
757

()(�2�i-M95X/92/i)4O757- 10S03.oo/o
(‘�,j�vright C by The American Society for Pharmacology and Experimental Therapeutics

All rights (,f reproduction in any form reserved.

MOI.ECt’LAR PHARMACOLOGY, 41:757-766

Ligand-Operated Synthesis of 4-Series and 5-Series
Leukotrienes in Human Neutrophils: Critical Dependence on
Exogenous Free Fatty Acid Supply

FRIEDRICH GRIMMINGER, URSULA DURR, and WERNER SEEGER

Department of Internal Medicine, Justus Liebig University, Giessen, FRG

Received September 16, 1991 ; Accepted January 1 5, 1992

SUMMARY
The influence of exogenously supplied free arachidonic acid (AA)
and eicosapentaenoic acid (EPA) on the 5-lipoxygenase metab-
olism in human neutrophils (PMN) was investigated. Simultane-
ous application of A231 87 with incremental concentrations of
free AA caused a dose-dependent augmentation of the iono-
phore-elicited eicosanoid generation [release of leukotriene B4
and its w-oxidation products, nonenzymatic hydrolysis prod-
ucts of leukotriene A,, and 5-hydroxyeicosatetraeneoic acid (5-
HETE)]. A231 87 challenge in the presence of free EPA resulted
in the dose-dependent appearance of corresponding n - 3-
derived metabolites, parallelled by a decrease in 4-series leuko-
trienes and 5-HETE. The inflammatory ligands formyl-methionyl-
leucyl-phenylalanine and platelet-activating factor evoked no sub-
stantial eicosanoid generation in the absence of exogenously
supplied polyunsaturated fatty acids (PUFAs). Addition of free
AA or EPA in parallel with the ligand challenge evoked exclusive
and dose-dependent generation of the respective leukotrienes
and 5-HETE or 5-hydroxyeicosapentaenoic acid. Total amounts
of 5-lipoxygenase products elicited under these conditions ap-

proached those in ionophore-stimulated PMN, with platelet-acti-
vating factor challenge surpassing the formyl-methionyl-leucyl-
phenylalanine-evoked effect by approximately 50%. Two thirds
of the maximum effect was obtained in the presence of only 10
&sMfree PUFA. Use of labeled fatty acids suggested exclusive
origin of the eicosanoids from the exogenously provided precur-
sor PUFA. Critical dependence on timing was noted; maximum
response occurred upon simultaneous application of PUFA and
ligand, and only 5 mm of delay between AA or EPA addition and
ligand challenge sufficed to reduce the formation of respective
metabolites to <20%. EPA competed with AA and was noted to
be the preferred substrate for ligand-evoked eicosanoid synthe-
sis. In contrast to the simultaneous addition of free PUFAs,
preloading of PMN with AA or EPA for 60 mm revealed only very
moderate or even no influence on ionophore- or ligand-evoked
eicosanoid synthesis. We conclude that inflammatory ligands
induce marked stimulation of PMN eicosanoid synthesis, with
critical dependence on the presence of free precursor PUFAs.
Preference of EPA over AA is observed under these conditions.

Lipoxygenase products of AA are involved in several inflam-
matory processes (1-3). LTB4 appears to be important for

chemoattraction and activation of PMN at sites of inflamma-

tion (4-6). Recently, dietary enrichment of PMN phospholipid
pools with n - 3 fatty acids, in particular EPA, has attracted

attention as a putative therapeutic regimen for dampening

PMN-related inflammatory events (7-9). PMN isolated ex vivo

after intake of n - 3-supplemented diets exhibited moderately

reduced LTB4 release upon ionophore challenge in several
studies (10-15). A variety of responses to inflammatory stimuli,

including chemotaxis in the presence of exogenous LTB4, were

noted to be diminished in these PMN (10, 16-18). LTB�,
generated in moderate amounts in EPA-enriched PMN, pos-

This work was supported by the Fresenius Stiftung (Oberursel, FRG).

sesses >10-fold reduced chemotactic and PMN-activating ca-

pacity, compared with LTB4 (19-25). Competition with LTB4

for receptor occupancy on PMN has been demonstrated (23).

The calcium ionophore A23187 is an established potent ac-

tivator of PMN LT generation, eliciting mobilization of endog-

enous AA from different membrane phospholipid pools and

stimulation of subsequent 5-lipoxygenase metabolism (26-28).
In contrast, natural inflammatory ligands such as FMLP, C�,,
LTB4, or PAF are poor activators of PMN eicosanoid metabo-

lism, with no or only very moderate amounts of LTs being

detected after challenge with these stimuli (29-34). Simulta-

neous exposure of PMN to both FMLP and free AA was,

however, recently noted to cause marked LT synthesis (33).

This finding may be relevant, in view of substantial levels of

free AA known to arise at sites of inflammatory events (35)

ABBREVIATIONS: AA, arachidonic acid; EPA, eicosapentaenoic acid; PUFA, polyunsaturated fatty acid; LT, leukotnene; HETE, hydroxyeicosate-
traenoic acid; HEPE, hydroxyeicosapentaenoic acid; PAF, platelet-activating factor; PMN, polymorphonuclear leukocytes; FMLP, forrnyl-methionyl-
leucyl-phenylalanine; HEPES, 4.(2-hydroxyethyl)-1-piperazineethanesulfonic acid; RIA, radioimmunoassay; RP, reverse phase; SP, straight phase;
HPLC, high performance liquid chromatography; diHETE, dihydroxyeicosatetraenoic acid; diHEPE, dihydroxyeicosapentaenoic acid; 12 HHT, 12-
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and in view of recently described PMN-endothelial cell coop-

erativity in LT synthesis. The latter includes not only a shift

of LTA4 from PMN (feeder cell) to endothelial cell, with

subsequent use of the enzymatic equipment of this acceptor

cell (36-40), but also a release of free AA from activated

endothelial cells, with putative uptake and processing of this

precursor by adjacent PMN (36, 41-43). Extracellularly offered

n - 3-free fatty acids, present during such metabolic interac-

tions between PMN and endothelial cells, might thus substan-

tially influence the resultant profile of eicosanoids. Based on

this reasoning, we investigated PMN LT generation evoked by

inflammatory ligands in the presence of free AA or EPA in

vitro. Exclusive generation of large amounts of 4- or 5-series

LTs, respectively, was noted, and simultaneous application of

both precursor PUFAs revealed EPA to be the preferred sub-

strate, capable of suppressing AA-derived product formation.
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Fig. 1. Profile of lipoxygenase products re-
leased from human PMN exposed to 3 �sM PAF
in the presence of 5 �M EPA and 10 �tM AA.
PAF, AA, and EPA (labeled at 50 nCi/nmol)
were simultaneously admixed with 1 .5 x 10�
PMN, incubation was stopped after 10 mm,
and the supematant was extracted as de-
scnbed. Nonmethylated compounds were sep-

_______________________arated by RP HPLC and methylated products
by RP-HPLC with gradient elution and by SP
HPLC. In the case of LTB5 and its �,-oxidation
products, UV spectra obtained by on-line spec-
trum analysis (photodiode array detector) are
displayed. Radioactivity and anti-LTB4 immu-
noreactivity of the RP HPLC eluate (collected
in 30-sec fractions) are given. The cross-reac-
tivity of the anti-LTB4 antibody with LTB5 was
determined to be 82.5%, in separate expen-
ments with purified standards.

Experimental Procedures

Materials. LTC4, LTD4, LTE4, and LTB4, as well as 20-OH- and
20-COOH-LTB4 and the synthetic LTA4 methyl ester, were a generous

gift from Dr. J. Rokach, Merck Frosst, Canada. Additional LTs were

graciously supplied by Dr. Bartmann, Hoechst AG. AA, EPA, 5-, 8-,

9-, 11-, 12-, and 15-HETE, 5S,12S-diHETE, 5,15-diHETE, and 12-

HHT, as well as LTA5 methyl ester, LTB.�, and 5-HEPE, were obtained
from Paesel AG (Frankfurt, FRG). The nonenzymatic hydrolysis prod-

ucts of LTA were prepared by acid hydrolysis of the synthetic LTA. w-

Oxidation products of LTB5 were prepared for use as reference stand-
ards by incubation of LTB5 and tritiated LTB� (3 �zM) with 1.5 X 107

ml unstimulated PMN at 37’ for 25 mm. LTB� metabolites were

resolved by RP HPLC (methanol/H,O/acetic acid, 68:32:01, pH 5.0).

Using this procedure, 78% of the label eluted with an average retention

time of 3.8 mm, consistent with that for u,-oxidation products. Sepa-

ration of 20-OH- and 20-COOH-LTB5 was achieved by use of SP
HPLC, as described below (see Fig. 1), and incorporation of radiolabel.

 at U
niversidade do E

stado do R
io de Janeiro on D

ecem
ber 4, 2012

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/


50

0

1�ob_is ib is 5!0 AA[,uM]

iso � [pmol/1,5x1O7PMN]

100W

50�

�1

. LTA4,5HETE,LTB4+.jox

PUFAs and Ligand-Evoked Eicosanoids in PMN 759

0-

[pmo(/l,5x107 PMNI

I/� LTB�+�ox I

LTA4 decay

� decay, 5 HEPE, LTB5+�ox
S..-. #{149} .---- -----�---.

0 2,5 10 25 50 EPA [,.�Ml ioo

Fig. 2. Dose-dependent generation of 4-series LTs and 5-HETE (top)
and 5-series LTs and 5-HEPE (bottom) in PMN exposed to free AA and
free EPA, respectively. PMN (1 .5 x 10�) were incubated with the respec-
tive PUFA for 10 mm. LTB.1�51 + wox, LTB�51, 2O-OH-LTB�51, and 20-
COOH-LTB�51. Nonenzymatic hydrolysis products of LTA.�51 (6-trans
diastereomeric pair of LTB�5) and 5,6-diHET(P)Es) are summed as LTA�51
decay. Means ± standard errors of five independent experiments are
given. In the presence of AA, no EPA-derived products were detected,
and vice versa.

Identity was further confirmed by UV spectrum analysis. All LTs were
checked for purity and quantified spectrophotometrically before use,

as described (44). Tritiated LTs used as internal standards, as well as
[‘4CJEPA and [3H]AA, were obtained from NEN (Dreieich, FRG).
Anti-LTB4 antiserum was received from Dr. J. Salmon (Wellcome
Research Laboratories, Beckenham, UK). FMLP, PAF, AA, EPA, and

palmitic acid were obtained from Paesel AG. Chromatographic supplies
included HPLC-grade solvents distilled in glass (Fluka KG, Heidelberg,

FRG), octadecylsilyl 5-pm (Hypersil) and silica gel 5-sm column pack-
ing (Machery-Nagel, Duren, FRG), and C-18 SepPak cartridges
(Waters Associates, Milford, MA). RPM! 1640 medium and fetal calf

serum were from Boehringer Mannheim GmbH (Mannheim, FRG),
and Percoll was from Pharmacia Fine Chemicals (Uppsala, Sweden).
All others biochemicals were obtained from Merck (Munich, FRG).

Preparation of human granulocytes. Heparinized human donor
blood was centrifuged in a discontinuous Percoll gradient (27, 45) to
yield a PMN fraction of approximately 97% purity. The granulocytes

were kept in RPM! 1640 medium with 20% calf serum for 60-90 mm.
Immediately before experimental use, the cells were washed twice and

suspended in Hanks’ HEPES buffer. Cell viability, in the absence and
presence of stimulus application, was assessed by trypan blue exclusion

and lactate dehydrogenase release. Under all experimental conditions,
viability ranged above 96% (trypan blue exclusion) and lactate dehy-
drogenase release was consistently below 3%. In the presence of PUFA
concentrations surpassing 50 �sM, viability decreased to m90%.

Analytical procedures. LTs of the 4- and 5-series, HETEs, and

HEPEs were extracted from cell supernatants by octadecylsilyl solid-
phase extraction columns, as described (38, 44). Conversion into methyl

esters was performed by addition of freshly prepared diazomethane in

ice-cold diethyl ether. RP HPLC of nonmethylated compounds was

carried out on octadecylsilyl columns (Hypersil, S-Mm particles) with a
mobile phase of methanol/water/acetic acid (72:28:0.16, pH 4.9) (44).

In addition to the conventional UV detection at 270 nm (LTs) and 237

nm (HETEs and HEPEs), a photodiode-array detector (Waters model
990) was used, which provided full UV spectra (190-600 nm) of eluting

compounds and allowed checking for peak purity and subtraction of

possible coeluting material. Identity of AA and EPA metabolites was
further confirmed by incorporation of radiolabel. For additional yen-

fication, samples were collected in 15-sec fractions in selected expeni-
ments and subjected to post-HPLC RIA with anti-LTB4, as described

(38, 44). RP HPLC of methylated compounds was performed isocrati-

cally (66:34:0.16, pH 4.9) for 5 mm, followed by a linear gradient to

90:10:0.16 over 10 mm (Gynkothek gradient-former, model 250). SP

HPLC of methylated compounds was carried out using a modification
of the method of Nadeau et al. (46). The mobile phase consisted of

hexane/isopropanol/acetate (86:14:0.1), and the column was eluted
isocnatically at a flow rate of 1.0 mI/mm. All data obtained by the

different analytical procedures were corrected for the respective recov-
enies of the overall analytical procedure and are given in pmol/1.5 x
i0� PMN throughout the experiments. Recovery was determined by
separate recovery experiments using different quantities of the individ-

ual compounds in the appropriate concentration range. Factors for
recovery were further confirmed by addition of 0.2 [5HJLTB4 and [tHj
5-HETE to buffer medium, as internal standards, in selected expeni-
ments. For quantification of LTs, 5-HETE, and 5-HEPE, correspond-
ence of values calculated from UV absorbance in two different chro-

matographic procedures was demanded (deviation of <10%). Concern-

ing LTB, quantification was additionally confirmed by the use of post-
HPLC RIA.

Results

lonophore stimulation of PMN in the absence and
presence of AA or EPA. Incubation of quiescent PMN with
free AA or free EPA resulted in the appearance of moderate

amounts of the 4-series and 5-series LTs, respectively, as well

as 5-HETE or 5-HEPE (Fig. 2). Plateauing occurred at 25-50

�tM concentrations of each PUFA. PMN challenge with the

calcium ionophore A23187 evoked a typical profile of lipoxy-

genase products, corresponding to that repeatedly described

(Fig. 3; Table 1) (26, 27, 33, 47, 48). LTB4 and its Li-oxidation

products represented the predominant compounds. Time-de-

pendent 20-hydroxylation and, to a minor extent, further me-

tabolism to 20-COOH-LTB4 were noted. In addition, substan-
tial amounts of nonenzymatic LTA4 hydrolysis products and 5-

HETE were released in response to the ionophore challenge. 5-
HETE level peaked at 5 mm, with subsequent rapid decline.
This characteristic time course is ascribed to rapid incorpora-

tion of the oxygenated AA product into PMN phospholipids

(48, 49). LTA4 decay products plateaued after 5-10 mm. No
significant amounts of n - 3-derived products were detected

upon ionophore challenge in the absence of exogenous PUFA.

Simultaneous application of A23187 and incremental doses

of free AA caused a dose-dependent augmentation of all AA-
derived lipoxygenase products, with marked preference for 5-

HETE (Fig. 3; Table 1). The generation of LTB4 and its
metabolites and of LTA4 decay products plateaued at 10-25 �zM
AA, whereas 5-HETE generation increased slightly further,
reaching approximately 6-fold stimulated values at 100 �sM AA.
lonophore challenge in parallel with addition of incremental
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Fig. 3. Dose-dependent generation of 4- and 5-series LTs and 5-HET(P)E in PMN challenged with 1 ,�M A231 87, in the presence of increasing
concentrations of AA (left) or EPA (right). PMN (1 .5 x 10�) were simultaneously exposed to the ionophore and the respective PUFA, and incubation
was terminated after 1 0 mm. LTB�5� + �ox, LTB4(5), 20-OH-LTB�5), and 20-COOH-LTB�51. Nonenzymatic hydrolysis products of LTA.s�5) (6-trans
diastereomeric pair of LTB�5) and 5,6-diHET(P)Es) are summed as LTA,�51 decay. Means ± standard errors of five independent experiments are
given.
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doses of free EPA provoked a corresponding profile of n - 3-

derived products. In accordance with 5-HETE, levels of 5-

HEPE peaked after 5 mm, and total amounts approximated

those of 5-HETE subsequent to A23187 plus AA stimulation.

Substantial amounts of LTB5 and its Li-oxidation products, as

well as nonenzymatic hydrolysis products of LTA5, were elicited

upon simultaneous addition of ionophore and EPA, plateauing

at 10-25 �sM PUFA. The identities of 20-OH- and 20-COOH-

LTB�, hitherto not characterized in detail, were ascertained by
observation of appropriate retention times of methylated and

unmethylated compounds in different HPLC procedures, by

Uv spectrum analysis, and by incorporation of radiolabel (Fig.

1). Time course and extent of Li-oxidation of LTB� revealed no

major differences from those for LTB4. The appearance of n -

3-derived products was paralleled by a 50-75% decrease in 4-

series LTs.

Inflammatory ligand-operated stimulation of PMN in

the presence of AA or EPA. In the absence of exogenous

PUFAs, no n - 3 product formation was noted in response to

FMLP or PAF. AA-derived metabolites ranged at the detection

limits of HPLC analysis; small amounts of immunoreactivity

were detected by post-HPLC RIA (data not shown). In the

presence of AA or EPA, however, marked generation of the

respective 5-lipoxygenase products in response to both ligands

was noted. First, in order to evaluate optimum doses for FMLP

and PAF stimulation, these ligands were added to PMN in

increasing concentrations, in parallel with 10 �sM AA or EPA

(Fig. 4). Maximum generation of AA- or EPA-derived products

occurred at 3 �zM PAF, and the FMLP response plateaued at
0.1-1 �M. PAF at 3 �M and 1 �sM FMLP were thus used in all
further studies. Simultaneous application of ligands and incre-

mental doses of free AA evoked dose-dependent generation of

4-series LTs and 5-HETE, with predominance of LTB4 and its

w-oxidation products (Figs. 5 and 6; Table 2). Plateauing of the
response occurred at approximately 25 �tM AA upon challenge
with both FMLP and PAF. Quantitatively, the PAF-evoked

response surpassed that to FMLP by �50%. The total amounts

of 5-lipoxygenase products, as well as LTB4 and its metabolites,

liberated in the presence of PAF and exogenous AA approxi-
mated those in response to A23187. However, in comparison

with the ionophore challenge, a more rapid metabolism of 20-

OH-LTB4 to 20-COOH-LTB4 was noted. The specific radio-
activity of all AA-denived products ranged between 35.0 and

52.4 nCi/nmol, which corresponds to that of the exogenously

offered AA (50 nCi/nmol). Simultaneous administration of
EPA and FMLP or PAF gave rise to the exclusive appearance

of the corresponding n - 3-derived products. Time course of

formation and quantities of LTB� and its metabolites roughly

corresponded to those of LTB4 and metabolites in the parallel
experiments with AA addition. Similarly, accelerated formation

of 20-COOH-LTB5 was noted upon ligand challenge in the
presence of EPA. LTA5 hydrolysis products, and particularly
5-HEPE, were, however, liberated in substantially higher
amounts, compared with the n - 6-derived products in the

corresponding experiments (range, 2-4-fold increase). The total
amounts of EPA-derived 5-lipoxygenase products in response

to PAF challenge were in the same range as those detected

upon simultaneous administration of A23187 and EPA. Cor-

respondence of the specific radioactivity of all EPA-derived
products to that of the precursor PUFA was again noted. In

parallel experiments with FMLP or PAF stimulation of PMN
in the presence of 10 �sM palmitic acid, no significant effect on

mediator release was observed.
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Fig. 4. Dose-dependent generation of 4- and 5-series LTs and 5-HET(P)E
in PMN challenged with increasing concentrations of PAF and FMLP, in
the presence of 1 0 MM AA or EPA. PMN (1 .5 x 10�) were simultaneously
exposed to the respective ligand and free AA or EPA, and incubation
was terminated after 10 mm. LTB.1�51, 20-OH-LTB�5), 20-COOH-LTB�51,
nonenzymatic hydrolysis products of LTA�(s), and 5-HET(P)E are summed
for each precursor fatty acid. Means ± standard errors of six independent
experiments are given.

The marked enhancement of ligand-induced eicosanoid gen-

eration by AA or EPA was critically dependent on the temporal

relationship between free PUFA addition and ligand applica-

tion (Fig. 7). Maximum response occurred upon simultaneous

administration of both compounds. Delay between PUFA ad-

mixture and ligand application resulted in a rapid decrease of
eicosanoid generation; a 5-mm interval between provision of

10 �sM AA or EPA and FMLP or PAF challenge sufficed to

reduce the 5-lipoxygenase product formation to <20%.

Simultaneous administration of incremental doses of EPA
with AA and ligand resulted in a dose-dependent suppression

of 4-series LT and 5-HETE generation. This is depicted in Fig.

8 for cells challenged with FMLP in the presence of 10 �sM AA.
At equimolar concentrations of both PUFAs, AA-derived prod-

uct formation was inhibited by �60%, and the total amount of

5-series LTs and 5-HEPE surpassed the sum of the correspond-

ing n - 6-derived products by nearly 3-fold. Corresponding
results were obtained in PAF-stimulated PMN (data not shown

in detail).

lonophore- and ligand-operated stimulation of PMN
preloaded with AA or EPA. Incubation of quiescent PMN
with free AA or EPA resulted in rapid uptake of these PUFAs,

plateauing after 10-20 mm (Fig. 9). HPLC and gas chromato-

graphic analysis of the nonincorporated material after 60 mm
suggested that the majority represented decay products of the

provided PUFAs (data not shown). In the presence of 10 �tM
AA or EPA, approximately 5-6 nmol of PUFA were incorpo-

rated in 1.5 x iO� PMN after 60 mm. This corresponds to a

ratio of �0.3 in relation to the total neutrophil AA pool (esti-

mated 15-20 nmol/1.5 x i0� PMN) (33, 50). A23187 challenge

of PMN preincubated with 10 �sM AA or EPA for 60 mm

resulted in the liberation of 1-2% of the incorporated radioac-

tivity as lipoxygenase products. AA-preloaded PMN displayed

typical eicosanoid generation upon ionophore stimulation,

which was not different from that of non-AA-enriched cells

(data not shown in detail). Similarly, the small amounts of AA-

derived products elicited by FMLP or PAF challenge of PMN,

detected by post-HPLC immunoreactivity, were not substan-
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Fig. 5. Dose-related generation of 4- and 5-series LTs and 5-HET(P)E in

PMN challenged with 1 MM FMLP, in the presence of increasing concen-
trations of AA (bottom) or EPA (top). PMN (1 .5 x 10�) were simultane-
ously exposed to the ligand and the respective PUFA, and incubation
was terminated after 10 mm. LTB�51 + wOx, LTB�5), 20-OH-LTB1�51, and
20-COOH-LTB,�51. Nonenzymatic hydrolysis products of LTA�51 (6-trans
diastereomenc pair of LTB.c�s) and 5,6-diHET(P)Es) are summed as LTA�51
decay. Means ± standard errors of six independent experiments are
given.

tially influenced by AA preloading. Preincubation of the PMN

with 3-25 �zM EPA for 60 mm caused a moderate reduction in
ionophore-evoked AA product formation (maximum suppres-

sion, �15%; Fig. 10). Small amounts of 5-series LTs and 5-

HEPE were liberated under these conditions. The small
amounts of immunoreactive AA-derived products elicited by
FMLP or PAF challenge of neutrophils were not significantly

influenced by preceding EPA enrichment; labeled and nonla-
beled EPA-derived products ranged below detection limits in

these experiments.

Incubation of quiescent human PMN with free AA or EPA
resulted in rapid uptake of these PUFAs, with superimposable

kinetics. This finding corresponds to previous investigations in

PMN of different origin (51-55). Incorporation of exogenously

offered PUFAs into the diacyl species of phosphatidylcholine
has been noted in these cells, followed by phospholipid remod-

eling and rapid transfer into different molecular species of

phospholipids. Among those, phosphatidylethanolamine with

50 AA[,uM] 100

Fig. 6. Dose-related generation of 4- and 5-series LTs and 5-HET(P)E in
PMN challenged with 3 MM PAF, in the presence of increasing concentra-
tions of AA (bottom) or EPA (top). PMN (1 .5 x 10�) were simultaneously
exposed to the ligand and the respective PUFA, and incubation was
terminated after 10 mm. LTB�s) + �ox, LTB�s), 20-OH-LTB�s), and 20-
COOH-LTB�s). Nonenzymatic hydrolysis products of LTA�a) (6-trans
diastereomeric pair of LTB4(s) and 5,6-diHET(P)Es)are summed as LTA.�(s)
decay. Means ± standard errors of six independent experiments are
given.

plasmalogen and PAF precursor, and phosphatidylinositol ap-
pear to be predominant (50, 56-59). Such mechanisms of phos-
pholipid compartmentalization, as well as processes of subcel-
lular (membrane) compartmentalization after PUFA incorpo-

ration (60), are considered responsible for a rapid decline in
PUFA availability for release upon agonist stimulation. In
accordance with this notion, only a small percentage of incor-

porated AA or EPA (each �1-2%) was released as labeled
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PUFAs and Ligand-Evoked Elcosanoids in PMN 763

TABLE 2
Time course and profile of 4- and 5-series LTs and 5.HET(P)E evoked by FMLP or PAF in the presence of AA or EPA
PMN (1.5 x 10�) were simultaneously exposed to I MM FMLP and 10 �sM AA or EPA or to 3 �M PAF and 10 �M leVelS of the respective PUFA. Incubation was terminated
after 5, 10, or 15 mm. Nonenzymatic hydrolysis products of LTA.�51 (6-trans diastereomenc pair of LTB�)) and 5,6-diHET(P)Es) are summed as LTAJ�5) decay. All data are
given as pmol/1 .5 x 10’ PMN (mean ± standard error of five independent experiments). Corresponding experiments were performed in the presence of 2.5, 25, and 50
�sM AA. The 10-mm values for these experiments are given in Figs. 5 and 6. Because the kinetics of mediator release in the presence of these different AA concentrations

did not difter substantially from those In response to 10 MM AA. the additional data of these experiments are not given.

Metabo�tes5
Stimulus Isne

LTAI LTB4 20-OH-LTB4 20-COOH-LTB4 5-HETE Sum

mm pmol/1.5x1O7PMN

FMLP + AA 5 86.7 ± 6.9 325.6 ± 35.8 288.7 ± 36.4 19.1 ± 8.0 144.3 ± 21.4 864.4 ± 82.5
10 109.5 ± 20.6 211.4 ± 14.3 301.9 ± 39.8 79.8 ± 11.4 84.4 ± 14.1 787.0 ± 80.2
15 79.6 ± 16.9 155.4 ± 19.7 441.2 ± 58.4 89.7 ± 14.4 39.8 ± 5.6 805.7 ± 89.7

PAF + AA 5 131.4 ± 30.1 366.0 ± 39.1 341.2 ± 35.8 39.6 ± 7.0 256.0 ± 48.5 1134.2 ± 119.6
10 152.4 ± 18.3 288.4 ± 34.6 404.3 ± 51.9 82.9 ± 10.4 188.5 ± 30.4 1116.5 ± 124.2
15 139.4 ± 25.6 165.4 ± 21.4 608.3 ± 78.7 80.8 ± 14.3 54.0 ± 10.1 1047.9 ± 110.6

Metabohtes5
Stmulus TUlle

LTA� LTB� 20-OH-LTB5 20-COOH-LTB5 5-HETE Sum

mis pmol/1.5 x iO� PMN

FMLP + EPA 5 271.4 ± 33.2 224.5 ± 28.3 211.3 ± 24.6 18.9 ± 4.2 895.6 ± 95.0 1621.7 ± 148.5
10 284.8 ± 24.3 142.9 ± 24.4 288.6 ± 36.4 44.3 ± 6.9 301.9 ± 49.1 1062.5 ± 99.7
15 268.1 ± 44.1 96.7 ± 13.4 361.7 ± 46.2 61.7 ± 14.4 188.6 ± 35.8 976.8 ± 119.7

PAF + EPA 5 235.9 ± 36.3 314.6 ± 39.8 260.2 ± 30.1 29.8 ± 4.9 1114.4 ± 161.4 1954.9 ± 188.2
10 188.2 ± 24.1 202.4 ± 30.6 344.5 ± 45.8 79.4 ± 10.9 469.6 ± 64.7 1284.1 ± 139.6
15 220.7 ± 24.8 129.4 ± 16.7 452.4 ± 50.5 91.0 ± 15.8 288.2 ± 40.2 1181.7 ± 121.0

a � _ 3 derivatives not detected.
b n - 6 derivatives not detected.

lipoxygenase products upon ionophore challenge 60 mm after
PUFA preloading. In comparison, the total amount of nonla-
beled AA products evoked under these conditions corresponded

to �7.5% of the estimated total PMN AA pool. These data

suggest that both exogenous AA and EPA were transferred,
within 60 mm, to phospholipid pools with reduced availability

for release upon ionophore challenge. Not surprisingly, the AA

preloading, causing an increase in total PMN AA content of,
at most, 30%, did not substantially influence the time course,

profile, or quantity of ionophore-evoked LT and HETE gen-

eration. Correspondingly, the small amounts of eicosanoids

elicited in response to FMLP or PAF challenge were not

significantly altered in AA-enriched cells. Sixty minutes of

preloading with EPA, resulting in an uptake of �5 nmol/1.5 x

i0� PMN, which corresponds to �30% of the total PMN AA

pool, caused a moderate (10-15%) reduction of A23187-evoked
generation of 4-series LTs and 5-HETE. This effect was accom-

panied by the appearance of small amounts of EPA-derived

lipoxygenase products, amounting to �120 pmol/1.5 x i0�

PMN. These data can be related to findings in PMN isolated

from humans receiving a fish oil-containing diet for several

weeks. Approximately 7.5-10 nmol of EPA were detected in 1.5
x iO� PMN under these conditions, A23187-evoked LTB4 gen-

eration was found to be reduced by 25-40% (10, 11, 13-15) or
to be not reduced (61), and minor amounts of 5-series LTs and
5-HEPE were elicited by the ionophore (range, 70-450 pmol of

EPA products/1.5 x i0� PMN) (10, 11, 33, 61).

In contrast to PUFA preloading, simultaneous administra-

tion of exogenous AA or EPA and A23187 exerted marked

influences on the ionophore-evoked lipoxygenase metabolism.

The presence of incremental doses of free AA caused an aug-
mentation of LTB4 (including metabolites), LTA� hydrolysis
product, and 5-HETE generation, to a maximum of 1.5-, 3-,

and 6-fold greater values, respectively. The presence of free

EPA in the range between 2.5 and 100 �M induced a dose-

dependent suppression of these AA metabolites, by maximally
75% (LTB4 and products), 50% (LTA4 hydrolysis products),

and 40% (5-HETE). This inhibitory effect on AA metabolism

coincided with the generation of large quantities of the corre-

sponding n - 3-derived products, with predominance of 5-

HEPE, amounting to a total of �3400 pmol of EPA metabo-

lites/1.5 x i0� cells at the highest PUFA concentration used.

These findings correspond to previous investigations using free

EPA, in the range between 5 and 130 �sM, to reduce ionophore-

evoked PMN AA metabolism, coincident with the generation

ofEPA-derived products (33, 51, 62). Collectively, these studies
and the present one demonstrate a dose-dependent shift from

4-series LT formation to 5-series LT generation in ionophore-
challenged PMN, upon addition of free EPA.

The impact of exogenous free PUFAs on eicosanoid genera-

tion in activated PMN was particularly evident for the natu-
rally occurring ligands FMLP and PAF. Conflicting data con-

cerning the ability of such ligands to elicite PMN AA metabo-

lism have accumulated. In the majority of studies, FMLP was

found to evoke no substantial eicosanoid generation, corre-

sponding to the currently noted virtual absence of LT and 5-

HETE release in PMN challenged with FMLP in the absence
of exogenous PUFAs (29, 31-33). Simultaneous application of

AA or EPA with ligand challenge, however, induced marked

dose-dependent lipoxygenase metabolism, with formation of
the respective n - 6- and n - 3-derived products. Total amounts

of eicosanoids evoked under these conditions approached (4-

series LTs and 5-HETE) or even surpassed those (5-series LTs

and 5-HEPE) of ionophore-challenged PMN. Two thirds of the

maximum response was evoked by only 10 �M (AA) or 10-25

�zM (EPA) as the exogenously provided PUFA. Conformity of

the specific radioactivity of the different products with that of

administered AA or EPA suggests that the exogenous PUFAs

were not involved in preceding acylation-deacylation cycles but
served as direct substrates for the 5-lipoxygenase under these
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Fig. 7. Influence of time delay between PUFA administration and ligand
challenge on the generation of 4- and 5-series LTs and 5-HET(P)E. AA
or EPA (10 �M) was admixed with 1 .5 x 10� PMN. After various time
periods, cells were challenged with 1 �M FMLP or 3 MM PAF, and
incubation was terminated after 10 mm. LTB4(s), 20-OH-LTB,<s), 20-
COOH-LTB�5), nonenzymatic hydrolysis products of LTA.�s), and 5-
HET(P)E are summed for each precursor fatty acid. Means ± standard
errors of five independent experiments are given.

conditions. These data support the notion that FMLP challenge

causes activation of this enzyme without stimulating phospho-

lipolytic pathways, thus failing to elicit substantial eicosanoid

generation (1, 2, 33). Exogenous free PUFAs, present at the

time of ligand application, compensate for the restricted avail-

ability of endogenous precursor PUFAs and are rapidly metab-

olized via the 5-lipoxygenase pathway. Critical timing of this

“dual stimulation” was noted, and lipoxygenase product for-

mation rapidly declined with increasing interval between PUFA

admixture and FMLP application. This finding is most prob-

ably explained by fast reduction in fatty acid availability for

the activated 5-lipoxygenase pathway, due to ongoing PUFA

transfer into phospholipid pools not mobilized by FMLP chal-

lenge. Notably, only 5 mm of delay between PUFA and FMLP

application sufficed for reduction in lipoxygenase product for-

mation by >80%. This finding may explain the large variation

in eicosanoid formation between different studies with FMLP

application 5-15 mm after a preceding AA administration (31,

33, 63, 64). The necessity of exogenous PUFA supply for

induction of ligand-operated eicosanoid production is corrobo-

rated by the corresponding behavior of PAF, similarly investi-

gated in the absence or presence of AA and EPA. As previously

Fig. 8. EPA-dependent suppression of AA product formation in PMN
challenged with 1 �M FMLP in the presence of 10 pM AA, coincident
with 5-series LT and 5-HEPE generation. PMN (1 .5 x 10�) were simul-
taneously exposed to the ligand, 10 MM AA and incremental doses of
EPA, and incubation was terminated after 10 mm. LTB$�5) + �ox, LTB�s),
20-OH-LTB.$�5), and 20-COOH-LTB�5). Nonenzymatic hydrolysis products
of LTA�5) (6-trans diastereomeric pair of LTB�5) and 5.6-diHET(P)Es) are
summed as LTA�5) decay. Means ± standard errors of five independent
experiments are given.

60�

/ //I
J�i1/

0 5 10 20 30 60

time of incubation [mini

Fig. 9. Time-dependent incorporation of AA (labeled to 100 nCi/nmol) or
EPA (labeled to 100 nCi/nmol) in quiescent PMN. PMN (1 .5 x 10�) were
exposed to 1 0 MM AA or EPA, and uptake of radioactivity was determined
at various times up to 1 hr. Means ± standard errors of four independent
experiments are given.

described (65), only very small amounts of 5-lipoxygenase prod-

ucts were elicited by PAF challenge alone, whereas simultane-

ous addition of exogenous PUFAs evoked LTs and 5-HET(P)E

in amounts corresponding to those evoked by A23187 stimula-

tion in the presence of exogenous free fatty acids.

Compared with AA, EPA was noted to be the preferred

substrate for 5-lipoxygenase metabolism in ligand-activated

PMN. In the complete PUFA dose range used, total amounts

of EPA-derived products surpassed those of AA metabolites at

corresponding concentrations, upon either FMLP or PAF stim-

ulation. Increasing concentrations of EPA dose-dependently
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Fig. 10. Influence of short term enrichment of PMN with EPA (labeled to
100 nCi/nmol) on ionophore-evoked eicosanoid generation. PMN (1 .5 x
1O�) were preincubated with 2.5, 10, or 25 ,iM EPA for 60 mm. After cell
washing, stimulation with I �tM A231 87 was performed, and incubation
was terminated after 10 mm. LTB4 + wox, LTB4, 20-OH-LTB4, and 20-
COOH-LTB4. Norlenzymatic hydrolysis products of LTAU (6-trans dias-
tereomeric pair of LTB4 and 5,6-diHETEs) are summed as LTA�I decay.
Means ± standard errors of five independent experiments are given.

suppressed AA product formation upon parallel addition of

both PUFAs, and equivalent total amounts of n - 3- and n -

6-derived products were noted at an EPA/AA ratio of approx-

imately 0.5. These findings are in accordance with the described

slightly higher affinity of isolated (purified) PMN 5-lipoxygen-
ase for EPA, compared with AA (66). In contrast, LTA� is

known to be more slowly converted by the PMN LTA hydrolase

than is LTA4 (54, 67). This characteristic probably underlies

the present finding that EPA exposure particularly increased

5-HEPE and LTAr, hydrolysis product formation, in relation
to LTB5. In this study, the latter was noted to be Li-oxidized to

20-OH- and 20-COOH-LTB4, with kinetics corresponding to

those of the oxidative conversion of LTB4. Interestingly, the
formation of the carboxy product was found to be enhanced in
the case of both LTB4 and LTB�, in ligand-activated PMN.

In conclusion, the “LTB4 paradox” that “neutrophils can,
but will not, respond to ligand-receptor interactions by forming

LTB4 or its w-metabolites” (31) is explained by the finding of

a critical dependency of 5-lipoxygenase product formation on
the simultaneous addition of exogenous free PUFAs. Concen-

trations of 2.5-10 �M AA or EPA, which may arise at inflam-

matory foci or under conditions of cell-cell cooperativity, were

found to suffice for marked generation of eicosanoids in ligand-

activated PMN. Notably, exclusive formation of n - 6- or n -

3-derived products, respectively, occurred under these condi-
tions. Administration of free EPA, which competes with AA as

PUFAs and Ligand-Evoked Eicosanoids in PMN 765

preferred substrate, may offer an approach to interfere with

I�I�i S

I.- LTB5+�ox

�-�-------� LTA5 decay

� - � �

5 HEPE

10 EPA [pM]

PMN-related eicosanoid metabolism under inflammatory cir-

cumstances.
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