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Catalase, myeloperoxidase and hydrogen peroxide in cystic fibrosis
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ABSTRACT: An oxidant-antioxidant imbalance with damaging consequences for the
bronchial epithelium has been hypothesized in the airways of patients with cystic
fibrosis (CF). It is based on the assumption that neutrophils entering the lumen of the
infected airways undergo activation and release toxic oxygen metabolites and mye-
loperoxidase (MPO), an enzyme which transforms hydrogen peroxide (H,0,) into
highly toxic oxygen metabolites. Our aims were to substantiate this hypothesis.

H,0, levels were measured in breath condensates of 63 CF patients and 51 normal
subjects. In CF sputum samples, activities and concentrations of MPO and catalase
(CAT) were determined. MPO/H,0,-mediated cytotoxicity of CF sputum was meas-
ured in cell culture assays.

H,0, levels were similar in CF patients and normal subjects (meanzsp 0.97+0.69
versus 1.11+0.78 uM; p=0.427). Concentrations and activities of CAT (0.31+0.18 uM;
105+69 units) and MPO (5.93+4.8 uM; 87.8+75 units) were detectable in 38 CF sputa.
Addition of H,0, to in vitro cells preincubated with CF sputum did not induce cyto-
toxicity even when CAT was removed from sputum. Sputum MPO together with H,0,
did not inactivate o,-proteinase inhibitor. Preincubation of MPO with sulphated gly-
coconjugates or deoxyribonucleic acid (DNA) totally inhibited its cytotoxic effect.

In conclusion, catalase, sulphated glycoconjugates and deoxyribonucleic acid may
prevent myeolperoxidase-mediated oxygen radical generation in cystic fibrosis sputum.
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In cystic fibrosis (CF), the most common autosomal re-
cessive disorder of white populations, abnormal exocrine
gland secretions lead to persisting endobronchial bacterial
infections [1]. Consequently, large numbers of polymor-
phonuclear leukocytes (PMN) are recruited to the infect-
ed airways where PMN activation and lysosomal enzyme
release occur [2]. In particular PMN-elastase (PMN-Ela)
has been implicated in chronic lung destruction [2], the
major cause of morbidity and mortality in CF, and, conse-
quently, trials of aerosol therapy with a,-proteinase inhibi-
tor (0,-PI, synonymous: o -antitrypsin) have been initiated
[3].

It is not yet certain whether toxic oxygen metabolites
produced by stimulated PMN also contribute to lung in-
jury in CF, as has been suggested in other airway diseases
[4-7]. However, indirect evidence may support this hypo-
thesis; high sputum concentrations of extracellular myelope-
roxidase (MPO), a PMN-derived enzyme which transforms
hydrogen peroxide (H,0O,) into highly reactive oxygen
metabolites, have been detected in CF patients [8-11], and
lung function has been inversely correlated with MPO lev-
els [9-11]. In addition, increased lipid peroxidation [12], re-
duced free-radical-trapping capacity [13] and altered plasma
antioxidant status [12—14] have been reported to occur in
CF patients.

In this study, we have attempted to test this hypothesis
by measuring H,O, concentrations in breath condensates
of CF patients, to determine in CF sputum samples activi-
ties and concentrations of MPO and catalase (CAT), an

of Tiibingen

enzyme that detoxifies H,0O, to oxygen and water, and,
also, to investigate a possible cytotoxic effect of CF spu-
tum on cells and on o-PI in vitro.

Materials and methods

Patients

A total of 63 CF patients from six German CF clinics
were studied. Patients (mean+sp (range) age 24+8 (8-37)
yrs, males n=30; females n=33) had significantly increased
sweat electrolyte levels [15], and were chronically in-
fected by Pseudomonas aeruginosa (n=30) or other patho-
gens (n=33). All patients were receiving pancreatic enzyme
replacement therapy, but no anti-inflammatory medication.
All hospitalized patients (n=23) were being treated with
parenteral antibiotics against P. aeruginosa. Of the hospi-
talized patients 10 suffered from acute exacerbations.
Mean+sp maximal vital capacity (VCmax) (75+19%) and
forced expiratory volume in one second (FEV1) (69+25%)
in the CF patients ranked below normal age-predicted val-
ues. A total of 54% of the patients had moderately re-
duced lung function and 46% had severely reduced lung
function. Controls included 51 healthy, nonsmoking sub-
jects (2718 (12-61) yrs) and 23 patients with bronchial
asthma (36+16 (12-61) yrs). Informed written consent
was obtained from all individuals or their surrogates. The
protocol was approved by the Ethics Committee of the
University of Tiibingen.
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Breath collection and H,0, quantification

Breath condensates were collected from 63 CF pati-
ents, 51 normal subjects and 23 patients with bronchial
asthma. All participants breathed at a normal rate and tidal
volume and expired for 15 min into a cooled (2—4°C) ster-
ilized glass tube (Vetter, Ammerbuch, Germany) held at an
angle of roughly 45°. Condensate (2—4 mL) was collected
in plastic tubes and immediately frozen to -70°C. Conden-
sate H,0, was assayed by the p-hydroxyphenylacetic acid
(pHPA)/horseradish peroxidase method [16]. Measure-
ments (excitation 288 nm; emission 405 nm) were carried
out in a quartz microcuvette (Type 109.009 F-QS; Perkin-
Elmer, Uberlingen, Germany) inserted in a thermostatic
(37°C) cuvette holder of a LS-50 fluorimeter (Perkin-
Elmer): 500 L condensate, 50 uL. pHPA (1.5 mM; Sigma-
Aldrich, Deisenhofen, Germany) and 50 UL horseradish
peroxidase (1 mg-mL-!; Sigma-Aldrich), suspended in dis-
tilled water and prewarmed to 37°C, were added at 10 s
intervals, mixed immediately with a magnetic stirrer in-
serted in the cuvette, and the reaction followed for 40 s.
H,0, was quantitated using a standard curve from 0-10
UM and specified in condensates by quenching (pHPA),
formation by addition of 100 ng purified CAT (Sigma-
Aldrich) prior to adding horseradish peroxidase, and, in
addition, by adding 10 pg rabbit anti-human CAT immuno-
globulin (Ig)G (Athens Research Inc, Athens, GA, USA).
The minimal detectable H,O, level was 0.01 uM.

Cystic fibrosis sputum preparation

Sputum samples from 38 CF patients were collected
and immediately frozen at -70°C. Supernatants were pre-
pared by dilution of the sputum 1:1 (volume/volume (v/
v)) with sterile saline. The mixture was homogenized
(Unimag ZX, Vetter) and centrifuged at 1,000 revolutions
per minute (rpm) at 4°C for 10 min. From nine sputum
supernatants (3 mL) CAT was quantitatively removed by
adsorption with 0.5 mL of Protein A Sepharose Cl-4B
(Pharmacia, Freiburg, Germany) coupled with 2.2 mg of
rabbit anti-human CAT IgG (Athens Research Inc) acc-
ording to the method of the supplier, before the addition of
the supernatant to the cells. Heat-inactivation of sputum
supernatants was accomplished by heating the 1:10 dil-
uted supernatants for 30 min at 80°C .

Enzyme and total protein quantification

CAT and MPO concentrations in 38 CF sputum super-
natants and plasma samples were determined by solid
phase radioimmunoassays [8] using purified human CAT
(Sigma-Aldrich) or MPO (Wieslab, Lund, Sweden) and
rabbit antibodies to human CAT (Athens Research Inc.) or
MPO (Merck, Darmstadt, Germany). PMN-Ela concent-
rations in CF sputum supernatants and in plasma samples
from CF patients and healthy individuals were measured
using an enzyme linked immunosorbent assay (PMN-
Elastase-Test, Merck). MPO activities in sputum superna-
tants were determined photometrically according to the
method of Kuesanorr [17], following the MPO catalyzed
oxidation of guaiacol to tetraguaiacol by H,0,. Enzyme
units for MPO were determined using the formula:

U = (AOD - 4 - Vt - dilution factor)/(L - €470 - At - Vs)

where AOD=density change, Vi= total volume (mL), L=
light path (1 cm), €470 = extinction coefficient for tetra-
guaiacol: 26.6 mM-l-cml, At=time of measurement in
min, Vs= sample volume in mL.

CAT activities in sputum supernatants were determined
photometrically according to the method of Agsi [18] and
Berovever [19], following the decomposition of H,O, by
CAT at 240 nm. CAT units were determined using the
Lambert-Beer law:

AOD=Ac-¢-L
for the calculation of the reaction speed
k=2.3/30 s - logAc.
One IU was defined as
13 -k/6.39 - 103 s

where Ac = [H,0,] change, €240 = extinction coefficient
for H,0,: 0.0039 mM-!-mm-!. The minimal detectable lev-
els of CAT, MPO and PMN-Ela in the radioimmuno-
assays and the enzyme linked immunosorbent assay
ranged 5-10 ng-mL-!, whereas the lower detection level in
the enzyme activity assays for the three enzymes was 0.5
U. Protein concentrations in CF sputum specimens were
determined using the Pierce assay (BCA protein assay
reagent; Pierce, Rockford, IL, USA).

Cytotoxicity assays

A total of 1x105 Chinese Hamster Ovary (CHO) cells
(Deutsche Sammlung von Mikroorganismen und Zell-
kulturen GmbH (DSM) ACC 110) or human lung carci-
noma A-549 cells (DSM ACC 107) in Dulbecco's mini-
mal essential medium (DMEM) (Gibco, Eggenstein,
Germany), supplemented with 10% foetal calf serum, 1%
sodium py-ruvate, 1% nonessential amino acids, and 50
pg-mL-! gentamycin, were seeded for 48 h at 37°C and 5%
CO, into 96 well flat bottom microtitre plates (Becton
Dickinson, Lincoln Park, NJ, USA), washed and then
incubated with buffer alone or in various test conditions
for 5 h [20]. Cytotoxicity was assessed with 0.025%
trypan blue. After 30 min the percentage of blue coloured
cells was determined microscopically using a 0.5 mm grid
attached to the bottom of each well. A minimum of 1,000
cells were counted in each well.

In addition, human nasal epithelial (HNE) cells were
used as primary cell culture system [21]. Nasal polyps were
obtained from CF patients undergoing polypectomy. After
repeated washings, the polyps were digested with 0.1%
pronase (Sigma-Aldrich) in DMEM and Ham's F12 1:1
medium (Gibco) supplemented with penicillin (50 pg-mL!)
(Gibco), streptomycin (50 pug-mL-) (Gibco) and nystatin
(1,000 U-mL-!) (Gibco) overnight at 4°C under continuous
rotation. After three washes with culture medium the cells
were incubated 1-2 days in DMEM: Ham's F12 1:1 with
penicillin (50 pg-mL1), streptomycin (50 pug-mL-) and
nystatin (1,000 U-mL-!), ultoser G (2%) (Gibco), cholera-
toxin (10 ng-mL-") (Sigma-Aldrich), retinoic acid (107 M)
(Sigma-Aldrich), at 37°C and 5% CO, under continuous
rotation for vesicle formation. These 1-2 day old vesicles
were used for monolayer culture. They adhered on a colla-
gen coated membrane (Biocoat cell culture inserts; Bec-
ton Dickinson) and were grown out as a monolayer. The
cells remained in monolayer culture for 10-14 days.
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After this time the majority of the cells were not ciliated.
For ciliogenesis, vesicles were maintained in a T-25 flask
membrane (Becton Dickinson) as a suspension culture on
a shaker for 1 week. Later, they were kept stationary in a
T-25 flask at 37°C and 5% CO,. After 4 weeks the vesi-
cles developed cells with cilia with normal ultrastructure
and a co-ordinated cilia beating, goblet cells and noncili-
ated cells. In suspension these cells remained as stable
vesicles and spheroids for 3—5 months. Cilia function was
assessed by measuring vesicle rpm.

Effect of H,O0,, MPO and CF sputum supernatant on
CHO, A-549 and HNE cells

For negative controls, cells were incubated with 200 uL
of buffer or purified MPO (33 nM, 330 nM) or H,0, (150
uM, 1500 uM) for 5 h. In other experiments, cells were
preincubated with 100 uL. MPO (66 nM, 660 nM) for 1 h
before 100 puL of H,O, (300 uM, 3,000 uM) was added for
an additional 4 h. In order to determine the minimal CAT
concentration which inhibits the cytotoxicity of MPO/
H,0,, 10 fold dilutions of CAT (0.024 nM-240 uM) were
added to the cells before the addition of H,0, and MPO.
The potential cytotoxic effect of CF sputum, containing
CAT and MPO or deprived of CAT, was tested by preincu-
bating the different cell lines and primary cells with 100
uL diluted (1:10, 1:20) CF sputum supernatants for 1 h
before 300 uM H,0, were added for an additional 4 h.
Additionally, 100 pL of heat-inactivated CF sputum
super-natants, supplemented with 33 uM MPO and 150
UM H,0, was used in CHO cell cytotoxicity assays. Since
sputum supernatants contain serine proteinases, including
PMN-Ela, which lead to the destruction of the cell mono-
layer, the 1:10 diluted supernatants were mixed with o,-PI
(0.2 mg/100 pL sputum) for 30 min before the cell experi-
ments were carried out.

Effect of negatively charged substances on the cytotoxic-
ity of the MPO/H,0, system

In order to test the effect of negatively charged subs-
tances on the cytotoxic effect of the MPO/H,0, system, 66
nM purified MPO was preincubated for 30 min at 37°C
with 1, 10, 100, or 1,000 pug-mL-! heparan sulphate (Sigma-
Aldrich) or chondroitin sulphate (Sigma-Aldrich) or fish
sperm deoxyribonucleic acid (DNA) (Serva, Heidelberg,
Germany). One hundred microlitres of the mixtures were
added to the cells for 1 h before 100 pL of 300 uM H,0,
was added for an additional 4 h.

Capacity of oy-PlI to inhibit PMN-Ela in the presence or
absence of MPO, CAT, H,0,  MPO/H,0, or sputum

For controls, 200 pg of o,-PI was incubated with buffer
or MPO (33 nM) or H,0, (150 uM) or MPO/H,0, for 30
min at 37°C. Then PMN-Ela (Elastin Products, Owens-
ville, Mo, USA) (0.3 nM) was added for 30 min at 37°C.
In other experiments, PMN-Ela was added immediately to
o,-PI and MPO/H,0,. The total volume of the reaction
mixtures was 1 mL. In order to investigate whether enzy-
matically active MPO present in CF sputum can inactivate
added o,-PI, seven sputum supernatants (diluted 1:20)

containing CAT or nine supernatants quantitatively de-
prived of CAT were incubated with 200 ug of purified
a,- PI and buffer or H,0, (150 uM) for 30 min at 37°C.
Thereafter, PMN-Ela activity was determined in all sam-
ples using MeOSuc-Ala-Ala-Pro-Val-p-nitroanilide (Bachem,
Heidelberg, Germany) as specific chromogenic substrate
[8]. One unit was defined as the release of 1 mole p-nitro-
anilide-min-mL-! using €, = 8,800 M-lcm-!.

Statistical analysis

Statistical analysis was performed using SAS/STADT
(User's Guide, Version 6, 4th edition 1990, SAS Institute,
Cary, NC, USA). Raw data were checked for normality
using the Shapiro-Wilks-test, thereafter significance was
calculated using the Student's t-test or the Wilcoxon-test.
Probability values less than 0.05 were considered signifi-
cant. Correlations were calculated using the square of the
Pearson correlation coefficient (12). Results are given as
meanzsp.

Results

The H,0, content of breath condensate was similar
in 63 CF patients with moderately to severely reduced
lung function and 51 normal subjects (0.97+0.69 versus
1.11+ 0.78 uM; p=0.427) (fig. 1). In contrast, H,O, levels
from 23 patients with bronchial asthma (1.93+1.44 uM)
were significantly increased (p<0.009) compared to con-
trols. Adding CAT to condensates quenched the forma-
tion of the fluorescent (pHPA), to baseline levels (12.4+
3.7%) and addition of CAT antibodies to these samples
raised levels again to 87.7+7.1% revealing the fact that
actually H,0, was measured (data not shown).

From the 63 CF patients, 38 patients produced sputum.
Protein concentrations in CF sputum specimens were
9204379 ug-mL-!. Extracellular concentration of PMN-Ela,
a marker of PMN activation, in the 38 CF sputum super-
natants was 2.63+1.53 uM (fig. 2a) clearly demonstrating
pronounced lung inflammation. Even PMN-Ela (5.43+5.77
nM) in 41 CF plasma samples was significantly higher
(p<0.0001) than in 10 healthy individuals (1.33+0.53 nM)
(fig. 2a).
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Fig. 1. — Hydrogen peroxide in breath condensates of 23 patients with
bronchial asthma, 51 normal healthy controls and 63 patients with
cystic fibrosis (CF). Horizontal bars represent mean values.
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Fig. 2. — Sputum and plasma concentrations of: a) polymorphonuclear
leucocyte elastase (PMN-Ela); b) myeloperoxidase (MPO) and; c) cata-
lase (CAT). Bars represent mean=sp.

108

Sputum concentrations of MPO (5.93+4.8 uM) (fig.
2b) and CAT (0.31+0.18 uM) (fig. 2c) were detectable in
38 CF patients, suggesting that the low H,0, levels in CF
breath condensate are a result of the scavenging ability of
these enzymes. Concentrations correlated with activities
(CAT 105+69 U; MPO 87.8+75 U), giving high correla-
tion coefficients (CAT: r2=0.7354; MPO: r2=0.5278). No
significant differences in the concentrations or activities
of H,0,, PMN-Ela, MPO or CAT were detected between
CF patients who were hospitalized and receiving antibiot-
ics versus clinically stable out-patients. Similarly, disease
severity and the infectious status of the patients (e.g.,

patients suffering from P. aeruginosa lung infection ver-
sus patients without P. aeruginosa infection) did not cor-
relate with the measured parameters.

The CAT activities in CF sputa suggested that H,O, in
CF sputum undergoes CAT-induced detoxification rather
than MPO-induced catalyzation to more toxic oxygen
metabolites. Indeed, addition of H,0, to CHO cells pre-
incubated with CF sputum did not induce visible cytotox-
icity (fig. 3), although the concentrations of active MPO in
the diluted sputa were approximately 10 fold higher than
those of purified MPO used for the CHO cell control ex-
periments (fig. 3). As little as 0.24 nM CAT totally inhib-
ited the cytotoxicity induced by 66 uM MPO/300 uM
H,0, supporting our notion that catalase is an important
scavenger of MPO/H,0, (fig. 3).

In contrast to CHO cells, HNE vesicles were much
more resistant to the effect of purified MPO/H,0, and did
not show any cytotoxicity when incubated with 33 nM
MPO/150 uM H,0,. Therefore, 10 fold higher concentra-
tions (MPO: 330 nM/H,0,: 1,500 uM) were used which
led to complete inhibition of cilia beating (data not shown).
In contrast, cilia beating was not affected by incubating
HNE vesicles with sputum specimens.

In order to investigate whether CF sputum supernatants
contain other scavengers of reactive oxygen species, we
removed CAT from CF sputum by affinity chromatogra-
phy. Monitoring of CAT activity photometrically revealed
that CAT was totally removed from the sputum material
(<1 IU). Surprisingly, removal of CAT from sputum super-
natants neither caused cytotoxicity nor impaired the cilia
beat frequency of HNE cells (fig. 3). Although the MPO
activity was reduced to approximately one third after CAT
removal due to nonspecific adsorption and dilution, this
activity was still much higher than that used for control
experiments with purified MPO/H,0,. Also heat- inactiva-
tion of sputum supernatants did not result in visible cyto-
toxicity when purified MPO/H,0, was added. These results
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Fig. 3. — Effect of hydrogen peroxide (H,0,), myeloperoxidase (MPO)
and cystic fibrosis (CF) sputum supernatants on chinese hamster ovary
(CHO) cells. CHO cells were incubated with buffer (Earle's balanced
salt solution (EBSS)) or different concentrations of purified MPO or
H,0, for 5 h. In other experiments, cells were preincubated with differ-
ent MPO concentrations or diluted sputum supernatant for 1 h before
H,0, was added for an additional 4 h. Catalase (CAT) was quantitatively
removed from the sputum supernatants of nine CF patients by immuno-
absorption.
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suggest that the active MPO present in CF sputa is preven-
ted from reaching the surface of the CHO cell monolayer.
Binding of MPO which is a highly cationic molecule to
negatively charged substances present in sputum may ex-
plain this hypothesis.

We therefore preincubated purified MPO with the nega-
tively charged substances heparan sulphate, chondroitin
sulphate or fish sperm DNA. Indeed, this incubation
totally inhibited the cytotoxic effect of the MPO in the pre-
sence of H,O, in a dose-dependent manner (fig. 4). Also
heat-inactivated sputum supernatants from seven CF pati-
ents which had been supplemented with MPO and H,0,
did not reveal a cytotoxic effect on CHO cells.

100

80

60 -

40 -

Cytotoxicity %

20

0 T > 7 R

0 1 10 100 1000
Adsorbent ug-mL

Fig. 4. — Effect of myeloperoxidase (MPO) on Chinese hamster ovary
cell cytotoxicity. Purified MPO preincubated with -A-: fish sperm deox-
yribonucleic acid; -+ : chondroitin sulphate; -O- : heparin sulphate. Val-
ues are presented as mean+sp of duplicate values of at least seven
independent assays.

Table 1. — Capacity of o4-proteinase inhibitor (a,4-Pl) to
inhibit polymorphonuclear neutrophil elastase (PMN-Ela),
purified or present in sputum of cystic fibrosis (CF) patients,
in the absence or presence of myeloperoxidase (MPO),
catalase (CAT), hydrogen peroxide (H,O,) or MPO/H,0,

Incubations After 30  PMN-Ela enzyme
min activity

mUnits=sp %

- PMN-Ela 0.87+0.04* 100.0

o,-PI PMN-Ela 0.07+0.01* 8.0

o,-PI/MPO PMN-Ela 0.02+0.002* 2.2

o,-PI/H,0, PMN-Ela 0.02+0.003* 2.2

o,-PI/MPO/H,0, PMN-Ela 0.88+0.05* 101.1

o,-PI/MPO/H,0,/PMN-Ela -
Sputum

Sputum/oy;-PI

Sputum/oy-PI/H,0,

0.008+0.001* 0.9
1.87+1.05+ 100.0
0.06+0.06+ 32
0.05+0.06+ 2.7

Sputum (-CAT) 0.43+£0.26+  23.0

Sputum (-CAT)/c,-PI/H,0, 0.01+0.01+ 0.5

*: coefficients of variation ranged 4.6—15.0%. +: values repre-
sent the mean=sp of duplicate values of five independent assays
for each sputum supernatant from seven CF patients. Coefti-
cients of variation ranged 2.8—13.6% for each of the investigated
supernatants. *+: values represent the meanzsp of duplicate values
of five independent assays for each of the sputum supernatants
devoid of CAT from nine CF patients. Coefficients of variation
ranged 0-10.0 for each of the investigated sputum supernatants.

Although not cytotoxic, sputum MPO may still be cap-
able of oxidizing the methionine residue at amino acid
position 358 (Met3%) in the active centre of the serine pro-
teinase inhibitor o,-PI, thereby inactivating the inhibitory
capacity of o,-PI towards PMN-Ela. However, when o-PI
was incubated with seven sputum supernatants containing
active PMN-Ela and active MPO, and H,0, was added,
the inhibitory capacity of o,-PI towards PMN-Ela was not
affected (table 1). These results were even obtained when
nine sputum supernatants were rendered CAT-negative by
totally absorbing CAT by affinity chromatography as des-
cribed above, excluding that H,0, was detoxified by CAT.

A plausible explanation for this surprising result was
obtained from experiments using purified enzymes instead
of CF sputum. Whereas, as expected, preincubation of pur-
ified o,-PI with MPO/H,0, for 30 min before addition of
PMN:-Ela rendered o,-PI totally inactive with respect to
PMN-Ela inhibition, immediate addition of PMN-Ela to
the mixture of o,-PI/MPO/H,0, resulted in a complete
retention of the inhibitory capacity of o,-PI against PMN-
Ela (table 1). These results suggest that MPO-induced
oxidation/inactivation of ¢-PI is slower than complex for-
mation between o,-PI and PMN-Ela and that MPO-in-
duced oxidation/inactivation of o,-PI is inhibited when
complexes have been formed.

Discussion

Reactive oxygen metabolites play a pivotal role in host
defense during phagocytosis [22], as demonstrated by pati-
ents with chronic granulomatous disease, in whom defec-
tive reduced nicotinamide adenine dinucleotide phosphate
(NADPH)-oxidase leads to recurrent, life-threatening bac-
terial infections [23]. However, these metabolites have also
been implicated in the pathogenesis of many diseases,
particularly ischaemia-reperfusion injury and phagocyte-
dependent inflammatory damage [24]. Endobronchial infla-
mmation as a result of bacterial infection is a hallmark of
pathogenesis in patients with CF [2]. The hypothesis that
PMN, the predominant cell population in the airway
lumen, release reactive oxygen metabolites with damaging
consequences for host cells and proteins has been widely
discussed [25] without being substantiated sufficiently.

In vivo detection of oxygen radicals has been hampered
by their short half-life times and high reactivities. Meas-
urement of the relatively long-lived, uncharged and thus
volatile H,0, in breath condensates of patients with adult
respiratory distress syndrome [4], bronchial asthma [5]
and acute hypoxaemic respiratory failure [6] has been suc-
cessfully used as a direct marker of PMN activation and air-
way inflammation. This noninvasive technique is considered
a valuable tool in the assessment of airway inflammation,
particularly in paediatric patients where bronchoalveolar
lavage and endobronchial biopsy are unlikely to be used
routinely.

Our results clearly show that H,0, is not increased in
breath condensates of CF patients compared to healthy
controls. This finding is not due to methodological prob-
lems, since patients with bronchial asthma who served as
controls in the present study revealed significantly in-
creased H,O, levels. Furthermore, the demonstration of
elevated levels of PMN-Ela, an accepted marker of PMN
activation, in CF plasma and sputum samples indicates
that the low H,0, levels in breath condensates cannot be
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explained by low or absent airway inflammation within
our cohort of CF patients. A more likely explanation is
based on the presence of H,O, scavengers in CF airways,
particular-ly as we detected extracellular MPO and CAT
in CF sputum. MPO is present in high amounts in PMN
[17] which account for 80-90% of the cellular content of
CF sputum. Most probably CAT in CF sputum is also
derived from de-graded PMN. In contrast, human airways
epithelial cells contain relatively low antioxidative enzyme
levels and act-ivities [26] and CAT is not induced in these
cells [27].

In other diseases of the respiratory tract PMN numbers
may be orders of magnitude lower and, consequently, extra-
cellular CAT levels may be orders of magnitude lower.
Nevertheless, in such disorders, H,0, levels may still be
higher than in normal subjects, since H,0,levels are de-
rived from PMN stimulation rather than from PMN degra-
dation. This hypothesis may explain, why H,O, levels
reach significantly higher values compared to normal sub-
jects in patients with adult respiratory distress syndrome
[4], bronchial asthma [5], acute hypoxaemic respiratory
failure [6] and chronic obstructive pulmonary disease [28].

Here we also addressed the important issue of whether,
in CF airways, toxification of H,O, induced by MPO [17,
25] dominates detoxification induced by CAT or vice versa.
Sputum CAT protected CHO, A-549 or HNE cells from
the cytotoxic or ciliostatic effect of MPO/H,0,. In vitro, as
little as 0.24 nM CAT protected CHO cells from 66 uM
MPO. Since we determined in CF sputa mean values of
0.31 uM CAT and 5.93 uM MPO, a protective effect of
CAT in vivo is highly probable.

Thus, our original conclusions [8], as those of others [7,
9-12, 25, 29], that reactive oxygen metabolites would play
an important part in the pathogenesis of CF lung disease,
may not reflect the situation in the CF airways adequately.
The reported negative correlation of MPO levels and CF
lung function [9-11] most probably reflects lung damage
caused by PMN-derived lysosomal serine proteinases. In
contrast to the proven proteinase-antiproteinase imbalance
[2, 3, 8] we have found no evidence to support an oxidant-
antioxidant imbalance in CF airspace secretions.

Our results do not rule out that reactions involving reac-
tive oxygen species take place in the sputum of CF pati-
ents. DNA from decayed PMN may be oxidized to yield
the major reaction product, 8-hydroxydeoxyguanosine,
and, indeed, this compound has been detected in the urine
of CF patients [30]. Likewise, lipids derived from decayed
PMN in the sputum rather than from airways epithelial
cells, may be oxidized. End products such as malondial-
dehyde may "escape" to the circulation where it is easily
detectable [12]. Based on our results, however, the patho-
genic importance of these reactions remains questionable.

MPO may also oxidize taurine to taurine chloramine
which in turn may have pathogenic consequences [31].
However, catalase is known to inhibit taurine chloramine
formation [31]. Nevertheless, catalase may not be present
in very young children with CF in an acute stage of infec-
tion/inflammation when sputum is minimal or absent.
Furthermore, in some parts of the airways activated PMN
may be present, yet sputum may not be formed and, con-
sequently, CAT not be released in sufficient amounts. In
such situations, MPO/H,0,-mediated tissue damage may
occur as it is thought to occur in patients with bronchial

asthma. A similar investigation to ours in such a CF pati-
ent group would be required to test this hypothesis.

An alternative possibility which might explain our res-
ults of normal H,O, values in CF exhaled breath conden-
sates, is a functional defect of PMN at high densities in a
chronic inflammatory situation. For instance, PMN do not
generate superoxide anion radicals in the presence of neutro-
phil elastase [32], a situation which is present in CF as we
and others have shown previously [2]. Furthermore, Perers et
al. [33] have shown that activation of adherent PMN led to
a markedly attenuated release of superoxide anion per cell
when neutrophils were activated at high density in com-
parison with cells activated at low density.

A further possibility is related to the fact that although
reactive oxygen species are formed, scavengers other than
CAT are present in the CF airways. For example, a high
protein burden is present in the CF sputum which may
exert scavenging effects for MPO-derived oxidants. We
therefore absorbed CAT from CF sputum samples and
tested the cytotoxicity of these samples on cell cultures in
vitro. Indeed, sputum supernatants totally devoid of CAT
did not induce cytotoxicity of CHO cells, of HNE cells, or
of the cell line A549 when H,0, was added. This suggests
that MPO, although present and active in CF sputa, is pre-
vented from reaching the cell surfaces. MPO is a highly
cationic enzyme at physiological pH with an isoelectric
point (pI) >10 [34] and thus may be complexed by nega-
tively charged mucus glycoproteins (or mucins) such as
chondroitin sulphate or heparan sulphate, secreted by goblet
cells of the surface epithelium and by submucosal glands
into the lumen of the CF airways. Indeed, preincubation
of MPO with heparan sulphate or chondroitin sulphate
totally inhibited the cytotoxic effect of the MPO in the
presence of H,0,. These results point to a new protective
effect of hypersecretion in the process of inflammation. In
this context, it is interesting that PMN-Ela and cathepsin
G are potent secretagogues [35].

Alternatively, MPO may be bound by DNA released from
decayed PMN in the sputum material [36] and thus may be
prevented from exerting toxic effects on epithelial cells.

Although not cytotoxic, sputum MPO may still be cap-
able of oxidizing the methionine residue at amino acid
position 358 (Met3%) in the active centre of the serine pro-
teinase inhibitor o,-PI, thereby inactivating the inhibitory
capacity of o,-PI towards elastase [37]. Our results clear-
ly show that Met¥8 oxidation did not occur. Apparently,
complexation of PMN-Ela by o,-PI which renders Met3s
inaccessible for MPO-induced oxidation is faster than MPO-
induced oxidation of uncomplexed o,-PI. This result may
have considerable impact on trials of aerosol therapy with
o,-PI in CF: aerosolized o,-PI may complex PMN-Ela
despite the presence of high concentrations and activities
of MPO in CF airways.

In summary, our findings reveal a major role for cata-
lase, an enzyme which detoxifies hydrogen peroxide to
oxygen and water, as a component of the extracellular
antioxidant screen in the cystic fibrosis lung. Furthermore,
we have shown that the potentially damaging enzyme,
myeloperoxidase, is immobilized within the sputum mat-
rix and is thus prevented from oxidising and inactivating
the serine proteinase inhibitor o, -proteinase inhibitor and
from inducing cytotoxicity against lung epithelial cells.
These findings have important implications for our under-
standing of the pathogenesis of cystic fibrosis and for the
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development of novel therapeutic strategies to combat in-
flammatory damage in the cystic fibrosis lung.

10.

11.

12.

13.

14.

15.

16.

Acknowledgements: The authors would like to thank
all patients and healthy individuals who participated in
this study, M. Stern, Children's Hospital, University of
Tiibingen, Tiibingen, D. Kaiser, Stidtische Kinder-
klinik, Pforzheim, E. Schurmann, Children's Hospital,
University of Miinchen, Miinchen, A. Wolf, Children's
Hospital, University of Ulm, Ulm, V. Zenkl, Olgahospi-
tal, Stuttgart, and M. Schmid, Stiddtische Kinderklinik,
Esslingen, for allowing us to study their CF patients and
E. Schiilen, Medizinische Klinik, University of Tiibin-
gen, for allowing us to study their asthma patients. We
are further indebted to H. Bisswanger, University of
Tiibingen, and J. Hughes, Dept of Medical Microbiol-
ogy, University of Edinburgh, U.K., for valuable discus-
sions concerning the manuscript.

References

Hgiby N. Microbiology of lung infections in cystic fibro-
sis patients. In: Hodson ME, Geddes DM, eds. Cystic
Fibrosis. London, Chapman and Hall. 1994: pp. 75-98.
Doring G, Knight R, Bellon G. Immunology of cystic
fibrosis. In: Hodson ME, Geddes DM, eds. Cystic Fibro-
sis. London, Chapman and Hall. 1994: pp. 99-129.
McElvaney NG, Hubbard RC, Birrer P, er al. Aerosol
o, -antitrypsin treatment for cystic fibrosis. Lancet 1991;
337:392-394.

Baldwin SR, Simon RH, Grum CM, Ketai LH, Boxer
LA, Devall LJ. Oxidant activity in expired breath of
patients with adult respiratory distress syndrome. Lancet
1986; 1: 11-14.

Dohlman AW, Black HR, Royall JA. Expired breath
hydrogen peroxide is a marker of acute airway inflamma-
tion in pediatric patients with asthma. Am Rev Respir Dis
1993; 148: 955-960.

Sznajder JI, Fraiman A, Hall JB, et al. Increased hydro-
gen peroxide in the expired breath of patients with acute
hypoxemic respiratory failure. Chest 1989; 96: 606—-612.
Crystal RG. Oxidants and respiratory tract epithelial
injury: pathogenesis and strategies for therapeutic inter-
vention. Am J Med 1991; 91 (Suppl. 3C): 39S-45S.
Goldstein W, Doring G. Lysosomal enzymes and protein-
ase inhibitors in the sputum of patients with cystic fibro-
sis. Am Rev Respir Dis 1986; 134: 49-56.

Meyer KC, Zimmerman J. Neutrophil mediators, Pseu-
domonas, and pulmonary dysfunction in cystic fibrosis. J
Lab Clin Med 1993; 121: 654-661.

Regelmann WE, Siefferman CM, Herron JM, Elliott GR,
Clawson CC, Gray BH. Sputum peroxidase activity cor-
relates with the severity of lung disease in cystic fibrosis.
Pediatr Pulmonol 1995; 19: 1-9.

Koller DY, Gotz M, Eichler I, Urbanek R. Eosinophilic
activation in cystic fibrosis. Thorax 1994; 49: 496-499.
Portal BC, Richard MJ, Faure HS, Hadjian AJ, Favier
AK. Altered antioxidant status and increased lipid perox-
idation in children with cystic fibrosis. Am J Clin Nutr
1995; 61: 843-847.

Langley SC, Brown RK, Kelly FJ. Reduced free-radi-
cal-trapping capacity and altered plasma antioxidant sta-
tus in cystic fibrosis. Pediatr Res 1993; 33: 247-250.
Roum JH, Buhl R, McElvaney NG, Borok Z, Crystal RG.
Systemic deficiency of glutathione in cystic fibrosis. J
Appl Physiol 1993; 75: 2419-2424.

Wood RE, Boat TF, Doershuk CF. Cystic fibrosis. Am Rev
Respir Dis 1976; 113: 833-878.

Hyslop PA, Sklar LA. A quantitative fluorimetric assay

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

for the determination of oxidant production by polymor-
phonuclear leukocytes: its use in the simultaneous fluori-
metric assay of cellular activation processes. Anal Bio-
chem 1974; 141: 280-286.

Klebanoft SJ, Waltersdorph AM, Rosen H. Antimicrobial act-
ivity of myeloperoxidase. Meth Enzymol 1984; 105: 399-403.
Aebi H. Catalase in vitro. Meth Enzymol 1984; 105: 121-126.
Bergmeyer HU. Zur Messung von Katalaseaktivititen.
Biochem Z 1955; 327: 255.

Déring G, Miiller E. Different sensitivity of Pseudo-
monas aeruginosa exotoxin A and diptheria toxin to
enzymes from polymorphonuclear leukocytes. Microbial
pathogenesis 1989; 6: 287-295.

Jorissen M, van der Schueren B, van den Berghe H, Cas-
siman J-J. The preservation and regeneration of cilia on
human nasal epithelial cells cultured in vivo. Arch Otorhi-
nolaryngol 1989; 246: 303-314.

Karnovsky MJ. Cytochemistry and reactive oxygen spe-
cies: a retrospective. Histochemistry 1994; 102: 15-27.
Gallin JI, Leto TL, Rotrosen D, Kwong CH, Malech HL.
Delineation of the phagocyte NADPH oxidase through
studies of chronic granulomatous diseases of childhood.
Curr Opin Immunol 1991; 4: 53-56.

Weiss SJ. Oxygen, ischemia and inflammation. Acta
Physiol Scand 1986; Suppl. 548: 9-37.

Cantin A, Woods DE. Protection by antibiotics against
myeloperoxidase-dependent cytotoxicity to lung epithe-
lial cells in vitro. J Clin Invest 1993; 91: 38-45.
Pietarinen P, Raivio K, Devlin RB, Crapo JD, Chang L-Y,
Kinnula VL. Catalase and glutathione reductase protec-
tion of human alveolar macrophages during oxidant expo-
sure in vitro. Am J Respir Cell Mol Biol 1995; 13: 434-441.
Yoo JH, Erzurum SC, Hay JG, Lemarchand P, Crystal
RG. Vulnerability of the human airway epithelium to
hypoxia. Constitutive expression of the catalase gene in
human bronchial epithelial cells despite oxidant stress. J
Clin Invest 1994; 93: 297-302.

Dekuijzen PNR, Aben KKH, Dekker I, et al. Increased
exhalation of hydrogen peroxide in patients with stable
and unstable chronic obstructive pulmonary disease. Am J
Respir Crit Care Med 1996; 154: 813-816.

Mohammed JR, Mohammed BS, Pawluk LJ, Bucci DM,
Baker NR, Davis WB. Purification and cytotoxic poten-
tial of myeloperoxidase in cystic fibrosis sputum. J Lab
Clin Med 1988; 112: 711-720.

Brown RK, McBurney A, Lunec J, Kelly FJ. Oxidative
damage to DNA in patients with cystic fibrosis. Free
Radic Biol Med 1995; 18: 801-806.

Weiss SJ, Klein R, Slivka A, Wei M. Chlorination of tau-
rine by human neutrophils. Evidence for hypochlorous
acid generation. J Clin Invest 1982; 70: 598-607.

Doring G, Goldstein W, Botzenhart K, et al. Elastase
from polymorphonuclear leukocytes - a regulatory enz-
yme in immune complex disease. Clin Exp Immunol
1986; 64: 597-605.

Peters SP, Cerasoli F, Jr., Albertine KH, Gee MH, Berd D,
Ishihara Y. "Autoregulation" of human neutrophil acitva-
tion in vitro: regulation of phorbol myristate acetate-
induced neutrophil activation by cell density. J Leukoc
Biol 1990; 47: 457-474.

Agner K. Verdoperoxidase. A ferment isolated from leu-
kocytes. Acta Physiol Scand 1958; 2 (Suppl. 8): 1-62.
Sommerhoff, CP, Nadel JA, Basbaum CB, Caughey GH.
J Clin Invest 1990; 85: 682-689.

Picot R, Das I, Reid L. Pus, deoxyribonucleic acid, and
sputum viscosity. Thorax 1978; 33: 235-242.

Matheson NR, Wong PS, Travis J. Enzymatic inactivation of
human alpha-1-proteinase inhibitor by neutrophil myeloper-
oxidase. Biochem Biophys Res Commun 1979; 88: 402—409.



