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Systemic Complement Activation, Lung Injury,
and Products of Lipid Peroxidation
Peter A. Ward, Gerd 0. Till, John R. Hatherill, Thomas M. Annesley, and Robin G. Kunkel
Department of Pathology, The University of Michigan Medical School, Ann Arbor, Michigan 48109-0010

Abstract Introduction

Previously we have demonstrated that systemic activation of
the complement system after intravenous injection of cobra
venom factor (CVF) results in acute lung injury as reflected
by increases in the vascular permeability of the lung as well
as by morphologic evidence of damage to lung vascular endo-
thelial cells. In using the vascular permeability of the lung as
the reference, the current studies show a quantitative correlation
between lung injury and the appearance in plasma of lipid
peroxidation products (conjugated dienes) as well as increased
concentrations of lactic dehydrogenase (LDH) and one of its
isoenzymes (LDH4). After injection of CVF, extracts of lungs
also showed elevated levels of conjugated dienes, whereas no
elevations were found in extracts of liver, kidney, and spleen.
There was no evidence in CVF-injected rats of renal or hepatic
injury as reflected by the lack of development of proteinuria
and the failure to detect increased serum levels of liver-related
enzymes. Other peroxidation products identified in plasma of
CVF-injected rats involved hydroperoxides and fluorescent
compounds with features of Schiff bases. Not surprisingly,
malondialdehyde was not found to be a reliable plasma indicator
of lipid peroxidation associated with oxygen radical-mediated
lung vascular injury. In using a model of oxygen radical-
independent lung injury induced by oleic acid, although large
amounts of LDH and LDH4 were found in the plasma, no
increases in plasma levels of conjugated dienes were detected.
In CVF-injected animals treated with interventions protective
against lung injury (neutrophil depletion, catalase, hydroxyl
radical scavengers, or iron chelators), there were striking
reductions in the plasma levels of conjugated dienes, hydroper-
oxides, and fluorochromic products. Morphometric analysis of
lung sections revealed that the protective interventions did not
interfere with the accumulation of neutrophils in lung interstitial
capillaries after systemic activation of complement. In vitro
studies with phorbol-stimulated neutrophils failed to demon-
strate appearance of conjugated dienes, suggesting that the
dienes appearing in plasma of CVF-injected animals are not
the result of autotoxic changes in neutrophils. The data pre-
sented in this paper suggest that acute lung injury mediated
by oxygen radicals derived from phagocytic cells can be
monitored by the appearance in plasma of products of lipid
peroxidation.
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Systemic activation of the complement system in rats leads to
acute lung injury in which interstitial vascular endothelial cells
are the chief target of injury. The pathophysiologic processes
involved include the activation of blood neutrophils and their
generation of toxic oxygen products which are directly respon-
sible for injury of lung vascular endothelial cells (1). This
model of acute lung injury is dependent on the generation of
H202 and the presence of ionic iron, as determined by the
protective effects of catalase and iron chelators (2). Based on
this information as well as other evidence, it has been concluded
that the injury of lung vascular endothelial cells after intravas-
cular activation of complement is due to the generation of the
highly reactive and short-lived hydroxyl radical (HO), which
may be generated by the following sequence:

Fe3+ + °2 ' Fe2+ + 02;

Fe2+ + H202 - Fe3+ + HO + OH-.

In this Fenton reaction, iron acts as a redox agent for the
transfer of electrons from and to oxygen products to form
ultimately the highly toxic H202 derivative, HU.

The manner in which toxic oxygen products bring about
injury of tissues is not well understood. It is well known that
polyunsaturated fatty acids undergo lipid peroxidation after
exposure to dioxygen or its derivatives (3). There is also
abundant evidence that iron facilitates lipid peroxidation in
vitro although there is considerable debate as to whether or
not iron is directly involved through the formation of the
postulated perferryl ion or whether iron functions to bring
about lipid peroxidation by facilitating the generation of HU
(reviewed in reference 4). Products of lipid peroxidation include
hydroperoxides, conjugated dienes, malonaldehyde/malondi-
aldehyde, and fluorochromic proteins or amino-containing
phospholipids that develop intra- or intermolecular cross-links
with malonaldehyde or malondialdehyde and demonstrate
features of conjugated Schiff bases (reviewed in references 5
and 6). The studies to be described were designed to determine
whether or not lipid peroxidation products could be demon-
strated in vivo after systemic complement activation and the
extent to which the appearance of these products is affected
by interventions that protect against complement-induced
acute lung injury. The studies demonstrate that lipid peroxi-
dation products appear in plasma and in lung tissue in the
course of acute lung injury after systemic activation of com-
plement, that there is a direct quantitative relationship between
the intensity of acute lung injury and the levels of products of
lipid peroxidation, and that interventions protective against
lung injury correspondingly alter in a quantitative relationship
the appearance of products of lipid peroxidation.
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Methods

Animal models. Young adult male Long-Evans pathogen-free rats
weighing 300-350 g were used. They were intravenously injected with
2.5 U/100 g of body weight (in 0.5 ml of sterile saline) of cobra venom

factor (CVF)' to produce complement-mediated acute lung injury (1).
As previously described, lung injury was determined by the extravascular
leakage of '25l-bovine serum albumin and recorded as the ratio of
radioactivity in lungs that had been vascularly perfused with saline to
that amount of radioactivity in 1.0 ml of blood obtained at the time
of sacrifice. As described below, appearance of lactate dehydrogenase
(LDH) in plasma was also used as an indicator of lung injury.

A second animal model of lung injury in rats produced by the
intravenous injection of oleic acid was employed (7). This model was

used because it was demonstrated recently that oxygen radicals are

probably not involved in the pulmonary vascular endothelial cell
injury inasmuch as prior treatment of animals with superoxide dismutase
(SOD), catalase, or dimethyl sulfoxide (DMSO) fails to protect against
the lung injury (8). For these experiments 50 g of oleic acid (purchased
from Sigma Chemical Co., St. Louis, MO) dissolved in 200 Ml of saline
containing 0.1% bovine serum albumin was used. Animals were

sacrificed at I h, the peak of lung injury (7, 8), the change in vascular
permeability was measured as described above, and the plasma was

obtained for measurements of conjugated dienes as described below.
Plasma samples. Plasma was obtained from rats by heart puncture

or by aspiration of blood from the posterior vena cava through using
heparinized syringes such that the final concentration of heparin was

5 U/ml of blood. The blood was then immediately subjected to
centrifugation, and the resulting plasma was kept at 40C until appro-
priate assays were carried out. If retained, plasma was stored at -70'C
for analysis 1 wk later. (We have determined that <5%of LDHactivity
is altered by freezing.) Except for the LDH analyses, all measurements
were made within 2 h after obtaining the plasma samples.

LDH isoenzymes. Total LDH was measured on a COBAS-Bio
centrifugal analyzer (Roche Analytical Instruments, Inc., Nutley, NJ)
by using the procedure proposed by Gay et al. (9). LDH isoenzyme
separation was performed by using agarose gel electrophoresis (Beckman
Paragon System, Beckman Instruments, Inc., Palo Alto, CA). When
tissue LDHcontent was studied, tissues were homogenized in phosphate-
buffered saline (see below), and the soluble extracts obtained by
centrifugation were measured for total LDH content. These samples
were diluted as necessary to an LDH activity of 700 U/liter. 5 Ml of
specimen were then applied to the gel, followed by electrophoresis for
20 min at 100 V. Isoenzymes were detected by linking the reaction
described by Gay et al. (9) to the reduction of nitroblue tetrazolium
chloride, yielding a stable blue band for each isoenzyme of LDH. The
percentage contribution of isoenzymes was determined by scanning
densitometry that used a Beckman Instruments, Inc. model CDS-200
densitometer. Multiplication of the percentage of a given LDHactivity
(established by densitometry) by total activity yielded a numerical
estimation of a given LDH isoenzyme activity in serum. The isoenzyme
pattern in a serum specimen was then correlated with organ isoenzyme
patterns obtained from various tissues.

Liver-related enzymes. Sera were collected 30 min after intravenous
injection of CVF, as described above, and enzyme assays were carried
out within a few hours on a COBAScentrifugal analyzer. Aspartate
aminotransferase, alanine aminotransferase, and leucine aminopeptidase
were measured using the standard coupled enzyme assay (10-12)
whereas alkaline phosphatase was analyzed using p-nitrophenyl phos-
phate as substrate (13).

Interventional therapy. Several different agents known to have

1. Abbreviations used in this paper: CVF, cobra venom factor; DMSO,
dimethyl sulfoxide; DMTU, dimethyl thiourea; LDH, lactate dehydro-
genase; PEG, polyethylene glycol; PMA, phorbol myristate acetate;
SOD, superoxide dismutase.

protective effects against acute lung injury after intravenous injection
of CVF (1, 2) were studied, and these results were correlated with the
effects of these interventions on the appearances of products of lipid
peroxidation. Unless otherwise indicated, all agents were given intra-
venously immediately before injection of CVF. The hydroxyl radical
scavengers DMSO(1.5 ml/kg) (Fisher Scientific Co., Fair Lawn, NJ)
and dimethyl thiourea (DMTU) (1,000 mg/kg) (Alfa Products, Danvers,
MA) were given intraperitoneally and intravenously, respectively. The
iron chelator deferoxamine mesylate (Ciba-Geigy Corp., Summit, NJ)
was injected intravenously in the amount of 15 mg/kg body weight.
Iron-saturated lactoferrin and its non-iron-containing form (apolacto-
ferrin) purified from human breast milk were each employed in a dose
of 10 mg. The preparation of these reagents is described in a recent
publication (2). Iron-saturated deferoxamine (-90% saturation) was
prepared by dissolving appropriate amounts of FeCI3 in an aqueous
solution of deferoxamine. Polyethylene-glycol-derivatized catalase (PEG-
catalase) and PEG-superoxide dismutase (PEG-SOD) (Enzon Inc.,
Piscataway, NJ) were injected intravenously (1,200 U/kg body weight)
10 min before the injection of CVF. As a control, a sample of PEG-
catalase was first heat-inactivated at 1000C for 10 min.

Neutrophil depletion. Depletion of circulating neutrophils (<500/
mm3blood) was achieved by the intraperitoneal injection of a rabbit
antiserum against rat neutrophils (0.5 ml/100 g of body weight) 18 h
before injection of CVF, as described previously (1).

Lipid peroxidation products. Quantitative estimation of products
of lipid peroxidation included assays for conjugated dienes, malondi-
aldehyde, hydroperoxides, and fluorochromic products with features
of Schiff bases. The procedural details can be found elsewhere (14).
Conjugated dienes extracted from plasma or tissues using a 2:1 (vol/
vol) mixture of chloroform and methanol. For plasma, 7 ml of the
chloroform-methanol mixture, preheated to 45°C, were added to 0.5
ml of plasma. The mixture was then vigorously mixed (with a vortex
machine) for 2 min, then subjected to centrifugation (1,500 g) for 5
min. 5 ml from the lower layer (chloroform) was aspirated and mixed
with 2.0 ml of distilled water acidified with 0.1 N HCl to a pH of 2.5.
After agitation that used a vortex instrument, the material was again
subjected to centrifugation (as described above), and 2.0 ml of the
lower layer was aspirated, transferred to a test tube (12 X 75 mm),
and dried under a flow of nitrogen gas. The residue was reconstituted
with 0.5 ml of heptane and measured spectrophotometrically at 233
nm. Tissues were extracted in a similar fashion, with 0.8 ml of distilled
water being added for each 1.0 g of wet tissue. The material was then
homogenized in a Polytron instrument (VWRScientific, Inc., Detroit,
MI) with the speed indicator set at 7 for 1.0 min. Subsequently, for 1
g of tissue wet weight, 6.0 ml of chloroform-methanol (1:2, vol/vol)
were added, followed by agitation for 2 min with a vortex instrument.
Then, 2.0 ml of this mixture (per 1.0 g of wet tissue) were added,
followed by use of the vortex instrument for 30 s. 2 ml of acidified
water (as above) were subsequently added (per 1.0 g of wet tissue),
followed by mixing with a vortex instrument for another 30 s. Finally,
the material was cleared by centrifugation, and the chloroform layer
was aspirated and treated as described above. Malondialdehyde was
measured as thiobarbituric acid activity in the following manner. 1 ml
of sample was added to a 1:1:1 (vol/vol/vol) solution of trichloroacetic
acid (15%, wt/vol), thiobarbituric acid (0.375%, wt/vol), and hydrochloric
acid, 0.25 N. The mixture was heated at 100°C for 25 min. Then the
supernatant was obtained by centrifugation (1,500 g for 5 min), and
the absorbance at 535 nm was determined. Immediately before the
addition of the sample, butylated hydroxytoluene was added in a final
concentration of 0.01% (wt/vol) in order to block further lipid perox-
idation. Lipid hydroperoxides were measured according to the iodo-
metric assay (14). Briefly, 1.0 ml of sample was mixed with 7.0 ml of
chloroform-methanol (2:1, vol/vol), agitated with a vortex instrument
for 2 min, and then subjected to centrifugation (1,500 g) for 5 min.
Aspiration of 5.0 ml of the lower chloroform layer was carried out
with the chloroform extract then being dried under nitrogen. When
dry, 1.0 ml of an acetic acid-chloroform mixture (3:2, vol/vol) was
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added, followed by 0.05 ml of potassium iodide (1.2 g/vol) and rapid
shaking of the sample which was then shielded from light for 5 min,
followed by addition of 3.0 ml of cadmium acetate (0.5 g%). The
solution was shaken vigorously, cleared by centrifugation, and the
upper (water) phase was aspirated and the absorbance at 353 nm was
determined. A standard curve of absorbance for the assay for hydro-
peroxides was developed for reference purposes using cumene hydrc-
peroxide (Sigma Chemical Co.). Fluorescent products were isolated by
extracting 0.5-ml aliquots of plasma with 7.0 ml of chloroform-
methanol (2:1, vol/vol) followed by the addition of 2 ml of acidic H20
(as described above). The methanol-H20 fractions were analyzed by
fluorescence at 430 nm when excited at 360 nm with an SF-330-
Varian spectrofluorometer (Varian Associates, Inc., Palo Alto, CA)
previously standardized with I ug/ml quinine sulfate.

Morphometric analysis. To determine whether or not interventions
protective against CVF-induced lung injury alter the sequestration of
neutrophils within lung interstitial capillaries, for each protective
intervention employed two different animals were studied under the
conditions described above. At the time of sacrifice (30 min after
injection of CVF), the lungs were fixed by airway inflation that used
4%glutaraldehyde containing 0.1 Mcacodylate buffer (pH 7.4). Lungs
were then sliced and the sections were dehydrated with increasing
amounts of alcohol and infiltrated and embedded in epon. Then, 1-
,m-thick sections were obtained and stained with toluidine blue. The
sections were mounted on glass slides and examined under light
microscopy (X40). For microscopic examination, eight randomly ob-
tained sections of lung (from two animals) were employed. In each
tissue section, five different microscopic fields were examined (for a
total of 40 fields for each intervention employed). All interstitial
capillaries observed within each microscopic field were examined and
the numbers of neutrophils within each capillary determined. Results
were expressed as mean±standard error of the mean neutrophils per
40 high power (X40) fields. The data were analyzed by calculating P
values using Student's t test.

Conjugated dieneformation in stimulated neutrophils. Neutrophils
were obtained from glycogen-induced peritoneal exudates, washed in
phosphate-buffered (pH 7.4) Hanks' balanced salt solution, and resus-
pended in the same solution. Neutrophils (2 X 106) in 1.0 ml were
stimulated with 200 ng of phorbol myristate acetate (PMA) for varying
periods of time (up to 1 h) at 370C. Under these conditions, maximal
generation of O2 and H202 occurs (15). Incubations were terminated
by the addition of 7.0 ml of chloroform/methanol (2:1, vol/vol) to
each 1.0 ml of cell suspension. Extraction of conjugated dienes was
carried out and analyzed, as described above.

Statistical analysis. Data were expressed as mean±standard error
of the mean. For determination of significance of the data, the t test
was employed.
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Figure 1. LDH isoenzyme profiles of extracts from a variety of
normal rat tissues. Point of application was on the left (near position
3); anode was to the right.

the two organs. Muscle, liver, skin, normal rat serum, eryth-
rocytes, and rat peritoneal neutrophils had only isoenzymes in
position 5 whereas the spleen extract had a similar pattern but
with a small amount (2.5%) of isoenzyme in position 4. Thus,
the lung appeared to have a fairly characteristic LDH isoenzyme
profile.

Based on this type of analysis, it appeared reasonable to
employ this methodology for monitoring plasma of animals
for evidence of lung damage. The assumption that the presence
of LDH4 is indicative of lung origin is only valid if the ratios
of LDH-4 and 5 are similar to the lung profile of LDH
isoenzyme described in Table I and if there are, at most, only

Results

Profiles of LDHisoenzymes in tissues. To assess whether LDH
isoenzyme patterns might be a useful indicator of lung injury,
extracts from several different rat tissues, including erythrocytes,
were obtained and the LDH isoenzyme profiles were determined
as assessed by electrophoretic separation and densitometric
analysis. As is demonstrated in Fig. 1 and Table I, plasma or

serum and all tissues except heart and brain had prominent
LDH isoenzyme activity in position 5. As determined by
densitometric analysis of the samples shown in Fig. 1, the
ratio of percent LDH4 and LDH-5 in lung was 12:86, with
faint traces (<2% of total LDH) for each of the other isoenzymes
(Table I). In the case of extracts from heart, the predominant
LDH isoenzymes were in positions 1, 2, and 3; kidney and
brain had significant amounts (>5%) of each of the five
isoenzymes although the ratios were somewhat different for

Table L Tissue and Organ Profiles of LDHIsoenzyme Activity

LDH isoenzyme position

Tissue 1 2 3 4 5

Percent of total

Lung <1 <1 <1 12 86
Heart 31 43 20 4 2
Kidney 23.5 19 6 12 39.5
Brain 17 12 24 32 15
Muscle <1 <1 <1 <1 >99
Liver <1 <1 <1 <1 >99
Skin <1 <1 <1 1 99
Spleen <1 <1 <1 2.5 97.5
Serum <1 <1 <1 <1 >99
Neutrophils <1 <1 <1 <1 >99
Erythrocytes <1 <1 <1 <1 >99
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traces of LDH- 1, 2, and 3 (not exceeding 5% in aggregate of
the total LDH isoenzyme profile). In animals injected with
CVF, there was a striking change in the plasma profile of
LDH isoenzyme, as shown in Fig. 2. 30 min after injection of
CVF, a prominent appearance of LDH in the position 4 was
demonstrated, with the following LDHdistribution: isoenzyme
positions 1, 2, 3, 4, and 5 were 2%, <1%, <3%, 5%, and 90%,
respectively. Plasma from a rat injected 30 min earlier with
0.5 ml of saline showed the proportional LDH content for
isoenzyme positions 1, 2, 3, 4, and 5 of <2%, <1%, <1%,
<1%, and 96% of total LDH, respectively. Thus, acute lung
injury after the intravenous injection of CVFis associated with
an LDH isoenzyme profile in plasma/serum that is consistent
with origin from lung.

Lung injury, conjugated dienes, and LDH. After the intra-
venous injection of CVF, we examined extracts from plasma
and lung for markers of injury and for evidence of products
of lipid peroxidation. In Fig. 3 (upper graph), chloroform
extracts from kidney, lung, and liver were obtained over a 1-
h time period after injection of CVF. The dried residue, which
was redissolved in heptane, was spectrophotometrically analyzed
at 233 nm for an indication of conjugated dienes (14). For
each time point at least six animals were used. No significant
changes in content of conjugated dienes were noted in extracts
from kidney, liver (Fig. 3, upper graph), and spleen (data not
shown) over the 1-h period, although a significant increase in
content of conjugated dienes was found in lungs at 30 min,
with nearly a doubling in the absorbance values compared to
extracts from lungs of saline-injected rats. By 1 h the levels of
conjugated dienes had returned to the normal range.

Changes in the lung content of conjugated dienes showed
a close correlation with the appearance in plasma of the
isoenzyme LDH-4 (Fig. 3, upper and middle graphs). Plasma
activities of this enzyme reached a peak at 30 min and were
approximately sixfold above the values for plasma obtained
before the injection of CVF. Plasma LDH-4 levels were still
significantly elevated after 60 min in CVF-injected rats. When
lung injury was measured by the leakage of '251-bovine serum
albumin into the pulmonary parenchyma, there was a close
correlation between increased lung vascular permeability and
appearance of LDH-4 in the plasma (Fig. 3, middle graph).
The pattern of changes in lung vascular permeability is similar
to that in our earlier report (1).

Plasma content of conjugated dienes was also measured
over a 2-h period of time after the injection of CVF. As shown
in Fig. 3 (lower graph), by 10 min there were significant
increases in plasma content of conjugated dienes, with steadily
increasing levels that reached a peak at 30 min, and with
absorbance values that were nearly double those obtained in
animals before injection of CVF. After the 30 min interval,

Figure 2. LDH isoenzyme
patterns in plasma of rats
injected 30 min earlier with
saline or with cobra venom
factor. The appearance of

I LDH isoenzyme in position
4 in the CVF-injected rat is
suggestive of LDH origin
from lung.
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Figure 3. Lung injury and lipid peroxidation products in tissues and
plasma of rats injected intravenously with CVF. In this and all
succeeding figures, each point is the mean±SEMemploying at least
six different animals. The upper graph shows extractable conjugated
dienes in the lungs, kidney, and liver. Only extracts from lung show
a significant increase in conjugated dienes (at the 30 min interval).
The middle graph shows the increasing lung vascular permeability
(-o-; measured by extravascular leakage of I25I-bovine serum albu-
min and expressed as the ratio of tissue reactivity to that in 1.0 ml of
blood), and appearance in plasma of LDH-4 isoenzyme (-- * --). In
the lower graph is the plasma content of conjugated dienes which
reach a peak 30 min after the injection of CVFand then rapidly
disappear. NS, not significant. x, P < 0.05; xx, P < 0.02; xxx, P
< 0.005; xxxx, P < 0.001.

plasma levels of conjugated dienes in CVF-treated rats rapidly
fell; by 45 min no significant increases in levels of conjugated
dienes were found. These data indicate that lung injury after
injection of CVF is closely associated with the appearance in
plasma and in lung of increased levels of conjugated dienes as
well as the appearance in plasma of LDH-4. Thus, lung injury
(associated with lung vascular permeability changes and ap-
pearance of LDH-4) correlates with the appearance in both
lung and plasma of lipid peroxidation products (conjugated
dienes) after systemic activation of complement.

In the oleic acid model of acute lung injury, four rats
receiving the intravenous injection of oleic acid demonstrated
extensive intrapulmonary hemorrhage and evidence of increased
lung vascular permeability (x±SEM = 7.18±2.86) as compared
to the values in four saline-injected rats (0.14±0.01). When
plasma levels of conjugated dienes were measured, the plasma
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Table II. Plasma Levels of Conjugated Dienes in CVF-treated Rats: Effects of Catalase,
Neutrophil Depletion, Iron Chelators, and Hydroxyl Radical Scavengers

Plasma levels of conjugated dienes Number of
Number of neutrophils

Treatment animals (i±SEM) Significance* Changes in lung#

n Pvalues %

Saline 7 0.703±0.020 0.35±0.15
CVF 6 1.571_0.115 24.4±1.09
CVF+ PEG-catalase 5 0.967±0.031 <0.005 -70 24.4±0.87
CVF + heated PEG-catalase 3 1.508±0.123 NS -7 23.7±0.83
CVF + PEG-SOD 3 1.447±0.103 NS -14 22.6±1.02
CVF+ PMNdepletion 7 0.851±0.035 <0.005 -83
CVF+ apolactoferrin 3 0.911±0.010 <0.010 -76 26.2±1.16
CVF + iron-saturated lactoferrin 4 1.329±0.061 NS -28 25.7±1.04
CVF+ deferoxamine 7 0.903±0.028 <0.001 -77 22.0±0.82
CVF + iron-saturated deferoxamine 5 1.481±0.061 NS -10 22.3±0.85
CVF + DMSO 4 0.987±0.058 <0.001 -67 23.7±0.83
CVF + DMTU 5 0.946±0.068 <0.005 -72 24.1±0.88
Oleic acid 4 0.770±0.044 NS§

* Compared to the values of CVF-injected animals. NS, not significant. * Mean number of neutrophils in 40 different microscopic fields ob-
tained from eight different lung sections. Values represent i±SEM numbers of neutrophils per microscopic field (at X 40). § Compared to the
value of saline-injected animals.

extracts from the oleic acid-injected rats were 0.770±0.044, a
mean value not significantly different from those obtained in
saline-injected animals (Table II). These data suggest that the
appearance of conjugated dienes is correlated with oxygen
radical-mediated lung injury (after injection of CVF) but not
with oxygen radical-independent lung injury (produced by
oleic acid). The values for plasma levels of total LDH and
LDH-4 in the oleic acid model were 1,217±174 and 19.3±5.69
U/liter, respectively (Table III). No detectable serum levels of
LDH-l, 2, or 3 were found in these sera.

Comparison of ultraviolet absorption of plasma extracts
from saline-injected and CVF-injected animals. Chloroform
extracts (which were dried and redissolved in heptane) from
the plasma of animals injected 30 min earlier either with 0.5
ml of saline or 0.5 ml of CVFwere compared for ultraviolet
absorbance patterns. A representative pattern is shown in Fig.
4, indicating a clear difference in the absorbance patterns of
extracts from the two samples. In comparison to the chloroform

extract of plasma from an animal before the injection of CVF,
there was a sharp peak of increased absorbance in the 215-
235-nm range in the plasma extract of a CVF-injected animal.
This extract also showed a broad increase in absorbance
between 240 and 250 nm when compared to the plasma
extract from a saline-treated rat. In vitro incubation of normal
rat plasma and CVFat 370C for 30 min did not result in any
increases in ultraviolet absorbance in similarly processed ex-
tracts. These findings are consistent with the interpretation
that in plasma of CVF-treated rats several different products,
which partition into the chloroform layer, are present in
increased amounts, including material with a maximal absor-
bance in the 230-nm region, suggestive of conjugated dienes.

Lipid peroxidation products in plasma and lung. To deter-
mine the pattern and the type of lipid peroxidation products
present in CVF-injected animals, we analyzed both plasma
and lung for evidence of conjugated dienes, hydroperoxides,
malondialdehyde activity, and the presence of fluorescent

Table III. Plasma Levels of LDH, LDH-4, Hydroperoxides, and Fluorescent Products: Effects of Protective Interventions

Total LDH* LDH-4* Hydroperoxides* Fluorescent products*

Treatment n U/liter n U/liter n OD, 353 nm n OD, 430 nm

Saline 4 132±34.0 4 <1.1 3 0.032±0.008 3 11.7±1.78
CVF 5 835±136 3 18.8±0.94 3 1.186±0.106 3 72.2±7.43
CVF+ neutrophil depletion 4 154±16.2 4 3.4±0.61 3 0.031±0.004 3 36.5±1.02
CVF + PEG-catalase 3 345±124 3 6.4±1.0 3 0.019±0.005 3 34.3±6.63
CVF+ DMSO 3 201±37.9 3 3.9±0.42 3 0.47±0.009 3 14.4±3.13
CVF+ DMTU 6 248±28.7 5 5.27±0.84
Oleic acid 4 1,217±174 4 19.3±5.69

* LDHand LDH-4 measurements were done on plasma samples obtained 30 min after injection of cobra venom factor, hydroperoxide assays
were done on 15-min samples and assays for fluorescent products were done on 60-min plasma samples.
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Figure 4. Ultraviolet absorbance patterns of chloroform extracts from
plasma of a rat before and 30 min after the injection of CVF. The
base line has been set with the extract of plasma from the saline-
injected rat. The extract from the CVF-injected rat shows a broad
elevation of ultraviolet absorbance with a peak around 230 nm.

compounds characteristic of conjugated Schiff bases (16-18).
As shown in Fig. 5 (upper graph), the plasma of rats injected
with CVF showed large increases in levels of hydroperoxide,
which reached a peak in 15 min and then rapidly diminished.
Based upon comparisons with a reference curve established
with cumene hydroperoxide, an absorbance of 1.0 in Fig. 5
(upper graph) can be extrapolated to a value of 75 nmol/liter
of hydroperoxide. The levels of conjugated dienes, as expected,
were maximal at 30 min and declined thereafter. When the
same plasma samples were examined for the presence of
fluorescent compounds that can be excited at 360 nm to emit
maximally at 430 nm, there were progressive increases in the
plasma levels of fluorochromes, with a steady increment over
the entire 60-min period (Fig. 5, lower graph). As was the case
for hydroperoxides, these fluorochromes were present in the
methanol-water extract of plasma but not in the chloroform
extract (data not shown). When thiobarbituric acid-reactive
material (malondialdehyde) was examined in plasma extracts
over the hour-long interval, no increases in plasma levels of
malondialdehyde in CVF-injected animals were noted (Fig. 5,
lower graph). The failure to detect in plasma malondialdehyde
activity is consistent with evidence that plasma malondialdehyde
is an unreliable indicator in vivo of lipid peroxidation (reviewed
in references 5, 6, and 18).

Wealso examined extracts from lungs of CVF-treated rats
(Fig. 6). The products analyzed were similar to those described
in Fig. 5. In accord with the data in Fig. 3, conjugated dienes
could be found in chloroform extracts of rats injected with
CVF 30 min earlier; the absorbance values of the chloroform
extracts of lungs were approximately double those of controls
(Fig. 6). In the case of fluorochrome products and malondi-
aldehyde, both of which were measured in lung extracts
obtained 60 min after injection of CVF, no significant increases
in lung content of these materials were found. In addition, we
were unable to detect increases in the concentration of hydro-
peroxides in lung extracts obtained 15 min after the injection
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Figure 5. Products of lipid peroxidation in the plasma of rats over a
60 min time interval after injection of CVF. As expected, conjugated
dienes reached a peak 30 min after injection of CVFwhereas hydro-
peroxides peaked in the first 15 min (upper graph). No increase in
malondialdehyde activity was demonstrable in the plasma over the
hour-long period of time, but there was a progressive increase in the
appearance of fluorescent products in the plasma of CVF-injected
rats (lower graph). x, P < 0.01; xx, P < 0.005; xxx, P < 0.001. NS,
not significant.

of CVF (data not shown). A possible explanation for this
apparent discrepancy is given in a later section.

Effects of protective interventions on plasma levels of con-

C0

if

c

ae

C
e

0

n = 7
E

0E
I0C;
0

0

u

A

C
IL

I

6C

U;

.~~~~~~~~~~~~~
E
e
0
S

0.15 0

_

.~~~~~~~~~~~

oca
a

Figure 6. Products of lipid peroxidation in extracts of lungs after the
intravenous injection of CVF. As expected, there was a sharp in-
crease of conjugated dienes (in) in lungs 30 min after injection of
CVF. There was no statistically significant increase in the levels of
fluorescent products (W) or malondialdehyde (MDA) (EZI) in lungs
obtained at the 60-min interval. The relative fluorescent values were
obtained with an excitation wave length of 360 nm and an emission
wave length of 430 nm. NS, not significant. *, P < 0.005.
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jugated dienes, LDH-4, hydroperoxides, and fluorescent prod-
ucts. Because the data described above indicate a good corre-
lation between acute lung injury (defined as increases in
vascular permeability) plasma levels of total LDH, LDH-4,
conjugated dienes, hydroperoxides, and fluorescent products,
a series of experiments was conducted that employed interven-
tions that have been recently shown to be protective against
acute lung injury after systemic complement activation (1, 2).
The results of a large number of experiments are shown in
Table II where changes in plasma content of conjugated dienes
(employing the chloroform extraction method) are correlated
with interventions known to protect against complement-
mediated lung injury. It has been established that these inter-
ventions do not interfere with activation of the complement
system (1, 2).

Animals injected with CVF showed in their plasma a
doubling in the absorbance values indicative of the presence
of conjugated dienes when compared to animals injected with
saline (1.571±0.115 vs. 0.703±0.020, respectively). In PEG-
catalase-injected rats, the rise in plasma content of conjugated
dienes was greatly reduced (to 0.967±0.031), a 70% fall. Heat
inactivation of PEG-catalase virtually abolished its ability to
prevent rise in plasma levels of conjugated dienes. As expected,
PEG-SODhad a limited effect on the rise in plasma levels of
conjugated dienes. Extensive reductions in the rise of conjugated
dienes were found in neutrophil-depleted rats (value of
0.851±0.035). A similar result was obtained in animals injected
with apolactoferrin, which conferred 76% protection against
the rise in plasma levels of conjugated dienes (Table II). In
contrast, the use of iron-saturated lactoferrin resulted in a
much greater rise in plasma content of conjugated dienes in
CVF-injected animals, which is consistent with the known loss
of protective effects against lung injury when iron is added to
apolactoferrin (2). As would be expected, treatment of animals
with deferoxamine, another chelator of iron, was nearly as
effective in reducing the rise in plasma of conjugated dienes
as were interventions involving neutrophil depletion or injection
of catalase or apolactoferrin (Table II). Finally, the lung-
protective interventions employing the HUscavengers, DMSO
and DMTU, greatly attenuated the rise in levels of conjugated
dienes. Without exception, these data show a remarkable
correlation between the ability of a variety of interventions to
protect against acute lung injury (1, 2) and, at the same time,
to attenuate the anticipated increases in plasma levels of
conjugated dienes.

Additional studies were undertaken to determine the rela-
tionship between the protective interventions described in
Table II and effects on appearance in plasma of total LDH,
LDH-4 isoenzyme, hydroperoxides, and fluorescent products.
The data are summarized in Table III. LDH assays were
carried out on plasma samples obtained 30 min after the
intravenous injection of CVF in saline while samples for the
hydroperoxide and the fluorochrome assays were obtained 15
min and 60 min, respectively, after intravenous injection of
saline or CVF, in accord with the times at which these products
would be expected to reach peak levels in plasma of CVF-
injected rats (see above).

The intravenous injection of saline provided the reference
values for total LDH, LDH-4, hydroperoxides, and fluorescent
products. In CVF-injected rats there was approximately a
sixfold increase in total plasma content of LDHand a 17-fold

increase in levels of LDH-4. An almost 40-fold increase was
found in plasma levels of hydroperoxides, and a nearly sevenfold
increase in levels of fluorescent products. Under conditions of
neutrophil depletion, both LDH as well as LDH-4 were
reduced to the levels found in saline-injected rats whereas the
hydroperoxide levels fell back to the base-line values (established
in saline-injected rats) and fluorescent products showed an
82% reduction when compared to values in CVF-injected rats
that were neutrophil-intact. Treatment of rats with PEG-
derivatized catalase had very similar effects. In animals pre-
treated with DMSOall four parameters (LDH, LDH-4, hydro-
peroxides, and fluorescent products) fell back toward the base-
line values obtained in saline-injected rats. Finally, similar
data were obtained in animals pretreated with DMTU,although
only LDH and LDH-4 were evaluated. In general, it can be
concluded that interventions protective against CVF-induced
acute lung injury (as measured by increased vascular perme-
ability changes) correlate with attenuations in serum levels of
conjugated dienes, LDH, LDH-4, hydroperoxides, and fluores-
cent products.

Absence of evidence for CVF-induced injury in liver and
kidney. The data presented above raise the question as to
whether systemic complement activation may lead to acute
injury of liver or kidney (or of vascular beds in other organs)
and the extent to which LDH and conjugated dienes may be
contributed to by these extrapulmonary sources. The data
presented above indicate that conjugated dienes can be found
in extracts of lung but not in extracts of liver, kidney, or
spleen after intravenous injection of CVF. To address more
directly the question of liver or renal injury resulting from
intravenous injection of CVF, two separate studies were carried
out. Urine was collected over an 18-h period from 11 rats
injected intravenously with CVF (using conditions described
above) or from eight rats similarly injected with 0.5 ml of
saline. The proteinuria values (xiTSEM) in these two groups
were 16.3±1.55 mg and 16.3±0.85 mg, respectively. Thus,
using proteinuria as a guide, acute renal damage could not be
detected after intravenous injection of CVF. It should be
pointed out that if CVF is injected directly into the renal
artery, acute renal injury does ensue with proteinuria (19).
This injury is neutrophil- and complement-dependent and is
probably a reflection of efficient entrapment of activated
neutrophils into glomerular capillaries.

The question of whether acute hepatic injury developed
after intravenous injection of CVF was also addressed by
measuring serum levels of aspartate aminotransferase, alanine
aminotransferase, alkaline phosphatase, and leucine amino-
peptidase. Values in saline-injected rats (n = 4) were 105±3.41,
43±2.2, 187±20.8, and 25±5.6 U/liter, respectively, whereas
in CVF-injected rats values were 1 19±6.3, 43±1.1, 163±7.1,
and 23±8.7 U/liter, respectively. These findings suggest that
injection of CVF does not produce detectable evidence of
acute liver injury. The failure to detect evidence of renal or
hepatic injury under these conditions correlates with the lack
of changes in levels of conjugated dienes in extracts of livers
and kidneys of CVF-injected animals and suggests that these
organs do not contribute to the rising plasma levels of dienes
and LDH-4 after injection of CVF.

Morphometric analysis of lung tissue. To determine whether
protective interventions affect the accumulation of neutrophils
in lung interstitial capillaries, morphometry (as described above)

Lung Injury and Lipid Peroxidation 523



was carried out on sections of lung tissues. The data are shown
in Table II. In rats injected intravenously with saline, the
mean number of neutrophils in lung interstitial capillaries
present in 40 different microscopic fields was 0.35±0.15 cells
per field, whereas in CVF-injected rats this value rose dramat-
ically to 24.4±1.09 neutrophils per microscopic field. Protective
interventions of PEG-catalase, PEG-SOD, apolactoferrin, de-
feroxamine, DMSO, and DMTUwere correspondingly asso-
ciated with values of 24.4±0.87, 22.6±1.02, 26.2±1.16,
22.0±0.82, 23.7±0.83, and 24.1±0.88, respectively. Whether
or not apolactoferrin and deferoxamine were iron-saturated
(removing their protective effects), the numbers of neutrophils
in lung interstitial capillaries were not affected (Table II).
There was no significant statistical difference in neutrophil
numbers under conditions of any of the protective interventions
as compared to the CVFcontrol. These data indicate that the
agents with protective effects against CVF-induced lung injury
do not interfere with accumulation of neutrophils within lung
interstitial capillaries.

Conjugated diene production in PMA-stimulated neutrophils.
To address the question of whether activated neutrophils might
contribute to the rise in plasma levels of conjugated dienes,
rat neutrophils were stimulated with 200 ng of PMAand
samples examined over a 1-h interval for appearance of
conjugated dienes. As the data in Table IV indicate, under the
conditions employed, we were unable to detect appearance of
conjugated dienes. Thus, it does not seem likely that conjugated
dienes observed in the plasma of rats undergoing complement
activation are the result of oxygen radical-mediated autotoxic
changes in neutrophils.

Discussion

The data presented in this study suggest that, when systemic
activation of complement occurs, the resulting acute lung
injury is associated with the appearance in plasma and in lung
of various products of lipid peroxidation. Several different
products have been monitored, including hydroperoxides, con-
jugated dienes, malondialdehyde, and the fluorochromes that
have features of Schiff bases. A possible scheme of events in
lipid peroxidation is outlined in Fig. 7. The initial step of
hydrogen abstraction resulting in the formation of a conjugated
diene (which has a characteristic absorbance at 233 nm) is

Table IV. Absence of Conjugated Diene Formation
in PMA-stimulated Rat Neutrophils

Material added to Conjugated diene content
neutrophils (i±SEM)

OD, 233 nm

HBSS, 60 min 0.195±0.040
PMA, 0 min 0.152±0.027
PMA, 5 min 0.156±0.039
PMA, 10 min 0.168±0.005
PMA, 20 min 0.140±0.020
PMA, 60 min 0.192±0.009

* 2 X 106 rat neutrophils obtained from a glycogen induced perito-
neal exudate were incubated with Hanks' balanced salt solution
(HBSS) or with 200 ng of PMAin 1.0 ml. For each interval of time
assays were done in triplicate.

STEPS IN LIPID PEROXIDATION
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Figure 7. Postulated scheme of lipid peroxidation products from a
polyunsaturated fatty acid (PUFA).

followed by the formation of a lipid peroxide and its conversion
to a lipid endoperoxide. This endoperoxide can subsequently
undergo reaction with a variety of compounds including
hydrocarbons to form an alkyl radical and lipid hydroperoxide.
Alternatively, the outcome may be the formation of malonal-
dehyde or malondialdehyde. Malonaldehyde is known to be
highly reactive with E-amino groups of proteins resulting in
either intramolecular bridging or intermolecular cross-linking,
which results in the appearance of the characteristic fluoro-
chromes (conjugated Schiff bases) with optimal excitation/
emission spectra at 360 and 430 nm, respectively (3). Malon-
aldehyde and malondialdehyde also have the ability to react
and bind with amino groups of phospholipids and aromatic
amines (16, 18). When this occurs, and only when the amino-
imino-propene compound is formed, can the fluorescent prod-
uct be demonstrated (reviewed in references 5 and 6).

As the data in our report demonstrate, it has been possible
to detect the presence of conjugated dienes in lung extracts of
CVF-treated rats, although fluorochromic substances and hy-
droperoxides were not detectable. Analysis of plasma from the
same animals revealed not only the appearance of conjugated
dienes but also the presence of hydroperoxides and fluoro-
chromic products. The inability to detect the latter two per-
oxidation products in extracts of lungs from CVF-treated rats
could be due to the fact that, by transmission electron micros-
copy, pulmonary vascular endothelial cells are the chief targets
of injury after systemic activation of the complement system
(1). It would be expected that, if hydroperoxides and fluoro-
chromic products are emanating from altered vascular endo-
thelial cells, the materials could be released from surfaces of
these damaged cells, to be carried away within the blood
compartment. Thus, the inability to detect hydroperoxides and
fluorochromic products in lung extracts of CVF-treated rats is
not especially surprising. The striking relationship between
interventions that protect against acute lung injury and parallel
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reductions in plasma levels of conjugated dienes, hydroperox-
ides, and fluorescent substances would suggest that there may
be a direct relationship between lung injury and products of
lipid peroxidation. Our studies do not prove that the appearance
of products of peroxidation is relevant to the mechanism of
lung vascular endothelial cell injury induced by oxygen radicals
from activated neutrophils. Nevertheless, the ability to detect
in a quantitative manner these products, which appear to bear
a relationship to the intensity of acute lung injury, may be a
useful method for monitoring conditions in which oxygen
radical-mediated tissue damage is suspected.

Although acute lung injury is a consequence of intravenous
injection of CVF, there is no convincing evidence of either
acute renal or hepatic injury as indicated by data presented
above. This is correlated with the findings of increased levels
of conjugated dienes appearing in the lung but not in the liver
and the kidney after injection of CVF. The data in Table IV
suggest that the appearance of conjugated dienes may not
result from autotoxic effects of oxygen radicals on neutrophils.
Whereas vascular beds in areas other than those of liver and
kidney may be damaged by CVF injection and thereby con-
tribute to the conjugated diene and LDH content of plasma,
the striking parallelism between lung injury (vascular perme-
ability changes) and plasma or serum levels of LDH and
conjugated dienes and the inverse quantitative relationship
between all of these parameters and effects of protective
interventions suggest that oxygen radical production and acute
lung injury (and perhaps injury to other vascular beds) can be
usefully monitored in the manner described in this paper.

There is good evidence in vitro that there is a predictable
stoichiometric relationship between oxygen uptake by lipid
and the appearance of conjugated dienes and production of
fluorochromes (5). The latter are the result of the generation
of malonaldehyde/malondialdehyde and the reactivity of this
compound with amino groups as described above. The product
with fluorescent properties is a NN' l-amino-3-imino-propene
compound, a conjugated Schiff base that is water- or lipid-
soluble, depending on the origin of the reactive amino groups.
In our studies the conjugated dienes partitioned into the
organic (chloroform) phase whereas the hydroperoxides and
fluorochrome products partitioned into the methanol-water
phase, a pattern to be expected of hydrophobic and hydrophilic
products, respectively. As has been pointed out in several
studies, although malonaldehyde/malondialdehyde formation
in vitro with peroxidized erythrocytes has been found, there has
been a consistent inability to detect in vivo the presence in
plasma of malonaldehyde/malondialdehyde (5, 6, 18, 20, 21),
probably because of its instability due to the presence of
aldehyde oxidases within cells (22) as well as its reactivity with
amino groups of proteins and phospholipids (see above).

Our data are consistent with others who have found
fluorochrome products of lipid peroxidation in vitro under
peroxidizing conditions utilizing amino-containing phospho-
lipids and aromatic amino acids (3), enzymes such as ribonu-
clease A (20), and other proteins and nucleic acids (23). In
experiments involving dietary manipulation (e.g., deficiency of
selenium or vitamin E) designed to increase susceptibility to
oxidants, there has been evidence of loss of membrane-
associated phospholipids (24), and fluorochromic compounds
have been found in tissue extracts (reviewed in reference 5).
Similar fluorescent compounds have also been found in eryth-
rocytes of individuals treated with drugs known to have

oxidant, hemolysis-inducing properties (18, 21, 25) and in
aging mice (26). Finally, the "aging pigment" lipofuscin found
in human and in animal tissues has similar fluorescent prop-
erties to the products previously discussed (reviewed in refer-
ence 5).

As indicated above, there is as yet no formal proof that
the hydroperoxides, conjugated dienes, and the fluorochrome
products in plasma are derived from injured endothelial cells.
It is possible that systemic complement activation leads to
products of lipid peroxidation generated from neutrophils
undergoing autotoxicity (although the data in Table IV suggest
not) or from neutrophil-induced damage (by oxygen radicals)
of erythrocytes. It can be reasonably assumed that any eryth-
rocyte damage or lysis occurring in the CVF-injected rats is
due not to oxygen radical-mediated damage of erythrocytes
but is a direct effect of the membrane attack complex (COb-9)
generated in the course of complement activation. It has been
recently shown in vitro that addition of CVF to guinea pig
serum containing erythrocytes induced "bystander" lysis of
the erythrocytes in the absence of leukocytes (27). In preliminary
studies we have retrieved erythrocytes from rats injected 30
min earlier with CVF and have been unable to detect the
presence of cell-associated conjugated dienes. Normal eryth-
rocytes appear to be resistant to injury induced by oxygen
radicals, a conclusion similar to that reached recently where
human erythrocytes deficient in glucose-6-phosphate dehydro-
genase or sickle cells are susceptible to oxygen radical-mediated
injury (measured by appearance of malonaldehyde) while
normal erythrocytes are resistant to injury (28). For all of
these reasons it appears unlikely that the appearance of con-
jugated dienes in the plasma of CVF-injected rats is due to
oxidant damage of erythrocytes. The quantitative relationship
between lung injury (in the presence and absence of protective
interventions) and tissue and plasma levels of conjugated
dienes, hydroperoxides, and fluorescent products suggests that
lung injury is associated with products of lipid peroxidation.
It is possible that these products may be useful markers of
oxygen radical-related injury in a variety of conditions such
as acute respiratory distress syndrome and ischemic injury of
myocardium and bowel where there is evidence that oxygen
radicals may be involved in the full development of tissue
injury (29, 30).

It should be noted that lipid peroxidation is not the
exclusive mechanism for oxygen radical-induced damage in
tissues. Superoxide anion, O2, can enter into erythrocytes via
anionic channels, resulting in the formation of methemoglobin
and ultimate lysis of erythrocytes (31). Generation of oxygen
radicals in lung may lead to secondary effects such as inacti-
vation of a1-antiproteinase (32), the chief natural inhibitor of
leukocytic neutral proteinases. As indicated above, oxygen
radicals may also cause inactivation of critical cell-associated
enzymes. Thus, no single biochemical event can exclusively
explain the manner by which oxygen radicals bring about
tissue injury.

Monitoring in vivo for the appearance of the volatile
hydrocarbons ethane and pentane is reported to be a quanti-
tative correlate of in vivo lipid peroxidation under conditions
of susceptibility to oxidants. These products appear to result
from the conversion of lipid peroxides to alkoxy radicals,
which then undergo #-scission resulting in release of a volatile
hydrocarbon. It has been possible to show the appearance of
ethane or pentane in the breath of rats rendered deficient of
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selenium and vitamin E (33). Technically, these are difficult
experiments in that alternative sources of the gases, especially
from the gastrointestinal tract, require elaborate procedures to
limit sampling to the expired breath.

The data presented in this report show the susceptibility
of the lung to the damaging effects of the oxygen radical from
neutrophils after systemic complement activation, using the
ability to monitor plasma levels of the lung-related LDH
isoenzyme profile. The conclusion that both lung injury as
well as appearance of conjugated dienes are due to the role of
HO is a tentative one, but is based on the strong HO~-
scavenging effects of DMTUand DMSO(34, 35), and, perhaps
most compellingly, the ability of deferoxamine but not iron-
saturated deferoxamine to protect against lung injury (2) as
well as markedly reducing the appearance of conjugated dienes
in the plasma of animals undergoing systemic activation of
complement. Why the lung should be the target for injury is
intriguing. It could well be that the peripheral intravenous
injection of CVF ensures by simple anatomic considerations
that the rapidly produced leukoaggregates will be entrapped in
the pulmonary interstitial capillary system, bringing about
acute lung injury. The data presented above indicate the lack
of evidence of acute renal or hepatic injury after intravenous
injection of CVF. As indicated, it is possible to induce acute
renal injury by the direct injection of CVF into the renal
artery. The susceptibility of the lung to injury could be
associated with susceptibility of pulmonary vascular endothelial
cells to injury by oxygen radicals. It is known that, depending
on their origin, vascular endothelial cells are quite distinct in
certain metabolic and functional characteristics (reviewed in
reference 36). In addition, the pulmonary vascular endothelium
appears to be especially effective in the uptake of CSa (37).
For these and other reasons it is possible that the pulmonary
vascular lining is predisposed for injury produced by the
numerous mechanisms discussed above.

In the CVFmodel of systemic complement activation and
acute lung injury, whether or not vascular beds other than the
lung contribute to the appearance of products of lipid peroxi-
dation in the plasma cannot be determined. Nevertheless,
increases in plasma levels of conjugated dienes, hydroperoxides,
and fluorescent products appear to correlate with the extent
of acute lung injury. It may be possible in human conditions,
such as the adult respiratory distress syndrome, to use similar
markers to detect and follow oxygen radical-mediated tissue
injury.
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