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The possible contribution of metabolites of arachidonic 
acid to the increased permeability of the alveolar-capil- 
lary barrier in the adult respiratory distress syndrome was 
examined by quantifying the pulmonary edema fluid 
concentrations of lipoxygenase and cyclooxygenase 
products. The concentration of leukotriene D4 in pulm 0- 
nary edema fluid of 10 patients with the adult respiratory 
distress syndrome (18.5 -+ 6.8 pmol/ml; mean + SD), 
assessed by specific radioimmunoassay after isolation of 
the mediator, was significantly higher (P < 0.001) than 
that of five patients with cardiogenic pulmonary edema 
(4.4 +_ 1.1 pmol/ml). The concentrations of leukotrienes 
B4 and C4, prostaglandin E2, and thromboxane B2 in 
edema fluid were not significantly different in the adult 
respiratory distress syndrome patients than in the other 
subjects with pulmonary edema. The edema fluid concen- 
tration of leukotriene 1)4 correlated with the ratio of 
edema fluid to plasma concentrations of albumin (r = 
0.64). Leukotriene D4 thus may contribute to the perme- 
ability defect which allows an accumulation of protein- 
rich alveolar fluid in the adult respiratory distress syn- 
drome. 
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drome; pulmonary edema. 
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INTRODUCTION 

The protein-rich pulmonary edema of  the adult 
respiratory distress syndrome (ARDS) is attribut- 
able principally to an increase in permeability of  the 
alveolar-capillary barrier (1-3). The many etiolo- 
gies of ARDS suggest that altered permeability is a 
common cellular response of the alveolar epitheli- 
um and pulmonary capillary endothelium to diverse 
extrinsic and endogenous challenges. Although the 
results of studies of  patients with ARDS and animal 
models of ARDS imply an involvement of  polymor- 
phonuclear  (PMN) leukocytes  (4, 5), intravascular 
coagulation with platelet aggregation (6, 7), and 
fluid-phase mediators,  such as complement  (8, 9) 
and prostaglandins (I0, 11), no primary causative 
relationship has been established definitively. The 
present finding of  an elevated concentrat ion of  
leukotriene D4 (LTD4) in pulmonary edema fluid of  
patients with ARDS relative to that found in cardio- 
genic edema fluid suggests a contribution to the 
permeability abnormalities of  ARDS. 
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MATERIALS AND METHODS 

Selection and Evaluation o f  Patients 

Each of the 19 patients studied (Table I) had 
acute pulmonary edema that was severe enough to 
require endotracheal  intubation and mechanical 
ventilation. Clinical and laboratory data, as well as 
systemic and pulmonary hemodynamic  values, 
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Table I. Characteristics of Patients with Pulmonary Edema ° 

Case PAW Clinical 
no. Age/sex Diagnosis (mm Hg) AL (EF)/AL (P) TP (EF)/TP (P) outcome 

Cardiogenic pulmonary edema 

1 31/F CHF, renal failure 28 0,50 0.43 Survived 
2 64/F CHF, CPR 30 0.41 0.34 Died 
3 55/F CHF, renal failure 33 0.50 0.65 Survived 
4 18/M CHF, nephrosis ~ 0.36 0.34 Survived 
5 57/M CHF, AMI __b 0.67 0.56 Survived 

0.49 -+ 0AI ~ 0.46 + 0.14 c 

ARDS 

6 42/F Leukemia, sepsis 14 1.12 1.03 Died 
7 70/F Gastric aspiration __d I. 12 0.90 Died 
8 30/F Renal failure, transfusion 10 0.99 0.97 Survived 
9 35/M GI bleed, sepsis 10 0.69 0.58 Died 

10 23/M Methanol overdose d 0.73 0.6i Survived 
11 30/F Acetaminophen overdose d 0.84 0.71 Survived 
12 70/F Vascular surgery, sepsis 12 0.85 0.77 Died 
13 42/F Cirrhosis, sepsis 6 0,85 0.79 Died 
14 15/F Leukemia, sepsis 7 - -  - -  Died 
I5 52/F Alcoholism, pancreatitis 8 - -  - -  Survived 

0.90 -+ 0.16, 0.80 -+ 0.16 ~ 

aCHF, congestive heart failure; ARDs,  adult respiratory distress syndrome; CPR, cardiopulmonary resuscitation; AL, albumin; TP, 
total protein; EF, pulmonary edema fluid; P, plasma; PAW, pulmonary arterial wedge pressure. 

bThe central venous pressure of both patient 4 and patient 5 Was elevated to greater than 15 mm Hg and echocardiography demonstrated 
left ventricular dysfunction. 

cMean -+ SD. 
'rI'he central venous pressure and left ventricular function were normal, 

were recorded at the time of intubation. ARDS was 
defined operationally by an arterial to alveolar 
oxygen partial pressure ratio of ---0.20, the appear- 
ance of diffuse bilateral infiltrates on chest roent- 
genogram, acute respiratory failure severe enough 
to require mechanical ventilation, a pulmonary arte- 
rial wedge pressure equal to or less than 15 mm Hg, 
and the absence of congestive heart failure, pleural 
effusions, atelectasis, or pneumonia (12-14). Car- 
diogenic pulmonary edema was defined on the basis 
of an unequivocal history and signs of left ventricu- 
lar failure and either a pulmonary arterial wedge 
pressure greater than 25 mm Hg or an elevated 
central venous pressure with evidence of decreased 
left ventricular function by a two-dimensional echo- 
cardiogram. Within 12 hr after endotracheal intuba- 
tion, edema fluid samples of greater than 3 ml were 
suctioned gently with a soft plastic catheter from 
frothing edema fluid in the endotracheal tube into a 
Lukens trap and I00 U of heparin was added tO 
each sample. Heparinized plasma and edema fluid 
samples were centrifuged at 6000g for 10 rain. 
Albumin concentrations Were measured by the 
bromcresol green dye-binding technique (15) and 

total protein concentrations by the Biuret method 
(16) in both the edema fluid and the plasma samples. 

Experimental Materials and Methods 

[14,15-3H(N)]Leukotriene C4 (34.0 Ci/mmol), 
[14,15-3H(N)]leukotriene 0 4  (36.0 Ci/mmol), [1- 
t4C]prostaglandin E2 (25-50 mCi/mmol), 
[5,6~8,9,11,12,14,i5-3H(N)]thromboxane B2 (100- 
160 Ci/mmol) (New England Nuclear~ Inc., Bos- 
ton), [5,6,8,9,1 i, 12,14, t 5-3H(N)]leukotriene B4 

(180-221 Ci/mmol) (Amersham Corp., Arlington 
Heights, IL), Sep-Pak columns (Waters Associates, 
Milford, MA), and kits for radioimmunoassays of 
prostaglandin E2 and thromboxane B2 (Seragen, 
Inc., Boston)were obtained from the suppliers 
noted, Synthetic leukotrienes B4, C4, D4, and E 4 
were provided generously by Dr. J. Rokach of 
Merck Frosst Laboratories, Dorval, Canada. 

Pulmonary edema fluids of 0. i-0.5 ml were acidi- 
fied to pH 3.5 with 0. I M acetic acid and applied to 
Sep-Pak columns, the columns were washed with 2 
ml of distilled water, 2 mi of 0.001 M acetic acid, 
and 2 ml of methanol:0.001 M acetic acid (1:4, v:v), 
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and the leukotrienes and other eicosanoids were 
eluted in 2 ml of methanol. One-half of each of the 
eluates was dried in vacuo and redissolved for 
reverse-phase high-performance liquid chromatog- 
raphy (HPLC) on a 4.6 m m x  25-cm column of 10 
Ixm octadecylsilane (Ultrasil, Altex Division of 
SmithKline Beckman, Inc., Berkeley, CA) that was 
developed isocratically with methanol:0.03 g phos- 
phoric acid per I00 ml distilled water (pH 3.5 with 
ammonium hydroxide) (70:30, v:v) at a flow rate of 
1 ml/min in a dual metered-pump system (Beckman 
Instruments, Inc., San Jose, CA) (17). The elution 
times of LTC4, LTB4, and LTD4, as assessed 
optically, were 14.1-15.6, 19.3-20.7, and 22.4-23.8 
rain, respectively (range, N = 8). 

Radioimmunoassays for leukotrienes were per- 
formed as described with rabbit antisera of a high 
specificity for LTC4 and LTB 4 (17, 18) and a rabbit 
antiserum which recognizes each of the C-6 peptide 
leukotrienes, using [3H]LTD4 and synthetic LTC4 
or LTD4 as the competing: ligand (Drs. E. Hayes 
and A. Rosenthal, Merck Laboratories, Inc., Rah- 
way, NJ) (19). Each value was corrected for the 
recovery of radiolabeled compound. 

R E S U L T S  

Characteristics of  Patients with Pulmonary Edema 

The five patients considered to have cardiogenic 
pulmonary edema (Table I), based on either elevat- 
ed pulmonary arterial wedge pressure (patients 1-3) 
or elevated central venous pressure and left ventric- 
ular dysfunction (patients 4 and 5), had ratios of 
pulmonary edema fluid to plasma concentrations of 
both albumin and total protein (Table I) which were 
in the range described by other investigators for 
high-pressure pulmonary edema (3). For the I0 
patients with ARDS, the pulmonary artery wedge 
pressure (patients 6, 8, 9, 12-15) or central venous 
pressure was normal at the time of collection of 
pulmonary edema fluid and there was no evidence 
of heart failure. The ratios of the edema fluid to 
plasma concentrations of albumin and total protein 
in eight of the ARDS patients were significantly 
higher than those of the cardiogenic pulmonary 
edema patients (P < 0.05) (Table I) and were in the 
range reported for patients with increased lung 
vascular permeability (20). 

Clinical and hemodynamic evaluations of the four 
patients with pulmonary edema of indeterminate 
etiology indicated that all appeared to have both a 

moderate elevation in pulmonary vascular pressure 
and an element of increased pulmonary vascular 
permeability. The ratios of pulmonary edema fluid 
to plasma concentrations of 0.69 -+ 0.I5 (mean +- 
SD) for albumin and 0.62 -+ 0.19 for total protein 
were midway between the values for patients in the 
cardiogenic and ARDS groups (Table I). 

Four of five patients with cardiogenic pulmonary 
edema survived, while 6 of 10 patients with ARDS 
died, of whom 5 had gram-negative bacterial sepsis 
and evidence of muttisystem failure. 

Concentrations of  Leukotrienes and Other 
Eicosanoids in Pulmonary Edema Fluids 

The leukotrienes in replicate samples of pulmo- 
nary edema fluids were resolved by HPLC and 
quantified by the LTB4 radioimmunoassaY and the 
C-6 peptide radioimmunoassay for LTC4, LTD4, 
and LTE4. The concentrations o f  LTD4 in edema 
fluids of ARDS patients (18.5 -+ 6.8 pmol/ml, mean 
-+ SD) were elevated significantly relative to control 
values (4.4 -+- 1.1 pmol/ml), whereas no significant 
differences were established for LTB4 or LTC4 
(Fig. 1), and LTE4 was not detectable in any of the 
samples. The edema fluid concentrations of LTC4, 
as determined by a monospecific radioim- 
munoassay of Sep-Pak eluates prior to HPLC, also 
were not significantly different for the ARDS (5.4 _+ 
2.3 pmol/ml) and control (3.7 _+ 2.1 pmol/ml) pa- 
tients. Although the concentrations of PGE2 and 
TxBz in the edema fluids of some ARDS patients 
were elevated strikingly, the respective means for 
the group of ARDS patients evaluated were not 
significantly higher than for the control patients 
with cardiogenic pulmonary edema (Fig. I). In 
order to rule out substantial conversions of the 
leukotrienes in edema fluid in v#ro during process- 
ing, duplicate 0.1-ml portions of fluid from three 
patients with ARDS were incubated for t5 rain at 
room temperature with 0.1 txCi of [3H]LTC4 or 
[3H]LTD4 and I0 pmol of the respective unlabeled 
leukotriene and subjected to Sep-Pak extraction 
and HPLC. The mean recoveries of the radioactiv- 
ity of LTC4 and LTD4 were 67 and 82%, respective- 
ly. The conversion of LTC4 to LTD4 was less than 
2% and that of LTD4 to LTE4 ranged from 6 to 13%. 

Pulmonary edema fluids from the four patients in 
the indeterminate category were analyzed in paral- 
lel with the index populations. The concentrations 
of LTC4 determined after Sep-Pak extraction were 
4.2 -+ 1.2 pmol/ml, and those of LTC4, LTD4, and 
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Fig. 1. Concentrations of arachidonic acid metabolites in airway edema fluid. Each frame shows the individual values (©) for 
each patient with cardiogenic pulmonary edema (C) or ARDS, as well as the group mean (e )  and SD. Mucoid fluids suctioned 
from two patients (LTD4 = 18 and 16 pmol/ml) and free edema fluid from the others were used for analysis. The quantities of 
LTB4 and LTC4 recovered from HPLC and of PGEz from Sep-Pak columns were insufficient for analyses in a few of the 
patients. All values are derived from radioimmunoassays and have been corrected for chromatographic recovery. The 
significance of the difference between the mean value for ARDS and that for C patients was determined by a standard two- 
sample t test for unpaired populations with unequal variance and is shown by the asterisk (P < 0.001). 

LTB4 after HPLC purification were 4.4 +- 1.9, 6.1 +-- 
2.3, and 3.4 - 1.0 pmot/ml, respectively, which 
were not significantly different from control values. 
When the control patients and those in the indeter- 
minate category were considered as one group, the 
concentrations of LTD4 in edema fluid (5.2 +- 1.8 
pmol/ml) were significantly lower (P < 0.001) than 
in the patients with ARDS, and there was no 
overlap of the values for the two groups. 

DISCUSSION 

The application of sensitive radioimmunoassays 
to analyses of leukotrienes isolated chromatograph- 
ically from pulmonary edema fluid thus revealed a 
significant elevation in the concentration of the 
vasoactive and contractile factor LTD4 in ARDS, as 
contrasted with cardiogenic pulmonary edema (Fig. 
1). The pulmonary edema fluid concentrations of 
LTB4, PGE2, and TxB2 were elevated in some 

patients with ARDS, but the group mean values 
were not significantly higher than those of patients 
with cardiogenic pulmonary edema. The present 
findings do not indicate the cellular source of the 
LTD 4 in pulmonary edema fluid. However,  the re- 
sults of previous studies of the generation of leuko- 
trienes by fragments of human lung in vitro suggest 
that LTD4 is generated principally by peripheral 
parenchymal tissue (21), whereas tracheal and other 
proximal airway tissues produce LTB4 and 15- 
lipoxygenase products but no detectable LTD4 or 
LTC4 (22). No substantial interconversions of the 
peptidoleukotrienes were detected in edema fluid in 
vitro. The relative insensitivity of the immunoas- 
says for LTE4, however, does not permit definitive 
statements about the concentrations of this media- 
tor in edema fluid. 

A significant correlation of the concentration of 
LTD4 in pulmonary edema fluid with the ratio of 
edema fluid to plasma concentration of albumin (r = 
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0.64) (Table I) suggests a contribution of LTD4 to 
the altered alveolar-capillary permeability charac- 
teristic of ARDS. The results of some studies in 
animal models (23, 24) imply that LTD4 alone at 
concentrations found in the edema fluid of ARDS 
could have a critical role in increasing vascular 
permeability. 

The pulmonary edema fluid concentration of LTD4 
also did not appear to be a Prognostic indicator of 
survival in this small group Of patients with ARDS 
of diverse etiologies, as neither the ratios of albu- 
min and total protein concentrations (Table I) nor 
the pulmonary edema fluid concentrations of LTD 4 
were significantly higher in the patients with ARDS 
who died (17.7 - 5.6 pmol/mL mean - SD, N = 6) 
than in those who survived (t9.7 -+ 9.0 pmoi/ml; N 
= 4). An asSessment of the time course of appear- 
ance of LTD4 in relation to the development of the 
permeability defect in ARDS would serve to eluci- 
date a pathogenetic or prognostic role for this 
mediator in patients at risk for the development of 
acute lung injury. 
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