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ABSTRACT 

Glutathione (GSH) is the most abundant antioxidant in the lung and plays an 

important protective role. The level of GSH in the airway surface liquid (ASL) is 

significantly reduced in cystic fibrosis (CF) patients, which may exacerbate the oxidative 

stress in the airway lumen induced by inflammation. GSH release may also be harmful to 

surface cells lining the airways if it reduces intracellular levels. The mechanisms of 

glutathione transport by airway epithelia are not known. 

GSH release from airway epithelial cells was measured using a colorimetric assay 

in which oxidized sample glutathione is converted to its reduced form by glutathione 

reductase in the presence of NADPH. To examine the role of CFTR, glutathione release 

was studied using an IB3 cell line transfected with CFTR under the control of an 

inducible promoter. A low rate of glutathione release was measured under control 

conditions and this was increased by cAMP agonists, however the response was 

independent of CFTR expression. Hypotonic stress, which causes release of many large 

organic molecules, also increased glutathione release from IB3 cells irrespective of 

CFTR. The mechanisms and signaling pathways influencing GSH efflux under 

isoosmotic and hypotonic conditions were investigated using inhibitors and activators. 

Brefeldin A, an inhibitor of vesicle trafficking, inhibited hypotonic GSH release. 

Inhibitors of PI3-kinase and tyrosine kinases elevated GSH release under isoosmotic 

conditions. Similar GSH effluxes were observed during hypotonic challenge in the 

presence of PI3-kinase, PKC and tyrosine kinase inhibitors. By contrast, modulators of 

purinergic and MAP kinase pathways had no effect on hypotonic GSH release. These 
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experiments demonstrate a cAMP stimulated, CFTR-independent glutathione release 

mechanism in the airway surface epithelial cell line IB3. The pharmacology of GSH 

efflux is compatible with a vesicular mechanism, which may be tonically down-regulated 

by PKC and tyrosine kinases. 
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RESUME 

Le glutathion (GSH) est l'antioxydant le plus abondant dans les poumons et joue 

un role important de protection. Le niveau de GSH dans le liquide de surface des voies 

aeriennes est significativement reduit chez les patients atteints de fibrose kystique, ce qui 

peut exacerber le stress oxidatif dans la lumiere des voies aeriennes induit par 

1'inflammation. La liberation de GSH peut etre egalement nuisible aux cellules de surface 

bordant les voies aeriennes si le niveau intracellulaire de GSH est reduit. Les 

mecanismes de transport du glutathion par 1'epithelium des voies aeriennes ne sont pas 

connus. 

La liberation de GSH par les cellules epitheliales des voies aeriennes a ete 

mesuree en utilisant un essai colorimetrique dans lequel l'echantillon de glutathion oxyde 

est converti en sa forme reduite par la glutathion reductase, en presence de NADPH. Afin 

d'examiner le role de CFTR, la liberation de glutathion a ete etudiee dans la lignee 

cellulaire IB3 transfectee avec le gene cftr sous le controle d'un promotteur inductible. 

Une faible liberation de glutathion a ete mesuree dans les conditions de controle et etait 

plus elevee en presence des agonistes de l'AMPc, et ceci independamment du niveau 

d'expression de CFTR. Le stress hypotonique, responsable de la liberation de plusieurs 

molecules organiques de grandes tailles, augmentait egalement la liberation de glutathion 

des cellules IB3 independamment de l'expression de CFTR. Les mecanismes et les voies 

de signalisation influencant 1'efflux de GSH dans des conditions isoosmotiques et 

hypotoniques ont ete examines en utilisant des inhibiteurs et activateurs. La brefeldine A, 

un inhibiteur du trafic vesiculate, inhibait la liberation hypotonique de GSH. Les 
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inhibiteurs de kinase PI3 et des tyrosine kinases induisaient une augmentation de la 

liberation de GSH dans des conditions isoosmotiques. Des efflux similaires de GSH ont 

ete observes lors d'un stress hypotonique en presence des inhibiteurs de la kinase PI3, de 

la PKC et des tyrosine kinases. A 1'inverse, les modulateurs des voies de signalisation 

purinergique et de la kinase MAP n'ont pas eu d'effet sur la liberation hypotonique de 

GSH. Ces experiences demontrent un mecanisme de liberation de glutathion stimule par 

l'AMPc et independant de CFTR dans la lignee cellulaire epitheliale des voies aeriennes 

IB3. La pharmacologic de transport de GSH semble etre liee a un mecanisme vesiculate, 

qui pourrait etre regulee negativement de facon permanente par la PKC et les tyrosine 

kinases. 
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CHAPTER 1: INTRODUCTION 

1.1 Cystic Fibrosis 

Cystic fibrosis (CF) is a disease that affects the respiratory, digestive and 

reproductive systems. It is one of the most common genetically inherited diseases, and is 

believed to affect approximately 60,000 people worldwide (Blau, 2003). Diagnosis is 

usually made in early childhood, with the median life expectancy currently about 30 years 

of age. It is caused by a defect in the ability to transport anions across epithelial cell 

membranes, causing the production of thickened mucus in various exocrine tissues 

throughout the body. While initially CF patients are able to cope with pathogens and 

clear mucus, with time this ability decreases as recurrent inflammation causes irreversible 

damage to the lungs (Ratjen et al, 2003). Other epithelial, particularly exocrine organs, 

such as the pancreas, sweat glands, and liver are also affected. Chronic pathogenic 

colonization of the lung occurs, most commonly by opportunistic bacteria such as 

Pseudomonas aeruginosa (Lyczak et al, 2002), which ultimately causes respiratory 

failure and death. 

While the most common and severe defect is the delta F508 mutation, there are 

hundreds of other mutations that have been documented to cause CF (Zielenski, 2000). 

Mutations can cause varying degrees of altered CFTR transport activity, due to 

misfolding and retention in the endoplasmic reticulum as well as decreased cell surface 

expression, resulting in a broad spectrum of CF phenotypes (Kulczyczki et al, 2003). 

For instance, a patient carrying two non-functional CFTR alleles may exhibit more severe 

symptoms such as pancreatic enzyme insufficiency, chronic pulmonary obstruction and 



infections, or male infertility due to blockage of the vas deferens. However, a patient 

carrying only one allele that encodes a partially functional CFTR channel may exhibit 

milder symptoms and retain most pancreatic function. 

1.1.1 CFTR (Cystic Fibrosis Transmembrane Conductance Regulator) 

CFTR is a membrane glycoprotein which functions as an ATP dependent, cAMP-

regulated chloride channel. It is a member of the ATP-binding cassette (ABC) 

superfamily that includes, among others, MRP (multidrug resistance protein), P-

glycoprotein and the sulfonylurea receptor SUR. There are currently 48 human genes 

known to encode for ABC transporters, and these have been divided into 7 subfamilies 

named ABCA to ABCG (Dean et al, 2001). ABC transporters are found in most cell 

types, where they actively transport a wide variety of organic compounds and ions across 

membranes. 

1.1.2 CFTR structure 

CFTR is composed of a pair of hydrophobic membrane spanning domains 

(MSDs), each containing six transmembrane a-helical domains, and two cytosolic NBDs 

(Nucleotide Binding Domains) that bind ATP (Figure 1). In addition, CFTR contains a 

unique R (Regulatory) domain that has multiple phosphorylation sites. The exact tertiary 

structure for the entire CFTR protein is not known, however crystal structures have been 

solved for bacterial NBDs (e.g. Hung et al, 1998; Diederichs et al, 2000; reviewed by 

Hanrahan et al, 2002) and the entire E.coli ABC transporter MsbA (Schmitt, 2002). It is 
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Figure 1: Structure of the Cystic Fibrosis Transmembrane Conductance Regulator 

(CFTR). Schematic diagram of CFTR in a cell membrane showing transmembrane ct-

helical domains, amino (N) and carboxy (C) termini, nucleotide-binding domains 1 

(NBD1) and 2 (NBD2), and the regulatory domain (R-Domain). (Picture credit: 

Hanrahan et al, 2003) 



thought that NBD1 and NBD2 form a head-to-tail dimer, and that conformational changes 

are transmitted to the channel by the cytoplasmic loops between the membrane spanning 

segments. 

1.1.3 CFTR function 

CFTR gating occurs through two main processes, ATP interactions at the NBDs 

and phosphorylation of the R domain. There are multiple phosphorylation sites on the R 

domain for cAMP-dependent PKA and PKC (Sheppard et al, 1999). While some 

phosphorylation sites have been found to inhibit CFTR activation (serine 737 and 768; 

Wilkinson et al, 1997), open probability generally increases as more sites are 

phosphorylated (Akabas et al, 2000). It has been suggested that CFTR is regulated via a 

"ball and chain" mechanism, similar to that proposed in Shaker K+ channels (Sheppard et 

al, 1999). In this scheme, unphosphorylated R domain acts as a physical barrier 

occluding the channel, whereby phosphorylation of the R domain causes release of the 

block and opening of the pore entrance. However, recent studies in this laboratory 

suggest that phosphorylation of the R domain enhances its interaction with the N terminal 

half of CFTR (Irvine, 2002). Phosphorylation of the R domain presumably allows 

coupling of conformational changes at the NBDs to channel gating, however the 

mechanism is not understood. 

1.1.4 CFTR interaction with other proteins 

In addition to its own function as a chloride channel, CFTR is known to affect the 

activity of other ion transporters. In two CFTR-expressing airway epithelial cell lines, 

forskolin administration increased intracellular calcium levels (Walsh et al, 2000), which 



could then affect the activity of other calcium signaling-dependent membrane 

transporters. Calcium-activated chloride channels (CaCCs) were also recently found to 

be inhibited by CFTR, as CFTR expression in bovine pulmonary artery endothelial cells 

(CPAE) caused a decrease in CaCC-mediated currents (Wei et al, 1999). Activation of 

CFTR prior to CaCC stimulation caused a further decrease in CaCC currents. CFTR has 

been reported to affect C17HC03" anion exchangers (AEs), as cAMP activation of CFTR 

stimulated AE activity in transfected NIH-3T3 and HEK-293 cells (Lee et al, 1999). 

CFTR can also affect the activity of aquaporins, as stimulated CFTR increased water 

permeability via aquaporin 3 (AQP3) in Xenopus oocytes and Chinese hamster ovary 

(CHO) cells (Schreiber et al, 1999). Other membrane proteins reportedly affected by 

CFTR include outwardly rectifying chloride channels (ORCC) (Schwiebert et al, 1995), 

amiloride-sensitive ENaC sodium channels (Stutts et al, 1995), R0MK2 (McNicholas et 

al, 1996) and K;r6.1 potassium channels (Ishida-Takahashi et al, 1998). The 

mechanisms of these regulatory effects are not known but are likely to be indirect. 

CFTR interacts with several proteins that contain PDZ domains such as the 

Na+/H+ exchanger regulatory factor (NHERF), also known as the ezrin-radixin-moeisin 

(ERM)-binding phosphoprotein of 50 kDa, EBP50 (Kleizen et al, 2000). Other such 

PDZ-containing proteins include the CFTR-associated ligand (CAL) (Cheng et al, 2002), 

the CFTR-associated protein (CAP70; Wang et al, 2000) and E3KARP (Nilius et al, 

2003). These proteins bind to a highly conserved PDZ-interacting domain in the C-

terminus of CFTR and may help localize CFTR at the apical membrane of polarized 

epithelial cells (Moyer et al, 1999). However, a recent pulse-chase study suggests that 

CFTR is initially inserted randomly into both apical and basolateral membranes, without 



the help of PDZ domains (Swiatecka-Urban et al, 2002). CFTR is then selectively 

retained at the apical membrane through its interaction with PDZ domain proteins that 

increase its half-life in the apical membrane by enhancing the efficiency of endocytic 

recycling. t-SNARE proteins such as syntaxin 1A have also been reported to interact 

directly with CFTR. Syntaxin 1A has been found near the apical membrane surface in 

human and mouse airway and intestinal epithelial cells in close physical association with 

the N-terminus of CFTR (Naren et al, 2000). In Xenopus oocyte experiments, this 

binding of syntaxin 1A to CFTR is thought to decrease cAMP-activated CI" currents by 

disrupting interactions between the N terminus and the R domain (Naren et al, 1998). 

1.1.5 CFTR biogenesis/trafficking/degradation 

CFTR is synthesized by ribosomes and translocated to the lumen of the 

endoplasmic reticulum (ER), where it may be localized through various mechanisms 

involving PDZ domain-containing proteins and SNARE (Kleizen et al, 2000). However, 

even wild-type CFTR processing is inefficient, with only 25% of immature CFTR being 

converted into the mature glycosylated form and exported from the ER. CFTR with the 

delta F508 mutation is synthesized but then trapped in the ER, where it eventually 

becomes polyubiquinated and degraded by cytosolic proteasomes (Akabas, 2000). 

However, patch clamp studies suggest that ER-localized delta F508 CFTR protein has 

cAMP-regulated chloride channel activity (Pasyk et al, 1995). In light of these results, 

one therapeutic modality being pursued is to "rescue" delta F508 CFTR from the ER by 

enhancing its trafficking to the apical membrane, with the hope that this protein can 

restore at least partial functionality to epithelia (Riordan, 1999). A large proportion of 



CF patients have mutations that allow normal processing and targeting of CFTR protein 

to the plasma membrane, indicating altered functional properties (Welsh et al, 1993). 

1.1.6 CFTR permeation properties 

Reversal potential experiments using a range of sodium chloride concentrations 

showed that CFTR channels are selective for anions over cations (Tabcharani et al., 

1997). CFTR is permeable to polyatomic anions in a lyotropic sequence of N03>C1" 

>HC03>formate>acetate (Linsdell et al, 1997). Based on the size of the largest 

permeant anion, the size of the CFTR pore is believed to be a minimum of 5.3 angstroms 

in diameter (Linsdell et al, 1997), however, large organic anions up to 13 angstroms in 

diameter are slightly permeant from the intracellular side of CFTR (Linsdell et al, 1998). 

Other ions, water and urea are reported to permeate through CFTR. ATP permeation has 

been controversial, but most studies indicate that CFTR is impermeable to ATP (reviewed 

by Akabas, 2000). The large organic anion glutathione, both oxidized (GSSG) and 

reduced (GSH) forms, were suggested to permeate through CFTR based on 

electrophysiological data (Linsdell et al, 1998). Recordings made with inside-out 

excised membrane patches revealed currents carried by anions flowing from nominally 

Cf-free GSH solutions, and macroscopic CI" current through CFTR was blocked 

reversibly by intracellular GSH and GSSG, consistent with an open-channel block 

mechanism from the intracellular end of the pore. In addition, patch clamp studies under 

biionic conditions indicate that intracellular gluconate block of CFTR is partly relieved by 

increasing the extracellular CI" concentration, suggesting that external CI" can bind in the 

pore and destabilize binding of internal gluconate (Linsdell et al, 1997). 



1.2 Glutathione 

Glutathione (y-Glu-CysH-Gly) is a low molecular weight tripeptide found in most 

living organisms. It is involved in many processes within the body, with key roles in 

metabolic pathways, transport of compounds and metabolites, immune system 

modulation, and neutralization of oxidants and toxic compounds (Meister, 1988; see 

below). The -SH functional group accounts for the antioxidant properties of glutathione, 

as it neutralizes free radicals by acting as an electron donor. 

1.2.1 Glutathione synthesis and metabolism 

Glutathione is synthesized inside the cell through the action of y-glutamylcysteine 

and GSH synthetases (Meister, 1988). It is degraded by the action of y-

glutamyltranspeptidase, an enzyme attached to the outer leaflet of the plasma membrane, 

particularly in cells of the kidney and liver. This enzyme uses the y-glutamyl portion of 

glutathione to form y-glutamyl amino acids, which can be transported into the cell (Cantin 

etal, 1991). 

1.2.2 Glutathione functions 

Glutathione has several important and varied roles in the body: 

1) Conjugation: GSH conjugates with various compounds such as cytotoxins and 

carcinogens so that they can be safely excreted from the body. In addition, glutathione 

conjugation with leukotriene A4 is essential for formation of leukotrienes C4 and D4, 

which are important mediators of inflammation and vascular permeability (Samuelsson, 

1983). 
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2) Immune responses: Intracellular GSH levels play an important role in modifying the 

immune response. Inactivating y-glutamylcysteine synthetase to deplete cells of GSH 

interferes with activation of NFKB signaling (Droge et al, 1994) and inhibits the 

proliferation of human T-lymphocytes (Suthanthiran et al, 1990). In addition, 

glutathione levels in antigen-presenting cells such as macrophages, dendritic cells and B-

lymphocytes help determine the equilibrium between Thl and Th2 immune responses 

(Peterson etal, 1998). 

3) Transport: Various electrophilic compounds, metabolites and xenobiotics are 

transported across membranes as glutathione S-conjugates (Keppler, 1999) by multidrug 

resistance proteins (MRPs). Export of oxidized (disulfide) glutathione by MRP1 and 

MRP2 has also been observed (Leier et al, 1996). The role of MRP in GSH transport is 

discussed in more detail below. In addition, breakdown of extracellular glutathione 

releases a y-glutamyl group which can combine with amino acids such as L-cysteine and 

L-glutamine. These form y-glutamyl acids, which are easily transported across the 

membrane via the y-glutamyl cycle for use by the cell (Meister, 1988). 

4) Antioxidant: GSH is an important antioxidant which removes potentially dangerous 

oxidizing species such as peroxides (Cantin et al, 1991). In a healthy cell, most 

glutathione is in the reduced form to ensure that adequate electron donors are available 

for neutralization of free radicals and other toxic oxidants. 
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1.2.3 MRP and glutathione transport 

Based on studies of rat heart sarcolemma vesicles (Ishikawa, 1989) and rat 

erythrocyte inside-out membrane vesicles (Heijn et al, 1992), it has been known for 

many years that glutathione S-conjugates are transported across plasma membranes by an 

ATP-dependent active transport system. This transporter was later shown to be the 

multidrug resistance related protein 1 (MRP1) (Leier et al, 1994; Jedlitschky et al, 

1994), so named because its upregulation in cancer cells by one chemotherapeutic agent 

confers a resistance to a wide variety of other drugs. MRP1 is widely expressed in 

erythrocytes, hepatocytes, and cardiac cells (Keppler, 1999), and in the plasma membrane 

of hepatocytic carcinoma cells (Nies et al, 2001). It belongs to the ABC transporter 

superfamily (Keppler et al, 1997) like CFTR, but has an additional N-terminal membrane 

domain consisting of four to five helices. Substrates transported with high affinity by 

MRP1 include bilirubin glucuronide conjugates in the liver (Jedlitschky et al, 1997) and 

glutathione S-conjugates such as leukotriene C4 (Ishikawa et al, 1990). It also transports 

oxidized glutathione (GSSG), albeit with much lower affinity (Leier et al, 1996). 

The isoform MRP2 also transports glutathione conjugates and is known as the 

canalicular multidrug resistance protein (cMRP), or canalicular multispecific organic 

anion transporter (cMOAT). Initially thought to be the same protein, MRP2 is in fact 

structurally distinct from MRP1, sharing only 49% amino acid sequence homology 

(Keppler et al, 1997). Immunofluorescence staining and confocal laser scanning 

microscopy indicate that MRP2 is found in liver canalicular apical membrane (Biichler et 

al, 1996). Despite considerable divergence in amino acid sequence, MRP2 is an ATP-

requiring active transporter with substrate specificity similar to that of MRP 1. When the 



11 

MRP2 gene is mutated, humans can develop Dubin-Johnson syndrome, an inherited 

disorder of the liver which causes defective transport of these conjugated anions across 

the hepatocyte canalicular membrane and into the bile for elimination (Paulusma et al, 

1996). 

Other human MRP isoforms, including MRP3, MRP4, MRP5, MRP6, MRP7, 

MRP8 and MRP9 have also been discovered, but their physiological functions remain to 

be fully clarified. MRP3 is localized to the liver, small intestine and colon (Kiuchi et al, 

1998), and transports glucuronide conjugates, glutathione S-conjugates and monoanionic 

bile salts (Zeng et al, 2000). MRP4, which is widely expressed but is most abundant in 

prostate cells (Lee et al, 1998), transports cyclic nucleotides and estradiol 17-(3-D-

glucuronide (Chen et al, 2001). MRP5 is also widely expressed, but with high 

expression localized to the skeletal muscle and brain (Kool et al, 1997). RNase 

protection assays indicate MRP6 is highly expressed in liver and kidney, with very low 

expression elsewhere in the body (Kool et al, 1999). The physiological role of MRP6 

has not been determined, although there is speculation that it plays a role in detoxification 

based on its high expression in the excretory organs. It does not contribute to drug 

resistance in the cell lines analyzed and apparently does not transport organic anion 

conjugates (Lai et al, 2002). Little is known about MRP7, MRP8 and MRP9 as they 

have only recently been discovered (Hopper et al, 2001; Tammur et al, 2001). 
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1.2.4 Glutathione: Role in the airways 

The airway lumen is unique in that it consists of a large surface area which is 

continually exposed to the environment and potentially damaging substances such as free 

radicals and other oxidizing species. These substances may originate from various 

sources such as air pollutants, or radicals and peroxides released from alveolar 

macrophages during inflammatory episodes. Several antioxidant molecules are present 

on the epithelial surface which serve to protect the cells, including the free-radical 

scavenger glutathione. The physiological concentration of GSH inside the cell is 

relatively high (1-lOmM; Kogan et al, 2001), but it is also the most abundant 

extracellular antioxidant in the lung, and may play an important protective role in the 

airway surface liquid (ASL). GSH in the extracellular lining fluid of normal nonsmokers 

is ~300pM, much higher than in plasma and other extracellular fluids (Cantin et al, 

1987). Many lung cells secrete glutathione, including alveolar macrophages, fibroblasts, 

lymphocytes and epithelial cells (Cantin et al, 1991). One explanation for the high level 

of GSH in the lung may be the low level of y-glutamyl transpeptidase in this organ. This 

enzyme, which is responsible for catabolizing GSH, is at about 300-fold lower levels than 

in kidney (Cantin et al, 1991). Emphysema, asthma, hyperoxia, pulmonary fibrosis and 

low levels of glutathione in the airway surface liquid are associated with abnormally high 

oxidant/antioxidant ratios (Comhair et al, 2002). 
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1.3 Signaling pathways involved in cellular stress responses 

Many signaling pathways can be activated when cells are exposed to stressful 

chemical and osmotic environments. 

1.3.1 PI3-kinase pathway 

Phosphatidyl-inositol-3-kinases (PI3-kinases) are a group of lipid kinases involved 

in various aspects of cellular regulation such as cell growth, survival, intracellular 

trafficking, immune responses and cellular motility. The downstream targets of PI3-

kinases include phospholipase C-y and protein kinases B and C. There are three main 

types which have been classified according to sequence homology, functional 

characteristics and substrate specificity (Stein, 2001). In humans, class I enzymes are 

subdivided into la (pi 10a, pi 10(3, pi 108) and lb (pi lOy). The classical pi 10a and 

pi 10p are expressed ubiquitously throughout the body, while pi 108 and pi lOy are found 

mostly in leucocytes. Class la PI3-kinases are activated by most tyrosine kinase coupled 

trans-membrane receptors, such as those for insulin and platelet derived growth factor 

(PDGF) (Wymann et al, 1998). By contrast, the class lb enzyme pi lOy is activated by 

the (3y subunits of heterotrimeric G proteins (Stein, 2001). Little is known about class II 

PI3-kinases, although they are probably activated by tyrosine kinase-coupled receptors 

(Arcaro et al, 2000). Finally, class III PI3-kinases are constitutively active and involved 

in intracellular protein trafficking in mammalian cells (Stein, 2001). 

The PI3-kinase pathway may mediate diverse cellular stress responses, since it is 

activated by hypotonic stress in hepatocytes (Krause et al, 1996) and by shear stress in 
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human umbilical vein endothelial cells (Dimmeler et al, 1999). Inhibiting PI3-kinase 

decreases hypotonically-induced ATP efflux from HTC hepatoma cells (Feranchak et al, 

1998), suggesting a role in cell volume regulation. 

Two drugs commonly used to inhibit PI3-kinase are LY294002 and wortmannin. 

LY294002 is derived from the broad-spectrum kinase inhibitor quercetin, whereas 

wortmannin is a compound originally isolated from Penicillium funiculosum (Stein, 

2001). LY294002 is a pure competitive inhibitor of ATP binding whereas wortmannin 

irreversibly alkylates the PI3-kinase ATP-binding site, while both drugs appear to display 

little selectivity between classes of the PI3-kinase family (Stein, 2001). The specificity of 

these compounds has been explored and they are reasonably selective, however at a 

minimum concentration of 6.9pM, LY294002 does inhibit casein kinase 2, an enzyme 

involved in many cell processes (Davies et al, 2000). LY294002 was also found to 

inhibit the PI3-kinase related protein kinases (Stein, 2001). The PI3-kinase related 

protein kinases are a group of enzymes whose kinase domains closely resemble those of 

PI3-kinases. These include: PI4 kinases and phosphoinositide phosphate (PlP)-kinases 

(involved in maintaining the phosphoinositide cycle), DNA-dependent protein kinases 

(DNA-PK), ataxia telangiectasia mutated (ATM) and ataxia telangiectasia related (ATR) 

kinases (collectively involved in functionally linking DNA repair machinery to cell cycle 

control), and mTOR (involved in regulation of protein synthesis). Wortmannin was also 

found to inhibit the PI3-kinase related protein kinases but with lower potency. 
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1.3.2 Protein kinase C (PKC) pathway 

Protein kinase C is activated in response to many extracellular hormones, 

neurotransmitters and growth factors (Nishizuka, 1992). These agonists initiate 

membrane phospholipid hydrolysis through phospholipase C, D and A2-mediated 

pathways, producing diacylglycerol and arachidonic acids which activate PKC. Eleven 

PKC isozymes have been defined in mammalian tissues which differ in their tissue-

specific expression, intracellular location, and catalytic properties (Nishizuka, 1992; 

Schenk et al, 1999). PKC plays a role in many body functions such as cell cycle 

regulation, where PKC is known to influence both Gl progression and the transition 

between G2 and mitosis phases in mammalian cells (Livneh et al, 1997). PKC is also 

involved as an intermediate of the signal transduction pathways leading to cellular 

apoptosis (Lavin et al, 1996) and degranulation of mast cells involved in inflammatory 

processes (Nechushtan et al, 2001). PKC activation plays a role in several membrane 

transport processes such as Na+/H+ exchanger function (Saxena et al, 1993), sodium 

glucose cotransporter (SGLT1) expression via regulated exocytosis (Wright et al, 1997), 

and mediation of catecholamine exocytosis in bovine chromaffin cells (Borges et al, 

2002). Cell swelling is also known to activate PKC in hepatocytes (Roman et al, 1998), 

and protein kinase C inhibitors such as the commonly used drug chelerythrine reduced the 

osmotically-induced release of aspartate, glutamate, taurine and glycine in rat cardiac 

cells (Song et al, 1998). However, the role of PKC in swelling activated release of 

osmolytes is uncertain, as other studies have raised the possibility that chelerythrine is in 

fact not a potent PKC inhibitor (Lee et al, 1998; Eckly-Michel, 1997). 
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1.3.3 Purinergic pathway 

Adenosine triphosphate (ATP) is an important high-energy molecule involved in 

active ion transport, cellular metabolism and motility. ATP efflux occurs constitutively at 

a slow rate from some cells (Lazarowski et al, 2000), and has been suggested that this 

event occurs via conductive ATP release channels, via non-conductive ATP transporters, 

permeases or flippases, or via exocytosis of ATP-containing vesicles (Schwiebert et al, 

2001). Once outside the cell, ATP and its degradation products ADP and adenosine can 

act as autocrine/paracrine signaling molecules. ATP and ADP bind to purinergic 

receptors, either G-protein coupled P2Y receptors or ionotropic P2X receptor channels, 

whereas adenosine binds to G-protein coupled PI receptors (Schwiebert et al, 2001). 

P2Y receptors are expressed in most epithelial cells, and activate phospholipases PLC, 

PLD and cPLA2, as well as protein kinases A and C (Insel et al, 2001). P2X receptors 

are expressed in multiple cell types including epithelial, endothelial, and neuronal cells 

(North, 2002). They are non-selective cation channels that open in response to ATP 

binding, which is subsequently followed by plasma membrane depolarization and influx 

of calcium. Seven subtypes have been cloned thus far, which include P2X1 through 

P2X7 (Khakh et al, 2001), and it is thought that a functional receptor consists of three or 

more of these subunits (North, 2002). Finally, adenosine-binding PI receptors are found 

in many cell types such as neuronal cells, arterial cells and lymphocytes (Klinger et al., 

2002). There are four subtypes, which are generally subdivided into stimulatory and 

inhibitory groups. The inhibitory receptors include Ai and A3 receptors, which activate 

phospholipase CP and can modulate the activity of both K+ and Ca2+ channels (Fredholm 

et al, 2000). By contrast, the stimulatory receptors include A2a and A2b receptors, which 
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generate cAMP through activation of adenylate cyclase. Signaling initiated by ATP can 

affect many cellular functions, such as epithelial chloride transport and cell volume 

regulation. ATP is released in response to intracellular cAMP (Schwiebert et al, 1995), 

mechanical stress (Grygorczyk et al, 1997) and osmotic stress (Guyot et al, 2002; Wang 

et al, 1996), all of which are consistent with a role in cell volume regulation. 

1.3.4 MAP kinase pathway 

Mitogen-activated protein kinase (MAPK) signaling pathways are implicated in a 

broad array of cell processes including proliferation, differentiation, motility and 

apoptosis. MAP kinases are activated via a three-tiered cascade that involve 

phosphorylation by upstream MAPK kinases (MEKs), which in turn are phosphorylated 

by MEK kinases (MEKKs) further upstream. This signaling pathway ultimately results in 

phosphorylation of terminal MAP kinase substrates. There are three subgroups of 

MAPKs, c-Jun-NH2-terminal kinases (JNKs), p38 MAPKs, and the extracellular signal-

regulated kinases (ERKs). MAP kinases are activated by many stimuli including 

mitogens, differentiation factors and various stress signals (Schramek, 2002). In 

particular, cell swelling and mechanical stress activate p38 MAPKs and ERKs. For 

example, p38 MAP kinases and Erk 1 and 2 are activated by hypoosmotic stress in rat 

hepatocytes (Kim et al, 2000; vom Dahl et al, 2001). In addition, fluid shear stress has 

been shown to activate Erk 1 and 2 in human umbilical vein endothelial cells 

(Surapisitchat et al, 2001). A variety of inhibitors are available for studying the role of 

stress-activated signal pathways. These include SB203580, which specifically inhibits 

p38 MAP kinase (Cuenda et al, 1995), as well as the MEKl-specific inhibitor PD98059, 

which prevents downstream activation of Erk 1 and 2 (Alessi et al, 1995). 
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1.3.5 Exocytosis 

The plasma membrane separates the cellular contents from the extracellular 

environment and is in a state of flux, as membrane proteins and lipids are continually 

added and removed from the membrane by vesicular insertion and retrieval (Park et al., 

2000). This balance can often be altered by hormones, cytokines, protein kinases and 

metabolites to accommodate the changing requirements of a cell (Royle et al, 2003). 

Processes that involve intracellular motility, such as vesicular transport and plasma 

membrane recycling, occur via myosin and kinesin/dynein motors that run along a 

network of either actin filaments or microtubules, respectively (Park et al, 2000). Two 

protein families, known as ARF (ADP-ribosylation factor) and COP (coat protein 

complex), are integral parts of the secretory pathway (Lippincott-Schwartz et al, 1998). 

As cargo is being prepared for export in the ER, COPII assembles onto the activated ER 

membrane. This causes migration of protein and lipids to the COPII-bound region, and 

after ER membrane blebbing, they become enveloped in a COPII-coated vesicle. As the 

vesicle moves towards the Golgi complex, the COPII-coating gradually gets replaced by 

COPI proteins and becomes pre-Golgi intermediates. ARFI is essential in mediating this 

process, along with the subsequent recruitment and fusing of the vesicle/COPI/ARFI 

complex to the cis face of the Golgi complex. Indeed, drugs such as brefeldin A, which 

inhibits ARFI activation, have been found to prevent vesicular transport between the ER 

and Golgi because COPI no longer associates to Golgi membranes (Donaldson et al, 

1990). Membrane trafficking processes, such as exocytotic apical plasma membrane 

insertion in renal epithelial cells, are known to be activated by hypoosmotic stress (Reid 

et al, 2000). In Xenopus oocytes, brefeldin A also inhibits ATP release (Maroto et al, 

2001), which is known to occur in response to osmotic stress. This raises the possibility 
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of exocytosis as a general mechanism for extruding macromolecules during osmotic 

stress. 

1.3.6 Protein tyrosine kinase pathway 

Protein tyrosine kinases are crucial for conveying extracellular signals to the 

intracellular compartment. There are two groups of protein tyrosine kinases, the receptor 

class and the non-receptor class. Members of the receptor class are comprised of four 

major domains; a ligand-binding extracellular domain, a membrane spanning 

transmembrane domain, a tyrosine kinase domain that mediates biological responses, and 

a juxtamembrane domain that contains autophosphorylated regulatory domains and links 

the tyrosine kinase and transmembrane domains (Cadena et al, 1996). Receptor class 

kinases have been organized into several subgroups based on differences in structural 

motifs, especially in the ligand-binding domains to which many different hormones and 

signaling factors attach themselves. Tyrosine kinases activate many downstream 

signaling pathways already discussed, including PI3-kinase and MEK. Non-receptor 

class protein tyrosine kinases do not have an extracellular-facing ligand-binding domain. 

They are classified into several subgroups with varying localization and expression 

patterns, and consist of the JAK, SYK, Abl, Src, Csk, FAK, Fps and Itk families 

(Twamley et al, 1996). Protein tyrosine kinases may be inhibited by genistein, a drug 

that likely attaches to a common, highly conserved sequence in the region of the ATP-

binding site of the enzyme (Nedeljkovic et al, 2001). It was found that swelling-induced 

efflux of 125I" and 86Rb+ in intestine 407 cells could be inhibited using genistein, 

indicating that osmoregulation involves activation of protein tyrosine kinases (Tilly et al, 

1993). In addition, genistein reduced effluxes of aspartate, glutamate, taurine and 
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phosphoethanolamine, suggesting the possibility of tyrosine kinase-regulated efflux of 

macromolecules (Song et al, 1998). 
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1.4 Rationale 

Glutathione levels are markedly lower in the bronchoalveolar lavage (BAL) fluid 

from cystic fibrosis patients than from normal individuals (Roum et al, 1993). 

Glutathione may play an important role in the pathophysiology of CF, and glutathione 

aerosol therapy has been shown to elevate GSH in the airway surface liquid (ASL) and 

reduce the oxidant burden in CF patients (Roum et al, 1999). While the metabolism of 

GSH has been studied in detail (Dickinson et al, 2002; Meister, 1988), the mechanisms 

and regulation of its release by cells remain poorly understood. The goal of this study 

was to examine the mechanism of GSH release from airway epithelial cells and to 

investigate its possible role in CF. Since CFTR is an ABC transporter and is closely 

related to the glutathione conjugate transporter MRP1, it has been hypothesized that 

decreased ASL glutathione may reflect diminished glutathione efflux through CFTR. 

Indeed, a patch clamp study by Linsdell et al. (1998) suggested that CFTR mediates 

glutathione currents in excised baby hamster kidney (BHK) cell membrane patches, and a 

study by Gao et al. (1999) suggested that a lack of wild-type CFTR in CFT1 airway cells 

might be responsible for a decrease in apical medium GSH content. However, the 

mechanism of release remains unknown, and GSH release can be restored in CF cells by 

expressing a different chloride conductance, suggesting it is not mediated by CFTR (Gao 

et al, 2001). This study investigates whether glutathione transport varies with CFTR 

expression in a cell line transfected with CFTR in an inducible expression cassette. 

Possible signalling pathways and alternative release mechanisms involved in glutathione 

transport are also explored. 
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CHAPTER 2: MATERIALS AND METHODS 

2.1 Chemicals 

All chemicals were from Sigma-Aldrich (Oakville, ON) unless otherwise stated. 

Hank's balanced salt solution (HBSS) without phenol red was used as efflux buffer. 

Dibutyryl-cyclic AMP (db-cAMP) was prepared in HBSS and used at a final 

concentration of 200uM. Forskolin and IBMX stocks were dissolved in DMSO and used 

at final concentrations of lOpM and lmM, respectively. The maximum DMSO 

concentration of 0.2% during studies with db-cAMP/IBMX/forskolin had no effect on 

GSH release in control experiments (Figure 4c). DMSO concentration was maintained at 

0.1% when added with other drugs (LY294002, LY303511, wortmannin, chelerythrine, 

genistein, daidzein). Various pharmacological agents were prepared as stock solutions, 

and added to efflux buffer at the following final concentrations: 20pM LY294002, 20pM 

LY303511, 20nm wortmannin (from Penicillium funiculosum), 5pg/ml brefeldin A, 

lOpM chelerythrine, lOOpM genistein, lOOpM daidzein, 500pM MgATP, lU/ml apyrase, 

0.2mg/ml acivicin. No biohazardous materials were used in this study. 

2.2 Statistics 

Two-way analysis of variance (ANOVA) was performed on most experimental 

data, with criteria for significant difference set to 95% confidence. One-way ANOVA 

was performed for long-term (24h) GSH efflux experiments to compare control, vehicle 

and cAMP treatments. Bonferroni post-hoc analysis was performed on experiments with 

three treatment groups to determine significant differences between groups. Independent 

t-tests were performed to compare efflux values between different cell types (i.e. Figures 
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5a, 5b, 6), and Bonferroni adjustments were made to these p values to compensate for the 

multiple t-tests. Data were expressed as means ±S.D., with the exception of the summary 

graphs where individual data points from all experiments were shown along with 

minimum, maximum and mean values for the data set. While variation between replicate 

data points for a given experimental condition on a single day was small, there was often 

considerable variability in results for an experiment performed on different days despite 

efforts to keep all conditions identical. In those experiments with small day-to-day 

variation in data points, data were pooled and represented as a single graph. In those 

experiments where there was variation between days, a representative experiment (in 

triplicate) on a single day is shown along with a summary graph that shows all the data 

from experiments performed on different days. 

2.3 Cell culture 

Two variants of IB3 human bronchial epithelial cells were generously provided by 

Drs. J.Hu and L.Ye (The Hospital for Sick Children, Toronto, ON). IB3-837 cells were 

transfected with a doxycycline (DOX)-inducible pTRE18iTEC expression vector 

containing CFTR cDNA. IB3-TA8 cells were transfected with pTRE18iTEC control 

vector lacking CFTR. Doxycycline (lmg/ml) was added to the medium for 24 hours to 

induce CFTR expression (Ye et al, 2001). TA8 cells had no CFTR expression detectable 

by Western blotting, either in the presence or absence of DOX. Both IB3 cell clones were 

grown in (serum-free) LHC-8 media (Biofluids, Rockville, MD, USA) supplemented with 

5% TSA-FBS, 1% penicillin/streptomycin, 300pg/ml G418, along with 150pg/ml 

hygromycin B for the IB3-837 cells only. 
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Human embryonic kidney (HEK) cells stably transfected with MRP1 (HEK-

MRP1) were from Dr. P. Gros (Department of Biochemistry, McGill University), and 

were compared with the untransfected parental cell line (HEK-293) which lacks MRP1. 

Both HEK clones were grown in Dulbecco' s Modified Eagle* s Medium and Ham's 

nutrient mixture F12 (DMEM/F12) (Gibco BRL, Grand Island, NY, USA) supplemented 

with 10% FBS, 1% penicillin-streptomycin, along with lOOug/ml hygromycin added to 

theHEK-MRPl cells only. 

Baby hamster kidney (BHK) cells and BHK cells stably transfected with wild-

type CFTR (BHKwtCFTR) were grown in DMEM/F12 (Gibco BRL, Grand Island, NY, 

USA) supplemented with 5% FBS, 1% penicillin-streptomycin, along with 500pM 

methotrexate added to the BHKwtCFTR cells only. 

Cells were cultured to confluence in six-well plates (Sarstedt Inc., Montreal, 

Canada) and incubated in a water-jacketed C02 incubator (Forma Scientific, Marietta, 

OH, USA) set at 37°C and 5% C02. 

2.4 Sampling protocol 

Growth medium was removed on the day of the experiment and replaced with 1ml 

of HBSS. Three samples were taken at thirty minute intervals to establish a baseline rate 

of glutathione efflux, then osmotic or pharmacological interventions were applied and the 

entire volume (1ml) was sampled and immediately replaced by fresh solution every thirty 

minutes. Between samples, the cells were kept in an incubator filled with room air 
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(ambient C02) at 37°C (Boekel Industries, Feasterville, PA, USA). Samples were 

centrifuged at 6,000 rpm for 1 minute before GSH assays to pellet any cell debris. 

2.5 Glutathione assay 

Total glutathione (GSH+GSSG) was detected using a modification of the method 

described by Tietze (1969), in which Ellman's reagent (DTNB) reacts with reduced 

glutathione in the presence of NADPH to form a colored species that absorbed light at 

412nm. After centrifugation, 400ul of sample was added to 600pl of 0.163M potassium 

phosphate buffer, pH 7.4, containing 8.65mM EDTA, 417uM DTNB, 0.83U/ml 

glutathione reductase, and 365pM NADPH (all reagents from Sigma-Aldrich, Oakville, 

ON), and the rate of reduction of DTNB was recorded at 412nm using a DU-64 

spectrophotometer (Beckman Coulter, Fullerton, CA, USA). Standard curves using 

known concentrations of GSSG (0.25-8pM) in corresponding efflux buffers were used to 

determine sample glutathione concentrations for each experimental condition. 

Various treatments caused relatively minor variations in the standard curves 

compared to control, and the treatment slope means remained within +0.058 and -0.024 of 

the control slope mean (Figure 2a). In any case, GSH values for each drug treatment 

were calculated from standard curves that used the same respective drug in the buffer, 

serving as an internal adjustment for any possible drug effects on the assay and allowing 

for determination of actual drug effects on the cells. The GSH standard curves were also 

linear, with the curve only slightly displaced from the origin (Figure 2b). 
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Figure 2: GSH standard curves. A. Summary graph comparing GSH standard curve 

slope means for control and treatment solutions, with bars representing range of slope 

values obtained. Treatment key: 1-control HBSS buffer, 2-

HBSS+cAMP/IBMX/forskolin, 3-HBSS+DMSO, 4-HBSS70%, 5-HBSS70%+acivicin, 

6-HBSS70%+LY294002, 7-HBSS70%+LY303511, 8-HBSS70%+wortmannin, 9-

HBSS+wortmannin, 10-HBSS+genistein, ll-HBSS70%+genistein, 12-

HBSS70%+daidzein, 13-HBSS70%+chelerythrine, 14-HBSS+PD98059, 15-

HBSS70%+PD98059, 16-HBSS+SB203580, 17-HBSS70%+SB203580, 18-

HBSS70%>+ATP, 19-HBSS70%+apyrase, 20-HBSS+brefeldinA, 21-

HBSS70%>+brefeldinA. B. Representative graph showing GSH standard curves for 

control and hypotonic solutions. 
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2.6 Protein assay 

Cells were scraped using a rubber policeman into 1ml of HBSS, then centrifuged 

at 15,000 rpm for 10 minutes at 4°C. The supernatant was discarded and the pellets saved 

at -20°C. To assay protein, pellets were lysed in 1ml of 1M NaOH, stirred with a 

magnetic stir bar for 1 hour at 4°C, and passed through a 33/2 gauge needle using a 3cc 

syringe to ensure homogenization of the cells. Protein levels were determined using the 

Pierce bicinchoninic acid (BCA) assay kit (Pierce Chemical Co., Rockford, IL, USA). 

2.7 Iodide effluxes 

IB3-837 cells were cultured to confluence and stimulated with doxycycline for 24 

hours. Culture medium was replaced with 2ml of iodide loading buffer (136mM Nal, 

3mM KN03, 2mM Ca(N03)2, 1 lmM glucose, 20mM HEPES, pH of 7.4) for one hour at 

37°C, then cells were rinsed ten times with HBSS efflux buffer. To sample iodide efflux, 

cells were covered with 1ml of HBSS, which was removed and replaced with fresh HBSS 

at 1 minute intervals. Following collection of all the samples, iodide concentration was 

determined using an iodide-sensitive electrode (Orion Research Inc., Boston, MA). The 

amount of iodide released during each one minute interval was determined after 

calibrating the electrode meter using known concentrations of iodide (range l-100pM 

Nal). 

2.8 LDH assay 

A lactate dehydrogenase (LDH) kit from Sigma (St.Louis, MO), which measures 

cytosolic LDH released as a result of cell damage, was used to measure LDH in the efflux 
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samples. Two wells were used for each LDH assay. One well contained doxycycline-

induced IB3-837 cells expressing CFTR exposed to control HBSS throughout the 

experiment whilst the other contained similarly treated IB3-837 cells that had been 

exposed to HBSS70% for one hour. 1ml samples were collected and replaced every 

thirty minutes. From the 1ml sample, 600pl were used to assay LDH activity and the 

other 400pl was used to measure GSH. As a positive control for cell lysis, a third well 

was incubated with 1ml distilled water. An LDH standard curve using known 

concentrations of LDH was constructed to allow determination of sample LDH levels. 

2.9 DNA amplification 

pcDNA6MRP4 was a generous gift of Dr. T. Tan (National University of 

Singapore, Singapore) and used to transform TOP 10 E.coli. Plasmid DNA suitable for 

use in cell transfections was then isolated and purified using a QIAfilter plasmid midi kit 

(Qiagen Inc., Mississauga, ON, Canada). 

2.10 Transient transfections 

Subconfluent HEK-293 cells were transiently transfected with pcDNA6MRP4 

using the calcium phosphate coprecipitation method (Sambrook et al, 2001) or using 

FuGENE 6 following the manufacturers protocol (Roche Diagnostics, Indianapolis, IN). 

2.11 Western blot 

HEK or IB3 cells were washed twice with ice-cold PBS, harvested by scraping, 

and lysed on ice for ten minutes in RIPA buffer supplemented with protease inhibitor 
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cocktail. The lysate was centrifuged (10,000g, 10 minutes @4°C) and an aliquot of 

supernatant was assayed for protein using the BCA protein assay kit (Pierce Chemical 

Co., Rockford, IL, USA). Loading buffer was added to an equal volume of supernatant 

containing 20pg of CFTR protein or lOOpg of MRP4 protein, subjected to 7.5% SDS-

PAGE, and transferred to a nitrocellulose membrane. The monoclonal anti-CFTR 

antibody M3A7 (Kartner & Riordan, 1998) or monoclonal anti-V5 antibody (Invitrogen, 

Burlington, ON) was used as the primary antibody. The secondary antibody (goat anti-

mouse conjugated to peroxidase; Jackson ImmunoResearch Lab. Inc., West Grove, PA, 

USA) was detected using the enhanced chemiluminescence (ECL) kit from Amersham 

Pharmacia Biotech. 
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CHAPTER 3: RESULTS 

3.1 cAMP elevates GSH efflux in IB3 cells independently of CFTR expression. 

Initially, we were interested in determining whether CFTR could transport 

glutathione, since levels of glutathione were found to be decreased in the airway surface 

liquid of CF patients. To test this hypothesis, we used a human bronchial epithelial cell 

line transfected with a doxycycline-inducible vector containing CFTR, so that CFTR 

expression levels could be varied. Western blots revealed high levels of doxycycline-

induced CFTR expression in IB3-837 cells, with negligible CFTR expression in vector-

only control IB3-TA8 cells (Figures 3a, 3b). 

To test whether activation of CFTR could modulate GSH efflux, we measured 

effluxes in CFTR-expressing cells both in the presence or absence of CFTR agonists. We 

found that in IB3-837 cells induced to express CFTR (i.e. +DOX), 

c AMP/IBMX/forskolin caused an elevation of glutathione efflux over a two-hour period 

compared to baseline GSH efflux levels (Figure 4a). Further examination confirms that 

the change in GSH release (AGSH) with CFTR-agonists is significantly greater than the 

AGSH seen with control efflux buffer (Figure 4b, p<0.01). As a control, we verified that 

GSH effluxes were not altered by 0.2% DMSO (Figure 4c, p>0.05). Again, CFTR 

agonists caused an elevated GSH efflux over a two-hour period compared to both 

baseline and DMSO-control effluxes (p<0.01). While it would have been preferable to 

use the same sample interval for both the control and treatment periods, this was not done 

in this experiment as it was necessary to take multiple time points before stimulation in 

order to establish the basal rate of GSH accumulation. Since the sample intervals were 
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Figure 3: Induction of CFTR expression in human airway IB3 cells. A. Cells were 

grown in the presence or absence of doxycycline (lug/ml) for 20h. Cells were lysed and 

20pg of protein was loaded in each lane. The Western blot was probed using an M3A7 

antibody against the C-terminus of CFTR. BHK cells expressing wild-type CFTR served 

as a positive control. Lane 1 - protein marker; lane 2 - BHK cells; lane 3 - IB3 cells; lane 

4 - uninduced (-DOX) IB3-TA8 cells; lane 5 - induced (+DOX) IB3-TA8 cells; lane 6 -

uninduced (-DOX) IB3-837 cells; lane 7 - induced (+DOX) IB3-837 cells. This blot 

courtesy of Dr. A. Guyot. B. IB3-837 and IB3-TA8 cells were grown in the presence of 

doxycycline (lpg/ml) for 24h. Cells were lysed and 20pg of protein was loaded in each 

lane, and the Western blot was performed as above. Lane 1 - induced (+DOX) IB3-837 

cells; lane 2 - induced (+DOX) IB3-TA8 cells; lane 3 - BHK cells. 



33 

0) 

CD 
I> 

te
in

 

P 
Q_ 

O 

Kw
t 

X 
CQ IB

3 

• o 
CD 

id
uo

 

i _ 

3 

TA
8 

ID
O

X
 

.E 

1u
g 

-£Z 
o 
C\J 

TA
8 

du
ce

d 

c 

un
i 

83
7 

D
O

X
 

Ê 
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Figure 4: Acute effects of CFTR agonists on GSH efflux from CFTR-expressing IB3 

cells. Monolayers of CFTR-expressing (+DOX) IB3-837 cells were cultured and baseline 

GSH efflux was established prior to adding 200pM db-cAMP, lOpM forskolin and ImM 

IBMX at t=1.0h. Bar represents duration of treatment with CFTR agonists. A. 

Representative experiment showing GSH effluxes in CFTR-expressing IB3-837 cells, 

with and without CFTR agonist stimulation (n=3 for each data set). B. Summary of GSH 

efflux changes from t=1.0h to 3.0h in IB3-837 cells expressing CFTR, with or without 

CFTR agonist stimulation (n=12 for each data set). Graph represents individual data 

points from multiple experiments. C. Comparison of GSH effluxes in CFTR-expressing 

IB3-837 cells, exposed to control, vehicle or CFTR agonists (n=4 for each data set). 
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unequal, the data could not be converted to rates of GSH accumulation since other 

factors, in addition to efflux, would come into play, such as extracellular degradation 

(which would be greater with longer intervals). This could potentially affect GSH 

accumulation, and might explain the small apparent decline in efflux rate between one 

and three hours. 

To test whether the presence of CFTR could affect GSH efflux, we compared 

effluxes in cells expressing or lacking CFTR, both in the presence or absence of CFTR 

agonists. The experiment was performed over a longer time period of twenty-four hours 

in order to amplify any differences between agonist and control groups, and to perform 

the experiment with cell-specific culture media in a C02-controlled incubator. 

Comparison of DOX-induced and DOX-uninduced IB3-837 cells (Figure 5a) indicates 

that CFTR expression had a small but significant effect on control GSH efflux (p<0.05), 

but did not alter release during exposure to cAMP (p>0.05) or vehicle (p>0.05). The 

vehicle group, which consisted of control media with 0.2% DMSO, was used to verify 

that the DMSO in which the CFTR agonists were dissolved were not having a large effect 

on GSH transport. GSH effluxes in vehicle solution were not significantly different 

compared to control solution for IB3-837 cells with DOX (p>0.05), while vehicle GSH 

efflux were marginally lower than control in IB3-837 cells without DOX (p<0.05). 

Nevertheless, cAMP elicited a significantly larger increase in GSH release compared to 

both vehicle (p<0.01) and control (p<0.01) groups. Importantly, the elevation in GSH 

efflux was seen in cells expressing CFTR and in those lacking CFTR, suggesting it does 

not mediate glutathione efflux from these IB3 cells. When DOX-induced IB3-837 cells 

expressing CFTR were compared with vector control IB3-TA8 cells lacking CFTR 
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Figure 5: Long-term effects of CFTR agonists on GSH efflux from CFTR-

expressing IB3 cells. Monolayers of CFTR-expressing cells (IB3-837, +DOX), non-

CFTR expressing cells (IB3-837, -DOX), and empty vector control cells (+DOX, IB3-

TA8) were cultured. 200pM db-cAMP, lOpM forskolin and ImM IBMX were added to 

culture medium, then incubated for 24 hours, with DMSO used as a negative control. A. 

Comparison of GSH effluxes in IB3-837 cells expressing and lacking CFTR, with and 

without CFTR agonists or DMSO (n=4 for each data set). B. Comparison of GSH 

effluxes in IB3-837 and IB3-TA8 cells expressing and lacking CFTR, respectively (n=4 

for each data set). 
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(Figure 5b), there was no significant difference in the cAMP-mediated GSH release 

(p>0.05). However, both control (p<0.01) and vehicle-mediated (p<0.01) GSH effluxes 

were significantly lower in cells lacking CFTR. When comparing GSH effluxes in 

vehicle solution to control solution, there was no significant difference in both IB3-837 

cells (p>0.05) and IB3-TA8 cells (p>0.05). In summary, cAMP elicited a significant 

increase in GSH release compared to vehicle (p<0.01) and control (p<0.01) GSH effluxes 

in cells expressing or lacking CFTR despite different baseline GSH effluxes. 

It was noted that in Figures 5a and 5b, there was some variability in the baseline 

GSH accumulation. The cells used for each figure had different passage numbers; Figure 

5a (showing higher baseline GSH fluxes) used cells at passage 26, whilst Figure 5b 

(showing lower GSH fluxes) used cells at passage 10. While it is possible that 

intracellular levels increase with passage number, this was not directly assessed. 

GSH release was also measured using CFTR-expressing or nonexpressing baby 

hamster kidney (BHK) cells (Figure 6), since the electrophysiological evidence for GSH 

permeation through CFTR was previously obtained using these cells (Linsdell et al, 

1998). Addition of cAMP agonists significantly elevated GSH efflux compared to 

control buffer alone in both cells with or without high levels of CFTR expression 

(p<0.01), again confirming that CFTR is not playing a direct role in GSH trafficking from 

the cell. 

We focused on extracellular GSH accumulation in our experiments for a couple of 

reasons. One advantage is that extracellular GSH can be measured at multiple time points 
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using the same cells. In addition, since extracellular glutathione levels are normally low 

compared to intracellular levels, effluxes may be expected to cause lower relative changes 

in extracellular glutathione. Indeed, intracellular glutathione levels in DOX-induced, 

CFTR-expressing IB3-837 cell monolayers were calculated in two experiments to be 31 

and 33 nanomoles, respectively. Since baseline effluxes over thirty minutes were 

typically in the low nanomole range and represent only a few percent of the intracellular 

pool, this small change in intracellular glutathione might not be detectable, and thus it 

was more feasible to measure extracellular glutathione accumulation. 

3.2 Hypotonic stress causes transient elevation of GSH efflux in CFTR-expressing 

IB3 cells. 

Hypotonicity stimulates the release of many large organic solutes such as ATP 

(Boudreault et al., 2002) and the amino acids taurine, glutamate, aspartate and glycine 

(Estevez et al, 1999). To assess whether glutathione might also be released by cell 

swelling, we measured GSH release after diluting the HBSS by 30%. The application of 

70% HBSS to CFTR-expressing IB3-837 cells increased GSH efflux more than 2-fold 

(Figures 7a, 7b; p<0.01). This effect was transient, with most release occurring within the 

first half-hour. GSH efflux returned almost to baseline levels within one hour. To 

examine the possibility that glutathione release was elevated during hypotonic stress 

(Figure 8a) due to lysis of some cells, lactate dehydrogenase (LDH) assays were 

performed (Figures 8b, 8c). LDH activity was below the limit of detection until cell lysis 

was induced as a positive control by replacing HBSS with distilled water. To examine 
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Figure 6: Acute effects of CFTR agonists on GSH efflux from BHK cells with and 

without CFTR. A. Comparison of GSH effluxes in CFTR-expressing or non-expressing 

BHK cells, both with and without CFTR agonist stimulation (200pM db-cAMP, lOpM 

forskolin and ImM IBMX; n=8 for each control data set, n=16 for each agonist data set). 

B. Summary of GSH efflux changes from t=1.0h to 3.Oh in response to CFTR agonists, 

compared to baseline GSH efflux, in both CFTR-expressing and non-expressing BHK 

cells (n=8 for each control data set, n=16 for each agonist data set). 
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Figure 7: GSH release from CFTR-expressing IB3 cells induced by 70% HBSS. 

Monolayers of CFTR-expressing cells (IB3-837, +DOX) were cultured, and baseline 

GSH efflux was established prior to adding 70%HBSS. Bar represents duration of 

hypotonic treatment. A. Representative experiment showing GSH effluxes in IB3-837 

cells expressing CFTR, with and without hypotonic stimulation (n=3 for each data set). 

B. Summary of GSH efflux changes from t=1.0h to 1.5h in IB3-837 cells expressing 

CFTR, with or without hypotonic stimulation (n=12 for each data set). Graph represents 

individual data points from multiple experiments. 
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Figure 8: Comparison of the effect of hypotonic solution on GSH release and lactate 

dehydrogenase (LDH) activity, a marker of cellular lysis. A. Comparison of GSH 

effluxes in CFTR-expressing IB3-837 cells, with and without hypotonic stimulation (n=3 

for each data set). B. LDH activity detected in efflux buffer samples collected every 30 

minutes from CFTR-expressing cells exposed to 70%HBSS solution (n=l for each data 

set). ddH20 was added to cells for one hour to serve as positive controls for cellular lysis, 

which was verified by observation under light microscope. C. LDH activity detected in 

efflux buffer samples collected every 30 minutes from CFTR-expressing cells exposed to 

control HBSS solution (n=l for each data set). ddH20 was again added to cells for one 

hour to serve as positive controls for cellular lysis. 



47 

(hbss) or (70%hbss) 
^ 3 

o 

E 
"o 
E 

(0 
re 
CD 
1_ 

X 
W 
O 

2 
c 

5 t 
a 

1 

0 

I - J 
• 70%hbss 

• hbss 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 

Time (hours) 

B 

CQ 2000 
CO 
= - ^ 1500 
~ .§ 1000 
. £ CO 

o ~ 500 

0.5 1 1.5 2 2.5 

Time (hours) 

2000 CQ 
• 

S L ^ 1500 

•'I'E 1000 
. £ CO 
o » 500 
< => 
X 0 a 
- 1 -500 



48 

whether hypotonic solution might inhibit extracellular GSH degradation by y-

glutamyltranspeptidase (y-GT, a ubiquitous GSH-degrading enzyme), the y-GT inhibitor 

acivicin (0.2mg/ml) was present throughout some experiments. As evident from Figure 

9, acivicin had no effect on baseline or hypotonically-stimulated GSH efflux. Taken 

together, the results suggest that glutathione is transiently released in response to 

hypotonicity. 

3.3 Signaling pathways 

Several signaling mechanisms have been implicated in hypotonically-induced 

solute efflux as part of a regulatory volume decrease (RVD) mechanism, and might be 

relevant to GSH release under these conditions. These include PI3-kinases, tyrosine 

kinases, protein kinase C, and MAP kinases. These pathways could be stimulated directly 

or by some autocrine factor such as ATP which is released in response to hypotonicity. 

Finally, cAMP and hypotonic shock stimulate exocytosis in various cell types, raising the 

possibility that GSH may be released by cAMP- or hypotonically-induced fusion of 

vesicles with the plasma membrane. DOX-induced CFTR-expressing IB3-837 cells were 

used to explore the signaling pathways involved in GSH release. 

3.3.1 PI3-kinase pathway 

The effects of two widely used PI3-kinase inhibitors, LY294002 (Vlahos et al, 

1994) and the fungal metabolite wortmannin (Powis et al, 1994), were investigated for 

their effects on hypotonically-induced glutathione efflux, because PI3-kinase has been 

reported to mediate volume regulation in rat hepatocytes (Krause et al, 1996). In 
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addition, we also used LY303511, an inactive analogue of LY294002, as a negative 

control. When LY294002 (20uM) was added to cells along with hypotonic stress, it 

dramatically enhanced the GSH efflux as compared to that seen with hypotonic stress 

alone (Figure 10a; p<0.01). This potentiating effect is summarized for nine monolayers 

in Figure 10b. Surprisingly, when the inactive congener LY303511, which does not 

inhibit PI3-kinase, was tested under the same conditions (i.e. simultaneously with 

hypotonic stress), it caused a similar elevation of GSH efflux (Figures 11a, lib). These 

results suggest that neither hypotonicity-induced GSH release nor the potentiating effect 

of LY294002 on GSH release were due to PI3-kinase activity. This was confirmed by 

examining the effect on hypotonically-induced GSH release of wortmannin, another 

inhibitor of PI3-kinase that is chemically unrelated to LY294002. Wortmannin (20nM) 

had no effect on hypotonically-induced GSH release (Figure 12a; p>0.05) or when added 

alone (Figure 12b; p>0.05). To ensure that similar swelling and volume regulatory 

responses were evoked in the presence of LY294002 and wortmannin, iodide efflux was 

measured under control conditions and with inhibitors present (Figure 13). Neither drug 

induced iodide efflux under isotonic conditions, nor did they alter hypotonically-induced 

iodide efflux. These results suggest that PI3-kinase is not involved in GSH release, and 

that the potentiating effect of LY294002 on hypotonically-stimulated release must reflect 

some other action of the drug. 

There was some variability noted in the hypotonic induced effluxes from Figures 

7, 10 and 11, but since all the cells used in these experiments were used between 7 and 11 

days after passaging, it is unlikely that cell senescence caused these differences. Cell 
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passage was also not a factor since all cells were of a similar passage number (22-23, 

albeit from different thawed batches of IB3-837 cells). Cell protein levels were higher in 

the experiments with lower hypotonically-activated effluxes (i.e. Figures 10 and 11), but 

the reason for this inverse relationship is not known. With respect to possible variability 

in the iodide efflux assays upon doxycycline induction of CFTR expression in Figure 13, 

experiments were not designed here to test this, however similar experiments were carried 

out by Ye et al (2001) (see their Figure 6), and they reported extremely low variability in 

the response of iodide efflux in IB3-837 cells after doxycycline induction. Also, because 

the experiment in Figure 13 was designed to test the effect of pharmacological inhibitors 

on hypotonically-activated iodide efflux, the same CFTR-expressing IB3-837 cells were 

used in the presence or absence of the various drugs. Focusing on the role of CFTR in 

swelling activated iodide efflux would indeed require controls with untransfected IB3 

cells, but this topic was not addressed here. 

3.3.2 Pharmacological studies on the role of protein tyrosine kinases 

Tyrosine kinases are activated by many stresses including heat, free radicals and 

osmotic shock (Gatsios, 1998), and are implicated in cell volume regulation. To examine 

their role in GSH release, we tested the effects of genistein, a commonly used broad-

spectrum tyrosine kinase antagonist (Akiyama et al, 1987). Genistein (lOOpM) 

stimulated GSH release approximately 2.5-fold under isoosmotic (Figures 14a, 14b) and 

also hypotonic conditions (Figures 14c, 14d). Thus genistein-sensitive tyrosine kinases 

do not contribute to hypotonically-stimulated GSH release. These results do suggest 

however that GSH may be tonically suppressed by tyrosine phosphorylation. To further 
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Figure 10: Response of hypotonic GSH efflux to PI3-kinase inhibitor LY294002. 

Monolayers of CFTR-expressing IB3-837 cells were cultured, and baseline GSH efflux 

was established prior to adding 20pM LY294002. Bar represents duration of treatment. 

A. Representative experiment showing hypotonic-induced GSH effluxes in IB3-837 cells 

expressing CFTR, with and without LY294002 (n=3 for each data set). B. Summary of 

hypotonic-induced GSH efflux changes from t=1.0h to 1.5h in IB3-837 cells expressing 

CFTR, with and without LY294002 (n=9 for each data set). Graph represents individual 

data points from multiple experiments. 
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Figure 11: Response of hypotonic GSH efflux to LY303511, an inactive analogue of 

the PI3-kinase inhibitor LY294002. Monolayers of CFTR-expressing IB3-837 cells 

were cultured, and baseline GSH efflux was established prior to adding 20pM LY303511. 

Bar represents duration of exposure to LY303511. A. Representative experiment 

showing hypotonically-induced GSH effluxes in CFTR-expressing IB3-837 cells, with 

and without LY303511 (n=3 for each data set). B. Summary of hypotonically-induced 

GSH efflux changes from t=1.0h to 1.5h in CFTR-expressing IB3-837 cells, with and 

without LY303511 (n=6 for each data set). Graph represents individual data points from 

multiple experiments. 
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Figure 12: Response of hypotonic GSH efflux to PI3-kinase inhibitor wortmannin. 

Monolayers of CFTR-expressing IB3-837 cells were cultured, and baseline GSH efflux 

was established prior to adding 20nM wortmannin. Bar represents duration of treatment 

with wortmannin. A. Hypotonically-induced GSH effluxes in CFTR-expressing IB3-837 

cells, with and without wortmannin (n=6 for each data set). Data points was combined 

from multiple experiments. B. GSH effluxes in CFTR-expressing IB3-837 cells, with 

and without wortmannin (n=3 for each data set). Data was combined from multiple 

experiments. 
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Figure 13: Iodide efflux response to hypotonic stress, with and without PI3-kinase 

inhibitors. Monolayers of CFTR-expressing IB3-837 cells were cultured, and incubated 

with 136mM Nal loading buffer for one hour at 37°C. Cells were then rinsed ten times 

with HBSS efflux buffer, and a baseline iodide efflux was established prior to stimulation 

with HBSS alone (negative control), hypotonic stress alone, LY294002 alone, 

wortmannin alone, hypotonic stress and LY294002, or hypotonic stress and wortmannin 

(n=2 for each data set), with bar representing treatment duration. 
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assess if genistein stimulation involves inhibition of tyrosine kinases, the inactive 

genistein analogue daidzein (lOOuM) was also tested for its effect on hypotonically-

induced GSH release. Although the daidzein effect was approximately 40% smaller than 

that for genistein, daidzein nevertheless increased the hypotonic GSH response 

significantly (Figures 15a, 15b; p<0.01). If daidzein is ineffective against tyrosine 

kinases as is generally assumed, these results suggest that some other signaling pathway 

might regulate GSH release. 

3.3.3 Protein kinase C pathway 

Protein kinase C (PKC) is activated by hypoosmotic stress in some cells and 

stimulates amino acid release from rat cardiac myocytes (Song et al, 1998) and secretion 

of high molecular weight glycoprotein (HMWG) mucus from hamster tracheal epithelial 

cells (Kai et al, 1994). To assess the role of PKC, cells were exposed to hypotonic 

solution containing chelerythrine (lOpM), a PKC inhibitor. Chelerythrine caused an 

approximately 4.5-fold elevation of GSH efflux when compared to hypotonic stress alone 

(Figures 16a, 16b; p<0.05). This may indicate relief of tonic inhibition by PKC of GSH 

efflux, although apparent enhancement of the hypotonically-induced response could also 

reflect inhibition of the regulatory volume decrease (RVD), since that would potentiate 

cell swelling and therefore the stimulus for GSH release. 
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Figure 14: Response of basal and hypotonic GSH effluxes to tyrosine kinase 

inhibitor genistein. Monolayers of CFTR-expressing IB3-837 cells were cultured, and 

baseline GSH efflux was established prior to adding lOOpM genistein. Bar represents 

duration of exposure to genistein. A. Representative experiment showing hypotonically-

induced GSH effluxes in CFTR-expressing IB3-837 cells, with and without genistein 

(n=3 for each data set). B. Summary of hypotonically-induced GSH efflux change from 

t=1.0h to 1.5h in CFTR-expressing IB3-837 cells, with and without genistein (n=6 for 

each data set). Graph represents individual data points from multiple experiments. C. 

Representative experiment showing basal GSH effluxes in IB3-837 cells expressing 

CFTR, with and without genistein (n=3 for each data set). D. Summary of basal GSH 

efflux changes from t=1.0h to 1.5h in CFTR-expressing IB3-837 cells, with and without 

genistein (n=4 for each data set). Graph represents individual data points from multiple 

experiments. 
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Figure 15: Response of hypotonic GSH efflux to daidzein, an inactive analogue of 

the tyrosine kinase inhibitor genistein. Monolayers of CFTR-expressing IB3-837 cells 

were cultured, and baseline GSH efflux was established prior to adding lOOpM daidzein. 

Bar represents duration of exposure to daidzein. A. Comparison of hypotonically-

induced GSH effluxes in CFTR-expressing IB3-837 cells, with and without daidzein (n=3 

for each data set). B. Summary of hypotonically-induced GSH efflux changes from 

t=1.0h to 1.5h in CFTR-expressing IB3-837 cells, with and without daidzein (n=3 for 

each data set). 
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Figure 16: Response of hypotonic GSH efflux to protein kinase C inhibitor 

chelerythrine. Monolayers of CFTR-expressing IB3-837 cells were cultured, and 

baseline GSH efflux was established prior to adding lOpM chelerythrine. Bar represents 

duration of exposure to chelerythrine. A. Representative experiment showing hypotonic 

GSH effluxes in CFTR-expressing IB3-837 cells, with and without chelerythrine (n=6 for 

each data set). B. Summary of hypotonically-induced GSH efflux changes from t=1.0h 

to 1.5h in CFTR-expressing IB3-837 cells, with and without chelerythrine (n=6 for each 

data set). Graph represents individual data points from multiple experiments. 
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3.3.4 MAP kinase pathway 

Mitogen-activated protein (MAP) kinases are activated by cell swelling and other 

stresses in rat hepatocytes (Kim et al, 2000), renal epithelial A6 cells (Niisato et al, 

1999) and human intestine 407 cells (Tilly et al, 1996), and therefore are candidates to 

mediate hypotonically-induced GSH release. Two key steps in stress-activated MAP 

kinase pathways are the upstream MAP kinase kinase (MEK) and p38 MAP kinase. Both 

these enzymes were inhibited individually to assess their roles in GSH efflux. 

Preincubation of cells with PD98059 (50uM), a specific MEK inhibitor (Alessi et al, 

1995), followed by application of hypotonic stress in the presence of PD98059 did not 

alter the magnitude of GSH release induced by hypotonic stress (p>0.05), although the 

drug did cause a modest increase in basal GSH release levels compared to control buffer 

alone at t=1.0h (p<0.05; Figures 17a, 17b). The same protocol was used to test 

SB203580, a specific inhibitor of p38 MAP kinase (Cuenda et al, 1995). SB203580 

(lOuM) marginally decreased the GSH response to hypotonic stress (p<0.05; Figure 17c, 

17d), although this might have been due to the small sample size and influence of outliers 

among the hypotonic stress samples. Like PD98059, SB203580 also caused a modest 

increase in basal GSH release compared to control buffer alone at t=1.0h (p<0.05). 

3.3.5 Purinergic pathway 

ATP is an important autocrine signaling molecule which is released during 

exposure to hypotonic solution. Indeed, one previous study suggested that such ATP 

release is essential for cell volume regulation in liver cells (Feranchak et al, 1998). To 

examine the possible role of ATP autocrine signaling in GSH release, cells were 



68 

Figure 17: Response of hypotonic GSH efflux to MEK inhibitor PD98059 and p38 

MAP kinase inhibitor SB203580. Monolayers of CFTR-expressing IB3-837 cells were 

cultured, and cells were preincubated with 50pM PD98059 or lOuM SB203580 for thirty 

minutes. Bar represents duration of exposure to PD98059 or SB203580. A. 

Representative experiment showing hypotonically-induced GSH effluxes in CFTR-

expressing IB3-837 cells, with and without PD98059 (n=3 for each data set). B. 

Summary of hypotonically-induced GSH efflux change from t=1.0h to 1.5h in CFTR-

expressing IB3-837 cells, with and without PD98059 (n=6 for each data set). Graph 

represents individual data points from multiple experiments. C. Representative 

experiment showing hypotonically-induced GSH effluxes in CFTR-expressing IB3-837 

cells, with and without SB203580 (n=3 for each data set). D. Summary of 

hypotonically-induced GSH efflux change from t=1.0h to 1.5h in CFTR-expressing IB3-

837 cells, with and without SB203580 (n=6 for each data set). Graph represents 

individual data points from multiple experiments. 
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challenged with hypotonic solution containing either ATP (500uM) or apyrase (lU/ml). 

Adding excess ATP (Figure 18a, 18b) or clamping ATP at low levels with apyrase 

(Figure 18c, 18d) had no effect on modifying hypotonic GSH efflux (p>0.05), suggesting 

GSH release is not secondary to autocrine activation of purinoceptors. Further evidence 

for this comes from the finding that low-Ca2+ buffer did not adversely affect 

hypotonically-induced GSH efflux (unpublished results). 

Examination of candidate efflux pathways for GSH 

3.3.6 Exocytotic pathway 

It has been proposed that ATP and other macromolecules can be released from 

intestine 407 cells through an exocytotic pathway (van der Wijk et al, 2000). To assess 

the contribution of exocytosis to GSH release, cells were preincubated with brefeldin A 

(BFA; 5ug/ml), a well-known inhibitor of vesicular transport, for one hour and then 

exposed to hypotonic stress in the continued presence of BFA (Figures 19a, 19b). 

Brefeldin A caused a marked increase in basal GSH release under isoosmotic conditions 

compared to control buffer alone at t=1.0h (p<0.05), and partially inhibited 

hypotonically-induced GSH release (p<0.05). 

3.3.7 Overexpression of MRP1 or MRP4 does not affect hypotonically-induced GSH 

efflux 

MRP1 transports hydrophobic molecules with GSH, therefore we examined 

whether MRP1 overexpression in human embryonic kidney (HEK) cells enhances 
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Figure 18: Response of hypotonic GSH efflux to ATP addition or depletion. 

Monolayers of CFTR-expressing IB3-837 cells were cultured, and baseline GSH efflux 

was established prior to adding 500pM ATP or lU/ml apyrase. Bar represents duration 

of exposure to ATP or apyrase. A. Representative experiment showing hypotonically-

induced GSH effluxes in CFTR-expressing IB3-837 cells, with and without ATP (n=3 for 

each data set). B. Summary of hypotonically-induced GSH efflux changes from t=1.0h 

to 1.5h in CFTR-expressing IB3-837 cells, with and without ATP (n=6 for each data set). 

Graph represents individual data points from multiple experiments. C. Representative 

experiment showing hypotonic GSH effluxes in CFTR-expressing IB3-837 cells, with 

and without apyrase (n=3 for each data set). D. Summary of hypotonically-induced GSH 

efflux change from t=1.0h to 1.5h in CFTR-expressing IB3-837 cells, with and without 

apyrase (n=6 for each data set). Graph represents individual data points from multiple 

experiments. 
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Figure 19: Response of hypotonic GSH efflux to vesicular transport inhibitor 

brefeldin A. Monolayers of CFTR-expressing IB3-837 cells were cultured, and cells 

were preincubated with 5pg/ml brefeldin A for one hour. Bar represents duration of 

exposure to brefeldin A. A. Representative experiment showing hypotonically-induced 

GSH effluxes in CFTR-expressing IB3-837 cells, with and without brefeldin A (n=3 for 

each data set). B. Summary of hypotonically-induced GSH efflux change from t=1.0h to 

1.5h in CFTR-expressing IB3-837 cells, with and without brefeldin A (n=20 for each data 

set). Graph represents individual data points from multiple experiments. 
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hypotonically-induced GSH efflux. Interestingly, the basal GSH efflux rate was much 

higher in MRP-transfected cells than in control 293 cells (p<0.01; Figure 20), indicating 

that MRP does contribute to constitutive GSH release. However, no hypotonically-

stimulated GSH release was detected (Figure 20), therefore it is unlikely that MRP1 plays 

a role in swelling-induced efflux in HEK-293 or IB3 epithelial cells. 

A recent study by Lai et al. (2002) demonstrated that MRP4 transports reduced 

glutathione. To examine the effect of overexpressing MRP4 on swelling-induced GSH 

release, pcDNA6MRP4 obtained from Dr.T.Lai was transiently transfected into HEK-293 

cells using FuGENE 6. The MRP4 had a V5 epitope at its C-terminus so that its 

expression could be confirmed by Western blotting (Figure 21a). Transient expression of 

MRP4 did not enhance hypotonically-induced GSH efflux when compared to 293 and 

293pcDNA3 vector-transfected controls (Figure 21b). Similar negative results were 

obtained when cells were transfected using a calcium phosphate transient transfection 

protocol (data not shown). 
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Figure 20: Response of hypotonic GSH efflux in cells with and without MRP1. 

Representative experiment in which monolayers of HEK cells expressing MRP1 (HEK-

MRP1) and lacking MRP1 (HEK-293) were cultured, and baseline GSH efflux was 

established prior to adding 70%HBSS. Bar represents duration of hypotonic treatment 

(n=3 for each data set). 
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Figure 21: Response of hypotonic GSH efflux in cells with and without MRP4. 

Monolayers of FuGENE 6 transiently transfected MRP4-expressing HEK cells (HEK-

MRP4) and cells lacking MRP1 (HEK-293) were cultured, and baseline GSH efflux was 

established prior to adding 70%HBSS. Bar represents duration of hypotonic treatment. 

A. MRP4 expression in FuGENE 6 transiently transfected HEK-293 cells. Total protein 

was harvested and a Western blot was performed using an anti-V5 antibody against 

MRP4 . HEK-293 cells and HEK-293 cells transiently transfected with empty vector 

pcDNA3 were used as negative controls, and lOOpg of protein was loaded in each well. 

B. Comparison of hypotonically-induced GSH effluxes in MRP-expressing and 

nonexpressing cells (n=3 for each data set). 
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CHAPTER 4: DISCUSSION 

4.1 Role of CFTR in GSH release 

The elevation of GSH efflux by CFTR agonists (cAMP/IBMX/forskolin) in cells 

irrespective of CFTR expression is a new finding and implies that CFTR is not a 

significant transporter of GSH. The presence of CFTR did elevate basal GSH release, 

however, by comparison of doxycycline-induced CFTR-expressing cells to vector-only 

control cells exposed to doxycycline. This is consistent with a previous study in which 

apical fluid GSH levels were higher in CFTR-expressing cells (Gao et al, 1999) but not 

with the patch clamp data of Linsdell et al (1998) that indicated CFTR permeability to 

GSH from the cytoplasmic side. While GSH conductance was detected using excised 

patches, it seems unlikely that CFTR mediates significant GSH efflux under physiological 

conditions. Nevertheless, CFTR expression does upregulate GSH release through some 

mechanism that is independent of channel stimulation by PKA. 

A recent paper by Kogan et al. (2003) demonstrated that CFTR can mediate 

glutathione flux in crude membrane vesicles and reconstituted proteoliposomes. This 

would appear to contradict the conclusion of this study, however, there were several 

differences in methodology that might explain the apparent discrepancy. Kogan et al. 

used radiolabeled GSH to assay transport, which may detect smaller fluxes than the 

spectrophotometric assay used here. More importantly, Kogan et al. found no CFTR-

associated GSH flux in native membranes when assays were performed with ATP 

present. CFTR-dependent GSH transport only became significant when AMP-PNP 

replaced ATP. This non-hydrolyzable analog could not be employed under the 
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physiological conditions used in the present study. Finally, it is possible that CFTR-

mediated GSH flux was present in both studies, but was only detectable after eliminating 

other membrane proteins by purification and reconstitution of CFTR in proteoliposomes. 

If those other proteins contributed most of the physiologically-relevant GSH transport, 

this would explain why the CFTR-mediated component was not detectable. The issue of 

CFTR-mediated GSH flux remains somewhat controversial, as Jensen et al. (2001) found 

no ATP-dependent transport of radioactive GSH in CFTR-containing membrane vesicles 

from Sf9 cells or BHK cells using biochemical methods similar to those used by Kogan et 

al. 

The advantage of using an inducible system is that it allows comparison of cells 

with or without expression of CFTR, however experiments revealed that uninduced 

(-DOX) IB3-837 cells (which should not express significant CFTR) had basal GSH 

effluxes that were comparable to those of DOX-induced IB3-837 cells (which should 

express CFTR). The simplest explanation for this result is that very low levels of CFTR 

are sufficient to upregulate GSH release, and these levels of CFTR were achieved even in 

uninduced cells because the tetracycline-responsive element (TRE) promoter is slightly 

leaky. This is consistent with the results of Ye et al. (2001), who found low levels of 

CFTR mRNA expression in this line even in the absence of doxycycline. For this reason, 

cells transfected with empty vector were used as controls in addition to +/- doxycycline. 

Standard curves were obtained prior to each experiment, and served as internal 

controls for the assay and for any slight discrepancies in experimental conditions from 

day to day. Care was taken to maintain the same experimental conditions throughout, 
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nevertheless subtle differences in cell confluency, passage number, and the activity of 

glutathione reductase may account for the variability observed. 

4.2 Hypotonicallv-stimulated GSH efflux 

Hypotonicity stimulates the efflux of many solutes such as Na+ (Venosa et al., 

2003), K+ and Cl"(De Smet et al, 1998; Roman et al, 1996; Hug et al, 1995; Mastrocola 

et al, 1991), HC03" (Nicholl et al, 2002; Wojnowski et al, 1992), ATP (Boudreault et 

al, 2002; Feranchak et al, 1998; Wang et al, 1996), and organic osmolytes such as the 

amino acid taurine (Boese et al, 1996; Galietta et al, 1996) and to a lesser extent 

glutamate, aspartate, glycine, phosphoethanolamine and GAB A (Estevez et al, 1999; 

Manolopoulos et al, 1997; Kimelberg et al, 1990). The present study revealed that 

hypotonic stress increased GSH efflux, which has not been reported previously. 

Hypotonically-induced GSH efflux was not dependent on the expression of CFTR and 

was observed in HEK cells, therefore it is not airway cell-specific. Nevertheless, it may 

be relevant to the hypotonic/defensin hypothesis for pathogenesis of CF airway infection, 

which proposes that defective chloride transport results in an abnormally high salt 

concentration (i.e. hypertonic) in the epithelial lining fluid (ELF) that in turn inhibits its 

bactericidal activity (Smith et al, 1996). For example, if ELF is normally hypotonic and 

this promotes GSH release, hypertonicity in cystic fibrosis might be expected to reduce 

GSH release and contribute to low luminal GSH levels in CF. However, most recent 

evidence suggests that the ionic composition and osmolality of ELF are not affected in CF 

(Jayaraman et al, 2001; Knowles et al, 1997), therefore loss of the small upregulation of 

basal GSH release by mutant CFTR expression may be more relevant to the disease. As 
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expected, hypotonic stress also stimulated anion efflux, consistent with a regulatory 

volume decrease after hypotonic swelling. 

In this study, no evidence for significant GSH efflux through CFTR was obtained, 

therefore alternative pathways were explored. In HEK cells, MRP1 overexpression did 

not lead to larger GSH efflux responses to hypotonic stress, although basal release was 

elevated. This suggests that MRP 1 could still be involved, perhaps indirectly, in 

mediating GSH efflux. Using HEK-293 cells transiently transfected with MRP4, we also 

observed a hypotonically-mediated GSH efflux, but MRP4 did not appear to have an 

effect on GSH transport. This contrasts with the results of Lai et al. (2002), however 

there were several differences between the experimental protocols. Different cell types 

(MDCKII/HepG2 vs. HEK cells) and GSH collection methodologies were used (cell 

suspension vs. cell monolayer supernatant, 100 minutes vs. 30 minutes). Further studies 

are needed to assess the role of MRP in GSH transport in HEK-293 cells, as a recent 

study has shown that MRP4 can apparently transport cyclic nucleotides such as cAMP 

(Chen etal, 2001). 

4.3 Signaling pathways 

PI3-kinase activation occurs in response to hypotonic stress in hepatocytes 

(Krause et al, 1996) and may mediate ATP efflux under these conditions in HTC 

hepatoma cells (Feranchak et al, 1998). Our results suggest that GSH efflux is not 

regulated by PI3-kinase because the inactive analogue LY303511 also elevated GSH 

efflux and another PI3-kinase inhibitor (wortmannin) had no effect on GSH transport. In 

addition to PI3-kinase, LY294002 is known to inhibit casein kinase 2 (Davies et al, 
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2000) as well as the PI3-kinase related protein kinases (Stein, 2001), and so it is possible 

that its effects on GSH release may be due to inhibition of these other kinases. 

It has been reported that swelling-induced efflux of ions (Tilly et al, 1993) and 

amino acids (Song et al, 1998) can be reduced by inhibiting protein tyrosine kinases. 

Our results differ from those previous studies, in that genistein application caused an 

elevation of GSH efflux. It is possible that the cell type is an important determinant in 

tyrosine kinase-regulated GSH efflux, as previous studies were done using intestinal and 

cardiac cells rather than airway cells. Tyrosine kinases may make some contribution to 

the regulation of GSH efflux, since genistein had a much larger effect than its inactive 

analogue daidzein.. 

While Song et al. (1998) found that PKC inhibition reduced the osmotically-

induced release of amino acids from rat cardiac cells, our results suggest a different role 

of PKC in efflux pathways, as chelerythrine seemed to potentiate the hypotonic efflux of 

glutathione. PKC is known to be activated during cell swelling in hepatocytes (Roman et 

al, 1998), which may be part of the cellular response to restore homeostasis. Therefore, 

when PKC is inhibited, the decrease in swelling compensation would effectively result in 

a greater net level of cellular stress, resulting indirectly in a higher GSH efflux as a stress 

response. Another possibility is that PKC plays a more direct role in GSH efflux, 

whereby PKC is inhibited during normal conditions, and release of this inhibition upon 

exposure to hypotonic stress causes elevated GSH efflux. 



86 

It has been shown that ATP is released from cells in response to hypotonic stress 

(Guyot et al, 2002; Wang et al, 1996). This raises the possibility that ATP acts as an 

autocrine signaling molecule, binding to purinergic receptors on the cell surface to initiate 

GSH efflux. However, based on our results, ATP and purinergic receptors are not 

involved in hypotonic GSH efflux since the addition or depletion of extracellular ATP did 

not alter GSH release. The physiological role of intracellular ATP levels in controlling 

GSH release is unclear, since exogenous ATP might be redundant if intracellularly 

derived ATP is already high, or if exogenous apyrase does not significantly reduce 

physiological ATP. 

Our data suggests that p38 MAP kinases and ERKs could be involved in 

modulating GSH efflux, since both SB203580 and PD98059 increased basal GSH efflux 

but little or no alteration of the hypotonically-induced release. Since these inhibitors 

elevated basal GSH efflux, MAP kinases may normally exert an inhibitory effect on 

release. The lack of response during exposure to hypotonic solution was surprising 

however, since these pathways are usually activated by stress-related signals, including 

hypoosmotic stress in rat hepatocytes (Kim et al, 2000; vom Dahl et al, 2001). 

Evidence that GSH release is tonically inhibited in the basal state comes from the 

relative potencies of various activators and inhibitors. Deactivating downstream enzymes 

(e.g. PKC) that are presumably closer to the GSH release mechanism elicits the greatest 

GSH release, whereas less vigorous responses are observed after inhibiting more 

proximal enzymes. 
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All of the drugs used in this work have been used previously on intact cells in 

other studies. However, the brefeldin A experiments should be interpreted cautiously 

since BFA disrupts the endoplasmic reticulum and vesicle trafficking, which is probably 

stressful for cells and could have diverse effects. Specificity is also a consideration for 

PI3-kinase and PKC studies; LY294002 and its inactive analogue elicited a large GSH 

efflux, while wortmannin did not. Although widely used as a PKC inhibitor, the potency 

and specificity of chelerythrine has been questioned (Lee et al, 1998). Recently, p38 

MAPK was found to be activated by chelerythrine via a PKC-independent mechanism 

(Yu et al, 2000), raising the possibility that chelerythrine affects other signaling 

pathways. 

4.4 Possible mechanisms of GSH efflux in airway epithelial cells 

GSH release induced by LY294002 or wortmannin does not seem to be associated 

with the increased halide permeability that occurs during hypotonic stress. Also, CFTR 

does not appear to mediate GSH release in IB3 and BHK cells, since exposure to 

cAMP/IBMX/forskolin or hypotonic solution stimulated GSH release independently of 

CFTR expression. 

The role of exocytosis was explored using brefeldin A, but it caused only a 

modest decrease in hypotonic-stimulated GSH release. Nevertheless, exocytotic 

membrane insertion and release of vesicular GSH cannot be excluded; indeed, GSH may 

be in the same vesicles that contain ATP (Maroto et al, 2001). The GSH concentration 

in vesicles is not known, but may be comparable to the cytoplasm (1-lOmM; Kogan et al, 

2001). 
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cAMP stimulates efflux of the protein ai-antitrypsin in colonic epithelial cells 

(Jilling et al, 1996) and exocytosis of surfactant from alveolar type II cells (Rooney, 

2001), therefore it is conceivable that cAMP stimulates exocytosis of GSH-containing 

vesicles. Low antioxidant levels in the ASF causes abnormalities in the surfactant 

system (Morris et al, 1994), thus coordinated release with glutathione would help 

maintain an optimal environment for surfactant secretion and signal transduction. Using 

the same cellular signal (cAMP) to secrete surfactant and a protective molecule (i.e. 

glutathione) would be an elegant solution to this physiological problem. Our results 

indicate that cAMP by itself can stimulate exocytotic release of GSH, as cAMP caused 

elevated GSH efflux from both IB3 and BHK cells, independently of CFTR. 

If indeed glutathione efflux occurs via a vesicular transport method, GSH 

transport could occur through two types of pathways, constitutive and regulated secretion. 

The constitutive secretory pathway allows for continual secretion of proteins needed 

outside the cell and could mediate the low basal rate of GSH efflux seen under control 

conditions. The regulated secretory pathway, by contrast, may require an external 

stimulus such as hypotonic stress or cAMP. 

Although CFTR does not appear to mediate GSH transport, CFTR-expressing 

cells (IB3-837) had higher basal levels of GSH efflux compared to those lacking CFTR 

(IB3-TA8). Its presence may be sufficient to promote membrane turnover. Alternatively, 

GSH may be released through a specific transporter that remains to be identified. 
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SUMMARY 

The results in this study demonstrate that cAMP and hypotonic stress stimulate 

glutathione release. GSH does not appear to be directly transported across the plasma 

membrane via a CFTR-mediated pathway in airway and other cells, although release is 

higher when CFTR is expressed. The signaling pathways involved in the hypotonic-

mediated efflux of glutathione in airway epithelial cells were explored using 

pharmacological methods. Inhibition of some signaling pathways elevated GSH efflux, 

suggesting that GSH is tonically inhibited under basal conditions. Although some 

evidence exists to support exocytotic GSH release, further studies are needed to establish 

the mechanism of release. 
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