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ABSTRACT 

Upon activation of human neutrophils, superoxide can be produced at two cellular sites; either 

in the plasma membrane, giving extracellular release of oxidants, or in intracellular organelles, 

resulting in oxidants being retained in the cell. The involvement of phospholipase A2 (PLA2) in 

phorbol myristate acetate (PMA)-induced activation of the two pools of NADPH-oxidase was 

investigated using a variety of PLA2 inhibitors and the oxidase activity was measured by 

luminol/isoluminol-amplified chemiluminescence (CL). Two of the seven inhibitors were without 

effect, two inhibitors inhibited both intra- and extracellular ROS production equally, and three 

inhibitors inhibited intracellular but not extracellular CL. Using another technique to measure 

ROS, PHPA oxidation, we found that intracellular ROS production was unaltered with the three 

last inhibitors, indicating that PLA2 is not involved in the NADPH-oxidase activity per se, but in 

the intracellular processing of the radicals necessary for the CL reaction to take place. The PLA2 

inhibitors did not abolish the activity of myeloperoxidase (MPO), an enzyme necessary for 

intracellular CL to occur. Instead, we suggest that these PLA2 inhibitors block heterotypic 

granule fusion and prohibit the colocalization of ROS and MPO needed for intracellular CL 

activity. 
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INTRODUCTION 

The ability of neutrophils to produce toxic oxygen radicals constitutes a major weapon against 

microbial intruders. The enzyme system responsible for this respiratory burst, the NADPH-

oxidase, functions as a transporter of electrons from NADPH on the cytosolic side of the 

membrane to oxygen on the other side. The electrons reduce molecular oxygen to superoxide 

anion [1] which then dismutates to hydrogen peroxide and can be further processed by 

enzymes such as myeloperoxidase (MPO) to generate yet other reactive oxygen species (ROS) 

[2]. The NADPH-oxidase is dormant in resting neutrophils and becomes activated when a pro-

inflammatory mediator activates the cells and induces a signal transduction cascade resulting in 

phosphorylation and subsequent translocation of several cytosolic NADPH-oxidase components 

to the membrane-bound part, the b-cytochrome [3].  

A paradigm for activation of the NADPH-oxidase has been that it is assembled in the neutrophil 

plasma membrane, releasing superoxide anion to the extracellular compartment or into a 

preformed phagosome. However, in human neutrophils activation of the NADPH-oxidase can 

occur also without phagosome formation or extracellular release of the produced oxygen 

metabolites [4-6].  Since 80-85% of the b-cytochrome is localized in the membranes of the 

peroxidase-negative granules [7], it is reasonable to assume that the NADPH-oxidase can be 

assembled and activated also in the membrane of these organelles and increasing evidence 

support this assumption (reviewed in [8]). 

Different agonists activate the two pools of NADPH-oxidase (in the plasma membrane or in the 

granules) differently, suggesting that the signaling as well as the molecular mechanisms for 

regulation differ depending on the localization of the oxidase [5, 9-11]. Activation of G-protein-



 

5 

coupled seven-transmembrane spanning cell surface receptors, such as the formyl peptide 

receptors, generates signals that lead to assembly of the NADPH-oxidase in the plasma 

membrane, releasing oxidants to the extracellular environment. In contrast, oxygen metabolites 

formed during activation through CR3 (the receptor for the complement product C3bi) are 

formed intracellularly [12]. Occupation of receptors for galectin-3 (a human lactose-binding 

lectin) or wheat germ agglutinin (WGA; a plant lectin specific for sialic acid and/or N-

acetyglucosamine) generates signals that activate the oxidase at both sites [11, 13]. Even 

though detailed knowledge about the exact signals responsible for activation of the oxidase at 

the two different sites is lacking, we have previously shown that activation of the two pools 

differ regarding involvement of an intracellular calcium rise, PI 3-kinase, and protein kinase C 

(PKC) isozymes [14-16].  

That not only extracellularly released but also intracellularly produced ROS are of 

pathophysiological importance in vivo is becoming increasingly evident. Recent findings related 

to a novel type of chronic granulomatous disease indicate that one of the cytosolic components 

of the NADPH-oxidase, p40phox, is specifically translocated to intracellular phagosomal and 

granule membranes and could thus be a determining factor for intracellular ROS production [6]. 

Neutrophils from patients with the inflammatory syndrome SAPHO (synovitis, acne, pustulosis, 

hyperostosis, osteitis) have also been reported to display severely decreased intracellular ROS 

production while extracellular production was intact [17]. 

Arachidonic acid (AA) is a lipid messenger derived through cleavage of membrane phospholipids 

by phospholipase A2 (PLA2). Previous reports have implicated that PLA2 and AA are important for 

the translocation, assembly, and/or activation of the NADPH-oxidase in monocytes and 



 

6 

neutrophils [18-21]. Although convincing evidence show that the cytosolic PLA2 (cPLA2) isozyme 

is required for superoxide production in monocytes and neutrophils (reviewed in [22]) there are 

contradicting reports in the literature. E.g., neutrophils from cPLA2 knockout mice have normal 

ROS producing capacity and the cPLA2 specific inhibitor pyrrolidine is reported not to inhibit ROS 

production in human neutrophils [23]. In order to contribute to the understanding of PLA2 

participation in neutrophil ROS production, we have investigated the effect of several inhibitors 

of PLA2 isozymes on activation of the NADPH-oxidase at different subcellular sites in human 

neutrophils. We found that one group of PLA2 inhibitors was altogether without effect, one 

group blocked NADPH-oxidase activation both at the plasma membrane and intracellularly, 

while one group appeared to influence the intracellular processing of reactive oxygen species. 

We suggest that this intracellular processing takes place through intracellular granule fusion.  
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MATERIALS AND METHODS 

Isolation of neutrophils 

Human neutrophils were isolated from buffy coats or peripheral whole blood obtained from 

healthy blood donors. After dextran sedimentation at 1xg and centrifugation in a Ficoll-Paque 

gradient [24], the remaining erythrocytes were lysed by hypotonic treatment. The neutrophils 

were washed in Krebs-Ringer phosphate buffer containing glucose (10 mM) and Mg2+ (1.5 mM) 

(KRG, pH 7.3) and finally resuspended (1x107/ml) in KRG with Ca2+ (1 mM). The cells were kept 

on melting ice until use. For some experiments, neutrophils were primed with TNF-α at 37°C for 

20 min prior to use.  

Treatment with PLA2 inhibitors 

Seven inhibitors of PLA2 were employed; 7,7-dimethyleicosadienoic acid (DEDA), palmityl 

trifluoromethylketone (PACOCF3), pyrrolidine, bromoenol lactone (BEL), 12-episcalaradial (SLD), 

LY311727, and methyl arachidonyl fluorophosphonate (MAFP)(Table 1). All inhibitors were 

solubilized to stock solutions in DMSO except MAFP which was solubilized in methyl acetate. 

Inhibitors were incubated with cells for 15 min at 37°C prior to stimulation. The final 

concentration of DMSO or methyl acetate in each assay was less than 0.5% for all the inhibitors. 

Superoxide production 

Superoxide anion produced by the neutrophil NADPH-oxidase was determined using a 

luminol/isoluminol-enhanced chemiluminescence (CL) system [25]. The CL activity was 

measured in a six-channel Biolumat LB 9505 (Berthold Co. Wildbad, Germany), using disposable 

4-ml polypropylene tubes with a reaction mixture containing 106/ml neutrophils. The tubes 

were equilibrated in the Biolumat at 37°C for 15 min in the presence or absence of inhibitors, 
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after which the stimulus was added and the light emission recorded continuously. In order to 

specifically quantify intracellularly and extracellularly generated reactive oxygen species (ROS), 

two different reaction mixtures were used. Tubes used for measurement of extracellular release 

of ROS contained neutrophils, horseradish peroxidase (HRP; a cell impermeable peroxidase; 4U) 

and isoluminol (a cell impermeable CL substrate; 10 µg/ml [26]. Tubes used for measurement of 

intracellular generation of ROS contained neutrophils, superoxide dismutase (SOD; a cell 

impermeable scavenger for superoxide; 50 U/ml), catalase (a cell impermeable scavenger for 

hydrogen peroxide; 2000 U/ml), and luminol (a cell permeable CL substrate; 10 µg/ml). Four 

different stimuli were used to induce ROS production in neutrophils; PMA (5x10-8 M), ionomycin 

(5x10-7 M), galectin-3 (40 µg/ml for the extracellular response, 20 µg/ml for the intracellular 

response), and formyl-methionyl-leucyl-phenylalanine (fMLF; 10-7 M).  

Hydrogen peroxide production 

Generation of hydrogen peroxide was assayed by measuring the HRP-dependent oxidation of p-

hydroxyphenyl acetic acid (PHPA) by fluorometry in a Mithras LB 940 96-well plate reader [27]. 

Samples (200 µl), containing neutrophils (106/ml), PHPA (3.3 mM), and HRP (4U) in KRG, were 

preincubated in the presence or absence of inhibitors for 15 min at 37°C. PMA (50 nM, 20 µl) 

was added as stimulus and the increase in fluorescence intensity (excitation wavelength 340 

nm, emission wavelength 405 nm) was measured continuously. The PHPA is cell-impermeable, 

and to measure also intracellular production of hydrogen peroxide, azide (NaN3; 1 mM) was 

added to some samples. Azide inhibits the endogenous hydrogen peroxide-consuming enzymes 

catalase and MPO, allowing for intracellularly produced hydrogen peroxide to leak out of the 

cell and be determined extracellularly [28, 29]. The intracellular hydrogen peroxide production 
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was subsequently determined as the difference in fluorescence between samples with azide 

and without azide.  

MPO activity assay 

To determine the effect of the PLA2 inhibitors on MPO activity, MPO (12.5 µg/ml; 35 µl/well) 

was incubated with the peroxidase substrate o-phenylenediamine dihydrochloride (0.4 mg/ml) 

and hydrogen peroxide (4.9 mM) in the presence or absence of PLA2 inhibitors (for 

concentrations see figure legends) or sodium azide (1 mM). All samples were done in triplicates 

and incubated in the dark for 30 min at RT. The reaction was stopped by adding H2SO4 (1 mM; 

100 µl/well) and the absorbance was measured at 492 nm.  

Degranulation marker analysis by flow cytometry 

Isolated neutrophils (1x106/ml) were incubated with or without DEDA (100 µM), PACOCF3 (100 

µM), or pyrrolidine (10 µM) for 15 min at 37°C after which degranulation was stimulated with 

PMA (5 nM) or TNF-α (10 ng/ml) for 20 min at 37°C. The samples were then put on ice, labeled 

with anti-CD11b-PE mAb(1/40), one of the component of the complement receptor 3 (CR3), for 

30 min at 4-8°C, and then washed.  A minimum of 10 000 neutrophils were collected using an 

Accuri C6 flow cytometer and the results were analyzed using FlowJo software.   

Capacitance measurements 

For patch-clamp experiments [30], neutrophils isolated from peripheral blood as described 

above, were allowed to adhere to BSA-coated (0.3%, 10 min) glass cover slips. The cells were 

washed and kept in a standard extracellular solution (140 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 

mM MgCl2, 10 mM glucose and 10 mM HEPES, pH 7.2). The pipette solution (112 mM K-Glu, 18 

mM NaCl, 1.8 mM MgCl2, 2.5 mM Na2ATP, 9 mM HEPES, pH 7.2) was supplemented with 
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suitable concentrations of calcium and calcium chelator to reach the desired concentration of 

free calcium, as determined by WinMaxChelator 1.78, using the BERS constants [31]. When 

applied, the PLA2 inhibitor DEDA (10 M) was added to the pipette solution. All experiments 

were performed at room temperature on an inverted microscope (Axiovert 135 TV, Zeiss, 

Oberkochen, Germany). Patch pipettes were pulled in a PC 10 puller (Narishige, Japan) from 

borosilicate glass capillaries. The pipettes were coated with Sylgard (Dow Corning Ltd., England) 

and fire polished (Micro Forge 830, Narishige, Japan), and the pipette resistance was between 4-

7 M. The pipettes were slowly moved very close to a neutrophil by a piezodriven 

micromanipulator (N&F, Bio-Science, Denmark) and a gigaseal formed by suction. The whole-

cell configuration was achieved by rupturing of the membrane under the pipette by gentle 

suction by mouth, and capacitance changes were recorded using an EPC-9 patch-clamp 

amplifier (HEKA, Lambrecht/Pfalz, Germany). From a holding potential of –10 mV, the cells were 

exposed to a sine shaped, alternating voltage pulse with a frequency of 1.0 kHz and amplitude 

of 20 mV. From the resulting current, the capacitance was determined by the Lock-In software 

based phase-sensitive detector and sampled by the X-Chart extension of Pulse 8.41 (HEKA). The 

X-chart data were imported into IGOR 3.03 for Macintosh (Wave Metrics Inc., Lake Oswego, OR) 

for analysis. Rates of exocytosis were determined by fitting the capacitance trace to a straight 

line, using IGOR curve fitting. 

Confocal microscopy 

Neutrophils were resuspended in RPMI with 2% FCS and added to coverslips. The cells were 

treated with PMA (50 nM) for 10 min before fixing the cells with 4% paraformaldehyde for 20 

min at room temperature. The cells were washed with PBS and then permeabilized for 5 min in  
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-20°C acetone and methanol (1:1) and washed again with PBS. Fixed cells were blocked with 

10% goat serum in PBS with 2% BSA for 30 min at room temperature and then incubated with 

primary antibodies for 30 min in a humified dark chamber at room temperature. The primary 

antibodies used were rabbit anti-human lactoferrin antibody (diluted 1:100) and mouse anti-

human CD63 antibody (diluted 1:100). The cells were washed with PBS before incubation with 

secondary antibodies for 30 min in a humified dark chamber at room temperature. The 

secondary antibodies used were AlexaFluor goat anti-mouse 647 and AlexaFluor goat anti-rabbit 

488. The cells were mounted in mounting medium with DAPI. A confocal microscope (Zeiss 

LSM700) and Zen software was used to visualize the cells. 

Reagents 

PHPA, PMA, HEPES, glucose, azide, potassium glutamate, ATP, hydrogen peroxide, formyl-

methionyl-leucyl-phenylalanine (fMLF), human TNF-α, isoluminol, luminol, and goat serum were 

obtained from Sigma-Aldrich (St Louis, MO, USA). Ionomycin, pyrrolidine, and PACOCF3 were 

purchased from Calbiochem (LaJolla, CA, USA). LY311727 and MAFP were purchased from Tocris 

Bioscience (Ellisville, MO, USA). Catalase and SOD were from Worthington (Lakewood, NJ, USA). 

12-episcalaradial was purchased from Wako Chemicals GmgH (Neuss, Germany). BEL was 

bought from Enzo Life Science (Lausen, Switzerland). DEDA was bought from Alexis Biochemicals 

(Farmingdale, NY, USA). HRP was from Roche Diagnostics GmbH (Mannheim, Germany). Bovine 

serum albumin was purchased from Boehringer Mannheim (Germany). Dextran was from 

Pharmacosmos (Holbaek, Denmark). Ficoll-Paque was from Fischer Scientific GTF AB 

(Gothenburg, Sweden). OPD and lactoferrin antibody were purchased from Dako (Glostrup, 

Denmark). Purified human MPO was a gift from Inge Olsson (Lund, Sweden). Anti-CD11b-PE 
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mAb (catalogue number, 333142) was from BD (NJ, USA). Alexa Fluor anti-mouse 647 and anti-

rabbit 488  secondary antibodies were from Invitrogen (Carlsbad, CA, USA). The CD63 antibody 

was from Sanquin (Amsterdam, Netherlands). 

Statistics 

The software GraphPad Prism version 5.0 was used for statistical calculations. One-way ANOVA 

followed by Dunnett’s post-hoc test was used to calculate the difference between control and 

PLA2 inhibitor treated samples. A p-value less than 0.05 was considered statistically significant 

and is indicated in the figures by *p<0.05, **p<0.01, and ***p<0.001.  
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RESULTS 

The neutrophil NADPH-oxidase can be activated at two sites  

In human neutrophils, assembly of the NADPH-oxidase can occur not only in the plasma 

membrane (resulting in a release of ROS) but also in intracellular granule membranes, giving rise 

to production of retained intracellular oxygen metabolites [8]. An example of a stimulant that 

induces activation of both of these pools of NADPH-oxidase is PMA that mimics the effects of 

the natural PKC activator diacylglycerol, and activates the NADPH-oxidase through 

redistribution of PKC and phosphorylation of several proteins [6, 14] (Fig 1A). Another stimulus, 

the calcium ionophore ionomycin, induces a rise in cytosolic calcium which gives rise to mainly 

intracellular ROS production (Fig 1B). The lactose-binding lectin galectin-3 induces ROS 

production through binding of receptors upregulated on neutrophils after in vitro priming of the 

cells [11], giving rise to both extracellular and intracellular ROS production (Fig 1C). Finally, the 

bacterium-derived formylated peptide fMLF is a potent inducer of extracellular ROS production 

with minute intracellular activity (Fig 1D). We decided to start our investigation on the 

involvement of PLA2 in neutrophil ROS production using luminol/isoluminol-amplified CL with 

PMA as a stimulus. 

The effect of PLA2 inhibitors on extracellular and intracellular CL activity 

Many authors have reported that PMA induces release of ROS from neutrophils [32, 33] and 

that this activity is dependent on the production of AA by PLA2 [18, 34]. There are however, to 

our knowledge, no reports on the importance of PLA2 for the intracellular ROS production. To 

investigate the involvement of PLA2-derived AA in activation of the two pools of NADPH-

oxidase, seven inhibitors of PLA2, listed in Table 1, were used. Neutrophils were pre-incubated 
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with or without inhibitor (at a range of concentrations), stimulated with PMA, and ROS 

production was determined by CL. 

DEDA did not affect extracellular ROS release, regardless of the concentration used (1-100 µM; 

Fig 2A and B). In contrast the intracellular ROS production was dose-dependently inhibited by 

DEDA (Ic50 ≈10 µM; Fig 2A and B). Two other PLA2 inhibitors, PACOCF3 and pyrrolidine, showed 

a similar pattern, inhibiting intracellular CL activity dose-dependently while not affecting the 

extracellular activity (Fig 2C and D). In contrast, the inhibitors BEL and SLD inhibited both intra- 

and extracellular CL activity (Fig 2E and F), which is in accordance with previous reports that  

cPLA2 activity is needed for NADPH-oxidase function (reviewed in [22]).  The last two inhibitors, 

LY311727 and MAFP, affected neither intra- nor extracellular CL activity (Fig 2G and H) at the 

concentrations used (1-100 µM). The fact that DEDA, PACOCF3, and pyrrolidine had differential 

effects on intra- and extracellular CL activity inspired us to investigate the effects of these three 

inhibitors further.  

First we studied the effect of DEDA, PACOCF3, and pyrrolidine on intracellular CL responses 

induced by other stimuli, i.e. ionomycin (that induces primarily intracellular ROS production; Fig 

1B) and galectin-3 (that induces both intra- and extracellular ROS production; Fig 1C). DEDA, 

PACOCF3, and pyrrolidine all inhibited the ionomycin-induced intracellular CL activity (Fig 3A and 

D). The intracellular galectin-3-induced CL response was also significantly inhibited by all three 

inhibitors, although the inhibition by PACOCF3 was less prominent than for the PMA- and 

ionomycin-induced intracellular CL responses (Fig 3B and E). The galectin-3-induced 

extracellular CL activity was significantly decreased by pyrrolidine pre-treatment while the 
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response was increased, or unaffected, by pre-treatment with the other inhibitors (Fig 3C and 

F).  

Taken together, the seven PLA2 inhibitors can be divided into three main groups depending on 

their action on CL responses; a first group (DEDA, PACOCF3, and pyrrolidine) that inhibited 

intracellular CL activity while the extracellular activity was mostly unaffected, a second group 

(BEL and SLD) that inhibited both intracellular and extracellular CL activity, and a third group 

(LY311727 and MAFP) that had no effect on neither the intracellular nor the extracellular CL 

activity.  

The PLA2 inhibitors DEDA, PACOCF3, and pyrrolidine do not inhibit the NADPH-oxidase activity 

per se 

We next sought to explain why the inhibition of PLA2 by DEDA, PACOCF3, and pyrrolidine, 

resulted in different effects on the intracellular and extracellular CL responses. The CL technique 

measures the production of superoxide in the presence of a functional peroxidase; for 

extracellular detection, HRP is added to the system but for intracellular detection a functional 

intracellular MPO is necessary [35, 36]. To determine the MPO-independent effects of the PLA2 

inhibitors on NADPH-oxidase activation we used the technique of hydrogen peroxide-induced 

reduction of PHPA.  

PHPA is a cell impermeable reagent that only reacts with and measures extracellular hydrogen 

peroxide. Addition of azide to the system inhibits the endogenous hydrogen peroxide 

consuming enzymes, allowing intracellularly produced hydrogen peroxide to leak out of the cell, 

enabling the measurement of total NADPH-oxidase-derived ROS production extracellularly. 
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Intracellular hydrogen peroxide production can thus be determined by calculating the difference 

between total (+azide) and extracellular (-azide) production (Fig 4A) [37].  

In contrast to the CL results, the intracellular hydrogen peroxide production was unaltered in 

the presence of DEDA (Fig 4B and D), PACOCF3, as well as pyrrolidine (Fig 4D). Thus, the 

intracellular NADPH-oxidase activity per se was not influenced by these PLA2 inhibitors, giving 

that the decreased CL must be explained by negative effects on some other part of the 

intracellular CL reaction. Contrarily, the two inhibitors BEL and SLD, which inhibited both 

intracellular and extracellular CL activity (Fig 2E and F), clearly inhibited the NADPH-oxidase 

derived hydrogen peroxide production detected by PHPA (Fig 4C and D). 

Effect of PLA2 inhibitors on MPO 

The intracellular CL response in neutrophils is dependent on a functional MPO, shown by that 

neutrophils from MPO-deficient individuals exhibit no intracellular CL responses [35, 36]. The 

PLA2 inhibitors (DEDA, PACOCF3, and pyrrolidine) had no effect on MPO activity per se when 

measured in an assay with purified MPO and OPD as a substrate (Fig 5A). The effects of the PLA2 

inhibitors were also tested in a modified extracellular CL system where the peroxidase HRP was 

exchanged for MPO, with the rationale that if the inhibitors affect MPO activity, extracellular CL 

activity would decrease in this set-up. However, neither DEDA nor PACOCF3 inhibited MPO-

dependent extracellular CL activity. A slight inhibitory effect was seen for pyrrolidine (Fig 5B). In 

conclusion, the inhibitory effect of DEDA and PACOCF3 on the intracellular neutrophil CL 

response was not due to interference with MPO activity while part of the pyrrolidine effect on 

intracellular CL activity might be due to interference with this endogenous neutrophil 

peroxidase. 
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Effects of PLA2 inhibition on granule – plasma membrane fusion 

The MPO is stored in the peroxidase-positive azurophil granules in neutrophils, a granule type 

devoid of the b-cytochrome component of the NADPH-oxidase [38]. We have previously 

suggested that MPO reaches the ROS substrates (i.e., superoxide anion and/or hydrogen 

peroxide) produced in peroxidase-negative granules through an intracellular granule-granule 

fusion process involving different granule subsets [8, 16]. The effect of DEDA, PACOCF3, and 

pyrrolidine, i.e., inhibiting intracellular CL without affecting MPO activity or NADPH-oxidase 

activity, could possibly be explained by inhibition of such fusion events. Unfortunately, no 

technique exists to date with resolution high enough to enable direct quantification of such 

intracellular fusion events in neutrophils.  

Instead, we studied the effect of PLA2 inhibition on granule fusion with the plasma membrane, 

which is possible to measure. We first investigated whether granule fusion induced by 

intracellular calcium elevations was affected by DEDA, by measuring membrane capacitance 

increase by patch-clamp technique. With this technique, the capacitance recorded correlates to 

the area of the plasma membrane [39] and during exocytosis of intracellular granules this area 

increases. The plasma membrane increase in capacitance, due to granule fusion induced by 

calcium, was not affected by DEDA (Fig 6A), indicating that DEDA-sensitive PLA2 does not play a 

crucial part in granule fusion with the plasma membrane.  

Granule mobilization induced by PMA or TNF-α in the presence and absence of DEDA, PACOCF3, 

and pyrrolidine was also investigated by measuring the exposure of complement receptor 3 

(CR3) on the cell surface. A large proportion of CR3 is stored in granule membranes of resting 
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cells and the receptor is upregulated, through degranulation, upon cell activation. Activation of 

cells with PMA or TNF-α for 20 min resulted in approximately four-fold increase in CR3 as 

compared to unstimulated cells. No difference in CR3 increase could be detected between the 

inhibitor-treated and untreated cell populations stimulated with PMA or TNF-α (Fig 6B, C). 

These data indicate that the PLA2 inhibitors DEDA, PACOCF3, and pyrrolidine do not interfere 

with granule fusion with the plasma membrane. It should be stressed that neither of the 

techniques used here are able to measure intracellular fusion events, and thus the inhibition of 

agonist-induced intracellular CL could still be explained by abrogation of such processes, 

although no techniques are available to prove it.
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DISCUSSION 

This work has been focused on studying the effects of different PLA2 inhibitors on the regulation 

of the neutrophil NADPH-oxidase. PMA induces release, as well as intracellular production, of 

ROS in neutrophils and is thus a good tool to investigate the signal transduction pathways 

leading to activation of the NADPH-oxidase in the plasma membrane and intracellular (granule) 

membranes, respectively. The metabolic response induced in neutrophils upon interaction with 

PMA was followed by luminol/isoluminol-amplified CL, a technique that is peroxidase-

dependent and utilizes the fact that isoluminol and luminol differ with respect to ability to pass 

neutrophil membranes (for a review see [25]). Using this technique, three PLA2 inhibitors, DEDA, 

PACOCF3, and pyrrolidine, exhibited inhibitory effects on the intracellular CL response only, 

indicating a difference in regulation between the two pools of oxidase with regards to the 

involvement of PLA2. Also, intracellular ROS production induced by the calcium ionophore 

ionomycin as well as galectin-3, could be inhibited by DEDA, PACOCF3, and pyrrolidine, arguing 

that the inhibitory effect is not restricted to a certain stimulus but is a more general 

phenomenon. The fact that galectin-3 is a receptor-dependent stimulator of the NADPH-oxidase 

might explain why the inhibition on intracellular CL was not as strong as with PMA or ionomycin. 

The same argument could also explain why the extracellular CL response to galectin-3 was 

slightly inhibited by pyrrolidine. More complex signaling mechanisms are likely triggered by 

receptor ligation than by direct PKC activation by PMA, and these may be only partially blocked 

by PLA2 inhibition. 

Our data show diversity among the PLA2 inhibitors in their effects on the CL responses. As stated 

above, three inhibitors, DEDA, PACOCF3, and pyrrolidine, exhibited inhibitory effects on the 
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intracellular CL response only, while two PLA2 inhibitors, BEL and SLD, inhibited both intra- and 

extracellular CL responses and the last two inhibitors, LY311727 and MAFP, inhibited neither. 

The grouping of the inhibitors with regard to effect on ROS-production does not correlate with 

the presumed isozyme specificity of the different inhibitors (Table 1). However, several of the 

inhibitors have effects on more than one isozyme, especially at high concentrations [40-43] 

making it hard to pinpoint the specific isozyme accountable for the responses we see. Further, 

the isozyme specificities given in the Table 1 have been decided by studies of cell types different 

from neutrophils, or even in cell free systems, and the relevance of these results for neutrophils 

may be limited. In fact, the isozyme profile of each cell type with regard to both composition 

and abundance may influence the response to different inhibitors. For one inhibitor, LY311727, 

membrane impermeability may explain the lack of effects in neutrophils [40].  

The relative non-specificity of pharmacological inhibitors is a well-known and accepted 

drawback to these kinds of studies, but the importance of individual PLA2 isozymes in 

intracellular ROS production in neutrophils is difficult to examine by other techniques. The 

option of using mouse neutrophils in which specific PLA2 isozymes have been genetically 

removed is not possible, since murine neutrophils apparently lack the ability to form 

intracellular ROS [44], and specific knockdown of enzymes in primary cells cannot be performed 

since the cells do not divide and therefore cannot be cultured.  

To account for the effect of the inhibitors on intracellular CL, several aspects of the CL technique 

must be considered. This reaction is dependent not only on the NADPH-oxidase activity, but also 

on a functional MPO [35, 36]; MPO-deficient cells do not display intracellular CL while their 

production of intracellular oxidants is normal or even enhanced [45]. Our results show that the 
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inhibitory effect of DEDA, PACOCF3, and pyrrolidine on the intracellular CL activity was not due 

to inhibition of the intracellular production of ROS, since PHPA oxidation by intracellular 

hydrogen peroxide was unaffected. Secondly, the enzymatic activity of MPO was largely 

unabridged by DEDA, PACOCF3, and pyrrolidine. Hence, the inhibitors affected neither of the 

molecules (ROS and MPO) necessary for the CL activity.  

As previously mentioned, MPO resides in the matrix of the azurophil granules [46] whereas the 

intracellular superoxide-producing NADPH-oxidase is located in the peroxidase-negative 

granules [7]. A prerequisite for the CL reaction to take place is the colocalization of MPO and 

newly produced superoxide anion in the same intracellular compartment [8]. Thus, the most 

plausible explanation for the effect on intracellular CL seen with DEDA, PACOCF3, and 

pyrrolidine is that they inhibit intracellular granule fusion which prevents the radicals from 

interacting with MPO. A schematic drawing of this hypothesis is shown in Fig 7A. We found no 

effect of the inhibitors on neutrophil degranulation or exocytosis in general, and closer 

investigation of intracellular heterotypic granule fusion is unattainable, as there are at this time 

and to our knowledge no quantitative assays to study intracellular granule fusion per se. 

However, we have made some attempts to use immunostaining of distinct granule markers and 

confocal microscopy to visualize heterotypic granule fusion. Ten minutes after PMA stimulation 

of neutrophils, specific granules (lactoferrin, green) and azurophil granules (CD63, red) appear 

to fuse in parts of the cells (yellow) (Fig 7B). This is in agreement with a paper by Kobayashi et 

al, who have shown with electron microscopy that the oxygen radical forming granules fuse 

with other types of granules after PMA stimulation in human neutrophils [47]. 
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The process of membrane fusion, the energy-consuming joining of two separate cellular 

compartments, has been extensively studied in several cell types, including neutrophils. 

Primarily the granule to plasma membrane fusion has been studied, resulting in identification of 

an abundance of regulatory molecules for this process [48-50]. The involvement of AA in fusion 

events is well established, e.g., PLA2 may regulate as diverse fusion processes as sperm-egg 

fusion [51], synaptic vesicle fusion with presynaptic membranes [52] and endosomal fusion [53, 

54]. In fact, PLA2-derived AA has been shown to promote the fusion of neutrophil granules, both 

specific and azurophil granules, with synthetic liposomes [55], which is very interesting in light 

of the results presented here. 

Although there are no functional assays to study intracellular granule fusion per se, compound 

exocytosis, i.e., intracellular granule-to-granule fusion followed by extracellular release of the 

newly formed vacuole, has been demonstrated by various means in several different secretory 

cells, including eosinophils [56-58], mast cells [59] and pancreatic -cells [60, 61]. Compound 

exocytosis has been demonstrated also in PMA-stimulated neutrophils [49], indicating 

occurrence of granule-to-granule fusion following activation with this stimulus, supporting the 

data presented here. The fact that compound exocytosis has been suggested to be regulated 

differently from granule-to-plasma membrane fusion [58, 62] may explain the absence of effect 

of inhibitors in our membrane fusion experiments, since our assays only measure the granule-

to-plasma membrane fusion and not granule-to-granule fusion that take place within the cells.  

The biological reasons for intracellular granule fusion to occur could be several; localized 

secretion at the plasma membrane of several consecutive granules, compound fusion of 

granules with the phagosome or an intracellular processing of pro-enzymes prior to release. For 
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example, hCAP18 (residing in neutrophil specific granules) has been shown to be processed by 

proteinase 3 (residing in azurophil granules) extracellularly [63]. Intracellular granule fusion has 

been suggested as a possible way to further enhance this process, preceding the extracellular 

interaction [49]. Furthermore, pro-gelatinase has been shown to be processed and activated by 

ROS [64], and fusion of azurophil and gelatinase granules would accommodate such a process. 

Fusion of several intracellular granules has also been shown to occur through stimulation of the 

CD44 surface protein, which is then followed by programmed necrosis of neutrophils [65].  

Taken together, this study shows that concomitant to NADPH-oxidase activation, the PKC 

agonist PMA, as well as ionomycin and galectin-3, activates additional effects that influence the 

oxygen radical metabolism in neutrophils. One such effect appears to be granule-to-granule 

fusion, and we suggest that this event is dependent on PLA2-derived AA. 
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FIGURE LEGENDS 

Figure 1 

PMA induces extracellular and intracellular ROS production in neutrophils 

ROS production was measured by luminol/isoluminol-amplified chemiluminescence (CL). 

Neutrophils were preincubated for 5 min at 37°C, prior addition of PMA (A; 5x10-8 M), 

ionomycin (B; 5x10-7 M), galectin-3 (C; extracellular, 40 µg/ml; intracellular, 20 µg/ml), or 

fMLF (D; 10-7 M). The extracellular ROS production was measured in the presence of 

isoluminol and HRP (extracellular response; black), while the intracellular activity of the 

NADPH-oxidase was measured in the presence of luminol, SOD, and catalase (intracellular 

response; gray). The time-course of the responses were followed and the magnitude of the 

responses is given in Mcpm (106 counts per minute). Representative experiments are shown. 

Figure 2 

The effect of PLA2 inhibitors on ROS production as measured with CL 

A. Neutrophils were preincubated in the presence or absence of indicated concentrations of 

DEDA at 37°C for 15 min prior to stimulation with PMA (5x10-8 M). The figure shows the 

time-course of the extra- and intracellular CL responses, measured as described for Figure 1. 

B-H. Neutrophils were pretreated with different concentrations of the indicated PLA2 

inhibitors at 37°C for 15 min prior to stimulation with PMA (5x10-8 M). The extracellular 

(blue) and intracellular (red) responses were measured for 20 min and the peak values 

(maximal CL readings) are expressed as percent of control (in the absence of inhibitor), is 

given as mean ± SD; n=3 for each inhibitor concentration. 
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Figure 3 

The effects of DEDA, PACOCF3, and pyrrolidine on ionomycin- and galectin-3-induced CL 

responses 

Neutrophils were preincubated in the presence (dashed lines; open bars) or absence (solid 

line; closed bar) of DEDA (100 µM), PACOCF3 (100 µM), or pyrrolidine (10 µM) at 37°C for 15 

min prior to stimulation with ionomycin (A; 5x10-7 M) or galectin-3 (B; intracellular, 20 

µg/ml; C; extracellular, 40 µg/ml). The figures show the time-course of representative CL 

responses, measured as described for Figure 1. Also shown is the peak ROS production as a 

percent of control (D-F), given as mean ± SD, n=3 independent experiments. *P<0.05, 

**P<0.01, ***P<0.001; One-way ANOVA, Dunnett’s multiple comparison test. 

Figure 4 

The effect of PLA2 inhibitors on PMA-induced hydrogen peroxide production as measured by 

PHPA oxidation 

A. Neutrophils were preincubated for 5 min at 37°C in the presence of HRP (4 U/ml) and 

PHPA (0.5 mg/ml). After addition of PMA (5x10-8 M) the fluorescence emitted by oxidized 

PHPA was recorded continuously and given as arbitrary fluorescence units. This system 

measures the extracellular hydrogen peroxide production (light blue), whereas the total 

hydrogen peroxide production (extra- plus intracellular) was measured in the presence of 

azide (1 mM; dark blue). Neutrophils preincubated (10 min) with the NADPH-oxidase 

inhibitor DPI (10 µM; dotted lines) failed to generate detectable levels of hydrogen peroxide, 

indicating that the ROS detected in this system stem from the NADPH-oxidase. A 

representative experiment is shown. Neutrophils were preincubated for 15 min at 37°C with 

HRP and PHPA with or without DEDA (B; 100 µM) or BEL (C; 100 µM) prior to stimulation 

with PMA (5x10-8 M). Azide was present in some samples for total hydrogen peroxide 
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detection. Representative experiments are shown. Intracellular hydrogen peroxide 

production (D) was measured by PHPA-oxidation in the absence or presence of PLA2 

inhibitor (DEDA, 100 µM; PACOCF3, 100µM; pyrrolidine, 10 µM; BEL, 100 µM; SLD, 1 µM) for 

10 min at 37°C prior to stimulation with PMA (5x10-8 M). The intracellular ROS production 

was determined as the difference between total (+azide) and extracellular (-azide) hydrogen 

peroxide production at a time-point 18 min after stimulation and is given as percent of 

control (absence of PLA2 inhibitor), mean ±SD, n=3 independent experiments. 

Figure 5 

The effects of PLA2 inhibitors on MPO activity 

A. The peroxidase substrate (OPD; 0.4 mg/ml) and hydrogen peroxide (4.9 mM) were 

incubated with PLA2 inhibitors and purified MPO (12.5 µg/ml) for 30 min. The reaction was 

stopped with H2SO4 (1 mM) and the absorbance measured. The figure shows a 

representative experiment in triplicate as percent of control. B. The effects of PLA2 inhibitors 

on MPO function was measured by extracellular CL in the presence of exogenously added 

purified MPO instead of HRP. The MPO (1 µg/ml) was mixed with neutrophils and isoluminol 

and incubated for 15 min at 37°C with or without PLA2 inhibitors (DEDA, 100 µM; PACOCF3, 

100 µM; pyrrolidine (PYR), 10 µM). Cells were stimulated with PMA (5x10-8 M) and shown 

are peak responses as percent of control (no PLA2 inhibitor), given as mean ±SD, n=4 

independent experiments. 

Figure 6 

The effect of DEDA, PACOCF3, and pyrrolidine on granule fusion with the plasma membrane 

A. Capacitance recordings from neutrophils stimulated with pipette solutions containing 10 

M of free calcium, with (dotted line, closed bar, n=5) or without DEDA (solid line, open bar, 

n=11). The capacitance values obtained directly after break through (initial or resting 
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capacitance, typically around 2.5 pF) have been subtracted from the starting values for 

clarity. Shown is the rate of exocytosis measured in femtofarads/s, determined by fitting a 

straight line to the capacitance traces. The inset data are mean ± SD of all experiments. B 

and C. The effect of PLA2 on upregulation of CR3 to the plasma membrane was measured 

using flow cytometry. The PLA2 inhibitors, DEDA (100 µM), PACOCF3 (100 µM), and 

pyrrolidine (PYR; 10 µM), were incubated with neutrophils for 15 min at 37°C  after which 

the cells were stimulated with PMA (B; 5nM) or TNF-α (C; 10 ng/ml) for 20 min at 37°C and 

stained with CD11b-PE mAb. The figure shows the geometrical mean from three 

independent experiments expressed as percent of control (unstimulated), given as mean 

±SD, n=3 independent experiments.  

Figure 7 

Proposed mechanism of heterotypic granule fusion in PMA-stimulated neutrophils and result 

of PLA2 inhibition 

A. PMA stimulates NADPH-oxidase activation both at the plasma membrane and in 

intracellular granules, through direct activation of PKC. In order to detect intracellularly 

generated ROS with the chemiluminescence technique, the ROS produced by the NADPH-

oxidase need to come in contact with MPO, and we hypothesize that this takes place 

through heterotypic fusion of the specific and azurophil granules. The PLA2 inhibitors DEDA, 

PACOCF3 and pyrrolidine are proposed to inhibit this type of fusion, since they neither 

inhibit NADPH-oxidase activity nor MPO function. B. A confocal micrograph of a PMA-

stimulated neutrophil labeled with DAPI (nucleus; blue), lactoferrin (specific granules; 

green), and CD63 (azurophil granules; red). Colocalization of lactoferrin and CD63 is 

indicated by the arrows. 
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Table 1. Selected PLA2 inhibitors. 

 

Name Full name Specificity IC50 Assay Comments 

DEDA  

7,7-
Dimethyleic
osadienoic 
acid 

sPLA2 [40] 
16 µM[66]                 
14 µM [67]

 
               

5.8 µM [40]
 
 

Inhibits P388 cell PLA2 activity 
[66]. Activity on soluble Naja 
snake venom PLA2[67]. 
Inhibition of human placental 
sPLA2 activity [40].  

Inhibits also 5-
lipoxygenase [67], 
AdPLA2 [68]. 

PACOCF3 

Palmitoyl 
trifluoro-
methyl 
ketone 

iPLA2 > cPLA2 

iPLA2:                   
3.3-3.8 µM [41, 
69] 
cPLA2: 47 µM [41] 

Inhibition of P388 iPLA2 [69].  
Induces Ca

2+
 influx 

[70]. 

Pyrrolidine   cPLA2 > iPLA2       13-50 nM[42, 43]
   

 

Inhibition of AA, PGE2, and 
LTC4 release in THP-1 cells 
[42] and AA release by CHO 
cells [43]. 

Non-specific 
inhibition of iPLA2 at 
higher 
concentrations, 
micromolar range 
[43]. 

BEL 
Bromoenol 
lactone 

iPLA2 > cPLA2 60-180 nM [69] 
Inhibition of iPLA2 activity in 
P388D cells [69].  

Inhibits also 
phosphatidic acid 
phosphohydrolase 
(PAP) [71]. 

Scalaradial 
(SLD) 

12-Episcala-
radial 

sPLA2 > cPLA2 
sPLA2: 5.4 µM 
[40]  
cPLA2: 28 µM [40] 

Inhibition of recombinant 
sPLA2 and cPLA2 [40]. 

Inhibits degranulation 
in human neutrophils 
[72].  

LY311727   sPLA2 36 nM [73] 
Inhibition of human sPLA2 

[73]. 
Probably not cell 
permeable [74]. 

MAFP 

Methyl 
arachidonyl 
fluorophos-
phonate 

cPLA2 & iPLA2 

iPLA2: 0.5 µM 
[75]

  

cPLA2: 0.6 µM 
[76] 

Inhibition of P388D iPLA2 
activity [75]. Inhibition of 
cPLA2 in human platelets [76].  
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