) and CTL. 
• q value of 20.942 was found between clorgyline (40µM) and moclobemide 

(5µM) . 
• q value of 8.726 was found between clorgyline (5µM) and moclobemide 

(5µM). 
• q value of 4.848 was found between moclobemide (40µM) and moclobemide 

(5µM).  
• all other comparisons do not reject Ho. 

 
MAO-A Inhibitor AR ELISA Analysis 
 
df = 10 
qc = 4.65 (p<0.05) and 6.14 (p<0.01).. 
 
96-hour treatment: 
  One-way ANOVA analysis: F = 27.47, P = 3.478. F must be at least 3.478 to reach 
p<0.05. Therefore, Ho is rejected. 
 Tukey’s Test:  

• q value of 9.542 was found between clorgyline (40µM) and clorgyline (5µM). 
• q value of 10.13 was found between clorgyline (40µM) and CTL. 
• q value of 10.837 was found between clorgyline (40µM) and moclobemide 

(40µM). 
• q value of 13.899 was found between clorgyline (40µM) and moclobemide 

(5µM) . 
• all other comparisons do not reject Ho. 
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C. Statistical Analysis of Figure 6 Data  
 
PLE TER Experiment 
 
df = 6 
qc = 4.34 (p<0.05) and 6.33 (p<0.01). 
a) 48-hour treatment: 
 One-way ANOVA analysis: F = 37.595, P = 5.143. F must be at least 5.143 to reach 
p<0.05. Therefore, Ho is rejected. 
 Tukey’s Test:  

• q value of 4.35 was found between CTL and L (5µg/ml)+D (40µM). 
• q value of 12.104 was found between LPS (5µg/ml) and L (5µg/ml)+D 

(40µM). 
• q value of 7.755 was found between LPS (5µg/ml) and CTL. 

 
b) 96-hour treatment: 
 One-way ANOVA analysis: F = 35.913, P = 5.143. F must be at least 5.143 to reach 
p<0.05. Therefore, Ho is rejected. 
 Tukey’s Test:  

• q value of 4.39 was found between CTL and L (5µg/ml)+D (40µM). 
• q value of 11.853 was found between LPS (5µg/ml) and L (5µg/ml)+D 

(40µM). 
• q value of 7.463 was found between LPS (5µg/ml) and CTL. 

 
c) 144-hour treatment: 
 One-way ANOVA analysis: F = 26.427, P = 5.143. F must be at least 5.143 to reach 
p<0.05. Therefore, Ho is rejected. 
 Tukey’s Test:  

• q value of 3.5 was found between CTL and L (5µg/ml)+D (40µM). 
• q value of 10.122 was found between LPS (5µg/ml) and L (5µg/ml)+D 

(40µM). 
• q value of 6.622 was found between LPS (5µg/ml) and CTL. 

 
PLE TNF-α ELISA Analysis 
 
df = 6 
qc = 4.34 (p<0.05) and 6.33 (p<0.01). 
 
a) 48-hour treatment: 
  One-way ANOVA analysis: F = 10.204, P = 5.143. F must be at least 5.143 to reach 
p<0.05. Therefore, Ho is rejected. 
 Tukey’s Test:  

• q value of 2.428 was found between CTL and L (5µg/ml)+D (40µM). 
• q value of 3.904 was found between LPS (5µg/ml) and L (5µg/ml)+D 

(40µM). 
• q value of 6.332 was found between LPS (5µg/ml) and CTL. 
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b) 96-hour treatment: 
 One-way ANOVA analysis: F = 8.857, P = 5.143. F must be at least 5.143 to reach 
p<0.05. Therefore, Ho is rejected. 
 Tukey’s Test:  

• q value of 1.836 was found between CTL and L (5µg/ml)+D (40µM). 
• q value of 3.985 was found between LPS (5µg/ml) and L (5µg/ml)+D 

(40µM). 
• q value of 5.821 was found between LPS (5µg/ml) and CTL. 

 
c) 144-hour treatment: 
 One-way ANOVA analysis: F = 9.186, P = 5.143. F must be at least 5.143 to reach 
p<0.05. Therefore, Ho is rejected. 
 Tukey’s Test:  

• q value of 2.148 was found between CTL and L (5µg/ml)+D (40µM). 
• q value of 5.983 was found between LPS (5µg/ml) and L (5µg/ml)+D 

(40µM). 
• q value of 3.835 was found between LPS (5µg/ml) and CTL. 

 
IEC-6 TER Experiment 
 
df = 6 
qc = 4.34 (p<0.05) and 6.33 (p<0.01). 
 
a) 48-hour treatment: 
  One-way ANOVA analysis: F = 19.778, P = 5.143. F must be at least 5.143 to reach 
p<0.05. Therefore, Ho is rejected. 
 Tukey’s Test:  

• q value of 3.098 was found between CTL and L (5µg/ml)+D (40µM). 
• q value of 8.77 was found between LPS (5µg/ml) and L (5µg/ml)+D (40µM). 
• q value of 5.671 was found between LPS (5µg/ml) and CTL. 

 
b) 96-hour treatment: 
 One-way ANOVA analysis: F = 86.194, P = 5.143. F must be at least 5.143 to reach 
p<0.05. Therefore, Ho is rejected. 
 Tukey’s Test:  

• q value of 10.143 was found between CTL and L (5µg/ml)+D (40µM). 
• q value of 18.541 was found between LPS (5µg/ml) and L (5µg/ml)+D 

(40µM). 
• q value of 8.397 was found between LPS (5µg/ml) and CTL. 

 
c) 144-hour treatment: 
 One-way ANOVA analysis: F = 56.694, P = 5.143. F must be at least 5.143 to reach 
p<0.05. Therefore, Ho is rejected. 
 Tukey’s Test:  

• q value of 2.462 was found between CTL and L (5µg/ml)+D (40µM). 
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• q value of 14.097 was found between LPS (5µg/ml) and L (5µg/ml)+D 
(40µM). 

• q value of 11.635 was found between LPS (5µg/ml) and CTL. 
 
IEC-6 TNF-α ELISA Analysis 
df = 6 
qc = 4.34 (p<0.05) and 6.33 (p<0.01). 
 
a) 48-hour treatment: 
 One-way ANOVA analysis: F = 73.346, P = 5.143. F must be at least 5.143 to reach 
p<0.05. Therefore, Ho is rejected. 
 Tukey’s Test:  

• q value of 2.057 was found between CTL and L (5µg/ml)+D (40µM). 
• q value of 13.698 was found between LPS (5µg/ml) and L (5µg/ml)+D 

(40µM). 
• q value of 15.755 was found between LPS (5µg/ml) and CTL. 

 
b) 96-hour treatment: 
 One-way ANOVA analysis: F = 19.786, P = 5.143. F must be at least 5.143 to reach 
p<0.05. Therefore, Ho is rejected. 
 Tukey’s Test:  

• q value of 1.217 was found between CTL and L (5µg/ml)+D (40µM). 
• q value of 8.24 was found between LPS (5µg/ml) and L (5µg/ml)+D (40µM). 
• q value of 7.024 was found between LPS (5µg/ml) and CTL. 

 
c) 144-hour treatment: 
 One-way ANOVA analysis: F = 68.987, P = 5.143. F must be at least 5.143 to reach 
p<0.05. Therefore, Ho is rejected. 
 Tukey’s Test:  

• q value of 5.732 was found between CTL and L (5µg/ml)+D (40µM). 
• q value of 10.636 was found between LPS (5µg/ml) and L (5µg/ml)+D 

(40µM). 
• q value of 16.369 was found between LPS (5µg/ml) and CTL. 

 
MDCK-I TER Experiment 
 
df = 14 
qc = 4.83 (p<0.05) and 6.08 (p<0.01). 
 
a) 48-hour treatment: 
  One-way ANOVA analysis: F = 22.42, P = 2.848. F must be at least 2.848 to reach 
p<0.05. Therefore, Ho is rejected. 
 Tukey’s Test:  

• q value of 8.034 was found between CTL and L (0.25µg/ml)+D (40µM). 
• q value of 9.789 was found between LPS (0.25µg/ml) and L (0.25µg/ml)+D 

(40µM). 
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• q value of 10.641 was found between LPS (1µg/ml) and L (0.25µg/ml)+D 
(40µM). 

• q value of 11.638 was found between LPS (5µg/ml) and L (0.25µg/ml)+D 
(40µM). 

• q value of 6.477 was found between L (1µg/ml)+D (40µM) and CTL. 
• q value of 8.233 was found between LPS (0.25µg/ml) and L (1µg/ml)+D 

(40µM). 
• q value of 9.085 was found between LPS (1µg/ml) and L (1µg/ml)+D 

(40µM). 
• q value of 10.081 was found between LPS (5µg/ml) and L (1µg/ml)+D 

(40µM). 
• q value of 4.878 was found between CTL and L (5µg/ml)+D (40µM). 
• q value of 6.634 was found between LPS (0.25µg/ml) and L (5µg/ml)+D 

(40µM). 
• q value of 7.486 was found between LPS (1µg/ml) and L (5µg/ml)+D 

(40µM). 
• q value of 8.482 was found between LPS (5µg/ml) and L (5µg/ml)+D 

(40µM). 
• all other comparisons do not reject Ho. 

 
b) 96-hour treatment: 
 One-way ANOVA analysis: F = 62.804, P = 2.848. F must be at least 2.848 to reach 
p<0.05. Therefore, Ho is rejected. 
 Tukey’s Test:  

• q value of 13.435 was found between CTL and L (5µg/ml)+D (40µM). 
• q value of 14.659 was found between LPS (0.25µg/ml) and L (5µg/ml)+D 

(40µM). 
• q value of 16.919 was found between LPS (1µg/ml) and L (5µg/ml)+D 

(40µM). 
• q value of 17.74 was found between LPS (5µg/ml) and L (5µg/ml)+D 

(40µM). 
• q value of 12.576 was found between L (0.25µg/ml)+D (40µM) and CTL. 
• q value of 13.8 was found between LPS (0.25µg/ml) and L (0.25µg/ml)+D 

(40µM). 
• q value of 16.06 was found between LPS (1µg/ml) and L (0.25µg/ml)+D 

(40µM). 
• q value of 16.881 was found between LPS (5µg/ml) and L (0.25µg/ml)+D 

(40µM). 
• q value of 10.783 was found between CTL and L (1µg/ml)+D (40µM). 
• q value of 12.007 was found between LPS (0.25µg/ml) and L (1µg/ml)+D 

(40µM). 
• q value of 14.267 was found between LPS (1µg/ml) and L (1µg/ml)+D 

(40µM). 
• q value of 15.088 was found between LPS (5µg/ml) and L (1µg/ml)+D 

(40µM). 
• all other comparisons do not reject Ho. 
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c) 144-hour treatment: 
 One-way ANOVA analysis: F = 99.304, P = 2.848. F must be at least 2.848 to reach 
p<0.05. Therefore, Ho is rejected. 
 Tukey’s Test:  

• q value of 4.93 was found between L( 1µg/ml)+D (40µM) and L (5µg/ml)+D 
(40µM). 

• q value of 18.059 was found between CTL and L (5µg/ml)+D (40µM). 
• q value of 19.955 was found between LPS (0.25µg/ml) and L (5µg/ml)+D 

(40µM). 
• q value of 21.372 was found between LPS (5µg/ml) and L (5µg/ml)+D 

(40µM). 
• q value of 21.471 was found between L (5µg/ml)+D (40µM) and LPS 

(1µg/ml). 
• q value of 17.252 was found between CTL and L (0.25µg/ml)+D (40µM). 
• q value of 19.148 was found between LPS (0.25µg/ml) and L (0.25µg/ml)+D 

(40µM). 
• q value of 20.565 was found between LPS (5µg/ml) and L (0.25µg/ml)+D 

(40µM). 
• q value of 20.664 was found between LPS (1µg/ml) and L (0.25µg/ml)+D 

(40µM). 
• q value of 13.128 was found between CTL and L (1µg/ml)+D (40µM). 
• q value of 15.025 was found between LPS (0.25µg/ml) and L (1µg/ml)+D 

(40µM). 
• q value of 16.442 was found between LPS (5µg/ml) and L (1µg/ml)+D 

(40µM). 
• q value of 16.54 was found between LPS (1µg/ml) and L (1µg/ml)+D 

(40µM). 
• all other comparisons do not reject Ho. 

 
MDCK-I TNF-α ELISA Analysis 
 
df = 6 
qc = 4.34 (p<0.05) and 6.33 (p<0.01). 
 
a) 48-hour treatment: 
  One-way ANOVA analysis: F = 55.451, P = 5.143. F must be at least 5.143 to reach 
p<0.05. Therefore, Ho is rejected. 
 Tukey’s Test:  

• q value of 11.423 was found between LPS (5µg/ml)  and L (5µg/ml)+D 
(40µM). 

• q value of 13.987 was found between LPS (5µg/ml) and CTL. 
• q value of 2.565 was found between L (5µg/ml)+D (40µM) and CTL. 
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b) 96-hour treatment: 
 One-way ANOVA analysis: F = 12.422, P = 5.143. F must be at least 5.143 to reach 
p<0.05. Therefore, Ho is rejected. 
 Tukey’s Test:  

• q value of 5.815 was found between LPS (5µg/ml) and L (5µg/ml)+D 
(40µM). 

• q value of 6.358 was found between LPS (5µg/ml) and CTL. 
• q value of 0.543 was found between L (5µg/ml)+D (40µM) and CTL. 

 
c) 144-hour treatment: 
 One-way ANOVA analysis: F = 24.827, P = 5.143. F must be at least 5.143 to reach 
p<0.05. Therefore, Ho is rejected. 
 reject Ho:  

• q value of 8.355 was found between LPS (5µg/ml) and L (5µg/ml)+D 
(40µM). 

• q value of 8.881 was found between LPS (5µg/ml) and CTL. 
• q value of 0.526 was found between L (5µg/ml)+D (40µM) and CTL. 
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D. Statistical Analysis of Figure 12 Data 
 
TNF-α ELISA Analysis 
 
df = 10 
qc = 4.65 (p<0.05) and 6.14 (p<0.01). 
 
a) 48-hour treatment: 
  One-way ANOVA analysis: F = 6.468, P = 3.478. F must be at least 3.478 to reach 
p<0.05. Therefore, Ho is rejected. 
 Tukey’s Test:  

• q value of 6.839 was found between LPS (1µg/ml)  and CTL. 
• all other comparisons do not reject Ho. 

b) 96-hour treatment: 
 One-way ANOVA analysis: F = 4.401, P = 3.478. F must be at least 3.478 to reach 
p<0.05. Therefore, Ho is rejected. 
 Tukey’s Test:  

• q value of 5.564 was found between LPS (1µg/ml)  and CTL. 
• all other comparisons do not reject Ho. 

 
c) 144-hour treatment: 
 One-way ANOVA analysis: F = 5.605, P = 3.478. F must be at least 3.478 to reach 
p<0.05. Therefore, Ho is rejected. 
 Tukey’s Test:  

• q value of 5.222 was found between LPS (1µg/ml)  and CTL. 
• q value of 4.964 was found between LPS (0.5µg/ml) and CTL. 
• all other comparisons do not reject Ho. 
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E. Statistical Analysis of Figure 13 Data 
 
AR ELISA Analysis 
 
df = 14 
qc = 4.83 (p<0.05) and 6.08 (p<0.01). 
 
a) 48-hour treatment: 
  One-way ANOVA analysis: F = 9.002, P = 2.848. F must be at least 2.848 to reach 
p<0.05. Therefore, Ho is rejected. 
 Tukey’s Test:  

• q value of 5.544 was found between LPS (1µg/ml)  and L (5µg/ml)+D 
(40µM). 

• q value of 7.156 was found between LPS (1µg/ml) and L (0.5µg/ml)+D 
(40µM). 

• q value of 7.191 was found between LPS (1µg/ml) and L (1µg/ml)+D 
(40µM). 

• q value of 4.995 was found between LPS (5µg/ml) and L (5µg/ml)+D 
(40µM). 

• q value of 6.606 was found between LPS (5µg/ml) and L (0.5µg/ml)+D 
(40µM). 

• q value of 6.642 was found between LPS (5µg/ml) and L (1µg/ml)+D 
(40µM). 

• q value of 4.83 was found between LPS (0.5µg/ml) and L (0.5µg/ml)+D 
(40µM). 

• q value of 4.861 was found between LPS (0.5µg/ml) and L (1µg/ml)+D 
(40µM). 

• all other comparisons do not reject Ho. 
 
b) 96-hour treatment: 
 One-way ANOVA analysis: F = 109.026, P = 2.848. F must be at least 2.848 to reach 
p<0.05. Therefore, Ho is rejected. 
 Tukey’s Test:  

• q value of 5.413 was found between LPS (5µg/ml)  and LPS (0.5µg/ml). 
• q value of 11.231 was found between LPS (5µg/ml) and CTL. 
• q value of 22.26 was found between LPS (5µg/ml) and L (5µg/ml)+D 

(40µM). 
• q value of 22.631 was found between LPS (5µg/ml) and L (0.5µg/ml)+D 

(40µM). 
• q value of 22.665 was found between LPS (5µg/ml) and L (1µg/ml)+D 

(40µM). 
• q value of 4.998 was found between LPS (1µg/ml) and LPS (0.5µg/ml). 
• q value of 10.816 was found between LPS (1µg/ml) and CTL. 
• q value of 21.845 was found between LPS (1µg/ml) and L (5µg/ml)+D 

(40µM). 
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• q value of 22.216 was found between LPS (1µg/ml) and L (0.5µg/ml)+D 
(40µM). 

• q value of 22.249 was found between LPS (1µg/ml) and L (1µg/ml)+D 
(40µM). 

• q value of 5.818 was found between LPS (0.5µg/ml) and CTL. 
• q value of 16.847 was found between LPS (0.5µg/ml) and L (5µg/ml)+D 

(40µM). 
• q value of 17.218 was found between LPS (0.5µg/ml) and L (0.5µg/ml)+D 

(40µM). 
• q value of 17.252 was found between LPS (0.5µg/ml) and L (1µg/ml)+D 

(40µM). 
• q value of 11.029 was found between CTL and L (5µg/ml)+D (40µM). 
• q value of 11.4 was found between CTL and L (0.5µg/ml)+D (40µM). 
• q value of 11.434 was found between CTL and L (1µg/ml)+D (40µM). 
• all other comparisons do not reject Ho. 

 
c) 144-hour treatment: 
 One-way ANOVA analysis: F = 139.524, P = 2.848. F must be at least 2.848 to reach 
p<0.05. Therefore, Ho is rejected. 
 Tukey’s Test:  

• q value of 7.841 was found between LPS (5µg/ml) and LPS (0.5µg/ml). 
• q value of 16.729 was found between LPS (5µg/ml) and CTL. 
• q value of 25.396 was found between LPS (5µg/ml) and L (0.5µg/ml)+D 

(40µM). 
• q value of 25.824 was found between LPS (5µg/ml) and L (5µg/ml)+D 

(40µM). 
• q value of 25.866 was found between LPS (5µg/ml) and L (1µg/ml)+D 

(40µM). 
• q value of 7.536 was found between LPS (1µg/ml) and LPS (0.5µg/ml). 
• q value of 16.423 was found between LPS (1µg/ml) and CTL. 
• q value of 25.091 was found between LPS (1µg/ml) and L (0.5µg/ml)+D 

(40µM). 
• q value of 25.518 was found between LPS (1µg/ml) and L (5µg/ml)+D 

(40µM). 
• q value of 25.56 was found between LPS (1µg/ml) and L (1µg/ml)+D 

(40µM). 
• q value of 8.888 was found between LPS (0.5µg/ml) and CTL. 
• q value of 17.555 was found between LPS (0.5µg/ml) and L (0.5µg/ml)+D 

(40µM). 
• q value of 17.983 was found between LPS (0.5µg/ml) and L (5µg/ml)+D 

(40µM). 
• q value of 18.025 was found between LPS (0.5µg/ml) and L (1µg/ml)+D 

(40µM). 
• q value of 8.668 was found between CTL and L (0.5µg/ml)+D (40µM). 
• q value of 9.095 was found between CTL and L (5µg/ml)+D (40µM). 
• q value of 9.137 was found between CTL and L (1µg/ml)+D (40µM). 
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• all other comparisons do not reject Ho. 
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F. Statistical Analysis of Figure 14 Data.  
 
df = 14 
qc = 4.83 (p<0.05) and 6.08 (p<0.01). 
 
AR TER Experiment 
 
144-hour treatment: 
 One-way ANOVA analysis: F = 27.217, P = 2.848. F must be at least 2.848 to reach 
p<0.05. Therefore, Ho is rejected. 
 Tukey’s Test:  

• q value of 5.204 was found between AR (1ng/ml)+D(10µM) and AR 
(1ng/ml). 

• q value of 6.778 was found between AR (1ng/ml)+D(10µM) and CTL. 
• q value of 8.802 was found between AR (1ng/ml)+D(10µM) and AR 

(5ng/ml). 
• q value of 12.296 was found between AR (1ng/ml)+D(10µM) and AR 

(10ng/ml)+D(10µM). 
• q value of 15.749 was found between AR (1ng/ml)+D(10µM) and AR 

(10ng/ml). 
• q value of 7.732 was found between AR (5ng/ml)+D(10µM) and AR 

(10ng/ml)+D(10µM). 
• q value of 11.185 was found between AR (5ng/ml)+D(10µM) and AR 

(10ng/ml). 
• q value of 7.092 was found between AR (1ng/ml) and AR 

(10ng/ml)+D(10µM). 
• q value of 10.545 was found between AR (1ng/ml) and AR (10ng/ml). 
• q value of 5.519 was found between CTL and AR (10ng/ml)+D(10µM). 
• q value of 8.972 was found between CTL and AR (10ng/ml). 
• q value of 6.947 was found between AR (5ng/ml) and AR (10ng/ml). 
• all other comparisons do not reject Ho. 
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G. Statistical Analysis of Figure 15 Data.  
 
TER Experiment 
 
df = 10 
qc = 4.65 (p<0.05) and 6.14 (p<0.01). 
 
a) 48-hour treatment: 
  One-way ANOVA analysis: F = 22.333, P = 3.478. F must be at least 3.478 to reach 
p<0.05. Therefore, Ho is rejected. 
 Tukey’s Test:  

• q value of 7.178 was found between H (0.1mM)+D (5µM) and H202 (0.1mM). 
• q value of 12.571 was found between H (0.1mM)+D (5µM) and H202 

(0.5mM). 
• q value of 9.302 was found between H (0.1mM)+D (10µM) and H202 

(0.5mM). 
• q value of 8.21 was found between CTL and H202 (0.5mM). 
• q value of 5.393 was found between H202 (0.1mM) and H202 (0.5mM). 
• all other comparisons do not reject Ho. 

 
b) 96-hour treatment: 
 One-way ANOVA analysis: F = 17.98, P = 3.478. F must be at least 3.478 to reach 
p<0.05. Therefore, Ho is rejected. 
 Tukey’s Test:  

• q value of 6.032 was found between H (0.1mM)+D (5µM) and H202 (0.1mM). 
• q value of 11.211 was found between H (0.1mM)+D (5µM) and H202 

(0.5mM). 
• q value of 8.842 was found between H (0.1mM)+D (10µM) and H202 

(0.5mM). 
• q value of 7.01 was found between CTL and H202 (0.5mM). 
• q value of 5.179 was found between H202 (0.1mM) and H202 (0.5mM). 
• all other comparisons do not reject Ho. 

 
c) 144-hour treatment: 
 One-way ANOVA analysis: F = 377.883, P = 3.478. F must be at least 3.478 to reach 
p<0.05. Therefore, Ho is rejected. 
 Tukey’s Test:  

• q value of 4.898 was found between H (0.1mM)+D (5µM) and H (0.1mM)+D 
(10µM). 

• q value of 14.058 was found between H (0.1mM)+D (5µM) and CTL. 
• q value of 31.263 was found between H (0.1mM)+D (5µM) and H202 

(0.1mM). 
• q value of 46.888 was found between H (0.1mM)+D (5µM) and H202 

(0.5mM). 
• q value of 9.16 was found between H (0.1mM)+D (10µM) and CTL. 
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• q value of 26.365 was found between H (0.1mM)+D (10µM) and H202 
(0.1mM). 

• q value of 41.99 was found between H (0.1mM)+D (10µM) and H202 
(0.5mM). 

• q value of 17.205 was found between CTL and H202 (0.1mM). 
• q value of 32.83 was found between CTL and H202 (0.5mM). 
• q value of 15.625 was found between H202 (0.1mM) and H202 (0.5mM). 

 
AR ELISA Analysis 
 
df = 8 
qc = 4.53 (p<0.05) and 6.20 (p<0.01). 
 
a) 48-hour treatment: 
  One-way ANOVA analysis: F = 35.821, P = 4.066. F must be at least 4.066 to reach 
p<0.05. Therefore, Ho is rejected. 
 Tukey’s Test:  

• q value of 11.251 was found between H202 (0.1mM) and H+D (5µM). 
• q value of 11.537 was found between H202 (0.1mM) and H+D (10µM). 
• q value of 12.872 was found between H202 (0.1mM) and CTL. 
• all other comparisons do not reject Ho. 

 
b) 96-hour treatment: 
 One-way ANOVA analysis: F = 33.829, P = 4.066. F must be at least 4.066 to reach 
p<0.05. Therefore, Ho is rejected. 
 Tukey’s Test:  

• q value of 8.267 was found between H202 (0.1mM) and CTL. 
• q value of 12.533 was found between H202 (0.1mM) and H+D (5µM). 
• q value of 12.133 was found between H202 (0.1mM) and H+D (10µM). 
• all other comparisons do not reject Ho. 

 
c) 144-hour treatment: 
 One-way ANOVA analysis: F = 14.42, P = 4.066. F must be at least 4.066 to reach 
p<0.05. Therefore, Ho is rejected. 
 Tukey’s Test:  

• q value of 4.797 was found between H202 (0.1mM) and CTL. 
• q value of 7.39 was found between H202 (0.1mM) and H+D (5µM). 
• q value of 8.556 was found between H202 (0.1mM) and H+D (10µM).  
• all other comparisons do not reject Ho. 
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H. Statistical Analysis of Figure 16 Data 
 
LPS ± Deprenyl Treatment of MDCK-I Barrier Model 
 
df = 8 
qc = 4.53 (p<0.05) and 6.20 (p<0.01). 
 
144-hour treatment: 
 One-way ANOVA analysis: F = 11.451, P = 4.066. F must be at least 4.066 to reach 
p<0.05. Therefore, Ho is rejected. 
 Tukey’s Test:  

• q value of 8.147 was found between Deprenyl (10µM) and CTL. 
• q value of 5.376 was found between L (10µg/ml)+D (10µM) and CTL. 
• all other comparisons do not reject Ho. 

 
AR Treatment of MDCK-I Barrier Model 
 
df = 8 
qc = 4.53 (p<0.05) and 6.20 (p<0.01). 
 
144-hour treatment: 
 One-way ANOVA analysis: F = 1.067, P = 4.066. F must be at least 4.066 to reach 
p<0.05. Therefore, Ho is not rejected. 
 
TNF-α Treatment of MDCK-I Barrier Model 
 
df = 8 
qc = 4.53 (p<0.05) and 6.20 (p<0.01). 
 
144-hour treatment: 
 One-way ANOVA analysis: F = 25.139, P = 4.066. F must be at least 4.066 to reach 
p<0.05. Therefore, Ho is rejected. 
 Tukey’s Test:  

• q value of 11.31 was found between TNF-α (1ng/ml) and TNF-α (10ng/ml). 
• q value of 9.332 was found between CTL and TNF-α (10ng/ml).  
• q value of 8.687 was found between TNF-α (5ng/ml) and TNF-α (10ng/ml). 
• all other comparisons do not reject Ho. 
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H2O2 Treatment of MDCK-I Barrier Model 
 
df = 8 
qc = 4.53 (p<0.05) and 6.20 (p<0.01). 
 
144-hour treatment: 
 One-way ANOVA analysis: F = 48.859, P = 4.066. F must be at least 4.066 to reach 
p<0.05. Therefore, Ho is rejected. 
 Tukey’s Test:  

• q value of 16.239 was found between H2O2 (0.05mM) and H2O2 (0.5mM). 
• q value of 11.975 was found between H2O2 (0.1mM) and H2O2 (0.5mM).  
• q value of 11.938 was found between CTL and H2O2 (0.5mM). 
• all other comparisons do not reject Ho. 

 


