
206 Biochimt~a ez Bi,*pttl'sZ<a .-t ~za, 801  ( [ 9 ,~4)  2()(~ 2 1 4  

Elsevier 

BBA 21842 

DIFFERENCES IN THE EFFECT OF ARACHIDONIC ACID ON 
P O L Y M O R P H O N U C L E A R  AND MONONUCLEAR LEUKOCYTE FUNCTION 

PAUL A.J. HENRICKS a MARIJKE E. VAN DER TOL a, j. HENNY VAN KATS-RENAUD ~' 
FRANS P. NIJKAMP b and JAN VERHOEF a 

~' Laboratory of Microbiology, Catharijnesingel 59, 35l I GG Utrecht, and I, Institute of Veterina O" Pharmacolo,g3", Pharmacy 
and Toxicology, State Universi O, of Utrecht, Biltstraat 172. 3572 BP Utrecht (The Netherlands) 

(Received March 26th, 1984) 

Key words: Araehidonate," Phagocyte function; (tluman neutrophiL Monocyte) 

Incubation of human polymorphonuclear leukocytes with arachidonic acid resulted in a stimulation of the 
oxidative metabolism of the cells. Upon stimulation with 80 # M  arachidonic acid, neutrophils (5.106 
cells/ml)  produced superoxide (53 + 8 n m o l / 5 . 1 0 6  cells per 15 rain), generated chemiluminescence 
(1211 100 + 157000 cpm) and consumed oxygen (20 + 1 nmol /106 cells per 5 rain). The stimulation of the 
cell metabolism could be reduced 40-60% by prior incubation of the cells with 10 /xM indomethacin. 
Incubating polymorphonuclear leukocytes with arachidonic acid also resulted in a diminished chemotaxis 
towards an attractant, a decreased uptake of opsonized staphylococci and aggregation of the cells. This may 
be due to inhibitory products of arachidonic acid metabolism and toxic oxygen species produced during 
stimulated oxidative metabolism. The effects of arachidonic acid are specific for neutrophils, as mononuclear 
phagocytes only produced 17 + 8 nmol superoxide/5 • 106 cells per 15 min and generated 27000 + 15000 
cpm chemiluminescence when stimulated with 80 /~M arachidonic acid. When monocytes and neutrophils 
were stimulated with particles such as opsonized staphylococci, the amount of superoxide produced, oxygen 
consumed and chemiluminescence generated were similar. The phagocytic activity of the monocytes was also 
not affected by prior incubation with arachidonic acid. We conclude that in contrast to monocytes, neutrophil 
metabolism can be stimulated with arachidonic acid and this stimulation resulted in a decreased phagocytic 
activity of these cells. 

Introduction 

The process of phagocytosis of microorganisms 
by polymorphonuclear leukocytes and mono- 
nuclear phagocytes can be separated into four 
distinct, but interrelated, phases: chemotaxis, op- 
sonization, ingestion and killing [1,2]. Phagocytosis 
is accompanied by a burst in oxygen consumption, 
hexose monophosphate shunt activity and forma- 
tion of activated toxic oxygen species [1,3,4]. 
Phagocytosis is also associated with a decrease in 
the amount of arachidonic acid in the phospholi- 
pid fraction of the phagocytic vacuole membranes 
[5] and by an increased production of prostaglan- 

dins and leukotrienes [6-8]. Release of arachidonic 
acid from the cell membrane is a result of mem- 
brane perturbations, which can be brought about 
by, for example, inflammatory or immunological 
stimuli [7-10], calciumionophores [11] or mechani- 
cal agitation [12]. Arachidonic acid can be 
oxygenated by cyclooxygenase to form pros- 
taglandin G2, which can be converted to the other 
prostaglandins and thromboxanes and by lipoxy- 
genases to form hydroperoxyeicosatetraenoic acids, 
which can be metabolized to either analogous hy- 
droxyeicosatetraenoic acids or leukotrienes [13,14]. 
Leukotriene B 4 [15], several monohydroxyeicosa- 
tetraenoic acids [16] and prostaglandin E 1 [6] are 
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chemotactic for neutrophils. Arachidonic acid 
metabolites may play a role in the process of 
aggregation and adhesiveness of neutrophils 
[15,17]. Also, arachidonic acid itself affects the 
function of phagocytic cells. When neutrophils 
were incubated with this acid, cells aggregate [18] 
produce superoxide [19] and generate chem- 
iluminescence [20]. 

We have examined the effects of exogenous 
arachidonic acid on several human polymorpho- 
nuclear and mononuclear leukocyte functions. It 
was found that, in contrast to neutrophils, mono- 
cyte metabolism was not stimulated by arachidonic 
acid. The acid decreased chemotactic and phago- 
cytic activity of neutrophils, but not of monocytes. 
This work has been presented in part at the 22nd 
Interscience Conference on Antimicrobial Agents 
and Chemotherapy, Miami Beach, Florida, U.S.A., 
4 -6  October 1982 (Abstract 735) and the 17th 
Annual Meeting of the European Society for Clini- 
cal Investigation, Travemiande, F.R.G., 21-23 
April 1983 (Abstract 205). 

Materials and Methods 

Materials. Arachidonic acid (5,8,11,14-eicosa- 
tetraenoic acid, porcine liver grade 1, Sigma, St. 
Louis, MO) and indomethacin (Merck, Sharpe & 
Dohme BV, Haarlem, The Netherlands) were pre- 
pared as described previously [21]. Luminol (5- 
amino-2,3-dihydro-l,4-phthalazinedione; Sigma) 
was prepared in a 1.5 mM stock solution in di- 
methylsulfoxide. Ferricytochrome c (horse heart 
type VI), superoxide dismutase (E.C. 1.15.1.1.; 
bovine liver) and catalase (E.C. 1.11.1.6) were ob- 
tained from Sigma. All these reagents were dis- 
solved and diluted in Hanks '  balanced salt solu- 
tion, containing 0.1% gelatin (Gibco Biocult, Pais- 
ley, U.K.). Dextran ( M  r 70000), Percoll and 
Ficoll-Paque were obtained from Pharmacia Fine 
Chemicals AB, Uppsala, Sweden. Staphylococcus 
aureus Ev, a clinical isolate, was prepared as de- 
scribed previously [22]. The bacteria were 
opsonized in human pooled serum and diluted in 
Hanks '  balanced salt solution with 0.1% gelatin by 
incubating on a rotator for 30 rain at 37 o C [22]. 

Preparation of leukocyte suspensions. Polymor- 
phonuclear leukocytes and mononuclear phago- 
cytes were isolated from heparinized venous blood 

from healthy volunteers by dextran sedimentation 
of erythrocytes, differential density centrifugation 
on Ficoll-Paque, and NH4CI lysis of contaminat- 
ing erythrocytes [22,23]. The leukocyte suspensions 
were adjusted to a concentration of 5 -10  6 o r  

1 • 107 cel ls /ml Hanks '  medium. For some studies, 
neutrophils were obtained from a female patient 
with well-defined chronic granulomatous disease 
of childhood. 

Monocyte suspensions contained 70-75% lym- 
phocytes and were further purified using the rate 
zonal centrifugation method [24] modified by Dr. 
A.C. Bloem (Department of Clinical Immunology, 
University Hospital Utrecht, The Netherlands). 
1 -10  7 monocytes were centrifuged for 10 min at 
160 x g, and the supernatant solution was dis- 
carded and resuspended in 1 ml 90% (v /v )  Percoll 
(9 parts of Percoll mixed with 1 part of 10 times 
concentrated phosphate-buffered saline). 2-ml 
aliquots of 70, 60 and 30% Percoll solutions were 
layered over the 90% solution. The gradient was 
centrifuged for 5 min at 160 X g, and the cells at 
the interface between 30 and 60% Percoll were 
carefully removed and washed twice. The obtained 
cell suspensions contained 85-95% monocytes. 

Determinations of oxygen metabolism. Leuko- 
cytes (5.106 cells) were stimulated with 2.5.108 
colony-forming units of opsonized (5% serum) S. 
aureus or with 40, 80 or 160/~M arachidonic acid 
in a total volume of 1 ml Hanks '  medium at 37 °. 
Chemiluminescence was carried out in the pres- 
ence of 0.1 ml luminol (0.3/~M) in a liquid scintil- 
lation counter in out-of-coincidence mode [25,26]. 
Superoxide formation was determined as the su- 
peroxide dismutase-sensitive reduction of ferricy- 
tochrome c [26,27]. Oxygen consumption was mea- 
sured with a Clark electrode (model YSI 5331, 
Yellow Springs Instruments, Yellow Springs, OH) 
[28]. In some experiments, neutrophils were in- 
cubated with indomethacin for 10 min at 37°C, 
before adding arachidonic acid. 

Quantitation of phagocytosis. 0.1 ml leukocyte 
suspensions (1 .10  7 cells/ml) were incubated at 
37 o C with 0.1 ml arachidonic acid solutions (0, 80 
or 160 /tM) in poly(propylene)biovials (Biovials, 
Beckman, Chicago, IL). After 10 min, the vials 
were placed in ice/water,  and 0.2 ml pre-opsonized 
(5% serum) radiolabeled S. aureus suspension (5- 
1 0  7 bacter ia /ml)  was added to each vial and in- 
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cubated again for 2, 6 or 12 min at 37°C to study 
phagocytosis [29]. In some experiments, polymor- 
phonuclear leukocytes were incubated with ara- 
chidonic acid in the presence of ferricytochrome c, 
superoxide dismutase, catalase, thiourea, cyanide 
or indomethacin. 

Chemotaetic activity. 5 - 1 0  6 leukocytes were in- 
cubated with 0, 40 or 80/~M of arachidonic acid 
for 10 min at 37°C. The leukocytes were centri- 
fuged at 160 × g for 5 min and resuspended in 0.1 
ml Eagle's minimum essential medium (5-10 7 

cells/ml), and chemotactic activity was de- 
termined using the under-agarose technique [30,31]. 
In previous experiments, no differences were ob- 
served between a 4 or 18 h incubation of the 
agarose plates. Therefore, for convenience, migra- 
tion distance was read after 18 h incubation. 

Determination of enzyme activities. Leukocytes 
(5 - 106/ml) were incubated with 40, 80 or 160 t~M 
arachidonic acid or with 2.5.108 colony-forming 
units S. aureus (opsonized in 5% serum) in a total 
volume of 1 ml for 10 min at 37°C. The incuba- 
tions were stopped with 2.5 ml ice-cold phosphate- 
buffered saline and the leukocytes were centri- 
fuged at 160 × g for 10 min. Triton X-100 (BDH 
Chemicals, Poole, U.K.) solution was added to the 
pellet. After sonication for 2 × 10 s at 0°C,  the 
suspensions were centrifuged at 12000 × g for 10 
min, and the supernatant fluids were used for 
enzyme determinations. /3-Glucuronidase (EC 
3.2.1.31) was assayed using p-nitrophenyl-fl-D- 
glucuronide (Koch-Light Laboratories, Colnbrook, 
U.K.) as substrate [32]. Lactate dehydrogenase 
(EC 1.1.1.27) was determined spectrophotometri- 
cally at 366 nm by measuring the reduction of 
N A D H  by pyruvate [33]. 

Leukocyte aggregation. 5-10  6 leukocytes were 
allowed to equilibrate to 37 °C in an aggregometer 
tube. The cells were stimulated with 160 /LM 
arachidonic acid or with 2 .5 .108 opsonized 
staphylococci, and the decrease in light scattering, 
due to aggregation, was monitored at 609 nm [26]. 
The aggregometer/recorder system was calibrated 
with a granulocyte suspension diluted 1 : 3. 

Malonyldialdehyde formation. 4 • 107 neutrophils 
were mixed with 40, 80 or 160 /~M arachidonic 
acid or 4 - l 0  s , 1 -10  9 o r  2 - 1 0  9 colony-forming 
units S. aureus (opsonized in 5% serum) in a total 
volume of 1 ml and incubated at 37°C for 1 h. 

The formation of malonyldialdehyde was assayed, 
according to the method of Smith et al. [34]. 

Statistical analysis. Results have been expressed 
as the mean of three or more independent observa- 
tions_+ S.D. For significance analysis, Student's 
t-test was performed. P values exceeding 0.05 were 
considered not significant. 

Results 

Effect of arachidonic acid on superoxide production 
by phagocytic cells 

Superoxide production by polymorphonuclear 
and mononuclear phagocytes was determined by 
measuring the amount of ferricytochrome c reduc- 
tion. The leukocytes were stimulated with various 
amounts of arachidonic acid and with opsonized 
staphylococci (Table I). Differences between neu- 
trophils and monocytes in superoxide formation 
were found when the leukocytes were stimulated 
with arachidonic acid (Table I). Even when using 
very large amounts of arachidonic acid (1.6 mM) 
to stimulate the cells, monocytes still produced less 
superoxide than neutrophils (35 + 8 vs. 72 ± 3 
nmol 0 2 / 5 - 1 0  6 cells per 15 min, P < 0.001). In 
contrast to the effect of arachidonic acid, no sig- 
nificant differences between monocytes and neu- 
trophils were found when the leukocytes were 
stimulated with opsonized S. aureus (Table I). The 

T A B L E  I 

E F F E C T  O F  D I F F E R E N T  S T I M U L I  ON S U P E R O X I D E  

P R O D U C T I O N  BY P H A G O C Y T I C  C E L L S  

5-106 leukocytes  were incuba ted  with 0.1 ml fe r r icy tochrome c 

(0.9 mM)  and  wi th  a rach idonic  acid (n = 6) or wi th  opsonized  
s taphylococci  (n  = 4) for 15 min  at  37 o C. After  removal  of the 

cells and  bac te r ia  by  centr i fugat ions ,  the a m o u n t  of superoxide  
p roduced  was de te rmined  by  measur ing  the absorp t ion  of the 

mix tu re  at  550 nm. 

Superoxide  p roduc t ion  (nmol  
02/5-106 cells per  15 min)  

neut rophi l s  monocy tes  

40 v M  arachidonic  acid 10_+ 2 

80 # M  arachidonic  acid 53 5= 8 
160 # M  arachidonic  acid 57 + 10 
2 .5 .108 S. aureus  4 2 +  3 

8--/-_7 

1 7 + 8  a 
29_+9 b 

42_+6 

P values  compared  to neu t rophi l  values: 

a p < 0.001; 
b P < 0.01. 



monocyte preparations used contained approx. 
70-75% lymphocytes. It could be that these 
lymphocytes contributed to the different results 
between monocytes and neutrophils. Therefore, 
monocyte-lymphocyte preparations were further 
purified by Percoll-gradient centrifugation. The 
purified preparations (58-95% monocytes) were 
also stimulated with arachidonic acid and 
opsonized staphylococci. No differences were ob- 
served between the amount of superoxide pro- 
duced by the lymphocytes-containing monocyte 
suspension and by the purified monocyte suspen- 
sion after stimulation (data not shown). 

Effect of arachidonic acid on oxygen consumption by 
phagocytic cells 

Oxygen consumption of monocytes (containing 
only 5-15% lymphocytes) and neutrophils was 
measured with a Clark electrode. No differences in 
oxygen consumption were observed when the 
leukocytes were stimulated with bacteria (11.0 + 
0.9 vs. 12.3 + 0.8 nmol O2///10 6 cells) in the first 5 

Arachidonic acid Bacterla 
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Fig. 1. Generation of chemiluminescence by polymorpho- 
nuclear leukocytes (O) and mononuclear phagocytes (zx) stimu- 

lated with S. aureus  or with arachidonic acid. Leukocytes 
(5-106) were incubated with 2.5-108 S. aureus  or with 160/~M 
arachidonic acid in the presence of 0.03 nmol luminol in a total 
volume of 1 ml. The generation of chemiluminescence was 

measured for 0.1 min every 12 s over a 5-10 rain period in a 
liquid scintillation counter in out-of-incidence mode. Repre- 
sentative experiments of n = 7 (arachidonic acid) and n = 3 
(bacteria). 
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rain after stimulation. However, when the cells 
were stimulated with arachidonic acid, a great 
difference between the two cell populations was 
observed. Monocytes consumed only 5.3-t-0.7 
n m o l  O2//10 6 cells compared to 20 .0_  1.1 nmol 
O2//106 cells by neutrophils in the first 5 rain after 
stimulation. 

Effect of arachidonic acid on the generation of 
chemiluminescence by phagocytic cells 

Monocytes generated almost no chemilumines- 
cence when stimulated with arachidonic acid (Fig. 
1). On the other hand, neutrophils generated a 
large amount of chemiluminescence. Arachidonic- 
acid-treated neutrophils produced 150-104 cpm 
compared to 10.104 cpm by arachidonic-acid- 
treated monocytes. When these cells were stimu- 
lated by opsonized staphylococci, 100.104 and 
50 .10  4 cpm were generated, respectively. No dif- 
ferences in chemiluminescence response between 
monocyte-lymphocyte suspensions and purified 
monocyte suspensions were observed (data not 
shown). 

Effect of indomethacin on the metabolic burst of 
neutrophils 

As is shown, on incubation with arachidonic 
acid, polymorphonuclear leukocytes produced su- 
peroxide, generated chemiluminescence and con- 
sumed oxygen. The stimulation of the cell 
metabolism could be reduced to 40-60% by prior 
incubation of the cells with indomethacin (10 #M) 
for 10 rain at 37°C (Table II). Although, less 
pronounced, similar effects were observed when 
neutrophils were incubated with lower concentra- 
tions of indomethacin (0.1-5/xM). 

Aggregation of phagocytic cells 
Monocytes and neutrophils were incubated with 

arachidonic acid or opsonized bacteria, and the 
degree of aggregation was followed at 609 nm in 
an aggregation module. Both cell types showed a 
similar aggregation response when incubated with 
bacteria (Fig. 2). However, arachidonic-acid- 
treated neutrophils aggregated to a much larger 
degree than arachidonic-acid-treated monocytes, 
again indicating that the effect of arachidonic acid 
on polymorphonuclear leukocytes was much more 
pronounced than that on mononuclear phagocytes. 
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T A B L E  II 

E F F E C T  OF I N D O M E T H A C I N  ON T H E  M E T A B O L I C  B U R S T  O F  N E U T R O P H I L S  S T I M U L A T E D  W I T t l  A R A C H I D O N I C  
A C I D  

5-106 neut rophi l s  were incuba ted  with 10 ~ M  indomethac in  for 10 min  at 37 o(, ,  whereaf ter  80 /*M arachidonic  acid was added 

(n = 5). Metabo l ic  act ivi ty  of the neut rophi l s  was s tudied by measur ing  the a m o u n t  of superoxide  produced,  oxygen consumed  and 
chemi luminescence  generated.  

Superoxide  p roduc t ion  Oxygen consumpt ion  Chemi luminescence  

(nmol  0 2 / 5 - 1 0 6  c e l l s / 1 5  min)  (nmol  O 2 / 1 0 6  cells per  15 rain) (cpm x 10 3 ) 

Cont ro l  53_+8 21 + 4  1 211 -+ 157 
Indomethac in  24-+ 5 a 11 + 2 b 775 + 87 ~ 

P values  compared  to control  values: 
P < 0.001; 

P < 0.01. 

Effect of arachidonic acid on chemotactic activity of 
phagocytic cells 

Leukocytes were incubated with 0, 40 or 80 ffM 
arachidonic acid for 10 min at 37°C,  after which 
chemotaxis of the cells was measured under  agarose 
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Fig. 2. Aggrega t ion  of neu t rophi l s  (PMN)  and  monocy tes  ( M N )  
incuba ted  wi th  a rach idonic  acid or S. aureus .  5.106 leukocytes  
were s t imula ted  wi th  160 /*M arach idonic  acid or 2.5.108 of 

opsonized  bac te r ia  in a total  vo lume of 0.5 ml. Aggrega t ion  was 
mon i to r ed  by measur ing  the decrease in l ight  scat ter ing at  609 
nm. Resul ts  shown are representa t ive  of three separa te  experi-  

ments .  

(Fig. 3). Incubating mononuclear phagocytes with 
arachidonic acid had no effect on the migration 
distance of the cells. Control cells migrated 1.64 _+ 
0.23 mm, and monocytes incubated with 40 or 80 
ffM arachidonic acid migrated 1.89 +0 .29  and 
1.71-t-0.28 mm, respectively. In contrast, neu- 
trophils lost their ability to migrate towards an 
attractant when these cells were incubated with 
arachidonic acid. Control cells migrated 1.86 + 
0.22 mm, cells incubated with 40 ffM arachidonic 
acid migrated 1.01 +0 .16  mm ( P < 0 . 0 0 1 )  and 
with 80 #M 0.21 _+ 0.20 mm (P < 0.001). 
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Fig. 3. Chemotax i s  of po lymorphonuc l ea r  leukocytes  (PMN)  
and  mononuc lea r  phagocytes  ( M N )  incuba ted  wi th  0, 40 or 80 
/*M arachidonic  acid. Chemotax i s  was per formed  under  agarose  
towards  zymosan-ac t iva ted  serum at 3 7 ° C  for 18 h in a 
humid i f i ed  a tmosphere  of 5% C O 2 / 9 5 %  air. Migra t ion  dis- 
tance  was measured  microscopica l ly  in m m  and di rected migra-  
t ion was ca lcula ted  as migra t ion  towards  zymosan-ac t iva ted  
se rum minus  spon taneous  migrat ion.  N.S., not  s ignif icant .  



Effect of arachidonic acid on uptake of S. aureus by 
phagocytic cells 

In Fig. 4, the effect of arachidonic acid on 
phagocytosis of S. aureus by polymorphonuclear 
and mononuclear leukocytes is shown. The leuko- 
cytes were incubated with 0, 80 or 160 /~M 
arachidonic acid for 10 min at 37°C. Staphylo- 
cocci were opsonized in 5% serum and were then 
added to the cells. Uptake of staphylococci by 
neutrophils decreased as the ceils were incubated 
with increasing amounts of arachidonic acid. When 
the cells were treated with 160 #M arachidonic 
acid, only 42% of the radiolabeled bacteria were 
taken up, compared to 93% of staphylococci by 
control cells. When the neutrophils were incubated 
with arachidonic acid at 0°C,  no decrease in 
phagocytic activity could be observed. In contrast 
to neutrophils, no diminished phagocytic function 
was observed when monocytes were incubated with 
arachidonic acid at 37 °C compared to untreated 
cells (Fig. 4). 

Toxic oxygen species, produced during the in- 
cubation of neutrophils with arachidonic acid, 
could be responsible for the observed decreased 
phagocytic activity of the cells after incubation 
with arachidonic acid. Cells from patients with 
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Fig. 4. Phagocytosis of S. aureus,  opsonized in 5% serum, by 

monocytes (MN) and neutrophils (PMN) incubated with 0 (O), 

80 (zx) or 160 (O) #M arachidonic acid. 1.106 leukocytes were 

mixed with 1 .107  opsonized radiolabeled bacteria and 

incubated for 2, 6 and 12 min at 37°C.  Unassociated 

staphylococci were removed by washings and centrifugations 

(160 × g for 5 min). From the amount of cell-associated radio- 

activity the uptake of S. aureus  was calculated. Data  represent 

n = 7 for polymorphonuclear and n = 3 for mononuclear 

leukocytes. 

chronic granulomatous disease do not produce 
oxygen species [4], and these cells were less af- 
fected by incubation with arachidonic acid than 

TABLE III 

EFFECT OF A R A C H I D O N I C  A C I D  ON PHAGOCYTOSIS OF BACTERIA BY CONTROL A N D  C H R O N I C  

GRANULOMATOUS DISEASE NEUTROPHILS A N D  IN THE PRESENCE OF VARIOUS OXYGEN SCAVENGERS OR 

INDOMETHACIN 

1.106 neutrophils were incubated with arachidonic acid at 37 o C with or without oxygen scavengers or indomethacin (n = 3). After 10 

min, preopsonized staphylococci were added to measure the phagocytic capacity of the cells, n.d., not done. 

% uptake of bacteria in the presence of arachidonic acid at (# M): 

0 80 160 320 

Control neutrophils 93 + 6 
Chronic granulomatous disease neutrophils 91 + 5 
Ferricytochrome c (1.5 mM) 90 ± 8 

Superoxide dismutase (1.5 m g / m l )  86 + 8 

Catalase (0.5 m g / m l )  85 + 7 

Superoxide dismutase + catalase (1.5 and 0.5 m g / m l )  88 + 6 

Thiourea (50 raM) 88 + 10 

Cyanide (10 mM) 86 + 9 
Indomethacin (20 # M) 89± 5 

76+  8 45_+10 3-1- 2 
93-t- 6 a 76+ 7 a 5+  4 
81-1- 8 66+  9 ~ 25+11 b 

52+10  a 47+  8 26+12  b 

4 6 + 1 0  b 25+ 8 ~ 1_+ 3 

56+ 7a 39+ 9 n.d. 

66+  8 48+  8 2_+ 4 

78+ 8 76_+ 6a  n.d. 
80+ 5 63+ 7 t' 25+ 7 d 

P values compared to control values: 

a p < 0.05; 
b p < 0.02; 

c P < 0.01; 
d p < 0.005. 
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control  neutrophi ls  (Table III). Po lymorpho-  

nuclear  leukocytes were also incubated with 

arachidonic  acid in the presence of agents which 

scavenge oxygen species (10 rain at 37°C) ,  

whereaf ter  phagocytosis  was measured (Table III). 

Fe r r i cy tochrome c and cyanide prevented  the ef- 

fect of  arachidonic  acid on phagocytosis,  and su- 

peroxide dismutase had only a prevent ive effect 

when high amounts  of arachidonic  acid were pre- 

sent. The hydroxylscavenger  thiourea had no ef- 

fect, and catalase .even enhanced the effect of  

arachidonic  acid on the phagocyt ic  capacity. 

When neutrophi ls  were incubated with ara- 

chidonic  acid in the presence of indomethacin ,  the 

decrease in phagocyt ic  activity was less pro-  

nounced  than after incubat ion  with arachidonic  

acid only (Table III). 

E n z y m e  release f r o m  neutrophils 

Polymorphonuc lea r  leukocytes were incubated  

with arachidonic  acid or with opsonized S. aureus 

for 10 min at 3 7 ° C ,  whereaf ter  the amounts  of  

f l -glucuronidase and lactate dehydrogenase  re- 

leased were measured (Table IV). Neut rophi l s  in- 

cubated  with bacter ia  released fl-glucuronidase,  

but  no release of the cytosol  enzyme lactate dehy- 

drogenase was observed.  When  the cells were in- 

TABLE IV 

EFFECT OF DIFFERENT STIMULI ON THE ENZYME 
RELEASE FROM NEUTROPHILS 

5-10 6 leukocytes were incubated with the different agents in a 
total volume of 1 ml for 10 rain at 37 o C. Enzyme determina- 
tions took place on the cell fractions (n = 5). Lactate dehydro- 
genase was determined by measuring the reduction of NADH 
by pyruvate spectrophotometrically at 366 nm. fl-Glucuroni- 
dase activity was assayed with p-nitrophenyl-fl-D-glucuronide 
as substrate. 

Agent Enzyme release (% of total activity) 

lactate fl-glucuronidase 
dehydrogenase 

Control 5 _+ 5 
2.5-108 S. aureus 3+6 
40/~ M arachidonic acid 1 + 7 
80/t M arachidonic acid 6 + 8 
160/~M arachidonic acid 12 ± 6 ~ 

2±6 
35±3 b 
1±7 
2±7 
8±9 

P values compared to control values: 
P < 0.05; 

b P < 0.001. 

TABLE V 

MALONYLDIALDEHYDE DETERMINATIONS OF NEU- 
TROPHILS INCUBATED WITH ARACHIDON1C ACID 
OR STAPHYLOCOCCI 

4.107 neutrophils were mixed with the different agents in a 
total volume of 1 ml and incubated for 1 h at 37°C. The 
reaction was stopped by adding a trichloroacetic acid-hydro- 
chloride acid mixture. After mixing with thiobarbiturate and 
heating for 15 min at 37 °C the absorption was determined at 
530 nm (n = 4). 

Agent E530 nm 

Control 0.022 _+ 0.014 
40 tt M arachidonic acid 0.035 + 0.004 
80 # M arachidonic acid 0.064 + 0.004 ~ 
160 # M arachidonic acid 0.159 + 0.048 ~ 
4-108 S. aureus 0.044_+0.003 
1.109 S. aureus 0.080_+0.004 ~ 
2.10 9 S. aureus 0.152_+0.020 a 

a p < 0.001 compared to control values. 

cubated  with arachidonic  acid, no release of  en- 

zymes could be observed.  Only neutrophi ls  in- 

cubated  with 160 t tM arachidonic  acid showed a 

slight decrease in the total amount  of  lactate dehy- 

drogenase.  When  the cells were incubated for 30 

min  with 160 ~ M  arachidonic  acid, a decrease in 

the total amot~nt of  lactate dehydrogenase  and 

f l -g lucuronidase  could be observed (15-25% re- 

lease), indicat ing that the p l a smamembrane  of 

neutrophi ls  could be damaged  after incubat ion  

with high amounts  of  arachidonic  acid for a long 

per iod of time. 

Lip id  peroxidation by neutrophils 
The  oxidat ive degradat ion  of  unsaturated fatty 

acids was fol lowed by the de terminat ion  of the 

amoun t  of malonyldia ldehyde,  a metabol i te  formed 

dur ing lipid peroxidat ion  by oxygen metabol i tes  

[34,35]. Po lymorphonuc lea r  leukocytes were in- 

cubated  with different  amounts  of  arachidonic  acid 

and opsonized staphylococci  and a dose-depen-  

dent  result was observed (Table V). When  more  

arachidonic  acid or bacteria were used, a higher 

amount  of malonyld ia ldehyde  was formed. 

Discussion 

When  exogenous arachidonic  acid was added  to 
phagocyt ic  cells, different  effects were observed. 



High levels of oxygen consumption, superoxide 
production and chemiluminescence generation 
were measured when neutrophils were incubated 
with arachidonic acid. In contrast, monocytes were 
less able to induce a burst in oxidative metabolism 
after incubation with arachidonic acid. Also, 
arachidonic-acid-treated neutrophils aggregated to 
a much higher degree than incubated monocytes. 
After exposure to arachidonic acid, phagocytosis 
of bacteria and chemotaxis towards an attractant 
by neutrophils was greatly diminished. However, 
exogenous arachidonic acid in the concentrations 
tested had no effects on phagocytic and chem- 
otactic activity of mononuclear phagocytes. 

The decreased chemotactic and phagocytic ac- 
tivity of neutrophils observed after incubation with 
arachidonic acid could be due to inhibitory action 
of metabolic derivatives of arachidonic acid. Addi- 
tion of arachidonic acid to neutrophils results in 
the formation of mono- and dihydroxyeico- 
satetraenoic acids [16,36,37] which can be metabo- 
lized to leukotrienes and prostaglandins. Leu- 
kotriene B 4 is a chemokinetic and aggregating sub- 
stance released from activated neutrophils [8,15, 
36]. Stimulated neutrophils also produce thrombo- 
xane A 2, which enhances the aggregation and 
adhesiveness of the cells to nylon wool [17]. The 
production of these aggregating and adherence-in- 
creasing agents could result in diminished chem- 
otaxis towards zymosan-activated serum and a 
decreased phagocytic capacity of polymorpho- 
nuclear leukocytes. Also, the stimulation of neu- 
trophil metabolism by arachidonic acid was re- 
duced 40-60% by prior incubation of the neu- 
trophils with indomethacin. Indomethacin is an 
inhibitor of prostaglandin synthesis [38]. Also, the 
decreasing effect on phagocytosis was partly 
abolished by indomethacin. Andersen et al. [39] 
found that indomethacin inhibits the chem- 
iluminescence response, but it failed to block the 
oxygen consumption and glucose metabolism after 
arachidonic acid stimulation. Yoshimoto et al. [20] 
and Badwey et al. [19] also did not observe any 
effect of indomethacin on the metabolic response 
of neutrophils to arachidonic acid. A possible rea- 
son for these differences could be their time of 
incubation with indomethacin, before adding 
arachidonic acid, which was shorter than in our 
experiments. 
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An other explanation for the inhibitory action 
of arachidonic acid on neutrophil function could 
be the injurious effect of toxic oxygen species. 
These oxygen species were indeed produced by the 
cells during incubation with arachidonic acid, as 
we demonstrated by the enhanced superoxide pro- 
duction and chemiluminescence generation. Cellu- 
lar oxygen metabolism is involved in the process 
of lipidperoxidation [35]. This process has been 
shown to result in severe damage to cellular mem- 
branes [40]. That arachidonic acid was capable of 
initiating lipidperoxidation was determined by the 
production of malonyldialdehyde, a secondary 
product of lipidperoxidation. Also, the aggregation 
experiments indicated that the cell membrane 
structure of the neutrophils was altered. Moreover, 
cells from a patient with chronic granulomatous 
disease were less sensitive for the decreasing activ- 
ity of arachidonic acid on phagocytic cell function. 
These cells are able to metabolize arachidonic acid 
into hydroxyeicosatetraenoic acids and leu- 
kotrienes [41], but are not able to inactivate these 
biological mediators by an oxidative mechanism 
[42]. Scavengers of oxygen species were able to 
interfere with the effect of arachidonic acid on 
phagocytosis; cyanide, cytochrome c and super- 
oxide dismutase prevented the effect of arachidonic 
acid on phagocytic cell activity. Cyanide, like other 
h e m e  inhib i tors ,  b locks  the act ivi ty  of  
myeloperoxidase and catalase. This results in an 
accumulation of H202 [43]. The excess of H202, 
and also cyanide itself, could possibly oxidize 
arachidonic acid, which results in a diminished 
amount  of arachidonic acid available to induce 
phagocytic disfunction. The effect of arachidonic 
acid on phagocytosis was totally absent at an 
incubation temperature of 0 o C, indicating that an 
active metabolism of the neutrophils is needed for 
the observed decreasing activity of arachidonic 
acid. 

As mentioned, the effects of arachidonic acid 
on the phagocytic cell function are specific for 
neutrophils. After incubation with arachidonic 
acid, monocytes produced superoxide, generated 
chemiluminescence and consumed oxygen to a 
much lesser extent as compared to neutrophils. 
Phagocytosis and killing of bacteria by human 
polymorphonuclear and mononuclear leukocytes 
are similar [1,2,22], but the metabolic response of 
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monocytes following phagocytosis of particles is 
somewhat less than that of neutrophils [44]. How- 
ever, the difference in the extent of the metabolic 
burst upon stimulation with arachidonic acid be- 
tween monocytes and neutrophils was much larger 
than that observed after stimulation with opsonized 
particles. It remains possible that incubation of 
monocytes with arachidonic acid did not lead to 
peroxidation and that no membrane damage 
occurred, so that the phagocytic and chemotactic 
activity of the monocytes remained unaltered. An 
other possibility is that arachidonic-acid-treated 
monocytes did not generate arachidonic acid 
metabolites which potentially affect phagocytic cell 
function. To test this hypothesis, further experi- 
ments have to be performed to examine whether 
there are differences in arachidonic acid metabo- 
lism between these two phagocytic cell types. 
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