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Activation of neutral sphingomyelinase in human neutrophils by polyunsaturated
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SUMMARY

Although unesterified polyunsaturated fatty acids (PUFA) have been shown to elicit marked
changes in neutrophil function, the associated signal transduction processes require clarification.
In this study we examined the effect of PUFA on the sphingomyelin (SM)-signalling cycle in
human neutrophils. Treatment of neutrophils with eicosatetraenoic acid [arachidonic acid,
20: 4(n-6)] caused a decrease in the mass of cellular SM and an increase in the level of ceramide.
20:4(n-6)-stimulated neutral sphingomyelinase (SMase) activity of the leucocytes in a time- and
concentration-dependent manner. Other unsaturated fatty acids, docosahexaenoic [22:6(n-3)],
eicosapentaenoic [20:5(n-3)], octadecenoic [oleic, 18:1 (n-9)] and octadecadienoic [linoleic,
18:2(n-6)] acids also had the capacity to activate neutral SMase; however, certain 20:4(n-6)
derivatives {20: 4(n-6) methyl ester [20: 4(n-6)ME], 1 5-hydroperoxyeicosatetraenoic (1 5-HPETE)
and 15-hydroxyeicosatetraenoic (15-HETE) acids}, very-long-chain PUFA {tetracosatetraenoic
[24:4(n-6)] and octacosatetraenoic [28:4(n-6)] acids} and saturated fatty acids [octadecanoic
(stearic, 18:0) and eicosanoic (arachidic, 20:0) acids] had no significant effect. Activation of
neutral SMase by 20:4(n-6) appeared to involve metabolism via 20:4(n-6)CoA (arachidonoyl
CoA) and was not dependent on prostaglandin and leukotriene synthesis. All of the fatty acids
and derivatives tested failed to activate acidic SMase of neutrophils. Ceramide was found to
inhibit 20:4(n-6)-induced superoxide generation by the cells. It is envisaged that the PUFA-
induced ceramide production in neutrophils plays a role in the regulation of biological responses.

INTRODUCTION

Exogenous unesterified polyunsaturated fatty acids (PUFA)
such as eicosatetraenoic acid [arachidonic acid, 20:4(n-6)]

Received 9 January 1997; accepted 13 February 1997.

Abbreviations: ANOVA, analysis of variance; BSA, bovine serum
albumin; C2-ceramide, N-acetylsphingosine; DMSO, dimethyl sulph-
oxide; FMLP, N-formyl-L-methionyl-L-leucyl-L-phenylalanine;
GLC, gas-liquid chromatography; HBSS, Hanks' balanced salt
solution; 15-HETE, 15-hydroxyeicosatetraenoic acid; 15-HPETE, 15-
hydroperoxyeicosatetraenoic acid; NDGA, nordihydroguaiaretic acid;
PUFA, polyunsaturated fatty acid(s); 20:4(n-6), eicosatetraenoic acid
(arachidonic acid); 24: 4(n-6), tetracosatetraenoic acid; 28: 4(n-6),
octacosatetraenoic acid; 20:5(n-3), eicosapentaenoic acid; 22:6(n-3),
docosahexaenoic acid; 16:0, hexadecanoic acid (palmitic acid); 18:0,
octadecanoic acid (stearic acid); 19: 0, nonadecanoic acid (nonadecylic
acid); 20:0, eicosanoic acid (arachidic acid); 22:0, docosanoic acid
(behenic acid); 24: 0, tetracosanoic acid (lignoceric acid); 18: 1 (n-9),
octadecenoic acid (oleic acid); 22:1, docosenoic acid (erucic acid);
24: 1, tetracosenoic acid (nervonic acid); 18:2(n-6), octadecadienoic
acid (linoleic acid); 20:4(n-6)ME, arachidonic acid methyl ester;
20: 4(n-6)CoA, arachidonoyl CoA; SM, sphingomyelin; SMase,
sphingomyelinase; TLC, thin-layer chromatography.

Correspondence: Dr B. S. Robinson, Department of Immuno-
pathology, Women's and Children's Hospital, 72 King William Road,
North Adelaide, South Australia 5006, Australia.

exert a range of effects on neutrophils including stimulation
of superoxide production,'-9 induction of degranulation,'0-12
inhibition of cell migration/chemotaxis,13 modification of cell
adhesion to endothelial cells'4 and enhancement of cell-surface
receptor expression.14 Several agonists can elicit release of
endogenous 20:4(n-6) from membrane phospholipids by the
activation of phospholipase A2, and 20:4(n-6) thus liberated
and its eicosanoid metabolites have been proposed to partici-
pate in neutrophil stimulation.'5-20 PUFA have been shown
to induce several signal transduction processes linked to cellu-
lar responses which include activation of various enzymes,
modulation of ion channels and interaction with GTP-binding
proteins.2124

Recent studies, predominantly those using the human
leukaemia cell lines HL-60 and U937, have demonstrated that
sphingolipids play a role in signal transduction and cell
regulation. A sphingomyelin (SM)-signalling cycle has been
identified whereby activation of sphingomyelinase (SMase) by
certain extracellular agents (such as tumour necrosis factor-o,
interferon-y, interleukin-lB and la,25-dihydroxyvitamin D3)
leads to the hydrolysis of cellular SM to generate ceramide.253'
Ceramide has been identified as a key second messenger
mediating many of the effects of extracellular agonists,
including suppression of cell growth, promotion of cellular
differentiation, down-regulation of the c-myc proto-oncogene,
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modulation of cellular protein phosphorylation and induction
of programmed cell death (apoptosis).253' In the present
paper we have investigated the effect ofPUFA on the SM-cycle
in human neutrophils. We report that these fatty acids promote
the release of ceramide from SM in these cells by the activation
of a neutral SMase. Ceramide production in neutrophils
elicited by PUFA may down-regulate biological responses.

MATERIALS AND METHODS

Materials
[Methyl-3H]choline chloride (80 Ci/mmol) was purchased
from Amersham Australia Pty. Ltd (North Ryde, NSW,
Australia). 20:4(n-6), eicosapentaenoic acid [20:5(n-3)],
docosahexaenoic acid [22: 6(n-3)], octadecenoic acid [oleic
acid, 18:1 (n-9)], octadecadienoic acid [linoleic acid,
18:2(n-6)], octadecanoic acid (stearic acid, 18:0), eicosanoic
acid (arachidic acid, 20:0), arachidonic acid methyl ester
[20:4(n-6)ME], bovine serum albumin (BSA, essentially fatty
acid free), 2',7'-dichlorofluorescein, indomethacin, nordihydro-
guaiaretic acid (NDGA), p-nitrophenyl phosphate, fi-
glycerophosphate, phenylmethylsulphonyl fluoride, Na3VO4,
Na2MoO4, ATP, leupeptin, aprotinin, benzamidine and
butylated hydroxytoluene were purchased from Sigma
Chemical Co. (St. Louis, MO). N-acetylsphingosine (C2-cera-
mide) and triacsin C were from BIOMOL Research
Laboratories Inc. (Plymouth Meeting, PA) and dithiothreitol
was from Eastman Kodak Co. (Rochester, NY). Silica gel
60 thin-layer chromatography (TLC) plates (200 x 200
x 0-25 mm) were obtained from E. Merck (Darmstadt,
Germany) and scintillation cocktail (Opti Phase 'Hi Safe' 3)
was supplied by LKB Wallac (Turku, Finland). To prepare
[choline-methyl-3H ]SM (6 mCi/mmol), HeLa cells (seeded at
0 5 x 106 cells/25 ml Dulbecco's Modified Eagle's
Medium/dish; 10 x 15 cm dishes) were incubated with [methyl-
3H]choline chloride (25,Ci/dish) at 370 in air/CO2 (19:1,
v/v) for 8 days. After harvesting the cells, lipids were extracted
by the method of Bligh and Dyer32 and radiolabelled
SM purified by TLC (solvent system chloroform/methanol/
acetic acid/water: 50:30:8: 3 5, by vol.). Tetracosatetraenoic
acid [24:4 (n-6)] was prepared as described by Street et al.33
and octacosatetraenoic acid [28:4(n-6)] was synthesized by
the procedures of Johnson34 and Johnson and Poulos.35
15-hydroperoxyeicosatetraenoic acid (1 5-HPETE) and
15-hydroxyeicosatetraenoic acid (1 5-HETE) were prepared as
previously described.36 All other chemicals were of reagent
grade. Solvents were distilled prior to use and contained the
antioxidant butylated hydroxytoluene (0-005%, w/v).

Preparation ofagonists
Fresh dilutions of fatty acids and derivatives (concentrated
stocks in chloroform) were prepared daily by taking an aliquot
of the stock to dryness under N2, redissolving the residue in
ethanol to make 20 mM, adding water to make 3-3 mm and
then Hanks' balanced salt solution (HBSS) to make 20 fM
and more dilute solutions. Indomethacin, NDGA, C2-ceramide
(concentrated stocks in ethanol) and triacsin C [concentrated
stock in dimethyl sulphoxide (DMSO)] were diluted with
HBSS immediately prior to use. Ethanol or DMSO alone
appropriately diluted in HBSS were used as controls. The final
concentration of ethanol or DMSO in neutrophil incubations

was less than 0 2% (v/v). TLC and gas-liquid chromatography
(GLC)-mass spectrometry indicated that the lipids were of
high purity. Agonists and buffer were shown to be free of
endotoxin contamination using the Limulus Amoebocyte
Lysate assay.

Isolation ofneutrophils
Human neutrophils were isolated from the peripheral blood
of healthy volunteers by the rapid single-step method of
Ferrante and Thong.37 In the majority of cases, the preparation
of neutrophils was of >99% purity and >99% viability as
judged by morphological examination of cytospin preparations
and the ability of viable cells to exclude trypan blue stain.
Neutrophils were suspended in HBSS (3-33 x 106 cells/ml) and
used within 30 min of preparation. Trypan blue exclusion and
lack of lactate dehydrogenase release indicated that the cells
remained viable throughout subsequent incubations.

Determination ofSM and ceramide mass
Neutrophils (i10) were preincubated in 9 ml of HBSS at 370
for 5 min. The cells were then incubated with and without
20gM 20:4(n-6) in 10ml of HBSS at 37° for 15min. The
incubate was centrifuged at 600 g for 5 min at room tempera-
ture and the medium was discarded. The cell pellet was
resuspended in 1 ml of water and 3-75 ml of chloroform/
methanol/acetic acid (1:2:0-02, by vol.) was added38 The
mixture was left at 4° overnight and subsequently partitioned
by the addition of 1 25 ml of chloroform and 1 25 ml of
water.32 Concentrated lipid extracts (three pooled samples)
were applied to silica gel 60 TLC plates and developed in
chloroform/methanol/acetic acid/water (50:30:8 :3-5, by vol.)
to isolate SM and in diethyl ether/methanol (99: 1, by vol.) to
isolate ceramide. Identification of the lipids was based on a

comparison of their TLC mobility with that of authentic
unlabelled standards. The SM and ceramide zones were located
under ultraviolet light after spraying the plates with 0-2% (w/v)
dichlorofluorescein in 95% (v/v) ethanol. The lipids were eluted
from the silica gel with chloroform/methanol/acetic acid/water
(50:39:1:10, by vol.)39 and the extracts were partitioned with
1 M NH40H to remove the dye and then washed with
methanol/water (1: 1,v/v). The lipid samples were transes-
terified and the resulting fatty acid methyl esters quantified by
GLC using nonadecanoic acid (nonadecylic acid, 19:0;
50 nmol) as a reference standard.40

Assay ofneutral and acidic SMase
The micellar SMase assay using exogenous [choline-methyl-
3H ] SM was conducted according to Wiegmann et al.41 with
some modifications. Neutrophils (3 x 106) were preincubated
in the presence and absence of triacsin C (acyl CoA synthetase
inhibitor), indomethacin (cyclooxygenase inhibitor) or NDGA
(lipoxygenase inhibitor; 5-50 tM) in 2-7 ml of HBSS at 370
for 5 min. The cells were subsequently incubated with and
without fatty acids or derivatives (2 5-30 gM) in 3 ml of HBSS
at 370 for up to 30 min. The treatment was terminated by
immersing the incubate in a methanol/dry ice bath for 5
seconds. After centrifugation at 600 g for 5 min at 4°, the cell
pellet was washed twice with 3 ml of ice-cold HBSS. To
measure neutral SMase activity, cell pellets were resuspended
in 0 2 ml of lysis buffer containing 20 mm HEPES (pH 7-4),
10 mM MgC12, 2 mm EDTA, S mm dithiothreitol, 38 mM
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p-nitrophenyl phosphate, 10 mm /1-glycerophosphate, 1 mM
phenylmethylsulphonyl fluoride, 100 JiM Na3VO4 100 JM
Na2MoO4, 750 JiM ATP, 20 JM leupeptin, 5 JUM aprotinin,
64 JiM benzamidine and 0 2% (v/v) Triton-X-100. After 15 min
at 40, the cells were homogenized by repeated aspiration using
a 0 2 ml pipette and then centrifuged at 800 g for 7 min at 40.
Aliquots of the supernatants (10 Gisl, containing approxi-
mately 10 Mg of protein) were incubated with [choline-methyl-
3H]SM (0-02 yCi, 67 UM) in 50 GpIl final vol. of 20 mM
HEPES, 1 mM MgCl2 buffer (pH 7 4) at 370 for 120 min. The
amount of [3H]phosphocholine liberated from the [3H]SM
substrate was assessed by partitioning the reaction mixture
with 0 8 ml of chloroform/methanol (2: 1, v/v) and 0-25 ml of
water and counting the radioactivity in the aqueous phase
(04 ml). Radioactivity was measured using 8 ml of scintil-
lation cocktail and a liquid scintillation counter set with
external standardization and automatic efficiency control to
correct for quenching (Model 1409; Wallac, Turku, Finland).
In some cases the aqueous phase was subjected to TLC [solvent
system methanol/12% (w/v)NaCl/28% (w/w) ammonia:
10:10:1, by vol.] and [3H]phosphocholine was found to
account for >95% of the total recovered radioactivity. To
measure acidic SMase activity, washed cell pellets were resus-
pended in 0 2 ml of 0 2% (v/v) Triton-X-100. After 15 min at
40, the cells were homogenized and centrifuged at 14000 g
for 2 min at 4°. Supernatant aliquots were incubated with
radiolabelled SM in 50 Ggl final vol. of 250 mm sodium
acetate, 1 mm EDTA buffer (pH 5 0) and the amount of
[3H]phosphocholine produced was determined as described
for the neutral SMase assay.

Measurement ofsuperoxide production
Superoxide release was measured by monitoring the chemi-
luminescence resulting from the oxidation of lucigenin, a
reaction specific for superoxide.42 Neutrophils (106) were
preincubated in the presence and absence of C2-ceramide or
triacsin C (1 25-20 pM) in 04 ml of HBSS at 370 in an
atmosphere of air/CO2 (19: 1, v/v) for 5 min. After preincu-
bation, 20:4(n-6) (20 Mm final concentration) or the corre-
sponding control was added together with lucigenin (250 JM
final concentration) in sufficient HBSS to bring the final assay
volume to 1 ml. The mixture was immediately placed in a
water-jacketed (370) luminometer chamber (Model 1251 with
MultiUse software; Bio Orbit Oy, Turku, Finland) and the
resulting chemiluminescence was recorded over time immedi-
ately after addition of the lucigenin. The results were expressed
as the maximum rate of superoxide production achieved (in
mV) during the assay period (usually 10 min). Superoxide
release was not measured by cytochrome c reduction because
we observed previously that cytochrome c selectively inhibits
fatty acid-induced superoxide production without significantly
affecting responses to other agonists, possibly by binding the
fatty acids and reducing their effective concentration.8

Statistical analyses
Results are expressed as mean + SEM. Statistical analyses were
performed by a two-tailed Student's t-test for unpaired data
or by one-way analysis of variance (ANOVA) followed by the
Dunnett test for multiple comparisons. Values of P< 0 05 were
considered significant.

RESULTS AND DISCUSSION

Table 1 shows that treatment of human neutrophils with 20 fM
20:4(n-6) for 15 min caused a significant decrease in the mass
of SM and a corresponding increase in the level of ceramide.
The fatty acid composition of the cellular SM and ceramide
was similar, consisting mainly of hexadecanoic acid (palmitic
acid, 16:0) and 18:0 with smaller amounts of 18:1, 20:0,
docosanoic acid (behenic acid, 22: 0), docosenoic acid (erucic
acid, 22:1), tetracosanoic acid (lignoceric acid, 24:0) and
tetracosenoic acid (nervonic acid, 24: 1). Incubation of the
cells with 20:4(n-6) did not alter the fatty acid composition
of the sphingolipids and 20: 4(n-6) was not incorporated into
either compound (data not shown). These results provide
indirect evidence that 20: 4(n-6) induces the hydrolysis of SM
to generate ceramide in neutrophils by the activation of SMase
and was further investigated.

Ceramide can be generated from SM breakdown by several
different types of SMase, including a neutral, Mg2+-dependent
SMase which is localized in the outer leaflet of the plasma
membrane; a neutral SMase which shows no dependence on
divalent cations and is resident in the cytosol and; an acidic
SMase which has no dependence on divalent cations and is
located in the endosomal/lysosomal compartments of the
cell.29'41'43-47 Each SMase appears to act on a distinct SM
pool to release ceramide which plays a particular role in signal
transduction.46'47 Fig. 1 shows that incubation of neutrophils
with 20 tM 20: 4(n-6) caused rapid activation of neutral SMase
which peaked at 5 min and then declined to almost the basal
level after 10 min which persisted up to 30 min. The fatty acid
had no significant effect on the activity of acidic SMase over
the 30-min period (Fig. 1). The transient nature of neutral
SMase activation by exogenous fatty acid may be due to
suppressive feedback mechanisms in the cell. Activation of
neutral SMase in the leucocytes was observed with a concen-
tration of 20:4(n-6) as low as 2 5 gm. Maximum neutral
SMase activity was obtained with 5 gM 20: 4(n-6) and remained
constant up to 30 gM (Fig. 2). Acidic SMase was not activated
with any concentration of 20:4(n-6) used (Fig. 2). Deby-
Dupont et al.48 reported that the concentration of 20:4(n-6)
in normal human plasma can be as high as 5 jig/ml (16 4 kM)
and that this level can increase up to 10 fold in various
circumstances related to stress (e.g. cardiovascular surgery). It
is therefore likely that the level of 20:4(n-6) found to activate

Table 1. Effect of 20:4(n-6) on the mass of SM and ceramide in
neutrophils

Treatment
Lipid Control 20:4(n-6)

Amount of lipid (nmol/3 x 107 cells)
SM 246+1 1 19.7+0.9*
Ceramide 3 4+0 5 7.6 + 1.3*

Neutrophils ( 107) were preincubated in 9 ml of HBSS at 37° for
5 min. The cells were then incubated with and without 20 /M 20: 4(n-6)
in 10 ml of HBSS at 370 for 15 min. Cellular SM and ceramide levels
(for three pooled samples) were determined as described in the
Materials and Methods. Each value is the mean + SEM of three
analyses. This experiment was repeated twice with similar results.
*P<005, for significant differences between treatment with 20:4(n-6)
and control (two-tailed Student's t-test for unpaired data).
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Figure 1. Effect of 20:4(n-6) incubation time on neutral and acidic
SMase activity in neutrophils. Neutrophils (3 x 106) were preincubated
in 27 ml of HBSS at 370 for 5 min. The cells were subsequently
incubated with and without 20 gM 20:4(n-6) in 3 ml of HBSS at 370
for 0-30 min. Neutral and acidic SMase activity was determined as
described in the Materials and Methods. Each point represents the
mean + SEM for three determinations. This experiment was performed
three times with similar results. *P<0J05, **P<0-01, ***P<0-001,
for significant differences between treatment with 20: 4(n-6) and
corresponding control at a particular time point (two-tailed Student's
t tPet f1r iUinn0ir0 A AU La)
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Table 2. Effect of different fatty acids and derivatives on neutral
SMase activity in neutrophils

Fatty acid or derivative Neutral SMase activity (% of control)

Control 100 + 7
20:4(n-6) 154+6**
22:6(n-3) 153+9**
20:5(n-3) 152+4**
18: 1 (n-9) 130+4*
18: 2(n-6) 129 + 2*
24:4(n-6) 120+8
28:4(n-6) 102+8
20:0 106+9
18:0 101 +4
15-HPETE 109+ 13
15-HETE 108+3
20:4(n-6)ME 95+6

Neutrophils (3 x 106) were preincubated in 2-7 ml of HBSS at 370
for 5 min. The cells were then incubated with and without various
fatty acids or derivatives (20 pM) in 3 ml of HBSS at 370 for 2 min.
Neutral SMase activity was determined as described in the Materials
and Methods. Each value is the mean +SEM of three analyses. This
experiment was performed twice with similar results. *P < 0oo5,
**P<0-01, for significant differences between treatment with fatty
acid or derivative and control (one-way ANOVA followed by the
Dunnett test for multiple comparisons).
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SMase activity in neutrophils. Neutrophils (3 x 106) wei
in 2 7 ml of HBSS at 370 for 5 min. The cells were
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and acidic SMase activity was determined as described i
and Methods. Each point represents the mean +SEM i
minations. This experiment was conducted three timc
results. *P<0(05, **P<0 01, for significant differences
ment with 20:4(n-6) and control (one-way ANOVA f
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neutral SMase is physiologically attainable, partic
inflammation and disease. Table 2 shows the effe
fatty acids and derivatives on neutral SMase activ
phils. Long-chain PUFA induced substantial;

neutral SMase, particularly 20:4(n-6), 20:5(n-3) and
22:6(n-3) and to a lesser extent 18:1(n-9) and 18:2(n-6).
Very-long-chain PUFA [24:4(n-6) and 28:4(n-6)], saturated
fatty acids (18:0 and 20:0) and certain 20: 4(n-6) derivatives

Jeutral [20:4(n-6)ME, 15-HPETE and 15-HETE] had no significant
effect on the activity of the enzyme. None of the fatty acids
or derivatives were found to activate acidic SMase (data not
shown). After our manuscript was submitted for publication,
Schissel et al. 49 reported that several cell types secrete an acidic
Zn2'-stimulated SMase. We could not detect SMase activity
in the medium after incubation of neutrophils with 20:4(n-6)
under our conditions (results not shown).

Figure 3 indicates that pretreatment of the neutrophils with
triacsin C {to block the production of arachidonoyl CoA
[20:4(n-6)CoA] from 20:4(n-6)} inhibited the activation of
neutral SMase by 20:4(n-6). Conversely, pretreatment of the
leucocytes with indomethacin or NDGA [to block the synthesis

25 30 of prostaglandins and leukotrienes from 20: 4(n-6), respectively]
did not modulate the 20:4(n-6)-stimulation of the enzyme.

tral and acidic These results suggest that conversion of PUFA to their CoA
re preincubated derivatives (and possibly subsequent esterification into complex
then incubated lipids) may be necessary for their activation of neutral SMase.
2 mn. Neutral Activation of the enzyme is not dependent on the production
in the Materials of oxygenated fatty acid derivatives. Jayadev et al.50 recently
for three deter- identified 20:4(n-6) as a mediator of SM hydrolysis in human
es with similar leukaemia-derived HL-60 cells in response to tumour necrosis
between treat- factor-a. They found that 20:4(n-6) activated neutral SMase in
ollowed by the a cell-free system. Our data extend this previous report by

demonstrating that 20:4(n-6) and other PUFA activate neutral
SMase in intact human neutrophils.

,ularly during PUFA induce multiple effects on neutrophil function.1-14
ct of various The modes of regulation of these biological effects need to be
rity in neutro- further elucidated. Ceramide has been reported to accumulate
activation of in leucocytes stimulated with N-formyl-L-methionyl-L-leucyl-
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Figure 3. Effect of acyl CoA synthetase, cyclooxygenase and lipoxyg-
enase inhibitors on 20:4(n-6) activation of neutral SMase in neutro-
phils. Neutrophils (3 x 106) were preincubated in the presence and
absence of triacsin C, indomethacin or NDGA (5-50 pM) in 2-7 ml of
HBSS at 370 for 5 min. The cells were then incubated with and without
20 /M 20:4(n-6) in 3 ml of HBSS at 370 for 2 min. Neutral SMase
activity was determined as described in the Materials and Methods.
Each point represents the mean+SEM for three determinations. This
experiment was performed twice with similar results. *P<005,
**P<0-01, for significant differences between pretreatment with and
without inhibitor (one-way ANOVA followed by the Dunnett test for
multiple comparisons). The inhibitors had no significant effect on the
basal neutral SMase activity.
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Figure 4. Effect of C2-ceramide pretreatment on neutrophil superoxide
production induced by 20: 4(n-6). Neutrophils ( 106) were preincubated
with and without C2-ceramide (1 25-20 gM) in 0-4 ml of HBSS at 370
for 5 min. The maximum rate of superoxide production was then
measured in the presence and absence of 20 /M 20: 4(n-6) in 1 ml final
volume of HBSS containing 250 pM lucigenin at 37° over 10 min as
described in the Materials and Methods. Each point represents the
mean +SEM for three determinations and has been corrected for the
response by cells incubated in HBSS alone. This experiment was
repeated twice with similar results. *P<0-01, for significant differences
between pretreatment with C2-ceramide and control (one-way ANOVA
followed by the Dunnett test for multiple comparisons).
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Figure 5. Effect of triacsin C pretreatment on neutrophil superoxide
production induced by 20: 4(n-6). Neutrophils (106) were preincubated
with and without triacsin C (1-25-20 /IM) in 0 4 ml of HBSS at 370
for 5 min. The maximum rate of superoxide production was then
measured in the presence and absence of 20 fiM 20: 4(n-6) in 1 ml final
volume of HBSS containing 250 fiM lucigenin at 37° over 10 mm as
described in the Materials and Methods. Each point represents the
mean + SEM for three determinations and has been corrected for the
response by cells incubated in HBSS alone. This experiment was
conducted three times with similar results. *P<0 05, **P<0-01, for
significant differences between pretreatment with triacsin C and
control (one-way ANOVA followed by the Dunnett test for multiple
comparisons).

L-phenylalanine (FMLP) at a time when superoxide pro-
duction is terminated5' and that ceramide analogues are potent
inhibitors of the respiratory burst.51'52 Pretreatment of neutro-
phils with C2-ceramide was found to suppress superoxide
formation elicited by 20: 4(n-6) (Fig. 4). When the cells were
pretreated with triacsin C (shown above to be an inhibitor of
neutral SMase and thus presumably a suppressor of ceramide
formation) there was enhancement of 20: 4(n-6)-induced super-
oxide production as anticipated (Fig. 5). It is noteworthy that
5 HiM triacsin C gave rise to maximum promotion of 20: 4(n-6)-
induced superoxide production (Fig. 5) but this concentration
only caused about 10% reduction in neutral SMase activity
elicited by 20:4(n-6) (Fig. 3). Although we do not know the
exact reason for this disparity, a possible explanation is that
neutrophil superoxide formation is extremely sensitive to
changes in the level of endogenous ceramide. In conclusion, it
is likely that generation of ceramide from SM breakdown in
neutrophils by the action of PUFA can negatively regulate
responses initially induced by these agonists. This phenom-
enon, which may be applicable to other cell types, is currently
being studied.

ACKNOWLEDGMENTS

This work was supported by a grant from the National Health and
Medical Research Council of Australia.

REFERENCES

1 . BADWEY J.A., CURNUTTE J.T. & KARNOVSKY M.L. ( 1981) cis-
Polyunsaturated fatty acids induce high levels of superoxide
production by human neutrophils. J Biol Chem 256, 12640.

© 1997 Blackwell Science Ltd, Immunology, 91, 274-280



Sphingomyelinase activation in neutrophils by polyunsaturatedfatty acids 279

2. YOSHIMOTO S., YOSHIMOTo T. & TSUBURA E. (1982) Arachidonic
acid- induced chemiluminescence of human polymorphonuclear
leukocytes. Biochem Biophys Res Commun 107, 779.

3. BADWEY J.A., CURNUTTE J.T., ROBINSON J.M., BERDE C.B.,
KARNOVSKY M.J. & KARNOVSKY M.L. (1984) Effects of free fatty
acids on release of superoxide and on change of shape by human
neutrophils. J Biol Chem 259, 7870.

4. MCPHAIL L.C., SHIRLEY P.S., CLAYTON C.C. & SNYDERMAN R.
(1985) Activation of the respiratory burst enzyme from human
neutrophils in a cell-free system. Evidence for a soluble cofactor.
J Clin Invest 75, 1735.

5. CURNUTTE J.T. (1985) Activation of human neutrophil nicotina-
mide adenine dinucleotide phosphate, reduced (triphosphopyrid-
ine nucleotide, reduced) oxidase by arachidonic acid in a cell-free
system. J Clin Invest 75, 1740.

6. POULOS A., ROBINSON B.S., FERRANTE A., HARVEY D.P., HARDY
S.J. & MURRAY A.W. (1991) Effect of 22-32 carbon n-3 polyunsat-
urated fatty acids on superoxide production in human neutrophils:
synergism of docosahexaenoic acid with f-met-leu-phe and phorbol
ester. Immunology 73, 102.

7. HARDY S.J., ROBINSON B.S., POULOS A., HARVEY D.P., FERRANTE
A. & MURRAY A.W. (1991) The neutrophil respiratory burst.
Responses to fatty acids, N-formylmethionylleucylphenylalanine
and phorbol ester suggest divergent signalling mechanisms. Eur
J Biochem 198, 801.

8. HARDY S.J., FERRANTE A., POULOS A., ROBINSON B.S., JOHNSON
D.W. & MURRAY A.W. (1994) Effect of exogenous fatty acids
with greater than 22 carbon atoms (very long chain fatty acids)
on superoxide production by human neutrophils. J Immunol
153, 1754.

9. HARDY S.J., ROBINSON B.S., FERRANTE A. et al. (1995) Polyenoic
very-long-chain fatty acids mobilize intracellular calcium from a
thapsigargin-insensitive pool in human neutrophils. Biochem J
311, 689.

10. O'FLAHERTY J.T., SHOWELL H.J., WARD P.A. & BECKER E.L.
(1979) A possible role of arachidonic acid in human neutrophil
aggregation and degranulation. Am J Pathol 96, 799.

11. NACCACHE P.H., MOLSKI T.F.P., VOLPI M. & SHA'AFI R.I. (1984)
Modulation of rabbit neutrophil aggregation and degranulation
by free fatty acids. J Leuk Biol 36, 333.

12. SMITH R.J., SAM L.M., JUSTEN J.M., LEACH K.L. & EPPs D.E.
(1987) Human polymorphonuclear neutrophil activation with
arachidonic acid. Br J Pharmacol 91, 641.

13. FERRANTE A., GOH D., HARVEY D.P., ROBINSON B.S. et al. (1994)
Neutrophil migration inhibitory properties of polyunsaturated
fatty acids. The role of fatty acid structure, metabolism, and
possible second messenger systems. J Clin Invest 93, 1063.

14. BATES E.J., FERRANTE A., HARVEY D.P. & POULOS A. (1993)
Polyunsaturated fatty acids increase neutrophil adherence and
integrin receptor expression. J Leuk Biol 53, 420.

15. BAULDRY S.A., WYKLE R.L. & BASS D.A. (1988) Phospholipase
A2 activation in human neutrophils. J Biol Chem 263, 16 787.

16. ATKINSON Y.H., MURRAY A.W., KRILIS S., VADAS M.A. & LOPEZ
A.F. (1990) Human tumour necrosis factor-alpha (TNF-a)
directly stimulates arachidonic acid release in human neutrophils.
Immunology 70, 82.

17. SMITH D.M. & WAITE M. (1992) Phosphatidylinositol hydrolysis
by phospholipase A2 and C activities in human peripheral blood
neutrophils. J Leuk Biol 52, 670.

18. NIsHIZUKA Y. (1992) Intracellular signaling by hydrolysis of
phospholipids and activation of protein kinase C. Science 258, 607.

19. DOERFLER M.E., WEISS J., CLARK J.D. & ELSBACH P. (1994)
Bacterial lipopolysaccharide primes human neutrophils for
enhanced release of arachidonic acid and causes phosphorylation
of an 85-kD cytosolic phospholipase A2. J Clin Invest 93, 1583.

20. DURSTIN M., DURSTIN S., MOLSKI T.F.P., BECKER E.L. & SHA'AFI
R.I. (1994) Cytoplasmic phospholipase A2 translocates to

membrane fraction in human neutrophils activated by stimuli that
phosphorylate mitogen-activated protein kinase. Proc Natl Acad
Sci USA 91, 3142.

21. GRABER R., SUMIDA C. & NUNEZ E.A. (1994) Fatty acids and cell
signal transduction. J Lipid Mediators Cell Signalling 9, 91.

22. HARDY S.J., FERRANTE A., ROBINSON B.S. et al. (1994) In vitro
activation of rat brain protein kinase C by polyenoic very-long-
chain fatty acids. J Neurochem 62, 1546.

23. KHAN W.A., BLOBE G.C. & HANNUN Y.A. (1995) Arachidonic
acid and free fatty acids as second messengers and the role of
protein kinase C. Cellular Signalling 7, 171.

24. Hii C.S.T., FERRANTE A., EDWARDS Y.S. et al. (1995) Activation
of mitogen-activated protein kinase by arachidonic acid in rat
liver epithelial WB cells by a protein kinase C-dependent mechan-
ism. J Biol Chem 270, 4201.

25. KOLESNICK R.N. (1991) Sphingomyelin and derivatives as cellular
signals. Prog Lipid Res 30, 1.

26. KOLESNICK R. (1992) Ceramide: a novel second messenger. Trends
Cell Biol 2, 232.

27. BALLOU L.R. (1992) Sphingolipids and cell function. Immunol
Today 13, 339.

28. HANNUN Y.A. & LINARDIC C.M. (1993) Sphingolipid breakdown
products: anti-proliferative and tumor-suppressor lipids. Biochim
Biophys Acta 1154, 223.

29. MERRILL A.H. JR., HANNUN Y.A. & BELL R.M. (1993)
Introduction: sphingolipids and their metabolites in cell regulation.
Adv Lipid Res 25, 1.

30. KOLESNICK R. & GOLDE D.W. (1994) The sphingomyelin pathway
in tumor necrosis factor and interleukin-l signaling. Cell 77, 325.

31. HANNUN Y.A. (1994) The sphingomyelin cycle and the second
messenger function of ceramide. J Biol Chem 269, 3125.

32. BLIGH B.G. & DYER W.J. (1959) A rapid method of total lipid
extraction and purification. Can J Biochem Physiol 37, 911.

33. STREET J.M., JOHNSON D.W., SINGH H. & POULOS A. (1989)
Metabolism of saturated and polyunsaturated fatty acids by
normal and Zellweger syndrome skin fibroblasts. Biochem J
260, 647.

34. JOHNSON D.W. (1990) A synthesis of unsaturated very long chain
fatty acids. Chem Phys Lipids 56, 65.

35. JOHNSON D.W. & POULOS A. (1992) Isotope labelling of very long
chain fatty acids. In: Synthesis and Applications of Isotopically
Labelled Compounds 1991 (eds E. Buncel & G.W. Kabalka),
p. 542. Elsevier Science, Amsterdam.

36. BATES E.J., FERRANTE A., POULOS A., SMITHERS L., RATHJEN D.A.
& ROBINSON B.S. (1995) Inhibitory effects of arachidonic acid
(20:4,n-6) and its monohydroperoxy- and hydroxy- metabolites
on procoagulant activity in endothelial cells. Atherosclerosis 116,
125.

37. FERRANTE A. & THONG Y.H. (1982) Separation of mononuclear
and polymorphonuclear leucocytes from human blood by the one-
step Hypaque-Ficoll method is dependent on blood column height.
J Immunol Methods 48, 81.

38. BILLAH M.M. & LAPETINA E.G. (1982) Formation of lysophos-
phatidylinositol in platelets stimulated with thrombin or ionophore
A23187. J Biol Chem 257, 5196.

39. ARvIDSON G.A.E. (1968) Structural and metabolic heterogeneity
of rat liver glycerophosphatides. Eur J Biochem 4, 478.

40. ROBINSON B.S., JOHNSON D.W. & POULOS A. (1990) Unique
molecular species of phosphatidylcholine containing very-long-
chain (C24-C38) polyenoic fatty acids in rat brain. Biochem J
265, 763.

41. WIEGMANN K., SCHUTZE S., MACHLEIDT T., WITTE D. & KRONKE
M. (1994) Functional dichotomy of neutral and acidic sphingo-
myelinases in tumor necrosis factor signaling. Cell 78, 1005.

42. GYLLENHAMMAR H. (1987) Lucigenin chemiluminescence in the
assessment of neutrophil superoxide production. J Immunol
Methods 97, 209.

© 1997 Blackwell Science Ltd, Immunology, 91, 274-280



280 B. S. Robinson et al.

43. DAS D.V.M., COOK H.W. & SPENCE M.W. (1984) Evidence that
neutral sphingomyelinase of cultured murine neuroblastoma cells
is oriented externally on the plasma membrane. Biochim Biophys
Acta 777, 339.

44. SPENCE M.W. (1993) Sphingomyelinases. Adv Lipid Res 26, 3.
45. CHATTERJEE S. (1993) Neutral sphingomyelinase. Adv Lipid Res

26, 25.
46. BALLOU L.R., LAULEDERKIND S.J.F., ROSLONIEc E.F. & RAGHOW

R. (1996) Ceramide signalling and the immune response. Biochim
Biophys Acta 1301, 273.

47. TESTI R. (1996) Sphingomyelin breakdown and cell fate. Trends
Biochem Sci 21, 468.

48. DEBY-DUPONT G., DUCARNE H., DE LANDSHEERE C., ANCION J.C.,
NOEL F.-X., RADOUX L. & DEBY C. (1983) Intense rises of

unesterified arachidonate plasma levels in stressed humans. Biomed
Pharmacother 37, 386.

49. SCHISSEL S.L., SCHUCHMAN E.H., WILLIAMS K.J. & TABAS I. (1996)
Zn2+-stimulated sphingomyelinase is secreted by many cell types
and is a product of the acid sphingomyelinase gene. J Biol Chem
271, 18431.

50. JAYADEV S., LINARDIC C.M. & HANNUN Y.A. (1994) Identification
of arachidonic acid as a mediator of sphingomyelin hydrolysis in
response to tumor necrosis factor-c. J Biol Chem 269, 5757.

51. NAKAMURA T. , ABE A. , BALAZOVICH K.J. et aL (1994) Ceramide
regulates oxidant release in adherent human neutrophils. J Biol
Chem 269, 18 384.

52. WONG K., Li X.-B. & HUNCHUK N. (1995) N-Acetylsphingosine
(C2-ceramide) inhibited neutrophil superoxide formation and
calcium influx. J Biol Chem 270, 3056.

C) 1997 Blackwell Science Ltd, Immunology, 91, 274-280


