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Abstract
Introduction: The removal of highly viscous mucus
from the airways is an important task in the treatment
of chronic lung disease like in cystic fibrosis. The in-
halation of recombinant human DNase- I (rhDNase-
I) is used to facilitate the removal of tenacious airway
secretions in different lung diseases and especially in
CF. Little is known about endogenous DNase activity
in the airway surface liquid. Therefore, we analysed
bronchoalveolar lavage fluid (BAL) and exhaled breath
condensate (EBC) for the presence of endogenous
DNase activity.
Methods: The degradation of plasmid DNA by BAL
from patients who had diagnostic bronchoscopy and
bronchoalveolar lavage was analyzed. In a group of
CF patients and healthy control volunteers the exhaled
breath condensate was obtained and also analyzed for
the ability to degrade plasmid DNA. In addition, the
ability of magnesium to activate endogenous DNase
activity in BAL and exhaled breath condensate was in-
vestigated.
Results: The analyzed BAL samples degraded plasmid
DNA only after preincubation with magnesium. When
analyzing the exhaled breath condensate the samples
obtained from the healthy volunteers showed no
DNase activity even after preincubation with magne-
sium, whereas in one of the two samples obtained
from CF patients we found a DNase activity after
preincubation with magnesium.
Conclusion: Increasing the magnesium concentration
in the airway surface liquid by aerosolisation of mag-
nesium solutions or oral magnesium supplements
could improve the removal of highly viscous mucus in
chronic lung disease by activating endogenous DNase
activity.

INTRODUCTION

Cystic fibrosis (CF) is the commonest lethal autoso-
mal-recessive disease in Caucasians, affecting approxi-
mately 30,000 people in the European Union. Progres-
sive pulmonary disease remains the primary cause of
morbidity and mortality, accounting for over 90% of
CF deaths. Improved care has led to an improvement
in the life expectancy: in the 1950s, life expectancy was
less than 1 year, but has steadily risen, with predicted
survival extending to 33.4 years in 2001 [1].
CF is caused by a genetic defect in a single gene lo-

cated on the long arm of chromosome 7 that encodes

the cystic fibrosis transmembrane conductance regula-
tor (CFTR) gene. Defective CFTR function leads to
reduced chloride secretion into the airway lumen and
enhanced sodium reabsorption from it, resulting in re-
duced airway surface liquid volume and underhydrated
mucus, which in turn leads to impaired mucociliary
clearance [2, 3]. An increased bacterial survival in the
airways can be observed and chronic endobronchial
infection, initially with Staphylococcus aureus and
Haemophilus influenzae, and later with Pseudomonas
aeruginosa takes place. An intense inflammatory re-
sponse dominated by an influx of neutrophil granulo-
cytes occurs in response to infection. These neutrophil
granulocytes die together with the bacteria and to a
lesser extent the airway epithelia cells and release their
nuclear DNA which leads to sticky and tenacious mu-
cus secretions which obstruct the airway lumen and re-
duce the already altered mucocililary clearance [4].
The introduction of rhDNase-I aerosolisation in

the treatment of CF patients has improved the re-
moval of tenacious airway surface secretions by hy-
drolyzing the phosphodiester bonds of the DNA
chains, resulting in shorter oligonucleotides. Clinical
trials have shown that rhDNAse improved lung func-
tion in CF patients [5, 6]. Little is known about en-
dogenous DNase activity in the airway surface liquid.
Therefore, we analysed bronchoalveolar lavage fluid
(BAL) and exhaled breath condensate for the presence
of endogenous DNase activity.

METHODS

Bronchoalveolar lavage fluid (BAL) was taken from 4
non-CF patients who gave informed consent and un-
derwent diagnostic bronchoscopy. Patients were re-
cruited through the Department of Internal Medicine,
Klinikum rechts der Isar, Technische Universität
München. Bronchoscopy was carried out on the nasal
route with intravenous sedation with midazolam, and
local anesthesia with 1.5% lidocaine. ECG, pulse
oximetry, and oxygen insufflation (2 L/min) were
maintained throughout the whole procedure. Bron-
choalveolar lavage of the middle lobe or lingual seg-
ment was performed after wedging the bronchoscope
in the respective lung sub-segment with five 20-ml
aliquots of pre-warmed 37 °C phospahte-buffered
saline. Instillation was performed through the working
channel of the bronchoscope via a hand-operated sy-
ringe. The fluid was recovered with the help of a suc-
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tion trap to which mechanical, low negative pressure
(approximately – 40 mm Hg) was applied. The recov-
ery was stored on ice in a siliconised 100 ml container
and immediately transported to the laboratory for fur-
ther processing and analysis. For the removal of cells,
the BAL was centrifuged for 15 min at 270 g and 4 °C,
and the pellet was discarded. After the determination
of phospholipid and protein content, the BAL was
stored at –80 °C. The phospholipid concentration was
in the range of 9-0.56 µg/ml.
Exhaled breath condensate (EBC) was obtained

from two healthy adults and two adult cystic fibrosis
patients by standard procedure. Two CF patients were
recruited trough the Adult Cystic Fibrosis Service at
the Department of Internal Medicine at the Johann
Wolfgang Goethe- Universität Frankfurt/Main. Non-
CF control subjects were recruited from staff at the
Department of Internal Medicine at the Johann Wolf-
gang Goethe- Universität Frankfurt/Main. Prior to
collection of EBC, subjects rinsed their mouths with
water. Subjects then breathed through a Jaeger Eco-
screen EBC collection device (Jaeger, Hoechberg, Ger-
many). Around 500 µl – 800 µl of EBC were collected
from each individual. Samples were stored at -80 °C.

DNASE ACTIVITY IN THE BAL/ EBC

Restriction fragments of 4.5 µg plasmid DNA in dis-
tilled water( EGFP-N1;Palo Alto, USA; generated by
restriction with EcoRI and NotI) were incubated with

BAL or EBC (130 µl) 24h at 37°C in the presence or
absence of 1mM EDTA, 1mM EGTA, 10mM MgCl2.
EDTA and EGTA were added to remove endogenous
calcium and magnesium and establish equal conditions
in all samples. As positive control 0.05 U DNase /µg
DNA in activity buffer was added and incubated for
24h at 37 °C (lane P1 and P2 in Figs. 1 and 2). As nega-
tive control only restriction fragments were added in
the presence (lane N2) or absence of 1mM EDTA,
1mM EGTA, 10mM MgCl2 (lane N1). The reaction was
terminated by the addition of sodiumdodecylsulfate to
a final concentration of 0.5M for 15 min. DNA was re-
covered from the aqueus phase of two subsequent phe-
nol/chloroform extractions and a final extraction with
chloroform, precipitated with two volumes of ethanol,
separated by 1% agarose/TAE gel electrophoresis and
visualized by ethidiumbromide staining.
To compare the effect of magnesium and calcium

ions on DNase activity a DNA degradation assay was
performed in the presence or absence of MgCl2 or
CaCl2. Plasmid DNA (pEGFP-N1) was digested with
ECORI and NOTI and then incubated with DNase-I
at 37 °C with increasing concentrations of MgCl2 or
CaCl2 overnight.

RESULTS

The results of the DNase activity of the tested BAL
samples is shown in Figure 1. At baseline, no DNase
activity could be detected in the samples as evidenced

Fig. 1. Digestion of restricted plasmid DNA (pEGFP-N1,generated by restriction with EcoRI and NotI) by BAL samples or
DNase I (0.05 U/µg DNA). M: Molecular marker; P1: Restriction fragments of plasmid DNA and DNase 0.05U/µg DNA; P2:
Restriction fragments of plasmid DNA and DNase 0.05U/µg in 1mM EDTA, 1mM EGTA, 10mM MgCl2; BAL 1 first lane:
Restriction fragments of plasmid DNA and 130 µl BAL 1; second lane: Restriction fragments of plasmid DNA and 130 µl BAL
1in 1mM EDTA, 1mM EGTA, 10mM MgCl2; BAL 2 first lane: Restriction fragments of plasmid DNA and 130 µl BAL 2; sec-
ond lane: Restriction fragments of plasmid DNA and 130 µl BAL 2 in 1mM EDTA, 1mM EGTA, 10mM MgCl2; BAL 3 first
lane: Restriction fragments of plasmid DNA and 130 µl BAL 3; second lane: Restriction fragments of plasmid DNA and 130 µl
BAL 3 in 1mM EDTA, 1mM EGTA, 10mM MgCl2; BAL 4 first lane: Restriction fragments of plasmid DNA and 130 µl BAL 4;
second lane: Restriction fragments of plasmid DNA and 130 µl BAL 4 in 1mM EDTA, 1mM EGTA, 10mM MgCl2.
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by the intact bands of the restriction fragments of
plasmid DNA. In the presence of additional magne-
sium chloride a strong DNase activity could be detect-
ed in the BAL samples 1 and 2, with an almost com-
plete degradation of plasmid DNA. In the BAL sam-
ples 3 and 4 a weaker DNase activity was observed
(Fig. 1). The analysis of EBC showed no activity in

non CF-Patients. In one of the two tested CF patients
(AK3-CF) a weak DNase activity could be detected af-
ter incubation with magnesium chloride (Fig. 2).
To investigate whether calcium ions could have the

same effect on activation of DNase activity we per-
formed a DNA degradation assay in the presence of
calcium and magnesium ions (Fig. 3). As a result, calci-

Fig. 2. Digestion of restricted plasmid DNA (pEGFP-N1,generated by restriction with EcoRI and NotI) by exhaled airway
condensate or DNase I (0.05 U/µg DNA). M: Molecular marker; P1: Restriction fragments of plasmid DNA and DNase
0.05U/µg DNA; P2: Restriction fragments of plasmid DNA and DNase 0.05U/µg in 1mM EDTA, 1mM EGTA, 10mM MgCl2;
AK 1 first lane: Restriction fragments of plasmid DNA and 130 µl airway condensate 1; second lane: Restriction fragments of
plasmid DNA and 130 µl airway condensate 1 in 1mM EDTA, 1mM EGTA, 10mM MgCl2; AK 2 first lane: Restriction frag-
ments of plasmid DNA and 130 µl airway condensate 2; second lane: Restriction fragments of plasmid DNA and 130 µl airway
condensate 2 in 1mM EDTA, 1mM EGTA, 10mM MgCl2; AK3-CF first lane: Restriction fragments of plasmid DNA and 130
µl airway condensate of CF patient L.L.; second lane: Restriction fragments of plasmid DNA and 130 µl airway condensate of
CF patient L.L. in 1mM EDTA, 1mM EGTA, 10mM MgCl2; AK4-CF first lane: Restriction fragments of plasmid DNA and
130 µl of airway condensate of CF patient H.H. ; second lane: Restriction fragments of plasmid DNA and 130 µl of airway con-
densate of CF patient H.H. in 1mM EDTA, 1mM EGTA, 10mM MgCl2; N1: plasmid DNA (pEGFP-N1) generated by restric-
tion with EcoRI and NotI; N2: plasmid DNA (pEGFP-N1) generated by restriction with EcoRI and NotI in 1mM EDTA,
1mM EGTA, 10mM MgCl2.

Fig. 3. DNase degradation assay. Plasmid DNA (pEGFP-N1) was digested with ECORI and NOTI and then incubated with
DNase-I at 37°C with increasing concentrations of MgCl2 or CaCl2 overnight. First lane, Molecular marker; second lane: Re-
striction fragments of plasmid DNA and 0.05 U/µg DNase in 5 mM MgCl2; third lane, restriction fragments of plasmid DNA
and 0.05 U/µg DNase in 1.67 mM MgCl2; fourth lane, restriction fragments of plasmid DNA and 0.05 U/µg DNase in 0.56
mM MgCl2; fifth lane restriction fragments of plasmid DNA and 0.05 U/µg DNase in 0.19 mM MgCl2; sixth lane, restriction
fragments of plasmid DNA and 0.05 U/µg DNase in 0.06 mM MgCl2; Lane 7, restriction fragments of plasmid DNA and 0.05
U/µg DNase in 5.0 mM CaCl2; lane 8, restriction fragments of plasmid DNA and 0.05 U/µg DNase in 1.67 mM CaCl2; lane 9,
restriction fragments of plasmid DNA and 0.05 U/µg DNase in 0.56 mM CaCl2; lane 10, restriction fragments of plasmid DNA
and 0.05 U/µg DNase in 0.19 mM CaCl2; lane 11, restriction fragments of plasmid DNA and 0.05 U/µg DNase in 0.06 mM
CaCl2.



um had a weaker effect on activation of DNase activi-
ty as compared to magnesium.

DISCUSSION

Airway surface liquid (ASL) is the layer of watery solu-
tion that lies between the airway epithelium and the
gas phase in the lumen of the airways. Bronchoalveo-
lar lavage and exhaled breath condensate do reflect to
some extent the composition of the different sub-
stances which prevail in the ASL. Therefore in this
study we used BAL and EBC as representative sam-
ples of extracellular molecules present in the ASL.
Specifically we wanted to analyze whether BAL or
EBC do contain endogenous DNase activity. We
found that all BAL samples tested contained DNase
activity which could only be detected after incubation
with magnesium chloride. A reason for this observa-
tion is that the amount of ASL present in the BAL is
highly diluted due to the procedure of instilling iso-
tonic sodium chloride into the airways prior to obtain-
ing the BAL. Also in one of the CF samples of EBC
we could detect a weak DNase activity. The observa-
tion that ASL contains endogenous DNase activity
could be important for the treatment of CF lung dis-
ease. In cystic fibrosis patients respiratory disease is
characterized by airway obstruction caused by the ac-
cumulation of thick, purulent secretions, which results
in recurrent, symptomatic exacerbations. The vis-
coelasticity of the secretions can be reduced in vitro
by recombinant human deoxyribonuclease I (rhD-
Nase), a bioengineered copy of the human enzyme. In
patients with cystic fibrosis, the administration of
rhDNase reduced exacerbations of respiratory symp-
toms and resulted in a slight improvement in pul-
monary function [6, 7]. In a recent publication,
Sanders et al. could demonstrate that sputum from CF
patients who did not benefit from rhDNase-I treat-
ment (so called non-responders) contained significant-
ly lower concentrations of magnesium than sputum
from responders. The authors speculate that increas-
ing the magnesium concentration in sputum by, for ex-
ample, oral magnesium supplements could be a
promising new strategy to overcome the failure of
rhDNase-I in patients with CF [8]. Based on our data,
it could he speculated that cystic fibrosis patients
could already benefit from magnesium inhalation due
to activation of endogenous DNase activity in the
ASL. In the management of cystic fibrosis, isotonic
sodium chloride inhalation is widely used as an adju-
vant to nebulised salbutamol. Exchanging isotonic
sodium chloride against isotonic magnesium could im-
prove the removal of the viscous mucus from the
lungs by activating endogenous DNase activity.
Another aspect why cystic fibrosis patients could

benefit from inhaled magnesium relates to findings in
patients with asthma. Recently Hughes and colleagues
[9] reported that the use of isotonic magnesium as an
adjuvant to nebulised salbutamol resulted in an en-
hanced bronchodilator response in the treatment of
severe asthma. The authors did not assess the poten-
tial mechanisms whereby magnesium enhanced the
bronchodilator response to salbutamol. They speculat-
ed that possible mechanisms included direct relaxation

of bronchial smooth muscle, inhibition of smooth
muscle contraction mediated by calcium, increased
beta-receptor affinity, inhibition of cholinergic neuro-
muscular transmission, and prostacyclin generation.
Many CF patients routinely inhale nebulised salbuta-
mol with a jet nebulizer to treat airway obstruction
and improve mucociliary clearance. In this situation
isotonic sodium chloride is used as an adjuvant. Ex-
changing isotonic sodium solution against isotonic
magnesium might improve the bronchodilator re-
sponse and enhance mucociliary clearance.
The administration of magnesium at the luminal

surface might also improve mucociliary clearance in
CF patients by inhibiting the CF specific increased ab-
sorption of Na+ and fluid across airway epithelia. It
has been published that external Mg 2+ produced a
dose-dependent inhibition on ENaC mediated Na+
absorption in cloned mouse α-β-γ-ENaC expressed in
Xenopus oocytes [10]. Therefore external magnesium
to the airways could lead to a decreased sodium ab-
sorption across airway epithelia resulting in an im-
proved airway surface liquid. These effects might be
relevant in the course of CF lung disease especially be-
cause it was found that hypomagnesaemia in children
with cystic fibrosis (CF) is under-recognized [11].
Therefore further studies are justified to evaluate the
effect of magnesium inhalation on the course of lung
disease in cystic fibrosis.

CONCLUSION

Our data suggest that ASL contains endogenous
DNase activity. It can be speculated from this data,
that inhalation of magnesium in patients with cystic fi-
brosis could have a beneficial effect due to activation
of endogenous DNase activity in the airways.
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