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Abstract Lipid hydroperoxides have been reported to regulate
cell function and eicosanoid formation. The aim of the present
study was to determine the effect of 12(

 

S

 

)

 

-hydroperoxy-
eicosatetraenoic acid [12(

 

S

 

)-HPETE], the platelet 12-lipoxygenase-
derived hydroperoxide of arachidonic acid (AA), on the avail-
ability of nonesterified AA, which represents a rate-limiting step in
the biosynthesis of eicosanoids. The coincubation of human
platelets with concentrations of 12(

 

S

 

)-HPETE below 50 nM and
subthreshold concentrations (STC) of collagen (less than 0.24

 

�

 

g/ml) significantly enhanced platelet aggregation and the for-
mation of thromboxane B

 

2

 

, the stable catabolite of the potent ag-
gregating agent thromboxane A

 

2

 

. In addition, the nonesterified
endogenous AA concentration increased by 3-fold. Arachidonoyl-
containing molecular species concentrations of 1,2-diacyl-glycero-
3-phosphocholine, 1-alkyl-2-acyl-glycero-3-phosphocholine, and
1-alkenyl-2-acyl-glycero-3-phosphoethanolamine decreased specifi-
cally in response to 12(

 

S

 

)-HPETE, whereas no significant changes
were observed within 1,2-diacyl-glycero-3-phosphoethanolamine
and 1,2-diacyl-glycero-3-phosphoinositol molecular species. The
12(

 

S

 

)-HPETE-induced increase in nonesterified AA was fully pre-
vented by arachidonoyl trifluoromethyl ketone, an inhibitor of cy-
tosolic phospholipase A

 

2

 

 (cPLA

 

2

 

), and cPLA

 

2

 

 was translocated
to membranes and phosphorylated in platelets incubated with
12(

 

S

 

)-HPETE.  In conclusion, these results indicate that
nanomolar concentrations of 12(

 

S

 

)-HPETE could play a signifi-
cant role in controlling the level of endogenous AA and the for-
mation of thromboxane, thereby potentiating platelet function.

 

—
Calzada, C., E. Véricel, B. Mitel, L. Coulon, and M. Lagarde.
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The involvement of oxygen-derived free radicals in vari-
ous pathophysiological states such as cancer and athero-
sclerosis is well established (1, 2). Lipid peroxidation is
one of the main events occurring during the free radical-
mediated cellular damage and fatty acid hydroperoxides
are the primary intermediates of the nonenzymatic lipid
peroxidation process (3). They are also intermediate me-
tabolites in the enzymatic peroxidation of arachidonic acid
(AA). In blood platelets, for instance, they are formed via
the bifunctional prostaglandin endoperoxide H synthase
(PGHS), which leads to prostaglandin G

 

2

 

 formation, and

 

via the 12-lipoxygenase enzyme, which catalyzes the for-
mation of 12-(

 

S

 

)-hydroperoxy-eicosatetraenoic acid [12-(

 

S

 

)-
HPETE] (4). The latter is further reduced to 12-hydroxy-
eicosatetraenoic acid (12-HETE) by glutathione peroxi-
dase (5). There is in vitro evidence that lipid peroxides
may regulate eicosanoid formation at the molecular level
(6). In this regard, a likely involvement of lipid hydroper-
oxides concerns hyperaggregable platelets from elderly
people. An increased formation of lipid peroxides formed
either enzymatically via PGHS and 12-lipoxygenase or
nonenzymatically, as well as an alteration of the antioxi-
dant status, were observed in such platelets (7). In particu-
lar, glutathione peroxidase, the antioxidant enzyme solely
capable of reducing lipid hydroperoxides, was decreased
(8), which is likely to result in an increased life span of the
substrate, 12(

 

S

 

)-HPETE. Because the oxygenases require
lipid hydroperoxides for their enzymatic activity (9, 10), it
is therefore tempting to hypothesize that the relative accu-
mulation of 12(

 

S

 

)-HPETE could explain the increased
formation of lipid hydroperoxides and could eventually
result in platelet hyperaggregability. We have shown (11)
that the addition of hydroperoxides, especially 12(

 

S

 

)-
HPETE (1–2 

 

�

 

M), to platelets that have been primed with
a nonaggregating concentration of AA resulted in an in-
creased formation of thromboxane B

 

2

 

 (TxB

 

2

 

), one of the
end products of the PGHS pathway, and potentiated plate-
let aggregation. Besides the stimulation of cyclo-oxygenase
activity by lipid hydroperoxides, the potentiation of plate-
let aggregation might result as well from an increased
availability of the substrate AA. Levels of free AA are kept
low in resting cells and represent a balance between the
release of the free fatty acid from membrane phospholip-
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3

 

, arachidonoyl tri-
fluoromethylketone; BEL, bromoenol lactone; cPLA

 

2

 

, cytosolic phos-
pholipase A

 

2
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ids by phospholipase and its re-esterification into phos-
pholipids by acyltransferase (12). On the one hand,
Zaleska and Wilson (13) have shown that 25 

 

�

 

M arachi-
donic or linoleic acid hydroperoxides inhibit AA reacyla-
tion into synaptosomal phospholipids. Hydrogen peroxide
(200 

 

�

 

M) has also been found to inhibit incorporation of
AA into macrophage (14) or vascular smooth muscle cell
(15) phospholipids. On the other hand, some studies have
reported that hydrogen peroxide or 

 

tert

 

-butyl hydroperox-
ide enhanced the release of AA from membrane phospho-
lipids in bovine aortic (16) or bovine pulmonary artery
(17) endothelial cells, respectively. However, high concen-
trations of peroxides have been used in most studies and
cannot be considered of physiological relevance. On the
basis of these considerations, the present study was under-
taken to determine whether low concentrations of 12(

 

S

 

)-
HPETE prime the platelet response to subaggregating
concentrations of collagen, a physiological agonist whose
mechanism of action includes the entire AA cascade (18).
The effect of 12(

 

S

 

)-HPETE on the amount of nonesteri-
fied AA as well as the concentration of the AA-containing
molecular species from phospholipid subclasses were deter-
mined. To obtain evidence of the involvement of the 85-
kDa Ca

 

2

 

�

 

-dependent cytosolic phospholipase A

 

2

 

 (cPLA

 

2

 

,
type IV) in the mechanism of action of 12(

 

S

 

)-HPETE,
arachidonoyl trifluoromethylketone (AACOCF

 

3

 

), an inhib-
itor of cPLA

 

2

 

, was tested and the translocation of the en-
zyme from the cytosol to membranes as well as its phos-
phorylation were studied as it represents two critical steps
in its regulation (19).

MATERIALS AND METHODS

 

Materials

 

12(

 

S

 

)-HPETE, 15(

 

S

 

)-hydroperoxy-eicosatetraenoic acid [15(

 

S

 

)-
HPETE], 13(

 

S

 

)-hydroperoxy-octadecadienoic acid [13(

 

S

 

)-
HPODE], aristolochic acid, and AACOCF

 

3

 

 were purchased from
Biomol Research Laboratories (Plymouth Meeting, PA) and were
98% pure; ethanolic solutions of hydroperoxides were purged
with nitrogen and stored at 

 

�

 

80

 

�

 

C until use. Bromoenol lactone
(BEL) and methyl arachidonyl fluorophosphonate (MAFP) were
from Cayman (Ann Arbor, MI). [

 

3

 

H]AA (210 Ci/mmol) was ob-
tained from New England Nuclear (Boston, MA). Mouse mono-
clonal antibody directed against cPLA

 

2

 

 (4-4B-3C) was from
Santa Cruz Biotechnology (Santa Cruz, CA) and goat anti-mouse
IgG(H

 

�

 

L) horseradish peroxidase conjugate was from Bio-Rad
(Hercules, CA). Solvents were from SDS (Peypin, France) and
silica gel 60 plates were purchased from Merck (Darmstadt,
Germany). All other reagents were purchased from Sigma (St.
Louis, MO).

 

Platelet isolation

 

Blood was collected at the local blood bank from healthy vol-
unteers who had not ingested any drugs inter fering with platelet
functions in the previous 10 days. Blood was drawn into a one-
seventh volume of CPD (19.6 mM citric acid, 89.4 mM sodium
citrate, 16.1 mM NaH

 

2

 

PO

 

4

 

, 128.7 mM dextrose; pH 5.6). Platelets
were isolated by a previously described method (20). Briefly,
blood was centrifuged at 200 

 

g

 

 for 15 min at 20

 

�

 

C to obtain plate-
let-rich plasma (PRP). PRP was acidified to pH 6.4 with 0.15 M
citric acid and immediately centrifuged at 900 

 

g

 

 for 10 min at

20

 

�

 

C. Pelleted platelets were resuspended into a Tyrode-HEPES
buffer solution (137 mM NaCl, 2.7 mM KCl, 11.9 mM NaHCO

 

3

 

,
0.41 mM NaH

 

2

 

PO

 

4

 

, 1 mM MgCl

 

2

 

, 5.5 mM glucose, 5 mM
HEPES; pH 7.35). Platelet suspensions were left for 1 h at room
temperature before experiments were started.

 

Platelet aggregation

 

Platelet suspensions were preincubated for 2 min at 37

 

�

 

C, and
then incubated in the presence or absence of HPETE for 1 min
at 37

 

�

 

C before the addition of a subthreshold concentration
(STC) of collagen for another 4 min with continuous stirring at
1,000 rpm. Platelet aggregation was measured in a Chronolog
dual channel aggregometer (Coulter, Margency, France) accord-
ing to the turbidimetric method of Born (21). The STC of col-
lagen was defined as the highest concentration of collagen that
induced less than an 8% increase in light transmission, the light
transmission through Tyrode-HEPES solution representing 100%
aggregation. After incubation of platelets with an STC of collagen
in the presence or absence of 12(

 

S

 

)-HPETE, platelets were imme-
diately centrifuged at 5,000 

 

g

 

 for 5 min and supernatants were
stored until assayed. The concentration of TxB

 

2

 

, the stable
catabolite of unstable thromboxane A

 

2

 

 (TxA

 

2

 

), was determined
by enzyme immunoassay (Cascade Biochem, Reading, UK).

 

Quantification of nonesterified AA level

 

Platelet suspensions were preincubated for 2 min at 37

 

�

 

C, and
then incubated in the presence or absence of HPETE for 1 min
at 37

 

�

 

C before the addition of an STC of collagen for another
1 min with continuous stirring at 1,000 rpm. After incubation of
platelet suspension (1 volume), 3 volumes of ethanol was added
in the presence of heptadecanoic acid as an internal standard.
Platelet lipids were extracted twice with chloroform (6 volumes)
in the presence of 50 

 

�

 

M butylated hydroxytoluene as an anti-
oxidant. Lipid classes were separated by thin-layer chromatography
(TLC) on silica gel 60G plates with the solvent mixture hexane –
diethyl ether–acetic acid 80:20:1 (v/v/v) into phospholipids,
nonesterified fatty acids, and neutral lipids (22). The nonesteri-
fied fatty acid-containing zone was scraped off the silica gel, ex-
tracted three times with ether –methanol 9:1 (v/v), and deriva-
tized with diazomethane (23). Fatty acid methyl esters were
separated by gas-liquid chromatography, using a Delsi chromato-
graph model DI 200 equipped with an SP2380 capillary column
(30 m 

 

�

 

 0.32 mm; Supelco, Bellefonte, PA) and quantified ac-
cording to the amount of internal standard.

 

Quantification of molecular species
in phospholipid subclasses

 

Platelet suspensions were first labeled with [

 

3

 

H]AA (1 

 

�

 

Ci/
ml, 5 nM) for 1 h at room temperature and then incubated as
described above. Internal standards, namely 1,2-diheptadecanoyl-

 

sn

 

-glycero-3-phosphocholine, 1-

 

O

 

-hexadecyl-2-hexadecanoyl-glyc-
ero-3-phosphocholine, and 1,2-diheptadecanoyl-

 

sn

 

-glycero-3-phos-
phoethanolamine, were added to platelets. After lipid extraction,
chloroform–methanol 80:8 (v/v) was used as an eluent to sepa-
rate by TLC phospholipids from nonesterified and hydroxylated
fatty acids, triacylglycerols, and cholesterol. Phospholipid classes
were then resolved by TLC with the developing solvent
chloroform–methanol–methylamine 60:20:5 (v/v/v) into phos-
phatidylinositol (PI) (R

 

f

 

 

 

�

 

 0.09), phosphatidylserine (PS) (R

 

f

 

 

 

�

 

0.20), phosphatidylcholine (PC) (R

 

f

 

 

 

�

 

 0.48), and phosphatidyl-
ethanolamine (PE) (R

 

f

 

 

 

�

 

 0.66) (24). Each phospholipid class was
extracted from the silica gel with chloroform –methanol–water
5:5:1 (v/v/v) and hydrolyzed by phospholipase C (from 

 

Bacillus
cereus

 

) according to the method of Takamura et al. (25) modi-
fied by Croset, Bayon, and Lagarde (26). The resulting diradyl-
glycerols were treated with 3,5-dinitrobenzoyl chloride in dry pyri-
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dine for 45 min at 60

 

�

 

C and dinitrobenzoyl derivatives were
extracted twice with hexane after being cooled and the addition
of water. Subclasses of diradylglyceronitrobenzoates were sepa-
rated by TLC with the solvent mixture toluene –hexane–diethyl
ether 50:45:4 (v/v/v) into 1,2-diacyl (R

 

f

 

 

 

�

 

 0.20), 1-alkyl-2-acyl
(R

 

f

 

 

 

�

 

 0.40), and 1-alkenyl-2-acyl (R

 

f

 

 

 

�

 

 0.46), which were identi-
fied with a Berthold (Bad Wildbad, Germany) TLC linear ana-
lyzer. Each phospholipid subclass was extracted from the silica
gel twice with hexane–diethyl ether 1:1 (v/v). Various molecular
species in phospholipid subclasses were separated by HPLC. A
Superspher 100 RP-18 column (5 

 

�

 

m, 4.6 mm i.d. 

 

�

 

 250 mm)
was used with the solvent system acetonitrile –2-propanol 9:1 (v/v)
at a flow rate of 1.5 ml/min. The radioactive species were visual-
ized with a Berthold HPLC radioactivity monitor and the sepa-
rated molecular species were quantified by absorbance at 240 nm
according to the amount of relevant internal standard.

 

SDS-PAGE and immunoblotting

 

Platelets were preincubated for 2 min at 37

 

�

 

C and then incu-
bated in the presence or absence of 12(

 

S

 

)-HPETE (100 nM) or
12-HETE (100 nM) for 2 min at 37

 

�

 

C. After incubation, platelet
suspensions were immediately centrifuged at 700 

 

g

 

 for 10 min
and the resultant pellet was resuspended in ice-cold lysis buffer
containing protease and phosphatase inhibitors as described by
Kramer et al. (27). After sonication, lysates were centrifuged at
100,000 

 

g

 

 for 1 h at 4

 

�

 

C to obtain cytosolic and membrane frac-
tions. Protein concentration was determined by the Bradford
assay (28). The proteins (50 

 

�

 

g) were denatured for 15 min at
60

 

�

 

C, electrophoresed in 7.5% Tris-HCl polyacrylamide gels
at 25 mA for 2 h and 30 min, and transferred to nitrocellulose
membranes (60 V, 1 h). The membranes were then blocked in
10% fat-free dried milk, 0.1% Tween 20, Tris-buffered saline,
incubated with anti-cPLA

 

2

 

 monoclonal antibody (dilution,
1:1,000) for 2 h, washed, and incubated with 1:2,000 goat anti-
mouse IgG(H

 

�

 

L) horseradish peroxidase conjugate for 2 h.
cPLA

 

2

 

 was visualized by using the enhanced chemiluminescence
detection system and the density of the relevant band was ana-
lyzed with a video densitometer (Bioprofil; Vilber Lourmat,
Marne la Vallée, France).

 

Analysis of results
Results are expressed as means � SEM. Differences between

means were assessed by the Student’s paired t-test. Statistical sig-
nificance was assessed with P 	 0.05.

RESULTS

Effect of 12(S)-HPETE on platelet aggregation
and nonesterified AA concentration

As shown in Table 1, the preincubation of platelets with
nanomolar concentrations of 12(S)-HPETE (below 50
nM) for 1 min at 37�C significantly induced the aggrega-
tion of platelets further incubated with an STC of col-
lagen. Although the effective concentrations of 12(S)-
HPETE varied from one experiment to another, they
ranged from 20 to 100 nM. The replacement of 12(S)-
HPETE by its hydroxylated derivative 12-HETE did not
potentiate the platelet response to the agonist, nor did
12(S)-HPETE alone have an effect on platelet aggregation
(data not shown). Under the same experimental condi-
tions, other lipoxygenase-derived hydroperoxy fatty acids,
15(S)-HPETE and 13(S)-HPODE, also primed the platelet
response to STC of collagen but were less potent than

12(S)-HPETE [50 nM 15(S)-HPETE and 50 nM 13(S)-
HPODE induced, respectively, 32 � 18% and 37 � 13%
platelet aggregation whereas 50 nM 12(S)-HPETE induced
52 � 19% platelet aggregation, mean � SD, n � 3]. The
priming effect of 12(S)-HPETE on platelet aggregation
was also associated with an increased formation of TxB2,
the stable catabolite of the potent aggregating agent,
TxA2. For instance, the addition of 50 nM 12(S)-HPETE to
platelets incubated with nonaggregating concentrations
of collagen resulted in a 4-fold increase of TxB2 formation
as compared with its formation in platelets incubated with
an STC of collagen (414 � 70 vs. 106 � 26 pmol/109

platelets, mean � SEM, n � 4, P 	 0.05). The effect of
12(S)-HPETE on the eicosanoid precursor AA was then in-
vestigated by quantifying nonesterified AA concentration by
gas chromatography rather than by estimating it by deter-
mining [3H]AA release. The incubation of platelets with
an STC of collagen in the absence or presence of 12(S)-
HPETE was stopped 1 min after the addition of the ago-
nist to minimize the conversion of released AA to derived
oxygenated metabolites. As shown in Table 1, the concen-
tration of nonesterified AA in platelets incubated with an
STC of collagen (0.24 � 0.03 �g/ml) was very low (87 � 21
pmol/109 platelets). The addition of 12(S)-HPETE (47 � 9
nM) to platelets incubated with an STC of collagen (0.24 �
0.03 �g/ml) resulted in a 3-fold increase in the amount of
nonesterified AA, which was associated with a significant
increase in platelet aggregation. Moreover, the addition of
12(S)-HPETE alone to control platelets had no effect on
the amount of nonesterified AA (95 vs. 103 pmol/109

platelets plus 78 nM 12(S)-HPETE, n � 2). To investigate
whether the 12(S)-HPETE-induced AA rise could be due
to the activation of cPLA2, an enzyme involved in the re-
ceptor-mediated release of AA from membrane phos-
pholipids (27), platelet suspensions were preincubated
with an inhibitor of cPLA2, AACOCF3 (29), before the ad-
dition of 12(S)-HPETE and an STC of collagen. First, it

TABLE 1. Effect of 12-hydroperoxy-eicosatetraenoic acid on 
platelet aggregation and nonesterified arachidonic acid level

Nonesterified AA Aggregation

pmol/109 platelets %

Collagen 87 � 21 6 � 1
12(S)-HPETE � collagen 273 � 77a 56 � 7b

AACOCF3 � collagen 60 � 9 2 � 1 
AACOCF3 � 12(S)-HPETE � collagen 50 � 18c 4 � 1c

Platelets were preincubated in the absence or presence of 50 �M
AACOCF3 for 2 min at 37�C. They were then incubated in the absence
or presence of 12(S)-HPETE (47 � 9 nM) for 1 min at 37�C followed by
the addition of a subthreshold concentration of collagen (0.24 � 0.03
�g/ml). The extent of platelet aggregation was determined 4 min after
the addition of the agonist. The incubation was stopped 1 min after the
addition of collagen for the quantification of nonesterified AA level.
After lipid extraction and separation of nonesterified fatty acids by
TLC, nonesterified AA was quantified by gas chromatography as de-
scribed in Materials and Methods. Results are expressed as means �
SEM of five to nine experiments.

a P 	 0.01, compared with platelets incubated solely with collagen.
b P 	 0.001, compared with platelets incubated solely with collagen.
c P 	 0.05, compared with platelets coincubated with 12(S)-

HPETE and collagen.
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was checked that the addition of 50 �M AACOCF3 to
platelets incubated solely with an STC of collagen had no
significant effect on the amount of nonesterified AA in
platelets as compared with control platelets (Table 1). In-
terestingly, the preincubation of platelets with AACOCF3
fully prevented the increase in nonesterified AA concen-
tration induced by 12(S)-HPETE as well as the enhanced
platelet aggregation. In the same way, 10 �M MAFP, an
inhibitor of cPLA2 (30), or 100 �M aristolochic acid, an
inhibitor of Ca2�-dependent PLA2 (31), prevented the in-
creased formation of TxB2 as well as the enhanced aggre-
gation in platelets coincubated with 12(S)-HPETE and an
STC of collagen. These results suggest an activation of
cPLA2 in response to 12(S)-HPETE. However, because
AACOCF3 and MAFP also inhibit Ca2�-independent phos-
pholipase A2 (iPLA2), the effect of BEL, a rather specific
inhibitor of iPLA2 (32), on TxB2 formation was tested.
Surprisingly, 10 �M BEL prevented 12(S)-HPETE-
induced platelet aggregation and increased TxB2 formation,
suggesting that iPLA2 may contribute to 12(S)-HPETE-
induced AA release.

Effect of 12(S)-HPETE on molecular species
within phospholipid subclasses

To thoroughly characterize membrane phospholipids,
the endogenous concentrations of molecular species within
phospholipid subclasses were determined by HPLC. As
shown in Table 2, in the 1,2-diacyl-glycero-3-phosphocho-
line (GPC) subclass, a significantly decreased concentra-
tion of the two main AA-containing molecular species,
16:0–20:4 and 18:0–20:4, occurred in platelets coincu-
bated with 12(S)-HPETE and collagen (�20% and �17%,
respectively) whereas the minor 18:1–20:4 species did not
decrease significantly. A 12% decrease in one or more of
the molecular species 16:0–18:2, 18:1–22:4, and 16:0–
16:1 (present in one HPLC peak) was observed in 12(S)-

HPETE-treated platelets and likely reflected a decrease in
the molecular species 16:0–18:2, which contains the fatty
acids more represented in PC (33). However, neither the
18:0–18:2, 16:0–18:1, and 18:1–18:1 species nor the 16:0–
16:0 and 18:0–18:1 species significantly decreased in
platelets coincubated with 12(S)-HPETE and collagen. In
the 1-alkyl-2-acyl-GPC subclass, the AA-containing species
were predominant among molecular species and both
16:0–20:4 and 18:0–20:4 species decreased significantly in
response to 12(S)-HPETE [1.2 � 0.3 and 1.0 � 0.2 nmol/
109 platelets treated with collagen at 0.17 �g/ml vs. 0.9 �
0.2 and 0.7 � 0.2 nmol/109 platelets coincubated with 21
nM 12(S)-HPETE and collagen at 0.17 �g/ml, respec-
tively, n � 8, P 	 0.05]. The 1,2-diacyl-glycero-3-phospho-
ethanolamine (GPE) subclass was especially rich in the
molecular species 18:0–20:4 and 16:0–20:4 as already de-
scribed (26) (Table 2). However, none of the molecular
species concentrations was significantly affected by the
treatment of platelets with 12(S)-HPETE. By contrast,
18:1–20:4 and 16:0–20:4 species of the 1-alkenyl-2-acyl-
glycero-3-phosphoinositol subclass decreased significantly
(�46% and �33%, respectively) and the molecular spe-
cies 18:0–20:4 tended to decrease in 12(S)-HPETE-treated
platelets (�24%). Finally, the concentration of 18:0–20:4
species, the main one within the 1,2-diacyl-glycero-3-phos-
phoinositol subclass, was unchanged and even tended to
increase in 12(S)-HPETE-treated platelets [6.4 � 1.9 nmol/
109 platelets treated with collagen at 0.18 �g/ml vs. 9.3 �
1.9 nmol/109 platelets coincubated with 18 nM 12(S)-
HPETE and collagen at 0.18 �g/ml, n � 5]. 

Effect of 12(S)-HPETE on translocation
and phosphorylation of cPLA2

To obtain biochemical evidence that cPLA2 was indeed
involved in the 12(S)-HPETE-mediated effect, SDS-PAGE/
immunoblotting analysis of platelet cytosolic and mem-

TABLE 2. Effect of 12-hydroperoxy-eicosatetraenoic acid on molecular species content of phosphatidylcholine
and phosphatidylethanolamine subclasses

1,2-Diacyl-GPC 1,2-Diacyl-GPE 1-Alkenyl-2-acyl-GPE

Molecular Species
Platelets � 
Collagen

Platelets � 
12(S)-HPETE 

� Collagen
Platelets � 
Collagen

Platelets �
12(S)-HPETE �

Collagen
Platelets � 
Collagen

Platelets � 
12(S)-HPETE 

� Collagen

nmol/109 platelets

18:1–20:4 1.5 � 0.3 1.3 � 0.3 2.5 � 0.6 2.7 � 0.5 1.1 � 0.2 0.6 � 0.1a

16:0–20:4 12.5 � 1.6 10.1 � 1.1b 7.9 � 2.3 7.8 � 1.9 13.5 � 3.1 9.1 � 2.6b

18:0–20:4 13.4 � 1.6 11.1 � 1.2a 40.1 � 9.1 37.6 � 8.2 20.2 � 3.2 15.3 � 3.9
16:0–18:2 � 18:1–22:4 � 16:0–16:1 22.8 � 2.4 20.1 � 2.4b 4.3 � 1.4 3.4 � 1.1 — —
18:0–18:2 � 16:0–18:1 � 18:1–18:1 51.0 � 5.7 46.5 � 5.3 6.8 � 5.8 5.9 � 1.8 — —
16:0–16:0 9.4 � 1.0 8.8 � 1.0 1.2 � 0.3 1.2 � 0.3 — —
18:0–18:1 15.5 � 1.8 14.6 � 1.9 1.6 � 0.3 1.5 � 0.4 — —

Isolated human platelets were incubated for 1 min at 37�C in the absence or presence of 12(S)-HPETE (21.0 � 3.6 nM) followed by the addi-
tion of an STC of collagen (0.18 � 0.02 �g/ml) for another 1 min. After lipid extraction, separation of phospholipid classes by TLC, hydrolysis by
phospholipase C and treatment with dinitrobenzoyl chloride, dinitrobenzoyl derivatives of diradylglycerols were separated by TLC and individual
molecular species were separated by HPLC on a Superspher 100 RP-18 column and quantified by absorbance at 240 nm. Platelet aggregation tests
were performed in parallel for each experiment. Collagen alone induced 7.7 � 1.2% aggregation whereas 12(S)-HPETE and collagen induced 59.9 �
5.8% aggregation. Values represent means � SEM of five to eight different experiments. GPC, glycero-3-phosphocholine; GPE, glycero-3-phospho-
ethanolamine.

a P 	 0.01, compared with platelets incubated solely with collagen.
b P 	 0.05, compared with platelets incubated solely with collagen.
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brane fractions was carried out with anti-cPLA2 antibody.
The translocation of cPLA2 from the cytosol to mem-
branes was investigated as it constitutes a critical step in
the regulation of the enzyme. Platelets were preincubated
for 2 min at 37�C and incubated in the absence or pres-
ence of 12(S)-HPETE (100 nM) or 12-HETE (100 nM) for
2 min at 37�C. The amount of cPLA2 significantly increased
in membranes of platelets incubated with 100 nM 12(S)-
HPETE as compared with control platelets (129 � 6% vs.
100%, P 	 0.01, n � 7). On the contrary, no change in the
amount of membrane-associated cPLA2 was observed in 12-
HETE-treated platelets (94 � 10%), ruling out a putative in-
volvement of the reduced form of 12(S)-HPETE. There was
no significant change in the quantity of cPLA2 in cytosolic
fractions of platelets incubated either in the absence or
presence of 12(S)-HPETE or 12-HETE. To determine
whether cPLA2 is phosphorylated on 12(S)-HPETE stimu-
lation, the electrophoretic mobility of cPLA2 was deter-
mined in control and 12(S)-HPETE-treated platelets be-
cause the phosphorylation of the enzyme produces a
characteristic retardation in migration of this protein when
analyzed by SDS-PAGE. As shown in Fig. 1, the incubation
of platelets with 12(S)-HPETE for 2 min resulted in a shift
to the slower migrating form (phosphorylated cPLA2) in
SDS-PAGE whereas the faster migrating form (unphospho-
rylated cPLA2) was the prominent form in control platelets.
Therefore, 12(S)-HPETE caused the translocation of cPLA2
to membranes as well as its phosphorylation.

DISCUSSION

There is increasing evidence that lipid hydroperoxides
modulate cell functions. Whereas the inhibitory effect of
relatively high concentrations of HPETE on platelet ag-
gregation has been described (34, 35), more recent
studies have shown that lower concentrations of H2O2
(36) or HPETE (11) can prime the aggregation of plate-
lets in response to nonaggregating concentrations of AA
via stimulation of cyclo-oxygenase activity. The results of
the present study show that even lower concentrations of
12(S)-HPETE potentiate the aggregation of platelets coin-

cubated with nonaggregating concentrations of collagen,
an agonist acting through the release of AA from mem-
brane phospholipids. It is noteworthy that the priming ef-
fect of 12(S)-HPETE on the platelet response to collagen
was observed at concentrations below 50 nM. Such
amounts can be considered of physiological relevance as
basal concentrations of free monohydroxylated fatty acids
in human resting platelets have been evaluated to 1.5
pmol/109 platelets, which corresponds to 100 nM, 12-
HETE representing 50 nM within total monohydroxylated
fatty acids (37). Our results also show that nanomolar con-
centrations of 12(S)-HPETE increased the amount of
nonesterified AA in platelets further exposed to an STC of
collagen. It is therefore likely that such a hydroperoxide-
induced AA rise resulted in an increased formation of the
proaggregatory AA metabolite TxA2, and subsequently in
enhanced platelet aggregation, as shown. Previous studies
have reported a stimulation of AA release by peroxides
(16, 17), correlating with an increased serine phosphory-
lation of cPLA2 (38), but the concentrations used were
relatively high (at least 100 �M hydrogen peroxide or tert-
butyl hydroperoxide). Because AA is mainly released from
the sn-2 position of membrane phospholipids by the ac-
tion of an 85-kDa calcium-sensitive cPLA2 on activation of
platelets with physiological agonists, such as collagen and
thrombin (19), its involvement in the mechanism of ac-
tion of 12(S)-HPETE was investigated. Our results indi-
cate that the 12(S)-HPETE-induced increase in nonesteri-
fied AA showed some characteristics that would be
expected if it were indeed mediated by cPLA2. First, the
coincubation of platelets with an STC of collagen and
12(S)-HPETE induced a preferential decrease in AA from
the molecular species of 1,2-diacyl-GPC, 1-alkyl-2-acyl-
GPC, and 1-alkenyl-2-acyl-GPE. Although other molecular
species containing unsaturated fatty acids at the sn-2 posi-
tion decreased within 1,2-diacyl-GPC in platelets stimu-
lated with 12(S)-HPETE, they represent lower quantities
compared with AA-containing molecular species. Con-
cerning the type of polar head group at the sn-3 position
of phospholipids, PC and PE were preferentially hydro-
lyzed in platelets coincubated with 12(S)-HPETE and an
STC of collagen whereas PI remained unchanged. Previ-
ous studies using a mixed vesicle model have shown that
the 85-kDa cPLA2 prefers PC slightly over PE and PI (39)
but in platelets stimulated with thrombin, PC and PE were
found to be the main sources of AA (40). Within PC sub-
classes, there was no preference for the radyl group at the
sn-1 position, both 1,2-diacyl-GPC and 1-alkyl-2-acyl-GPC
subclasses being hydrolyzed in the presence of 12(S)-
HPETE. According to Diez et al. (41), cPLA2 showed no
difference between PC substrates containing either acyl or
alkyl linkage at the sn-1 position. Interestingly, within PE
subclasses, AA decreased selectively in 1-alkenyl-2-acyl-
GPE over 1,2-diacyl-GPE in platelets treated with 12(S)-
HPETE. This result corroborates a study showing that
oxidation of bovine brain PE by hydrogen peroxide and
copper resulted in a loss of specific plasmalogen molecu-
lar species containing polyunsaturated fatty acids at the
sn-2 position whereas diacyl-GPE species were much more

Fig. 1. Effect of 12(S)-HPETE on cPLA2 phosphorylation. Platelets
were preincubated for 2 min at 37�C and incubated in the absence or
presence of 12(S)-HPETE (100 nM) for 2 min at 37�C. The lysates
(50 �g) were electrophoresed on 7.5% gels and transferred to nitro-
cellulose membranes. Immunoblottings were performed with mouse
monoclonal antibodies raised against cPLA2. Lane 1, control plate-
lets; lane 2, platelets incubated with 100 nM 12(S)-HPETE. The data
presented are representative of three experiments.
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stable (42). A second piece of evidence in favor of 12(S)-
HPETE-induced cPLA2 activation is the prevention of in-
creased AA content by the cPLA2 inhibitor AACOCF3,
which is selective for cPLA2 among known Ca2�-dependent
enzymes (29). Finally, direct evidence of activation of
cPLA2 by 12(S)-HPETE was presented by considering the
translocation of the enzyme from the cytosol to membranes
and its phosphorylation. In platelets incubated with 12(S)-
HPETE, the quantity of cPLA2 increased in membranes,
which may be responsible in part for AA release from phos-
pholipids, and cPLA2 underwent a shift in electrophoretic
mobility, indicative of cPLA2 phosphorylation on Ser-505
(43). Altogether, our results are in favor of the involvement
of cPLA2 in the mechanism of action of 12(S)-HPETE.
However, iPLA2 seems to contribute to the 12(S)-HPETE-
induced AA liberation because BEL prevented the in-
creased formation of TxB2, one of the major metabolites of
AA. The role of iPLA2 in phospholipid remodeling and
signal transduction remains to be defined in platelets.

In conclusion, 12(S)-HPETE may have an important
role in controlling the level of nonesterified AA, which
constitutes a rate-limiting step in the biosynthesis of bio-
logically active eicosanoids.

This work was supported by INSERM and the Région Rhône-
Alpes. The authors gratefully thank Dr. Martine Croset for ad-
vice in the quantification of molecular species in phospholipid
subclasses.

Manuscript received 26 October 2000, in revised form 19 April 2001, and in
re-revised form 31 May 2001.

REFERENCES

1. Witztum, J. L. 1994. The oxidation hypothesis of atherosclerosis.
Lancet. 344: 793–795.

2. Rice-Evans, C., and R. Burdon. 1993. Free radical–lipid interactions
and their pathological consequences. Prog. Lipid Res. 32: 71–110.

3. Halliwell, B., and J. Gutteridge. 1989. Free Radicals in Biology and
Medicine. 2nd edition. Clarendon Press, Oxford. 188–276.

4. Samuelsson, B., M. Goldyne, E. Granström, M. Hamberg, S.
Hammarström, and C. Malmsten. 1978. Prostaglandins and
thromboxanes. Annu. Rev. Biochem. 47: 997–1029.

5. Bryant, R. W., T. C. Simon, and J. M. Bailey. 1982. Role of glutathione
peroxidase and hexose monophosphate shunt in the platelet li-
poxygenase pathway. J. Biol. Chem. 257: 14937–14943.

6. Kühn, H. 1996. Biosynthesis, metabolization and biological impor-
tance of the primary 15-lipoxygenase metabolites 15-hydro(pero)
xy-5Z,8Z,11Z,13E-eicosatetraenoic acid and 13- hydro(pero)xy-
9Z,11E-octadecadienoic acid. Prog. Lipid Res. 35: 203–226.

7. Véricel, E., M. Croset, P. Sedivy, P. Courpron, M. Dechavanne, and
M. Lagarde. 1988. Platelets and aging. I. Aggregation, arachido-
nate metabolism and antioxidant status. Thromb. Res. 49: 331–342.

8. Véricel, E., C. Rey, C. Calzada, P. Haond, P. H. Chapuy, and M.
Lagarde. 1992. Age-related changes in arachidonic acid peroxida-
tion and glutathione-peroxidase activities in human platelets. Pros-
taglandins. 43: 75–85.

9. Marshall, P. J., R. J. Kulmacz, and W. E. M. Lands. 1987. Con-
straints on prostaglandin biosynthesis in tissues. J. Biol. Chem. 262:
3510–3517.

10. De Groot, J. J. M. C., G. A. Veldinck, J. V. G. Vliegenthart, J. Bold-
ingh, R. Wever, and B. F. Vangelder. 1975. Biochim. Biophys. Acta.
377: 71–79.

11. Calzada, C., E. Véricel, and M. Lagarde. 1997. Low concentrations
of lipid hydroperoxides prime human platelet aggregation specifi-
cally via cyclo-oxygenase activation. Biochem. J. 325: 495–500.

12. Irvine, R. F. 1982. How is the level of free arachidonic acid con-
trolled in mammalian cells? Biochem. J. 204: 3–16.

13. Zaleska, M. M., and D. F. Wilson. 1989. Lipid hydroperoxides
inhibit reacylation of phospholipids in neuronal membranes. J.
Neurochem. 52: 255–260.

14. Sporn, P. H., T. M. Marshall, and M. Peters-Golden. 1992. Hydrogen
peroxide increases the availability of AA for oxidative metabolism
by inhibiting acylation into phospholipids in the alveolar macro-
phage. Am. J. Respir. Cell Mol. Biol. 7: 307–316.

15. Cane, A., M. Breton, K. Koumanov, G. Béréziat, and O. Colard.
1998. Oxidant-induced arachidonic acid release and impairment
of fatty acid acylation in vascular smooth muscle cells. Am. J. Physiol.
274: 1040–1046.

16. Boyer, C. S., G. L. Bannenberg, E. P. Neve, A. Ryrfeldt, and P. Mol-
deus. 1995. Evidence for the activation of the signal-responsive
PLA2 by exogenous hydrogen peroxide. Biochem. Pharmacol. 50:
753–761.

17. Chakraborti, S., G. H. Gurtner, and J. R. Michael. 1989. Oxidant-
induced activity of phospholipase A2 in pulmonary endothelium.
Am. J. Physiol. 257: 430–437.

18. Vedelago, H. R., and V. G. Mahadevappa. 1988. Mobilization of
arachidonic acid in collagen-stimulated human platelets. Biochem.
J. 256: 981–987.

19. Kramer, R. M., and J. D. Sharp. 1997. Structure, function and regu-
lation of Ca2�-sensitive cytosolic phospholipase A2. FEBS Lett. 410:
49–53.

20. Lagarde, M., P. A. Bryon, M. Guichardant, and M. Dechavanne.
1980. A simple and efficient method for platelet isolation from
their plasma. Thromb. Res. 17: 581–588.

21. Born, G. V. R. 1962. Aggregation of blood platelets by adenosine
diphosphate and its reversal. Nature. 194: 927–929.

22. Lagarde, M., B. Drouot, M. Guichardant, and M. Dechavanne.
1985. In vitro incorporation and metabolism of some icosaenoic
acids in platelets. Effect on arachidonic acid oxygenation. Biochim.
Biophys. Acta. 833: 52–58.

23. Schlenk, H., and J. Gellerman. 1960. Esterification of fatty acids
with diazomethane on a small scale. Anal. Chem. 32: 1412–1414.

24. Brossard, N., M. Croset, C. Pachiaudi, J. P. Riou, J. L. Tayot, and M.
Lagarde. 1996. Retroconversion and metabolism of [13C]22:6n-3
in humans and rats after intake of a single dose of [13C]22:6n-3-tri-
acylglycerols. Am. J. Clin. Nutr. 64: 577–586.

25. Takamura, H., H. Narita, R. Urade, and M. Kito. 1986. Quantita-
tive analysis of polyenoic phospholipid molecular species by high
performance liquid chromatography. Lipids. 21: 356–361.

26. Croset, M., Y. Bayon, and M. Lagarde. 1992. Incorporation and
turnover of eicosapentaenoic and docosahexaenoic acids in human
blood platelets in vitro. Biochem. J. 281: 309–316.

27. Kramer, R. M., E. F. Roberts, J. V. Manetta, P. A. Hyslop, and J. A.
Jakubowski. 1993. Thrombin-induced phosphorylation and activa-
tion of Ca2�-sensitive cytosolic phospholipase A2 in human plate-
lets. J. Biol. Chem. 268: 26796–26804.

28. Bradford, M. M. 1976. A rapid and sensitive method for the quan-
titation of microgram quantities of protein utilizing the principle
of protein-dye binding. Anal. Biochem. 72: 248–254.

29. Street, I. P., H. K. Lin, F. Laliberté, F. Ghomashchi, Z. Wang, H.
Perrier, N. M. Tremblay, Z. Huang, P. K. Weech, and M. H. Gelb.
1993. Slow- and tight-binding inhibitors of the 85-kDa human
phospholipase A2. Biochemistry. 32: 5935–5940.

30. Huang, Z., S. Liu, I. Street, F. Laliberté, K. Abdullah, S. Desmarais,
Z. Wang, B. Kennedy, P. Payette, D. Riendeau, P. Weech, and M.
Gresser. 1994. Methyl arachidonyl fluorophosphonate, a potent
irreversible cPLA2 inhibitor, blocks the mobilization of arachi-
donic acid in human platelets and neutrophils. Mediators Inflamm.
3: 307–308.

31. Rosenthal, M. D., B. S. Viswanath, and R. C. Franson. 1989. Effects
of aristolochic acid on phospholipase A2 activity and arachidonate
metabolism of human neutrophils. Biochim. Biophys. Acta. 1001: 1–8.

32. Ackermann, E. J., K. Conde-Frieboes, and E. A. Dennis. 1995. Inhi-
bition of macrophage Ca(2�)-independent phospholipase A2 by
bromoenol lactone and trifluoromethyl ketones. J. Biol. Chem. 270:
445–450.

33. Véricel, E., M. Croset, L. Perrot, S. Renaud, and M. Lagarde. 1988.
Platelets and aging. II. Plasma lipoproteins and fatty acid profiles.
Thromb. Res. 49: 451–462.

34. Véricel, E., and M. Lagarde. 1980. Regulation of arachidonate-
induced platelet aggregation by the lipoxygenase product, 12-
hydroperoxy-eicosatetraenoic acid. Lipids. 15: 472–474.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


Calzada et al. Stimulation of AA level by lipid hydroperoxides 1473

35. Aharony, D., J. B. Smith, and M. J. Silver. 1982. Regulation of
arachidonate-induced platelet aggregation by the lipoxygenase
product, 12-hydroperoxy-eicosatetraenoic acid. Biochim. Biophys.
Acta. 718: 193–200.

36. Pratico, D., L. Iuliano, F. M. Pulcinelli, M. S. Bonavita, P. P. Gazzan-
iga, and F. Violi. 1992. Hydrogen peroxide triggers activation of hu-
man platelets selectively exposed to nonaggregating concentrations
of arachidonic acid and collagen. J. Lab. Clin. Med. 119: 364–370.

37. Guichardant, M., C. Thévenon, J. F. Pageaux, and M. Lagarde.
1997. Basal concentrations of free and esterified monohydroxy-
lated fatty acids in human blood platelets. Clin. Chem. 43: 2403–
2407.

38. Rao, G. N., M. S. Runge, and R. W. Alexander. 1995. Hydrogen
peroxide activation of cytosolic phospholipase A2 in vascular
smooth muscle cells. Biochim. Biophys. Acta. 1265: 67–72.

39. Diez, E., P. Louis-Flamberg, R. H. Hall, and R. J. Mayer. 1992. Sub-

strate specificities and properties of human phospholipase A2 in a
mixed vesicle model. J. Biol. Chem. 267: 18342–18348.

40. Purdon, A. D., D. Patelunas, and J. B. Smith. 1987. Evidence for
the release of arachidonic acid through the selective action of
phospholipase A2 in thrombin-stimulated human platelets. Bio-
chim. Biophys. Acta. 920: 205–214.

41. Diez, E., F. H. Chilton, G. Stroup, R. J. Mayer, J. D. Winkler, and
A. N. Fonteh. 1994. Fatty acid and phospholipid selectivity of dif-
ferent phospholipase A2 enzymes studied by using a mammalian
membrane as substrate. Biochem. J. 301: 721–726.

42. Khaselev, N., and R. C. Murphy. 1999. Susceptibility of plasmenyl
glycerophosphoethanolamine lipids containing arachidonate to
oxidative degradation. Free Radic. Biol. Med. 26: 275–284.

43. Lin, L., M. Wartmann A. Y. Lin, J. L. Knopf, A. Seth, and R. J.
Davis. 1993. cPLA2 is phosphorylated and activated by MAP kinase.
Cell. 72: 269–278.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/

