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Abstract

We have tested the hypothesis that oxidation of lung surfactant
results in loss of surface tension lowering function. Porcine lung
surfactant was exposed to conditions known to cause lipid per-
oxidation (0.2 mM FeCl, + 0.1 mM H,0, or 5 uM CuCl,).
Lipid peroxidation was verified by detection of conjugated
dienes, thiobarbituric acid reactive substances, fluorescent
products, hydroxy alkenals, and loss of unsaturated fatty acids.
Exposed samples had significantly diminished surface tension
lowering ability in vitro as measured in a bubble surfactometer.
Samples exposed to FeCl, + H,0, had significantly diminished
surface tension lowering ability in vivo as indicated by their
reduced ability to improve lung compliance of surfactant-defi-
cient fetal rabbits. Oxidation of phospholipid mixtures with
surface tension lowering activity and containing unsaturated
acyl groups resulted in partial loss of activity as determined in
vitro. These results suggest that the effect of oxidants on lung
surfactant function is due, in part, to effects on the phospho-
lipid components and that acute pulmonary inflammation ac-
companied by oxygen radical production may result in surfac-
tant lipid peroxidation and loss of surface tension lowering
function. (J. Clin. Invest. 1994. 93:2608-2615.) Key words:
pulmonary surfactants » phospholipids  dipalmitoylphosphati-
dylcholine « respiratory distress syndrome, adult « oxidants

Introduction

Acute high-permeability lung injury, often called the adult
respiratory distress syndrome (ARDS),! remains a common
clinical problem associated with a mortality of 60%. The se-
quence of pathophysiologic events in the evolution of ARDS is
not well understood, although the syndrome has many charac-
teristics of acute inflammation.

In this setting of acute inflammation, data suggest that lung
surfactant surface tension lowering ability is decreased. In the
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1. Abbreviations used in this paper: A,;,, absorbance at 234 nm;
ARDS, adult respiratory distress syndrome; BAL, bronchoalveolar la-
vage fluid; DAPC, 1,2,-diarachidonoyl phosphatidylcholine; DPPC,
1,2-dipalmitoyl phosphatidylcholine; HNE, 4-hydroxynon-2-enal;
HOE, 4-hydroxyoct-2-enal; MDA, malondialdehyde; PL, phospho-
lipid; POPG, 1-palmitoyl-2-oleoyl phosphatidylglycerol; TBARS, thio-
barbituric reactive substances.
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healthy lung, surfactant is believed to cause a low surface ten-
sion when alveolar surface area is reduced, thus preventing
alveolar collapse, loss of lung compliance, and edema forma-
tion (1). As loss of compliance, shunt and alveolar edema are
hallmarks of ARDS, it has been rational to examine the func-
tion of surfactant from patients with acute lung injury. Obser-
vations of Ashbaugh et al. (2) on fluid recovered from minced
lung tissue obtained postmortem from two patients with
ARDS suggested surfactant dysfunction. Hallman (3) demon-
strated abnormal phospholipid composition and a profound
loss of surface activity of surfactant obtained from ARDS pa-
tients. Consistent observations come from studies in which pa-
tients with ARDS had lung surfactant phospholipid composi-
tion and function significantly different from that of patients
with mild respiratory failure or that of normal subjects (4, 5).
In addition, lung surfactant recovered in bronchoalveolar la-
vage fluid (BAL) from animal models of acute lung injury
demonstrates disturbances of the lung surfactant system (6, 7).
The relevance of these disturbances to the pathophysiology of
acute lung injury is suggested by the therapeutic effect of
exogenous surfactant treatment of animals with acute lung in-
jury (8, 9). In addition, preliminary reports suggest the possi-
bility of efficacy of surfactant replacement in the setting of
ARDS (10, 11).

How might inflammatory events result in alteration of lung
surfactant? PMN infiltration of lung tissue occurs early in
ARDS (12, 13), and the presence of these cells and plasma
proteins in BAL of such patients is a prominent finding. In
addition, BAL analyses suggest the release of active neutrophil
proteases within the inflamed lung (14-16). Although a vari-
ety of plasma proteins are capable of inhibiting surfactant sur-
face tension lowering function, surfactant from patients with
ARDS that has been separated from hydrophilic substances
may have impaired function (17), suggesting a role for addi-
tional mechanisms of inactivation. Examination of exhaled
breath condensate reveals evidence of hydrogen peroxide
(H,0,) and of oxidation of BAL proteins such as a-1-protein-
ase inhibitor (a,-PI) (18, 19). This oxidation is consistent with
the release of reactive oxygen products from stimulated phago-
cytes (20). Thus, both proteolytic and oxidative injury of lung
components may occur during acute lung injury.

Unsaturated fatty acids are substrates for peroxidative at-
tack by reactive oxygen products; aldehydic products of lipid
peroxidation with significant chemotactic or cytotoxic activity
may result (21). Lung surfactant is ~ 90% lipid [ of which 90%
is phospholipid (PL)] and 10% surfactant-associated proteins.
However, a minority of lung surfactant phospholipid acyl side-
chains are unsaturated, and therefore it is necessary to deter-
mine whether lipid peroxidation will have a substantive effect
on surfactant function. To understand better the susceptability
of lung surfactant to lipid peroxidation and the resultant effect



on surface tension lowering ability, the hydrophobic compo-
nents of porcine lung surfactant were exposed to oxidizing con-
ditions, and the chemical and functional consequences were
determined. Results of these experiments suggest that relatively
minor alterations in lung surfactant structure caused by lipid
peroxidation result in significant alterations in surface tension
lowering function.

Methods

Surfactant preparation

Pulmonary surfactant was obtained by lavaging lungs of live pigs with 3
liters of cold 150 mM NaCl containing EDTA ( 1 g/liter) and butylated
hydroxytoluene (BHT, 4.4 mg/liter). The lavage fluid was retrieved on
ice and immediately centrifuged at 400 g for 15 min at 4°C to remove
cells and debris. The supernatant was centrifuged at 10,000 g for 90
min at 4°C, and the pelleted surfactant was resuspended in a few milli-
liters of supernatant fluid and stored under N, at —70°C. Before ana-
lytic determinations, lipids were extracted using the method described
by Bligh and Dyer (22). After evaporation of the organic solvent under
N,, dry lipids were resuspended at a PL concentration of 25 mg/ml in
the appropriate solvent (H,O or 50 mM NaCl) by agitation for 30 min
(Big Vortexer; Glas-Col Apparatus Co., Terre Haute, IN) and sonica-
tion on ice (20-s bursts every 30 s for 5 min) using a Microson (Heat
Systems-Ultrasonics Inc., Farmingdale, NY) set at 23 kHz, 25 W. PL
concentration was calculated from phosphorous content (23).

Exposure of surfactant to oxidant generating systems

Extracted pig surfactant was exposed in vitro to two different oxidant
conditions: CuCl, or FeCl,/H,0,. Exposure to metal ions has been
shown to result in oxidation of low density lipoproteins or liposomes
(24, 25). Chemical mechanisms are complex; in the case of iron-me-
diated oxidation, a Fe?*:Fe** complex acting independent of HO may
initiate lipid peroxidation (25). For exposure of surfactant to CuCl,,
extracted pig surfactant was diluted to a concentration of 1 mg PL /ml
in H,O, since in H,0, surfactant makes a clear, stable, homogeneous
suspension, whereas in 150 mM NaCl the suspension is more turbid,
and surfactant precipitates over time. Oxidation was initiated at room
temperature by the addition of a freshly prepared aqueous CuCl, solu-
tion (final concentration 5 uM). Samples were incubated at 37 or 24°C
for up to 24 h. For exposure of surfactant to FeCl,/H,02, extracted
pulmonary surfactant was diluted at a concentration of 1| mg PL/mlin
50 mM NaCl (pH 7.0). FeCl, was added (0.2 mM final concentra-
tion). Peroxidation was initiated by addition of H,0, (0.1 mM final
concentration) (25). Control samples lacking surfactant, FeCl,, or
H,0, were also prepared. Samples and controls were incubated
at 37°C.

To investigate the causal relationship between lipid peroxidation
and loss of surfactant biophysical function, protein-free surfactants
were exposed to oxidizing conditions to discover if phospholipid perox-
idation alone might alter biophysical properties. Either (a) a mixture of
1,2-dipalmitoyl phosphatidylcholine (DPPC), 1-palmitoyl-2-oleoyl
phosphatidylglycerol (POPG), and palmitic acid (3:1:0.6 wt/wt/wt in
50 mM NaCl) with or without 2% (by weight) 1,2-diarachidonoyl
phosphatidylcholine (DAPC), or (b) Exosurf (DPPC, tyloxapol, hexa-
decanol, by weight 13.5:1.5:1) was oxidized by exposure to 0.2 mM
FeCl, + 0.1 mM H,0, as described. To detect the generation of non-
sedimentable inhibitors of function and to control for the effects of
sedimentation, surfactants exposed to oxidizing conditions were either
analyzed directly or pelleted (10,000 g for 60 min) and resuspended in
supernatant or buffer. Unoxidized DPPC/POPG/PA /DAPC was re-
suspended in the supernatant of oxidized DPPC/POPG/PA/DAPC.
Exosurf was adjusted to 0.125 mg PL /ml, as this concentration affords
optimal surface tension lowering activity in the bubble surfactometer.
Other samples were adjusted to 1 mg PL/ml, 150 mM NaCl, 5 mM
CaCl,, S mM Tris, pH 7.0-7.4, before using the pulsating bubble sur-

factometer to determine minimum surface tension lowering activity
after 10 min of pulsation.

Lipid analyses

Conjugated dienes. For samples exposed to CuCl,, absorbance at 234
nm (A,;,) was monitored continuously or the ultraviolet (UV) spec-
trum was recorded every 2 h for up to 62 h (Uvikon 810; Tegimenta
AG, Rotkreutz, Switzerland) to provide a qualitative assessment of
conjugated diene formation. Values were compared with those ob-
tained from a control containing the same amount of surfactant but no
CuCl,. Incubation of CuCl, alone produced no change in A,,,. For
quantitative measurements, 0.5 ml of the sample was mixed with 7 ml
of a 2:1 (vol/vol) mixture of chloroform/methanol preheated to 45°C.
The mixture was mixed vigorously (vortex mixer) for 30 s, and 2 ml of
distilled water acidified with 0.1 N HCl to a pH of 2.5 was added. After
mixing ( vortex mixer) for 30 s, the mixture was centrifuged at 1,500 g
for 10 min, and 4.5 ml of the lower layer was transferred to a glass tube,
and the chloroform was evaporated under a stream of N,. The residue
was reconstituted with 0.5 ml of n-heptane, the absorbance at 234 nm
was measured, and the relative concentration of conjugated dienes was
calculated assuming ¢,34:29,500 cm™' M~ (24, 26).

Thiobarbituric reactive substances (TBARS). Of the sample to be
analyzed, 0.5 ml was added to | ml of a 1:1:1 (vol/vol/vol) solution of
15% (wt/vol) TCA, 0.375% (wt/ vol) thiobarbituric acid, 0.25 N hydro-
chloric acid, and 0.01% (wt/vol) butylated hydroxytoluene. The mix-
ture was heated at 95°C for 25 min. The supernatant was obtained by
centrifugation at 1,500 g for 5 min, and the absorbance at 535 nm was
measured. Standard calibration was achieved using malondialdehyde
(MDA) freshly prepared by acid hydrolysis of malonaldehyde bis di-
methylacetal.

Fluorescent products. Samples were reextracted, and fluorescent
products were measured as the relative fluorescence intensity at an
excitation wavelength of 360 nm and an emission wavelength of 420
nm (27).

Fatty acid composition. Samples were reextracted under N,. 2 ml
surfactant lipids was mixed with 4 ml chloroform:methanol (2:1, vol/
vol). After centrifugation (4,500 g, 10 min at 4°C), the lower phase
was washed with 2 ml MeOH/ 150 mM NaCl (1:1, vol/vol) and then
with 2 ml 150 mM NaCl. Fatty acid methyl ester (FAME ) composition
was then determined by gas-liquid chromatography with flame ioniza-
tion detection (GLC-FID). After evaporation of 100 ul lipid extract,
the FAMEs were generated by treatment of the residue with sodium
methoxide in methanol at 60°C. The solution was extracted twice with
n-hexane and analyzed by GLC-FID using a gas chromatograph
(model 3800; Dani, Monza, Italy) fitted with a 12 m X 0.22 mm id
fused silica capillary column ( model BP-20; Marchery & Nagel, Diiren,
Germany) using hydrogen as the carrger gas. The flame ionization de-
tector and the injection port temperature were maintained at 250°C;
the column temperature was maintained at 150°C for 3 min and then
increased to 230°C at 5°C /min. Averages of at least two separate analy-
ses per sample are presented. Measurement variability within samples
was < 3% and between duplicates was < 10%.

Hydroxy alkenal content. Hydroxy alkenals were determined as
2,4-dinitrophenyl hydrazone (DNPH ) derivatives by HPLC(28).Sam-
ples of 0.5 ml were incubated with 0.5 ml 2,4-dinitrophenylhydrazine
solution (0.5 mg/ml 1 N HCI) for 2 h at 24°C. The reaction mixture
was extracted three times with 0.6 ml dichloromethane. The combined
organic phases were concentrated and preseparated by TLC (silica gel
60; E. Merck, Darmstadt, Germany) using dichloromethane as the
developing solvent. The separated hydroxy alkenal-DNPH derivatives
were eluted from the silica gel three times with methanol. Finally, 4-hy-
droxynon-2-enal (HNE) and 4-hydroxyoct-2-enal (HOE) hydrazones
were separated by HPLC on a Spherisorb ODS 2.5 um, 4 X 250 mm
column using acetonitrile/H,O (60:40, vol/vol) as the mobile phase
and a detection wavelength of 365 nm. Authentic standard derivatives
were used for peak identification and quantification. Measurement
variability within samples was < 3% and between duplicates was
< 12%.
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Detection of antioxidant capacity

a-Tocopherol. a-Tocopherol content was determined after first reex-
tracting the samples using the procedure of Biesalski et al. (29). HPLC
separation was achieved with a Nucleosil NH,, 5 um, 4 X 250 mm
column. The mobile phase of n-hexane/2-propanol (96:4, vol/vol)
provided isocratic elution at a flow rate of 1.1 ml/min. Absorbance was
monitored at 295 nm. D,L tocopherol was used as an internal standard.
Measurements had a coefficient of variation of 2.2% as determined
from six measurements from a serum pool.

Reactive sulfhydryl groups. Total reactive sulfhydryl groups were
determined using 5,5’-dithio-bis-2-nitrobenzoic acid reagent according
to published methods (30).

Surfactant surface activity

In vitro function. Because surfactant PLs express no surface tension
lowering activity when suspended in distilled water, before in vitro
assays, we restored an NaCl concentration of 150 mM to samples sus-
pended in H,O by adding 50 ul of a 3 M NaCl solution (X20) per ml of
sample. By doing so, PL were diluted to 0.95 mg/ml 150 mM NaCl. All
samples and controls were assayed blindly at a concentration of 0.95 or
1 mg PL/ml in a pulsating bubble surfactometer at 37°C (31). 10 s
after the bubble was formed, it was pulsated at a rate of 20 cycles per
minute between minimum and maximum diameters of 0.4 and 0.55
mm, respectively. The surface tension at the minimum size bubble was
recorded for each cycle and recorded on a microcomputer. Subse-
quently, the area under the surface tension-time plot was determined
and used for statistical analyses.

In vivo function. To measure the surface activity in an in vivo
model, surfactant was concentrated by centrifugation (10,000 g, 90
min, 4°C) to a PL concentration of 20 mg/ml in 150 mM NaCl. Mea-
surements of copper in the supernatants indicated that = 90% of cop-
per coprecipitated with the surfactant. Therefore, to prepare nonoxi-
dized control samples containing a concentration of copper equivalent
to that contained in the oxidized samples, samples were concentrated
by lyophylization and subsequently resuspended in 150 mM NaCl
Control samples were resuspended in 150 mM NaCl/$5 uM CuCl, just
before assay of in vivo function.

New Zealand rabbit does of 27-d gestation were anesthetized intra-
venously with pentobarbital and delivered of fetuses by Cesarean sec-
tion. The fetuses were anesthetized, paralyzed, weighed, and main-
tained in a thermoneutral environment while the trachea was cannu-
lated with an 18-gauge catheter secured by a ligature. Surfactant (2 mg
in 0.15 ml 150 mM NaCl) was introduced via the catheter and followed
by 0.3 ml of air and 0.15 ml saline. The animals were then placed in a
thermostatted flow plethysmograph, and the tracheostomy tubes were
attached in parallel to a modified Baby Bird ventilator (Bird Products
Corp., Palm Springs, CA). They were ventilated with 30 breaths per
minute, I.E = 1:4, peak inspiratory pressure of 25 cm H,0, and positive
end-expiratory pressure of 0 cm H,0. Dynamic compliance was deter-
mined every 10 min for 60 min. The area under the compliance-time
plot was used for subsequent statistical analyses.

Statistics

Data are presented as mean +SD unless otherwise noted. Differences
between groups were detected either by one- or two-way ANOVA with
Bonferroni post hoc test for pairwise comparison between groups. Dif-
ferences were considered significant when the probability of a type I
error was < 0.05.

Results

Lipid peroxidation. Exposure of porcine surfactant to oxidiz-
ing conditions resulted in findings consistent with formation of
conjugated dienes and TBARS.

Measurement of conjugated diene concentration after 2 h
of exposure of surfactant (1 mg/ml) to 0.2 mM FeCl, + 0.1
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mM H,0,, after 24 h of exposure to 5 uM CuCl,, or after no
exposure indicated the presence of 31.89+3.69, 24.21+4.80,
and 9.65+7.11 nmol conjugated dienes (CD), respectively (n
= 3, each group). These results indicate a net production of up
to ~ 22 nmol CD/mgsurfactant. Experiments to describe qual-
itatively the formation of conjugated dienes during exposure to
FeCl, + H,0, were frustrated by marked signal variability.
However, exposure of surfactant to CuCl, could be performed
in nonsedimenting suspensions with continuous spectropho-
tometry. When surfactant (1 mg/ml) was exposed to 5 uM
Cu(l, at 24°C, monitoring of A,,, showed an increase in absor-
bance that commenced immediately and reached a maximum
after 20 h. A,,, stabilized between 20 and 34 h and decreased
thereafter (Fig. 1 A). A,;,, of surfactant alone decreased slightly
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Figure 1. (A4) The formation of conjugated dienes, as evidenced by
increased A,s,, during exposure of surfactant (1 mg/ml) to 5 uM
CuCl, (—) indicates no lag period and peak formation after ~ 30
h. Unexposed surfactant (- - - - - ) showed minimal evidence of con-
jugated diene formation. (B) Difference spectra acquired at 2-h in-
tervals of surfactant (1 mg/ml) exposed to 5 uM CuCl, vs unexposed
surfactant indicate formation of a discrete peak at 234 nm consistent
with formation of conjugated dienes.
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Figure 2. Formation of TBARS, as indicated by As;s, from surfactant
(1 mg/ml) exposed to FeCl, (0.2 mM) + H,0, (0.1 mM) (e); FeCl,
only (0); H,0, only (v); or unexposed (0); FeCl, + H,0, without
surfactant (¢). Only when the complete oxidizing system is present is
evidence of TBARS formation found.

during the first 2 h, remained stable during the next 10 h, and
then increased slightly. A,,, of 5 uM CuCl, did not vary during
60 h, and results of exposing surfactant to Cu?* at 24 and 37°C
were qualitatively similar (data not shown). The change of the
UV spectrum over time and the progressive appearance of a
peak at 234 nm are shown in Fig. 1 B. As the absence of a lag
phase after addition of CuCl, and before detection of conju-
gated diene formation contrasted with results from oxidation
of low density lipoprotein (24), we measured levels of a-to-
copherol and of free sulfhydryl groups in oxidized and control
surfactant samples. Neither a-tocopherol nor free sulfhydryl
groups could be detected in any samples, consistent with the
absence of apparent functional antioxidant activity.

To determine if fatty acid peroxidative changes progressed
to formation of aldehydic products, we sought presence of
TBARS, as well as HNE, and HOE, bioactive products of lipid
peroxidation. Measurement of TBARS in samples exposed to
FeCl,/H,0,, CuCl,, or unexposed indicated the presence of
8.54+2.08, 4.67+0.33, and 1.33+1.32 nmol TBARS/mg sur-
factant, respectively (n = 3, each group). The formation of
TBARS during exposure of surfactant to FeCl,/H,0, or to
each component is shown in Fig. 2. TBARS were produced
only in the sample containing the complete oxidizing system,;
there was no change in Ag;s in the control sample containing
surfactant only or in samples containing either H,0, or FeCl,
in the absence of surfactant. A significant increase in concen-

Table I. Fatty Acid Content as Percent of Total
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Figure 3. Bubble surfactometer surface tension measurements at
minimum bubble size indicate significant inhibition of function of
surfactant exposed to FeCl, + H,0, (conditions as for Fig. 2) (e) as
compared with surfactant exposed to FeCl, only (o), H,O, only (a),
or unexposed (0), (n = 12, each condition; mean+SEM; P < 0.0001).

tration of hydroxyalkenals was detected. Samples exposed as
described to FeCl, + H,0,, to CuCl,, or unexposed contained
3.02+0.69, 2.12+0.15, or 0.12+0.01 nmol HNE/mg PL and
1.27+0.20, 0.83+0.02, and 0.06+0.02 nmol HOE /mg PL, re-
spectively (n = 3).

Formation of peroxidative products from di- or polyunsatu-
rated phospholipid acyl groups should be accompanied by a
decrease in the fractional content of unsaturated fatty acids
derived from oxidized surfactant phospholipids. Results of
analysis of fatty acid composition are shown in Table I and
indicate an apparent difference in 18/2 and 20/4 fatty acid
composition of oxidized as contrasted to control surfactant
samples.

Samples exposed to Fe**/H,0, or Cu?* contained signifi-
cantly greater fluorescent products than the unexposed sam-
ples. Values of 77.9+14.6, 81.0+13.4, and 23.3+11.1, respec-
tively, were obtained (n = 3).

Functional assays. In vitro surface tensions of samples in-
cubated with FeCl, + H,0,, FeCl,, H,0,, or no additive were
measured after 2 h of incubation and 10 min of bubble pulsa-
tion were 6.5+7.1, 0.0+0.1, 0.0+0.1, and 0.0+0.0 mN/m, re-
spectively (n = 12, each group, Fig. 3). Function was dimin-
ished significantly for the sample exposed to the full oxidizing
system (P < 0.0001). In vitro surface tensions after 10 min of
bubble pulsation of samples exposed to CuCl, for 24 h, of sam-
ples incubated 24 h with no additive, of samples incubated 5

Condition 14/0 16/0 16/1 18/0 18/1 18/2 20/4 Sat/unsat
Control 30 69.5 5.8 3.7 10.5 5.4 0.4 3.5
CuCl, 4 712 6.3 3.6 10.2 3.8 <0.1 39
FeCl, + H,0, 4.1 74.9 5.6 40 9.7 1.3 <0.1 5.0

Samples were extracted with chloroform/methanol, washed, and dried. Fatty acid methyl esters were generated by treatment of the residue with
sodium methoxide in methanol and detected by gas-liquid chromatography with flame ionization detection. Values represent avereages of at
least two separate analyses per sample. Measurement variability within samples was < 3% and between duplicates was < 10%.
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min with CuCl,, or of unexposed unincubated surfactant sam-
ples after 10 min of bubble pulsation were 18.6+1.2, 4.8+2.4,
1.7+1.7, and 1.4+1.4 mN/m, respectively (n = 10, 5, 5, and 5;
Fig. 4). Function was diminished significantly for the sample
exposed to CuCl, for 24 h (P < 0.00001).

In vivo function of surfactant was tested in the surfactant-
deficient fetal rabbit. Compliance of the surfactant-deficient
rabbit respiratory system was improved minimally at 60 min to
0.155+0.075 ml/cmH,O per kg (n = 10) by administration of
extracted pig surfactant that had been exposed to FeCl, + H,0,
(Fig. 5). In contrast, in animals receiving surfactant only, sur-
factant exposed to H,0,, or surfactant exposed to FeCl,, com-
pliance improved significantly to 0.408+0.142, 0.398+0.120,
or 0.327+0.167 ml/cmH,O per kg, respectively (n = 9, 9, and
11; P < 0.003). Animals receiving surfactant that had been
exposed to CuCl, for 24 h, surfactant exposed to CuCl, for 5
min, unexposed surfactant, or no surfactant had compliances
0f 0.288+0.126, 0.422+0.108, 0.408+0.217, and 0.085+0.027,
respectively (n = 8, 8, 10, and 4). The overall difference was
significant (0.04), but no post hoc comparisons were signifi-
cant.

Having demonstrated that surfactant lipid peroxidation
and loss of surface tension lowering function accompanied ex-
posure of porcine surfactant (containing hydrophobic apopro-
tein) to oxidizing systems, experiments were performed with
non-protein containing lipid mixtures to determine if expo-
sure of lipids alone is sufficient to alter surface tension lowering
function. Results of those experiments are presented in Table 11
and demonstrate that surfactants containing unsaturated phos-
pholipids (e.g., POPG and DAPC) but not preparations con-
taining only saturated phospholipid (e.g., Exosurf) lose surface
tension lowering activity after exposure to oxidizing condi-
tions. This loss is accompanied by generation of TBARS when
the polyunsaturated lipid DAPC is present. We did not detect
generation of nonsedimentable inhibitor from the DPPC/
POPG/PA /+DAPG mixtures ( Table II, preparation 4). Max-
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Figure 4. Bubble surfactometer surface tension measurements at
minimum bubble size indicate significant inhibition of function of
surfactant (1 mg/ml) exposed to 5 uM CuCl, for 24 h (e ) compared
with surfactant exposed to CuCl, for 5 min (4 ), unexposed and in-
cubated for 24 h (o), or unexposed and unincubated (O), (n = 10,
5, 5, and 5, respectively; mean+SEM; P < 0.00001).
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Figure 5. Surface tension assessment in vivo indicates significantly
impaired ability of surfactant exposed to Fe + H,0, (o) (conditions
as for Fig. 2) to improve compliance of the surfactant-deficient fetal
rabbit lung during 60 min of ventilation. In contrast, surfactant ex-
posed to FeCl, only (0), to H,O, only (2 ) or unexposed (0) exhibited
ability to improve lung compliance, (n = 10, 11, 9, and 9, respec-
tively; mean+SEM; P < 0.003).

imum surface tension for all lipid mixtures was 55-67 mN/m
and was not affected by oxidation. The centrifugation and re-
suspension required for these experiments did not affect the
results.

Discussion

Because reactive oxygen products are released into the alveolar
space during ARDS and because pulmonary surfactant func-
tion is altered in this syndrome, it is reasonable to speculate
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Figure 6. Surface tension assessment in vivo suggests impaired ability
of surfactant exposed to CuCl, for 24 h (e) (conditions as for Fig.
4) to improve compliance of the surfactant-deficient fetal rabbit lung.
Surfactant exposed to CuCl, for 5 min (o) and unexposed surfactant
(O) were able to improve lung compliance, while animals receiving no
treatment (2 ) showed little improvement in lung compliance (n = 8,
8, 10, and 4, respectively).




Table I1. Effect of Oxidant Exposure on Synthetic Surfactants

Surfactant Exposure n Preparation TBARS Min ST
mN/m
Mix None 8 1 0.002 2.4+0.2
8 2 1.6+0.5
6 3 2.3+0.3
Mix H,0, + FeCl, 8 1 0.007 4.4+0.4
7 2 3.8+0.3
6 3 2.2+0.4
Mix + DAPC None 10 1 0.026 2.84+0.2
10 2 2.6+0.3
10 3 1.9+0.4
6 4 1.5+£0.4
Mix + DAPC H,0, + FeCl, 10 1 0.405 6.5+0.8
10 2 5.3+£0.3
10 3 4.12+0.5
Exosurf None 4 2 0.009 0.9+0.4
2 3 2.6+0.5
Exosurf H,0, + FeCl, 4 0.009 0.5+0.0
2 1.2+0.2

Either a mixture (Mix) of DPPC, POPG, palmitic acid (3:1:0.6 wt/
wt/wt in 50 mM NaCl) with or without 2% (by weight) DAPC or
Exosurf (DPPC, tyloxapol, hexadecanol, by weight 13.5:1.5:1) was
oxidized by exposure to 0.2 mM FeCl, + 0.1 mM H,0, as described
and TBARS and minimum surface tension (Min ST) were deter-
mined. Surfactants were either analyzed directly (preparation /) or
pelleted (10,000 g for 60 min) and resuspended in supernatant (prep-
aration 2) or 150 mM NaCl, S mM CaCl,, 5 mM Tris (preparation
3). Unoxidized DPPC/POPG/PA/DAPC was resuspended in the su-
pernatant of oxidized DPPC/POPG/PA/DAPC (preparation 4). Exo-
surf was adjusted to 0.125 mg PL/ml; other samples were adjusted
to 1 mg PL/ml. Values are means+SE. Both in the presence and ab-
sence of DAPC, exposure to oxidant resulted in significant (P <
0.001) loss of function. Function was slightly though significantly (P
< 0.001) improved for samples prepared by method I vs method 3
(two-way ANOVA).

that the lipid components of pulmonary surfactant might be
oxidized by these reactive oxygen products and that this oxida-
tion might alter the surface tension lowering ability of surfac-
tant.

Should such oxidation of surfactant lipid occur in vivo, one
would expect to find evidence, however nonspecific, of lipid
peroxidation products in lung tissue or lung lavage fluid. Such
evidence has been presented by several investigators. Ward et
al. (27) found that oxygen radical-mediated acute lung injury
occurring after complement activation was closely associated
with the appearance of lipid peroxidation products in plasma
and in lung. Mohsenin documented an increase in lipid peroxi-
dation products in the lipid extract of BAL from normal sub-
Jects after inhalation of NO, for 3 h and also presented evidence
of antiprotease activation consistent with oxidant generation
(32). Thus, the presence of reactive oxygen products in the
lung may be associated with the presence of lipid peroxidation
products. However, because phospholipids are ubiquitous com-
ponents of cell membranes and because cellular debris is al-
ways present in BAL of patients with acute lung injury, it is not
possible to identify the source of lung or BAL lipid peroxida-
tion products. Thus, we have relied on in vitro observations.

Pulmonary surfactant phospholipids contain few polyunsat-

urated fatty acid side chains (~ 1.5% of the total) (33) and
thus should be relatively resistant to peroxidation. Moreover,
surfactant is produced in an environment rich in antioxidants,
chiefly catalase and to a lesser extent superoxide dismutase and
glutathione (34). Nevertheless, two factors may promote oxi-
dation of surfactant lipids in the lungs of patients with acute
lung inflammation. First, antioxidant defenses may be ex-
hausted by an excess of reactive oxygen products and may fail
to provide protection. Second, the major antioxidant species in
the alveolus may be excluded from the microenvironment in
which lipid peroxidation occurs. Neutrophil superoxide pro-
duction occurs on the surface of the lipid bilayer, and close
approximation of this bilayer to surfactant lipids may occur in
an environment that functionally excludes the hydrophilic pro-
teins that provide the major antioxidant defense of the lower
airway.

Possible deleterious effects of reactive oxygen species on
pulmonary surfactant have been addressed previously by
Seeger et al. (35). They incubated unpurified rabbit lung la-
vage fluid that contained surfactant with oxygen radical-gener-
ating systems and measured functional alterations using the
Wilhelmy balance. A common profile of changes was found,
including delayed reduction of surface tension during com-
pression with an increase in minimal compressibility, acceler-
ated decrease of film pressure during expansion, reduction of
hysteresis area, and augmented monolayer collapse rate. Mini-
mum surface tension was not affected. Findings were present
even when TBARS or organic hydroperoxides could not be
detected.

In contrast, our results show that exposure of hydrophobic
surfactant components to copper or FeCl,/H,0, resulted in
production of lipid peroxidation products associated with loss
of surface tension lowering ability. We used two oxidizing sys-
tems of markedly different oxidizing capability. Esterbauer
(24) described the use of CuCl, to induce oxidative modifica-
tion of LDL as process of lipid peroxidation “in which the
polyunsaturated fatty acids of LDL are successively degraded
to a variety of products.” This process may also be accompa-
nied by hydrolysis of phosphatidylcholine at the 2-position
converting PC to lysoPC by an apparent phospholipase A, ac-
tivity (36).

Incubation of the hydrophobic components of pig pulmo-
nary surfactant with these two oxidant-generating systems was
associated with the production of a variety of lipid peroxida-
tion products. The increase in A,;, over time can be interpreted
as the accumulation of lipid hydroperoxides. These com-
pounds are the primary products of lipid peroxidation and they
have a maximum absorption of approximately 234 nm, coin-
ciding with our experimental findings (Fig. 1, 4 and B). The
rate and degree of lipid peroxidation is most frequently mea-
sured with the TBA assay, which measures the amount of ma-
londialdehyde-like substance formed by the peroxidation pro-
cess. This assay is sensitive but relatively nonspecific (37). Pro-
duction of malondialdehyde from phospholipids requires the
presence of polyunsaturated side chains (37). We calculate
that 1 mg surfactant PL should allow production of up to ~ 42
nmol MDA. Thus, while positive results can occur in the pres-
ence of carbohydrates and amino acids (38), our results do not
exceed the theoretical limits of MDA available from phospho-
lipid peroxidation.

Other observations, including the increases in hydroxy al-
kenal content and fluorescent products and loss of unsaturated
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fatty acids are consistent with lipid peroxidation. As reviewed
elsewhere, fluorescent products of lipid peroxidation are pro-
duced during in vitro oxidation of phospholipids under a vari-
ety of circumstances. Fluorescence may be due to production
of conjugated Schiff bases and may be found in extracts of cells
and tissues exposed to oxidizing conditions (27).

The oxidizing conditions to which we exposed surfactant
produced relatively different effects. Exposure to FeCl,/H,0,
resulted in greater production of conjugated dienes, TBARS,
HNE, HOE, and greater loss of unsaturated fatty acids than did
exposure to CuCl,. In vivo functional effects paralleled these
changes, with the greater impairment of function associated
with exposure of surfactant to FeCl,/H,0,.

While both disruption of surfactant hydrophobic apopro-
teins and formation of lysophosphatidylcholine might contrib-
ute to loss of surfactant function associated with exposure to
reactive oxygen species, experiments reported here suggest that
peroxidation of non-protein containing surface-active lipid
mixtures that contain unsaturated acyl groups results in detect-
able loss of surface tension lowering function. As nonsediment-
able inhibitors were not detected, loss of function may be due
to generation of phospholipid aldehydes that react with surfac-
tant lipids to disrupt the surfactant monolayer at the air-fluid
interface. It is not yet shown that oxidized lipid mixtures such
as we have prepared have altered function in vivo. Experiments
to explore that question may involve recombination of such
altered lipids with surfactant apoproteins and investigation of
the function in vivo of such protein-containing mixtures.

The changes in minimum surface tension of natural or syn-
thetic surfactant that resulted from exposure to the oxidant
system, while statistically significant, are modest and range
from 2 to 6 mN/m. Whether these changes are sufficient to
explain the loss of function observed in in vivo remains to be
determined. Although poor in vitro function is often predictive
of poor in vivo function, good in vitro function does not neces-
sarily predict similar function in vivo.

When lipid peroxidation occurs in the presence of SP-B or
other critical peptides, the reactive lipid products such as MDA
that are generated may form stable adducts with those mole-
cules. Such reactions have been described with very low density
lipoprotein (VLDL) apoproteins (39), and a similar event in-
volving critical hydrophobic surfactant apoproteins may result
in inhibition of surfactant function.

Our experimental findings should be viewed with several
reservations. First, we have investigated the effects of oxidation
in a system containing only the hydrophobic components of
lung surfactant. These are precisely the components used to
supplement surfactant in lungs of patients with infant or
ARDS (10, 40-42). The surfactant glycoapoprotein SP-A, any
contaminating proteins present in bronchoalveolar lavage, and
hydrophobic antioxidants were absent from the material we
examined; it will be important to understand how their pres-
ence might affect surfactant oxidation. Second, ionic strength
or osmolarity of oxidant-treated porcine surfactant may have
differed from that of control, resulting in a change of dynamic
surface tension. Experiments with synthetic surfactants argue
against this possibility, as oxidant-treated mixtures that were
pelleted and resuspended in buffer of defined composition ex-
hibited surface tension properties similar to that of unsedi-
mented surfactant.

Recently, Holm et al. (43) have reported a dose-dependent
inhibitory effect of lysoPC on the surface tension activity of calf
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lung surfactant extract tested in a surfactometer. However, we
effectively removed soluble peroxidation products from surfac-
tant by centrifugation and resuspension before in vivo testing
of function, and thus lysoPC is unlikely to be responsible for
the inhibition of surfactant function that we observed.

In summary, results of these experiments demonstrate a
significant loss of surface tension lowering ability of the hydro-
phobic components of porcine lung surfactant and of a pro-
tein-free synthetic lipid mixture after exposure of these prepara-
tions to oxidizing conditions. Lipid peroxidation occurred in
association with loss in function of porcine surfactant. The
oxidizing conditions used reflect aspects of the environment
present at the surface of the activated phagocyte in the alveolar
space. Recently, Ryan et al. (44) have demonstrated loss of
function of surfactant exposed to activated PMNs. Oxidation
of surfactant components may be one mechanism contributing
to this loss of function.
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