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Role of free radicals in the pathogenesis of cystic fibrosis

In recent years great advances have been made in under- Genetically determined abnormalit

standing the underlying genetic defect in cystic fibrosis, mucus secretion and airway electrc

but the cause of the severe lung damage and pulmonary bacterial adhesion and impaire
fibrosis, which are responsible for most of the deaths, mucociliary clearance
remains unclear. The precise link between the cystic
fibrosis gene, its biochemical consequences, and the
increased susceptibility to pulmonary infection, particu-
larly with Pseudomonas aeruginosa, has not been eluci-
dated. It has proved to be extremely difficult to determine Bacterial colonisation

what constitutes a primary abnormality and what is a

secondary consequence of infection. However, irregulari-
ties in ion transport leading to inspissation of mucous

secretions, along with increased adherence of bacteria to
Increased recruitmentofl

epithelia and reduced mucociliary clearance, probably all polymorphonuclear °f Bror
contribute to the recurrent progressive pulmonary infec- leucocytes to the lungs Bro
tion characteristic of the disease (fig 1). The mechanism ne

responsible for the damage to the lungs and the agents
concerned have, however, been largely ignored in the
pursuit of a genetic answer to the disease. The final Hy
solution must inevitably have a genetic basis but, as this Free radicals, Pne
may not be realised until the turn of the century at the proteases/elastases HaE
earliest, investigation of the physiological damage may release Ate
prove to be more beneficial to those already suffering from
the disease.
The role of free radicals in several diseases with pul-

monary complications including hyperoxic lung injury in Pulmonary fibrosis and
premature infants,' adult respiratory distress syndrome,2 bronchiectasis

asthma,3 and the effect of environmental pollutants4 has
recently attracted much attention. In all these cases it has
been suggested that oxygen free radicals, produced in
various ways, are implicated in the damage to the pulmon- Hypoxia and
ary epithelium (table 1). Evidence is now accumulating pulmonary hypertension
that these reactive oxygen species, in conjunction with
abnormalities in protective antioxidants, may be import-
ant mediators of tissue damage in patients with cystic
fibrosis,-7 especially of the chronic lung injury (fig 2). This Respiratory failure
discussion is intended to provide a framework for future
experimentation in the field.
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Nutrient antioxidant status in cystic fibrosis
In addition to their respiratory problems, many patients
with cystic fibrosis suffer from diminished pancreatic
function. Blockage of the pancreatic duct by mucus leads
to destruction of acinar cells in the pancreas and their
gradual replacement by fibrous tissue, compromising pan-
creatic function. The production of pancreatic juices is
decreased, leading to inadequate breakdown and absorp-
tion of fat soluble nutrients and reduced secretion of
bicarbonate which is essential for creating the alkaline
environment in the duodenum necessary for the activation
of certain digestive enzymes. Poor absorption results in
deficiencies of the fat soluble antioxidant vitamins, a-

tocopherol8 and 0-carotene,9 and of other circulating com-
ponents of the antioxidant system such as ferritin'0 and
selenium" 12 (table 2). Ferritin is important in the chelation
of iron as it prevents it acting as a catalyst in the formation
of the highly reactive hydroxyl radical ('OH), and
selenium is essential for the activity of the antioxidant
glutathione peroxidase.

In determining whether oxidative injury will occur it is
useful to imagine a balance with oxidants on one side and
antioxidants on the other. To date only one study has

Figure 1 The natural history of cystic fibrosis in the lungs.

directly examined this balance in cystic fibrosis. Langley et
al'3 used the TRAP (total radical trapping antioxidant
parameter) assay to investigate the ability of plasma from
patients with cystic fibrosis to act as a buffer against lipid
peroxidation initiated by an extracellular peroxyl radical
generator 2,2'-azobis(2-amidinopropane) HC1 (ABAP).
They found that the buffering ability was significantly
decreased when compared with plasma from age matched

Table I Reactive oxygen species
Primary

Superoxide radical (O)
Hydroxyl radical (01-)
Hydrogen peroxide (H202)
Singlet oxygen (102)

Secondary
Peroxyl radical (ROO')
Alkoxyl radical (RO')
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Figure 2 Proposed pathways of oxygen free radical generation and antioxidant deficiency in cystic fibrosis.

controls. They also measured the individual plasma
antioxidants that contributed to the TRAP value and
found that, as a consequence of modern methods of
managing cystic fibrosis, plasma antioxidant defences were
normal or even increased in these patients. In particular,
plasma concentrations of vitamin C were found to be
raised in a subgroup of patients with cystic fibrosis. At
normal physiological concentrations vitamin C acts as a
potent antioxidant, but at higher concentrations it has
been postulated to act as a pro-oxidant in the presence of
ferric iron"4 by reducing it to ferrous iron which can then
catalyse the formation of 'OH from H202. It has been
shown in a control population that elevation of plasma
concentrations of vitamin C (by oral loading) to levels
equivalent to those seen in this subgroup of cystic fibrosis
patients produces a similar reduction in TRAP.'5 It is
therefore feasible that the reduction in TRAP activity
found in these patients resulted from the pro-oxidant
activity of vitamin C. In their discussion Langley et al'3
concluded that a subpopulation of children with cystic
fibrosis had a reduced ability to withstand oxidative stress
and therefore should, in the event of increased free radical
flux, exhibit elevated indices of oxidative damage.

Table 2 Antioxidants

Intracellular
Superoxide dismutase
Catalase
Glutathione peroxidase
Glutathione

Extracellular
Vitamin E
Vitamin C
Uric acid
Sulphydryls
n-carotene

Sources of oxidative stress in cystic fibrosis
INFLAMMATION
Infection of the lungs by bacteria such as Ps aeruginosa
causes an extremely vigorous inflammatory response with
massive neutrophil infiltration of the airways.'6 Unfortu-
nately, not only does the inflammatory response often fail
to eradicate the inciting organism'7 but, as a growing body
of evidence suggests, it also contributes to a local defect in
the host defence that interferes with eradication of the
infection.'"20 A vicious cycle of infection and inflamma-
tion is therefore established. Normal homeostatic regula-
tory mechanisms fail to break the cycle and sustained
production of inflammatory mediators continues the re-
cruitment of additional inflammatory cells whose products
cause bronchospasm, increased secretions, and other
changes that exacerbate the underlying pulmonary
abnormalities and lead to further deterioration in lung
function.2'

Alveolar macrophages are normally the predominant
phagocytes obtained by bronchoalveolar lavage, with neu-
trophils generally accounting for less than 3% of the
recovered cells.22 In contrast, in patients with cystic fibro-
sis, even those with mild disease, neutrophils predomin-
ate.23 Following stimulation, neutrophils and macrophages
assemble a multienzyme complex that reduces molecular
oxygen (02) to produce several highly reactive and very
toxic species including superoxide (02'-), hydroxyl rad-
icals ('OH), singlet oxygen (102), and hydrogen peroxide
(H202) (table 3).24 In the context of defence, these reactive
oxygen species are considered a potent mechanism for
killing organisms. At sites of inflammation oxygen radicals
and proteolytic enzymes may act extracellularly and
damage the host tissues.25 However, the relative import-
ance of oxygen radicals as contributors to lung damage in
cystic fibrosis is still unknown.
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The degree of activation of circulating plasma neutro-
phils in patients with cystic fibrosis has been examined, for
example, by Graft et al26 who compared the chemilumi-
nescence response to zymosan of neutrophils from control
subjects and adolescents with cystic fibrosis and found no
difference in the peak response. However, the peak re-
sponse was reached more rapidly in the patients with
cystic fibrosis and the authors concluded that the neutro-
phils were in a "primed" state since they found a correla-
tion between clinical scores and the speed of onset of the
response. Roberts and Stiehm27 established that both
neutrophils and monocytes from patients with cystic
fibrosis were more active than those from controls for a
range of test stimuli.
Evidence that a hyperresponse to infection by the im-

mune system in patients with cystic fibrosis may not be
beneficial is also provided by studies of immunoglobulin
levels. High serum concentrations of immunoglobulin
have paradoxically been associated with an unfavourable
outcome in cystic fibrosis, and patients with hypo-
gammaglobulinaemia and cystic fibrosis have been found
to have a better prognosis than those with normal or
increased y-globulin levels.28 Patients with higher titres of
serum antibodies specific to Ps aeruginosa have poorer
pulmonary function and a decreased survival rate than
those with lower titres.29
Although the immune response to pulmonary infection

in patients with cystic fibrosis may provide one source of
oxidative species, it is known that Ps aeruginosa can itself
produce toxic reactive oxygen species. Britigan et alP0 have
shown that two secretory products of Ps aeruginosa -
pyochelin and pyocyanin - can act in a synergistic fashion
to damage pulmonary artery endothelial cells in vitro. The
mechanism appears to involve the endothelial cell
mediated redox cycling of pyocyanin leading to the pro-
duction of 02 - /H202 which is then converted to the more
cytotoxic *OH radical through the catalytic activity of
ferripyochelin.3' Additionally, H0iby and colleagues32
have shown that sputum from patients with cystic fibrosis
with chronic Ps aeruginosa infection contains factors of a
bacterial endotoxin and immune complex nature which are
able to attract neutrophils to the lungs and to prime for
enhanced release of oxygen radicals as suggested pre-
viously by Roberts and Stiehm.2' Although an increased
immune response is a product of the chronic bacterial lung
infection, there is now substantial evidence to indicate that
it may be deleterious. Despite this, however, there is as yet
very little direct evidence of oxidative damage to lung
tissue to clarify the exact species involved, or the suscepti-
bility of different lung cells.

INCREASED OXIDATIVE METABOLISM
In conjunction with the increased oxidative burden pro-
vided by the immune response to pulmonary infection in
cystic fibrosis patients, there may also be an intracellular
source of heightened free radical generation - namely,
increased leakage from the electron transport chain in
mitochondria (table 3). Feigal and Shapiro33 have shown
that Ca2 uptake and oxygen consumption is increased in
the fibroblasts in patients with cystic fibrosis. They also
showed that oxygen uptake was completely inhibited by
cyanide, indicating that it was based on mitochondria.
They used these data to hypothesise that the electron
transport system in cystic fibrosis patients was more active
than in controls. Von Ruecker et alP4 expanded on this
work and showed that the specific electron transfer activit-
ies of various enzymes of redox components of the respira-
tory chain, reduced nicotinamide adenine dinucleotide
(NADH) oxidase, NADH cytochrome c reductase, and

Table 3 Potential sources offree radicals in cystic fibrosis

Activated neutrophils
Mitochondrial electron transport chain
Microsomal P450 induction
Peroxisomes
Xanthine oxidase
Catecholamine breakdown
High energy irradiation
Ps aeruginosa

Pyochelin
Pyocyanin

succinate cytochrome c reductase, were significantly ele-
vated in cystic fibrosis.
The implication of these findings is that various com-

ponents of the electron transport chain can "leak" elec-
trons and act as sources of partially reduced oxygen
intermediates.35 Increased oxygen consumption by cells
from patients with cystic fibrosis, and the consequent
increased activity of the electron transport chain, will
therefore be potentially damaging through an increase in
the intracellular generation of oxygen free radicals. We
recently obtained evidence to support this hypothesis in a
study in which significantly elevated (p <0-01) concentra-
tions of 8-hydroxydeoxyguanosine were found in the urine
of cystic fibrosis patients compared with age matched
controls (R K Brown and F J Kelly, unpublished observa-
tions). Since the presence of this marker is now accepted as
a reliable index of oxidative damage to DNA, these find-
ings substantiate data that indicate that intracellular oxid-
ative metabolism is increased in tissues of patients with
cystic fibrosis.
A further source of increased intracellular free radical

generation in cystic fibrosis patients may be heightened
P450 activity (table 3). A study of the metabolism of
theophylline 6 in patients with cystic fibrosis concluded
that heightened free radical production could be a reflec-
tion of enhanced P450 activity since oxygen free radicals
play an important part in oxidative detoxification reac-
tions. These reports received further support from a study
by Matkovics et aP1 showing that the activities of intra-
cellular antioxidant enzymes in plasma erythrocytes were
elevated above control values, possibly due to "priming"
by increased exposure to reactive oxygen species.

Evidence for oxidative damage in cystic fibrosis
Although the evidence for increased oxidative stress in
cystic fibrosis is strong, the consequences of such stress
have received relatively little attention from direct studies
to determine the presence of specific markers of oxidative
injury. This is partly because of technical difficulties since
the only definitive way to demonstrate excessive free
radical activity in vivo is by electron spin resonance study
of tissues; unfortunately this cannot be used at present in
clinical practice because of the nature of the spin traps.
Instead investigations have to rely on the measurement of
established clinical markers of free radical activity in
biological fluids, most of which reflect free radical attack
on polyunsaturated fatty acids in cell membranes. A classi-
cal route of free radical attack is through lipid peroxidation
generating hydroperoxides, endoperoxides, long-lived
aldehydes (notably 4-hydroxynonenal), and the end
products malondialdehyde, ethane, and pentane. There
are also markers of oxidative damage to proteins and
DNA, namely protein carbonyls and 8-hydroxydeoxy-
guanosine respectively.

In 1989, before the isolation of the cystic fibrosis gene,
Salh et al6 suggested that aberrant free radical activity
might underlie cellular dysfunction in the disease. Their
evidence was based on measurement of the molar ratio of
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octadeca-9,11-dienoic acid to linoleic acid as an index of
free radical attack on polyunsaturated fatty acids. They
measured this marker in nasal epithelial cells and in serum
and found it to be significantly elevated compared with
values in appropriate controls. Measurements of serum
levels of malondialdehyde were also made but were found
not to be significantly increased in patients with cystic
fibrosis. A similar observation on malondialdehyde had
previously been made by Matkovics et aP8; however, both
investigations used thiobarbituric acid reactive substances
(TBARS) as the marker of lipid peroxidation, and it is now
recognised that these should not be used as the sole
index.39 Reservations have also been expressed over the
suitability of the molar ratio of octadeca-9,1 1-dienoic acid
to linoleic acid as a marker, as the former may be produced
by bacteria in the gut.40

In a recent study of cystic fibrosis patients attending an
outpatient clinic at Southampton General Hospital4' the
levels of two different markers of oxidative damage to
lipids (TBARS and free fatty acid hydroperoxides), and of
a marker of oxidative protein injury (protein carbonyls)
were determined. Plasma concentrations of TBARS were
significantly increased in patients compared with controls
(p < 0 05). This differs from the finding reported by Salh
et a16 and may possibly be due to the fact that the control
group in our study4' was age matched and had lower
TBARS values than the adult control group in Salh's
study (TBARS have been shown to increase with age42).
Free fatty acid hydroperoxides, our second marker of lipid
peroxidation, were not detectable in plasma from control
patients which agrees with the results of Holley and
Slater,43 but in 11 of 33 patients with cystic fibrosis they
were present in a range of 0 022-0{34 pmol/l. It therefore
seems as if there is a subgroup of patients with cystic
fibrosis who are susceptible to lipid peroxidation. There
was no significant difference (p = 0 076) between the two
groups for the marker of protein oxidation. Analysis of the
major plasma antioxidants (ascorbic acid, a-tocopherol,
uric acid, and sulphydryls) revealed a relatively normal
antioxidant profile except for uric acid which was de-
creased (p<001) but still within the reported normal
range. Thus, elevated indices of oxidative damage were
detected in some patients with cystic fibrosis, even in the
presence of relatively normal concentrations of anti-
oxidants. These results suggest either that the plasma
antioxidants cannot cope with the oxidative burden, or
that the oxidative injury is occurring away from the plasma
antioxidant pool - for example, intracellularly in the lung
or extracellularly in the bronchioles - and that the pro-
ducts are transported into the plasma. From what is now
known about the possible sources of oxidative stress in
cystic fibrosis this would appear to be the case, but it is
only the arrival of transgenic mouse models of cystic
fibrosis that is allowing the more relevant issue of intracel-
lular and bronchiolar antioxidant concentrations to be
investigated.

Future directions for research and clinical
implications
There appear to be two major sources of oxygen free
radicals in cystic fibrosis: firstly, those produced by an
underlying primary defect in intracellular oxygen meta-
bolism, and secondly, those produced by neutrophils in
the lung as a consequence of the pulmonary infection
associated with the disease. At present it is not known
which source, if any, dominates at any one time. It is
possible, however, that the primary defect is responsible
for a background level of radical production while episodic
infectious periods result in heightened free radical activity.
In recognising that free radical mediated damage may play

a part in the pathogenesis of cystic fibrosis, it is important
to address the clinical implication of these findings. For
instance, there is evidence of increased oxidative damage
to DNA in cystic fibrosis and the number of reports of
cancers in patients with cystic fibrosis is rising as their life
expectancy increases.447 The relation between the two
may be exceedingly important, and may become more so
with the advent of gene therapy. It is conceivable that,
even if gene therapy should reduce the mortality of cystic
fibrosis patients from pulmonary complications, their
increased life expectancy may lead to an increase in malig-
nancies due to an as yet unrecognised intracellular oxidat-
ive burden.

Patients with cystic fibrosis may benefit from an
increased array of antioxidant defences against damage to
macromolecules such as DNA, lipids, and proteins, as the
evidence to date suggests that damage is occurring in spite
of normal plasma antioxidant concentrations. This should
prompt a review of what constitutes "adequate" antioxi-
dant levels in the presence of a chronic oxidative burden,
and we believe further investigation is warranted.

Until recently investigations along these lines have been
extremely difficult, but with the development of transgenic
mouse models of cystic fibrosis, tissue is becoming avail-
able and intracellular oxidant stress can be studied with
greater precision. The mouse model also allows for more
intense investigation of the pulmonary involvement of free
radicals in the deterioration of lung function by focusing
on the role of neutrophils and pulmonary antioxidants,
where previously human bronchoalveolar lavage and
biopsy samples were rarely available. The advent of gen-
etic therapy for cystic fibrosis should not, however, be seen
as a cure for this disabling disease, but as a spur to
increased research into its pathology which may prove of
great importance.
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