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INTRODUCTION 
 

Cystic fibrosis (CF) is the most common lethal autosomal recessive disease in the Caucasian 

population. It affects one in about 2500 live births. It occurs due to recessive mutations of a 

gene that encodes for a transmembrane chloride channel (Cystic Fibrosis Transmembrane 

conductance Regulator, CFTR) expressed in the epithelium of multiple organs. 

Impairment of the pulmonary defence system, the major cause of morbidity and mortality in 

CF disease, is characterized by chronic infection, particularly with Pseudomonas aeruginosa, 

and neutrophil-dominated inflammation that lead to airway obstruction and lung destruction. 

However CF is a complex disease that affects several organs. Indeed other manifestations are 

exocrine pancreatic insufficiency (characterized by maldigestion, fat and fat-soluble vitamins 

malabsorption, and finally by pancreatitis and diabetes mellitus), meconium ileus, distal 

intestinal obstruction syndrome, male infertility, focal biliary cirrhosis, excessive salt loss 

from the sweat glands and osteoporosis [1]. 

 

CFTR gene 
The CFTR gene contains 27 exons and its locus encompasses about 250 kb of DNA on 

chromosome 7. Its mature message RNA of 6.5 kb encodes a 1480 amino acids long protein 

with a molecular mass of 168 kDa [2]. 

 

CFTR protein 
CFTR belongs to the ABC (ATP-binding cassette) transporters superfamily. All ABC 

proteins contain two nucleotide-binding domains (NBDs), which share high sequence 

similarity among different members, and two membrane-spanning domain (MSDs). The 

NBDs bind and hydrolyze ATP. The energy produced in this reaction allows active 

transmembrane transport and conformational changes in the MSDs. Most MSDs are 

composed of six transmembrane domains and all of them confer specific transport function 

to the channel. 

The regulatory (R) domain contains several phosphorylation sites for PKA, PKC e cGMP-

kinase and many charged amino acids [3]. 

CFTR is a chloride channel. However, it has been demonstrated that CFTR can transport 

other substrates as water, urea and glutathione [4]. It is still debated if it could be also 

permeable to ATP or it regulates an ATP channel. 
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CFTR structure (by physpharm.ohsu.edu) 

 

 

Intracellular ATP is required for gating of phosphorylated CFTR Cl- channels. Although 

ATP interacts with both NBDs are not functionally equivalent but they cooperate [5]. ATP 

binding at NBD1 is a prerequisite for channel opening, while ATP hydrolysis at NBD2 is 

essential for channel closure. 

Regulation of channel activity is precisely controlled by the balance of kinase and 

phosphatase activity within cells. The most important kinase responsible for CFTR Cl- 

channel activity regulation is the cAMP-dependent protein kinase (PKA), even if several 

isoforms of protein kinase C (PKC), type II cGMP-dependent protein kinase (cGKII) and the 

tyrosine kinase p60c-src can phosphorylate and activate CFTR Cl- channels. The removal or 

inactivation of a kinase causes the decrease of channel activity by dephosphorylation. On the 

other hand, protein phosphatases 1, 2A and 2C (PP1, PP2A, PP2C) play an important role in 

dephosphorylating CFTR [1]. 
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It is emerging that the R domain can have both inhibitory and stimulatory effects on CFTR 

channel according to serines and threonines phosphorylation or dephosphorylation 

respectively which facilitate interaction of ATP with the NBDs or prevent it by steric 

inhibition. 

Finally, in addition to the main function of Cl- channel, CFTR can regulate the function of 

several other membrane proteins as the Outwardly-Rectifying Cl- Channel (ORCC), the 

Epithelial Na+ Channel (ENaC), the ATP-sensitive K+ channel and the Cl/HCO3 Exchanger 

[1]. 

 

Molecular mechanisms of CFTR dysfunction. 
Mutations in the gene encoding CFTR lead to 5 mechanisms of CFTR dysfunction. 

Class I mutations: absent protein production. Splicing abnormalities, frame-shifts due to 

insertions or deletions, and nonsense mutations belong to this class of severe mutations. 

They can generate an unstable mRNA and no detectable protein. In other cases, a truncated 

or aberrant protein may be produced. Such proteins are often unstable and are degraded 

rapidly, as for mutations G542X and R553X. 

Class II mutations: defective protein processing. Newly synthesized CFTR is initially 

glycosylated in the endoplasmic reticulum (ER). From there it traffics to the Golgi complex, 

where further glycosylation occurs, and then on to the apical surface of epithelial cells. The 

class II mutations are all severe and cause protein misfolding during biosynthesis. The 

consequence is that CFTR is ubiquinated and degraded by the proteasome, so it fails to 

traffic to the cell membrane. 

Several missense mutations as ΔF508 and N1303K belong to this class. 

Class III mutations: defective regulation. These mutations are associated with several 

rates of severity in CF disease. They affect the NBDs leading to alteration in the channel 

function. On the contrary mutations in the R domain are rare. The missense mutation G551D 

is an example. 

Class IV mutations: defective conduction. These are mild missense mutations that alter 

CFTR conductance. These mutations, as R117H, R334W and R347P, have been identified in 

the MSDs. Even if the protein are correctly processed and delivered to the apical membrane, 

they generate reduced Cl- current. 
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Class V mutations: reduced protein production. They reduce, but not eliminate, the 

amount of functional protein by causing abnormal or alternative splicing, as it happens for 

the mutations 3849+10kb C>T and A455E. 

 

Pathogenesis of CF disease in airway epithelia 
Defective electrolyte and liquid transport 

CF airway epithelia manifest defects in two membrane transport processes. First, the absence 

of CFTR Cl- channels markedly reduces the apical membrane Cl- permeability and abolishes 

the response to cAMP agonists. Second, the activity of apical Na+ channels is approximately 

twice that in non-CF epithelia. Under basal conditions, the epithelium absorbs liquid due to 

active Na+ absorption through ENaC. Cl- can follow Na+ passively via a transcellular or a 

paracellular route. It appears that a significant fraction of the Cl- that follows Na+ passes 

through the cells via CFTR Cl- channels at the apical membrane. 

Although many groups have tried to study transepithelial electrolyte transport by airway 

epithelia, current knowledge of the composition of the airway surface liquid (ASL) is 

inadequate. 

It is known that defective ion transport gives rise to augmented liquid absorption and 

subsequent CF mucus dehydration. Furthermore the high sulfation of glycoproteins in CF [6] 

results in the increase of ASL viscosity. Because of the concentration and thickening of the 

mucus, the effectiveness of ciliary beating is impaired leading to reduced mucociliary 

clearance. 

Airway infections. 

Recurrent infections of both the upper and lower airways are proper to CF pulmonary 

disease. Different hypotheses to explain the link between CFTR defect and the propensity to 

infection have been proposed. 

First of all, the submucosal glands and surface epithelium secrete in the ASL several 

antimicrobial peptides and proteins as lysozyme, lactoferrin, human beta defensins 1 and 2 

and NO [7,8]. Their activity is inhibited by the increased ASL NaCl concentration [7], thus 

predisposing to repeated airway infections. As a result, macrophages and neutrophils may be 

required to clear bacteria, thereby initiating or worsening the inflammatory cascade observed 

in CF airways. 

Secondly, CF airway epithelial cells bind more to P. aeruginosa than non-CF cells because 

of the increased expression of the P. aeruginosa receptor asialoganglioside 1 (aGM1) on the 
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apical surface of CF cells [9]. In fact the loss of CFTR function leads to an abnormal pH in 

vesicles targeted to the apical surface and consequent defective sialylation of apical 

membrane glycoproteins and glycolipids. The result is that less fully sialylated cell surface 

serves as a better receptor for P. aeruginosa. 

Moreover it has been proposed that CFTR serves not only as a receptor for P. aeruginosa 

binding but also for its subsequent phagocytosis. CFTR defect causes impairment in this 

process [10]. 

Airway inflammatory response. 

The inflammatory response in CF airways plays a central role in the disease progression and 

eventual lung destruction. It is characterized not only by great amounts of neutrophils in the 

airways, but also by high concentration of inflammatory mediators. Among these molecules, 

over-expression of pro-inflammatory cytokines as tumor necrosis factor (TNF)-α [11-14], 

interleukin (IL)-1β, IL-6, and chemokines as IL-8, leukotriene (LT) B4 and RANTES have 

been reported in CF airways fluids [15-18]. 

It still remains controversial whether there is an intrinsic hyperinflammatory state arising 

directly from a lack of functional CFTR [14,19,20] or if inflammation is only a consequence 

of infection. The hypothesis of primary inflammation is based firstly on clinical observations 

of inflammation preceding detectable infection in CF neonates and young children, but also 

on experimental reports. Newborn infants and very young children with CF have elevated 

numbers of neutrophils and strikingly increased concentrations of pro-inflammatory 

cytokines in their bronchoalveolar lavage fluid (BALF), even when not facing pathogen 

challenge [21-23]. Higher intraluminal concentrations of IL-8 and increased subepithelial 

leukocytes have been observed in CF human fetal tracheal grafts compared to non-CF grafts 

independently of any infection [24]. Mice overexpressing an epithelial Na+ channel, which 

mimics the increased NaCl concentrations found in CF airway surface fluid [25,26], show an 

inflammatory response characterized by neutrophilic infiltration and increased levels of 

macrophage inflammatory protein 2 and a murine analogue of IL-8 even in the absence of 

lung infection [27], supporting the hypothesis that dysregulated ion transport can provoke 

inflammation in the airway epithelium before infection. In vitro findings show that bronchial 

gland epithelial cells exposed to hypertonic NaCl solution release significantly higher IL-8 

than healthy control cells in the same experimental conditions [25,26]. Furthermore, recent 

evidence suggests that in CF airways inflammatory response to bacterial and other infectious 

agents is exaggerated or prolonged [28]. CF patients had greater amounts of neutrophils and 
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IL-8 in BAL than patients without CF in response to similar levels of infection [29,30]. CF 

mice had an excessive pulmonary inflammatory response and higher mortality compared 

with normal animals after airway infection with comparable quantities of P.  aeruginosa 

[31]. Finally not only CF airway epithelial cell lines produced higher quantities of IL-8 in 

comparison with stably cftr-corrected cells in response to IL-1β and tumor necrosis factor 

(TNF)-α [13,32-34] and to bacterial stimulation [13,31,35,36], but they have been also 

reported to produce large quantities of IL-8 and IL-6 after sustained and durable stimulation 

well after non-CF cells have ceased or slowed down the production of those cytokines or 

even after bacteria have been eradicated [37]. 
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Glutathione (GSH) deficiency. 

GSH (γ-glutamyl-cysteinyl-glycine) is the predominant low-molecular-weight thiol in animal 

cells. Most of the cellular GSH (85–90%) is present in the cytosol, with the remainder in 

many organelles (including the mitochondria, nuclear matrix, and peroxisomes). With the 

exception of bile acid, extracellular concentrations of GSH are relatively low. Because of the 

cysteine residue, GSH is readily oxidized non-enzymatically to glutathione disulfide (GSSG) 

by electrophilic substances (e.g., free radicals and reactive oxygen/nitrogen species). The 

GSSG efflux from cells contributes to a net loss of intracellular GSH. Cellular GSH 

concentrations are reduced markedly in response to protein malnutrition, oxidative stress, 

and many pathological conditions. The [GSH]:[GSSG] ratio, which is often used as an 

indicator of the cellular redox state, is >10 under normal physiological conditions [38]. 

Glutathione participates in many cellular reactions. First of all, GSH effectively scavenges 

free radicals and other reactive oxygen species (e.g., hydroxyl radical, lipid peroxyl radical, 

peroxynitrite, and H2O2) directly, and indirectly through enzymatic reactions. Second, GSH 

reacts with various electrophiles, physiological metabolites (e.g., prostaglandins and 

leukotrienes), and xenobiotics (e.g., bromobenzene) to form mercapturates. These reactions 

are initiated by glutathione-S-transferase (a family of Phase II detoxification enzymes). 

Third, GSH conjugates with NO to form an S-nitroso-glutathione adduct, which is cleaved by 

the thioredoxin system to release GSH and NO. Moreover, not only GSH is required for the 

conversion of prostaglandin H2
 (a metabolite of arachidonic acid) into prostaglandins D2 and 

E2 by endoperoxide isomerase but also for glutathionylation of proteins (e.g., thioredoxin, 

ubiquitin-conjugating enzyme, and cytochrome c oxidase) [38]. 

CFTR maintains a cellular homeostatic balance of ions, including sodium, chloride and 

GSH. Normal levels of GSH in the epithelial lining fluid (ELF) of the lung are 150 times 

higher than other tissues [39] where it serves as an essential antioxidant that protects the 

tissue from inhaled toxins. 

CF is characterized by systemic GSH deficiency that progresses over time. This may result 

from both the high oxidative burden in CF [40] and the deficiency in CFTR-dependent GSH 

transport into the alveolar lumen. Low levels of GSH lead to inflammation, a hallmark of 

CF, and oxidative stress that can lead to damage to cell membranes, cellular proteins and 

DNA. In support of the causative influence of ROS in CF, the patients frequently have 

higher levels of lipid peroxidation byproducts [41]. 
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Cellular GSH deficiency has been associated with an increase in transcription of NF-κB, 

which participates in the regulation of the inflammatory cytokines [39]. In type II alveolar 

epithelial cells, GSH-enhancing agents downregulated the proinflammatory cytokines IL-1β, 

IL-6, and TNF-α [42]. 

 

Nuclear factor kB (NF-kB) 
The transcription factor NF-kB belongs to a family of proteins that have a key role in the 

regulation of expression of genes involved in immunity, cell proliferation and apoptosis. The 

mammalian Rel/NF-kB family is comprised of five structurally related and evolutionarily 

conserved polypeptides, Rel (c-Rel), RelA (p65), RelB, NF-kB1 (p50 and its precursor 

p105), and NF-kB2 (p52 and its precursor p100), which associate to form transcriptionally 

competent homo- or heterodimers. Of these dimers, the p50/p65 heterodimer is the most 

abundant and biologically active. All these proteins share a highly conserved 300 amino acid 

long N-terminal Rel homology domain (RHD) responsible for DNA binding, dimerization, 

and association with the IkB inhibitory proteins. In resting cells, most NF-kB/Rel dimers are 

bound to IkBs and retained in the cytoplasm. All members of the IkB family contain an 

ankyrin repeat domain required for both association with NF-kB and inhibitory activity. In 

the N-terminus region of IkB-α, IkB-β and IkB-ε there are two serines whose 

phosphorylation leads to proteosomic degradation. In the N-terminus there is also a 

polyubiquitination site characterized by a lysine. Interaction of IkB-α with an NF-kB dimer 

prevents the nuclear uptake of the DNA-binding subunits through the masking of nuclear 

localization signals (NLS) [43-44]. 

The IKK (IkB kinase) complex enables the activation of NF-kB. It is composed of the two 

catalitic subunits IKKα and IKKβ, and the regulatory subunit IKKγ. As a consequence of 

several stimuli as TNF-α, IL-1 or lipopolysaccharide (LPS), the subunit IKKβ is activated 

and phosphorylates the two serines in the N-terminus of IkB. This event triggers its 

ubiquitination process that leads to its degradation by the proteasome 26S and consequently 

the NF-kB is free to enter the nucleus [43-44]. 

NF-kB regulates the transcription of most pro-inflammatory molecules among which 

adhesion molecules as Intercellular Adhesion Molecule 1 (ICAM-1), enzymes as 

cyclooxygenase-2 (COX-2) or inducible NO synthetase, several cytokines as IL-1β, TNF-α 

or IL-6, and chemokines as IL-8 [45]. NF-kB can be induced by microorganisms as P. 

aeruginosa or their products as LPS, and by cytokines as TNF- α and IL-1β [45-47]. The 
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phosphorylation of the inhibitory subunits IkBs leads to the release of NF-kB that localizes 

in the nucleus. There it binds the consensus sequence of the genes encoding for the pro-

inflammatory molecules already mentioned to initiate the transcription process. 
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Specificity protein 1 (Sp1) 

With the recent advances of the human genome sequencing projects, eight Sp factors have 

been found. The assignment of factors to the Sp subfamily is based on homology and 

chromosomal localization [48]. Within the Sp factors, Sp1, Sp2, Sp3, and Sp4 form a 

subgroup based on their similar modular structure. They contain three zinc fingers close to 

the C-terminus and glutamine-rich domains adjacent to serine/threonine stretches in their N-

terminal region. The 81 amino acids C2H2-type zinc finger region that represents the DNA-

binding domain is the most highly conserved part of the proteins. 

Sp1 was the first transcription factor identified and cloned. It is ubiquitously expressed and it 

is shown to be a sequence-specific DNA-binding protein that activated a broad and diverse 

spectrum of mammalian and viral genes. It mediates the expression of many housekeeping 

genes, tissue-specific genes, and genes involved in the regulation of physiological function 

and in the maintenance of homeostasis. However, the involvement of Sp1 in virus-mediated 

induction of TNF-α gene expression has been observed [49] demonstrating that a protein 

associated with the regulation of constitutively expressed house-keeping genes is recruited in 

an inducible fashion to the promoter of an immediate early-response cytokine gene. 

Sp1 protein recognises GC/GT boxes and interacts with DNA through three C2H2-type zinc 

fingers located at the C-terminal domain. Based on results of crystal structure and NMR 

studies, each of the three zinc fingers in Sp1 recognises three bases in one strand, and a 

single base in the complementary strand of the GC-rich elements where the consensus Sp1 

binding site is 5′-(G/T)GGGCGG(G/A)(G/A)(C/T)-3′ [50]. 

Like many other transcription factors, regulation of Sp1-dependent transcription may be 

conveyed by changes in DNA binding activity, by association with other transcription 

factors, by changes in Sp1 abundance or in transactivation activity owing to biochemical 

modification. Although the available amount of Sp1 protein is regulated to a large extent at 

the mRNA level, there are also other control mechanisms. Sp1 undergoes proteasome-

dependent degradation under conditions of nutrient starvation and adenylate cyclase 

stimulation. Initiation of this process is thought to be determined by a low glycosylation state 

of Sp1 and consists of an endoproteolytic cleavage triggered by an N-terminal region of Sp1 

[48]. The two major types of post-translational modifications that are thought to be involved 

in transcription regulation by Sp1 are glycosylation and phosphorylation. The glycosylation 

has been related to the nuclear localization, the stability and/or the transactivation potential 

of Sp1. Glucose deprivation in combination with adenylate cyclase stimulation results in 
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reduced glycosylation of Sp1, associated with an increased susceptibility to proteasome-

dependent degradation. Glycosylated proteins are also phosphoproteins, and there is some 

evidence indicating that both types of modification may be reciprocally regulated in Sp1. 

Sp1 becomes phosphorylated at its N-terminus by DNA-dependent protein kinase upon 

binding to DNA. The C-terminus of Sp1 can also be phosphorylated; this has been linked to 

cell cycle progression from G0 to G1 [48]. Sufficient evidence suggests that Sp1 

phosphorylation may represent a means for regulating transcriptional initiation [51]. 

Furthermore it is known that its association with NF-kB is important in the regulation of 

cytokine expression [52]. 

 

ABC proteins and CF. 
Multidrug Resistance-associated Protein 1 (MRP1) is a member of the ABC transporter 

superfamily sharing a close structural homology with CFTR [53]. It has been considered as a 

potential modifier gene in CF since a more severe phenotype seems to be associated to low 

levels of MRP1 mRNA expression [54]. MRP1 is involved in the regulation of chloride 

transport [55,56] and it can also mediate the extrusion of glutathione-S conjugates (GSH). 

GSH amount is decreased in the plasma and bronchoalveolar lavage fluid from CF patients 

and in the apical fluid from CF airway epithelial cells [40,57]. Low levels of GSH may play 

a critical role in the pathogenesis of CF by increasing the susceptibility of the airway to 

oxidative damage during chronic inflammation. Furthermore cellular GSH deficiency is 

related directly to activation of Nuclear Factor kB (NF-kB) pathway [58,59], which has been 

already reported to be altered in CF [13]. MRP1 could complement CFTR functions also 

because it has a great affinity for leukotriene C4 [60], a potent mediator of the inflammatory 

response. 

MDR1 is the first human ABC transporter cloned and characterized through its ability to 

confer a multidrug resistance phenotype to cancer cells. It has been demonstrated to be a 

promiscuous transporter of hydrophobic substrates and drugs as well as lipids, steroids, 

xenobiotics and peptides. In addition, MDR1 has been reported to play a role in the 

regulation of cell volume activated chloride channels and to have chloride channel activity 

itself  [61,62]. MDR1 is also suggested to be involved in ATP-dependent pathways [63,64]. 

Even if it was initially thought to transport ATP by itself, it is clear now that MDR1 

regulates another ATP channel [65], as it has been described for CFTR [66]. 
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Furthermore several authors have demonstrated a complementary pattern of CFTR and the 

Multidrug Resistance Protein 1 (MDR1) expression, suggesting a co-ordinated regulation of 

these genes [67-69]. 

 

Azithromycin (AZM) and CF 
Clinical reports demonstrated that the macrolides antibiotics improve pulmonary function, 

and decrease morbidity and mortality in patients with diffuse panbronchiolitis (DPB) 

[70,71], a disease with many similarities to CF. Macrolides decrease not only mucus 

hypersecretion but also the amounts of proinflammatory cytokines and neutrophils in the 

BALF of DPB patients, therefore protecting the airway epithelium from damage [72]. 

Following this success in DPB, these antibiotics have received increasing attention for their 

possible therapeutic benefits in the treatment of CF. Recently, several multicenter reports 

have supported the possibility that macrolides lead to clinical beneficial effects in CF by 

improving lung function [73-78]. CF patients treated with AZM experienced improvement in 

the viscoelasticity of the sputum [79], decreased content of mucoid P. aeruginosa in sputum 

samples [77], decline in the number of pulmonary exacerbations [76,80] and significant 

increases in respiratory function parameters such as FEV1 (forced expiratory volume in 1 

second) and FVC (forced vital capacity) [75-77,80,81]. AZM was chosen over other 

macrolides because of ease of administration and its accumulation in sputum and tissues. Its 

plasma half-life is considerably longer than that of other macrolides. It also accumulates in 

alveolar macrophages, which could represent a delivery vehicle to transport it to affected 

sites. 

Despite a wide clinical use, the mechanisms of the efficacy of macrolides are still unclear, 

even if several possible explanations have been proposed among which the possibility to 

alter airway epithelial chloride transport, to decrease the production of virulence factors by 

P. aeruginosa, the most common microorganism causing chronic endobronchial infection in 

CF, and to have anti-inflammatory properties [82-84]. 
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AIMS 
 

In this study we aimed to evaluate the non-bactericidal effects of AZM potentially relevant 

for therapy of CF. 

AZM has beneficial clinical effects in CF treatment. Even if its mechanisms of action are 

still debated, several hypotheses arise including other than antibacterial effects as anti-

inflammatory properties and complementation of CFTR defect by ABC proteins [7-

10,32,36]. 

First we aimed to investigate the expression of ABC members in CF cell lines and their 

regulation by AZM as a possible mechanism of complementation of the CFTR defect in CF. 

In particular we studied the constitutive expression of MRP1 and MDR1 in CF cells in 

comparison to non-CF cells and the effects of AZM on this expression. 

CF airway inflammation occurs very early in CF patients [21,22,24]. Furthermore, some 

reports pointed out that it is exaggerated both in the absence and in the presence of stimuli 

[13,30,33,36], even if this statement is still controversial [23,50]. 

We aimed to evaluate not only whether a differential TNF-α expression could be detected 

between CF and non-CF cells, but also whether AZM could reduce these levels in CF cells. 

We investigated also the molecular mechanisms of AZM effect on these cells studying the 

DNA-binding activity of Nuclear Factor-kB (NF-kB) and Specificity protein 1 (Sp1) 

transcription factors before and after incubation with AZM, as both these proteins are 

involved in the regulation of TNF-α gene expression. 

To evaluate the hypothesis of exaggerated inflammatory response to stimuli, we studied 

whether LPS derived by P. aeruginosa could induce excessive inflammation in CF cells in 

comparison to non-CF cells and the effects of AZM on this response by evaluating the 

mRNA expression of IL-8, IL-6, TNF-α and ICAM1. 

The beneficial effects of AZM were characterized by high variability among CF patients.  

We have been considering genetic factors as possible mechanisms (85). 

Furthermore we aimed to investigate the effects of this macrolide on the inflammatory 

response to specific stimuli. To this aim we studied the AZM effects on TNF-α mRNA 

expression induced in CF cells by supernatants collected by different P. aeruginosa clinical 

strains cultures. 
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MATERIALS AND METHODS 

 

Cell cultures. 
IB3-1 cells, an adeno-associated virus-transformed human bronchial epithelial cell line 

derived from a CF patient (ΔF508/W1282X), and C-38 cells, the rescued cell line which 

expresses a plasmid encoding a copy of functional CFTR, were a kind gift from Pamela 

Zeitlin (Johns Hopkins University, Baltimore, MD, USA); the non-CF isogenic cell line S9, 

corrected by transfection with wild-type adeno-associated viral CFTR, was purchased from 

LGC Promochem (Teddington, UK) [86,87]. Cells were grown in LHC-8 media (Biosource, 

Camarillo, CA, USA) supplemented with 5% foetal bovine serum (FBS) (Cambrex Bio 

Science, Verviers, Belgium). 

2CFSMEo- cells, a SV40-transformed tracheobronchial submucosal gland epithelial cell line 

derived from a CF patient (ΔF508/unknown), obtained from D. Gruenert (University of 

California, San Francisco, CA, USA) [88], were grown in Eagle's MEM (Cambrex Bio 

Science, Verviers, Belgium) supplemented with 10% FBS and 1% L-glutammine (Cambrex 

Bio Science). 

All culture flasks and plates are coated with a solution of LHC-basal medium (Biosource) 

containing 35 μg/ml bovine collagen (BD Biosciences, Bedford, MA, USA), 1 μg/ml bovine 

serum albumin (BSA, Sigma, St. Louis, MO, USA) and 10 μg/ml human fibronectin (BD 

Bio Science) as described [87]. 

 

Collection of bacterial supernatants. 
PAO1, a prototypic laboratory strain, the isogenic mucoid PDO 300, and clinical isolates of 

P. aeruginosa, kindly provided A. Bragonzi (San Raffaele, Milan, Italy), were inoculated 

onto trypticase soy agar (Difco, BD Biosciences) plates and allowed to grow at 37°C 

overnight. They were then inoculated into modified Vogel-Bonner medium (MVBM) and 

incubated overnight with continuous agitation. To prepare MVBM [89], MgSO4 3.3 mM 

(Sigma), citric acid 10 mM, NaNH4HPO4 28 mM (Sigma), K2HPO4 37 mM (Sigma) were 

dissolved in apirogen water. After autoclaving, filter sterilized potassium D-gluconate 214 

mM (Sigma) was added. The final pH was 7.2. 

The day after, P. aeruginosa cells were diluted in MVBM at a concentration of 1 x 108 

cfu/mL (OD of 0.1 at 600 nm) with or without 8 μg/ml AZM (Pfizer, Roma, Italy). These 

concentrations, which are in the sub-MIC range for P. aeruginosa, are consistent with those 
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described in lungs of patients treated with AZM [90]. In the presence of AZM for 24 hrs at 8 

μg/ml the cell viability was >95% as determined by Tripan Blue exclusion test while at 

higher concentrations starting from 16 μg/ml the viability was <95%. The cultures were 

incubated at 37°C for 16 hours with continuous agitation in aerobiosis or in an anaerobic jar 

in microaerophilic conditions by adding a sachet containing ascorbic acid as active 

component (Oxoid, Basingstoke, UK). 

The cultures were then normalized to an optical density of 0.2 OD at 600 nm by adding 

MVBM. Supernatants from normalized bacterial cultures were collected by centrifugation 

(4000g, 20 min, 4°C) and filtered through a 0.22-µm filter to remove any remaining bacteria 

and stored at -80°C. 

 
Cells treatments. 
Cells were seeded in a concentration of 4.5 x 105 cells/cm2 for 4 hours experiments, 2.5 x 105 

cells/cm2 for 24 hours experiments and 1 x 105 cells/cm2 for 72 hours experiments. After 24 

hours, cells were exposed to 8 μg/ml AZM and/or JM (Yamanouchi Pharmaceutical, Japan) 

to study constitutive gene expression. For long-lasting experiments cells were split whenever 

they were confluent and every time AZM was added to the culture medium. For studies 

concerning stimulated gene expression, 24 hours after the sedimentation cells were pre-

incubated with AZM 8 μg/ml for 2 hours; after that LPS derived by P. aeruginosa 10 μg/ml 

(Sigma) or 10 % of P. aeruginosa strains’ supernatants were added to the cell cultures. AZM 

has been utilized also at lower concentrations up to 0.25 μg/ml and for 6 or 72 hrs obtaining 

no statistically significant effects. 

 

RNA isolation, reverse transcription and quantification. 
Cells, treated as described above, were washed with PBS and lysed. 

Total RNA was extracted using High Pure RNA Isolation Kit (Roche, Mannheim, Germany), 

following the Supplier’s instructions. In particular, cells are resuspended in a lysis buffer 

containing guanidine-HCl and Triton X-100 in a filter, and then centrifuged and the 

flowthrough liquid discarded. After incubation with a DNase solution for 20 min, the filter 

was washed firstly with a wash buffer containing guanidine-HCl and then with a wash buffer 

containing NaCl. Finally, after discarding the flowthrough liquid, the RNA was eluted with 

nuclease-free double-distilled water. 
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Reverse transcription (RT) was performed using the High Capacity cDNA Archive kit 

(Applied Biosystems, Foster City, CA, USA): 1 μg of total RNA was reverse transcribed in 

the presence of random hexamers 1X, dNTPs 2.5X, RNAse Inhibitor 100 U, Multiscribe 

Reverse Transcriptase 250 U and Reverse Transcriptase Buffer 1X in a total volume of 100 

μl, for 10 min at 25°C and 2 hours at 37°C. As negative control, the reaction was also 

performed in the absence of RNA. 

Relative quantification of gene expression was performed by real time quantitative PCR 

analysis as described by the manufacturer (Applied Biosystems User Bulletin 2). The cDNA 

(5 μl) was amplified using the Platinum® SYBR® Green qPCR SuperMix-UDG (Invitrogen, 

Grand Island, NY, USA) in the ABI Prism 5700 sequence detection system. Human MRP1, 

MDR1, TNF-α, IL-6, IL-8, ICAM1, GAPDH and CK-15 sequences were amplified in 

separate tubes. The primers (Sigma-Genosys, St. Louis, MO, USA), selected by Primer 

Express Software (Applied Biosystems), are indicated in table 1. The PCR thermal protocol 

consisted of 2 min at 50°C, a denaturation step at 95°C for 2 min followed by 50 cycles of a 

15 sec 95°C denaturation step and a 30 sec annealing/extension step at 60°C. The real-time 

PCR reactions were performed in duplicates for both target and normalizer genes. Relative 

quantification of gene expression was performed using the comparative threshold (CT) 

method as described by the manufacturer (Applied Biosystems User Bulletin 2). Changes in 

mRNA expression level were calculated following normalization to GAPDH or CK-15. 

Results were expressed as mean ± standard deviation (SD). 
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Table 1. Primer sequences utilized in the quantitative PCR analysis 
 

gene 

 

 sequence (5’>3’) accession 

number 

primer 

concentration* 

MRP1 FW GGGCCTCTCAGTGTCTTACTCATT NM_004996 25 

 RV ACATCCGAACCAGCCAGTT  25 

MDR1 FW AGCTTAGTACCAAAGAGGCTCTGGA NM_000927 450 

 RV TCCAAAAGGAAACTGGAGGTATACTT  450 

TNF-α FW GGACCTCTCTCTAATCAGCCCTC NM_000594 25 

 RV TCGAGAAGATGATCTGACTGCC  25 

IL-6 FW CGGTACATCCTCGACGGC NM_000600 25 

 RV CTTGTTACATGTCTCCTTTCTCAGG  450 

IL-8 FW GACCACACTGCGCCAACA AF385628.2 150 

 RV GCTCTCTTCCATCAGAAAGTTACATAATTT  150 

ICAM1 FW TATGGCAACGACTCCTTCTCG NM_000201 150 

 RV CTCTGCGGTCACACTGACTGA  150 

GAPDH FW GTGGAGTCCACTGGCGTCTT J04038 25 

 RV GCAAATGAGCCCAGCCTTC  150 

CK-15 FW GGCTGGCTGCGGACG AF202320 150 

 RV GCAGGGCCAGCTCATTCTC  150 

 

*concentration used for FW/RV primers (nM) 
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Flow cytometry. 
To fix and permeabilize cells, we used the Cytofix/Cytoperm kit (BD Biosciences 

Pharmingen, Palo Alto, CA, USA) according to the manufacturer’s instructions. Cells were 

detached in the presence of EGTA, then washed and resuspended. Cytofix/Cytoperm 

solution was added for 20 min at 4°C. After two washings with a buffer containing saponin 

as permeabilizing agent, cells were stained with the phycoerythrin conjugated mouse 

monoclonal antibody anti-MRP1 QCRL-1 (Santa Cruz Biotechnology, CA, USA); 

permeabilization was assessed by staining of β−actin as cytoplasmic positive control. 

Previously the primary mouse anti-MRP1 MRPm6 monoclonal antibody (MP Biomedicals, 

Irvine, CA, USA) and a secondary phycoerythrin conjugated antibody were utilized with 

similar results. The phycoerythrin conjugated mouse monoclonal antibody anti-MDR1 from 

clone 17F9 (Santa Cruz Biotechnology) was utilized for MDR1 staining. Irrelevant isotypic 

phycoerythrin conjugated antibodies were utilized as negative controls. Cytofluorimetric 

analysis was performed using FACScan (BD). 

 

Gene reporter studies. 
Cells were transiently cotransfected using FUGENE 6 (Roche) according to the 

manufacturer’s instructions with the reporter vector including the 5’ flanking region of 

MRP1 driving the expression of luciferase as reporter gene (kindly provided by Dr. Deeley, 

Queen's University, Ontario, Canada) and a beta-galactosidase expressing vector utilised for 

normalisation. In particular 3 μl of Fugene and 2 μg of the combination of vectors were 

added to the serum-free culture medium and mixed. After at least 15 min the solution was 

added to the cells. 

The day after the transfection cells were incubated for 24 h with or without AZM 8 μg/ml. 

Luciferase activity was determined using the Luciferase Assay System (Promega, Madison, 

WI, USA) according to the manufacturer’s instructions. After the wash with PBS and the 

addition of lysis buffer, cells were scraped, collected in a tube and put at –80° for 15 min to 

increase the signal. After that, the lysate was vortexed and centrifuged (max speed for 15 

sec). The supernatant was collected and stored at –80°C. To analyse βgal activity, the cell 

lysate was incubated in a solution containing Mg2+, ONPG (o-nitrophenyl-beta-d-

galactopyranoside) and Na+ phosphate. Within 30 min, in the presence of the yellow colour, 

the reaction was stopped by adding Na2CO3. After that, the solution was read at 420 nm. To 

evaluate luciferase activity, the luciferase assay solution was added to the cell lysate and the 
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mix was read at the luminometer. Luciferase activity in cells transfected with the insert-less 

reporter vector was almost undetectable. We assessed that our method is able to detect 

variations, as described [91], since we measured significantly different levels of luciferase 

activity using a reporter vector including a region of the IL-8 promoter inducible by TNF-α. 
 

 

TNF-α secretion. 
Growth media were collected at the end of the experiments above described, centrifuged and 

the supernatants were stored at –80°C. Released TNF-α was determined using an ELISA kit, 

the TNF-α EASIA kit (Bender MedSystems, Wien, Austria), according to the 

manufacturer’s instructions. Briefly, samples, standards and blanks were inoculated in 

microwells coated with polyclonal antibody (rabbit) to human TNF-α, then biotin-conjugate 

was added.  After 2 hours with shaking, wells were washed four times and streptavidin-HRP 

was added to all wells. After 1 hour with shaking, all wells were washed 4 times and then 

incubated with TMB substrate solution (tetramethylbenzidine and H2O2) for about 10 

minutes. The reaction was stopped by adding the stop solution containing phosphoric acid 

when the highest standard developed a dark blue colour. After that, the absorbance at 450 nm 

was read on a spectro-photometer. The limit of detection was 3.83 pg/ml. 

Measurements were performed at least in duplicate. Values were normalized to 106 cells; 

results were expressed as mean ± SD. 

 

DNA binding activity studies. 

DNA binding activity of NF-kB and Sp1 was measured in nuclear extracts using TransAM 

kit (Active Motif, Belgium) and Mercury Transfactor Profile kit (Clontech, USA), 

respectively, according to the manufacturer’s instructions. 

To evaluate NF-kB DNA binding, binding buffer was added to the wells coated with an 

oligonucleotide containing the NF-kB consensus site 5’-GGGACTTTCC-3’. Then 5 μg of 

nuclear extracts diluted in lysis buffer were added to the sample wells. Blank wells were 

inoculated with lysis buffer and positive control wells with Jurkat nuclear extracts. After 1 

hour with mild agitation, wells were washed and anti-NF-kB p65 antibody was added for 1 

hour. After washing anti-IgG HRP-conjugated antibody was added. After 1-hour incubation 

and washing, developing solution was added for 2-10 min till medium to dark blue colour 

was developed. Then stop solution was added and the plate was read at 450 nm. 
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A 96-well plate coated with an oligonucleotide containing the Sp1 consensus binding site 5’-

GGGGCGGGG-3’was utilized to evaluate Sp1 DNA binding. TransFactor blocking buffer 

was added to all wells for 15 min. After removing it, 5 μg of nuclear extracts diluted in 

TransFactor blocking buffer were added. Nuclear extracts obtained from MCF-7 cells were 

utilized as positive control. After 1 hour, wells were washed and incubated with the primary 

anti-Sp1 antibody for 1 hour. After washing three times, the secondary anti-mouse IgG-HRP 

antibody was added for 30 min. After 4 washing four times, wells were incubated with TMB 

solution for 10 min. When blue colour developed in the positive control wells, reaction was 

stopped by adding H2SO4 and absorbance was read at 450 nm. 

Measurements were performed at least in duplicate; results were expressed as mean ± SD. 

Experiments were performed following incubation of cells with AZM 8 μg/ml for 4 or 24 hrs 

obtaining very similar results. 

 

Statistical analysis. 

Statistical calculations and tests were performed using Student’s t test considering p≤0.05 as 

limit of statistical significance. All data were expressed as mean ± standard deviation (SD). 
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RESULTS 
Possible induction of complementation by ATP binding cassette 

superfamily proteins by AZM treatment. 
Constitutive MRP1 and MDR1 transcript levels in CF versus non-CF cells.  

Real-time qPCR was utilised to evaluate the expression of MRP1 and MDR1 mRNAs. A 2.5 

and 3.2 folds higher levels of MRP1 mRNA were detected in CF cells IB3-1 versus non-CF 

cells C38 and S9 (p<0.01 and p<0.001 respectively, n=4, Fig 1A). IB3-1 cells expressed 

66% MDR1 mRNA respect to C38 (n=4, not significant) and 13% compared with S9 cells 

(p<0.01, n=4) (Fig 1B). 

Constitutive MRP1 and MDR1 protein levels in CF versus non-CF cells. 

MRP1 and MDR1 protein expression was evaluated by flow cytometry in order to establish 

if the mRNA regulation could have a functional relevance. The results of the MRP1 and 

MDR1 analysis are shown in Fig. 2A and 2B, respectively. The analysis revealed no 

differences of MRP1 and MDR1 protein expression levels among all CF and non-CF 

isogenic cell lines. 

Effects of AZM on MRP1 and MDR1 transcript expression. 

To address the question whether AZM could modulate MRP1 and MDR1 expression, we 

performed a time course experiment in which IB3-1 cell line had been exposed to 8 μg of 

AZM for 1, 3, 7 and 14 days. Figure 3 shows the results obtained from MRP1 and MDR1 

quantification in IB3-1 cells by real-time qPCR. We observed a less than 30% increase in 

transcript level of MRP1 after 1 and 3 days of treatment (p<0.01 and p<0.01 respectively, 

n=4), which was not maintained after 7 and 14 days (Fig 3A). AZM decreased MDR1 

expression of less than 30% after 14 days of incubation (p<0.01, n=4) (Fig 3B). A different 

CF cell line as 2CFSMEo- was then tested in the same conditions, in order to establish 

whether the changes in MRP1 and MDR1 transcript expression detected with IB3-1 could be 

reproduced. In 2CFSMEo- cells we found no regulation in MRP1 (Fig 4A) and MDR1 (Fig 

4B) expression by AZM treatment at all times tested. 

Effects of AZM on MRP1 and MDR1 protein expression. 

Even if AZM does not appear to consistently modulate MRP1 and MDR1 transcript levels, 

we investigated whether protein expression might be modulated at post-transcriptional level. 

We performed time course experiments using IB3-1 and 2CFSMEo- cell lines exposed to 8 

μg of AZM for a minimum of 24 h to a maximum of 4 weeks. MRP1 and MDR1 protein 

expression was evaluated by flow cytometry. No differences between treated and untreated 
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cells after 24 h, 72h, 1 week, 2 weeks and 4 weeks of treatment were detected. 

Representative results of MRP1 and MDR1 protein analysis after 24 h and 4 weeks of 

treatment of IB3-1 and 2CFSMEo- cells are shown in Fig. 5A and 5B, respectively. 

Effects of AZM on MRP1 promoter activity. 

We proceeded to assess whether AZM may affect at least transcription of MRP1 in our 

models. We then analysed by gene reporter studies the effects of AZM (8 μg/ml for 24 h) on 

the MRP1 promoter activity in IB3-1 and 2CFSMEo- cell lines. We did not detect 

statistically significant differences in the reporter activity in treated versus untreated IB3-1 

and 2CFSMEo- cells as shown in Fig. 6 consistently with our findings previously reported in 

another CF airway epithelial cell line [85]. 

 

Possible anti-inflammatory properties of AZM. 

Effects of AZM on constitutive TNF-α  mRNA expression. 

We measured the expression levels of TNF-α gene. All cell lines constitutively expressed 

TNF-α mRNA, however the level of basal expression in CF cells was significantly higher 

than in isogenic non-CF cells (see Fig 7). We confirmed this differential TNF-α expression 

using cells at different passages as well as after 96 hours from sedimentation (data not 

shown). Following exposure of CF cell lines to 8 μg of AZM for 24 hours we found that this 

macrolide reduced TNF-α  mRNA of about 35% in IB3-1 (n=5, p<0.001, Fig 7A), 

approximately to the levels of untreated isogenic non-CF cells C38. A 30% reduction of 

TNF-α mRNA was detected in 2CFSMEo- cells after AZM treatment (n=5, p<0.01, Fig 7B). 

The macrolide JM, known to lack clinical anti-inflammatory properties, had no significant 

effects on TNF-α  mRNA expression in all cell lines (data not shown). 

Effects of AZM treatment on constitutive IL-6 mRNA expression. 

In terms of IL-6 mRNA expression we found no statistically significant differences between 

CF cell lines and isogenic non-CF cells (see Fig 8). We then exposed CF cell lines to 8 μg of 

AZM for 24 hours. AZM had no statistically significant effects on IL-6 mRNA expression in 

IB3-1 and 2CFSMEo- cells (Fig 8A and 8B respectively). 

Effects of AZM on constitutive TNF-α  protein levels. 

We confirmed the higher TNF-α  expression in CF cells in comparison to isogenic non-CF 

cells also at protein level (see Fig 9). Treatment with 8 μg of AZM was effective in reducing 

TNF-α protein levels of 45% in IB3-1 treated for 24 hours (n=3, p<0.05, Fig 9A), to the 
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levels observed in untreated isogenic non-CF cells C38. Furthermore AZM reduced TNF-α  

protein expression of 40% in 2CFSMEo- (n=3, p<0.01, Fig 9B). 

Effects of AZM on constitutive NF-kB DNA binding activity. 

We found that IB3-1 cells showed twofold-higher constitutive NF-kB DNA binding levels 

than isogenic non-CF cells C38 (n=3, p<0.01, Fig 10A). Following exposure of CF cell lines 

to 8 μg/ml AZM for 24 hours the NF-kB DNA binding activity in IB3-1 cell line was 

reduced of 40%, nearly to the levels of untreated C38 cells. A 45% reduction of NF-kB DNA 

binding activity was detected in 2CFSMEo- cells after AZM treatment (n=3, p<0.05, Fig 

10B). Furthermore, JM had no effects on NF-kB DNA binding activity (data not shown). 

Effects of AZM on constitutive Sp1 DNA binding activity. 

We decided to evaluate whether AZM could affect the levels of Sp1 DNA binding. We did 

not detect statistically significant differences in the constitutive Sp1 DNA binding levels in 

IB3-1 cells versus isogenic non-CF C38 cells, as shown in Fig. 11A. After 24 hours of 

treatment with 8 μg of AZM, 60% and 65% Sp1 DNA binding activity reductions were 

detected in IB3-1 and 2CFSMEo- cells respectively (n=3, p<0.01 and p<0.05 respectively, 

Fig 11B). JM was not effective also on Sp1 DNA binding activity (data not shown). 

Effects of AZM on IL-8, TNF-α and IL-6 mRNA induction by LPS stimulation. 

We measured the mRNA levels of IL-8, TNF-α and IL-6 genes. Treatment with 10 μg/ml of 

LPS derived by P. aeruginosa for 4 hours or the use of lower concentrations had no effect on 

the abovementioned genes expression (data not shown). On the contrary, the induction of 

expression of IL-8, TNF-α and IL-6 genes in CF cells IB3-1 treated with 10 μg/ml of LPS 

for 24 hours was significantly higher than in isogenic non-CF cells C38 (see Fig 12A). The 

incubation of CF cells with 8 μg of AZM from 2 hours before the addition of LPS and for all 

the treatment reduced IL-8 and IL-6 mRNA of about 30% and TNF-α mRNA of about 40% 

in IB3-1 cells (p<0.01, Fig 12A). A 55% reduction of IL-8 and IL-6 mRNA and a 35% 

reduction of TNF-α mRNA induced by LPS were detected in 2CFSMEo- cells after AZM 

treatment (n=5, p<0.001, p<0.001 and p<0.05 respectively, Fig 12B). JM had no significant 

effects on IL-8, TNF-α and IL-6 mRNA induction after LPS treatment in both cell lines 

(data not shown). 

Effects of AZM on ICAM1 mRNA induction by LPS stimulation. 

We then measured the mRNA levels of ICAM1 after treatment with LPS derived by P. 

aeruginosa for 24 hours. The induction of expression of ICAM1 gene in CF cells IB3-1 

treated with 10 μg/ml of LPS for 24 hours was significantly higher than in isogenic non-CF 
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cells C38 (see Fig 13A). The incubation of CF cells with 8 μg of AZM from 2 hours before 

the addition of LPS and for all the treatment had no inhibitory effects on ICAM1 mRNA 

induced by LPS nor in IB3-1 cells (Fig 13A) neither in 2CFSMEo- cells (Fig 13B). JM was 

not effective on ICAM1 mRNA induction after LPS treatment in both cell lines (data not 

shown). 

Effects of AZM on TNF-α mRNA induction by stimulation with P. aeruginosa strains’ 

supernatants. 

We measured the levels of TNF-α mRNA after we treated cell lines with 10% of 

supernatants derived by P. aeruginosa strains for 4 hours. The supernatants derived from 

different strains (indicated below the graph) lead to differential amounts of induction of 

TNF-α mRNA both in IB3-1 (Fig 14A) and in 2CFSMEo- cells (Fig 14B). The results 

ranged from absence of induction for both cell lines to about two times of TNF-α mRNA 

induction in IB3-1 (Fig 14A) and about 3.5 times of induction in 2CFSMEo- cells (Fig 14B).  

Similar results were obtained for IL-8, ICAM1 and IL-6 mRNA (data not shown).  The 

incubation of CF cells with 8 μg of AZM from 2 hours before the addition of the 

supernatants and for all the treatment had inhibitory effects on TNF-α mRNA induced by the 

supernatants of only some strains in both cell lines (Fig 14) with an inhibition range from 

25% to 35%. Similar results were obtained also for IL-8 and IL-6 mRNA mRNA (data not 

shown). On the contrary, ICAM1 mRNA induction by supernatants was not reduced by 

AZM treatment in any case (data not shown). 
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FIGURE 1. Constitutive expression of MRP1 and MDR1 mRNA in CF cells IB3-1 and 

isogenic non-CF C38 and S9 cell lines. Total RNA was extracted and retrotranscribed. The 

results of MRP1 (A) and MDR1 (B) mRNA quantification are based on real-time q-PCR 

analysis as described in materials and methods. The values represent the expression levels 

relative to IB3-1 (means ± SD). The experiment was repeated four times. **p<0.01, 

***p<0.001. 
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FIGURE 2. Constitutive expression of MRP1 and MDR1 proteins in CF cells IB3-1 and 

isogenic non-CF C38 and S9 cell lines. Expression of MRP1 and MDR1 proteins analyzed 

by flow cytometry in IB3-1 (CF), C38 and S9 (both non-CF) cell lines stained with the 

specific antibody anti-MRP1 (A) and anti-MDR1 (B). The black histogram is the negative 

isotypic control and is representative for all cell lines. In the presence of the specific 

antibodies, histograms for each cell line are shown in different colours according to the 

legend. Experiments are representative of at least three performed with very similar results. 
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FIGURE 3. Time course analysis of MRP1 (A) and MDR1 (B) mRNA expression in IB3-1 

cells. Total RNA was extracted and retrotranscribed. Real-time q-PCR was performed as 

described in materials and methods. The values represent the expression levels relative to 

untreated cells (means ± SD). The experiment was repeated four times. **p<0.01. 
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FIGURE 4. Time course analysis of MRP1 (A) and MDR1 (B) mRNA expression in 

2CFSMEo- cells. Total RNA was extracted and retrotranscribed. Real-time q-PCR was 

performed as described in materials and methods. The values represent the expression levels 

relative to untreated cells (means ± SD). The experiment was repeated four times. 
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FIGURE 5. Evaluation of AZM effects on expression of MRP1 and MDR1 proteins. 

Following treatment with AZM for 24 h or 4 weeks, flow cytometry was performed in IB3-1 

(A) and 2CFSMEo- cells (B) stained with the PE-conjugated specific antibody anti-MRP1 or 

anti-MDR1. Black histograms represent the negative isotypic control superimposable in all 

conditions while red and blue histograms correspond to treated and untreated cells, 

respectively, stained with the specific antibody indicated in each panel. Logarithmic 

fluorescence intensity is indicated on the y-axes. Experiments are representative of at least 

three, performed with very similar results.  
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FIGURE 6. MRP1 promoter activity. MRP1 promoter activity was analysed by gene 

reporter assay following AZM treatment. Luciferase activity was normalised to beta-

galactosidase activity in 2CFSMEo- and IB3-1 cells treated for 24 h with AZM and indicated 

on y axis relative to untreated cells as described in materials and methods (means ± SD). 

Both cell lines were assayed three times. 
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FIGURE 7. TNF-α mRNA expression. Expression of TNF-α mRNA in (A) non-CF C38 

cells and isogenic CF IB3-1 cell line and (B) 2CFSMEo- cells at constitutive level and after 

treatment with AZM. Total RNA was extracted and retrotranscribed. The values of TNF-α 

mRNA are based on real-time PCR analysis. The values represent the expression levels 

relative to untreated (A) IB3-1, and (B) 2CFSMEo- cells (means ± SD). The experiment was 

repeated five times. **p<0.01, ***p<0.001. 
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FIGURE 8. IL-6 mRNA expression. Expression of IL-6 mRNA in (A) non-CF C38 cells 

and isogenic CF IB3-1 cell line, and (B) 2CFSMEo- cells at constitutive level and after 

treatment with AZM. Total RNA was extracted and retrotranscribed. The values of IL-6 

mRNA are based on real-time PCR analysis. The values represent the expression levels 

relative to untreated (A) IB3-1 and (B) 2CFSMEo- cells (means ± SD). The experiment was 

repeated five times. 
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FIGURE 9. TNF-α protein release. Secretion of TNF-α in (A) non-CF C38 cells and 

isogenic CF IB3-1 cell line, and (B) 2CFSMEo- cells at constitutive level and after treatment 

with AZM and JM. TNF-α protein levels were measured by commercial ELISA kit. The 

values represent the secretion levels relative to untreated (A) IB3-1 and (B) 2CFSMEo- cells 

(means ± SD). The experiment was repeated three times. *p<0.05, **p<0.01. 
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FIGURE 10.  DNA binding of NF-kB. (A) Constitutive binding to the DNA of NF-kB in 

non-CF C38 cells and isogenic CF IB3-1 cell line. (B) Effect of the treatment with AZM on 

the DNA binding of NF-kB in CF cells (IB3-1 and 2CFSMEo-). NF-kB DNA binding 

activity was analysed using a commercial kit following the manufacturer’s instructions. The 

experiment was repeated three times (means ± SD). *p<0.05, **p<0.01. 
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FIGURE 11. DNA binding of Sp1. (A) Constitutive binding to the DNA of Sp1 in non-CF 

C38 cells and isogenic CF IB3-1 cell line. (B) Effect of the treatment with AZM on the DNA 

binding of Sp1 in CF cells (IB3-1 and 2CFSMEo-). Sp1 DNA binding activity was analysed 

using a commercial kit following the manufacturer’s instructions. The experiment was 

repeated three times (means ± SD). *p<0.05, **p<0.01. 
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FIGURE 12. IL-8, TNF-α and IL-6 mRNA expression. Expression of IL-8, TNF-α and IL-6 

mRNA in (A) non-CF C38 cells and isogenic CF IB3-1 cell line and (B) 2CFSMEo- cells 

after treatment with 10 μg/ml of LPS for 24 hours and with or without treatment with AZM 

8 μg/ml. Total RNA was extracted and retrotranscribed. The values of IL-8, TNF-α and IL-6 

mRNA are based on real-time PCR analysis. The values represent the expression levels 

relative to untreated (A) both C38 and IB3-1, and (B) 2CFSMEo- cells (means ± SD). The 

experiment was repeated five times. The significance inside the columns considering AZM 

treatment is referred to the column preceding without AZM treatment. The significance 

above the columns is referred to the untreated cells. *p<0.05, **p<0.01, ***p<0.001. 
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FIGURE 13. ICAM1 mRNA expression. Expression of ICAM1 mRNA in (A) non-CF C38 

cells and isogenic CF IB3-1 cell line and (B) 2CFSMEo- cells after treatment with 10 μg/ml 

of LPS for 24 hours and with or without treatment with AZM 8 μg/ml. Total RNA was 

extracted and retrotranscribed. The values of ICAM1 mRNA are based on real-time PCR 

analysis. The values represent the expression levels relative to untreated (A) both C38 and 

IB3-1, and (B) 2CFSMEo- cells (means ± SD). The experiment was repeated five times. The 

significance inside the columns considering AZM treatment is referred to the column 

preceding without AZM treatment. The significance above the columns is referred to the 

untreated cells. **p<0.01, ***p<0.001. 
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FIGURE 14. TNF-α mRNA expression. Expression of TNF-α mRNA in (A) IB3-1 cell line 

and (B) 2CFSMEo- cells after treatment with 10% of supernatants derived by P. aeruginosa 

strains for 4 hours and with or without treatment with AZM 8 μg/ml. Total RNA was 

extracted and retrotranscribed. The values of TNF-α mRNA are based on real-time PCR 

analysis. The values represent the expression levels relative to untreated (A) IB3-1, and (B) 

2CFSMEo- cells (means ± SD). The experiment was repeated five times. The significance 

inside the columns considering AZM treatment is referred to the column preceding. The 

significance above the columns is referred to the untreated cells. **p<0.01, ***p<0.001. 
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DISCUSSION 
Long-term treatment with the macrolide antibiotic azithromycin (AZM) has been reported to 

determine improvement of lung disease in CF patients [73-75,77,80,81]. This macrolide may 

exhibit different effects on epithelial cells and on P. aeruginosa, which is a predominant 

cause of decreasing pulmonary function in CF patients [92]. However, the role of AZM has 

not been fully understood. Among various possible mechanisms as effects on tight junctions, 

bacterial growth and virulence factors [92-95], AZM has been suggested to modulate the 

expression of ABC transporters in the airways, thus complementing the CFTR defect, and/or 

to have anti-inflammatory properties. 

The first premise of our work was related to the possibility that the Multidrug Resistance-

associated Protein 1 (MRP1) and the Multidrug Resistance Protein 1 (MDR1), two ABC 

proteins, could have a role in AZM beneficial effects in CF patients. 

The Multidrug Resistance-associated Protein 1 (MRP1) and the Multidrug Resistance 

Protein 1 (MDR1), as well as Cystic Fibrosis Transmembrane Conductance Regulator 

(CFTR), the channel defective in CF, are members of the ATP Binding Cassette superfamily. 

These proteins share related functions supporting complementation among them.  

Lallemand et al [96] reported improvement in lung function and clearance of P.aeruginosa 

infection in a CF patient following chemotherapy for a fibrosarcoma. Because cancer 

chemotherapy can induce overexpression of MRP and MDR, they hypothesized that CFTR 

could be complemented by these close ABC proteins. MDR and MRP mRNAs were detected 

in nasal epithelial cells of this patient but were absent in a CF patient never exposed to 

chemotherapics. Therefore a functional complementation by these ABC transporters could 

explain improvement in lung function in the reported case. Altschuler raised the hypothesis 

that AZM could improve lung function in colonised P. aeruginosa CF patients by inducing 

the expression of ABC transporters [97]. This possibility was corroborated by Pradal et al 

who studied the effects of 4 weeks of treatment with AZM in CF patients showing an 

improvement of chloride transport associated to increased MRP1 mRNA expression [98]. 

We aimed to evaluate whether AZM may affect the expression of ATP Binding Cassette 

superfamily members in vitro. 

At first we investigated the constitutive expression of MRP1 and MDR1 in respiratory 

epithelial cell lines. A co-ordinated mRNA expression among homologous genes in our 

cellular models would be consistent with similar findings relative to CFTR and MDR1 in 

other cell types [67-69]. We found that, although CF cells expressed more MRP1 mRNA and 
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less MDR1 mRNA versus non-CF isogenic cell lines, there were no differences at protein 

level. 

Furthermore, our results indicate minimal sporadic variations in both MRP1 and MDR1 gene 

transcription under AZM treatment but, again, protein levels were unaffected. To rule out the 

possibility that the effect could still occur at the transcription level but that RNA could be 

rendered more unstable by the treatment in our model, we studied the effects of AZM on the 

MRP1 promoter activity by gene reporter assays. AZM did not affect the reporter activity in 

treated CF cells. 

Considering the possibility of regulation of a different pattern of ABC family members in 

vitro we have been focusing on possible targets of AZM other than MRP1 and MDR1. We 

found that AZM was not effective in regulating mRNA expression of other ABC proteins as 

ABCA1, ABCA13, MRP3, MRP5, CFTR, MDR7 and MDR10 (data not shown). The lack of 

effects in our models in vitro might be due to still unknown mechanism(s) causing also the 

high variability of beneficial effects among patients described by many authors. We have 

investigated the possible relevance of a MRP1 polymorphic site in the response to AZM 

[85]. Work is still in progress in order to identify an eventual MRP1 allele associated to the 

response to AZM and/or to the severity of disease. No statistically significant effects have 

been detected also when we have been trying to overcome the possible variability among 

models by using a nasal CF respiratory epithelial cell line (data not shown). Analysis of gene 

regulation by macrolides have also been performed using microarrays including DNA 

sequences of tens of thousands genes in airway epithelial cells [99], but to our knowledge 

there are no evidences of the regulation of ABC members by AZM to date. However 

variability among experimental models are arising also when other effects of AZM are being 

studied. Experimental models based on primary cell cultures revealed pro-inflammatory 

effects of AZM [100] while anti-inflammatory effects have been described in vivo in animal 

models [101] as well as in patients [74]. 

Nevertheless the data supporting the hypothesis of complementation of CFTR by MRP1 and 

MDR1 following AZM treatment [96-98,102], macrolides effects on ion transport are still 

unclear.  Chloride transport through the apical membrane of airway epithelial cells measured 

as nasal potential differences (NPDs) was unchanged in CF mice following treatment with 

clarithromycin or AZM as well as in CF patients treated with clarithromycin [103]. Equi et al 

[78] reported essentially unchanged NPDs as well as CFTR and MDR mRNA levels in nasal 

epithelial cells in CF patients treated with AZM. Even if erythromycin induced the up-
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regulation of the MDR1 expression in the liver of rhesus monkeys [104], this macrolide has 

been reported to inhibit the interferon-gamma induced activity of an outwardly rectifying 

chloride channel in a human bronchial epithelial cell line [105]. Moreover Tagaya et al [106] 

showed that erythromycin decreased the chloride diffusion potential difference across rabbit 

tracheal mucosa and that clarithromycin treatment decreased sputum production in patients 

affected by chronic bronchitis or bronchiectasis. They suggested that 14-membered 

macrolides could reduce chronic airway hypersecretion probably by inhibiting chloride 

secretion and the resultant water secretion. Furthermore mucus secretion volume was 

decreased in rhinitis patients after treatment with clarithromycin [107]. 

Our data do not support the hypothesis of induction of ABC transporters by AZM. Perhaps 

additional conditions in vivo or specific genetic background(s) might allow for 

complementary expression at protein levels, as suggested [97].  

We then focused our attention on the hypothesis that AZM could have anti-inflammatory 

properties. 

Several studies indicate that inflammation occurs very early in the lungs of CF patients and 

often seems to precede clear signs of infection [21,22,24]. Moreover, CF airway 

inflammation may manifest as disproportionately increased or prolonged in relation to the 

level of stimuli [13,30,33,36]. However whether a dysregulation of inflammation exists in 

CF patients is debated [23,108]. 

We aimed to establish whether differential expression of a relevant inflammatory marker as 

TNF-α could be detected in our CF cell models since it plays a relevant role in the 

pathogenesis of CF. We also wanted to establish whether AZM could reduce this excessive 

inflammation. 

Data from literature regarding of AZM effects on TNF-α expression are scarce and 

contradictory. Although AZM has been reported to inhibit TNF-α expression in both in vivo 

in animal models and in vitro [109,110], in healthy human subjects sera TNF-α protein 

concentration was unaffected by a 24 hours-long treatment with AZM [83]. In this regard the 

experimental model seems to be critical and in particular differences between CF and non-

CF models are relevant.  

We saw not only that TNF-α constitutive expression was significantly higher in CF versus 

isogenic non-CF cells both at mRNA and protein level, but also that this finding was not 

dependent on cells passage or period from sedimentation. Moreover, we found no 

differential IL-6 mRNA expression between CF and non-CF cell lines.  
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The association between increased inflammatory markers and CFTR mutations is however 

controversial. Aldallal et al [33] found higher IL-8 expression in CF versus non-CF cells in 

cell line models but not in primary cultures, revealing a considerable variability in airway 

epithelial cell inflammation among different individuals and cell models. Becker MN et al 

[111] found no differential IL-8 and IL-6 expression between CF and non-CF cell lines and 

primary cultures respectively. These contradictory results could be due not only to the choice 

of the cell model and its origin but also to different culture conditions. Our experimental 

model consists of two human CF cell lines derived from different airway cell types and one 

of them has been compared to its isogenic non-CF cell line. This experimental model was 

appropriate for reproducing anti-inflammatory effects of AZM described in vivo [74,101].  

As we already pointed out, AZM is receiving increasing attention for its clinical beneficial 

effects in the treatment of CF that might derive from the synergism of different effects, 

including inhibition of P. aeruginosa bacterial growth [92,94], decreased expression of 

bacterial virulence factors [92,93] modulation of inflammatory response [101], ion transport 

[98] and tight junctions [95].  

We found that AZM reduced TNF-α expression at both transcript and protein levels in both 

our CF cell lines, bringing it to the levels of untreated isogenic non-CF cells. Conversely, IL-

6 mRNA expression was not significantly affected by AZM treatment. As we found higher 

expression of TNF-α, but not of IL-6, in CF versus non-CF cells, we can speculate that AZM 

may be effective towards those proinflammatory molecules induced in the constitutive 

inflammation. The specificity of the results is warranted by the observation that JM, a 

macrolide known to lack clinical anti-inflammatory properties [112], was ineffective. 

The possibility that AZM may act at the transcriptional level was tested by measuring the 

DNA binding activity of two transcription factors relevant in the regulation of TNF-α gene, 

NF-kB [113] and Sp1 [114].  

We found that in the presence of AZM NF-kB DNA binding activity in CF cells was reduced 

approximately to the levels detected in isogenic non-CF cells. Also Sp1 DNA binding was 

reduced following treatment with AZM, while activity of this transcription factor was not 

significantly different in CF and non-CF cells. Once again the inhibitory effect was peculiar 

to AZM, as JM had no effect on NF-kB and Sp1 DNA binding activity. Assays of 

transcription factors binding to DNA do not rule out an effect on their activation. This 

approach has been utilized in order to establish whether NF-kB and Sp1 could be considered 
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as targets of AZM potentially involved in the regulation of TNF-α transcription by this 

macrolide.  

Increased NF-kB activation in CF versus isogenic non-CF specimens was observed in 

several studies, both in absence and in presence of stimulation [13,36,46,115] in different 

experimental models. Furthermore, our results are consistent with previous studies 

describing higher NF-kB activation in CF versus non-CF cells in a cellular model utilized in 

this study [13,36]. 

Furthermore, it is of note that therapeutic inhibition of NF-kB has been proposed for 

treatment of inflammatory and immune diseases [116,117]. Decreased levels of TNF-α and 

IL-8, two NF-kB-regulated genes, could reduce the recruitment of neutrophils, which are 

considered responsible for epithelial damage in CF airways [101]. 

Sp1 can functionally cooperate with NF-kB to elicit maximal promoter activation of 

inflammatory genes [118]. Investigating the effects of AZM on Sp1 was considered relevant 

as this transcription factor has been described to regulate several inflammatory genes 

including the chemokine Macrophage Inflammatory Protein-2, heparanase and TNF-α [114] 

and therefore its inhibition could influence inflammatory responses. This approach was 

considered appropriate for investigating a possible mechanism of regulation of TNF-α by 

AZM. Inhibition of Sp1 activity by AZM seems to be a novel effect of this macrolide.  

We obtained very similar results to those described for regulation of TNF-α when we 

analyzed the effects of AZM on IL-8 expression in CF airways epithelial cells [119]. In that 

model transcription factors as NF-kB and AP1 were affected by AZM suggesting possible 

mechanisms of regulation of IL-8 expression.  These data are consisting in supporting anti-

inflammatory effects of AZM.  

Several reports suggest that CF airways are characterized by exaggerated or prolonged 

inflammation even in response to infectious agents [13,28-37].  

We then decided to determine whether LPS derived by P. aeruginosa, a well-known cause of 

chronic infection in CF patients, could induce exaggerated inflammatory response in CF 

cells. 

We saw that CF cells showed higher expression not only of TNF-α but also of IL-8, IL-6 and 

ICAM1 mRNA in comparison to isogenic non-CF cells, after exposition to LPS for 24 hours.  

It is still debated whether CF cells show an exaggerated inflammatory response following 

treatment with different stimuli. Some reports demonstrate similar inflammatory parameters 
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between CF and non-CF cells after stimulation [33,63,111]. The choice of the cell model, its 

origin and the culture conditions could be the cause of contradictory results also in this case.  

Then we found that AZM reduced LPS-induced expression of TNF-α, IL-8 and IL-6 mRNA 

in both our CF cell lines, while it was ineffective in ICAM1 transcript levels. The awareness 

that these effects are peculiar to AZM is warranted again by the observation that JM was 

ineffective. We found scarce data from literature regarding of AZM inhibition of induced 

inflammation in vitro [109,120]. More evidences can be found on AZM inhibition of 

inflammatory markers, as neutrophils and macrophages influx or cytokines and chemokines 

concentration, both in patients and in animal models in vivo [74,83,101,110,121,122]. 

Finally, we wanted to evaluate AZM effect on inflammatory markers induced by P. 

aeruginosa. As AZM is an antibiotic, to avoid its parallel antibacterial effect on P. 

aeruginosa, we used the supernatants collected by different P. aeruginosa strains cultures to 

stimulate our CF cell lines. These supernatants contain various virulence factors and other 

bacterial proteins that might induce inflammation as confirmed by proteomic analysis in 

progress in collaboration with the group of dr. Pierluigi Mauri at the Institute for Biomedical 

Technologies (ITB-CNR), Milan. This analysis might allow us to propose specific bacterial 

factors as pro-inflammatory stimuli as well as targets of AZM.  

We found that not only supernatants collected from different P. aeruginosa strains cultures 

stimulated at different degrees the expression of TNF-α mRNA, but also that AZM could 

reduce these expressions only for some strains in both CF cell lines. Similar results were 

obtained in regards of other cytokines as IL-6 and IL-8, while once again there was no 

reduction in ICAM1 mRNA expression (data not shown). 

The identification of bacterial strains able to induce a pro-inflammatory response sensitive to 

AZM is helping us to establish a murine model of infection appropriate for assessing the 

effects of AZM in vivo, in collaboration with dr. Alessandra Bragonzi at the Institute for 

Experimental Treatment of Cystic Fibrosis, Scientific Institute H.S. Raffaele, Milan.             
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CONCLUSIONS AND PERSPECTIVES 
 

Several hypotheses on the mechanisms of action of AZM have been suggested [92-95]. Our 

data do not support the hypothesis of induction of ABC transporters by AZM. In fact we 

show that AZM had no effects on MRP1 and MDR1 expression.   

Whether inflammation in CF is exaggerated is still controversial [13,23,30,33,36,108]. We 

indicated that CF cells show higher expression of the cytokine TNF-α in comparison to non-

CF cells both in the absence and in the presence of stimuli. 

Our results show that the antibiotic AZM has the features of an anti-inflammatory drug as it 

reduces the constitutive expression of TNF-α in our CF cell lines. We suggested also that 

NF-kB and Sp1 transcription factors, responsible for TNF-α transcriptional regulation, are 

relevant targets whose inhibition might contribute to ameliorate the excessive inflammatory 

response in CF.  

Finally we found that AZM can reduce the expression of TNF-α, IL-8 and IL-6 mRNAs 

after stimulation not only with LPS derived by P. aeruginosa, but also with some 

supernatants collected from different P. aeruginosa clinical strains cultures. 

We grew P. aeruginosa strains in the presence and absence of AZM to evaluate its effect on 

the production of bacterial proteins, but also both in aerobiosis and in microaerophilic 

conditions to point out the relevance of oxygen on the bacterial growth and proteic 

production as CF airways are known to have low oxygen concentration. The proteomic 

studies in collaboration with the group of dr. Mauri indicate bacterial proteins, regulated in 

these different conditions, that could be relevant in CF airways inflammation not only as 

stimuli but also as targets of AZM. Moreover the differential sensitivity of these strains to 

AZM could partially explain the high variability in clinical outcomes among patients treated 

with AZM. Therefore it might suggest an approach for selecting patients to be treated with 

this macrolide. 

In collaboration with dr. Alessandra Bragonzi a mouse model for endobronchial infection 

has been established using a non-mucoid strain of P. aeruginosa, PAO1 [123] (Fig 15). The 

strain was embedded in agar beads and used to infect C57Bl/6 mice by intratracheal 

injection. One or two days following intratracheal bacterial challenge (top and bottom, 

respectively) mice were euthanized and lungs removed. Lung histology of infected mice 

showed that the agar beads, deposited in the bronchial lumen, contained bacterial cells 
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macrocolonies surrounded by polymorphonuclear cells. The infected mice developed 

persistent and stable P. aeruginosa colonization over 1 month resembling that of CF patients. 

Figure 15. Ematoxylin/eosin staining of formalin embedded murine lungs. Agar beads 

containing P. aeruginosa (arrows) were deposited in the bronchial lumen and resulted in 

neutrophil influx 1 (upper) or 2 days (bottom) after intratracheal administration. 

 

 

In future, we aim to use a clinical strain in this murine model. We would choose the strain in 

accordance not only with the modulation of its proteic products by AZM but also with the 

efficacy of this macrolide to inhibit the strain induced inflammation in CF cells. 

In conclusion, we indicated differential transcription factors DNA-binding activity and 

subsequent cytokines expression in CF versus non-CF cells in the absence and the presence 

of stimulation as pathogenetic mechanisms relevant in CF. Furthermore we pointed out the 

role of bacterial products in inducing inflammation in CF airways. Finally we established the 

AZM inhibitory effects on constitutive as well as induced inflammation in CF cell lines.  

Our results could help to optimize AZM use for CF therapy and to suggest molecular 

outcomes. 



 50

REFERENCES 
 

1. Welsh M.J. et al. Cystic fibrosis. In “The Metabolic and Molecular Basis of Inherited 

Disease”. Scriver,C.R.; Beaudet,A.L.; Sly,W.S.; Valle,D. (Eds) McGraw-Hill, New 

York, 2001 

2. Riordan J.R. et al. Identification of the cystic fibrosis gene: cloning and 

characterization of complementary DNA Science 245,1066-1073, 1989 

3. Sheppard D.N. et al. Structure and function of the CFTR chloride channel. Physiol. 

Rev. 79, S23-S46, 1999 

4. Linsdell P. et al. Glutathione permeability of CFTR. Am. J. Physiol. 275, C323–

C326, 1998 

5. Gadsby D.C. et al. Control of CFTR channel gating by phosphorylation and 

nucleotide hydrolysis. Physiol. Rev. 79, S77-S108, 1999 

6. Zhang Y. et al. Genotypic analysis of respiratory mucous sulfation defects in cystic 

fibrosis. J. Clin. Invest. 96(6), 2997-3004, 1995 

7. Travis S.M. et al. Activity of abundant antimicrobials of the human airway. Am. J. 

Respir. Cell Mol. Biol. 20(5), 872-879, 1999 

8. Bevins CL. Scratching the surface: inroads to a better understanding of airway host 

defense. Am. J. Respir. Cell Mol. Biol. 20(5), 861-863, 1999 

9. Saiman L. et al. Pseudomonas aeruginosa pili bind to asialoGM1 which is increased 

on the surface of cystic fibrosis epithelial cells. J. Clin. Invest. 92(4), 1875-80, 1993 

10. Pier G.B. et al. Cystic fibrosis transmembrane conductance regulator is an epithelial 

cell receptor for clearance of Pseudomonas aeruginosa from the lung. Proc. Natl. 

Acad. Sci. U.S.A. 94(22), 12088-12093, 1997 

11. Bonfield T.L. et al. Inflammatory cytokines in cystic fibrosis lungs. Am. J. Respir. 

Crit. Care Med. 152, 2111-2118, 1995 

12. Osika E. et al. Distinct sputum cytokine profiles in cystic fibrosis and other chronic 

inflammatory airway disease. Eur. Respir. J. 14, 339-346, 1999 

13. Venkatakrishnan A. et al. Exaggerated activation of nuclear factor-kappaB and 

altered IkappaB-beta processing in cystic fibrosis bronchial epithelial cells. Am. J. 

Respir. Cell Mol. Biol. 23, 396-403, 2000 

14. Berger M. Inflammatory mediators in cystic fibrosis lung disease. Allergy Asthma 

Proc. 23, 19-25, 2002 



 51

15. Bédard M. et al. Release of interleukin-8, interleukin-6 and colony-stimulating 

factors by upper airway epithelial cells: implications for cystic fibrosis. Am. J. 

Respir. Cell Mol. Biol. 9, 455-462, 1993 

16. Ruef C. et al. Regulation of cytokine secretion by cystic fibrosis airway epithelial 

cells. Eur. Respir. J. 5, 1429-1436, 1993 

17. Bonfield T.L. et al. Altered respiratory epithelial cell cytokine production in cystic 

fibrosis. J. Allergy Clin. Immunol. 104, 72-78, 1999 

18. Bodini A. et al. Biomarkers of neutrophilic inflammation in exhaled air of cystic 

fibrosis children with bacterial airway infections. Pediatr. Pulmonol. 40(6), 494-499, 

2005 

19. Chmiel J.F. et al. State of the art: why do the lungs of patients with cystic fibrosis 

become infected and why can't they clear the infection? Respir. Res. 4, 8-29, 2003 

20. Koehler DR et al. Lung inflammation as a therapeutic target in cystic fibrosis. Am. J. 

Respir. Cell Mol. Biol. 31, 377-381, 2004 

21. Konstan M.W. et al. Current understanding of the inflammatory process in cystic 

fibrosis: onset and etiology. Pediatr. Pulmonol. 24, 137-142, 1997 

22. Rosenfeld M. et al. Early pulmonary infection, inflammation, and clinical outcomes 

in infants with cystic fibrosis. Pediatr. Pulmonol. 32, 356-366, 2001 

23. Dakin C.J. et al. Inflammation, infection, and pulmonary function in infants and 

young children with cystic fibrosis. Am. J. Respir. Crit. Care Med. 165, 904-910, 

2002 

24. Tirouvanziam R. et al. Inflammation and infection in naive human cystic fibrosis 

airway grafts. Am. J. Respir. Cell. Mol. Biol. 23, 121-127, 2000 

25. Tabary O. et al. Selective up-regulation of chemokine IL-8 expression in cystic 

fibrosis bronchial gland cells in vivo and in vitro. Am. J. Pathol. 153, 921-930, 1998 

26. Tabary O. et al. High susceptibility for cystic fibrosis human airway gland cells to 

produce IL-8 through the I kappa B kinase alpha pathway in response to extracellular 

NaCl content. J. Immunol. 164, 3377-3384, 2000 

27. Mall M. et al. Increased airway epithelial Na+ absorption produces cystic fibrosis-

like lung disease in mice. Nat. Med. 10, 487-493, 2004 

28. Ribeiro C.M. et al. Chronic airway infection/inflammation induces a Ca2+i-

dependent hyperinflammatory response in human cystic fibrosis airway epithelia. J. 

Biol. Chem. 280, 17798-17806, 2005 



 52

29. Muhlebach M.S. et al. Quantitation of inflammatory responses to bacteria in young 

cystic fibrosis and control patients. Am. J. Respir. Crit. Care Med. 160, 186-191, 

1999 

30. Muhlebach M.S. et al. Endotoxin activity and inflammatory markers in the airways of 

young patients with cystic fibrosis. Am. J. Respir. Crit. Care Med. 165, 911-915, 

2002 

31. van Heeckeren A. et al. Excessive inflammatory response of cystic fibrosis mice to 

bronchopulmonary infection with Pseudomonas aeruginosa. J. Clin. Invest. 100, 

2810-2815, 1997 

32. Stecenko A.A. et al. Dysregulated cytokine production in human cystic fibrosis 

bronchial epithelial cells. Inflammation 25, 145-155, 2001 

33. Aldallal N. et al. Inflammatory response in airway epithelial cells isolated from 

patients with cystic fibrosis. Am. J. Respir. Crit. Care Med. 166, 1248-1256, 2002 

34. Li J. et al. Signaling intermediates required for NF-kappa B activation and IL-8 

expression in CF bronchial epithelial cells. Am. J. Physiol. Lung Cell. Mol. Physiol. 

284, L307-L315, 2003 

35. Bryan R. et al. Overproduction of the CFTR R domain leads to increased levels of 

asialoGM1 and increased Pseudomonas aeruginosa binding by epithelial cells. Am. 

J. Respir. Cell. Mol. Biol. 19, 269-277, 1998 

36. DiMango E. et al. Activation of NF-kappaB by adherent Pseudomonas aeruginosa in 

normal and cystic fibrosis respiratory epithelial cells. J. Clin. Invest. 101, 2598-2606, 

1998 

37. Kube D. et al. Proinflammatory cytokine responses to P. aeruginosa infection in 

human airway epithelial cell lines. Am. J. Physiol. Lung Cell. Mol. Physiol. 280, 

L493-L502, 2001 

38. Wu G. et al. Glutathione metabolism and its implications for health. J. Nutr. 134(3), 

489-492, 2004 

39. Hudson V. Rethinking cystic fibrosis pathology: the critical role of abnormal reduced 

glutathione (GSH) transport caused by CFTR mutation. Free Radical Biol. M. 30, 

1440–1461, 2001 

40. Gao L. et al. Abnormal glutathione transport in cystic fibrosis airway epithelia. Am. 

J. Physiol. Lung Cell. Mol. Physiol. 277, L113–L118, 1999 



 53

41. Townsend D.M. et al. The importance of glutathione in human disease. Biomed. 

Pharmacother. 57(3-4), 145-155, 2003 

42. Haddad J.J.E. et al. Thiol regulation of pro-inflammatory cytokines reveals a novel 

immunopharmacological potential of glutathione in the alveolar epithelium. J. 

Pharmacol. Exp. Ther. 296, 996–1005, 2001 

43. Makarov S.S. NF-kappaB as a therapeutic target in chronic inflammation: recent 

advances. Mol. Med. Today. 6(11), 441-448, 2000 

44. Ghosh S. et al. Missing pieces in the NF-kappaB puzzle. Cell. 109(Suppl), S81-S96, 

2002 

45. Yamamoto Y. et al. Therapeutic potential of inhibition of the NF-kappaB pathway in 

the treatment of inflammation and cancer. J. Clin. Invest. 107(2), 135-142, 2001 

46. Joseph T. et al. NF-kappaB activation and sustained IL-8 gene expression in primary 

cultures of cystic fibrosis airway epithelial cells stimulated with Pseudomonas 

aeruginosa. Am. J. Physiol. Lung Cell. Mol. Physiol. 288(3), L471-L479, 2005 

47. Greene C.M. et al. TLR-induced inflammation in cystic fibrosis and non-cystic 

fibrosis airway epithelial cells. J. Immunol. 174(3), 1638-1646, 2005 

48. Bouwman P. et al. Regulation of the activity of Sp1-related transcription factors. 

Mol. Cell. Endocrinol. 195, 27-38, 2002 

49. Falvo J.V. et al. Stimulus-specific assembly of enhancer complexes on the tumor 

necrosis factor alpha gene promoter. Mol Cell Biol. 20(6), 2239-2247, 2000 

50. Kadonaga J.T. et al. Distinct regions of Sp1 modulate DNA binding and 

transcriptional activation, Science 242, 1566-1570, 1988 

51. Reisinger K. et al. Increased Sp1 phosphorylation as a mechanism of hepatocyte 

growth factor (HGF/SF)-induced vascular endothelial growth factor (VEGF/VPF) 

transcription. J. Cell. Sci. 116(Pt 2), 225-238, 2003 

52. Hirano F. et al. Functional interference of Sp1 and NF-kappaB through the same 

DNA binding site. Mol. Cell. Biol. 18(3), 1266-1274, 1998 

53. Cole S.P. et al. Overexpression of a transporter gene in a multidrug-resistant human 

lung cancer cell line. Science 258(5088), 1650-1654, 1992 

54. Hurbain I. et al. Evaluation of MRP1-5 gene expression in cystic fibrosis patients 

homozygous for the ΔF508 mutation. Pediatr. Res. 54, 627-634, 2003 

55. Jirsch J. et al. Inwardly rectifying K+ channels and volume-regulated anion channels 

in multidrug-resistant small cell lung cancer cells. Cancer Res. 53, 4156-4160, 1993 



 54

56. Hainsworth A.H. et al. Hypotonicity-induced anion fluxes in cells expressing the 

multidrug-resistance-associated protein, MRP. Eur. J. Physiol. 432, 234-240, 1996 

57. Roum J.H. et al. Systemic deficiency of glutathione in cystic fibrosis. J. Appl. 

Physiol. 75, 2419-2424, 1993 

58. Cho S. et al. Glutathione downregulates the phosphorylation of I kappa B: autoloop 

regulation of the NF-kappa B-mediated expression of NF-kB subunits by TNF-alpha 

in mouse vascular endothelial cells. Biochem. Biophys. Res. Commun. 253, 104-108, 

1998 

59. Haddad J.J. et al. Antioxidant/pro-oxidant equilibrium regulates HIF-1 alpha and NF-

kappa B redox sensitivity: evidence for inhibition by glutathione oxidation in alveolar 

epithelial cells. J. Biol. Chem. 275, 21130-21139, 2000 

60. Leier I. et al. The MRP gene encodes an ATP-dependent export pump for leukotriene 

C4 and structurally related conjugates. J. Biol. Chem. 269, 27807-27810, 1994 

61. Gill D.R. et al. Separation of drug transport and chloride channel functions of the 

human multidrug resistance P-glycoprotein. Cell 71, 23-32, 1992 

62. Valverde M.A. et al. Volume-regulated chloride channels associated with the human 

multidrug-resistance P-glycoprotein. Nature 355, 830-833, 1992 

63. Schwiebert E.M. ABC transporter-facilitated ATP conductive transport. Am. J. 

Physiol. 276, C1-C8, 1999 

64. Roman R.M. et al. Hepatocellular ATP-binding cassette protein expression enhances 

ATP release and autocrine regulation of cell volume. J. Biol. Chem. 272, 21970-

21976, 1997 

65. Roman R.M. et al. Evidence for multidrug resistance-1 P-glycoprotein-dependent 

regulation of cellular ATP permeability. J. Membr. Biol. 183, 165-173, 2001 

66. Braunstein G.M. et al. Cystic fibrosis transmembrane conductance regulator 

facilitates ATP release by stimulating a separate ATP release channel for autocrine 

control of cell volume regulation. J. Biol. Chem. 276, 6621-6630, 2001 

67. Breuer W. et al. Induction of multidrug resistance downregulates the expression of 

CFTR in colon epithelial cells. Am. J. Physiol. 265, C1711-C1715, 1993 

68. Trezise A.E. et al. Co-ordinate regulation of the cystic fibrosis and multidrug 

resistance genes in cystic fibrosis knockout mice. Hum. Mol. Genet. 6, 527-537, 

1997 



 55

69. Trezise A.E. et al. The multidrug resistance and cystic fibrosis genes have 

complementary patterns of epithelial expression. EMBO J. 11, 4291-4303, 1992 

70. Ichikawa Y. et al. Reversible airway lesions in diffuse panbronchiolitis. Detection by 

high-resolution computed tomography. Chest 107, 120-125, 1995 

71. Kudoh S. et al. Improvement of survival in patients with diffuse panbronchiolitis 

treated with low-dose erythromycin. Am. J. Respir. Crit. Care Med. 157, 1829-1832, 

1998 

72. Jaffe A et al. Anti-inflammatory effects of macrolides in lung disease. Pediatr. 

Pulmonol. 31(6), 464-473, 2001 

73. Equi A. et al. Long term azithromycin in children with cystic fibrosis: a randomised, 

placebo-controlled crossover trial. Lancet 360, 978-984, 2002 

74. Wolter J. et al. Effect of long term treatment with azithromycin on disease parameters 

in cystic fibrosis: a randomised trial. Thorax 57, 212-216, 2002 

75. Saiman L. et al. Azithromycin in patients with cystic fibrosis chronically infected 

with Pseudomonas aeruginosa: a randomized controlled trial. JAMA 290, 1749-1756, 

2003 

76. Saiman L. et al. Heterogeneity of treatment response to azithromycin in patients with 

cystic fibrosis. Am. J. Respir. Crit. Care Med. 172, 1008-1012, 2005 

77. Hansen C.R. et al. Long-term azitromycin treatment of cystic fibrosis patients with 

chronic Pseudomonas aeruginosa infection; an observational cohort study. J. Cyst. 

Fibros. 4, 35-40, 2005 

78. Equi A.C. et al. Exploring the mechanisms of macrolides in cystic fibrosis. Respir. 

Med. 100, 687-697, 2006 

79. Baumann U. et al. Long term azithromycin therapy in cystic fibrosis patients: a study 

on drug levels and sputum properties. Can. Respir. J. 11, 151-155, 2004 

80. Pirzada O.M. et al. Improved lung function and body mass index associated with 

long-term use of Macrolide antibiotics. J. Cyst. Fibros. 2, 69-71, 2003 

81. Jaffe A. et al. Long-term azithromycin may improve lung function in children with 

cystic fibrosis. Lancet 351, 420, 1998 

82. Baumann U. et al. Buccal adherence of Pseudomonas aeruginosa in patients with 

cystic fibrosis under long-term therapy with azithromycin. Infection 29, 7-11, 2001 



 56

83. Culic O. et al. Azithromycin modulates neutrophil function and circulating 

inflammatory mediators in healthy human subjects. Eur. J. Pharmacol. 450, 277-289, 

2002 

84. Tateda K. et al. Direct evidence for antipseudomonal activity of macrolides: 

exposure-dependent bactericidal activity and inhibition of protein synthesis by 

erythromycin, clarithromycin, and azithromycin. Antimicrob. Agents Chemother. 40, 

2271-2275, 1996 

85. Nicolis E. et al. The GCC repeat length in the 5'UTR of MRP1 gene is polymorphic: 

a functional characterization of its relevance for cystic fibrosis. B.M.C. Med. Genet. 

7, 7, 2006  

86. Egan M. et al. Defective regulation of outwardly rectifying Cl  channels by protein 

kinase A corrected by insertion of CFTR. Nature 358, 581-584, 1992 

87. Zeitlin P.L. et al. A cystic fibrosis bronchial epithelial cell line: immortalization by 

adeno-12-SV40 infection. Am. J. Respir. Cell. Mol. Biol. 4, 313-319, 1991 

88. Cozens A.L. et al. Characterization of immortal cystic fibrosis tracheobronchial gland 

epithelial cells. Proc. Natl. Acad. Sci. U.S.A. 89, 5171-5175, 1992 

89. Chan R. et al. Influence of culture conditions on expression of the mucoid mode of 

growth of Pseudomonas aeruginosa. J. Clin. Microbiol. 19(1), 8-16, 1984 

90. Di Paolo A. et al. Pharmacokinetics of azithromycin in lung tissue, bronchial 

washing, and plasma in patients given multiple oral doses of 500 and 1000 mg daily. 

Pharmacol. Res. 46(6), 545-550, 2002 

91. Zhu Q. et al. Cloning and sequence analysis of the promoter region of the MRP gene 

of HL60 cells isolated for resistance to adriamycin. Cancer Res, 54, 4488-4492, 1994 

92. Wagner T. et al. Effects of azithromycin on clinical isolates of  Pseudomonas 

aeruginosa from cystic fibrosis patients. Chest 128(2), 912-919, 2005 

93. Tateda K. et al. Potential of macrolide antibiotics to inhibit protein synthesis of 

Pseudomonas aeruginosa: suppression of virulence factors and stress response. J. 

Infect. Chemother. 6(1), 1-7, 2000 

94. Nalca Y. et al. Quorum-sensing antagonistic activities of azithromycin in 

Pseudomonas aeruginosa PAO1: a global approach. Antimicrob. Agents Chemother. 

50(5), 1680-1688, 2006 

95. Asgrimsson V. et al. Novel effects of azithromycin on tight junction proteins in 

human airway epithelia. Antimicrob. Agents Chemother. 50, 1805-1812, 2006 



 57

96. Lallemand J.Y. et al. Induction by antitumoral drugs of proteins that functionally 

complement CFTR: a novel therapy for cystic fibrosis? Lancet 350, 711-712, 1997 

97. Altschuler E.L. Azithromycin, the multidrug-resistant protein, and cystic fibrosis. 

Lancet 351, 1286, 1998 

98. Pradal U. et al. Long-term azithromycin in cystic fibrosis: another possible 

mechanism of action? J. Chemother. 17, 393-400, 2005 

99. Yamanaka Y. et al. Gene expression profiles of human small airway epithelial cells 

treated with low doses of 14- and 16-membered macrolides. Biochem. Biophys. Res. 

Commun. 287(1), 198-203, 2001 

100. Ribeiro C.P. et al. The macrolide azithromycin induces a proinflammatory response 

in human airway epithelia. Abstract. Ped. Pulmonol. Suppl. 28, 238, 2005 

101. Tsai W.C. et al. Azithromycin blocks neutrophil recruitment in Pseudomonas 

endobronchial infection. Am. J. Respir. Crit. Care Med. 170, 1331-1339, 2004 

102. Hurbain I. et al. Evaluation of MRP1-5 gene expression in cystic fibrosis patients 

homozygous for the ΔF508 mutation. Pediatr. Res. 54, 627-634, 2003 

103. Barker P.M. et al. Effect of macrolides on in vivo ion transport across cystic fibrosis 

nasal epithelium. Am. J. Respir. Crit. Care Med. 171, 868-871, 2005 

104. Gant T.W. et al. In vivo induction of liver P-glycoprotein expression by xenobiotics 

in monkeys. Toxicol. Appl. Pharmacol. 133, 269-276, 1995 

105. Ge N. et al. Interferon-gamma activates outwardly rectifying chloride channels in 

the human bronchial epithelial cell line BEAS-2B. J. Med. Invest. 48, 97-101, 2001 

106. Tagaya E. et al. Effect of a short course of clarithromycin therapy on sputum 

production in patients with chronic airway hypersecretion. Chest 122, 213-218, 

2002 

107. Rubin B.K. et al. Effect of clarithromycin on nasal mucus properties in healthy 

subjects and in patients with purulent rhinitis. Am. J. Respir. Crit. Care Med. 155, 

2018-2023, 1997 

108. Armstrong D.S. et al. Lower airway inflammation in infants and young children 

with cystic fibrosis. Am. J. Respir. Crit. Care Med. 156, 1197-1204, 1997 

109. Ianaro A. et al. Anti-inflammatory activity of macrolide antibiotics. J. Pharmacol. 

Exp. Ther. 292, 156-163, 2000 



 58

110. Ivetic Tkalcevic V. et al. Anti-inflammatory activity of azithromycin attenuates the 

effects of lipopolysaccharide administration in mice. Eur. J. Pharmacol. 539(1-2), 

131-138, 2006 

111. Becker M.N. et al. Cytokine secretion by cystic fibrosis airway epithelial cells. Am. 

J. Respir. Crit. Care Med. 169(5), 645-653, 2004 

112. Takizawa H. et al. Erythromycin modulates IL-8 expression in normal and inflamed 

human bronchial epithelial cells. Am. J. Respir. Crit. Care Med. 156, 266-271, 1997 

113. Liu H. et al. TNF-alpha gene expression in macrophages: regulation by NF-kappa B 

is independent of c-Jun or C/EBP beta. J. Immunol. 164, 4277-4285, 2000 

114. Tsytsykova A.V. et al. Inducer-specific enhanceosome formation controls tumor 

necrosis factor alpha gene expression in T lymphocytes. Mol. Cell. Biol. 22, 2620-

2631, 2002 

115. Carrabino S. et al. Dysregulated interleukin-8 secretion and NF-kappaB activity in 

human cystic fibrosis nasal epithelial cells. J. Cyst. Fibros. 5(2), 113-119, 2006 

116. Blease K. et al. Emerging treatments for asthma. Expert Opin. Emerg. Drugs 8, 

71−81, 2003 

117. Suzuki J. et al. Decoy against nuclear factor−kappa B attenuates myocardial cell 

infiltration and arterial neointimal formation in murine cardiac allografts. Gene 

Ther. 7, 1847−1852, 2000 

118. Lee K.W. et al. Sp1-associated activation of macrophage inflammatory protein-2 

promoter by CpG-oligodeoxynucleotide and lipopolysaccharide. Cell. Mol. Life 

Sci. 62(2), 188-198, 2005 

119. Cigana C. et al. Anti-inflammatory effects of azithromycin in cystic fibrosis airway 

epithelial cells. Biochem. Biophys. Res. Commun. 350(4), 977-982, 2006 

120. Ortega E. et al. In vitro and ex vivo effects of erythromycin A, azithromycin and 

josamycin on the splenic response to specific antigens and mitogens. J. Antimicrob. 

Chemother. 49(6), 1031-1034, 2002 

121. Legssyer R. et al. Azithromycin reduces spontaneous and induced inflammation in 

DeltaF508 cystic fibrosis mice. Respir. Res. 7:134, 2006 

122. Parnham M.J. et al. Modulation of neutrophil and inflammation markers in chronic 

obstructive pulmonary disease by short-term azithromycin treatment. Eur. J. 

Pharmacol. 517(1-2), 132-143, 2005 



 59

123. Bragonzi A. et al. Nonmucoid Pseudomonas aeruginosa expresses alginate in the 

lungs of patients with cystic fibrosis and in a mouse model. J. Infect. Dis. 192(3), 

410-419, 2005 

 
 
 
 

 

 

 

 

 

 

 



 60

 



 61

 

 

PUBLISHED ARTICLES 

 

• Nicolis E, Pasetto M, Cigana C, Pradal U, Assael BM, Melotti P. 

The GCC repeat length in the 5'UTR of MRP1 gene is polymorphic: a functional 

characterization of its relevance for cystic fibrosis. 

BMC Med Genet. 2006, 7;7:7.  

 

 

• Cigana C, Nicolis E, Pasetto M, Assael BM, Melotti P.  

Anti-inflammatory effects of azithromycin in cystic fibrosis airway epithelial cells. 

Biochem Biophys Res Commun. 2006, 350(4):977-82. 

 

 

• Cigana C, Assael BM, Melotti P.  

Azithromycin selectively reduces tumor necrosis factor alpha levels in cystic fibrosis 

airway epithelial cells. 

Antimicrob Agents Chemother. 2007, 51(3):975-81.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 62

 



 63

 



 64

 



 65

 



 66

 



 67

 



 68

 



 69

 



 70

 



 71

 



 72

 



 73

 



 74

 



 75

 



 76

 



 77

 



 78

 



 79

 



 80

 
 
ARTICLE SUBMITTED 

TO JOURNAL OF CHEMOTHERAPY 
 
 

EFFECTS OF THE MACROLIDE AZITHROMYCIN ON THE 

EXPRESSION OF ATP BINDING CASSETTE TRANSPORTERS IN 

CYSTIC FIBROSIS AIRWAY EPITHELIAL CELLS 
 

Cristina Cigana, Elena Nicolis, Matteo Pasetto, Baroukh Maurice Assael and Paola Melotti* 

Cystic Fibrosis Center, Azienda Ospedaliera di Verona, Piazzale Stefani 1, 37126 Verona, 

Italy  

 

*Corresponding author. Mailing address: Cystic Fibrosis Center - Azienda Ospedaliera di 

Verona, piazzale Stefani, 1 - 37126 Verona, Italy. Phone: +39 045 8123741. Fax: +39 045 

8122042. E-mail: paolamelotti@azosp.vr.it 
 



 81

ABSTRACT 

Induction of ATP Binding Cassette (ABC) proteins involved in the chloride transport has 

been proposed as possible mechanism of beneficial effects of azithromycin (AZM) in cystic 

fibrosis (CF) patients. This study focused on the effects of AZM on mRNA and protein 

expression of Multidrug Resistance-associated Protein 1 (MRP1) and Multidrug Resistance 

Protein 1 (MDR1) by real-time quantitative PCR, flow cytometry and gene reporter assays in 

two CF and two isogenic non-CF airway epithelial cell lines. We detected higher levels of 

MRP1 and lower levels of MDR1 mRNA in CF versus non-CF cells while both proteins 

were not differentially expressed. Following AZM treatment we found modest differences of 

MRP1 and MDR1 mRNA expression while protein levels were unaffected. The ability of 

AZM to regulate MRP1 promoter transcriptional activity was excluded by gene reporter 

assays. Our data do not support the hypothesis of induction of ABC transporters by AZM. 

 

Keywords: cystic fibrosis; azithromycin; MRP1; MDR1; ABC. 
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INTRODUCTION 

Cystic fibrosis (CF) is an autosomal recessive disease caused by mutations in the Cystic 

Fibrosis Transmembrane Conductance Regulator (CFTR) gene which encodes for a cAMP-

regulated chloride channel. 

Chronic airway inflammation and subsequent progressive lung damage characterise lung 

dysfunction, the major cause of death in CF disease. CF patients, harbouring the same 

mutations show, however, a wide range of disease severity. An explanation could come from 

the presence of endogenous and/or exogenous factors which may complement CFTR 

function (1). As CFTR belongs to the ATP Binding Cassette (ABC) transporter superfamily 

and members of the same family share related functions, a functional complementation of 

CFTR defect by other ABC proteins could be hypothesised (2). Several authors have 

demonstrated a complementary pattern of CFTR and the Multidrug Resistance Protein 1 

(MDR1) expression, suggesting a co-ordinated regulation of these genes (3,4). Among other 

functions, MDR1 has been reported to play a role in the regulation of cell volume activated 

chloride channels and to have chloride channel activity itself (5,6). Moreover MDR1 is 

involved in regulation of an ATP channel (7), as well as CFTR (8). 

Long-term treatment with the macrolide antibiotic azithromycin (AZM) has been reported to 

determine improvement of lung disease in CF patients (9-14), but the mechanisms of action 

of this antibiotic are still undefined. Lallemand et al reported improvement in lung function 

and clearance of Pseudomonas aeruginosa infection in a CF patient following chemotherapy 

for a fibrosarcoma (2). Because cancer chemotherapy can induce overexpression of MRP 

(Multidrug Resistance-associated Protein) and MDR, they hypothesised that CFTR could be 

complemented by these close ABC proteins. MDR and MRP mRNAs were detected in nasal 

epithelial cells of this patient but were absent in a CF patient never exposed to 

chemotherapics. Therefore a functional complementation by these ABC transporters could 

explain improvement in lung function in the reported case. Altschuler raised the hypothesis 

that AZM could improve lung function in colonised P. aeruginosa CF patients by inducing 

the expression of ABC transporters (15). This possibility was corroborated by Pradal et al 

who studied the effects of 4 weeks of treatment with AZM in CF patients showing an 

improvement of chloride transport associated to increased MRP1 mRNA expression (16). 

MRP1 shares a close structural homology with CFTR (17). MRP1 is involved in the 

regulation of chloride transport (18) and in the extrusion of glutathione-S conjugates (GSH). 

GSH amount is decreased in the plasma and bronchoalveolar lavage fluid from CF patients 
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and in the apical fluid from CF airway epithelial cells (19,20). Low levels of GSH may play 

a critical role in the pathogenesis of CF by increasing the susceptibility of the airway to 

oxidative damage during chronic inflammation. Furthermore cellular GSH deficiency is 

related directly to activation of Nuclear Factor kB pathway (21,22), which has been already 

reported to be exaggerated in CF (23). 

In this study we aimed to investigate the expression of ABC members in CF cell lines and 

their regulation by AZM as a possible mechanism of complementation of the CFTR defect in 

CF. 
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MATERIALS AND METHODS 

Cell cultures. The parental IB3-1 cell line from the bronchial epithelium of a CF patient and 

the isogenic non-CF C38 cell line were a kind gift from Pamela Zeitlin (Johns Hopkins 

University, Baltimore, MD, USA); the non-CF isogenic cell line S9 was purchased from 

LGC Promochem (Teddington, UK) (24,25). Cells were grown in LHC-8 media (Biosource, 

Camarillo, CA, USA) supplemented with 5% foetal bovine serum (FBS) (Cambrex Bio 

Science, Verviers, Belgium). The epithelial respiratory cell line 2CFSMEo- was obtained 

from D. Gruenert (University of California, San Francisco, CA, USA) (26), and grown in 

Eagle's MEM (Cambrex) supplemented with 10% FBS and 1% L-glutammine (Cambrex). 

All cell lines were cultured at 37°C in a humidified atmosphere with 5% CO2. 24 h after 

sedimentation, cells were exposed to 8 μg/ml AZM (Pfizer, Rome, Italy) for 1, 3, 7, 14 and 

28 days. This concentration is consistent with those described in lungs of patients treated 

with AZM (27). Lower concentrations were utilised obtaining similar results by flow-

cytometry. Moreover, in the presence of AZM at 8 μg/ml the cell viability was >95% as 

determined by Tripan Blue exclusion test while at higher concentrations starting from 16 

μg/ml the viability was <95%.  

Real-time qPCR. Total RNA was extracted with the Total RNA Isolation kit (Roche, 

Mannheim, Germany) and converted to cDNA using the High Capacity cDNA Archive Kit 

(Applied Biosystems, Foster City, CA, USA) and random primers, following the 

manufacturers instructions.  

The cDNA was amplified using the Platinum® SYBR® Green qPCR SuperMix-UDG 

(Invitrogen, Grand Island, NY, USA). Primer sets (Sigma-Genosys, St. Louis, MO, USA) 

are shown in Table 1. The PCR thermal protocol consisted of 2 min at 50°C, a denaturation 

step at 95°C for 2 min followed by 50 cycles of a 15-s 95°C denaturation step and a 30-s 

annealing/extension step at 60°C.  The real-time qPCR reactions were performed in 

duplicates for both target and normaliser gene. 

Relative quantification of gene expression was performed using the comparative threshold 

(CT) method as described by the manufacturer's User Bulletin 2 (Applied Biosystems). 

Changes in mRNA expression level were calculated following normalisation to GAPDH. 

The results obtained following normalisation were expressed as folds of change over 

untreated samples. 

Flow cytometry. Following fixation and permeabilization using the Cytofix/Cytoperm kit 

(BD Biosciences Pharmingen, Palo Alto, CA, USA) according to the manufacturer’s 
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instructions, cells were stained with the phycoerythrin conjugated mouse monoclonal 

antibody anti-MRP1 QCRL-1 (Santa Cruz Biotechnology, CA, USA); permeabilization was 

assessed by staining of β−actin as cytoplasmic positive control. Previously the primary 

mouse anti-MRP1 MRPm6 monoclonal antibody (MP Biomedicals, Irvine, CA, USA) and a 

secondary phycoerythrin conjugated antibody were utilised with similar results. The 

phycoerythrin conjugated mouse monoclonal antibody anti-MDR1 from clone 17F9 (Santa 

Cruz Biotechnology) was utilised for MDR1 staining. Irrelevant isotypic phycoerythrin 

conjugated antibodies were utilised as negative controls. Cytofluorimetric analysis was 

performed using FACScan (BD). 

Gene reporter studies. Cells were transiently cotransfected using FUGENE (Roche) 

according to the manufacturer’s instructions with the reporter vector including the 5’ 

flanking region of MRP1 driving the expression of luciferase as reporter gene (kindly 

provided by Dr. Deeley, Queen's University, Ontario, Canada) and a beta-galactosidase 

expressing vector utilised for normalisation. The day after the transfection cells were 

incubated for 24 h with or without AZM 8 μg/ml. Luciferase activity was determined using 

the Luciferase Assay System (Promega, Madison, WI, USA) according to the manufacturer’s 

instructions. Luciferase activity in cells transfected with the insert-less reporter vector was 

almost undetectable. We assessed that our method is able to detect variations, as described 

(28), since we measured significantly different levels of luciferase activity using a reporter 

vector including a region of the interleukin 8 promoter inducible by tumor necrosis factor 

alpha. 

Statistical analysis. Statistical calculations and tests were performed using Student’s t test 

considering p≤0.05 as limit of statistical significance. Data were expressed as means and 

standard deviation (SD).  
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RESULTS 

MRP1 and MDR1 transcript levels in CF versus non-CF cells.  

Real-time qPCR was utilised to evaluate the expression of MRP1 and MDR1 mRNAs. A 2.5 

and 3.2 folds higher levels of MRP1 mRNA were detected in CF cells IB3-1 versus non-CF 

cells C38 and S9 (p=0.009 and p=0.0005 respectively, n=4, Fig 1A). IB3-1 cells expressed 

66% MDR1 mRNA respect to C38 (n=4, not significant) and 13% compared with S9 cells 

(p=0.0013, n=4) (Fig. 1B). 

MRP1 and MDR1 protein levels in CF versus non-CF cells. 

MRP1 and MDR1 protein expression was evaluated by flow cytometry in order to establish 

if the mRNA regulation could have a functional relevance. The results of the MRP1 and 

MDR1 analysis are shown in Fig. 2A and 2B, respectively. The analysis revealed no 

differences of MRP1 and MDR1 protein expression levels among all CF and non-CF 

isogenic cell lines (data not shown). 

Regulation of MRP1 and MDR1 transcript expression by AZM treatment. 

To address the question whether AZM could modulate MRP1 and MDR1 expression, we 

performed a time course experiment in which IB3-1 cell line had been exposed to 8 μg of 

AZM for 1, 3, 7 and 14 days. Figure 2 shows the results obtained from MRP1 and MDR1 

quantification in IB3-1 cells by real-time qPCR. We observed a less than 30% increase in 

transcript level of MRP1 after 1 and 3 days of treatment (p=0.009 and p=0.008 respectively, 

n=4), which was not maintained after 7 and 14 days (Fig 2A). AZM decreased MDR1 

expression of less than 30% after 14 days of incubation (p=0.009, n=4) (Fig 2B). A different 

CF cell line as 2CFSMEo- was then tested in the same conditions, in order to establish 

whether the changes in MRP1 and MDR1 transcript expression detected with IB3-1 could be 

reproduced. In 2CFSMEo- cells we found no regulation in MRP1 and MDR1 expression by 

AZM treatment at all times tested (data not shown). 

Regulation of MRP1 and MDR1 protein expression by AZM treatment. 

Even if AZM does not appear to consistently modulate MRP1 and MDR1 transcript levels, 

we investigated whether protein expression might be modulated at post-transcriptional level. 

We performed time course experiments using IB3-1 and 2CFSMEo- cell lines exposed to 8 

μg of AZM for a minimum of 24 h to a maximum of 4 weeks. MRP1 and MDR1 protein 

expression was evaluated by flow cytometry. No differences between treated and untreated 

cells after 24 h, 72h, 1 week, 2 weeks and 4 weeks of treatment were detected. 
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Representative results of MRP1 and MDR1 protein analysis after 24 h of treatment of IB3-1 

and 2CFSMEo- cells are shown in Fig. 3A and 3B, respectively. 

Effects of AZM on MRP1 promoter activity. 

Considering the data reported in vivo about regulation of MRP1 mRNA levels by AZM we 

proceeded to assess whether AZM may affect at least transcription of MRP1 in our models. 

We then analysed by gene reporter studies the effects of AZM (8 μg/ml for 24 h) on the 

MRP1 promoter activity in IB3-1 and 2CFSMEo- cell lines. We did not detect statistically 

significant differences in the reporter activity in treated versus untreated IB3-1 and 

2CFSMEo- cells as shown in Fig. 4 consistently with our findings previously reported in 

another CF airway epithelial cell line (29). 
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DISCUSSION 

The aim of our study was to evaluate whether AZM could affect the expression of ABC 

transporters. Controlled clinical studies have reported that AZM is beneficial in CF patients. 

This macrolide may exhibit different effects on epithelial cells and on the production of 

virulence factors by Pseudomonas aeruginosa which is a predominant cause of decreasing 

pulmonary function in CF patients (30). However, the role of AZM has not been fully 

understood. Among various possible mechanisms AZM has been suggested to modulate the 

expression of MRP1 and MDR in the airways. 

At first we investigated the constitutive expression of MRP1 and MDR1 in respiratory 

epithelial cell lines. A co-ordinated mRNA expression among homologous genes in our 

cellular models would be consistent with similar findings relative to CFTR and MDR1 in 

other cell types (3,4). We found that, although CF cells expressed more MRP1 mRNA and 

less MDR1 mRNA versus non-CF isogenic cell lines, there were no differences at protein 

level. 

Furthermore, our results indicate minimal sporadic variations in both MRP1 and MDR1 gene 

transcription under AZM treatment but, again, protein levels were unaffected. To rule out the 

possibility that the effect could still occur at the transcription level but that RNA could be 

rendered more unstable by the treatment in our model, we studied the effects of AZM on the 

MRP1 promoter activity by gene reporter assays. AZM did not affect the reporter activity in 

treated CF cells. 

Considering the possibility of regulation of a different pattern of ABC family members in 

vitro we have been focusing on possible targets of AZM other than MRP1 and MDR1. We 

found that AZM was not effective in regulating mRNA expression of other ABC proteins as 

ABCA1, ABCA13, MRP3, MRP5, CFTR, MDR7 and MDR10 (data not shown). The lack of 

effects in our models in vitro might be due to still unknown mechanism(s) causing also the 

high variability of beneficial effects among patients described by many authors. We have 

investigated the possible relevance of a MRP1 polymorphic site in the response to AZM 

(29). Work is still in progress in order to identify an eventual MRP1 allele associated to the 

response to AZM and/or to the severity of disease. No statistically significant effects have 

been detected also when we have been trying to overcome the possible variability among 

models by using a nasal CF respiratory epithelial cell line (data not shown). Analysis of gene 

regulation by macrolides have also been performed using microarrays including DNA 
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sequences of tens of thousands genes in airway epithelial cells (31), but to our knowledge 

there are no evidences of the regulation of ABC members by AZM to date. 

MRP1 and MDR1 are closely related to CFTR, both for structure and function. Data 

supporting the hypothesis of complementation of CFTR by MRP1 and MDR1 following 

AZM treatment have been proposed as rationale of this study (1,2,15,16). Nevertheless 

macrolides effects on ion transport are still unclear.  Chloride transport through the apical 

membrane of airway epithelial cells measured as nasal potential differences (NPDs) was 

unchanged in CF mice following treatment with clarithromycin or AZM as well as in CF 

patients treated with clarithromycin (32). Equi et al (33) reported essentially unchanged 

NPDs as well as CFTR and MDR mRNA levels in nasal epithelial cells in CF patients 

treated with AZM. Even if erythromycin induced the up-regulation of the MDR1 expression 

in the liver of rhesus monkeys (34), this macrolide has been reported to inhibit the 

interferon-gamma induced activity of an outwardly rectifying chloride channel in a human 

bronchial epithelial cell line (35). Moreover Tagaya et al (36) showed that erythromycin 

decreased the chloride diffusion potential difference across rabbit tracheal mucosa and that 

clarithromycin treatment decreased sputum production in patients affected by chronic 

bronchitis or bronchiectasis. They suggested that 14-membered macrolides could reduce 

chronic airway hypersecretion probably by inhibiting chloride secretion and the resultant 

water secretion.  

It is evident that the mechanisms of action of macrolides are debated and the reports 

concerning their effects are still controversial. Our data do not support the hypothesis of 

induction of ABC transporters by AZM. Perhaps additional conditions in vivo or specific 

genetic background(s) might allow for complementary expression at protein levels, as 

suggested (15). Defining these conditions would provide interesting therapeutic targets and 

could be critical for improving the use of AZM for treatment of CF. 
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FIGURE LEGENDS 

FIGURE 1. Constitutive expression of MRP1 and MDR1 mRNA in CF cells IB3-1 and 

isogenic non-CF C38 and S9 cell lines. Total RNA was extracted and retrotranscribed. The 

results of MRP1 (A) and MDR1 (B) mRNA quantification are based on real-time q-PCR 

analysis as described in materials and methods. The values represent the expression levels 

relative to IB3-1 (means ± SD). The experiment was repeated four times.  

FIGURE 2. Time course analysis of MRP1 (A) and MDR1 (B) mRNA expression in IB3-1 

cells. Real-time q-PCR was performed as described in materials and methods. The values 

represent the expression levels relative to untreated cells (means ± SD). The experiment was 

repeated four times.  

FIGURE 3. Evaluation of AZM effects on expression of MRP1 and MDR1 proteins. 

Following treatment with AZM for 24 h, flow cytometry was performed in IB3-1 (left) and 

2CFSMEo- cells (right) stained with the PE-conjugated specific antibody anti-MRP1 or anti-

MDR1. Black histograms represent the negative isotypic control superimposable in all 

conditions while red and blue histograms correspond to treated and untreated cells, 

respectively, stained with the specific antibody indicated in each panel. Logarithmic 

fluorescence intensity is indicated on the y-axes. Experiments are representative of at least 

three, performed with very similar results.  

FIGURE 4. MRP1 promoter activity analysed by gene reporter assay following AZM 

treatment. Luciferase activity was normalised to beta-galactosidase activity in 2CFSMEo- 

and IB3-1 cells treated for 24 h with AZM and indicated on y axis relative to untreated cells 

as described in materials and methods. Both cell lines were assayed three times. 
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Table 1 

Real-time primers 

gene 

 

 sequence (5’>3’) accession 

number 

primer 

concentration 

(nM) 

normaliser

gene 

MRP1 FW GGGCCTCTCAGTGTCTTACTCATT NM_004996 25 GAPDH 

 RV ACATCCGAACCAGCCAGTT  25  

MDR1 FW AGCTTAGTACCAAAGAGGCTCTG

GA 

NM_000927 450 CK-15 

 RV TCCAAAAGGAAACTGGAGGTAT

ACTT 

 450  

GAPDH FW GTGGAGTCCACTGGCGTCTT J04038 25  

 RV GCAAATGAGCCCAGCCTTC  150  

CK-15 FW GGCTGGCTGCGGACG AF202320 150  

 RV GCAGGGCCAGCTCATTCTC  150  
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