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Abstract 
 
Igor Oliynyk (2010): Advances in Pharmacological Treatment of Cystic 
Fibrosis. Örebro Studies in Medicine 50, 88 pp. 
 
Cystic fibrosis (CF) is an inborn, hereditary disease, due to mutations in the gene 
for a cAMP-activated chloride (Cl-) channel, the cystic fibrosis transmembrane 
conductance regulator (CFTR). As a result of impaired ion and water transport, 
the airway mucus is abnormally viscous, which leads to bacterial colonization. 
Recurrent infections and inflammation result in obstructive pulmonary disease. 
Similar changes in the pancreas lead to pancreatic insufficiency.  

Several compounds have been tested to improve transepithelial ion transport 
in CF patients, either via activation of the mutant CFTR, or via stimulation of 
alternative chloride channels. The main purpose of this thesis was to find sub-
stances that might correct the defective ion transport in epithelial cells in CF 
and could be useful for the pharmacological treatment of CF patients. 

Long-term treatment with the macrolide antibiotic azithromycin (AZM) 
improved clinical parameters and lung function in CF patients and increased 
Cl- transport in CF bronchial epithelial cells (CFBE) (Paper I); although 
mRNA expression of the CFTR gene remained unchanged. 

In contrast, pre-exposure to the mucolytic antioxidant N-acetylcysteine 
(NAC) increased CFTR protein expression and was associated with increased 
Cl- efflux from CFBE cells (Paper II). Clinical trials of this substance might be 
warranted. 

Duramycin has been the subject of clinical trials that finished in June 
2009. Up till now, no results from this study are available. The effect of this 
substance on Cl- efflux from three CF and three non-CF cell lines (Paper III) 
was disappointing. An effect was found only in CFBE cells, the effect was 
minimal, occurred in a narrow concentration range, and was not associated 
with an increase in the intracellular calcium concentration [Ca2+]i. 

The fact that NO-donors stimulated Cl- efflux from CFBE cells (but did not 
change [Ca2+]i) after several hours of preincubation suggests that these substan-
ces may be a potentially interesting group of compounds for the treatment of 
CF (Paper IV). A model for the effect of NO-donors on Cl- efflux is presented. 

Keywords: Cystic fibrosis, CFTR, chloride transport, N-acetylcysteine, 
NO-donors, duramycin, intracellular calcium, azithromycin.  
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Svensk sammanfattning 
 
Cystisk fibros (CF) är en medfödd, ärftlig, sjukdom, som förorsakas av en mu-
tation i en gen som innehåller koden för en kloridkanal som aktiveras av cyk-
liskt AMP (cystic fibrosis transmembrane conductance regulator, CFTR). Som 
en följd av otillräcklig transport av joner och vatten är slemmet i luftvägarna 
onormalt segt, vilket leder till att det koloniseras av bakterier. Upprepade infek-
tioner och inflammation av luftvägarna leder slutligen till obstruktiv lungsjuk-
dom. Liknande förändringar i bukspottkörteln leder till att också detta organ 
inte fungerar.  

Flera kemiska ämnen har testats för sin förmåga att förbättra jontransporten 
over epitelet hos CF-patienter. Detta skulle kunna göras antingen genom aktiv-
ering av det muterade CFTR-proteinet, eller genom stimulering av alternativa 
kloridkanaler. Huvudsyftet med den forskning som beskrivs i denna avhandling 
var att hitta kemiska substanser som skulle kunna korrigera den defekta jon-
transporten i epitelceller hos CF-patienter, och därför vara nyttiga för behan-
dlingen av patienterna. 

Behandling under längre tid med azithromycin (AZM), ett makrolid-
antibiotikum, förbättrade CF-patienternas kliniska status och lungfunktion, 
samt ökade kloridutflödet från CF bronkialepitelceller (CFBE-celler) (Arbete I). 
Däremot ändrades inte uttrycket av mRNA för CFTR-genen. 

I kontrast till detta ökade uttrycket av CFTR-proteinet om CFBE-cellerna ut-
sattes för den slemlösande anti-oxidanten N-acetylcystein (NAC), vilket ledde 
till ökat kloridutflöde från denna cellinje (Arbete II). Det vore rimligt att utföra 
kliniska prövningar av detta ämne. 

Duramycin har testats i kliniska prov som slutade i juni 2009, men några re-
sultat från dessa prov har inte offentliggjorts än. Effekten av detta ämne på 
kloridutflödet från tre CF-cellinjer och tre icke-CF cellinjer (Arbete III) var en 
besvikelse. Duramycin hade endast effekt på CFBE-celler, effekten var mycket 
liten, förekom endast i ett litet koncentrationsområde av duramycin, och var 
inte kopplad till en ökning av den intracellulära kalciumkoncentrationen [Ca2+]i. 

Att ämnen som avger kväveoxid (NO) stimulerade kloridutflödet från CF-
celler (men inte påverkade [Ca2+]i) efter några timmar, visar att denna grupp av 
ämnen kan vara potentiellt intressant för behandlingen av CF (arbete IV). En 
modell för effekten av NO på kloridtransporten i CF-celler presenteras. 
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1. INTRODUCTION 
 

Cystic fibrosis (CF), also known as mucoviscidosis, is the most widespread fatal 
genetic disease among the Caucasian population. During recent decades life 
expectancy has increased dramatically, but is still only 40-50 years at best. CF is 
due to a mutation of the gene coding for a cAMP-dependent chloride channel, 
the Cystic Fibrosis Transmembrane Conductance Regulator (CFTR). The fre-
quency of heterozygous mutations among the Caucasian population is up to 
4%, while in the homozygous state it ranges from 1 in 2200 to 1 in 7700 live 
births 1. CF occurs more seldom in non-Caucasians (1 in 17000 in African-
American and 1 in 320000 in Japanese newborns). 

The gene that codes for CFTR protein was identified in 1989 and is located 
on the long arm of chromosome 7 (7q31). The length of the gene is about 250 
kilobase (kb) of nucleotides (including promoter and regulatory regions); it has 
27 exons, which form a 6.5 kb long coding sequence 2. The introns allow alter-
native splicing of mRNA, which is clinically significant, because it may decrease 
the amount of mature CFTR, a 1480 amino acid protein, expressed 3. Around 
1500 different mutations have been described (www.genet.sickkids.on.ca/cftr), 
hence, the disease is not genetically homogenous. The most common mutation, 
F508 (consisting of the deletion of 3 base pairs resulting in the loss of a 
phenylalanine at position 508) is present in at least one allele in 75-90% of CF-
patients.  

Mutations of CFTR have been divided in five major classes 4: (I) mutations 
that produce no protein due to a stop mutation or a fatal error in CFTR mRNA 
synthesis, (II) mutations in which most of the mutant CFTR is destroyed in the 
ubiquitine-proteasome pathway and therefore fails to reach the apical mem-
brane, (III) mutations that produce a protein that reaches the apical membrane 
but fails to respond to stimulation, (IV) mutations that produce a channel with 
a reduced response to stimulation, (V) mutations that give rise to a reduced 
amount of functional CFTR due to incorrect splicing. The most common class 
of mutation is class II, to which the F508 mutation belongs. Class I mutations 
occur in about 5-10 % of the patients, but locally, a higher proportion may be 
found. Mutations in CFTR occur in both males and females, with no apparent 
sex difference in mutation frequency. Nevertheless, it is unclear why the clinical 
symptoms are more severe in females (at least in Scandinavian countries), lead-
ing to a shorter life expectancy for female CF patients 5. 

The main clinical symptoms of the disease are chronic progressive obstructive 
lung disease and (in most patients) pancreatic insufficiency. Besides, there are 
digestive tract abnormalities that contribute, together with the pancreatic insuf-
ficiency, to intestinal malabsorption. One frequent characteristic of CF is me-
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conium ileus, the obstruction of the neonatal intestine with inspissated mucus, 
or its adult equivalent, distal occlusion syndrome. Most male patients are as-
permic or hypospermic, due to obstruction of the vas deferens and the epididy-
mal duct that occurs already in utero. Viscous mucus in the uterine cervix is a 
reason for reduced fertility of female patients. With increasing age, symptoms in 
other organs, such as the liver, may appear. Abnormally high concentrations of 
sodium chloride (NaCl) in sweat are pathognomic for CF and used as a diag-
nostic criterion for the disease. Unexpectedly, no clinically significant kidney 
problems have been reported, even though CFTR is expressed in the kidney 6. 

Respiratory disease is the main source of morbidity and mortality in CF, even 
though the sequence of events leading from the defective CFTR to the clinical 
symptoms is still not completely understood. The airway mucus in CF patients 
is abnormally viscous, and patients become infected with Staphylococcus aureus 
and Hemophilus influenzae in the early stages of the disease, followed by 
chronic colonization with Pseudomonas aeruginosa. In the respiratory epithe-
lium, the lung tissue progressively becomes fibrotic and lung function declines; 
thus, cor pulmonale may develop. Treatment of the pulmonary disease of CF is 
symptomatic, and includes physiotherapy to remove the obstructive mucus, 
aggressive treatment with antibiotics, and, more recently, treatment with anti-
bodies against Pseudomonas 7-9. In the end stage of the disease, lung transplan-
tation may be an option to extend life for CF patients. 

In the respiratory epithelial cells, CFTR is present in the apical membrane, 
together with other chloride (Cl-) channels, for instance, volume regulating Cl- 
channels or Ca2+-activated Cl- channels (CaCC) that under physiological condi-
tions can be activated by, e.g., nucleotides (ATP, UTP). In the apical membrane 
is also present an amiloride-sensitive Na+-channel (ENaC) while in the baso-
lateral membrane, there are K+-channels (secretion of Cl- ions is balanced by 
secretion of K+-ions), a Na+-K+-2Cl- -cotransport mechanism and the Na+-K+-
ATPase. Water follows with the Cl- and/or Na+ ions, mainly via the paracellular 
pathway, and it was recently found that CFTR opening is accompanied by the 
opening of the tight junctions between the epithelial cells 10.  

The amount and/or activity of the various ion channels differ in the different 
cell types of the airway epithelium. While the surface epithelial cells are pre-
dominantly absorptive for Na+, most of the fluid is produced by the submucosal 
glands, and follows the Cl- secretion. The airway epithelium is shielded by a thin 
(10-20 m thick) layer of fluid, the airway-surface liquid (ASL), in which the 
cilia bathe. The ASL is the first line of defense against inhaled pathogens and is 
essential for mucociliary clearance. There has been considerable debate about 
the ionic composition of the ASL, both under normal conditions and in CF 11. 
Recent studies point out that the ASL, in humans, normally is about isotonic, 
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tions can be activated by, e.g., nucleotides (ATP, UTP). In the apical membrane 
is also present an amiloride-sensitive Na+-channel (ENaC) while in the baso-
lateral membrane, there are K+-channels (secretion of Cl- ions is balanced by 
secretion of K+-ions), a Na+-K+-2Cl- -cotransport mechanism and the Na+-K+-
ATPase. Water follows with the Cl- and/or Na+ ions, mainly via the paracellular 
pathway, and it was recently found that CFTR opening is accompanied by the 
opening of the tight junctions between the epithelial cells 10.  

The amount and/or activity of the various ion channels differ in the different 
cell types of the airway epithelium. While the surface epithelial cells are pre-
dominantly absorptive for Na+, most of the fluid is produced by the submucosal 
glands, and follows the Cl- secretion. The airway epithelium is shielded by a thin 
(10-20 m thick) layer of fluid, the airway-surface liquid (ASL), in which the 
cilia bathe. The ASL is the first line of defense against inhaled pathogens and is 
essential for mucociliary clearance. There has been considerable debate about 
the ionic composition of the ASL, both under normal conditions and in CF 11. 
Recent studies point out that the ASL, in humans, normally is about isotonic, 
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but that it is hypertonic in CF-patients, which is due in part to the basic ion 
transport defect in CF, and in part to the inflammatory process in the airways 
of CF patients 12, 13. 

There are two approaches to correct the basic defect in CF, pharmacological 
treatment and gene therapy. This work is focussed on the pharmacological 
treatment, where currently progress is most evident.  

1.1 CFTR: biosynthesis, structure, and function 
 
The CFTR protein contains two repeated motifs, each having a membrane-
spanning domain (MSD) and a hydrophilic, nucleotide-binding region (NBD) at 
the cytoplasmic side (Figure 1). Between these two domains is, at the cytoplas-
mic side, a regulatory (R) domain, containing several phosphorylation sites for 
protein kinases A and C (PKA and PKC) 14. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 1. The structure of CFTR 14 

The membrane-spanning domain consists of two groups containing six -helices 
each, which together form the actual ion channel. A small region at the extracel-
lular side, between transmembrane domains 7 and 8, carries two potential gly-
cosylation sites. The structure of CFTR resembles that of a group of membrane-
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bound transport proteins, the ATP-binding cassette (ABC)-superfamily, but the 
R-domain is unique to CFTR, and contains multiple protein kinase A sites, that 
when phosphorylated allow channel gating 15. 

The CFTR channel is regulated by phosphorylation of the R-domain. This 
can occur at several serine sites that are putative sites for cAMP-mediated PKA 
phosphorylation. PKA is the primary activator of CFTR, although PKC also 
may stimulate CFTR, although to a lesser extent. A current model of CFTR 
indicates that there are two open and two closed states, depending on binding 
of nucleotides to NBD1 and NBD2, respectively 14. ATP-driven dimerization of 
NBD1 and NBD2 leads to opening of the CFTR channel, a mechanism that is 
probably common to all members of the ABC protein superfamily 16. 

Normally, glycosylated membrane proteins are synthesized on the rough en-
doplasmic reticulum (rER), where they are folded, and from the ER they pro-
ceed via vesicular transport to the Golgi complex, where they are (fully) glyco-
sylated. The final step of CFTR biosynthesis is vesicle transport and exocytosis 
by which CFTR is delivered to the plasma membrane; this step is dependent on 
cAMP and can be stimulated by vasoactive intestinal peptide (VIP) 17. Some 
proteins (e.g., CFTR) are recycled via endosomes, and may reappear in the 
plasma membrane. In the most common mutation of CFTR, F508-CFTR, this 
process is interrupted. Cells are equipped with a self-control system to selec-
tively eradicate abnormally folded and damaged proteins, such as F508-CFTR. 
At first the cell tries to refold the unfolded proteins with the help of molecular 
chaperones, and failure to refold leads to their degradation by the ubiquitin 
proteasome system. F508-CFTR that reaches the membrane may function to a 
certain extent 18 and hence the degradation of F508-CFTR (and other class II 
CFTR mutants) is a potential point of access for pharmacological treatment of 
CF. This pathway of CFTR from rER to the plasma membrane will therefore be 
considered in detail. 

CFTR is hence synthesized in the rER as an “immature” 135-140 kiloDalton 
(kDa) precursor. This form matures normally in the Golgi complex to a fully 
glycosylated, 150-160 kDa protein, but in the F508-CFTR mutation, the cells 
do not accumulate immunoreactive CFTR corresponding to the size of mature 
CFTR 19. Immunolocalization studies have shown that while wild-type CFTR is 
present in the apical membrane of epithelial cells, in F508 cells, immunoreac-
tivity is predominantly restricted to perinuclear and cytoplasmic locations 20, 21. 
In native epithelia such as nasal epithelium, about 60% of the ciliated cells of 
wild-type homozygotes express CFTR, whereas in CF-patients with the F508 
mutation, only 20% of the ciliated cells express apical CFTR 22. At the molecu-
lar level, the F508-CFTR mutation causes defective association of MSD1 and 
MSD2 23. 
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N-glycosylation is thought to be critical for plasma membrane expression of 
N-glycans, specifically core glycans, that enhance the folding and conforma-
tional stability of CFTR. Defective N-glycosylation reduces cell surface expres-
sion of CFTR by impairing traffic of CFTR. Conformational destabilization of 
the glycan-deficient CFTR induces ubiquitination, leading to rapid elimination 
from the cell surface. Ubiquitinated CFTR is directed to lysosomal degradation 
instead of endocytic recycling 24. 

The exit of CFTR from the ER is blocked by overexpression of cysteine string 
protein (Csp), which suggests that Csp not only inhibits CFTR ER exit but also 
facilitates the degradation of immature CFTR. Csp overexpression increases the 
amount of Hsc70/Hsp70 co-immunoprecipitated with CFTR. The 
Hsc70/Hsp70 binding partner C terminus of Hsp70-interacting protein (CHIP) 
can target CFTR for proteasome-mediated degradation. Csp overexpression 
increased the amount of CHIP co-immunoprecipitated with CFTR, increased 
CFTR ubiquitylation, and reduced the half-life of immature CFTR. In addition, 
CHIP interacted directly with Csp, which not only regulates the exit of CFTR 
from the ER, but also this action is accompanied by Hsc70/Hsp70 and CHIP-
mediated CFTR degradation 25. 

CFTR is rapidly endocytosed from the apical plasma membrane and effi-
ciently recycles back to the plasma membrane. Ubiquitination targets endocyto-
sed CFTR for degradation in the lysosome, and deubiquitinating enzymes 
(DUBs) facilitate CFTR recycling. Bomberger et al. 26, 27 identified Ubiquitin 
Specific Protease-10 (USP10), located in early endosomes as an enzyme that 
regulates the deubiquitination of CFTR and its trafficking in the post-endocytic 
compartment.  

siRNA-mediated knockdown of USP10 increased the amount of ubiquiti-
nated CFTR and its degradation in lysosomes, and reduced both apical mem-
brane CFTR and CFTR-mediated Cl- secretion, whereas overexpression of wt-
USP10 decreased the amount of ubiquitinated CFTR and increased the abun-
dance of CFTR.  

Of interest is also that the expression of mutated CFTR is regulated by the 
proinflamatory cytokines TNF- and interleukin-1  in a cell-specific manner, 
and that this regulation is dependent on the 3' untranslated sequence of CFTR 
28. The relation between CFTR and inflammation will be briefly discussed be-
low (section 1.2). 

As stated above, the F508 mutation in CFTR is the most common muta-
tion. The consequence of this mutation is the deletion of a phenylalanine at 
position 508 (Phe-508), which is in the NBD1 region. The overall three-
dimensional structure of the isolated NBD1, as determined by X-ray crystallog-
raphy, is not altered by the F508 mutation 29, but the mutation has conse-
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quences for the folding of CFTR, which normally is carried out under the influ-
ence of chaperones, e.g., the Hsp70/90 proteins. Wang et al. 30 showed that 
Hsp90 cochaperones modulated the Hsp90-dependent stability of CFTR pro-
tein folding in the ER, and that cell-surface rescue of the F508-CFTR mutant 
could be brought about by (partial) siRNA silencing of the Hsp90 cochaperone 
ATPase regulator Aha1. 

According to Serohijos et al. 31 the lack of the Phe-508 peptide backbone di-
minishes the NBD1 folding yield, but the defective CFTR assembly and channel 
gating is caused by the absence of the aromatic side chain. It appears that Phe-
508 mediates a tertiary interaction between the surface of NBD1 and a cyto-
plasmic loop (CL4) in the C-terminal membrane-spanning domain (MSD2), and 
this interaction is involved in regulation of channel gating. The structural basis 
of the increased misfolding propensity of the F508-NBD1 mutant is the per-
turbation of interactions in residue pairs Q493/P574 and F575/F578 found in 
loop S7-H6 32. When cysteine cross-linking experiments to verify all NBD/CL 
interfaces were carried out, it was found that cross-linking of all domain-
swapping contacts between NBDs and MSD cytoplasmic loops in opposite 
halves of the protein rapidly and reversibly arrested single channel gating 33. 
CFTR channel gating is a reversible thermally driven process with all structural 
reorganization in the binding site(s) completed prior to channel opening. In-
crease of channel open state probability is due to reduction of the number of the 
closed state configurations available after physical interaction between ligand 
bound NBDs and the channel 34. 

Recently, it was shown that the NBD1 of CFTR contains a 32-amino acid 
segment, called the regulatory insertion (RI) 35. This segment is absent from 
other ATP-binding cassette transporters. Deletion of the entire RI segment al-
lowed F508-CFTR to mature and progress to the cell surface, where it medi-
ated Cl- efflux. The mature RI/F508 mutant had a stability similar to wt 
CFTR. Deletion of RI may overcome the perturbations in NBD1 structure 
caused by the F508 deletion 35. 

Another relevant difference between F508-CFTR and wt CFTR is that 
F508-CFTR is unstable when it is present in the membrane, compared to wt 
CFTR 36. Thus, F508-CFTR rapidly disappears from the cell membrane and 
does not return; however, F508-CFTR can be stabilized by Rab11 overexpres-
sion, proteasome inhibitors, or inhibition of Rab5-dependent endocytosis 37. In 
contrast to wt CFTR, F508-CFTR mutant is rapidly cleared from the distal 
secretory pathway and degraded in lysosomes 38. 

CFTR mainly acts as a cAMP-activated Cl- channel, but it has other func-
tions, such as bicarbonate or ATP conduction, ENaC and basolateral K+ chan-
nel regulation. The interdependence of CFTR and ENaC will be discussed in 



  Advances in Pharmacological Treatment of Cystic Fibrosis.  Igor Oliynyk  23
 

quences for the folding of CFTR, which normally is carried out under the influ-
ence of chaperones, e.g., the Hsp70/90 proteins. Wang et al. 30 showed that 
Hsp90 cochaperones modulated the Hsp90-dependent stability of CFTR pro-
tein folding in the ER, and that cell-surface rescue of the F508-CFTR mutant 
could be brought about by (partial) siRNA silencing of the Hsp90 cochaperone 
ATPase regulator Aha1. 

According to Serohijos et al. 31 the lack of the Phe-508 peptide backbone di-
minishes the NBD1 folding yield, but the defective CFTR assembly and channel 
gating is caused by the absence of the aromatic side chain. It appears that Phe-
508 mediates a tertiary interaction between the surface of NBD1 and a cyto-
plasmic loop (CL4) in the C-terminal membrane-spanning domain (MSD2), and 
this interaction is involved in regulation of channel gating. The structural basis 
of the increased misfolding propensity of the F508-NBD1 mutant is the per-
turbation of interactions in residue pairs Q493/P574 and F575/F578 found in 
loop S7-H6 32. When cysteine cross-linking experiments to verify all NBD/CL 
interfaces were carried out, it was found that cross-linking of all domain-
swapping contacts between NBDs and MSD cytoplasmic loops in opposite 
halves of the protein rapidly and reversibly arrested single channel gating 33. 
CFTR channel gating is a reversible thermally driven process with all structural 
reorganization in the binding site(s) completed prior to channel opening. In-
crease of channel open state probability is due to reduction of the number of the 
closed state configurations available after physical interaction between ligand 
bound NBDs and the channel 34. 

Recently, it was shown that the NBD1 of CFTR contains a 32-amino acid 
segment, called the regulatory insertion (RI) 35. This segment is absent from 
other ATP-binding cassette transporters. Deletion of the entire RI segment al-
lowed F508-CFTR to mature and progress to the cell surface, where it medi-
ated Cl- efflux. The mature RI/F508 mutant had a stability similar to wt 
CFTR. Deletion of RI may overcome the perturbations in NBD1 structure 
caused by the F508 deletion 35. 

Another relevant difference between F508-CFTR and wt CFTR is that 
F508-CFTR is unstable when it is present in the membrane, compared to wt 
CFTR 36. Thus, F508-CFTR rapidly disappears from the cell membrane and 
does not return; however, F508-CFTR can be stabilized by Rab11 overexpres-
sion, proteasome inhibitors, or inhibition of Rab5-dependent endocytosis 37. In 
contrast to wt CFTR, F508-CFTR mutant is rapidly cleared from the distal 
secretory pathway and degraded in lysosomes 38. 

CFTR mainly acts as a cAMP-activated Cl- channel, but it has other func-
tions, such as bicarbonate or ATP conduction, ENaC and basolateral K+ chan-
nel regulation. The interdependence of CFTR and ENaC will be discussed in 



24 Advances in Pharmacological Treatment of Cystic Fibrosis. Igor Oliynyk 
 

more detail below. CFTR may have some connection to basolateral K channels 
39. A possible connection between CFTR and the basolateral Na-K-2Cl- -
cotransporter has been investigated, but it was reported that these two mecha-
nisms were independent of each other 40. CFTR possibly also affects the pH of 
intracellular compartments, and an impaired regulation has been proposed to 
cause considerable secondary defects. In addition, CFTR plays a role in fluid 
absorption from the distal airspaces in the mouse lung, a process that is impor-
tant for the resolution of pulmonary edema 41. 

CF cells accumulate free cholesterol similar to Niemann-Pick disease type C 
cells. This lipid alteration is caused by the presence of misassembled mutant 
CFTR proteins, in the distal secretory pathway. On expression of the F508 
mutant, cholesterol and glycosphingolipids accumulate in punctate endosomal 
structures and cholesterol esters are reduced. Hence, on escape from ER quality 
control, misassembled mutants of CFTR impair lipid homeostasis in endocytic 
compartments 38. 

It has long been known that F508-CFTR can be rescued at reduced tem-
perature, i.e., at 25-30C 42, 43. Reduced temperature export of F508-CFTR 
does, however, not occur in all cell types. In some cell types, it does not occur, 
despite efficient export of wt CFTR. It appears that F508-CFTR export re-
quires a local biological folding environment that is sensitive to heat/stress-
inducible factors found in some cell types 44. 

1.2 CFTR and inflammation 
 
The most serious clinical consequence of CF is airway disease, characterized by 
both inflammation and infection by bacteria. It has been recognized that the 
inflammation is, at least in part, independent of the infection, and that this part 
of the inflammation may be more directly connected to the molecular defect in 
CFTR. Rat fetuses transiently treated with antisense CFTR in utero developed 
pathology that replicated aspects of the human CF phenotype, and showed, 
among other symptoms, lung fibrosis and chronic inflammation 45. Addition-
ally, it has been shown that inflammation could decrease CFTR activity: CFTR 
gene and protein expressions were significantly decreased in nasal polyps com-
pare to normal mucosa 46 and it is now suggested that methods quantifying the 
therapeutic effect of a certain compound should not only include changes in Cl- 
efflux, but also assessment of the chronic inflammation 47. 

In brief, it appears that in CF cells, nuclear factor (NF)-B is abnormally ac-
tivated. This results in abnormally high levels of interleukin (IL)-8, extracellular 
signal-regulated kinases (ERK), and activator protein (AP)-1, resulting in in-
flammation, even though also levels of inhibitor of NF-B (I-B) are abnormally 
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high. A number of studies have argued for a correlation between defective 
CFTR and abnormalities in NF-B/ I-B. Particularly, it has been shown that 
the specific CFTR inhibitor, CFTRinh-172, stimulated inflammation 48. 

As stated above, CFTR is not only a Cl- channel, but it also conducts bicar-
bonate ions. In addition, CFTR conducts thiocyanate (SCN-) ions 49, which is 
important for inflammation.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 2. Pathophysiological links between defective CFTR and airway defence mecha-
nisms in the development of CF lung disease 50. 

Thiocyanate ions can limit potentially harmful accumulations of hydrogen 
peroxide (H2O2) and hypochlorite (OCl-). Lactoperoxidase catalyzes oxidation 
of SCN- to tissue-innocuous hypothiocyanite (OSCN-), while consuming H2O2. 
Also, thiocyanate competes effectively with Cl- for myeloperoxidase (MPO), 
thus limiting OCl- production by leukocytes. 

CFTR is also implicated in the transport of glutathione, the major antioxi-
dant element in cells. Hence, CFTR mutations that result in inhibition of glu-
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tathione transport, can induce oxidative stress. This disturbance of the redox 
balance may evoke NF-B activation and, in addition, promote apoptosis 51. 

The F508-CFTR mutation, apoptosis, and activation of the NF-B pathway 
contribute to the inflammatory cycle; excessive apoptosis may account for the 
exaggerated proinflammatory response 52. CFTR mutations can induce oxida-
tive stress. The disturbance of the redox balance may evoke NF-B activation 
and, in addition, promote apoptosis 52. 

Levels of the pro-inflammatory cytokine IL-8 have been shown to be signifi-
cantly higher in CF homozygotes than in CF heterozygotes 53. This may be re-
lated to the abnormal function of the NF-B pathway in CF cells 50. 

Defects in CFTR perturb regulation of intracellular signaling pathways in-
cluding signal transducers and activator of transcription, I-B and NF-B, and 
low molecular weight GTPases 54. 

These abnormalities result in excessive production of NF-B dependent cyto-
kines such as IL-1, TNF-, IL-6, and IL-8, decreased responses to interferon-  
and TGF- , leading to decreased production of iNOS and NO. Together, these 
effects combine to create a chronic inflammatory process (Figure 2). 

1.3 The relation between CFTR and ENaC 
 
CFTR and ENaC are present in the apical membrane of epithelial cells, e.g., in 
airway epithelium 55, intestinal epithelium, sweat glands 56, 57, and eye 58. In the 
airways, expression of the -, - and -ENaC subunits increases progressively 
from trachea to terminal bronchioles, while the reverse is true for CFTR 59.  

Both CFTR and ENaC are ion channels, which means that the direction of 
the ion fluxes is dependent on the concentration gradient. Under physiological 
conditions, in most tissues, CFTR is responsible for Cl- efflux from the epithelial 
cells, and ENaC for Na+ influx into the cells. Exceptions are the sweat gland 
duct 57 and the submandibular gland duct 60, where CFTR and ENaC are re-
sponsible for NaCl absorption by the epithelial cells. CFTR and ENaC are not 
only functionally coupled, but also may have a direct interaction with each 
other 61.  

The interaction between these two transport systems has been studied in 
model systems such as Xenopus oocytes 62-65. The cytosolic domains of CFTR, 
and especially the NBD1 domain, have been shown to downregulate ENaC 62, 
66. CFTR inhibits ENaC, at least in part, by modulating its gating. The modula-
tory effects of the - and -ENaC subunits, and of CFTR, may involve closely 
related mechanisms 67. However, more recently, it was stated that CFTR fails to 
inhibit ENaC expressed in Xenopus oocytes 68. 

  Advances in Pharmacological Treatment of Cystic Fibrosis.  Igor Oliynyk  27
 

The inhibition of ENaC by CFTR explains why in CF-epithelia, with non-
functional or absent CFTR, ENaC currents are not inhibited, and why these 
epithelia show abnormally high Na+ absorption 69, 70. 

However, in the sweat gland, where the direction of the ion fluxes is different 
compared to the airway epithelium, loss of CFTR activity results in a loss of 
ENaC activity 57. The relation between ENaC and CFTR also has important 
physiological aspects. The release of nucleotides from airway epithelial cells 
exposed to physical stimuli initiates a series of events that together promote 
increased mucociliary clearance (MCC). These events include activation of 
adenosine A2B receptors that stimulate CFTR and P2Y2 receptors that inhibit 
ENaC 71. 

1.4 Pharmacological strategies to repair or restore CFTR  
 
One possibility to treat CF-patients with a class II CFTR mutation, would be to 
use a compound that corrects the basic defect in CFTR, by prohibiting the 
breakdown of the mutated CFTR, allowing it to be inserted in the plasma 
membrane, and then to activate it. Theoretically it would be possible to reach 
this goal using two separate compounds, one that rescues the mutant CFTR 
(i.e., improves the biosynthesis of mutant CFTR and prevents it from being 
destroyed: CFTR-correctors), and another one that activates it (i.e., increases 
the open probability of the channel: CFTR-potentiators). In view of the multi-
step, complex biosynthesis of CFTR, discussed above, generation of CFTR-
correctors may be difficult (because of the complexity of the process) or rela-
tively easy (because there are many potential sites of interference with the proc-
ess) 72.  

The best pharmacological substance for the treatment of CF should interact 
specifically with both CFTR and ENaC. The drug should not have significant 
adverse reactions, its pharmacodynamics should be known, and the effect 
should be titrable and predictable. 

Not all substances described in the section beneath meet these criteria. Some 
of these drugs may be entirely unsuitable due to the multitude of their actions, 
other drugs may have a limited suitability and it may be worthwhile to test 
these in practice. For the minority of CF-patients with a class I mutation (stop 
mutation) in the CFTR gene, there are other possibilities, in common with other 
diseases that are caused by stop mutations; this subject is discussed in section 
1.4.4). 
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1.4.1 Compounds interacting with CFTR 
 
Phosphatase inhibitors that are involved in the regulation of CFTR may play a 
role in the development of drugs to treat CF 73. Several physiological com-
pounds such as interleukin-1 74, and vitamin C 75, have been found to be po-
tential activators of CFTR. It has also been shown that the peptide hormones 
VIP and PACAP (pituitary adenylate cyclase-activating peptide) could stimulate 
CFTR dependent Cl- efflux from intestinal epithelial cells 76, 77. Capsaicin acti-
vates mutant and wild-type CFTR, but its binding site is located in the cyto-
plasmic domain of CFTR and therefore difficult to access in practice 78. Myo-
inositol was shown to correct the defect in F508-CFTR by stabilizing the mu-
tant CFTR and allowing its processing to the plasma membrane in various cul-
tured CF cells 79. However, because of what is known about the side effects of 
the above-mentioned drugs, it is not certain that any of them will have major 
significance for the development of a pharmacological treatment for CF. 
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CFTR activator UC (CF)-029 and showed its efficacy, supporting the hypothe-
sis that this compound can stabilize the open state of CFTR by inhibiting ATP 
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87. In cultured cells, an increase in intracellular cGMP corrected defective CFTR 
glycosylation, and improved transepithelial currents across nasal mucosae 88. 
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without changing lung function 89. Since the dose of the drug needed to induce 
F508-CFTR trafficking was high 87, it does not seem to be practical to treat 
CF-patients with sidenafil, because of the expected side effects. Nevertheless, the 
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principle that PDE5-inhibitors can be used to promote maturation of F508-
CFTR is interesting and further exploration of this class of compounds is rea-
sonable. 

Tetramethylpyrazine (TMP) activated Cl- efflux in colon cells by activating 
cAMP and CaCC via Ca2+-independent mechanism 90. The  -1,2-glucosidase 
inhibitor miglustat (N-butyldeoxynojirimycin) prevented F508-CFTR/calnexin 
interaction in the ER and by this mechanism restored cAMP-activated Cl- secre-
tion in epithelial CF cells 91. Moreover, miglustat rescued a mature and func-
tional F508-CFTR in the intestinal crypts of F508 mice. Since miglustat is an 
orally active orphan drug (Zavesca) prescribed for the treatment of Gaucher 
disease, these findings would provide the basis for future clinical evaluation of 
this drug in CF patients. In a continuation of this work, Norez et al. 92 showed 
that 2-months treatment of the human CF nasal epithelial cell line, JME/CF15 
(F508/F508-CFTR) with low concentrations of miglustat, resulted in pro-
gressive, stable, reversible, and sustained correction of F508-CFTR trafficking, 
down-regulation of Na+ hyperabsorption, and regulation of the Ca2+ homeosta-
sis. Lubamba et al. 93 studied ion transport induced by miglustat, using meas-
urements of the nasal transepithelial potential difference (NPD), in F508-
CFTR homozygous, cftr-knockout and normal wt-cftr expressing homozygous 
mice. In F508 mice, Na+ and Cl- conductances were normalized after an intra-
nasal dose of miglustat, whereas in CFTR knockout mice, a normalizing effect 
was observed on Na+ but not on Cl- conductance. These findings could provide 
the basis for future clinical evaluation of this drug in CF patients. 

Isoprostanes are a class of membrane lipid metabolites produced during oxi-
dative stress, (including asthma, chronic obstructive pulmonary disease, and 
CF), and one member of this class (15-E2t-IsoP) was found to activate a transe-
pithelial Cl- conductance in bovine airway epithelium 94. 

Chemical modulation of histone deacetylase (HDAC) activity by HDAC in-
hibitors (HDACi) is an increasingly important approach for modifying the eti-
ology of human disease. Hutt et al. 95 showed that the HDAC-inhibitor 
suberoylanilide hydroxamic acid (SAHA) restores surface channel activity in 
human primary airway epithelia to levels that are 28% of those of wild-type 
CFTR. Biological silencing of all known class I and II HDACs reveals that 
HDAC7 plays a central role in restoration of F508 function.  

VX-770, an orally bioavailable CFTR potentiator, was shown to increase 
CFTR channel open probability in both the F508 mutation (a processing mu-
tation) and the G551D mutation (a gating mutation), and this drug increased 
Cl- secretion from cultured CF bronchial epithelia heterozygote for the 
F508/G551D mutation. As expected, the drug also reduced excessive Na+ and 
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fluid absorption 96. According to Rowe et al., successful phase I and phase II 
trials of VX-770 have been completed and a phase III trial is in progress 97. 

There are a few mutations, occurring at other sites than F508, that “compen-
sate” for the F508 mutation, yielding a (nearly) functionally normal CFTR; 
how these “suppressor mutations” correct CFTR is not yet known. He et al., 98 
found that these second-site suppressor mutations restored maturation of only 
those processing mutations located in NBD1, but not in other domains, includ-
ing those in the C-terminal cytoplasmic loop of MSD2, which forms an inter-
face with the NBD1 surface. Nevertheless, the suppressors promoted the forma-
tion of this interface and others in the absence of F508. The suppressors re-
stored maturation in a F508 construct from which NBD2 was absent but to a 
lesser extent than in the full-length, indicating that F508 disrupts interactions 
involving NBD2, as well as other domains. 

A more systematic approach to finding potential drugs to treat CF is based 
on the increased knowledge of the structure of F508-NBD1 and of the interac-
tion of small molecules with this portion of CFTR. As reported by Sampson et 
al., 99 this approach has provided explanations for positive or negative results 
obtained by previous “hit or miss” studies and opens up possibilities for more 
systematic screening of potential correctors/potentiators of CFTR. 

1.4.2 CFTR activation by nitric oxide (NO), glutathione and related compounds 
 
Nitric oxide (NO). NO is at the centre of a complex of biochemical interactions 
in several cells and organs. Due to its free radical activity as well as its role as 
messenger molecule, NO has a multitude of functions relevant to the patho-
physiology of the CF lung. NO improves the mucociliary clearance, it regulates 
the inflammatory response, mediates vasodilatation and bronchodilatation, and 
has antiviral and antibacterial effects 100. NO is known to activate soluble 
guanylate cyclase, which in turn, downregulates amiloride-sensitive Na+-
absorption, thus maintaining the hydration of the airway 101. In contrast to 
what is the case in other inflammatory conditions of the airways, exhaled NO 
concentrations are lower in CF than in healthy individuals both in the nose and 
in the bronchi 102-104. 

Decreased NO production in the CF lung was correlated with more progres-
sive lung disease in some studies, whereas other studies found no relationship 100 

104. Possible explanations for the paradoxal low NO in CF are: (1) the excess 
secretions and mucus in CF airways may inhibit the diffusion of gaseous NO 
into the airway lumen and/or (2) there may be a primary defect in NO produc-
tion or in its turnover in CF cells 101, 105, 106. 
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The combined effects of NO and NO-donors affecting bronchodilatation, in-
creased mucociliary clearance as well as immunomodulation make this class of 
compounds a very attractive target for pharmacological treatment. However, 
NO in excess may cause inflammation, exudation, and accumulation of per-
oxynitrite and thus prove deleterious 107. NO has been shown to inhibit cAMP-
dependent CFTR trafficking in intestinal epithelial cells 108. Strategies to correct 
the NO "defect" in CF have used supplementation of L-arginine; however this 
did not improve the pulmonary function 109. This indicates that a fine balance 
must be found between the two effects in order to obtain a clinical benefit. 

Glutathione (GSH). CFTR is the only known apical glutathione transporter 
in the lung, and CF (as well as cancer, neurodegenerative diseases, several viral 
infections including HIV-1, and aging) is characterized by systemic deficiency of 
GSH 110, which puts the cell at risk for oxidative damage, and may contribute to 
the pathophysiology of CF. Several reports have provided evidence for the use 
of GSH and molecules able to replenish intracellular GSH levels in antiviral 
therapy 111. Kariya et al. 112 sought to determine whether oral GSH or glu-
tathione disulfide (GSSG) treatment could increase GSH levels in lung epithelial 
lining fluid in mice, and whether CFTR plays a role in this process. Oral GSH 
treatment produced a selective increase in GSH in the lung compartments, but 
no change in GSH levels was observed in CFTR knockout mice, which suggests 
that CFTR plays a role in GSH uptake from the diet and transport processes in 
the lung. In a small preliminary study, it was shown that CF patients on a regi-
men of GSH showed significant improvement in FEV1% predicted, weight and 
BMI. Pseudomonas aeruginosa disappeared from sputum cultures of CF pa-
tients that previously were positive for that bacterium 113. 

GSH and GSNO have been considered for the treatment of CF and several 
reports strengthen this concept: 114-118.  

Recently, it was shown that the S-nitrosylation of the Hsp70/Hsp90 organiz-
ing protein (Hop) was necessary and sufficient to mediate the expression of 
GSNO at the cell surface 119. Because nitric oxide (NO) formation is deficient in 
CF patients, and NO has bronchodilatory effects, NO deficiency might contrib-
ute to airway obstruction in CF. Grasemann et al. 120 tested whether inhaled 
arginine, a precursor of NO formation, would improve lung function in CF 
patients and concluded that single inhalation of nebulized L-arginine not only 
significantly increased exhaled NO concentrations but also resulted in a sus-
tained improvement of FEV1 in CF patients and increased oxygen saturation. 
Grasemann et al. 121 investigated the effect of growth hormone therapy on sys-
temic and airway NO formation in CF patients. NO metabolite concentrations 
increased significantly in serum and urine during a one-year treatment period. 
The serum concentration of L-arginine, the substrate for NO-synthases, also 
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increased during treatment, but the systemic bioavailability of L-arginine for 
NO-synthases remained unchanged. Dissapointingly, sputum L-arginine concen-
trations and exhaled NO levels decreased significantly during growth hormone 
treatment 121. 

N-acetylcysteine (NAC): NAC, a mucolytic glutathione prodrug, is beneficial 
for CF-patients. Although originally NAC was administered to CF-patients as a 
mucolytic drug, the composition of mucus in CF patients differs from that in 
non-CF patients; it mainly consists of pus, actin and DNA derived from de-
graded neutrophils 122. Hence, it is unlikely that the mucolytic properties of 
NAC have a significant effect in CF patients. However, CF-patients have a sys-
temic redox imbalance 123 due to the neutrophil airway inflammation and over-
production of the inflammatory cytokines IL-6 and IL-8.  

Blood neutrophils from CF-patients were deficient in the pivotal antioxidant 
glutathione 122. This deficiency could be improved by NAC, given orally in high 
doses. Also, NAC inhibits Na+-absorption across human nasal epithelium, due 
to a reduction of the number of ENaC channels, which may give rise to an in-
creased fluidity of the mucus layer covering the epithelium 124. High doses of 
NAC are tolerated well by CF-patients 125. N-acetylcysteine has been used suc-
cessfully to treat glutathione deficiency in a wide range of infections, genetic 
defects and metabolic disorders 126. The compound reduced mucus accumula-
tion and concurrent bacterial overgrowth in the intestine of CF-mice. The ex-
pression of innate immune response-related genes was significantly reduced in 
laxative-treated CF mice (which would compromise the immune response), 
whereas there was no significant effect in NAC-treated CF mice 127.  

Macrolides: Although CF patients on macrolide antibiotics reported clinical 
improvements, the mechanism of action of these drugs remained unclear. Equi 
et al. 128 conducted a small clinical study to explore possible mechanisms, 
among which was up-regulation of the MDR protein or of CFTR. Although the 
study confirmed an improvement in FEV1% after azithromycin treatment, effect 
neither on MDR or CFTR nor on ion transport (Na+ or Cl-) was noted. Absence 
of an effect on MDR was confirmed by Cigana et al. 129.  

Azithromycin significantly decreased glutathione S-transferase (GST) mRNA 
and protein expression in cultured airway epithelial cells, restoring the levels to 
those observed in non-CF cells, which suggests a link between GST inhibition 
and anti-inflammatory properties of azithromycin 130. An increase in GST is 
associated with oxidative stress. In cultured CF airway epithelial cells, azithro-
mycin increased KC (the mouse homologue to human IL-8) and TNF- expres-
sion 131. Support for the importance of the anti-inflammatory properties of 
azithromycin came from a study by Ribeiro 132 on cultured airway epithelial 
cells: azithromycin altered the gene profile of the cells, primarily by significantly 
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increasing the expression of lipid/cholesterol genes and decreasing the expres-
sion of cell cycle/mitosis genes.  

Apart from the study by Equi et al. 128 other studies confirmed that azithro-
mycin improved lung function in CF patients 133, 134, and reduced lung inflam-
mation in transgenic CF mice 135. Phaff et al. 136 reported, however, that long-
term treatment with azithromycin in CF patients was associated with an in-
crease in macrolide resistance in S. aureus and Haemophilus spp., and Florescu 
et al. 134 reported that azithromycin could cause nausea and diarrhea. 

1.4.3 Activation of chloride transport via alternative chloride channels  
 

Ca2+-activated Cl- channels (CaCC). Apart from CFTR, there are several other 
types of Cl- channels, among which CaCC. This type of channels has been well 
investigated. One theoretical possibility to compensate for the defect in CFTR 
would be to have an extra activation of the CaCC, with the assumption that 
this would normalize Cl- efflux and allow normal fluid transport. If the defect in 
CF were only due to the lack of Cl- transport in CF-epithelia, this approach 
would be an effective cure for the disease. It has to be remembered that this 
assumption still has to be verified, and that there is as yet no proof that other 
properties or associations of CFTR, not involving Cl- transport, do not play an 
important role in the disease. As an example, it is unlikely that activation of 
CaCC will correct the secondary abnormality in ENaC, so that the problem of 
overactivity of ENaC in CF airways would remain, giving rise to an abnormally 
low ASL volume. Whether this will make the use of CaCC activators as a drug 
to treat CF in a future remains to be seen. With the recent advent of stable ac-
tiators of CaCC, it appears possible that relevant tests on transgenic mice 
and/or clinical tests on CF-patients are imminent. CaCCs are upregulated in CF 
patients and can be activated by ATP or UTP. cAMP further increased CaCC-
mediated secretion in native CF nasal tissue but not in controls. The CaCCs are 
dependent on opening of Ca2+-dependent basolateral K+-channels, so co-
activation of these channels may have a positive therapeutic effect for CF-
patients 137. At first, it was reported, that duramycin (Moli1901) increased the 
intracellular Ca2+ concentration, which would theoretically activate CaCC 138. 

Type 2 Cl- channels (ClC-2). Lubiprostone is an activator of type two Cl- 
channels (ClC-2), which has been shown to be located in the apical membrane 
of intestinal epithelial cells and promotes Cl- and, indirectly, Na+ and water 
efflux from these cells. In January 2006, the drug was approved by the U.S. 
Food and Drug Administration (FDA) for the treatment of chronic idiopathic 
constipation in men and women and for the treatment of women with irritable 
bowel syndrome with constipation (IBS-C) 139-142.  
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Lubiprostone is a bicyclic fatty acid metabolite analogue of prostaglandin E1, 
a drug used to treat erectile dysfunction in males 143, hence the sex difference in 
approval. Lubiprostone was not only tested in intestinal epithelial cells, but also 
in Xenopus A6 epithelial cells, where it was shown to activate both the ClC-2-
channel and CFTR 144, and in airway epithelium of transgenic CF-mice, where it 
activated ClC-2 but not CFTR 143, 145. According to Bijvelds et al. 146, lubipros-
tone enhanced intestinal Cl- and fluid secretion via CFTR, rather than via ClC-
2, and would therefore be of limited use for the treatment of CF-related intesti-
nal disease. 

1.4.4 Correction of the stop mutations in CFTR 
 
Aminoglycosides have the property that they allow the transcription of mRNA 
even if there is a stop codon (UGA, AUG or UAA) 147. How successful the tran-
scription is, depends on the type of stop codon, but also on which bases are 
present in the vicinity of the stop codon. Howard et al. 148 were the first to re-
port that treatment with aminoglycosides (the antibiotics G418 or gentamicin) 
resulted in the expression of CFTR with normal length and normal function in 
cells where the CFTR gene carried a stop codon. This result was confirmed by 
Bedwell et al. 149 in a study on a bronchial epithelial cell line. 

The first clinical study of gentamicin was carried out by Wilschanski et al. 150 
on a limited number of CF-patients. These patients were treated by nasal instil-
lation of gentamicin during 14 days and it appeared that this normalized the 
abnormal NPD, from which it could be concluded that the Cl- transport over 
the nasal epithelium had been normalized. This was confirmed by Clancy et al. 
151. In an in vitro study, gentamicin was shown to be able to correct the defec-
tive cAMP-dependent Cl- transport in CF cells 152. Positive results were also 
shown in studies of ion transport over the intestinal epithelium in transgenic CF 
mice 153. 

A larger clinical study of Wilschanski et al., 154 confirmed the earlier promis-
ing results The CFTR-G542X premature stop mutation was more effectively 
suppressed by amikacin than by gentamicin when administered at clinically 
relevant doses 155. In addition, amikacin is less toxic than gentamicin. 

Several studies have shown that the co-administration of polyanions such as 
poly-L-aspartic acid (PAA) can both reduce toxicity and increase the intracellu-
lar aminoglycoside concentration. Co-administration of gentamicin with PAA 
increased readthrough 20-40% relative to cells treated with the same concentra-
tion of gentamicin alone, and also increased the in vivo nonsense suppression 
induced by gentamicin. Because the use of gentamicin to suppress disease-
causing nonsense mutations will require their long-term administration, the 
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ability of PAA to reduce toxicity and increase both the level and duration of 
readthrough has important implications for this therapeutic approach 156 which 
is important for the minority of patients that has a class I mutation in their 
CFTR. 

A recent development in this field was the development of PTC124, a 1,2,4-
oxadiazole compound, a small molecule that functionally resembles gentamycin, 
but is chemically distinct. PTC124 is more efficient than gentamycin at ribo-
somal read-through of nonsense mutations 157. Phase I studies of this compound 
were successfully completed 158, and it was suggested that the compound would 
be beneficial for the treatment of diseases that were caused (in part) by a stop 
mutation, such as CF and Duchenne muscular dystrophy 159. Using a mouse 
model for CF, Du et al. 160 showed that administration of PTC124 to Cftr-/- 
mice expressing a human CFTR-G542X transgene, suppressed the G542X non-
sense mutation and restored a significant amount of human CFTR protein and 
function: the presence of CFTR was demonstrated by immunofluorescence at 
the apical surface of intestinal glands and PTC124 treatment restored about a 
quarter of the average cAMP-stimulated transepithelial Cl- currents observed in 
wild-type mice. This study on transgenic mice was followed by a small study on 
CF-patients (clinicaltrials.gov, number NCT00237380) showing that PTC124 
normalized the NPD in a majority of CF patients. No serious adverse effects of 
the drug were reported 161. However, the studies on PTC124 are as yet only 
short-term studies (weeks) during which no clinical improvement can be ob-
served.  

1.4.5 Pharmacological treatment of CF based on interference with ENaC 
 
The role of ENaC in epithelial ion transport has been discussed above. If the 
assumption is correct that CF is mainly due to a defective Cl- efflux that results 
in a defective water efflux, it should be possible to alleviate the problem by 
inhibiting this Na+-channel, and thereby the associated influx of water. There-
fore, effort has been directed at finding ENaC inhibitors that might be used in 
pharmacological treatment of CF. 

Most of the recent studies have been carried out on airway epithelium. The 
first generation of amiloride analogues was not very effective. The failure of 
amiloride to inhibit Na+ and fluid absorption was due to its low potency and 
short duration of action. A second-generation analogue, benzamil, had a higher 
potency but the duration of its effect was not better than that of amiloride. 
Hence, a third generation of amiloride analogues is needed 162. A synthetic ana-
logue, INO 4995, of the intracellular signalling molecule D-myoinositol 3,4,5,6-
tetrakisphosphate was found to inhibit Na+- and fluid absorption in CF airway 
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oxadiazole compound, a small molecule that functionally resembles gentamycin, 
but is chemically distinct. PTC124 is more efficient than gentamycin at ribo-
somal read-through of nonsense mutations 157. Phase I studies of this compound 
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be beneficial for the treatment of diseases that were caused (in part) by a stop 
mutation, such as CF and Duchenne muscular dystrophy 159. Using a mouse 
model for CF, Du et al. 160 showed that administration of PTC124 to Cftr-/- 
mice expressing a human CFTR-G542X transgene, suppressed the G542X non-
sense mutation and restored a significant amount of human CFTR protein and 
function: the presence of CFTR was demonstrated by immunofluorescence at 
the apical surface of intestinal glands and PTC124 treatment restored about a 
quarter of the average cAMP-stimulated transepithelial Cl- currents observed in 
wild-type mice. This study on transgenic mice was followed by a small study on 
CF-patients (clinicaltrials.gov, number NCT00237380) showing that PTC124 
normalized the NPD in a majority of CF patients. No serious adverse effects of 
the drug were reported 161. However, the studies on PTC124 are as yet only 
short-term studies (weeks) during which no clinical improvement can be ob-
served.  
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The role of ENaC in epithelial ion transport has been discussed above. If the 
assumption is correct that CF is mainly due to a defective Cl- efflux that results 
in a defective water efflux, it should be possible to alleviate the problem by 
inhibiting this Na+-channel, and thereby the associated influx of water. There-
fore, effort has been directed at finding ENaC inhibitors that might be used in 
pharmacological treatment of CF. 

Most of the recent studies have been carried out on airway epithelium. The 
first generation of amiloride analogues was not very effective. The failure of 
amiloride to inhibit Na+ and fluid absorption was due to its low potency and 
short duration of action. A second-generation analogue, benzamil, had a higher 
potency but the duration of its effect was not better than that of amiloride. 
Hence, a third generation of amiloride analogues is needed 162. A synthetic ana-
logue, INO 4995, of the intracellular signalling molecule D-myoinositol 3,4,5,6-
tetrakisphosphate was found to inhibit Na+- and fluid absorption in CF airway 
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epithelium and it was suggested that this compound could be used for treatment 
of CF 163.  

Some laboratories have attempted to find naturally occurring activators of 
ENaC, in the hope that inhibition of these activators would lead to a reduction 
of the excessive Na+ and water uptake by airway epithelium 164. A Cochran 
review found a significant difference in relative change in respiratory function 
(FVC) in favour of placebo, but no other significant differences and it was con-
cluded that there was no evidence that the topical administration of amiloride is 
effective in the treatment of CF 165. 

Nonetheless, studies on amiloride have continued. In a study on the (ENaC-
overexpressing) mouse as a model of CF lung disease, it could be shown that 
early intervention with intranasal administration of amiloride significantly re-
duced pulmonary mortality, airway mucus obstruction, epithelial necrosis, gob-
let cell metaplasia, and airway inflammation 166. However, consistent with pre-
vious human trials in patients with CF, amiloride administration did not have 
benefits if treatment was started after the development of CF-like lung disease in 
the mice. Recently, a more potent and durable ENaC blocker (compound 552-
02) was tested, and found to be more potent and less reversible than amiloride 
167. 

While experimental overexpression of ENaC in the airways leads to a de-
crease in mucociliary clearance and inflammation similar to CF, bacterial 
pathogens, as well as pro-inflammatory cytokines downregulate ENaC expres-
sion in airway and alveolar epithelial cells. Pharmacological strategies that 
modulate ENaC expression or activity could also be important in the treatment 
of other lung diseases than CF 168. 
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2. AIMS OF THE THESIS 
 
The main purpose of this thesis was to find a substance that can influence ion 
transport in epithelial cells and could be useful for the pharmacological treat-
ment of CF patients. 
 
The specific aims were: 
 
-to assess whether azithromycin influences clinical parameters in CF patients, 
induces CFTR and MDR gene expression in CF patiens and has an effect on Cl- 
efflux from non-CF/CF airway epithelial cells (Paper I) 
 
-to investigate if N-acetylcystein improves Cl- transport in CF vs. non-CF air-
way epithelium, and through which mechanisms this transport occurs (Paper II) 
 
-to explore the effects of duramycin on Cl- efflux and intracellular Ca2+ concen-
trations in non-CF vs. CF airway and pancreatic epithelial cell lines (Paper III) 
 
-to compare the effects of different NO-donors on  Cl- efflux and  intracellular 
Ca2+ concentrations in CF airway epithelial cell lines (Paper IV).  
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3. PATIENTS, MATERIALS AND METHODS 

3.1 Patients (Paper I) 
 
The inclusion criteria for CF patients were a diagnosis of CF based on a patho-
logical (>60 mMol/L) sweat Cl- test value, and a confirmed genotype with a 
CFTR mutation known to be associated with CF. CF patients (four women and 
two men) with median age 22 ± 4 years, who were treated at Uppsala CF cen-
ter, participated in the study. Six non-smoking patients scheduled for surgery, 
with median age 22 ± 5 years, were used as controls for detection of the basal 
mRNA expression level of CFTR and MDR. 

Two patients were homozygous for the F508 mutation; two were com-
pound heterozygous for F508/347P, one compound heterozygous for 
 F508/3849+10kbCT, and the last patient had a complex genotype: 
 F508+W79R/3659delC. Pseudomonas aeruginosa (PA) was cultured from the 
sputum of 3 patients. The three other CF patients were colonised with Staphy-
lococcus aureus (SA). Pancreatic insufficiency (PI) was observed in all patients. 
Allergy to macrolides and a history of tuberculosis were exclusion criteria in 
this study. The Local Ethical Committee of Uppsala University Hospital ap-
proved this study. Azitromax (AZM) was administered at 500 mg daily per os 
for six months. The concentration of AZM in plasma and in nasal fluid was 
determined during the study.  

3.2 Clinical and laboratory parameters (Paper I) 
 
Lung function (absolute value of forced vital capacity (FVC) in liters, percent-
age of predicted FVC (FVC%), absolute value of forced expiratory volume dur-
ing the first second (FEV1) in liters, and percentage of predicted FEV1 (FEV1%), 
nutritional status (body mass index, BMI), liver function tests (alanine ami-
notransferase, ALAT, and alkaline phosphatase, ALP) were determined before 
and after treatment. The number of exacerbations requiring intravenous antibi-
otic administrations before and during six months of AZM treatment of CF 
patients was calculated. Results were analysed by Student’s t test, with a value 
of P < 0 .05 taken to indicate statistical significance.  

3.3 In situ hybridization (Paper I)  
 
Sections were hybridized following a published protocol 169, 170 and exposed to 
Amersham B-max x-ray film (Amersham, UK) for 14 days.  
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An image analysis system based on the Macintosh 11x computer (Apple Com-
puter, Cupertino, CA, USA) was used for the measurements. It was equipped 
with the Image software (NIMH, Bethesda, MD, USA), a Quick Capture frame 
grabber board (Dita Translation, Marlboro, MA, USA), a Northern Light preci-
sion illuminator (Imaging Research, St. Catharines, Ontario, Canada), and a 
DAGE-MT1 CCD-72E series camera (DAGE-MTI, Michigan City, IN, USA)169, 

170. 

3.3.1 Tissue preparation  
 

A nasal biopsy from the concha nasalis inferior or media was taken from the CF 
patients before and after the treatment. The 5 mm thick biopsies were immedi-
ately frozen on dry ice and stored at -70°C. Sections of 14 μm thick were cut in 
a cryostat (Leica CM 3000, Nussloch, Germany) at -20°C and then thaw-
mounted onto microscope glass slides (Probe On; Fisher Scientific, Pittsburgh, 
PA, USA). The sections of nasal biopsies from non-CF participants were used as 
positive controls for the MDR1b and CFTR probes. Slides were used in tripli-
cate to assay for reproducibility.  

3.3.2 Preparation of probes 
 
Oligonucleotide probes with sequences complementary to human mRNA en-
coding MDR1b, CFTR-1, glyceraldehyde-3-phosphatedehydrogenase 
(GAPDH), and insulin-like growth factor–binding protein-2 (IGFBP-2) sense 
probe were used. The expression of GAPDH and IGFBP-2 sense probes was 
used as internal qualitative and negative controls, respectively. The probes were 
labelled at the 3' end with  35S-dATP (Du Medical Scandinavia, Sollentuna, 
Sweden) 169, 170. The specific activities obtained ranged from 3 × 105 to 11 × 105 

counts per minute (cpm) /μL oligonucleotide.  

3.4 Cell lines (Papers I, II, III, IV) 
 
The effect of AZM, N-acetylcysteine (NAC), duramycin, or NO-donors on Cl- 

transport was investigated in human CF bronchial epithelial cells (CFBE; homo-
zygous for the F508 mutation) and human non-CF airway epithelial cells ex-
pressing CFTR (16HBE). 16HBE and CFBE cells were a kind gift from Dr D. 
Gruenert (San Francisco, CA, USA). The cells were cultured in adherent flasks 
(Sarstedt, Landskrona, Sweden) in Medium 199 (Sigma-Aldrich, St. Louis, MO, 
USA) supplemented with 10% fetal calf serum, 100 U/mL penicillin, and 100 
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μg/mL streptomycin; at 37°C in a humidified atmosphere of 5% CO2/95% O2, 
with medium changes twice weekly. To assess the effect of duramycin, addi-
tionally CF airway submucosal gland epithelial cells (CFSME, genotype 
F508/2QX), a kind gift from Dr D. Gruenert, were used. A normal human 
airway submucosal gland cell line (Calu-3), the human pancreatic carcinoma 
epithelial cell line (PANC-1), and its CF equivalent (CFPAC, F508-CFTR) 
were obtained from the American Type Culture Collection (ATCC, Manassas, 
VA, USA). The cells were cultured in adherent flasks (Sarstedt) in medium sup-
plemented with 10% fetal calf serum, 100 U/ml penicillin, and 100 μg/ml strep-
tomycin; at 37°C in a humidified atmosphere of 5% CO2/95% O2, with me-
dium changes twice weekly. CFSME cells were grown in Eagle’s minimal essen-
tial medium with Glutamax (SVA, Uppsala, Sweden), whereas Calu-3 cells were 
cultured in a similar medium containing 1mM sodium pyruvate and 1 % non-
essential amino acids (both from Sigma-Aldrich). PANC-1 cells were grown in 
Dulbecco Modified Eagle’s Medium (DMEM) with L-glutamine (Gibco, Invi-
trogen, Stockholm, Sweden). CFPAC-1 cells were cultured in Iscove’s modified 
Dulbecco's medium with Glutamax (IMDM) (Gibco, Invitrogen). 

3.5 Chemicals 

3.5.1 Pharmacological compounds 
 
Azithromycin (Azitromax (AZM) was obtained from Pfizer (New York, NY, 
USA). 
N-acetylcysteine (NAC) was purchased from Sigma-Aldrich. 
Duramycin was purchased from Sigma-Aldrich and Moli1901 (Lancovutide) 
(commercial names for duramycin used by AOP Orphan Pharmaceuticals AG, 
Vienna, Austria) was a generous gift from AOP Orphan Pharmaceuticals AG. 
The same name, duramycin, will be used when describing the results, regardless 
of the source of the substance.  
NO-donors. DETA-NO (Diethylamine NONOate diethylammonium salt), SNP 
(Sodium nitroprusside dihydrate), SNAP (S-Nitroso-N-acetyl-DL-penicillamine) 
and DEA-NONOate (Diethylenetriamine/nitric oxide adduct) were purchased 
from Sigma-Aldrich. 

3.5.2 Reagents and solutions 
 
The fluorescent Cl- indicator N(ethoxycarbonylmethyl)-6-methoxyquinolinium 
bromide (MQAE), the fluorescent (Ca2+) probe Fluo-4AM, nigericin and tribu-
tyltin were purchased from Molecular Probes (Eugene, OR, USA).The thia-
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zolidinone CFTR inhibitor (CFTRinh-172) 171, the blocker of the capacitative Ca2+ 
entry, gadolinium chloride (Gd3+) 172, and the Ca2+ ionophore 4-bromo A23187 
(A23187) 173, forskolin, and 3-isobutyl-1-methylxanthine (IBMX) were all pur-
chased from Sigma-Aldrich. 

Cl--containing Standard Ringer’s with 150 mM Cl- (SR), consisted of 140 
mM NaCl, 5 mM KCl, 1.5 mM CaCl2·2H2O, 1 mM MgCl2·6H2O, 5 mM 4-(2-
2-hydroxyethyl)-1-piperazine ethanesulfonic acid (HEPES), and 5 mM D-
glucose, pH 7.4. In Cl--free Ringer’s solution (0 mM Cl-) (SR0) the NaCl was 
replaced by 140 mM NaNO3. Potassium thyocyanate quenching buffer (KSCN), 
consisted of 150 mM KSCN and 5 mM HEPES, pH 7.2. 

3.6 Intracellular chloride measurement with MQAE fluorescence (Pa-
pers I, II, III and IV) 

3.6.1 Preparation of cells 
 
Duramycin experiments. Cells were cultured to confluence on glass coverslips 
coated with L-lysine for 3-4 days. 
AZM experiments. To evaluate Cl- efflux after AZM, the apical surface of the 
cell monolayer was exposed to AZM at concentrations of 0, 0.4, 4, and 40 
μg/mL for a total of 4 days at 37°C by exchanging the incubation solution for 
freshly made solution every 12 hours in the penicillin- and streptomycin-free 
medium. 
Experiments with NAC and NO-donors. To assess Cl- efflux after NAC and 
NO-donors, cells were grown to confluence and treated with 0, 1, 5, 10 or 15 
mM of freshly made NAC or 100μM of a particular NO-donor for a total of 4h 
at 37°C prior to experiments. The cells were washed with Medium 199, loaded 
with 10 mM MQAE for 2 h at 37°C in medium and rinsed in SR solution prior 
to Cl- measurement.  

3.6.2 Chloride efflux assessment 
 

The use of halide-sensitive fluorescent probes to measure Cl-
 
transport is a 

method that had been established as an alternative to the halide-selective elec-
trode technique, radioisotope efflux assays, and patch-clamp electrophysiology. 
Cl- 

 
efflux was determined using the fluorescent Cl- 

 
indicator MQAE as de-

scribed elsewhere 174. 
Cells were grown as a monolayer to confluence on glass cover slips, loaded 

for two hours with 10 mM MQAE, and the cover slips were placed as the bot-
tom of a perfusion chamber on the stage of an inverted microscope (Nikon, 
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Diaphot, Japan). The temperature was kept at 37°C by heating the chamber 
holder and the objective. 

A 75 W xenon lamp and a monochromator, part of a Quanticell 2000 image-
processing system (VisiTech International, Sunderland, UK), provided excitation 
light at 353 nm (12 nm bandwidth). The emission was measured at 460 (15 nm 
half-bandwidth filter) using a CCD camera. Cells were bathed in SR. Images 
were captured for 16 ms every 5 s 174, 175. 

The relationship between the MQAE fluorescence and the cytoplasmic con-
centration of chloride ([Cl-]i) can be expressed by the linear function: 
  
F0/FCl=1+[Cl-]i ∙ KSV     (1) 
 
F0 and FCl are the fluorescences in the absence and presence, respectively, of 
intracellular Cl- after subtraction of background fluorescence, and KSV is the 
Stern–Volmer constant for Cl- quenching 176.  

For determination of KSV the MQAE signal was calibrated against [Cl-]i by 
exposing the cells to a K+-rich (120 mM) HEPES buffer (pH 7.0) containing 
various Cl- concentrations with NO3

- as the substituting anion. Two ionophores 
were used to equilibrate intracellular and extracellular Cl- concentrations: the 
Cl- /OH- antiporter tributyltin (10 μM) and the K+/H+ anti-porter nigericin (10 
μM). Background fluorescence was obtained by quenching the MQAE signal 
with 150 mM KCSN. The Stern–Volmer constant for the CFBE cells was calcu-
lated to 22.6 M−1.  The rate of efflux, dCl / dt, was calculated from 177  
 
(dCl / dt)=F0 / [KSV ∙ (FCl)2] ∙ dFCl /dt   (2) 
 
Since attempts to acquire F0, the fluorescence in the absence of Cl-, can meet 
with difficulties 178, F0 was calculated from F20 (the fluorescence at 20 mM Cl-), 
the intracellular Cl--concentration and Eq. (1). FCl is the fluorescence measured 
at the time when Cl--free buffer was applied. All values were corrected for 
background fluorescence and loss of MQAE fluorescence. The efflux rate, 
dFCl/dt, was determined from the initial changes in FCl after changing to Cl- -free 
buffer. The fluorescence change can also be expressed as relative change (Frel) in 
fluorescence (F) to the initial fluorescence at the beginning of the experiment 
(F0):  
 
Frel = F/F0 × 100(%)     (3) 
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The changes in intracellular MQAE fluorescence after exposure to SR0 or SR0 
with added test substance were analyzed, normalized and the mean value of the 
slope was determined as one data point for each experiment. 
 

3.6.3 Experimental design 
 
AZM. After cells were exposed to AZM at concentrations of 0, 0.4, 4, and 40 
μg/mL for a total of 4 days at 37°C, Cl- efflux was induced by changing from a 
150 mM Cl- buffer to a Cl--free buffer with NO3

− as the substituting anion.   
NAC and NO-donors. After incubation with 100 μM of each NO-donor or 

treatment with 0, 1, 5, 10 and 15 mM for 4 h, Cl- efflux was induced by chang-
ing from a 150 mM Cl- buffer to a Cl--free buffer with NO3

− as the substituting 
anion. At the end of the MQAE experiments F20 and autofluorescence were 
determined in the presence of ionophores with the help of a quenching solution 
containing 150mM KSCN.  

Duramycin. Cells were cultured to confluence and Cl- efflux was evaluated by 
replacing a 150 mM Cl- buffer by a Cl--free buffer with NO3

− as the substituting 
anion for controls and changing to different concentrations of duramycin dis-
solved in a Cl--free buffer with NO3

− as the substituting anion.  
At the end of the MQAE experiments F20 and autofluorescence were deter-

mined in the presence of ionophores with the help of a quenching solution con-
taining 150mM KSCN. Each experiment refers to the average of 10–20 cells. 
GraphPad Prism 4.0 software (GraphPad Software, San Diego, CA, USA) was 
used to determine the value of the Cl- efflux rate. Results were expressed as 
means ± standard error of the mean (SEM).  

3.7 Intracellular Ca2+ measurements (Papers III and IV) 
 
Intracellular Ca2+ measurement was performed using the Fluo-4AM probe as 
described elsewhere 179, 180. The cells were cultured to confluence on tissue cul-
ture dishes with a glass bottom and loaded with 2.5 μM Fluo-4AM in Dul-
becco's Phosphate-Buffered Saline (DPBS) (Gibco, Invitrogen) for 20 min. The 
dishes were placed in a perfusion chamber on the stage of a Leica Confocal 
Systems microscope (Leica Microsystems, Heidelberg, Germany).  

Recording of the Fluo-4 signal was done using an excitation wavelength of 
494 nm and emission was measured at 516 nm. Calibration of the Fluo-4 signal 
was performed by exposing cells to DPBS containing 1 mM Ca2+ in the presence 
of 10 μM ionophore 4-bromo A-23187 and to DPBS containing no Ca2+ + 
5mM EDTA. Images were captured every 5 seconds and data expressed as arbi-
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trary fluorescence units were analyzed. The average response from all cells in 
the optic field (15-30 cells) was counted as one experimental data point and 
raw fluorescence data were converted into Ca2+ concentrations. 
 
[Ca2+]i (nM)= Kd·(F-Fmin)/(Fmax-F)   (4) 
 
where Fmin is the fluorescence intensity in the absence of Ca2+, Fmax is the fluores-
cence at the Ca2+ -saturated conditions, and Kd  is the dissociation constant (347 
nM) . 

The [Ca2+]i was determined separately for untreated cells and for cells ex-
posed to different concentrations of duramycin or NO-donors. For each con-
centration 6-8 experiments were performed and the mean value was determined 
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μg/ml), at 4C for 10 min and stored at -80C in cryo preservation tubes 
(Sarstedt, Nümbrecht, Germany). Protein concentrations were determined with 
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Sweden).  
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overnight. Nonspecific binding was blocked by 5% fat-free milk (BioRad) in 
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Membranes were incubated with CFTR primary mouse monoclonal antibod-
ies CFTR AB-3, L1284 (NeoMarkers, Fremont, CA, USA), diluted 1:1000 in 
PBS containing 0.1% Tween (Sigma-Aldrich) and 5% fat-free milk, at 4C 
overnight. Blots were washed thoroughly in PBS-Tween and incubated in sec-
ondary horseradish peroxidase (HRP)-conjugated goat-anti-mouse IgG anti-
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body C1607 at a dilution 1:1000 (Santa Cruz Biotechnology, Santa Cruz, CA, 
USA) at room temperature for 1 h. After a final wash in PBS-Tween, HRP was 
detected using the Immun-Star HRP Substrate Kit from BioRad and a Molecu-
lar Imager® ChemiDoc™ XRS, as described in the manufacturer’s instructions. 

3.8.2. Immunocytochemistry 
 
CFBE cells were grown until confluent on glass coverslips and treated with 
10mM of NAC for 4h. Cells were rinsed with phosphate buffered saline (PBS) 
and fixed in methanol or in 4% paraformaldehyde at 4C for 30 min, rinsed 
with Tris buffered saline (TBS) containing 0.1% saponin for permeabilization. 
Unspecific epitopes were blocked with 5% bovine serum albumin (BSA) in TBS 
containing 0.1% saponin for 30 min.  

The cells were incubated for 1.5 h at room temperature with the primary 
mouse monoclonal anti-human CFTR antibody (MAB 25031) (R&D Systems, 
Minneapolis, MN, USA). The CFTR antibody (MAB25031) was diluted 1:100 
in PBS-BSA. MAB25031 was directed against the four C-terminal amino acids 
of the CFTR protein. For CFTR visualisation, slides were stained with a Zymed 
kit (South San Francisco, CA, USA) consisting of a horseradish peroxidase/Fab 
polymer conjugate and an aminoethyl carbasol (AEC) single chromogen.  

Untreated CFBE cells exposed to MAB 25031 were used as positive control, 
whereas NAC-treated CFBE cells not exposed to MAB 25031 served as negative 
control. The nuclei were counterstained with hematoxylin and the coverslips 
were mounted on object glasses. Pictures were taken with an optic microscope 
equipped with a digital camera (Leica, Wetzlar, Germany). 

3.9 X-ray microanalysis (Paper II) 
 
Cells were grown to confluence on titanium grids (Agar, Stansted, UK). CFBE 
cells were treated with 1mM, 5mM, 10mM or15mM of NAC and 16HBE cells 
were treated with 10mM of NAC. After the incubation the cells were briefly (5-
10 sec) rinsed with distilled water. The grids were rapidly frozen in liquid pro-
pane cooled by liquid nitrogen, freeze-dried overnight at 7.5 torr and slowly 
warmed from –120C to room temperature in an Emitech (Ashford, UK) freeze-
dryer. The freeze-dried cells were then covered with a thin conductive carbon 
layer. X-ray microanalysis of the intracellular elemental content was performed 
in a Hitachi (Tokyo, Japan) H7100 electron microscope in the scanning-
transmission electron microscopy (STEM) mode at 100kV with an Oxford In-
struments (Oxford, UK) ISIS energy dispersive spectrometer system.  
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The quantitative analysis was based on the ratio of the characteristic peak to 
the background intensity in the same energy region (P/B ratio) 181. The P/B ra-
tios obtained from the samples were compared with ratio from standards con-
sisting of a gelatine/glycerol matrix containing mineral salts in known concen-
trations 181. Elemental concentration was expressed as millimoles per kilogram 
of dry weight. 20-30 cells were measured for each grid and 6-10 grids were 
analysed for each concentration of NAC. 
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4. RESULTS 

4.1 Effects of Azithromycin (Paper I) 
 
Cl- efflux measured with the fluorescent probe MQAE after four days treatment 
with AZM at concentrations 4 or 40 μg/ml demonstrated a significant dose-
dependent effect on Cl- efflux from CFBE cells (p<0.01), whereas 0.4 μg/ml of 
AZM stimulated Cl- efflux, but not significantly. The increase in Cl- efflux was 
from 0.3±0.07mM/sec (basal efflux) to 0.44±0.12 mM/sec, 0.8±0.11mM/sec, 
and 0.98± 0.17 mM/sec after treatment with 0.4, 4, and 40 μg/ml of AZM re-
spectively (Paper I, Figures 1 and 2). A significant inhibtion of Cl- efflux was 
observed after exposure of AZM-treated cells to 40 μM of CFTRinh-172 (from 
0.98±0.17 mM/sec to 0.59±0.12 mM/sec). At the same time, no significant ef-
fect on Cl- efflux after exposure of AZM-treated cells to 100μM of Gd3+ was 
observed (0.98± 0.17 vs. 0.95±0.12 mM/sec) (Paper I, Figure 3). AZM at con-
centrations 0.4, 4, or 40 μg/ml had no significant effect on Cl- efflux from 
16HBE cells (Paper I, Figure 1). 

An improvement in FEV1 was observed among CF patients after treatment 
with AZM. The values of FEV1 before and after treatment were 2.5±0.8 L and 
2.9±0.7 L respectively, and a significant increase in FEV1% from 66±14.5% 
prior to treatment to 79.3± 15.1% after treatment (p<0.05) was found. The 
FVC value observed before and after the treatment was 3.4±0.8 L and 3.8±1.0 
L respectively (Paper I, Figure 4). FVC% increased from 75.5±11.7% prior to 
treatment up to 84.8 ± 15.1% after treatment but this increase was not signifi-
cant. 

Expression of MDR protein mRNA and CFTR mRNA was detected in biop-
sies of nasal mucosa from all subjects. Computerized image analysis of X-ray 
films corresponding to sections from all individuals biopsied revealed no signifi-
cant difference before and after treatment. No obvious histochemical changes 
were seen before and after treatment. 

4.2 Effects of N-acetylcysteine (Paper II) 
 
Cl- efflux measurement revealed that treatment with NAC increased Cl- efflux 
from CFBE cells in a dose-dependent manner with the concentration of 10mM 
producing the highest effect. When CFBE cells were treated with 10mM NAC 
for 4h, Cl- efflux was stimulated significantly from 0.34±0.03mM/sec to 
0.66±0.03mM/sec, a stimulation that corresponds to an 80 % increase of Cl- 
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efflux. However, when NAC was used at higher concentrations (15mM) no 
effect on Cl- efflux was observed (Paper II, Figures 1 and 2). 

Neither 10mM, nor the other concentrations of NAC (1mM, 5mM, and 
15mM) increased Cl- efflux from 16HBE cells significantly, compared to basal 
Cl- efflux (Paper II, Figure 3). 

The experiments where NAC had a significant effect on Cl- efflux were re-
peated in the presence of inhibitors (Gd3+, CFTRinh-172) and agonists (A23187, 
IBMX+forskolin) of Ca2+ activated Cl- channels (CaCC) and CFTR channels, 
respectively. Although both CFTRinh-172 and Gd3+ significantly inhibited Cl- ef-
flux from CFBE cells treated with 10mM NAC from 0.61±0.01 to 0.35±0.02 
and 0.41±0.03, respectively, inhibition was mainly caused by CFTRinh-172. 
Moreover, stimulation with forskolin and IBMX induced a threefold increase in 
Cl- efflux, which is proof that CFTR channels were actively involved in this 
efflux (Paper II, Figure 4). 

To further elucidate the effect of NAC on intracellular elemental concentra-
tions in airway epithelial cells, X-ray microanalysis was used. CFBE cells were 
seeded on titanium grids and cultured until confluent and treated with 1mM, 
5mM, 10mM or 15mM NAC. 16HBE cells were treated with 10mM NAC 
only. X-ray microanalysis revealed that intracellular Cl, Na, and K concentra-
tions in treated CFBE cells were decreased in a dose-dependent manner, with 
the concentrations of 5 mM and 10 mM causing the most extensive decrease. 
Both 5 and 10 mM NAC reduced the cellular Cl concentration, Na concentra-
tion and K concentration significantly (Paper II, Figure 5). 

The changes in Cl concentration after treatment with 5mM and 10mM NAC 
corresponded to a 70% and 90% decrease, respectively, of the resting intracel-
lular concentration. When higher concentrations than 10 mM of NAC were 
used, no significant decrease of intracellular elemental concentrations was ob-
served in CFBE cells (Paper II, Figure 4). The intracellular elemental concentra-
tions in 16HBE cells were not changed significantly after treatment with 10mM 
NAC (Paper II, Figure 6). 

Immunocytochemistry was used to determine the presence of the CFTR pro-
tein in CFBE cells treated with the most effective (10mM) NAC concentration. 
A difference in CFTR expression was observed between treated cells and posi-
tive (by not treating the cells with 10mM NAC) or negative (by omitting the 
step of primary antibody exposure) controls. The expression of CFTR protein 
detected with the anti-CFTR antibody MAB25031 was much higher in CFBE 
cells treated with 10mM NAC (Paper II, Figures 7A, B) compared to CFBE 
controls (Paper II, Figures 7C, D). 

To determine whether the increase in Cl- efflux after treatment with NAC 
was associated with the expression and maturation of CFTR, Western Blot with 
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highly specific primary antibodies was carried out. The Western Blot revealed a 
distinct band of approximately 165kDa for CFTR, with the highest amount of 
CFTR after treatment with 10mM NAC. A higher concentration (15mM) of 
NAC gave rise to a lower amount of CFTR. The results from the Western Blot 
experiments are in a good accordance with immunocytochemistry (Paper II, 
Figure 8). 

4.3 Effects of duramycin (Paper III) 
 
Cl- efflux measurements showed that 1μM duramycin had a significant effect on 
Cl- efflux from CFBE cells. The increase in Cl- efflux after exposure to duramy-
cin was 1.23 ± 0.48 % (p=0.0197). Lower (0.3μM) and higher concentrations 
(2μM, 3μM, and 10μM) of duramycin did not have any effect on Cl- efflux from 
CFBE cells. On the contrary, duramycin at concentrations 100 and 250μM had 
a significant inhibitory effect on Cl- efflux and the decrease was 0.63 ± 0.03 % 
(p=0.0497) and 4.9±0.49% (p=0.001), respectively (Paper III, Figure 2A).  

The concentration of duramycin (1μM) that significantly increased Cl- efflux 
was further tested, to investigate through which Cl- channel efflux occurred. 
40μM of the CFTRinh-172, 100μM of the Ca2+ entry blocker Gd3+, and 5μM of 
the Ca2+ entry stimulator A23187, were used to try to clarify this question. Nei-
ther CFTRinh-172 nor Gd3+, in the absence of duramycin, did have any effect on 
Cl- efflux from CFBE cells. 

However, in the presence of 1μM duramycin, significant inhibition of Cl- ef-
flux from CFBE cells was observed after exposure to CFTRinh-172 and Gd3+. The 
inhibition observed was 2.37 ± 0.68% (p= 0.034) after 40μM of CFTRinh-172 and 
4.49 ± 0.69% (p<0.001) after 100μM of Gd3+, respectively. The Ca2+ ionophore 
A23187 significantly increased Cl- efflux from CFBE cells in the absence of 
duramycin (1.68 ± 0.54, p=0.0213) but did not have a significant effect in the 
presence of 1μM duramycin (Paper III, Figure 2B).  

Duramycin at concentrations 1μM, 3μM, and 10 μM did not have a signifi-
cant effect on Cl- efflux from 16HBE cells (Paper III, Figure 3A), CFPAC cells 
(Paper III, Figure 3B) or from CFSME cells (Paper III, Figure 3C). 

To determine whether the changes in the rate of Cl- efflux were related to 
changes in [Ca2+]i, CFBE cells were exposed to 1μM and 3μM duramycin and 
the intracellular Ca2+concentration was assessed (Paper III, Figure 4). 16HBE 
cells were used as controls. The calculated [Ca2+]i was 217 ± 8 nM in CFBE 
cells, and 127 ± 6 nM in 16HBE cells, respectively, in the absence of duramycin. 
Duramycin decreased the [Ca2+]i from 217± 8 nM to 171 ± 7 nM (1 μM dura-
mycin) and 173 ± 4 nM (3 μM duramycin), respectively, in CFBE cells. Three 
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μM (but not 1μM) of duramycin significantly increased the [Ca2+]i from 127± 6 
nM to 147± 3 nM in 16HBE cells (Paper III, Figure 4C). 

4.4 Effects of NO-donors (Paper IV) 
 
Measurement of the Cl- efflux with the help of the fluorescent dye MQAE indi-
cated that treatment of CFBE cells with 100μM of the different NO donors for 
4 hours produced a significant effect on Cl- transport. All NO-donors (SNP, 
SNAP, DETA-NO and DEA-NONOate) increased the Cl- efflux to 0.37 ± 0.04, 
0.51 ± 0.04, 0.43  ± 0.07, and 0.24 ± 0.03 mM/sec respectively, in comparison 
with the control efflux of 0.21 ± 0.02 mM/sec. One-way analysis of variance 
(ANOVA) resulted in a significant difference (P value of 0.0004). Dunnett's 
Multiple Comparison Post Test resulted in a statistically significant difference 
between the control efflux and the efflux after 4 h of treatment with 100μM 
SNAP (p<0.01) and 100μM DETA-NO (p< 0.05). The difference in Cl- efflux 
between control vs. SNP or control vs. DEA-NONOate was not significant 
(Paper IV, Figure 1). No significant effect on Cl- efflux was observed after direct 
exposure of CFBE cells to 5, 50, 500μM of SNP (Paper IV, Figure 2).  

The calculated average [Ca2+]i matched our previously published intracellular 
Ca2+ concentration in untreated CFBE cells and was 205nM (Paper IV, Figure 
3) and 217nM (Paper III, Figure 4C) respectively.  

The increase in Cl- efflux from CFBE cells after pre-incubation with 100μM 
of SNP, SNAP, DETA-NO and DEA-NONOate was not associated with a raise 
in intracellular Ca2+ concentration. There was a small decline in intracellular 
Ca2+ concentration but this was not statistically significant, neither according to 
ANOVA nor with Dunnett's Multiple Comparison Post Test (Paper IV, Figure 
3).  
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5. DISCUSSION 

5.1 The potential use of Azithromycin in CF (Paper I) 
 
Our results confirmed that long-term therapy with AZM is beneficial to CF 
patients. The clinical data on the CF-patients were collected to make certain 
that the AZM treatment had the effect described previously in larger clinical 
studies. The number of acute exacerbations requiring use of intravenous antibi-
otics administration was significantly fewer during the six months that the pa-
tients were treated with AZM compared to the six months prior to the study 
(data not shown). All patients chose to continue the use of AZM after the study 
due to subjective well-being.  

We did not observe a significant improvement in FVC% after AZM treat-
ment, which agrees with findings of Equi et al. 128, after two weeks of AZM 
treatment. The significant improvement in FEV1% after AZM treatment was 
similar to that reported by others 128, 133, 182-184.  

However, our working hypothesis that AZM may upregulate MDR mRNA 
was not confirmed. Hence, the enhancement in lung function tests and fewer 
exacerbations were not linked to MDR or CFTR up-regulation, which also 
agrees with results presented by others 128, 129. The direct antimicrobial effect of 
AZM on Pseudomonas aeruginosa 185 and the effect of AZM on Pseudomonas 
aeruginosa biofilm formation 186 cannot be the only explanation for the out-
come of the present study, since we also saw an improvement among the pa-
tients who were not colonized with Pseudomonas aeruginosa. A recent study by 
Clement et al. 187 showed that long-term use of AZM in young CF patients had 
a positive effect on lung function even before infection with Pseudomonas 
aeruginosa. The immunomodulatory effects previously described for AZM 
could be a partial explanation for the improvement of the clinical status among 
the CF patients 188-190.  

Furthermore, a recent finding by Daenas et al. 191 showed that AZM has a di-
rect relaxant effect on precontracted airway smooth muscles. Asgrimsson et al. 
have shown an effect of AZM on tight junction proteins in human airway epi-
thelia 192, resulting in increased transepithelial electrical resistance (TEER), 
which, in combination with increased Cl- efflux (Paper I), may give rise to in-
creased hydration of the airway mucus.  

AZM stimulated Cl- efflux from CF airway epithelial cell lines in a dose-
dependent manner at concentrations 0.4, 4, and 40 μg/mL (paper I). A more 
than double increase after four days of 40 μg/mL of AZM in CFBE cells 
prompted us to perform additional experiments, testing the Cl- efflux from 
CFBE cells in the presence of CFTRinh-172 and Gd3+.  
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A significant inhibition of Cl- efflux was found in the presence of CFTRinh-172, 
but not in the presence of Gd3+. This indicates that AZM acts directly or indi-
rectly on CFTR rather than on CaCC. It has been suggested that AZM may be 
accumulated in tracheal epithelial cells by CFTR, because more AZM is accu-
mulated in cells expressing wild-type CFTR than in cells carrying the ΔF508-
CFTR mutation 193. At present, CFTR is considered not only to be a Cl- channel 
but also to be a regulator of the transport of other physiologically important 
anions and Na+ 194.  
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CFTR so that more of it reaches the cell membrane. Numerous chaperones and 
co-chaperones including Hsp70 and Hsp90 are known to bind to CFTR. While 
Hsp70 reduced aggregation of CFTR cytosolic domains in vitro, in cells it in-
hibits surface expression of (F508)-CFTR. In contrast, Hsp90 stimulated the 
maturation of F508-CFTR 30. AZM reduces the expression of the bacterial 
Hsp family in P. aeruginosa 195 but to the best of our knowledge there is no 
evidence that this is also true for eukaryotic cells. The speculation that AZM 
regulates expression of chaperones and may rescue F508-CFTR from degrada-
tion in CF cells needs to be proven experimentally.  

The possibility that AZM can change the properties of the cell membrane lip-
ids 185, 196 and make the membrane more permeable for anions and that this 
contributes to the increased Cl- efflux, can not be excluded at present. Indeed, 
AZM not only leads to the erosion and subsequent vanishing of 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) gel phase domains sur-
rounded by a fluid 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) matrix, 
and increases the fluidity at the hydrophilic/hydrophobic interface of 
DOPC:DPPC, but it also makes the integration of DPPC into the DOPC fluid 
matrix possible and changes the elasticity of lipid membranes in vitro 196-198. 

The fact that the expression of unaffected CFTR in non-CF cell lines is natu-
rally sufficient could be an explanation why AZM does not significantly stimu-
late Cl- efflux from 16HBE cells. The fact that achieving a CFTR activity corre-
sponding to 10 to 35% of the wild type activity is needed to prevent significant 
pulmonary morbidity was shown by Kerem 199. We found in the present study 
that AZM increases Cl- efflux by at least 50%, which, according to the criteria 
of Kerem 199, would give a significant enhancement of the impaired Cl- efflux in 
CF.  

The finding that AZM does not have an effect on CFTR and MDR mRNA 
expression despite the fact that it significantly improves FEV1% suggests an-
other way of action for this macrolide on ion transport. The use of nasal epithe-
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lial biopsies to detect the fraction of  F508-CFTR that reaches the cell mem-
brane can help answer this question.  

5.2 Pharmacological effects of NAC (Paper II) 
 
NAC, mainly known as a mucolytic and anti-inflammatory substance, also has 
the ability to increase Cl- efflux in CF airway epithelial cells. Using two different 
techniques, MQAE measurements and X-ray microanalysis, we demonstrated 
that after 4h treatment with 10mM NAC the Cl- transport from the CF cell lines 
was increased up to 80% and the intracellular concentration of Cl- had almost 
reached the level of wild-type epithelial cells. Additionally, findings from immu-
nocytochemistry and Western Blot showed detectable CFTR in CFBE cells ex-
posed to NAC compared to the CFBE controls. The positive effect of NAC on 
Cl- efflux could be explained with a direct effect on CFTR and/or alternative Cl- 
channels. The observation that cAMP raising agents promote a three-fold stimu-
lation of Cl- efflux from CFBE cells only after treatment with NAC, may be 
proof of a direct effect of NAC on CFTR. It is interesting that a related com-
pound, S-nitrosoglutathione, that can overcome the breakdown of F508-
CFTR by proteosomes, has the same effect on Cl- efflux 200. 

Inhibitors and agonists were used in order to identify through which channels 
the increase in Cl- efflux occurs. The fact that both inhibitors (CFTRinh-172 and 
Gd3+) block Cl- efflux and both agonists (IBMX + forskolin and A23187) en-
hance Cl- efflux from CFBE cells indicates that not only CFTR, but also alterna-
tive Cl- channels are responsible for the increase in Cl- efflux observed after 
treatment with NAC. Such channels in airway epithelial cells could be CaCC 
channels, volume-regulated anion channels and voltage-gated Cl- channels 201.  

The fact that Gd3+ partially inhibits the increase in Cl- efflux implies that vol-
ume-regulated anion channels are, in part, responsible for this increase. More-
over, NAC modulates not only CFTR, but also the activity of ENaC channels. 
NAC has been shown to inhibit Na+ absorption across the apical membrane via 
ENaC-channels 124, and this inhibition is expected to stimulate Cl- efflux. 

NAC has been used as complementary therapy in respiratory diseases, mainly 
because of its mucolytic properties. However, recent findings have shown that 
the composition of mucus in CF patients differs from that in non-CF patients; it 
mainly consists of pus, actin, and DNA derived from degraded neutrophils 122.  
Hence, it is unlikely that the mucolytic properties of NAC have a significant 
effect in CF patients. The positive effect of NAC on Cl- efflux could be based on 
its anti-oxidant properties. NAC can be converted to cysteine, an important 
substance for synthesis of the anti-oxidant glutathione and thus affect the redox 
potential. Changes in redox potential can control CFTR channel gating 202, 
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enhances duration and frequency rate of CFTR opening 202, 203 and this could 
increase Cl- efflux, as observed in our results. This hypothesis is also supported 
by the fact that in our study NAC does not increase Cl- efflux from 16HBE cells, 
because normal airway epithelial cells are characterized by stable redox condi-
tions and normal anion transport across the epithelial cell membrane. In addi-
tion, in 16HBE cells the Cl- efflux is much larger, so the increase caused by 
NAC is relatively small. Moreover, CFTR has an important role in glutathione 
efflux from the intracellular environment to the ASL. The impaired function of 
CFTR observed in CF leads to lower glutathione levels in the ASL of CF pa-
tients 204. Treatment with oral NAC has been shown to increase glutathione 
levels, decrease neutrophil recruitment to the lungs and thus ameliorate the 
systemic redox imbalance seen in CF 122.  

In our study, the chosen working concentrations of NAC (1, 5, 10 and 
15mM) were based on previous publications 124. Our results indicate a dose-
dependent increase of NAC on Cl- efflux, with 10 mM giving the highest effect, 
while higher concentrations have an inhibitory effect. Our findings agree with 
those of Rochat et al. 124, and point to the necessity of strictly controlling the 
concentration of NAC when the drug is used in patients. A possible explanation 
of the inhibition found after treatment with 15mM NAC could be related to 
overdose toxicity. A concentration optimum has also been found with other 
potential drugs for CF patients 115.  

5.3 Duramycin: The effects of a substance that was the subject of 
clinical trials (Paper III) 
 
In paper III we demonstrated that the lantibiotic duramycin, at a narrow con-
centration of around 1μM, significantly stimulated Cl- efflux from CF bronchial 
epithelial (CFBE) cells. Concentrations of 0.3, 2, 3, and 10μM duramycin did 
not have any significant effect on Cl- efflux from these cells. This supports pre-
vious reports that duramycin is only effective in enhancing Cl- efflux from air-
way epithelial cells in a narrow concentration range close to 2 μM 205, 206. 

We did not find any significant effect on Cl- efflux in the other tested cell 
lines. It may be surprising that no effect of duramycin on the other CF cell lines 
(submucosal gland and pancreas) could be observed. Since the stimulatory effect 
of duramycin on Cl- efflux in CFBE cells was relatively small, a potentially posi-
tive effect of duramycin on Cl- efflux from CFPAC and CFSME cell lines should 
be larger to be detected with certainty.  

This difference in effect of duramycin between CF and non-CF airway epithe-
lial cells agrees with earlier results that showed differences in response to dura-
mycin between CF and non-CF airway epithelium in humans 206. Previous stud-
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ies have shown that Cl- efflux in non-CF cells is about five times larger than in 
the corresponding  F508-CFTR cells: 1.25 mM/sec in 16HBE cells vs. 0.25 
mM/sec in CFBE cells (Paper I), so that the minor effect of 1 μM duramycin in 
CF cells would not be detectable in non-CF cells.  

By what mechanism is the enhanced secretion of Cl- caused by duramycin 
mediated? Cl- secretion in airway epithelial cells can be regulated by direct inter-
ference with CFTR itself 207 or with CaCC, present in epithelial cells 208, al-
though at low levels. Hence potentially, the increased Cl- efflux could be medi-
ated both by CFTR and via CaCC.  

Both CFBE and CFPAC cells are homozygous for the F508-CFTR mutation. 
Immunostaining of (F508)-CFTR indicates that some CFTR is present in the 
plasma membrane of these cells 209. The presence of CaCC channels has been 
demonstrated in both CF airway epithelial cells 210 and CF pancreatic cells 211. 
Forty μM CFTRinh-172 or 100μM Gd3+ reduced Cl- efflux from CFBE in the pres-
ence of duramycin. Even though the Cl- efflux was blocked by the use of these 
inhibitors, the inhibition was not complete. The Cl- efflux in the absence of 
added cAMP (basal efflux) is due to CFTR, CaCC (activated by cAMP, and 
Ca2+, present in the cell, respectively, under resting conditions) and other (e.g., 
voltage-activated) Cl- channels. Hence, the inhibition of Cl- efflux by CFTRinh-172 

or Gd3+, found at 1 μM duramycin, may be explained by the fact that duramy-
cin apparently stimulates Cl- efflux through both CFTR and CaCC simultane-
ously. This could mean that duramycin interacts with both these channels, but a 
more likely explanation is that duramycin interacts with the membrane struc-
ture in general, and that this interaction affects both channels. 

Duramycin is known to interact with phosphatidyl-ethanolamine, a natural 
component of cell membranes 212-214. It has been shown previously 215, 216, that 
duramycin forms channels both in artificial black lipid films and biological 
membranes. Duramycin causes incomplete opening and closing of the channels 
and rupture of the membrane. Induction of membrane tubulation 213, 214 and 
unselective increase in plasma membrane permeability is an alternative explana-
tion for the increased Cl- efflux in the presence of duramycin.  

Zebedin at al. 217 reported that 0.3-3.3 μM duramycin reduced the ampli-
tudes of all investigated currents, could act as an inhibitor of ion channels and 
suggested that duramycin could incorporate into the membrane lipid bilayer 
and change its biophysical properties. At concentrations exceeding 3.3 μM, 
duramycin induced a leak current consistent with pore formation 217. A creation 
of very large channels without ion selectivity at high duramycin concentrations 
may lead to a decline in current 215. 

The membrane-fusing nature of duramycin has been visualized by scanning 
tunneling microscopy. It was demonstrated that duramycin caused destabiliza-
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tion of lipids 218 and destruction of phospholipid bilayers containing phos-
phoethanolamine immediately after exposure 214. It is hence reasonable to be-
lieve that the inhibition of Cl- efflux by 100 and 250μM duramycin observed in 
CFBE cells is due to interference with the cell membrane. 

The hypothesis that stimulation of Cl- efflux observed after duramycin treat-
ment may bypass the absence of CFTR and thus be of potential use for CF pa-
tients was the basis for the suggestion to use duramycin as a potential drug for 
the treatment of CF. 

However, the assumption that duramycin activates an alternative Cl- channels 
by elevating intracellular Ca2+ levels 219 was not confirmed for CF airway epithe-
lial cells in our study. To the contrary, we found a significant decrease of the 
intracellular Ca2+concentration after 1 and 3μM duramycin in CFBE cells 
(where 1 μM duramycin stimulates Cl- efflux) but a significant increase of the 
[Ca2+]i after 3 μM duramycin in 16HBE cells (where duramycin does not affect 
Cl- efflux). This confirms that the effect of duramycin on Cl- efflux from CFBE 
cells is not due to an effect on intracellular Ca2+ levels. 

The increase in intracellular Ca2+ observed in 16HBE cells in the present 
study was much lower compared to the increase in canine tracheal cells in sus-
pension 138. Since cells in suspension are round, their plasma membrane has a 
larger curvature than the plasma membrane of cells in monolayer. Curvature-
dependent recognition of ethanolamine phospholipids by duramycin has been 
shown 213. Fusion and tubulation of plasma membranes with consequent Ca2+ 
release happens faster and more effectively in suspended cells than in cells at-
tached to a surface, which would partly explain our findings. In previous stud-
ies, effects of duramycin on Cl- efflux were only observed when duramycin was 
added to the apical side of the cells while the Ca2+ increase was shown in a cell 
suspension 138, 205, where also the basolateral membrane was accessible to dura-
mycin.  

Also other effects of duramycin on the plasma membrane or on membrane 
proteins have been shown, such as an inhibitory effect on plasma membrane 
ATPase activity 212, increased permeability of the cell membranes and inhibition 
of the Na+-K+-ATPase in the plasma membranes of cells 220.  

How do the findings in the present study relate to earlier clinical studies of 
duramycin in CF patients? Inhalation of duramycin in 24 CF patients was per-
formed as part of a clinical phase II trial reported by Grasseman et al. 221. The 
dosage used in that study varied from 0.5 to 2.5 mg/ml, which means that the 
local dose to which the airway epithelium was exposed ranged from 234 μM to 
1.1 mM, which exceeds the dose reported to destroy the lipid bilayer of cell 
membranes.  
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In the clinical study on healthy volunteers 222, a single dose of 2.5 mg/ml (cor-
responding to a concentration of 1.1 mM) was used. The volume of the airway 
surface liquid (ASL) in the human airway can be estimated to be 200μL calcu-
lated by multiplying the airway surface of about 100m2, 223 by the ASL height of 
20 μm 224). Hence, the final concentration of duramycin would be around 900 
μM, markedly higher than the inhibitory concentration of duramycin observed 
here. The concentration of duramycin in fluid obtained from two patients using 
bronchoalveolar lavage fluid (BALF) on day 1 222 was lower than expected from 
the calculations given above. However: 1) BALF sampling is an invasive proce-
dure that will result in hypersecretion of fluid; 2) if bronchoscopy was per-
formed under systemic sedation it required use of pharmacological agents that 
influence the amount of ASL and hence the duramycin concentration, and 3) no 
information was provided on the time interval between the administration of 
duramycin and the bronchoscopy. Hence, if that was more than one hour, the 
expected mucocilliary clearance might diminish the duramycin concentration.  

The narrow concentration range in which duramycin affects Cl- efflux from 
airway epithelial cells may make it difficult to use it as a drug for inhalation. 
This problem is confounded by the fact that if the dose is too high, Cl- efflux 
actually may be inhibited so that it is necessary to strictly control the concentra-
tion of duramycin to which the patients are exposed. A Phase II clinical trial of 
duramycin has been completed in July 2009 but up till now, no results posted 
(http://clinicaltrials.gov/ct2/show/study/NCT00671736?term=moli1901&rank=
1). 

5.4 The effects of NO-donors (Paper IV) 
 
In epithelial cells carrying the ΔF508-CFTR mutation, the cAMP-regulated Cl- 
transport is defective, as the ΔF508-CFTR protein reaches the membrane only 
in small quantities compared to wild type CFTR 225, and is less effective in 
transporting Cl-. CFTR trafficking is necessary not only for regulation of intra-
cellular electrolytes and fluid (e.g., by inhibiting the epithelial sodium channel, 
ENaC 62 but also for the normal organisation and function of tight junctions 10 

226. 
It has previously been demonstrated that GSNO augments expression and 

maturation of ΔF508-CFTR, and thus improves Cl- efflux from ΔF508-CF air-
way epithelial cells 227, 228. Recently, it was shown that the S-nitrosylation of the 
Hsp70/Hsp90 organizing protein (Hop) was necessary and sufficient to pro-
mote the expression of ΔF508-CFTR at the cell surface 119. Our results demon-
strate that not only GSNO but also other NO-donors enhance Cl- efflux from 
CFBE cells.  
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A parallel between GSNO and the other NO-donors tested in the present 
study, is that GSNO does not seem to immediately bring ΔF508-CFTR to the 
membrane, but that a few hours preincubation is needed for this 228. In a similar 
manner, the present study showed, that SNP did not produce an effect after 
direct exposure of the airway epithelial cells to SNP, but it produced an effect 
after preincubation of the airway epithelial cells for 4 h. The fact that no NO-
mediated Cl- efflux was observed after immediate exposure of CF airway epithe-
lial cells to SNP suggests that the increased Cl- efflux was not associated with 
changes in the permeability of the apical cell membrane.  

The main mechanism involved in the “correction” of ΔF508-CFTR by GSNO 
is still under investigation, but it has been suggested that CFTR maturation 
might be mediated by an S-nitrosylation reaction 119, 229. Furthermore, the im-
portance of reactive thiol groups in the enzymes for the ubiquitination of CFTR 
has also been proposed as a possible target for GSNO 21, 230. Zeitlin has sug-
gested that the mechanism behind the rescue of F508-CFTR from the degrada-
tive pathway is dependent on SNO modification of chaperones involved in me-
diating the transit of CFTR through the endoplasmic reticulum and Golgi appa-
ratus and an increase in the expression of cysteine string proteins 231. 

NO-donors also have other potential benefits for CF patients, like relaxation 
of smooth muscle, improved airway ciliary motility, inhibition of amiloride 
sensitive sodium transport, and activation of Ca2+-dependent airway epithelial 
Cl- transport 232-234. In bronchial epithelial cells CaCC are apart from CFTR 
conductive pathways for Cl-. CaCC might play a role in the observed Cl- efflux. 
However, in contrast to earlier studies 232, we did not find a significant increase 
in the intracellular Ca2+ concentration, which speaks against the theory that 
NO-donors would activate Cl- efflux via CaCC. Rather, there was a small de-
crease in the intracellular Ca2+ concentration. It has been reported that CFTR 
and CaCC regulate each other’s activity, so that CFTR activation or increased 
expression is associated with a reduction in CaCC function 235. It is hence pos-
sible, that the intracellular Ca2+ concentration was reduced due to upregulation 
of CFTR and decreased activity of CaCC.  

Investigations on the mechanism by which GSNO induces Cl- efflux from 
CFBE cells have reported that GSNO acts via both NO-cGMP dependent and 
independent pathways 118. The possible involvement of a NO-cGMP dependent 
pathway evokes the question how much of the increased Cl- efflux can be as-
cribed to NO-release from GSNO. The fact that the lipophilic NO-donor 
GEA3162 significantly increased the Cl- efflux from CFBE cell lines 200, and that 
three NO-donors (SNP, SNAP, DETA-NO) used in the present study showed a 
significant effect on Cl- efflux in the CFBE cell line, suggests that a number of 
NO-donors could have a similar effect as GSNO. This is important, since 
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GSNO is an unstable compound, and hence not suitable for pharmacological 
treatment of CF. GSNO is degraded by the enzyme -glutamyl transpeptidase, 
and the decomposition rate of GSNO is approximately 5% per hour in water at 
room temperature 236. 

Although NO-donors have been tested on cell lines and in studies on experi-
mental animals, the clinical use of the NO-donors used in this study is not very 
extensive. SNP attenuates joint inflammation, hyperalgesia and body weight 
loss in adjuvant arthritic rats. At low doses, this NO-donor may exert partial 
protective effects, while the safety of SNP, at higher doses, in patients with 
rheumatoid arthritis has been questioned 237. Large doses of SNAP, SNP or 
strong overexpression of the inducible nitric oxide synthase (iNOS) suppressed 
survival levels and triggered apoptosis in ovarian cancer cell lines 238. DETA-
NO has been used in a cell culture of human umbilical vein endothelial cells to 
observe how it regulates vascular endothelial NOS 239, and a short term but not 
a long term benefit of NO treatment for patients with cardiovascular risk fac-
tors has been described 239. The ability of SNAP to enhance collagen synthesis in 
cultured human tendon cells explains the beneficial effects of NO-donors in 
animal models and during treatment of tendonopathies in clinical trials on hu-
mans 240.  

5.5 Antibiotics in CF: duramycin vs. azithromycin 
 
Duramycin and azithromycin are both antimicrobial agents with different 
mechanisms of action. The lantibiotic compound duramycin, also known as 
Moli1901 or Lancuvotide, is a stable polycyclic peptide derived from Strepto-
myces cinnamoneum 241. The mechanism of action of duramycin is unclear and, 
up to now, this compound is not approved for the use in humans. The study by 
Roberts et al. 215 suggested that duramycin induced large, ion unselective pore 
formation and might cause the leakage of cytoplasmic content from the cell. 

Recent evidence that duramycin causes destruction of phospholipid bilayers 
214 and destabilization of phosphatidylethanolamine monolayers at the air-water 
interface of artificial membranes 218, were obtained with the help of scanning 
tunneling microscopy and vibrational sum-frequency generation spectroscopy, 
respectively. Duramycin also increased short circuit current (SCC) in cultured 
human colonic epithelial cells 215. A duramycin-induced increase in intracellular 
Ca2+ concentration ([Ca2+]i) in bovine and canine tracheal cell suspensions was 
due both to Ca2+-influx from the extracellular space and liberation of Ca2+ from 
intracellular stores 138. Furthermore, duramycin affects protein-lipid interac-
tions, impairs membrane protein translocation, induces aggregation of lipid 
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and the decomposition rate of GSNO is approximately 5% per hour in water at 
room temperature 236. 

Although NO-donors have been tested on cell lines and in studies on experi-
mental animals, the clinical use of the NO-donors used in this study is not very 
extensive. SNP attenuates joint inflammation, hyperalgesia and body weight 
loss in adjuvant arthritic rats. At low doses, this NO-donor may exert partial 
protective effects, while the safety of SNP, at higher doses, in patients with 
rheumatoid arthritis has been questioned 237. Large doses of SNAP, SNP or 
strong overexpression of the inducible nitric oxide synthase (iNOS) suppressed 
survival levels and triggered apoptosis in ovarian cancer cell lines 238. DETA-
NO has been used in a cell culture of human umbilical vein endothelial cells to 
observe how it regulates vascular endothelial NOS 239, and a short term but not 
a long term benefit of NO treatment for patients with cardiovascular risk fac-
tors has been described 239. The ability of SNAP to enhance collagen synthesis in 
cultured human tendon cells explains the beneficial effects of NO-donors in 
animal models and during treatment of tendonopathies in clinical trials on hu-
mans 240.  

5.5 Antibiotics in CF: duramycin vs. azithromycin 
 
Duramycin and azithromycin are both antimicrobial agents with different 
mechanisms of action. The lantibiotic compound duramycin, also known as 
Moli1901 or Lancuvotide, is a stable polycyclic peptide derived from Strepto-
myces cinnamoneum 241. The mechanism of action of duramycin is unclear and, 
up to now, this compound is not approved for the use in humans. The study by 
Roberts et al. 215 suggested that duramycin induced large, ion unselective pore 
formation and might cause the leakage of cytoplasmic content from the cell. 

Recent evidence that duramycin causes destruction of phospholipid bilayers 
214 and destabilization of phosphatidylethanolamine monolayers at the air-water 
interface of artificial membranes 218, were obtained with the help of scanning 
tunneling microscopy and vibrational sum-frequency generation spectroscopy, 
respectively. Duramycin also increased short circuit current (SCC) in cultured 
human colonic epithelial cells 215. A duramycin-induced increase in intracellular 
Ca2+ concentration ([Ca2+]i) in bovine and canine tracheal cell suspensions was 
due both to Ca2+-influx from the extracellular space and liberation of Ca2+ from 
intracellular stores 138. Furthermore, duramycin affects protein-lipid interac-
tions, impairs membrane protein translocation, induces aggregation of lipid 
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vesicles and inhibits ATP-dependent Ca2+ uptake by the sarcoplasmic reticulum 
242, 243. 

Administration of more than 3.3μM duramycin induced a leakage in cardiac 
voltage-gated ion channels 217. Duramycin may increase Cl- efflux from canine 
tracheal epithelium 205, and stimulates Cl- transport in a narrow concentration 
window (3 M in CF-patients, and 1-10 M in healthy volunteers) 206.  

Previous pharmacokinetic studies of duramycin on rats, have inspired inves-
tigators to use it for the treatment of respiratory diseases 244. Indeed, a phase II 
study on 24 CF patients showed that inhalation of 2.5 mg duramycin appeared 
to be safe for CF patients 221 and absence of detectable inflammatory response 
encouraged researchers to detect the bronchoalveolar lavage fluid (BALF) con-
centration of the substance after intrapulmonary administration to healthy vol-
unteers 222.  

It has been suggested that increased activity of CaCC, may partially compen-
sate for the defective CFTR function in CF cells 219. Until now, there have been 
no studies on CF cell lines to prove the concept that duramycin activates Cl--
efflux through CaCC but the experiments using the Ca2+ entry blocker, Gd3+, 
and the [Ca2+]i

 measurement described in Paper III, contraindicated rather than 
confirmed this assumption. It is hence reasonable to believe that the direct bac-
terial or cell membrane disorganisation is the only mechanism, by which this 
lanthiopeptin has an effect on bacteria 245, epithelia 215, 217 and on Cl- efflux from 
CFBE cells (Paper III).   

In contrast, the semisynthetic azalide macrolide AZM inhibits protein synthe-
sis in bacterial cells by binding to the 50S subunit of bacterial ribosomes 246, 247, 
248. It has been reported that AZM affects the processing of tight junction pro-
teins and increases transepithelial electrical resistance in human airway epithelia 
192.  Moreover, accumulation of AZM in tracheal epithelial cell lines carrying 
the ΔF508 CFTR mutation is more rapid compared to normal cells 193. Besides, 
the efficiency of this antibiotic had also been suggested to be due to its anti-
inflammatory action and immunomodulatory activity 249-252. This leads to the 
conclusion that AZM has a more complicated, intracellular mechanism of ac-
tion, and data on the effect of AZM on ion transport in respiratory epithelial 
cells are contradictory: some studies suggested that AZM did not affect Cl- 

transport over normal or CF mouse or human nasal epithelium 128, 253, while 
other studies concluded that AZM promoted Cl- efflux 254.  

In cell lines, it has been shown that Hsp90 stimulates the maturation of 
(F508)-CFTR 30, 119. Results from Paper I demonstrated significant increase in 
Cl- efflux from CFBE cells after four days of 40 μg/mL and this efflux was asso-
ciated directly or indirectly with CFTR. Since AZM does not increase the ex-
pression of CFTR mRNA (Paper I) it might indirectly regulate the trafficking of 
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mutated F508 CFTR to the cell membrane via inhibition of chaperones and 
co-chaperones 195. 

Up-regulation of the Multidrug Resistance-associated Protein (MRP) and the 
Multidrug Resistance Protein (MDR) has been shown after macrolide treatment 
in primates 255. MDR and MRP are active in extruding a diversity of drugs 
across the plasma membrane. Diverse pharmacological agents including antibi-
otics are substrates for MDR and MRP 256. MDR, CFTR, and MRP are related 
proteins and members of the "ATP-binding cassette" superfamily of transport-
ers 257, 258. CFTR, MDR, and MRP can complement each other, eliminate toxic 
products from the cell and function as Cl- channels 259. Hence, it would be theo-
retically possible that macrolide treatment could induce or augment the pres-
ence of CFTR in the cell membrane but this was not confirmed neither in previ-
ous studies 129 nor in the results presented in Paper I.  

The macrolide antibiotic azithromycin (AZM) is often used to treat patients 
with CF and diffuse panbronchiolitis. Clinical observations during AZM treat-
ment have shown improvement compared to CF patients receiving placebo 128, 

129, 187. The antimicrobial effect 185, 186, relaxation of precontracted airway 
smooth muscles 191, activation of Cl- efflux and immunomodulation 188-190 can 
explain the enhancement in clinical status among the CF patients after treat-
ment with AZM 128, 187 (Paper I).  

5.6 N-acetylcysteine and NO-donors: what do they have in common? 
 
NAC, mucolytic, antidote for acetaminophen, and anti-oxidant drug, has been 
widely used as accompanying treatment for many respiratory diseases such as 
Adult Respiratory Distress Syndrome (ARDS), Idiopathic Pulmonary Fibrosis, 
Chronic Obstructive Pulmonary Disease and CF 260. A few reports have ad-
dressed the effect of NAC on ion transport in airway epithelium 124, 261. Primary 
use of NAC was based on its ability to split disulfide bonds and in that way 
reduce viscosity and elasticity of mucus. More recent data highlight the anti-
oxidant properties of NAC 262, 263. 

NAC is the N-acetyl derivative of the natural amino acid L-cysteine and can 
be oxidized to cystine, the main glutathione precursor 264. Glutathione, the most 
important cellular anti-oxidant, can regulate the redox potential and control 
CFTR gating. Previous studies have demonstrated that CFTR also plays an 
important role in the regulation of glutathione efflux from the epithelial cells 
into the airway surface liquid (ASL) indicating a direct connection between 
decreased glutathione levels in the ASL of CF patients, antioxidant defence in 
the lungs and pathogenesis of CF 204, 265. It has been demonstrated that changes 
in redox potential can control CFTR channel gating, enhance duration and 
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frequency rate of CFTR opening 202, 203 and thus could increase Cl- efflux, as has 
been shown in Paper II.  

A strong relationship between the impaired lung function and low levels of 
exhaled nitric oxide (NO) in CF patients has been reported 103, 266-268. There is 
evidence that CF patients have low levels of S-nitrosothiols (SNO) (naturally 
occurring bronchodilators) in their airways 269. S-nitrosoglutathione (GSNO) is 
a low molecular weight SNO produced at some point during oxidation of NO 
231.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 3. Cysteine and NO (Cys-NO) can actively, with the help of amino acid trans-
porter LAT be transported into the cell. NAC can be metabolized to cysteine and cys-
teine to glutathione, which can receive NO from Cys-NO.  The end result is an increase 
in the cellular GSNO level, and via interaction of GSNO with Hop sufficient expression 
of ΔF508-CFTR is brought about (Dragomir and Roomans, unpublished).  

The GSNO level is reduced in airways affected by CF, and GSNO turnover is 
more rapid in asthmatic airways 234. The trafficking of ΔF508-CFTR the plasma 
membrane is affected by improper folding due to deletion of F508 270. Although 
ΔF508-CFTR exhibits altered transport kinetics compared to normal CFTR, it 
can mediate Cl- conductance after reaching the cell membrane. A possible thera-
peutic strategy to treat CF can be based on preventing the degradation of 
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ΔF508-CFTR by increasing the efficiency of intracellular processing and folding 
271, 272. GSNO and GEA3162 are NO-donors that have an effect on CFTR-
mediated Cl- efflux 200, 228.  

NO-donors can improve the trafficking of CFTR to the plasma membrane 
and increased the maturation and expression of ΔF508-CFTR 227. Some studies 
have shown that GSNO increases whole-cell Cl- currents independently from 
CFTR 273 but other studies found that NO promoted Cl- efflux via a cGMP-
dependent pathway 232. 

Recently, it was shown that the S-nitrosylation of the Hsp70/Hsp90 organiz-
ing protein (Hop) was necessary and sufficient to promote the expression of 
ΔF508-CFTR at the cell surface 119. The results from Paper II suggested that Cl- 

efflux mediated by NO-donors was not related to alternative Cl- channels 
(CaCC) and therefore was via CFTR. The finding that NAC decreased intracel-
lular Na, K and Cl concentrations, increased Cl- efflux from the CF airway 
epithelial cells, and induced CFTR expression as confirmed by immunocyto-
chemistry and Western Blot (Paper II), allowed to conclude that NAC in some 
way helps to overcome the trafficking defect of F508-CFTR. 

Both NAC and NO-donors may act via an increase of intracellular GSNO.  It 
has been shown that cysteine promotes the uptake of GSNO across the cell 
membrane, and a model for GSNO uptake by the cell has been proposed 274, 275 
even though “uptake of GSNO” is a simplification of this process ((Figure 3), 
Dragomir and Roomans, unpublished results). 
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6. CONCLUSIONS 
 
The enhancement in lung function tests and fewer exacerbations after long-term 
AZM treatment were not linked to an increase in MDR/CFTR mRNA. A dose-
dependent increase in Cl- eflux from CF bronchial epithelial cell lines after ex-
posure to AZM, suggests a supplementary valuable mechanism of action in 
addition to mechanisms described previously (Paper I). 
 
A dose-dependent effect of NAC on Cl- efflux and intracellular Na+ concentra-
tion in CF bronchial epithelial cells is associated with increased CFTR expres-
sion. 

This suggests that NAC can correct the Cl- transport deficiency in CF airway 
epithelial cells with ΔF508-CFTR not only because of its antioxidative proper-
ties but also through a direct effect on CFTR. The finding that NAC has a con-
centration optimum above which it has an inhibitory effect on the abovemen-
tioned parameters points to the necessity of strictly controlling the concentra-
tion of NAC when the drug is used in patients (Paper II). 
 
The lantibiotic duramycin has only a small effect on Cl- efflux from CFBE cells, 
and this effect is limited to a narrow concentration range. Duramycin has no 
effect on Cl- efflux from pancreatic or submucosal gland CF and non-CF epithe-
lial cell lines. The hypothesis that duramycin activates alternative Cl- channels 
by elevating intracellular Ca2+ levels was not confirmed for CF airway epithelial 
cells. The finding that duramycin decreases intracellular Ca2+ concentration in 
CFBE cells, points toward another mechanism of action for this compound 
(Paper III). 
 
Preincubation of CFBE cells with one of the NO-donors SNP, SNAP or DETA-
NO enhanced Cl- efflux from the CFBE cells and as a result represents a poten-
tial method for the correction of the Cl- transport defect. The abscence of an 
effect on intracellular Ca2+ concentration and the finding that without preincu-
bation Cl- efflux was not improved implies CFTR involvement. The NO-donors 
used in this study with significant effect have been also used in other clinical 
areas, so further testing of these substances or similar may be relevant for the 
treatment of CF (Paper IV).  
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