
Alveolar antioxidant status in patients with acute respiratory
distress syndrome

R. Schmidt, T. Luboeinski, P. Markart, C. Ruppert, C. Daum, F. Grimminger, W. Seeger, A. Günther

Alveolar antioxidant status in patients with acute respiratory distress syndrome.
R. Schmidt, T. Luboeinski, P. Markart, C. Ruppert, C. Daum, F. Grimminger,
W. Seeger, A. Günther. #ERS Journals Ltd 2004.
ABSTRACT: In the acutely inflamed lung, oxidant stress occurs within the alveolar
compartment. Under these conditions, the regulation of low molecular weight
antioxidants in the epithelial lining fluid is poorly understood. Therefore, antioxidant
levels were measured in the bronchoalveolar lavage fluid (BALF) of patients with acute
respiratory distress syndrome (ARDS; n=40) and in healthy volunteers (n=20).

Reduced glutathione (GSH), oxidised glutathione (GSSG; enzymatic assay), retinol
(vitamin A), a-tocopherol (vitamin E), ascorbic acid (vitamin C), uric acid (all by
HPLC), plasmalogens (1-alkenyl-2-acyl phospholipids), polyunsaturated fatty acids
(PUFA; both by gas–liquid chromatography), and F2-isoprostanes (ELISA) were
quantified. All values are expressed as concentrations in cell-depleted BALF.

GSSG (ARDS: 0.13¡0.02 mM; control: 0.03¡0.01 mM; mean¡SEM) and F2-
isoprostanes (ARDS: 78¡10 pM; control: 26¡5 pM) were increased in ARDS, thus
indicating oxidant stress. GSH levels in patients did not change significantly, whereas
concentrations of vitamins A and C, vitamin E (ARDS: 77¡15 nM; control: 26¡3 nM)
and uric acid (ARDS: 11.8¡2.2 mM; control: 0.7¡0.0 mM) were significantly elevated
in ARDS. PUFA of total lipids, which may act as sacrificial antioxidants, increased by
a factor ofy3 in patients, but plasmalogens showed a significant decrease.

In conclusion, low molecular weight antioxidants are elevated in the alveolar
compartment of patients with acute respiratory distress syndrome. Further research is
warranted to elucidate the molecular mechanisms underlying this finding.
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The alveolar compartment is permanently exposed to
reactive oxygen (ROS) and nitrogen species (RNS) derived
from inhaled air pollutants. The antioxidant defence system
of the epithelial lining fluid consists of several low molecular
weight compounds, such as reduced glutathione (GSH),
ascorbic acid (vitamin C) and uric acid, lipophilic antiox-
idants, such as a-tocopherol (vitamin E), retinol (vitamin A)
and plasmalogens (1-alkenyl-phospholipids), and antioxidant
enzymes, with superoxide dismutases, catalase, and the
glutathione peroxidases representing notable examples [1, 2].
In the normal lung, complex and coordinated interactions of
all antioxidant compounds provide protection of the distal
lung structures from the damaging effects of oxidative attack.

Inflammation of the lung may result in activation of
macrophages and neutrophils, and release of free radicals
due to respiratory burst. In addition, commonly used high
inspiratory concentrations of oxygen may contribute to
generation of free radicals [3]. Accordingly, a large number
of authors have provided evidence that oxidative-degradation
products are elevated in acute respiratory distress syndrome
(ARDS) patients, both in bronchoalveolar lavage fluid
(BALF) and in exhaled breath condensate [4–6]. This
imbalance between newly generated oxidative compounds
and the local antioxidative systems may well contribute to
lung injury, resulting in increased capillary leakage [7], altered
surfactant metabolism [2, 8, 9] and diminished surfactant

function [10]. This may further enhance alveolar oedema and
collapse, frequently encountered in ARDS and acute lung
injury (ALI).

Since ARDS/ALI are associated with elevated levels of
reactive oxidants in BALF, and based on findings that blood
antioxidant concentrations are reduced [11], it has long been
hypothesised that alveolar antioxidants may be decreased
in BALF of these patients [12]. In view of the low molecular
weight antioxidant compounds, data are conflicting and
scarce. It has, for example, been suggested that GSH is
reduced in BALF of ARDS patients [5, 13]. Such analysis of
single compounds may be complicated by the overall low
levels of these substances in BALF, due to the 100–200-fold
dilution of epithelial lining fluid (ELF) during the lavage
procedure. Thus, highly sensitive and selective analytical
procedures seem to represent a prerequisite for such analysis
[1].

In light of these considerations, the present study was
undertaken to carefully quantify single antioxidant com-
pounds in BALF from 40 patients with ARDS. A total of 20
healthy volunteers served as controls. A significant increase
was found for the majority of single antioxidant parameters
investigated, with the exception of GSH and plasmalogens. It
is concluded that increased oxidant burden in the distal lung
regions of ARDS patients is followed or accompanied by an
increase in antioxidant compounds.
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Methods

Patient population

The study was conducted at the Dept of Internal Medicine,
Justus-Liebig-University, Giessen, Germany, and included 40
patients fulfilling ARDS criteria, according to the definition
of the American European Consensus Conference of ARDS
[14]. In detail, patients with ARDS had a history of acutely
developing dyspnoea, arterial oxygen tension (Pa,O2)/inspiratory
oxygen fraction (FI,O2) values of v200 mmHg (1 kPa=
0.133 mmHg), pulmonary infiltrates, and pulmonary artery
wedge pressures (PAWP) v18 mmHg or missing signs of left
heart failure in echocardiography. Underlying reasons for
the development of ARDS were pneumonia (n=31; primary
ARDS), sepsis syndrome (n=8; secondary ARDS), and
pancreatitis (n=1; secondary ARDS).

Exclusion criteria for all patients were PAWP w18 mmHg,
lung contusion, pre-existing pulmonary diseases (fibrosis,
chronic obstructive pulmonary disease), malignant underlying
diseases, pregnancy and additional investigational drugs.

All patients received a standardised total parenteral
nutrition regimen, including amino acids and trace elements
(Aminomix 21; Fresenius Kabi, Bad Homburg, Germany),
lipids (Intralipid 201; Baxter, Unterschleissheim, Germany),
and a multivitamin preparation (Cernevit1-12; Baxter;
1 vial?day-1). Cernevit-12 contains, among others, 10.2 mg
a-tocopherol, 1.93 mg retinol palmitate and 125 mg ascorbic
acid. All patients were mechanically ventilated, and fibreoptic
bronchoscopy and bronchoalveolar lavage (BAL) were
performed for diagnostic purposes directly after the onset of
mechanical ventilation. A total of 20 healthy volunteers were
lavaged in a similar manner. The protocol was approved by
the local ethics committee of the Justus-Liebig-University.
Each patient or their closest relatives provided informed
consent. Demographic and basic clinical data are given in
table 1. The mean arterial oxygenation index (Pa,O2/FI,O2)
was 143 mmHg in ARDS (all patients), 134 mmHg in
patients with primary ARDS and 170 mmHg in patients
with secondary ARDS. There was no significant difference in
28-day mortality between primary and secondary ARDS
(table 1). The recovery of the BALF was reduced byy20% in
ARDS compared with healthy controls (table 1).

Bronchoalveolar lavage. Flexible fibreoptic bronchoscopy was
performed in all patients and controls by one physician in a
standardised manner, as previously described [15]. One

segment of the lingula or the right middle lobe was lavaged
with a total volume of 140 mL of sterile normal saline in seven
equal aliquots. The recovered BALF was pooled, filtered
through sterile gauze, and immediately centrifuged (3006g,
10 min, 4uC) to remove cells and membranous debris. Aliquots
of BALF for antioxidant analysis were supplied with 0.01%
butylated hydroxytoluene (BHT), frozen in liquid nitrogen and
stored at -80uC. Staining and counting of the pelleted cells were
performed according to routine standards. In keeping with the
recommendations of the European Respiratory Society
(ERS) Task Force [1, 16, 17], measurements of noncellular
constituents were reported in concentrations per mL of
recovered BALF.

Lipid and protein analysis. Lipids were extracted from BALF
with chloroform/methanol, and phospholipid content was
determined by spectrophotometric measurement, as previously
described [15]. Total proteins were analysed using a
commercial assay (Bicinchoninic acid protein quantitation
assay; Pierce, Bonn, Germany).

Antioxidant analysis

Reduced and oxidised glutathione. Total glutathione and
oxidised glutathione (GSSG) were determined by enzymatic
recycling assay originally described by TIETZE [18], adapted for
microtitre plates. GSSG was measured after masking of GSH
with N-ethylmaleimide (NEM) and separation of GSH-NEM
using solid-phase extraction.

Vitamin E and vitamin A. The hydrophobic vitamins a-
tocopherol (vitamin E) and retinol (vitamin A) were
simultaneously analysed by HPLC and diode array
detection, according to the method of CATIGNANI and BIERI

[19]. Retinol and a-tocopherol were simultaneously detected at
324 nm and 292 nm, respectively. Peak purity was checked
using the corresponding ultraviolet spectra. Analytes were
quantified by means of standard curves for each vitamin, after
correction for internal standard (retinol acetate) variability.

Vitamin C and uric acid. Vitamin C (ascorbic acid (AA)) and
uric acid (UA) were measured using HPLC, according to the
method of IRIYAMA et al. [20]. Detection was accomplished
using a HP 1049A electrochemical detector (Agilent,
Waldbronn, Germany), equipped with a Ag/AgCl working
electrode and set at z800 mV.

Table 1. – Demographic, clinical and routine laboratory data of the study population

Control ARDS all patients Primary ARDS Secondary ARDS

Subjects n 20 40 31 9
Age yrs 28.1¡1.3 54.3¡2.3*** 55.9¡2.8*** 48.9¡3.3***
Sex F/M 10/10 17/23 13/18 4/5
Pa,O2/FI,O2 mmHg 455.1¡15.1 143.0¡9.0*** 134.0¡9.1*** 170.2¡22.2***
Patients alive on day 28 30 (75.0) 23 (74.2) 7 (77.8)
BALF recovery % 79.7¡2.2 58.8¡2.5*** 57.1¡2.6*** 64.1¡6.1*
Neutrophils % 1.1¡0.2 55.2¡4.3*** 54.0¡5.6*** 59.0¡4.7***
Lymphocytes % 4.4¡0.7 8.8¡2.5 10.3¡3.3 4.2¡1.1
Macrophages % 94.5¡0.6 36.0¡3.5*** 35.7¡4.5*** 36.8¡4.9***
PL mg?ml-1 31.8¡3.7 27.2¡2.8 25.4¡3.3 33.2¡5.4
Protein mg?ml-1 0.07¡0.00 1.04¡0.12*** 1.09¡0.21*** 0.94¡0.32***
PPQ 0.460¡0.028 0.042¡0.009*** 0.035¡0.007*** 0.063¡0.029***

Data are presented as n, mean¡SEM and n (%). Acute respiratory distress syndrome (ARDS) patients were further divided into primary and
secondary ARDS. F: female; M: male; Pa,O2: arterial oxygen tension; FI,O2: inspiratory oxygen fraction; BALF: bronchoalveolar lavage fluid; PL:
total phospholipids in BALF; protein: total protein in BALF; PPQ: phospholipid-protein ratio. *: pv0.05; ***: pv0.001. 1 kPa=0.133 mmHg.
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Polyunsaturated fatty acids and plasmalogens. Total lipids
were isolated as described previously, and fatty acids and
plasmalogens were determined simultaneously using gas
chromatography as previously described [21]. The following
fatty acids were used for calculation of polyunsaturated fatty
acids (PUFA): 18:2, c-18:3, 18:3, 20:2, 20:3(3), 20:3(6), 20:3(9),
20:4, 20:5, 22:3, 22:4, 22:5, and 22:6. The ratio ((weight of
dimethylacetals (DMA)/weight of fatty acid methyl esters
(FAME))6 2) of the detected DMA to FAME indicated the
relative amount of plasmalogens within the phospholipid
fraction. Due to the lack of BHT-supplemented BALF
material, plasmalogens and PUFA were only measured in
14 controls and 31 ARDS patients.

Analysis of F2-isoprostanes. F2-isoprostanes were quantified
by means of an ELISA (Cayman Chemical, Ann Arbor, MI,
USA). In brief, samples (500 mL BALF) were purified and
concentrated by solid-phase extraction (3 mL Chromabond
C18ec cartridges; Macherey Nagel, Düren, Germany), and F2-
isoprostanes were eluted and subjected to ELISA, as detailed in
the supplier9s manual.

Statistical analysis

The results were expressed as mean¡SEM for each group.
First, statistical analysis of differences between patients and
controls and between patients with primary and secondary
ARDS was performed by testing principle significance
diversity (Kruskal-Wallis H-test), followed by comparison
with a nonparametric test (Mann-Whitney U-Test). Values
significantly different from control are indicated as pv0.05,
pv0.01, and pv0.001.

Results

As anticipated, ARDS patients had markedly increased
neutrophil and decreased macrophage counts in the BALF
cell differential. Total BALF protein was highly elevated in
ARDS, whilst total phospholipids did not differ significantly
between patients and controls (table 1).

In BALF from healthy controls, GSH was the most
abundant antioxidant molecule (y1.6 mM), followed by AA
(y0.5 mM) and UA (y0.7 mM). The concentrations of the
lipophilic antioxidants a-tocopherol (y26 nM) and retinol
(y5 nM) were relatively low (table 2).

Patients with ARDS (0.13 mM; pv0.001) showed higher
concentrations of GSSG compared with controls (0.03 mM;
table 2). Accordingly, F2-isoprostane levels, as markers for
lipid peroxidation, were significantly elevated in ARDS, thus

indicating oxidant stress (table 2). The present authors were
not able to detect considerable amounts of malondialdehyde
both in controls and in patients with the currently used
technique (HPLC with fluorescence detection), suggesting
very low concentrations of this lipid degradation product in
BALF.

The concentration of GSH was not different in ARDS as
compared with controls (table 2). The analysis of AA by
HPLC revealed an approximately four-fold elevation in
ARDS (2.4 mM; pv0.05; table 2). Similarly, the concentration
of UA was elevated in ARDS (11.8 mM; pv0.001) compared
with controls (table 2). The analysis of a-tocopherol (vitamin
E) revealed a significant increase in ARDS (y77 nM; table 2).
The concentrations of retinol (vitamin A) were approximately
seven-fold elevated in ARDS (y32 nM; pv0.001) compared
with controls (table 2).

In contrast to all other antioxidants investigated, plasmalo-
gens were significantly decreased in ARDS, and this was true
for both the absolute and relative (compared with total
phospholipids) concentration (tables 2 and 3). The absolute
and the relative content of PUFA, which may act as sacrificial
agents under oxidant stress, werey2–3-fold elevated in ARDS
compared with controls (tables 2 and 3).

In an attempt to compensate for the dilution variability
during BAL procedure, phospholipid coefficients were
calculated for all measured parameters (table 3). When
using the phospholipid concentration as a denominator,
nearly the same results as described previously were obtained.
In contrast, when performing urea correction (urea concen-
tration in blood/urea concentration in BALF), no significant
difference in GSSG and F2-isoprostane levels were observed
(data not given in detail). Urea-corrected GSH was signifi-
cantly decreased in ARDS (71.0 mM versus 216.5 mM in
controls; pv0.001), UA concentrations were still significantly
elevated (ARDS: 342 mM versus 100 mM in controls;
pv0.001), retinol values were approximately threefold ele-
vated in ARDS, whilst all other antioxidant compounds
showed only minor differences compared with controls (data
not given in detail).

Patients with ARDS were further divided into primary
ARDS (n=31) and secondary ARDS (n=9). Only minor
differences were observed in GSH levels in primary ARDS
(1.5¡0.4 mM) and in secondary ARDS (1.4¡0.3 mM). In
contrast, the absolute concentrations of AA and UA were
lower in primary ARDS compared with secondary ARDS
(table 2), but these differences were not significant. Addition-
ally, when using the total phospholipid concentration as a
denominator, only minor differences between primary and
secondary ARDS could be detected (table 3). The concentra-
tions of plasmalogens and PUFA did not change between
primary and secondary ARDS.

Table 2. – Absolute concentration of bronchoalveolar lavage fluid (BALF) oxidation markers and antioxidants

Control ARDS all patients Primary ARDS Secondary ARDS

GSSG mM 0.032¡0.016 0.125¡0.024*** 0.120¡0.031** 0.140¡0.040**
F2-isoprostanes pM 26.3¡5.2 77.9¡10.2*** 77.3¡12.7** 79.8¡15.5**
GSH mM 1.56¡0.20 1.51¡0.34 1.55¡0.44 1.36¡0.28
Ascorbic acid mM 0.51¡0.05 2.36¡0.60* 2.25¡0.72* 2.73¡0.98**
Uric acid mM 0.70¡0.04 11.80¡2.22*** 10.20¡1.65*** 17.16¡4.17***
a-Tocopherol nM 26.4¡3.09 77.3¡15.1** 84.6¡18.8** 52.1¡15.3
Retinol nM 4.8¡1.0 32.3¡9.5*** 34.8¡12.1*** 23.8¡5.7***
Plasmalogens ng?mL-1 367.9¡50.3 206.5¡29.1*** 191.9¡42.3* 216.9¡40.8*
PUFA mg?mL-1 2.38¡0.28 6.71¡0.95*** 6.32¡1.29* 6.99¡1.37*

Data are presented as mean¡SEM. The absolute concentrations of oxidised glutathione (GSSG), F2-isoprostanes, reduced glutathione (GSH),
vitamins C (ascorbic acid), E (a-tocopherol) and A (retinol), uric acid, plasmalogens, and polyunsaturated fatty acids (PUFA) are given. Acute
respiratory distress syndrome (ARDS) patients were further divided into primary and secondary ARDS. *: pv0.05; **: pv0.01; ***: pv0.001
compared with controls.
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The results of correlational analysis with the data presented
here and markers for severity of the disease (Pa,O2/FI,O2) and
clinical outcome (28-day mortality) revealed that no signifi-
cant correlation could be detected when comparing antiox-
idant and oxidative degradation product levels with Pa,O2/
FI,O2 values. Furthermore, no significant difference could be
observed between 28-day survivors and nonsurvivors, in view
of the addressed markers.

Discussion

The present study sought to investigate the regulation of
low molecular weight antioxidant molecules in ARDS. In
contrast to other diseases with underlying inflammatory
events, such as asthma [22] and bronchiolitis obliterans
syndrome in lung transplantation [23], less is known about
the regulation and distribution of alveolar low molecular
weight antioxidants in these entities. Recent investigations in
ARDS mainly focused on glutathione levels and BALF
concentrations of some antioxidant enzymes and proteins. In
the present study, GSH, the hydrophilic antioxidants AA and
UA, and the membrane-associated antioxidants plasmalo-
gens, vitamins E and A were identified as the predominant
low molecular weight antioxidants in BALF of healthy
individuals. Only very small amounts of oxidation products,
such as GSSG and F2-isoprostanes, were detected.

Under conditions of ARDS, markers of oxidant stress
(GSSG and F2-isoprostanes) were several-fold elevated,
consistent with previous investigations [5, 6]. The relatively
low concentration of F2-isoprostanes in BALF suggests that
generation of these oxidised lipids is limited under these
conditions or that they are rapidly cleared from alveolar
space, either by metabolic pathways or by transfer into the
blood compartment.

Upregulation of the majority of the investigated anti-
oxidant compounds was consistently observed. The most
abundant alveolar antioxidant GSH, however, showed no
significant change compared with controls. This is in contrast
to previous reports, in which significant reductions in GSH
levels were found in ARDS [5, 13]. The main reason for this
discrepancy may be related to the use of a urea coefficient for
correction of BAL variability in these studies. As has been
repeatedly discussed, BAL/blood urea quotient-based correc-
tion of the concentration of BALF compounds is prone to
pitfalls, which may arise from the rapid diffusion of urea,
especially through the leaky barrier in inflammatory lung
diseases. Also, the existing oedema fluid, enriched with urea,
may lead to falsely too low values and to large interpatient
variation [24]. In line with such reasoning, similar changes in
the concentration of GSH were observed, as compared with

the previous studies, when applying the urea-based correction
method. In the current study, the guidelines of the ERS Task
Force Report were followed [1, 16, 17], and all values were
reported as concentrations per mL of BALF. Additionally, as
suggested by the ERS Task Force, the recovery of instilled
lavage fluid was reported, and the BALF phospholipid
concentration was used as a denominator.

The hydrophilic antioxidants (AA and UA) appeared to be
more upregulated compared with the lipophilic antioxidants
(vitamins A and E). PUFA, which may act as sacrificial
antioxidants, were also markedly elevated in the current
patient groups.

In contrast to all other antioxidants assessed here,
plasmalogens, which are believed to represent integral
components of pulmonary surfactant [25] and powerful
antioxidants [26], were decreased in both patient groups,
in view of their absolute as well as their relative content
(compared with total phospholipids). On the one hand, this
may suggest increased degradation and/or impaired synthesis/
secretion on the other hand. Interestingly, this clearly differs
from vitamins A and E, which were found here to be clearly
upregulated and are also actively secreted with pulmonary
surfactant by type II cells [25].

In the current investigation, a persistent oxidative stress
was observed in distal lung structures in ARDS patients.
Despite the fact that alveolar antioxidants are increased, an
excess of oxidative forces persists, ultimately leading to
oxidant/antioxidant imbalance. As a result, various forms of
molecular damage occur in response to the formation of ROS
and RNS, among these are lipid peroxidation, DNA and
protein damage. This may have several consequences, as
follows: 1) parenchymal and endothelial cells are damaged by
ROS [27], which may lead to increased vascular permeability
[28, 29]; 2) damage of surfactant-specific proteins and
chemical modification by reactive radicals may markedly
contribute to impaired surface activity and have indeed been
observed in several studies [4]; and 3) probably even more
important than direct surfactant damage, oxidant-induced
disturbances in alveolar type II cell surfactant synthesis and
metabolism may account for the pronounced impairment of
surfactant function encountered in ARDS [8, 9, 30].

Despite a wealth of investigations, the precise modes of
action of low molecular weight antioxidants in biological
fluids and tissues, the relative importance of individual
antioxidants, and their individual impact on total antioxidant
capacity in the alveolar compartment remain poorly under-
stood. Furthermore, the sources of antioxidants and their
metabolism in the ELF are still unclear [1].

The most prominent finding of the current study, the
increase in antioxidants in the alveolar compartment, may
provoke the speculation that antioxidant metabolism in

Table 3. – Relative concentration of bronchoalveolar lavage fluid (BALF) oxidation markers and antioxidants

Control ARDS all patients Primary ARDS Secondary ARDS

GSSG/PL M/M 0.001¡0.001 0.006¡0.002*** 0.006¡0.002** 0.005¡0.002**
F2-isoprostanes/PL M/M6106 0.79¡0.18 3.36¡0.62*** 3.59¡0.77** 2.66¡0.98**
GSH/PL M/M 0.05¡0.01 0.11¡0.04 0.13¡0.05 0.05¡0.02
Ascorbic acid/PL M/M 0.013¡0.001 0.096¡0.027** 0.105¡0.034** 0.065¡0.020**
Uric acid/PL M/M 0.020¡0.002 0.384¡0.067*** 0.393¡0.079*** 0.352¡0.128***
a-Tocopherol/PL M/M6103 0.65¡0.06 2.04¡0.23*** 2.28¡0.26*** 1.22¡0.34
Retinol/PL M/M6103 0.14¡0.04 0.75¡0.13*** 0.81¡0.17*** 0.58¡0.15***
Plasmalogens/PL % 1.07¡0.04 0.68¡0.05*** 0.63¡0.06*** 0.72¡0.07***
PUFA/total FA % 7.19¡0.29 20.70¡1.39*** 20.06¡1.96*** 21.09¡1.94***

Data are presented as mean¡SEM. The relative (compared with total BALF phospholipids (PL)) concentrations of oxidised glutathione (GSSG),
F2-isoprostanes, reduced glutathione (GSH), vitamins C (ascorbic acid), E (a-tocopherol) and A (retinol), and uric acid are given. Plasmalogens and
polyunsaturated fatty acids (PUFA) are given as percent (weight/weight) of total phospholipids or total fatty acids (FA) in BALF. Acute respiratory
distress syndrome (ARDS) patients were further divided into primary and secondary ARDS. **: pv0.01; ***: pv0.001 compared with controls.
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alveolar epithelial cells is accelerated under oxidative stress
during ALI. However, it should be kept in mind that the
currently used study design cannot further strengthen such a
hypothesis, mainly because total BALF antioxidant levels
only reflect net effects of different processes. Further research
is necessary to investigate antioxidant metabolism in lung
epithelial cells under the conditions of oxidative stress. Recent
work has focused mainly on the regulation of glutathione.
For example, RAHMAN et al. [31] found that both glutathione
and c-glutamylcysteine synthetase levels increase in alveolar
type II cells after oxidant treatment. This may be induced by
activation of redox-sensitive transcription factors, such as
nuclear factor-kB and activator protein-1, which are involved
in regulation of antioxidant genes. A recent study by
BLOMBERG et al. [32] showed that single alveolar antioxidant
levels are rapidly restored after depletion by diesel exhaust,
indicating that there are fast metabolic pathways in the lung.
During tobacco-smoke exposure [33] and in patients with
asthma [34], GSH was found to be increased in BALF.
Furthermore, pre-exposure of animals to sublethal oxidant
stress, including ozone, hypoxia and hyperoxia, resulted in
increased antioxidant levels [35, 36] and enhanced tolerance to
subsequent hyperoxic challenge [36]. Taken together, these
findings may indicate the adaptive capability of the lung in the
course of oxidant-induced lung injury. Another aspect that
should be considered is that the mode of ventilation during
ARDS may also alter antioxidant gene expression and
antioxidant release. COPLAND et al. [37] convincingly demon-
strated that the mode of ventilation has a profound impact on
gene expression in the lung. As compared to a nonventilated
lung, they found increased levels of proinflammatory genes
(e.g. interleukin-1b) in bronchiolar epithelium cells by using
cell picking, in situ hybridisation and macroarray techniques
after high-frequency ventilation. Significant up- and down-
regulation of several genes were observed already after 30 min
of high-frequency ventilation. The authors hypothesise that
mechanical stretch during high-frequency ventilation alters
the lung gene profile significantly, and that these gene
alterations precede the lung injury. Although these authors
did not present data on antioxidant genes, these results
evidently demonstrate the readiness of the lung to respond to
mechanical ventilation with a profound change in the gene
expression pattern that may, of course, also include anti-
oxidant genes.

Taken together, in acute respiratory distress syndrome, the
current results suggest that the alveolar oxidative challenge is
associated with a net increase of low molecular weight
antioxidants. Future studies will have to elucidate whether
this local increase in low molecular weight antioxidants is due
to local production or spillover from the blood compartment.
Nevertheless, the global antioxidant capacity of the epithelial
lining fluid, despite the increase in single antioxidant
compounds, seems unable to fully counterbalance the
increased oxidative burden. Future studies may help to clarify
the relative importance of single antioxidants in protecting the
lung from oxidative attack.
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