
Phosphatidic Acid as a Second Messenger in Human
Polymorphonuclear Leukocytes
Effects on Activation of NADPHOxidase

David E. Agwu,* Linda C. McPhail,*9 Silvano Sozzani,$ David A. Bass,* and Charles E. McCall*
*Section on Infectious Diseases, *Pulmonary/Critical Care, Department of Medicine, and IDepartment of Biochemistry,
Wake Forest University Medical Center, Winston-Salem, North Carolina 27103

Abstract Introduction

Receptor-mediated agonists, such as FMLP, induce an early,
phospholipase D (PLD)-mediated accumulation of phosphati-
dic acid (PA) which may play a role in the activation of
NADPHoxidase in human PMN. Wehave determined the
effect of changes in PA production on 02 consumption in intact
PMNand the level of NADPHoxidase activity measured in a
cell-free assay. Pretreatment of cells with various concentra-
tions of propranolol enhanced (< 200 $&M) or inhibited (> 300
MM)PLD-induced production of PA (mass and radiolabel) in a
manner that correlated with enhancement or inhibition of 02
consumption in PMNstimulated with 1 MMFMLPin the ab-
sence of cytochalasin B. The concentration-dependent effects of
propranolol on FMLP-induced NADPHoxidase activation
was confirmed by direct assay of the enzyme in subcellular
fractions. In PA extracted from cells pretreated with 200 AM
propranolol before stimulation with 1 pMFMLP, phospholi-
pase Al (PLAj)-digestion for 90 min, followed by quantitation
of residual PA, showed that a minimum of 44%of PA in control
(undigested) sample was diacyl-PA; alkylacyl-PA remained un-
digested by PLA1. Propranolol was also observed to have a
concentration-dependent enhancement of mass of 1,2-DG
formed in PMNstimulated with FMLP. DGlevels reached a
maximum at 300 MtM propranolol and remained unchanged up
to 500 MMpropranolol. However, in contrast to PA levels, the
level of DGproduced did not correlate with NADPHoxidase
activation. Exogenously added didecanoyl-PA activated
NADPHoxidase in a concentration-dependent manner (1-300
M&M) in a reconstitution assay using membrane and cytosolic
fractions from unstimulated PMN. In addition, PA synergized
with SDSfor oxidase activation. Taken together, these results
indicate that PAplays a second messenger role in the activation
of NADPHoxidase in human PMNand that regulation of
phospholipase D is a key step in the activation pathway. (J.
Clin. Invest. 1991. 88:531-539.) Key words: propranolol
phospholipase D - phosphatidic acid * and FMLP
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Stimulation of PMNwith the chemotactic factor FMLPelicits
several microbicidal responses including increased nonmito-
chondrial oxygen consumption, with generation of superoxide
anion (O-) and hydrogen peroxide (H202) (1), through the
activation of a membrane-associated NADPHoxidase (2). Al-
though the mechanisms involved in the activation of the oxi-
dase are not completely understood, both phosphatidic acid
(PA)' (3-5) and diglyceride (DG) (6-8) have been implicated.

The formation of PA and DGoccurs via two major signal
transduction pathways in PMNstimulated with FMLPin the
presence of cytochalasin B (CB). A phosphatidylinositol 4,5-
bisphosphate (PIP2)-specific, guanine nucleotide regulatory
protein-dependent, phospholipase C (PLC) generates DG(9-
1 1) that is converted to PA by DGkinase (12). This pathway
was regarded until recently as the major source of DGduring
cellular stimulation by receptor-mediated agonists such as
FMLP. However, we (13, 14) and others (15-18) have demon-
strated that FMLPalso activates a phospholipase D(PLD) that
hydrolyzes choline-containing phosphoglycerides (PC) such
that PA is the first metabolite formed. In this pathway, DGis
generated by PA phosphohydrolase (PAP)-catalyzed dephos-
phorylation of PA (19). The differences in the temporal se-
quence of formation of PAand DGvia these pathways and the
fact that interconversions between these metabolites modu-
lates their accumulation during stimulation, complicate efforts
aimed at understanding the individual involvement of PA or
DGin the activation of PMNNADPHoxidase.

A role for DG(6-8, 20-22) in NADPHoxidase activation
has been contradicted by several lines of evidence. In intact
PMN, Ohtsuka et al. (4) showed that exogenous DGdid not
stimulate °2 production in guinea pig PMNand Koenderman
et al. (23) reported that DGaccumulation in human PMN
stimulated with FMLPdid not correlate with 02 consumption.
Rossi and his colleagues (24-26) and Tyagi et al. (27), by in-
hibiting the turnover of phosphoinositides in Ca2+-depleted,
FMLP-stimulated PMN, indirectly dissociated PLC-generated
DGfrom NADPHoxidase activation. A recent report (28) us-
ing a cell-free system from human PMNshowed that DGalone
did not activate °2 generation under conditions which were
optimal for the activation of the oxidase by anionic amphi-
philes and suggested that DGmay play a regulatory role. In
contrast, Korchak et al. (29) using radiolabeling methods
correlated PA formation with °2 generation in human PMN

1. Abbreviations used in this paper: CB, cytochalasin B; DG, diglycer-
ide; PA, phosphatidic acid; PAP, phosphatidate phosphohydrolase;
PC, choline-containing phosphoglycerides; PLC, phosphalipase C.
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stimulated with FMLP. Rossi et al. (3) using propranolol to
inhibit PAP (30, 31), such that PLD-induced PA formation is
increased while DGformation is inhibited, and butanol or eth-
anol to reduce the formation of PA, implicated PA as a second
messenger in the activation of NADPHoxidase. In addition,
our group (32) has recently reported that TNF-a priming fol-
lowed by FMLPstimulation of human PMNleads to PA for-
mation without an increase in the mass of DG, and that PA
levels correlated with activation of the oxidase in intact cells.
Further support for a second messenger effect of PA is direct
evidence for the activation of NADPHoxidase by PA in intact
guinea pig PMN(4) and in a cell-free system from pig PMN(5)
in which cytosolic components were not required.

Despite increased research interest, however, the role of PA
as a second messenger in the activation of the oxidase in hu-
man PMNstimulated with FMLP has not received general
acceptance (22, 33) since the generation of DGfrom phos-
phoinositide hydrolysis cannot be totally eliminated even in
the absence of CB (22, 33) and or when using pretreatment
with propranolol or ethanol (3, 22, 33). Wereport here that
propranolol, in a concentration-dependent manner, induces
an increase or a decrease in PC hydrolysis, with concomitant
changes that are reflected only in the formation of PA but not
DG, in human PMNstimulated with FMLP for 60 s in the
absence of CB. Wehave used these differential effects of pro-
pranolol on PAand DGto study the role of PA in activation of
PMNNADPHoxidase. Both the increase and decrease in PA
found in human PMNin the presence of varying concentra-
tions of propranolol correlate with activation or inhibition of
NADPHoxidase. In addition, we demonstrate that PA can
directly activate NADPHoxidase of human PMNin a recon-
stitution assay of the enzyme complex. Taken together, these
results strongly support the concept that PA formed from the
hydrolysis of PCacts as a second messenger in human PMNby
regulating activation of NADPHoxidase.

Methods

Isolation and radiolabeling of human PMN. HumanPMNwere pre-
pared to > 95% purity from heparinized venous blood after an initial
removal of erythrocytes by dextran (Pharmacia Fine Chemicals, Upp-
sala, Sweden) sedimentation at unit gravity, followed by centrifugation
over Isolymph (Gallard-Schlesinger Chemical Manufacturing Corp.,
Carle Place, NY), and hypotonic lysis of contaminating erythrocytes
(1). Isolated PMNswere resuspended in HBSS(Gibco Laboratories,
Grand Island, NY) containing 10 mMHepes, and 4.2 mMsodium
bicarbonate, pH 7.4, at 3.5 X 107/ml. 1-O-[9',10'-3H2] hexadecyl-2-
lyso-GPC (56 Ci/mmol), synthesized (34) by Jeffrey Schmitt and
kindly donated by Dr. R. L. Wykle (Wake Forest University Medical
Center, Winston-Salem, NC), was incorporated into PMN1-O-[3H]-
alkyl-2-acyl-GPC ([3H]EAPC) during a 30-min incubation period as
previously described (35). The cells were washed two times and re-
suspended in HBSS for stimulation at a final concentration of 3.5
X 107/ml.

Phospholipase Dassay. PLD-induced hydrolysis of [3H]EAPC was
determined in PMNstimulated with FMLP(Sigma Chemical Co., St.
Louis, MO) in the absence of CB (Sigma Chemical Co.) as described
previously (14). The effects of the following on the formation of [3H]-
EAPA, [3H]EAPEt, and [3H]EAG were examined: (a) propranolol dis-
solved in HBSS(Ayerst Labs Inc., NewYork, NY), which inhibits PAP
(30, 31) so that PA accumulates; and (b) ethanol, which activates the
transphosphatidylation reaction to form phosphatidylethanol (PEt)
(17, 18). PMN(3.5 x 107/ml), labeled with [3H]EAPC, were pre-
warmed for 3 min before pretreatment, then were pretreated with or

without the indicated concentrations of propranolol and/or 0.5% eth-
anol for 5 min. Pretreated PMNwere then stimulated with 1 gM
FMLPin DMSO,or given an equal volume of DMSO, for 60 s. Both
propranolol and ethanol, at the concentrations used in this study, did
not affect cell viability assessed by trypan blue exclusion test. At the end
of 60 s, reactions were terminated by withdrawing samples of 2-ml
aliquots into 8 ml of chloroform/methanol/2% formic acid (1:2:0.2,
vol/vol) and mixing thoroughly.

Lipids analyses. Total lipids were extracted by a modification of the
procedures of Bligh and Dyer (36), the organic phase was dried under a
stream of N2, and lipids were resuspended in a volume of chloroform
that was divided into two portions containing 1.75 x 107 and 5.25
X I07 cell equivalents. The volume with 1.75 X I07 cell equivalents was
dried under N2, and the lipids were resuspended in chloroform/meth-
anol (9:1, vol/vol) for analysis of individual lipids [3H]EAPC, [3H]-
EAPA, [3H]EAPEt, and [3H]EAG, and determination of mass of PA.
The separation of [3H]EAPC, [3H]EAPA, [3H]EAPEt, and [3H]EAG
by TLC was accomplished in solvent system (I) made up of the or-
ganic phase of ethyl acetate/iso-octane/glacial acetic acid/H20
(1 10:50:20:100, vol/vol) on Silica Gel-60 plates (E. Merck, Darmstadt,
FRG). Identification of these individual lipids and chemical analyses
have been previously described (14). The separation and percentage
distribution of [3H]EAPC and [3H]EAPA were further confirmed in
solvent system (II) containing chloroform/methanol/glacial acetic
acid/H20 (75:48:12.5:3.5, vol/vol), following scraping of plates and
liquid scintillation counting. The fraction of lipid extracts containing
5.25 x 10' cell equivalents was used for the separation of neutral lipids
in solvent system (III) made up of chloroform/methanol/glacial acetic
acid (98:2:1, vol/vol) and to quantitate mass of 1,2-DG.

Determination of mass of PA and 1,2-DG. The masses of PA and
1,2-DG were determined by methods we have previously described
(13), following separation of lipid extracts obtained from 1.75 X 107
and 5.25 x 107 cell equivalents, in solvent system I and III, respectively.
Briefly, separated lipids including their standards (1-palmitoyl-2-
oleoyl-PA (Avanti Polar Lipids, Birmingham, AL) and 1,2-diglyceride
(Serdary Research Laboratories, London, Ont. Canada)) were stained
with 0.03% Coomassie brilliant blue R-250 (CBB R-250) (Bio-Rad Lab-
oratories, Richmond, CA) in 30%methanol containing 100 mMNaCl
for 30 min. The TLC plates were partially destained with 30% metha-
nol containing 100 mMNaCl, air-dried, and the PA or 1,2-DG bands,
including standard lipids, were scanned with a laser densitometer (LKB
2400 Ultroscan XL; LKB Instruments, Inc., Gaithersburg, MD) at a
wavelength of 633 nmto obtain area values. Masses of PAand 1,2-DG
were determined from standard curves of areas of known masses of
lipid standards. By these methods, > 95%of [3H]-radiolabel was recov-
ered in PA or EAG, suggesting no losses due to CBBR-250 staining
procedures ( 13).

Determination of diacyl-and alkylacyl-content of PA. The possibil-
ity that phospholipids other than the ether-linked species of PC may
contribute to PAgenerated in cells stimulated with FMLPwas investi-
gated. 2 ml of PMN(3.5 X 107 cells/ml), prelabeled with [3HJEAPC and
pretreated with 200MMpropranolol for 5 min at 37°C, was stimulated
with 1 MMFMLP for 60 s. After termination of the reaction, the or-
ganic solvent containing extracted lipids was divided into two equal
aliquots based on [3H]-dpm content. The lipids were separated in sol-
vent system I and PA was identified, scraped off the plate, and eluted
from silica gel with two volumes of 3 ml of methanol/chloroform/H20
(10:25:5, vol/vol). After drying off organic solvents under N2, PA in
l-ml cell equivalents was subjected to digestion by phospholipase Al
(PLAI) (Rhizopus arrhizus; Boehringer Mannheim Biochemicals, In-
dianapolis, IN) by a modification of the methods of Tamer et al. (37).
The control sample was not treated with PLAI. Briefly, PA in sample
and control tubes was resuspended and vortexed in 0.5 ml of diethyl
ether/methanol (95:5, vol/vol) and 1,000 U of PLA1 in 100 M1 of a
buffer (containing 220 mMNaCl, 50 mMTris-HCI, 20 mMCaC12, 1
mMEDTA, pH 7.4 [38]) was added into the sample tube; an equiva-
lent volume of buffer alone was added to the control tube. After mixing
both tubes vigorously for 30 s, incubation was conducted for 90 min at
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room temperature with mixing. The reaction was terminated by drying
off the ether under N2 and lipids were extracted by the methods of Bligh
and Dyer (36), separated in solvent system II and stained with CBB
R-250 (14). The mass of PA and the [3H]-dpm content, in control and
PLA,-treated samples, was quantitated and compared as previously
described ( 13 and above).

Subcellular fractionation of PMN. Separation of cytosolic, granule,
and membrane fractions from unstimulated or stimulated PMNwas
conducted on a discontinuous sucrose gradient by methods previously
described (38). Briefly, unlabeled unstimulated PMN, or PMNthat
had been stimulated with FMLPfor 60 s in the presence or absence of
propranolol, as described above, were resuspended at 108/ml in a soni-
cation buffer (containing 1 1% wt/vol sucrose; 130 mMNaCI; 1 mM
EGTA; 0.5 mMPMSF, pH 7.0), and were disrupted by sonication in
l-ml aliquots. Sonicates were centrifuged at 800 g for 10 min at 40C
and subcellular fractionation was performed by layering the superna-
tants in the 1 1% sucrose buffer over a 15 and 40% (wt/vol) sucrose
gradient to achieve a final ratio of 2:1:1 (vol/vol) of 11, 15, and 40%,
respectively. Gradients were centrifuged at 150,000 g for 30 min at 40C
after which the top layer (cytosol) was collected and centrifuged at
150,000 g for an additional 60 min in order to pellet contaminating
particulate material and obtain a cleared cytosol. The membrane frac-
tion was collected at the 15/40% interface, and included the 40% layer,
of each discontinuous gradient. The granule fractions (pellets) were
resuspended in sonication buffer to a cell equivalence of 2 X 108/ml.
Fractions were stored at -70°C until assays were performed and were
stable for several months.

NADPHoxidase activity in particulate fractions from stimulated
PMN. NADPHoxidase activity (the NADPH-dependent, superoxide
dismutase-inhibitable reduction of cytochrome c) was measured as
previously described (2, 39) with minor modifications. Briefly, the as-
say mixture consisted of 48 mMpotassium phosphate (pH 7.0), 76 OM
cytochrome c (type III), 1.0 mMEGTA, 10MgMflavin adenine nucleo-
tide (all from Sigma Chemical Co.), 7.5 mMMgCI2, 2.5 uMA12 (SO4)3,
10 mMNaF, and membrane or granule fraction at a cell equivalence of
1.6 X 106/ml. Aliquots of assay mixture were placed in two cuvettes:
the reference cuvette containing 48 Mg/ml superoxide dismutase (Diag-
nostic Data, Inc., Mountain View, CA) and sample cuvette containing
H20. NADPHoxidase activity was measured following the addition of
0.19 mMNADPH(Boehringer Mannheim Biochemicals) to both cu-
vettes, as the change in absorbance at 550 nmrecorded by a dual beam
spectrophotometer (Cary 2390; Varian Instruments, Sunnyvale, CA).
Initial rates were used for calculations and activity was expressed as
nmol/min/mg particulate protein (40) using an extinction coefficient
of 21 mM-'cm-' for cytochrome c (41). After cell stimulation, activity
was distributed between membrane and granule fractions and, for the
sake of simplicity, these activities were combined. In addition, inclu-
sion of 150MuMSDS(Bio-Rad Laboratories) in the assay (in the absence
of cytosolic fractions) resulted in an approximate doubling of activity,
with no change in the pattern observed. Since measured activities were
higher in the presence of SDS, this detergent was routinely included in
all assays of NADPHoxidase activity in particulate fractions from stim-
ulated cells (data reported in Fig. 7).

Activation of NADPHoxidase induced by PA in a cell-free system.
The activation of NADPHoxidase by various PAs (dimyristoyl and
distearoyl from Avanti Polar Lipids; dipalmitoyl, didecanoyl, and
dioleoyl from Serdary Research Laboratories; and egg lecithin from
Sigma Chemical Co.) was investigated in a cell-free system by a modifi-
cation of the procedures described previously (39, 42) and above. The
ability of PA to activate NADPHoxidase was tested both alone and in
combination with a suboptimal concentration of SDS (50 MM). PAs
were prepared freshly in H20 by sonication. Membrane and cytosolic
fractions derived from subcellular fractionation of unstimulated PMNs
were mixed, at a final concentration of 1.6 X 106 cell equivalents/ml for
each fraction, with other assay components (48 mMpotassium phos-
phate [pH 7.0], 76 MuMcytochrome c, 1.0 mMEGTA, 10 MMflavin
adenine nucleotide, 7.5 mMMgCI2, 2.5 MMAl2 [SO4]3, 10 mMNaF)
and various concentrations of the desired PA in the presence or absence

of 50 AMSDS. Reaction mixtures were preincubated at room tempera-
ture for 6 min in order to achieve maximum activation of NADPH
oxidase before addition of NADPHand measurement of the change in
absorbance at 550 nm, as described above.

Measurement of oxygen consumption. Oxygen consumption by
PMNsprewarmed for 5 min was measured with a Clark-type oxygen
electrode (Yellow Springs Instruments, Yellow Springs, OH) using a
homemade nanoammeter (8). Briefly, assays were conducted at 370C
in the presence of 2 mMNaN3with PMNat a final concentration of 3.5
x I07 cells/ml. FMLP, at a final concentration of 100 nM, was injected
into the chamber with a Hamilton syringe after a 5-min preincubation
of cells with various concentrations of propranolol in the absence of
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Figure 1. Effects of various concentrations of propranolol on the ac-
cumulation (mass) of phosphatidic acid (A) and formation of [3H]-
EAPA(B) in PMN-stimulated with FMLPin the absence of cytocha-
lasin B. HumanPMN(3.5 x 107/ml) labeled with [3H]EAPC were
incubated with the indicated concentrations of propranolol for 5 min
before addition of 1 MMFMLPin DMSOsolvent, or an equal volume
of DMSOin unstimulated controls. At the end of 60 s after addition
of FMLP, reactions were terminated and total lipids were extracted.
A fraction of the lipid extracts (0.5 ml or 1.75 X 10' cell equivalents)
and PA standards of known mass were subjected to TLC in solvent
system (I) to separate individual lipids. (A) Plates were stained with
CBBR-250 and PA was quantitated in stimulated (.) and control (o)
samples as described in Methods. (B) The individual lanes on TLC
plates were scanned for radioactivity with a Bioscanner (Imagining
Scanner 200-IBM, Washington, DC) to identify locations of [3H]-
EAPC, [3H]EAPA, and [3H] EAG. Calculation of percentage distri-
bution of 3H-label in individual lipid fractions was performed for
stimulated (-) and control (o) samples after scraping of bands and
liquid scintillation counting (see Methods). Data represent the
mean±SE for four experiments except for experiments conducted in
the presence of 50 and 100 ,M propranolol, which represent the
mean±SE for three separate experiments.
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Figure 2. Effect of various concentrations of propranolol on the ac-
cumulation of 1,2-DG (A) and formation of [3HJEAG (B) in PMN
stimulated with FMLP. HumanPMN(3.5 x 107/ml) labeled with
[3H]EAPC, were treated as described in Fig. 1. (A) Lipid extracts
containing 5.25 X 10' cell equivalents were separated in solvent sys-
tem III along with known masses of 1,2-DG and EAGstandards. The
mass of 1,2-DG was quantitated in stimulated (.) and control (o)
samples following staining of lipids with CBBR-250 and densitome-
try of samples and standards as described in Methods. Data represent
the mean±SE from four experiments, except for values at 50 and
100 IMM propranolol, which represent the mean±SE for three separate
experiments. (B) Lipid extracts containing 1.75 x 107 cell equivalent
were developed in solvent system I and the percentage distribution of
[3HJ-label in EAGwas determined from stimulated (-) and control
(o) samples. Data represent the mean±SE for four experiments except
for values at 50 and 100 AMpropranolol, which represent the
mean±SE for three separate experiments.

CB. Initial slopes after the addition of FMLPwere used for calcula-
tions.

Results

Differential effects of propranolol on formation of PA and DG.
To investigate the effect of various concentrations of proprano-
lol on the generation of PLD-derived products, PA and DG,
and to examine correlations between PA and/or DGand the
activation of NADPHoxidase, the formation of these metabo-
lites was determined in' [3H]EAPC-labeled PMNstimulated
with FMLP in the absence of CB. A differential effect of in-
creasing concentrations of propranolol on FMLP-induced gen-
eration of PA was demonstrated by an enhancement (at con-
centrations . 200 MM) or inhibition (at concentrations . 300

uM) of PAlevels as determined by both mass quantitation (Fig.
1 A) and radiolabeling (Fig. 1 B) methods. Results obtained by
both methods are in close agreement. In the absence of FMLP,
there was a slight increase in PAwith increasing concentrations
of propranolol.

As shown in Fig. 2, the dose-dependent effect of proprano-
lol on the accumulation (mass) of 1,2-DG and on the forma-
tion of [3H]EAPG at 60 s following stimulation with FMLP
was strikingly different in two ways from results obtained with
respect to PA. First, the mass of 1,2-DG generated increased
with increasing concentrations of propranolol in PMNstimu-
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Figure 3. Effect of various concentrations of propranolol on FMLP-
induced breakdown of [3H]EAPC (A) and formation of [3H]EAPA
(B) and [3H]EAPEt (C). PMN(3.5 X 107/ml) were labeled and pre-
treated with (o) or without (.) 0.5% ethanol and the indicated con-
centrations of propranolol, for 5 min, before stimulation with 1 tIM
FMLP, for 60 s, in the absence of cytochalasin B. Termination of
reactions, lipid extraction, separation, and analysis of individual lipid
fractions, [3H]EAPC, [3H]EAPA, and [3HJEAPEt from samples con-
taining 1.75 x 10' cell equivalents were conducted as described for
Fig. 1 and in Methods. Data represent the mean±SE for three separate
experiments.
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lated with FMLP. This observation is in agreement with an
earlier report that propranolol stimulates the hydrolysis of
phosphoinositides to generate DG(43), which is enhanced in
the presence of FMLP(Fig. 2 A). At 300 MM, mass of 1,2-DG
reached a maximum and remained unchanged up to 500 AM
propranolol. At 500 AMpropranolol, PA levels had declined.
Second, in contrast to [3HJEAPA, the level of [3H]EAG in the
presence or absence of FMLPdeclined with increasing concen-
trations of propranolol, presumably due to inhibition of PAP
(30, 31).

To account for the enhancement and inhibition of PA for-
mation in the presence of varying concentrations of proprano-
lol (Fig. 1), we examined the concentration-dependent effect of
propranolol on the hydrolysis of [3H]EAPC by PLD. Wealso
investigated the possibility that propranolol might have a direct
effect on the activation of PLD by studying its effect on the
PLD-specific transphosphatidylation reaction in cells pre-
treated with 0.5% ethanol. Results in Fig. 3 show that FMLP
induces the hydrolysis of [3H]EAPC, and that propranolol at
concentrations up to 200 AMenhances the formation of [3H]-
EAPA presumably through the inhibition of PAP and also
through the enhancement of PLD-induced hydrolysis of [3H]-
EAPC. At concentrations of propranolol 2 300 MM, especially
at 500 AM, our results show an inhibition of both [3H]EAPC
hydrolysis and [3H]EAPA formation, both of which suggest an
inhibition of PLD activity. Since the formation of [3H]EAPEt
is an indirect measure of PLD activity, its formation in cells
stimulated with FMLPwas examined as the concentration of
propranolol increased. As shown in Fig. 3, the hydrolysis of
[3H]EAPC by FMLPwas inhibited in the presence of ethanol at
concentrations of propranolol > 200 AM. Despite this inhibi-

tion, a biphasic increase (< 200 ,M propranolol) and decrease
(2 300 MM) in [3H]EAPEt formation was observed that corre-
lated with the generation of [3HJEAPA in the absence of eth-
anol. These results indicate that, (a) the PC-PLD pathway con-
tributes to PA formation in human PMNstimulated with
FMLP in the absence of CB, (b) the transphosphatidytation
reaction may used to reduce the accumulation of PA, and (c)
propranolol may, in a dose-dependent manner, have a direct
effect on the activation of PLD and/or PLD activity in PMN
stimulated with FMLP.

Since the PA may be derived from phospholipids other
than the ether-linked species of PC (44), we investigated the
composition of PA formed in cells pretreated with 200 4M
propranolol before stimulation with FMLP. As shown in Fig.
4, digestion of PA-containing [3H]EAPA with phospholipase
Al (PLA1), which hydrolyzes acyl-but not alkyl-linked fatty
acids in the sn- I position, resulted in a reduced PAcontent and
increased lyso-PA formation compared with undigested con-
trols. Despite the PLA1 digestion, the [3H]-dpm in PA re-
mained unchanged (4,355 dpmafter PLA, treatment vs. 4,770
dpm in control samples), indicating that EAPAwas formed but
not hydrolyzed. Mass measurement (see Methods) indicated
that the minimum diacyl-PA content of total PA formed was
44% following digestion with PLA, for 90 min. Similar studies
in the absence of propranolol show that both diacyl-and alkyl-
acyl-PA were formed in PMNstimulated with FMLP in the
absence of CB (results not shown).

Differential effects of propranolol on the activation of
NADPHoxidase. The concentration of PMNschosen to study
the effect of propranolol on FMLP-induced activation of
NADPHoxidase was based on results shown in Fig. 5. The

160- *' ' * * I * * * I . . * I * | a I . . , a, , I , , a I . . , I . , , Figure 4. Determination of diacyl-
and alkylacyl-content of PA by di-
gestion with PLA, (Rhizopus lipase).

- - Cellular lipids in 2 ml of PMN(3.5
120-
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11 Z1 2 1 and pretreated with 200 MMpro-

R -0--O-CH a ll P pranolol before stimulation with I
2 l I l MuMFMLPfor 60 s were extracted,

<)801 H2C-0-P-OH - and separated in solvent system I as
2 l described in Methods. The silica gel

cy Zregion containing PAwas scraped,

40- ORIGIN |eluted, and divided into two aliquots
_ l containing equivalent [3H]-dpm. PA

in one sample was subjected to PLA,
- treatment for 90 min (bottom panel,

0- i o - +), while controls were incubated
0 2 4 6 8 10 12 14 16 18 20 with buffer forthe same period of

time (bottom panel, -). After extrac-
PLA1 (cm) tion of lipids and separation in sol-

vent system II, both PAand lyso-PA
were identified and stained with
CBBR-250. The sample and control
lanes on the TLC plate were scanned
to locate the position of the [3 H-ra-

+ diolabel. The scan of the sample
+TT _ treated with PLA, is shown in the

ORIGIN L PA PA top panel. After quantitating the PAmass in control samples and the re-
sidual PA in PLA,-treated samples,

the regions containing the PAs were scraped off and counted. Control sample contained 4,355 dpm compared with 4,770 dpm in PLA,-treated
samples. The loss of mass due to the PLA, treatment in this experiment was estimated to be 38%. The results represent one of two separate ex-
periments.
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Figure 5. Effect of propranolol on 02 consumption stimulated by
FMLPdetermined at various concentrations of PMN. The rate of 02
consumption was determined at the indicated concentrations of
PMNpreincubated for 5 min in the presence or absence of 250 RM
propranolol before stimulation with 100 nMFMLP, as described in
Methods. Initial rate of 02 consumption was expressed as nmoles
OJmin/107 PMNfor one representative experiment of three per-
formed.

effect of 250 ,M propranolol on the rate of 02 consumption
was dependent on the concentration of intact PMNs. At cell
concentrations < 2.0 X 107/ml, 250 uMpropranolol inhibited
02 consumption, while an enhancement was observed above
this concentration. By increasing cell concentration, the inhibi-
tory effect of propranolol is diluted. All subsequent studies
were, therefore, conducted at 3.5 X I07 PMN/ml, the same
concentration of cells at which PLD-derived metabolites were
examined.

The effect of varying concentrations of propranolol on the
rate of oxygen consumption is shown in Fig. 6. In the presence
of 50-250 ,uM propranolol, the rate of 02 consumption was
enhanced in intact PMNstimulated with 100 nMFMLPcom-
pared with control cells untreated with propranolol. However,
at 500 uM propranolol, a marked inhibition of 02 consump-

tion was observed. This concentration of propranolol did not
affect PMNviability, as determined by exclusion of trypan
blue dye. These results were confirmed in a direct assay of
NADPHoxidase activity, measured in combined membrane
and granule fractions as shown in Fig. 7. Again, propranolol
induced a dose-dependent enhancement or inhibition of
NADPHoxidase activity in FMLP-stimulated PMN. Linear
regression analyses indicate a positive correlation between PA
generation (Fig. 1, A and B), as measured by mass (r = 0.856) or
[3H]EAPA (r = 0.857)), and NADPHoxidase activity in the
cell-free assay (Fig. 7). No correlation (r = 0.0826) between
1,2-DG (Fig. 2 A) and NADPHoxidase activity (Fig. 7) was
found. In additional studies conducted in tandem (results not
shown), 02 consumption was determined and compared with
PA and DO formation in cells pretreated with 200 ,uM pro-
pranolol in the presence or absence of 0.5% ethanol before
stimulation with FMLP. Our results were in agreement with
previous studies (3), and with results in Fig. 3, showing that
ethanol treatment induced the formation of [3H]EAPEt such
that PA formation (mass and radiolabel) was reduced. 02 con-
sumption was also reduced. However, 1,2-DG mass remained
unchanged. Taken together these results suggest a direct role
for PA in the activation NADPHoxidase but do not exclude
the involvement 1,2-DG.

Didecanoyl-PA activates NADPHoxidase. To directly test
if PAcould modulate activation of NADPHoxidase, we exam-
ined the activation of the enzyme complex in a reconstitution
assay using membrane and cytosolic fractions prepared from
unstimulated PMN. The effect of didecanoyl PA was tested
alone and in the presence of a suboptimal concentration of the
amphiphilic activator SDS. As shown in Table I, didecanoyl-
PA alone induced a modest activation of NADPHoxidase at
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Figure 6. Effect of various concentrations of propranolol on 02 con-
sumption in PMNstimulated with FMLP. PMN(3.5 x 107/ml) were
incubated with the indicated concentration of propranolol prior to
stimulation with 100 nMFMLP. The initial rate of 02 consumption
in response to FMLPwas measured as described in Methods and
expressed as nanomoles 02/min/ 107 PMN. Data represent one ex-
periment of two performed.
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Figure 7. Effect of various concentrations of propranolol on the
stimulation of NADPHoxidase activity by FMLP. PMN(3.5 x 107/
ml) were treated with indicated concentrations of propranolol prior
to stimulation with or without I uMFMLP. After a 60-s stimulation
period, subcellular fractionation of cells was performed and NADPH
oxidase activity was determined in membrane and granule fractions
as described in Methods. Data are the mean±SEof three experiments
except for a, which is the average of two separate experiments, and
b, which is from one experiment.
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Table I. Effect of Various Concentrations of didecanoyl-PA
on the Cell-free Activation of NADPHOxidase

NADPHoxidase activity*

Didecanoyl-PA (M)t (-) SDS* (+) SDS*

nmol 0j/min/mg protein

0 1.2±0.2 (5) 14.2±2.2 (5)
1 1.5 (1) 21.1±4.3 (3)

10 4.5 (1) 29.0±4.9 (3)
100 4.5±0.9 (5) 28.3±3.1 (5)
300 4.5±0.8 (3) 28.6±6.8 (3)

1000 2.9±0.6 (3) 10.6±2.5 (3)

* NADPHoxidase activity was measured in mixtures of cytosolic and
membrane fractions from unstimulated PMNafter a 6-min preincu-
bation, as described in Methods. Assays were performed in duplicate
or triplicate, and results were averaged for each condition in each
experiment. Values are given as the mean ± SEM, with the number
of separate experiments performed indicated in parentheses.
* Assays were performed in the presence or absence of 50 AmSDS,
with the addition of the indicated concentration of didecanoyl-PA.

concentrations ranging from 10 to 300 ,uM. Activation de-
creased slightly at 1,000 ,M. In the presence of SDS, didecan-
oyl-PA induced a synergistic increase in NADPHoxidase acti-
vation. Synergy was observed at the lowest concentration
tested (1 MM), was maximum at 10-300 uM, and declined
sharply at 1,000 MM. In additional experiments, the effects of
the other molecular species of PA were variable. Whereas cer-
tain PAs (egg lecithin, dioleoyl [ 18:1 ]) activated the oxidase in
the absence of SDS, other PAs (dimyristoyl [14:0], dipalmitoyl
[16:0], distearoyl [18:0]) did not (results not shown). However,
all PAs synergized to varying extents with SDSto enhance the
activation of NADPHoxidase (10:0 >> egg = 18:1 > 16:0 = 14:0
= 18:0). This result indicates that, depending on its fatty acid
composition, exogenously added PA can directly activate hu-
manPMNNADPHoxidase. Since studies in intact PMNhave
suggested the involvement of DGin the activation of the oxi-
dase (6-8, 21), we also investigated the effect of dioctanoylgly-
cerol (diC8) in the cell-free assay. Weobserved that diC8 had
no effect alone, but also synergized with SDS (results not
shown) to activate NADPHoxidase, confirming a recent re-
port (28).

Discussion

Our earlier studies of PCmetabolism (13, 14) prompted us to
examine the role of PA as a second messenger in PMNstimu-
lated with FMLPin the absence of CB. By this approach, the
role of PAand/or DGin the activation of NADPHoxidase was
investigated by avoiding the enhancement of superoxide gener-
ation and phospholipid (phosphoinositides and PC) metabo-
lism (13, 14, 17, 29, 44, 45) observed in the presence of CB.
Although PLC-induced hydrolysis of PIP2 has been considered
the pathway for the formation of DGand PA in the absence of
CB (44), our results show that PC is hydrolyzed by PLD and
that the PA generated is a second messenger in activation of
NADPHoxidase, an enzyme critically important in generating
one of the microbicidal mechanisms of PMN(1). Our results
also demonstrate the importance of PLD in regulating func-
tional responses of human PMN.

These conclusions are based on the following three observa-
tions: First, the elevation or depression in mass of PA (Fig. 1 A)
or [3H]EAPA (Fig. 1 B) induced by propranolol in FMLP-sti-
mulated PMNcorrelated with enhancement or suppression of
NADPHoxidase activity studied in intact PMN(Fig. 6) or in
subcellular fractions (Fig. 7). Second, the accumulation of 1,2-
DG(Fig. 2 A) did not correlate with the activation of NADPH
oxidase. Although this does not constitute adequate evidence
for the lack of involvement of DGin 02 release (6-8, 20-22),
our results show that, at 500 MMpropranolol, there was no
marked reduction in DG, although both 02 consumption (Fig.
6) and NADPHoxidase activity (Fig. 7) were strongly inhib-
ited. The lack of formation of [3H]EAG (Fig. 2 B), despite
observed increases in the mass of DG(Fig. 2A), suggests that
phospholipids other than PC, possibly the phosphoinositides,
contribute to the accumulation of 1,2-DG. This notion is sup-
ported by previous reports indicating that PA (46, 47), which
accumulated in our studies, and propranolol (43) activate PLC
to hydrolyze PIP2. Finally, exogenously added didecanoyl-PA
activated NADPHoxidase in a reconstitution assay in the ab-
sence or presence of SDS(Table I). This result is supported by
an earlier study (5) in which PA activated 0- production in
plasma membrane extracts of pig neutrophils in the absence of
cytosolic factor.

Taken together, these data strongly implicate PA as a sec-
ond messenger, and identify PC-hydrolyzing PLD as a signifi-
cant pathway for NADPHoxidase activation in human PMN.
It remains to be clarified whether diacyl-PA and/or alkylacyl-
PA (Fig. 4) are functional in the activation of the oxidase. Fur-
ther studies involving a characterization of the molecular spe-
cies of endogenous PAgenerated by various agonists will prove
helpful in determining the mechanism by which PA activates
the oxidase in cell-free systems and in intact PMN. Such stud-
ies may also provide an explanation for the observed differ-
ences in the level of the oxidase measured in particulate frac-
tions from intact cells pretreated with propranolol and stimu-
lated with FMLP (Fig. 7, a fivefold increase at 300 gM
propranolol) compared with the ability of exogenous PA to
activate NADPHoxidase in a cell-free system (Table I, a two-
fold increase using 300 MMdidecanoyl-PA). It is possible that
the higher activity obtained in particulate fractions when intact
cells are stimulated relates to the type of endogenous PAgener-
ated. Another possibility is that endogenously formed DGmay
be involved in modulating the activation of the oxidase by PA
(3-6) as has been suggested (29-33).

Wehave not yet defined the mechanism by which PA acti-
vates NADPHoxidase, but there are several possibilities. PA,
as an anionic amphipathic molecule, may directly interact with
cytosolic and/or membrane components of the NADPHoxi-
dase complex, perhaps enhancing its assembly through confor-
mational changes in one or more of its elements. The possibil-
ity that this is a mechanism by which PA functions is supported
by our observations that PA is a weak activator and that it
amplifies the effect of SDSin activation of NADPHoxidase in
a cell-free system. It is possible that high concentrations of pro-
pranolol inhibit activation of NADPHoxidase by either reduc-
ing the production of PA through the inhibition of PC-PLD or
by binding PA and rendering it unavailable as a substrate in
enzymatic reactions, as was suggested for the inhibition of PAP
(30). Another mechanism by which PA may serve as a second
messenger is through the activation of enzymes that lie proxi-
mal to the assembly of NADPHoxidase. One such enzyme
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may be PKC, since PAcan serve as a cofactor in the activation
of PKCin vitro (48) and PKChas been implicated in the acti-
vation of the oxidase (6, 49). More study is needed to deter-
mine whether PA and propranolol directly affect the assembly
of the multicomponent NADPHoxidase, or indirectly regulate
NADPHoxidase activation through PKCor other enzyme-de-
pendent mechanisms.

Propranolol clearly can be used for studying the role of PA
in cellular responses, but propranolol has pleiotropic effects on
cells, and caution must be exercised in interpreting its effects.
Propranolol is a cationic amphipathic molecule that blocks ,-
adrenergic receptors at concentrations that are 1/100th that
needed for inducing its amphipathic effect (50-52). As a drug
administered to humans, propranolol is provided as a racemic
mixture of D- and L-isomers (53). Wehave found that the race-
mic mixture used in these studies and the stereoisomers are
equipotent in altering PMNresponses and lipid metabolism
(unpublished observations) and conclude that the effects of
propranolol on PMNdo not occur through blockage of the
3l-adrenergic receptor, but rather through its amphipathic prop-
erties. Propranolol concentrates on the inner leaflet of cells, the
area of the bilayer structure where PCand phosphatidylserine
predominate (54). The interaction of propranolol with one or
both of these phospholipids in addition to concomitant
changes in membrane fluidity are potential mechanisms by
which the agent exerts its effects (55, 56).

In summary, we conclude that: (a) PA is a second messen-
ger for activation of NADPHoxidase in human PMN; and (b)
propranolol, through its concentration-dependent effects on
PA phosphohydrolase and PLD, causes a bimodal accumula-
tion of PA and can be used to evaluate the role for PA in a
number of cellular responses.
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