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Abstract

 

Lyso-phospholipids exert a major injurious effect on lung
cell membranes during Acute Respiratory Distress Syn-
drome (ARDS), but the mechanisms leading to their in vivo
generation are still unknown. Intratracheal administration
of LPS to guinea pigs induced the secretion of type II se-
cretory phospholipase A2 (sPLA2-II) accompanied by a
marked increase in fatty acid and lyso-phosphatidylcholine
(lyso-PC) levels in the bronchoalveolar lavage fluid (BALF).
Administration of LY311727, a specific sPLA2-II inhibitor,
reduced by 60% the mass of free fatty acid and lyso-PC con-
tent in BALF. Gas chromatography/mass spectrometry
analysis revealed that palmitic acid and palmitoyl-2–lyso-
PC were the predominant lipid derivatives released in
BALF. A similar pattern was observed after the intratra-
cheal administration of recombinant guinea pig (r-GP)
sPLA2-II and was accompanied by a 50–60% loss of sur-
factant phospholipid content, suggesting that surfactant is
a major lung target of sPLA2-II. In confirmation, r-GP
sPLA2-II was able to hydrolyze surfactant phospholipids in
vitro. This hydrolysis was inhibited by surfactant protein A
(SP-A) through a direct and selective protein–protein inter-
action between SP-A and sPLA2-II. Hence, our study re-
ports an in vivo direct causal relationship between sPLA2-II
and early surfactant degradation and a new process of regu-
lation for sPLA2-II activity. Anti–sPLA2-II strategy may
represent a novel therapeutic approach in lung injury, such

 

as ARDS. (

 

J. Clin. Invest.

 

 1998. 102:1152–1160.) Key words:
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Introduction

 

Pulmonary surfactant is a lipid–protein complex, synthesized
by the alveolar type II epithelial cells, that lowers surface ten-

sion along the alveolar epithelium, thereby promoting alveolar
stability. Surfactant is composed of 10% protein and 90%
lipid, with a high proportion of dipalmitoyl-phosphatidylcho-
line (DPPC). Destruction of surfactant increases surface ten-
sion at the air–liquid interface, which results in alveolar
collapse, culminating in acute lung injury, such as Acute Re-
spiratory Distress Syndrome (ARDS) (for review see refer-
ence 1). Hydrolysis of DPPC is an early physiopathological
event that leads to an accumulation of lyso-phosphatidylcho-
line (lyso-PC) (2). The latter plays a crucial role in acute lung
injury since it damages the alveolar type I cellular membranes
(3), increases capillary permeability (4), and markedly inacti-
vates the surfactant tensioactivity (5). Furthermore, among
lyso-phospholipid subclasses, lyso-PC is the most effective in
potentiating the diacylglycerol-induced activation of particular
calcium-dependent protein kinase C isoforms, suggesting a
role in cell activation (6, 7). Finally, lyso-PC exhibits chemo-
tactic activities toward lymphoid (8, 9) and mononuclear cells
(10) and induces the expression of vascular cell adhesion mole-
cules and intercellular adhesion molecules in endothelial cells
(11, 12), suggesting a role in cell recruitment during inflamma-
tion.

However, the mechanism(s) leading to the generation of
lyso-PC during acute lung injury is still unknown. A key meta-
bolic step in the production of lyso-PC might involve phospho-
lipases A2 (PLA2s). These enzymes hydrolyze the 

 

sn

 

-2 fatty
acyl ester bond of phosphoglycerides, generating lyso-phos-
pholipids and free fatty acids. Both intracellular and secretory
PLA2s (sPLA2s) have been described (13). Among sPLA2s,
the 14 kD type II (sPLA2-II) is released in the alveolar space
in lung inflammatory processes such as asthma (14) and
ARDS (for review see reference 15), but there has never been
a demonstration of a direct causal relationship between
sPLA2-II expression and the acute generation of lysophospho-
lipids and fatty acids.

Clinical studies in ARDS patients have shown that a de-
struction of surfactant protein A (SP-A) is associated with a
marked increase in lyso-PC content (1, 2). SP-A belongs to the
C type lectin superfamily and contains a COOH-terminal car-
bohydrate recognition domain (CRD) (for review see refer-
ence 16). Interestingly, CRD of SP-A shares sequence homol-
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Abbreviations used in this paper:

 

 ARDS, Acute Respiratory Dis-
tress Syndrome; AM, alveolar macrophage; BALF, bronchoalveolar
lavage fluid; CRD, carbohydrate recognition domain; DPPC, dipal-
mitoyl-phosphatidylcholine; lyso-PC, lyso-phosphatidylcholine; PLA2,
phospholipase A2; sPLA2, secretory PLA2; SP-A, surfactant protein
A; SPR, surface plasmon resonance; r-GP sPLA2, recombinant
guinea pig sPLA2.
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ogy with a PLA2 inhibitor purified from the plasma of the
Habu snake 

 

Trimeresurus flavoridis

 

 (17, 18), suggesting that
SP-A might function as a PLA2 inhibitor.

In the context of the above information, we sought to ad-
dress three questions: Can sPLA2-II account for lyso-PC and
fatty acid generation in acute lung injury? Is pulmonary surfac-
tant the target of sPLA2-II during this process? Can SP-A act
as a specific inhibitor of sPLA2-II activity?

The present study provides clear evidence that sPLA2-II
plays a major role in vivo in the acute generation of lyso-PC
during lung injury and that surfactant phospholipids are a ma-
jor target for this enzyme. Moreover, surface plasmon reso-
nance (SPR) allows us to identify a direct and selective pro-
tein–protein interaction between SP-A and sPLA2-II, which
plays an important role in the control of sPLA2-II–mediated
surfactant phospholipid hydrolysis.

 

Methods

 

Production and purification of the guinea pig type II PLA2

 

The recombinant guinea pig (r-GP) sPLA2-II was expressed by using
the baculovirus-Sf9 (

 

Spodoptera frujiperda

 

) cell expression system
(19, 20). Culture medium was centrifuged for 10 min at 1,500 

 

g

 

 at 4

 

8

 

C
to remove cells, dialyzed by tangential filtration (Sartocon Micro, 5 kD
cut-off; Sartorius, France), and applied to Pep-RPC column, using a
fast protein liquid chromatography system (Pharmacia, Uppsala,
Sweden). Elution with a linear gradient of 0–100% acetonitril con-
taining 0.1% trifluoroacetic acid (TFA) was performed for 60 min at
1 ml/min flow rate. After two successive Pep-RPC chromatographies,
fractions with PLA2 activity (retention time, 26–28 min) were pooled
and applied to a reverse phase Kromasil C18 column (AIT, St. Ger-
main-en Laye, France), using a HPLC system (Spectra-Physics,
SP8000). A one-step 40-min linear gradient of 5–100% acetonitrile
containing 0.1% TFA at 1 ml/min flow rate was performed.

Purified sPLA2-II fractions (26–27 min retention time or 39–40%
acetonitril) were pooled, lyophilized, and resuspended in 0.01% TFA
solution to measure the activity and protein content. After lyophiliza-
tion to remove TFA, fractions were dissolved in saline before in-
tratracheal injection. Purified r-GP sPLA2-II gave a single band after
tricine SDS-PAGE (21) and silver staining (Fig. 1 

 

B

 

). An equal vol-
ume of 40% acetonitrile solution was treated exactly like the pooled
purified protein fractions and used as control solvent for the in vivo
experiments.

 

Purification of guinea pig SP-A

 

A purified surfactant fraction was isolated by NaCl-NaBr gradient
centrifugation (22). Guinea pig SP-A was extracted from purified sur-
factant using 1-butanol and octyl-

 

b

 

-D-glucopyranoside, as described
(23). Delipidation of the protein was checked by measuring the phos-
phorus content as described by Böttcher et al. (24). Analysis on 12%
PAGE under nonreducing conditions showed that the major form
had a molecular mass of 66 kD, sharing the same mobility as purified
rat SP-A. Purified guinea pig SP-A reacted positively with a poly-
clonal rabbit anti–rat SP-A (23) by Western blot analysis (data not
shown).

 

In vivo experiments

 

Male Hartley guinea pigs (elevages; Saint Antoine, Pleudaniel,
France) weighing 400–600 g were anesthetized by the intramuscular
injection of ketamine hydrochloride (50 mg/kg of body weight; Parke-
Davis, Courbevoie, France) and xylazine (2 mg/kg body weight;
Bayer, Leverkusen, Germany). Three sets of experimental protocols
were performed.

 

LPS challenge.

 

After orotracheal intubation, either 330 

 

m

 

g/kg of
LPS from 

 

Escherichia coli

 

 055:B5 (DIFCO Laboratories, Detroit,
MI) in 300 

 

m

 

l of 0.9% NaCl (saline) or the same volume of saline

alone was instilled through an intratracheal catheter (see reference
25). This experimental model of acute lung injury was previously
shown to reproduce the main characteristic of ARDS at the early
phase of disease (25). 8 h after instillation, animals were killed with
an overdose of pentobarbital sodium (40 mg/kg; Sanofi, Libourne,
France).

 

LY311727 treatment.

 

The animals were assigned to three ex-
perimental groups. The first group received intravenous injections
of LY311727 (3-acetamine-1-benzyl-2-ethylindolyl-5-oxy; propane
phosphonic acid; Eli Lilly, Indianapolis, IN), 2 mg/kg of body weight
dissolved in 25 

 

m

 

l of DMSO (26), 24 h and 1 h before LPS administra-
tion. A third injection of LY311727 (2 mg/kg of body weight dis-
solved in 25 

 

m

 

l of DMSO) was administrated intratracheally with LPS

Figure 1. Analysis of sPLA2-II expression in BALF and lung tissues 
after intratracheal LPS administration. In (A), sPLA2 activities in 
lung membranes and BALF from saline or LPS-treated guinea pigs 
were measured as indicated in Methods. The data are expressed as 
means6SE, n 5 5, **P , 0.001. In (B), LPS-induced sPLA2 activity 
was characterized from BALF after one-step purification by HPLC 
as indicated in Methods. Analysis by SDS-PAGE of the 39% acetoni-
trile HPLC fraction (100 ng) shows a band at 16 kD (lane 2) with the 
same mobility as r-GP sPLA2-II (500 ng) (lane 1). Corresponding im-
munoblots were probed with rabbit polyclonal anti–sPLA2-II (lane 3, 
r-GP sPLA2-II; lane 4, 39% acetonitrile HPLC fraction obtained 
from BALF). The pattern is representative of three separate experi-
ments.
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(330 

 

m

 

g/kg, dissolved in 275 

 

m

 

l of saline). The two other groups re-
ceived two intravenous injections of DMSO alone at the time indi-
cated above and were then injected intratracheally with the same vol-
ume of DMSO plus either 330 

 

m

 

g/kg LPS or saline. 8 h after the
challenge, the animals were killed.

 

Recombinant guinea pig sPLA2-II challenge.

 

r-GP sPLA2-II and
its control solvent were prepared as indicated above and resuspended
in saline. After orotracheal intubations, guinea pigs received either
250 

 

m

 

g of r-GP sPLA2-II or its solvent dissolved in 300 

 

m

 

l of saline.
The animals were killed 2 h after the challenge. Preliminary experi-
ments allowed us to determine that a dose of 250 

 

m

 

g of r-GP sPLA2-
II corresponds to the concentration of endogenous sPLA2-II pro-
duced by the lung upon LPS challenge. Indeed, after the intratracheal
administration of 250 

 

m

 

g of r-GP sPLA2-II, the levels of sPLA2 activ-
ity recovered from the bronchoalveolar lavage fluid (BALF) were
comparable to those detected after LPS administration (17

 

6

 

7 nmol/
ml/min vs. 10

 

6

 

1 nmol/ml/min, 

 

n

 

 

 

5

 

 4, respectively).

 

Preparation of bronchoalveolar lavage and lung homogenates

 

At the indicated times, bronchoalveolar lavages were performed as
previously described (25) and immediately stored at 

 

2

 

20

 

8

 

C for subse-
quent analysis. Lungs were rapidly excised, frozen in liquid nitrogen,
and stored at 

 

2

 

80

 

8

 

C until use. Lung homogenates were prepared as
described by Filgueiras and Possmayer (27), and then membrane and
cytosolic fractions were used for the determination of sPLA2 activity.

 

Isolation and incubation of pulmonary surfactant

 

Crude surfactant was obtained by 20-min centrifugation at 19,500 

 

g

 

 of
cell-free BALFs from naive animals, resuspended in Hank’s buffer,
and then submitted to 5 min of ultrasonication (150 W) using a MSE
sonifer. After adjusting the phospholipid concentration to 4 mM (which
corresponded to the V

 

max

 

 of the enzyme), surfactant was incubated
for 2 h at 37

 

8

 

C with the indicated r-GP sPLA2-II concentrations, in
the presence of 5 mM Ca

 

2

 

1

 

. This concentration was effective in low-
ering surface tension (5).

To analyze the consequence of SP-A/sPLA2-II interaction on
phospholipid hydrolysis by r-GP sPLA2-II, a surfactant preparation
(4 mM phospholipid concentration, containing 600 

 

m

 

g/ml total pro-
teins) was preincubated with 5.2 

 

m

 

g of anti–rat SP-A IgG or normal
rabbit IgG, in a final volume of 50 

 

m

 

l, overnight at room temperature.
Surfactant was then incubated for 2 h at 37

 

8

 

C with 150 ng/ml r-GP
sPLA2-II, and fatty acid release was analyzed as described below.

 

Phospholipid analysis

 

Lipids were extracted from BALF or from isolated surfactant accord-
ing to Bligh and Dyer (28). The separation of phospholipids was
achieved on thin-layer chromatography on silicagel (Merck, St. Louis,
MO) with water/acetic acid/methanol/chloroform (65:45:3:1, vol/vol)
solvent system. The phosphorus content of phospholipids was deter-
mined according to Böttcher et al. (24). To analyze the 

 

sn

 

-1 fatty acid
composition of lyso-PC, the corresponding spot was saponified with
0.5 N methanolic KOH and methylated with boron trifluoride in 14%
methanol. The resulting fatty acid methyl esters were analyzed as in-
dicated below.

 

Analysis of fatty acids by gas
chromatography/mass spectrometry

 

Fatty acids were extracted by Dole’s procedure modified by Tsuji-
shita et al. (29) and methylated with diazomethane. The methylated
derivatives were separated by GC on a capillary column containing
Supelcowax 10 bonded phase (diameter 0.32 mm, 30 m long; Supelco
Inc., Bellefonte, PA) on a gas chromatograph (5890 Series II;
Hewlett-Packard, Palo Alto, CA) and detected by MP (Nermag 10-
10C, France).

 

Isolation and analysis of sPLA2-II from BALF

 

BALF samples collected from four LPS-challenged animals were dia-
lyzed by tangential filtration, lyophilized, and applied to HPLC as de-
scribed above. Fractions (1 ml) were collected and aliquots were as-

sayed for sPLA2 activity. Further characterization was performed by
Western blot analysis. Antiserum was raised in rabbits immunized
against the peptide “YDRLMKRGCGTKFL” conjugated to sun-
flower globulin using the bis-diazoted benzidine (30). This peptide,
corresponding to 51–64 amino acids of the mature guinea pig sPLA2-
II protein (31), is not present in other known secreted PLA2s.

After Tricine SDS-PAGE, r-GP sPLA2-II, and BALF samples
were transferred to nitrocellulose membranes (CERA-LABO,
France) and probed with the globulin fraction of antiserum. Bands
were visualized by the use of alkaline phosphatase–conjugated anti–
rabbit IgG (Promega, Madison, WI), followed by BCIP/NBT sub-
strates (Sigma, France).

 

Characterization of sPLA2-II/SP-A protein interaction
using SPR

 

Studies were performed using a BIAcore 2000 apparatus (Pharmacia
Biacore). Sensor chips CM5, surfactant P20, the amine coupling kit
containing 

 

N

 

-hydroxysuccinimide (NHS), 

 

N

 

-ethyl-

 

N

 

9

 

-(3-diethylami-
nopropyl)carbodiimide (EDC), and ethanolamine hydrochloride
were obtained from Pharmacia Biacore. The running buffer used for
all experiments was 5 mM Hepes (pH 7.4), 0.005% surfactant P20.

The Biacore instrument is a biosensor-based system for real-time
biospecific interaction analysis. Biosensor technology is based on op-
tical SPR and detects small changes in the refraction index on the sur-
face of a thin gold film. The latter is coated with a dextran matrix to
which one of the reactants (sPLA2) is covalently linked, while the
other one (SP-A) is introduced into a flow passing over the surface.
The resonance angle, expressed in resonance units (RUs), depends
on the refraction index of the vicinity of the surface and changes with
the concentration of molecules on the surface (32).

 

Immobilization of proteins on the sensor surface.

 

r-GP sPLA2-II
was covalently coupled via primary amino groups on a CM5-sensor
chip surface according to the manufacturer’s specifications. The im-
mobilization run was performed at a flow of 5 

 

m

 

l/min at 25

 

8

 

C. Briefly,
after equilibration of the dextran with the running buffer, the car-
boxymethylated matrix was activated with an EDC/NHS mixture, 10

 

m

 

l of r-GP sPLA2-II (20 

 

m

 

g/ml) in 10 mM sodium acetate (pH 4.8)
was injected, and unreacted groups were blocked by the injection of
ethanolamine (pH 8.5), followed by 5 

 

m

 

l of 50 mM Glycine/HCl (pH
2.0) to remove noncovalently bound protein. A sensor chip was also
subjected to a blank immobilization on independent flow cells. The
immobilization of other PLA2s was performed using the same proto-
col. The SPR signals for immobilized proteins were, respectively,
3264 RUs for r-GP sPLA2-II, 3787 RUs for bee venom sPLA2-III (a
gift of Dr. G. Lambeau, Sophia Antipolis, France), 3440 RUs for sy-
novial human sPLA2-II (a gift of Dr. J.L. Browning, Biogen, Cam-
bridge, MA), 5500 RUs for sPLA2-II purified from 

 

Crotallus durissus
terrificus

 

 venom (33), 1341 RUs for 

 

Naja-Naja

 

 sPLA2-I (Sigma), and
7164 RUs for porcine pancreatic sPLA2-I (a gift of Dr. B. Verheij,
Utrecht University, The Netherlands).

 

Analysis of protein–protein interaction.

 

The association of SP-A
to immobilized sPLA2s was studied by injecting at 25

 

8

 

C, 10–20 

 

m

 

g/ml
SP-A in 5 mM Hepes (pH 7.4), with 5 mM Ca

 

2

 

1

 

 at a flow rate of 10

 

m

 

l/min. Dissociation of SP-A from sPLA2s was performed by an in-
jection of 5 mM Hepes (pH 7.4) without cation. The analysis was car-
ried out using the BIAevaluation software (Pharmacia Biacore). For
experiments using rabbit anti–SP-A IgG, SP-A (10 

 

m

 

g/ml) was prein-
cubated in a volume of 100 

 

m

 

l with anti-SP-A IgG (10 

 

m

 

g/ml) or nor-
mal rabbit IgG for 6 h, and then injected in the same buffer in the
presence of Ca

 

2

 

1

 

 (the SP-A/anti-SPA IgG ratio was 1:40) assuming a
650 kD octadecameric form of SP-A in low ionic strength buffer (34).

 

Measurement of PLA2 activity

 

The measurement of sPLA2 activity was carried out using the fluori-
metric assay, as described by Radvanyi et al. (35) using 1-hexadeca-
noyl-2-(1-pyrenedecanoyl)-

 

sn

 

-glycero-3-phosphoglycerol [PG]; Inter-
chim, Montluçon, France) as substrate. The enzymatic reaction was
initiated by the addition of 10 mM calcium. The calcium-independent
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PLA2 activity was measured by using 1-palmitoyl-2-(1-pyrenedeca-
noyl)-

 

sn

 

-glycero-3-phosphocholine (Interchim) as substrate, in the
presence of EGTA (10 mM).

To analyze the effect of SP-A on sPLA2 activity, a fixed concen-
tration (714 nM) of sPLA2 (pancreatic sPLA2 or r-GP sPLA2-II) was
incubated with various concentrations of SP-A at the molar ratios in-
dicated in Table I. Incubations were carried out for 1 h at 37

 

8

 

C in Tris
buffer (50 mM) in the presence of 5 mM Ca

 

2

 

1

 

 (solution A). After 1/20
dilution, 5 

 

m

 

l from solution A was introduced into the cuvette con-
taining 1 ml of the fluorescent phospholipid PG (2 

 

m

 

M), for the mea-
surement of sPLA2 activity, leading to a dilution factor of 4,000 of the
starting material. At the molar ratio of 1:1 between SP-A and sPLA2,
the final calculated concentration of SP-A in the cuvette was near 0.2
nM, leading to a 10,000-fold molar excess of phospholipid substrate
PG, as compared with SP-A.

 

Calculations and statistical analyses

 

The data (expressed as mean

 

6

 

SE of separate experiments) were ini-
tially subjected to factorial ANOVA, and statistical analyses were
performed using Student’s 

 

t

 

 test for unpaired values. A value of 

 

P

 

 

 

#

 

0.05 was considered significant.

 

Results

 

Involvement of sPLA2-II in the in vivo generation of lyso-PC
and fatty acids.

 

We have previously shown that intratracheal
administration of LPS to guinea pig stimulates the synthesis of
sPLA2-II in lung tissues through the activation of sPLA2-II
gene expression (25). Here we investigated the time course of
sPLA2-II appearance in lung tissues and BALF and its rela-
tionship with fatty acid and lysophospholipid generation. No
induction of sPLA2 activity was detected 4 h after the intratra-
cheal injection of LPS, whereas a marked increase was ob-
served in BALF and lung membranes after 8 h (Fig. 1 

 

A

 

). We
next characterized the sPLA2 recovered in BALF after in vivo
LPS administration. Each fraction collected after a Pep-RPC
chromatography was assayed for sPLA2 activity. We essen-
tially detected a sPLA2 activity in the fraction that coeluted at
the same retention time (26–27 min) as recombinant guinea
pig sPLA2-II (r-GP sPLA2-II) (data not shown).

Analysis by SDS-PAGE of this fraction showed a band at
16 kD sharing the same electrophoretic mobility as r-GP
sPLA2-II (Fig. 1 

 

B

 

, lanes 

 

1

 

 and 

 

2

 

) and which was selectively
recognized by the rabbit anti–sPLA2-II antibody (Fig. 1 

 

B

 

,
lanes 

 

3

 

 and 

 

4

 

).
A tenfold increase of fatty acid levels was observed 8 h af-

ter LPS challenge (Fig. 2 

 

A

 

). Gas chromatography/mass spec-
trometry (GC/MS) analysis showed that palmitic acid (C16:0)
was the major fatty acid released in the BALF (Fig. 2 

 

B

 

). This
was accompanied by a twofold increase in the level of lyso-PC
released in BALF, mostly attributed to 1-palmitoyl-2-lyso-PC
(Fig. 2 

 

C

 

). However, the levels of arachidonic acid (C20:4)
were very low and remained unchanged after LPS challenge
(30

 

6

 

3 vs. 24

 

6

 

6 ng/ml; mean

 

6

 

SE, 

 

n

 

 

 

5

 

 6, in control and LPS-
treated animals, respectively).

To analyze the causal relationship between the induction of
sPLA2-II and the generation of the lipid derivatives, similar
experiments were performed following in vivo administration
of a specific sPLA2-II inhibitor, LY311727 (26). This com-
pound inhibited over 80% of the LPS-induced sPLA2 activity
recovered in BALF from LPS-challenged animals (Fig. 3 

 

A

 

).

 

Table I. Effect of SP-A on the Enzymatic Activity of r-GP 
sPLA2-II and Porcine Pancreatic sPLA2

 

sPLA2 type SP-A/sPLA2 ratio

sPLA2 activity

nmol/ml/min Percent control

 

r-GP-sPLA2-II 0 20.9

 

60.5 100
0.5 21.560.5 102
1 12.761.5 60
2 4.660.2 22

Pancreatic sPLA2 0 22.560.6 100
2 21.560.7 94

Fixed concentration (714 nM) of sPLA2 (r-GP sPLA2-II or pancreatic
sPLA2) was incubated with various concentrations of SP-A at the indi-
cated molar ratio. Incubations were carried out for 1 h at 37°C in phos-
pholipid-free Tris buffer (50 mM) in the presence of 5 mM calcium (so-
lution A). After 1/20 dilution, 5 ml from solution A was introduced into
a cuvette containing 1 ml of the fluorescent phospholipid PG (2 mM),
then sPLA2 activity was measured as described in Methods. Each point
is the mean6SE of two separate experiments carried out in triplicate.

Figure 2. GC/MS analy-
sis of fatty acids and 
lyso-PC levels in BALF 
after intratracheal ad-
ministration of LPS. 
The animals were 
treated with saline or 
LPS instillation as indi-
cated in Methods. In 
(A), the fatty acid gen-
eration in BALF was 
measured at 4 h (n 5 4) 
and 8 h (n 5 8) after the 
challenge. (B) shows 
the molecular species 
of the fatty acids re-
leased; (C) shows the 
molecular species of 
lyso-PC released in 
BALF, 8 h after the 
challenge (n 5 8). The 
data are expressed as 
means6SE; *P , 0.05, 
**P , 0.01, and ***P , 
0.001, as compared to 
saline-challenged
animals.
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A calcium-independent PLA2 activity was detected in lung ho-
mogenates from LPS-treated animals. This activity remained
unchanged when homogenates were incubated for 10 min with
25 mM of LY311727 (0.8860.18 and 1.0460.22 nmol/ml/min, in
control and LY311727-treated homogenates, respectively, n 5
6). At this concentration, LY311727 markedly reduced sPLA2-

II activity in guinea pig lung (25). This was accompanied by a
reduction of 60% in the mass of free fatty acids in BALF and
by a similar reduction in the palmitic acid content (Fig. 3 B).
A parallel decrease in the content of lyso-PC, mainly the
1-palmitoyl-2-lyso–PC level, was observed (Fig. 3 C).

To confirm these results, administration of exogenous re-
combinant GP sPLA2-II (r-GP sPLA2-II) induced an increase
in the levels of lyso-PC, essentially composed by 1-palmitoyl-2
lyso PC (Fig. 4). This was accompanied by a 2.4-fold increase
in the concentration of fatty acids in the BALF (5.060.1 vs.
12.061.4 mg/ml, in control and r-GP sPLA2-II–treated ani-
mals, respectively; P , 0.001; n 5 4–8), mainly composed by
palmitic and oleic acids.

Hence, our results show that sPLA2-II is involved in the
generation of lyso-PC and fatty acids during LPS-induced
acute lung injury and that palmitic acid and 1-palmitoyl 2-lyso-
PC are the main components released during this process.
Since DPPC is the major phospholipid of mammalian surfac-
tant (36), our findings suggest that the latter is a likely target
for sPLA2-II during LPS-induced acute lung injury.

Involvement of sPLA2-II in the hydrolysis of surfactant
phospholipids. Intratracheal administration of LPS led to a
marked loss in the phospholipid content of total crude surfac-
tant (4.260.7 mg vs. 2.160.2 mg, in control and LPS-treated
animals, respectively, P , 0.01; n 5 9), associated to an in-
crease in the lyso-PC content (1-palmitoyl-2-lyso-PC being the
predominant molecular species) (Fig. 5 A). Identically, in-

Figure 3. Effect of in vivo administration of LY311727 on sPLA2 ac-
tivity and the levels of fatty acids and lyso-PC in BALF. The animals 
were treated with saline, LPS plus vehicle, or LPS plus LY311727 as 
indicated in Methods. BALF analyses were performed 8 h after 
intratracheal instillation. The results show sPLA2 activity (A) and 
fatty acid levels (B) in BALF from saline (n 5 6), LPS plus vehicle 
(n 5 15), or LPS plus LY311727 (n 5 11). (C) shows lyso-PC levels in 
BALF after administration of saline (n 5 6), LPS plus vehicle (n 5 
6), or LPS plus LY311727 (n 5 6). The data are expressed as 
means6SE, *P , 0.05, **P , 0.01, and ***P , 0.001, as compared 
with LPS-treated group.

Figure 4. Effect of intratracheal administration of r-GP sPLA2-II on 
lyso-PC release in BALF. BALF analyses were performed 2 h after 
intratracheal instillation of vehicle (n 5 8) or 250 mg of r-GP sPLA2-
II (n 5 4). Lipids were extracted from BALF and lyso-PC isolated by 
TLC. Lyso-PC molecular species were analyzed by GC/MS. The data 
are expressed as means6SE, *P , 0.05, as compared with vehicle-
challenged guinea pigs.
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tratracheal administration of r-GP sPLA2-II caused a marked
decrease in phospholipid content of total crude surfactant
(3.960.7 mg vs. 1.360.4 mg in control and sPLA2-II–treated
animals, respectively, P , 0.005; n 5 4), associated to an in-
crease in the level of 1-palmitoyl-2-lyso-PC (Fig. 5 B).

These findings led us to investigate the in vitro effect of
r-GP sPLA2-II on isolated surfactant. Figure 6 A shows that
r-GP sPLA2-II (4 mg/ml) was able to hydrolyze surfactant

phospholipids, and strikingly, that PC was the preferred sub-
strate for this enzyme. Indeed, generation of lyso-PC by r-GP
sPLA2-II was much higher than that of lyso-PG (eight- to ten-
fold versus twofold increase, respectively). Significant hydroly-
sis was observed at a concentration of r-GP sPLA2-II as low as
0.1 mg/ml (data not shown). GC/MS analysis of lipid molecular
species showed similar pattern than observed during in vivo
experiments (Fig. 6 B and C), indicating that DPPC is a major
phospholipid substrate for this enzyme.

Analysis of sPLA2-II/SP-A interaction using SPR. We next
investigated whether specific surfactant component such as
SP-A might be involved in the control of sPLA2-II–mediated
surfactant phospholipid hydrolysis. In a first step, using SPR
methodology, we analyzed the interaction between r-GP
sPLA2-II and purified SP-A. Injection of SP-A (20 mg/ml) in
the presence of Ca21 (5 mM) provides a response curve, re-
flecting an interaction between r-GP PLA2-II and SP-A,
which was not observed in the absence of Ca21 (Fig. 7 A). This
interaction was also observed when Ca21 was replaced by
Mn21 or Ba21 but not by Mg21 (Fig. 7 B). No interaction was
observed when SP-A was injected in presence of Ca21 on the
sensor chip surface subjected to a blank immobilization, dem-

Figure 5. Determination of lyso-PC content in the crude surfactant 
pellet after intratracheal administration of LPS and r-GP sPLA2-II. 
The animals were instilled intratracheally with LPS or r-GP-sPLA2-
II or corresponding vehicles. The crude surfactants were collected 
and lyso-PC analyzed as detailed in Methods. In (A), surfactant was 
isolated 8 h after LPS or saline challenges (n 5 9). In (B), surfactant 
was collected 2 h after administration of 250 mg of r-GP sPLA2-II or 
its vehicle (n 5 4). The data are expressed as means6SE, *P , 0.05, 
**P , 0.01 as compared with corresponding controls.

Figure 6. Analysis of in 
vitro surfactant hydro-
lysis by recombinant 
guinea pig sPLA2-II. 
Surfactant was collected 
from untreated animals 
and incubated with 4 
mg/ml of r-GP sPLA2-II 
as indicated in Methods. 
(A) shows the effect of 
r-GP sPLA2-II on the 
surfactant phospholipid 
composition (mean6SE, 
n 5 5); (B) shows the 
percent distribution of 
molecular species of 
the lyso-PC generated 
by r-GP sPLA2-II 
(mean6SE, n 5 5); (C) 
shows the molecular 
species of the released 
fatty acids (mean6SE, 
n 5 4). *P , 0.05, **P , 
0.01, and ***P , 0.001.
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onstrating that SP-A does not show any lectin interaction with
the matrix (Fig. 7 B). Pretreatment of SP-A with purified anti–
rat SP-A (at stoichiometric ratio of 1:40) prevented SP-A–
sPLA2-II interaction (data not shown). Figure 7 C shows that
SP-A interacts selectively with type II sPLA2s since no signals
were observed with Naja naja sPLAL (type I), bee venom
sPLA2 (type III), or porcine pancreatic sPLA2 (type I).

Hence, BIAcore analysis shows that SP-A interacts directly
with r-GP sPLA2-II through a selective and cation-dependent
process.

sPLA2-II/SP-A interaction regulates surfactant phospho-
lipid hydrolysis. The consequences of such interaction on
sPLA2-II activity were then investigated. Table I shows a
marked decrease of r-GP sPLA2-II activity in the presence of
SP-A and depending on the sPLA2-II/SP-A ratio. This effect is
not due to substrate depletion since the measurement of
sPLA2 activity was carried out in the presence of a 10,000-fold
molar excess of phospholipid substrate, compared with SP-A
(see Methods). Moreover, PLA2 activity was unaffected when
porcine pancreatic sPLA2-I was added instead of r-GP
sPLA2-II, indicating that inhibition does not result from an
impaired substrate accessibility by SP-A. We next examined
the consequence of SP-A/sPLA2-II interaction on surfactant
phospholipid hydrolysis. Figure 8 shows that the addition of
anti–SP-A antibodies potentiate fatty acid release by 150 ng/ml
r-GP sPLA2-II, therefore remaining above the levels obtained
with 300 ng/ml r-GP sPLA2-II.

Discussion

Clinical studies have linked the sPLA2 with lung inflamma-
tion, since elevated levels of sPLA2 activity have been re-
ported in ARDS that correlated with the severity of the dis-
ease (for review see reference 15). However, no causal
relationship has been directly demonstrated. In addition, ex-
trapolation from experimental acute lung injury induced by
the intratracheal injection of Naja naja venom (37) is question-
able, since venom sPLA2s exhibit a much higher ability than
mammalian sPLA2-II to hydrolyze phospholipids on packed
monolayer structures (38, 39). Hence, the ability of mamma-
lian sPLA2-II to generate lipid derivatives in acute lung injury
has remained unknown.

Figure 7. Characterization of sPLA2-II/SP-A interaction using SPR. 
In (A), r-GP sPLA2-II was immobilized on the dextran matrix as de-
scribed in Methods. Purified guinea pig SP-A was injected at 258C, in 
a controlled flow of 5 mM Hepes buffer (pH 7.4). The progress of SP-A 
(20 mg/ml) and r-GP sPLA2-II interaction was analyzed in the absence 
(a) or in the presence (b) of Ca21 (5 mM). In (B), the divalent cation 
dependence of SP-A (10 mg/ml) and r-GP sPLA2-II interaction was 
analyzed. All the experiments were performed at 5 mM cation con-
centrations; Mg21 (b), Mn21 (c), Ca21 (d), and Ba21 (e). In (a), SP-A 
was injected in presence of Ca21 on the sensor chip surface subjected 
to a blank immobilization as described in Methods. In (C), the selec-
tivity of SP-A recognition by sPLA2s was analyzed. Naja naja sPLA2-I 
(a), bee venom sPLA2-III (b), porcine pancreatic sPLA2-I (c), syno-
vial human sPLA2-II (d), r-GP sPLA2-II (e), and crotoxin subunit B 
(f) were immobilized on the dextran matrix as described in Methods. 
SP-A (10 mg/ml) was injected in the same buffer in the presence of 
Ca21 (5 mM). These data are representative of three separate experi-
ments.

Figure 8. Consequence of sPLA2-II/SP-A interaction on fatty acid 
release. 4 mM of surfactant phospholipid (600 mg/ml total proteins) 
were preincubated in a 50-ml volume containing anti–rat IgG SP-A 
(5.2 mg) or control IgG overnight at room temperature. Next, surfac-
tant was incubated for 2 h at 378C with indicated concentrations of
r-GP sPLA2-II. The results show the release of fatty acids in basal 
conditions, in the presence of 150 ng/ml of sPLA2-II and anti-SP-A 
IgG, or control IgG, and in the presence of 300 ng/ml of sPLA2-II 
alone. The data are representative of two separate experiments car-
ried out in triplicate.
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The present investigation clearly identifies sPLA2-II as a
crucial enzyme involved in the in vivo generation of lyso-PC
and fatty acids in the lung. Using two different sets of in vivo
experiments, we found that both endogenous sPLA2-II, pro-
duced after LPS administration, and exogenous r-GP sPLA2-
II, administered intratracheally, generated lipid derivatives in
the alveolar space. We show that surfactant phospholipids are
a major target of this enzyme. Indeed, 1-palmitoyl-2-lyso-PC
and palmitic acid were the main lipid derivatives released in
the BALF during LPS or rGP sPLA2-II challenges. This was
accompanied by a dramatic decrease of the phospholipid con-
tent and a parallel increase in the level of lyso-PC in crude sur-
factant. However, our results show that the lavage levels of
arachidonic acid were extremely low when compared with
those of other fatty acids. This may be explained by the fact
that the pulmonary surfactant is the first target of sPLA2-II, at
least at the early stage of acute lung injury. Indeed, the content
of arachidonic acid in surfactant phospholipids is extremely
low in guinea pig (data not shown) as in other animal species
(36).

The susceptibility of surfactant phospholipids to hydrolysis
by sPLA2-II is in agreement with the fact that the alveolar
macrophage, the major cell source of this enzyme during LPS-
induced acute lung injury (25), is in direct contact with pulmo-
nary surfactant. Since the catalytic activity of sPLA2-II re-
quires millimolar calcium concentrations (13), which are
reached in the alveolar space (40, 41), this enzyme may be-
come fully active once released by AM in the extracellular
space. Remarkably, surfactant alterations were observed 2 h
after the r-GP sPLA2-II administration, indicating that the en-
zyme could account for surfactant abnormalities that occur
early in the course of ARDS (2). The lyso-PC resulting from
surfactant phospholipid hydrolysis may play an important role
in the development of acute lung injury. Indeed, intratracheal
administration of lyso-PC to hamster has been shown to in-
crease vascular premeability and to alter intensively the alve-
olo-capillary membrane (3).

The ability of a mammalian sPLA2-II to hydrolyze surfac-
tant PC was unexpected, since in contrast to venom sPLA2s,
this enzyme was reported to act poorly on PC substrate and to
exhibit a headgroup preference for negatively charged phos-
pholipids such as phosphatidylglycerol (39, 42), which is un-
usually abundant in pulmonary surfactant as compared with
other mammalian tissues and fluids (43). However, local
conditions that increase substrate accessibility can influence
sPLA2 activity, allowing for a better penetration into the inter-
face. Indeed, on a monolayer PC substrate, the surface pres-
sure or packing density of phospholipid molecules modulates
mammalian sPLA2 activity (39). Thus, one can conclude from
these data that the physicochemical organization of phospho-
lipids is an important determinant of their hydrolysis by
sPLA2. In our study, the incubation of surfactant with sPLA2-
II was performed at 378C, which is in the range of the gel to liq-
uid crystal transition or melting temperature (Tm) of whole
phospholipid surfactant in mammals (44). Then, the surfactant
monolayer phase becomes heterogenous, associating a gel and
liquid state. Indeed, the Tm of DPPC is 418C, but, in the pres-
ence of phosphatidylglycerol and unsaturated lipids, the ap-
parent Tm of the lipid mixture is shifted down to 378C (45, 46).
On artificial phospholipid substrates, this microheterogeneity
was reported to enhance greatly the interfacial recognition
with sPLA2, therefore increasing the catalytic activity (47).

Hence, the thermotropic phase change of DPPC induced by
the presence of non-DPPC phospholipid within surfactant may
be an important factor rendering DPPC more susceptible to
hydrolysis by sPLA2.

Our findings also demonstrate that hydrolysis of surfactant
phospholipids is regulated by a protein–protein interaction be-
tween SP-A and sPLA2-II. Indeed, SPR analysis reveals a di-
rect, selective, and calcium-dependent interaction between SP-A
and sPLA2-II. This result is in line with previous studies which
showed that calcium plays an essential role in the interaction
of SP-A with carbohydrate ligands (48) and with a high-affinity
receptor expressed on alveolar type II cells (49). Preincubation
of SP-A with r-GP sPLA2-II in the presence of Ca21 markedly
reduced r-GP sPLA2-II activity. In contrast, no inhibition was
observed with pancreatic porcine sPLA2-I. Furthermore, incu-
bations were performed with an excess of phospholipid sub-
strate, indicating that the inhibition of r-GP sPLA2-II activity
was not due to an impairment of substrate accessibility. Taken
together, these data indicate that, in contrast to annexins (50),
SP-A does not alter sPLA2-II activity by sequestering phos-
pholipid substrates but, as shown by BIAcore analysis,
through a direct protein–protein interaction. The high selectiv-
ity of SP-A interaction with sPLA2s-II may indicate that the
catalytic site of the enzyme is not directly involved, since
amino acid residues of the catalytic domain of sPLA2s are
highly conserved among all secretory PLA2s types (51). How-
ever, the CRD of SP-A shares sequence homology with venom
sPLA2 inhibitors purified from the plasma of the Habu snake
T. flavoridis sPLA2-II (18). Site-directed mutagenesis will be
required to determine whether CRD sequence of SP-A is in-
volved in sPLA2-II recognition.

We investigated the physiological relevance of sPLA2-II/
SP-A interaction by examining its consequence on surfactant
phospholipid hydrolysis. We show that this interaction inhibits
in situ surfactant phospholipid hydrolysis. The inhibitory role
of SP-A is particularly important to consider in the light of
clinical studies which reported a pronounced decrease of SP-A
concentration in ARDS patients (1, 2). Thus, a marked defect
in alveolar SP-A may promote the excessive catabolism of sur-
factant phospholipids by sPLA2-II during ARDS. As a conse-
quence, the lack of SP-A in synthetic surfactant may partially
account for its failure to improve survival of ARDS patients
(52).

In conclusion, our study clearly identifies for the first time
the in vivo involvement of mammalian sPLA2-II in the acute
generation of proinflammatory lipid mediators in lung, mainly
resulting from the hydrolysis of surfactant phospholipids.
DPPC, the main component responsible for the surface ten-
sion reducing property of the surfactant complex, is the pre-
ferred target for this enzyme. We propose that SP-A plays an
important role in vivo in the regulation of surfactant hydrolysis
by acting as a specific inhibitor of sPLA2-II and that the bal-
ance between these two proteins may have a critical impor-
tance in the development of ARDS.
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