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ABSTRACT: The intracellular mechanisms underlying oxi-
dized low density lipoprotein (oxLDL)-signaling pathways in
platelets remain obscure and findings have been controversial.
Therefore, we examined the influence of oxLDL in washed
human platelets. In this study, oxLDL concentration-depen-
dently (20-100 pg/mL) inhibited platelet aggregation in human
platelets stimulated by collagen (1 ug/mL) and arachidonic acid
(60 uM), but not by thrombin (0.02 U/mL). The activity of
oxLDL was greater at 24 h in inhibiting platelet aggregation than
at 12 h. At 24 h, oxLDL concentration-dependently inhibited
intracellular Ca?* mobilization and thromboxane B, formation
in human platelets stimulated by collagen. In addition, at 24 h
oxLDL (40 and 80 pg/mL) significantly increased the formation
of cyclic AMP, but not cyclic GMP or nitrate. In an ESR study,
24 h-oxLDL (40 pug/mL) markedly reduced the ESR signal inten-
sity of hydroxyl radicals (OH™) in both collagen (2 pg/mL)-acti-
vated platelets and Fenton reaction (H,0, + Fe?*). The in-
hibitory effect of oxLDL may induce radical-radical termination
reactions by oxLDL-derived lipid radical interactions with free
radicals (such as hydroxyl radicals) released from activated
platelets, with a resultant lowering of intracellular Ca?* mobi-
lization, followed by inhibition of thromboxane A, formation,
thereby leading to increased cyclic AMP formation and finally
inhibited platelet aggregation. This study provides new insights
concerning the effect of oxLDL in platelet aggregation.
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The oxidation theory of atherosclerosis proposes that forma-
tion of oxidized LDL (oxLDL) in the subendothelial space of
artery walls represents a causative event for atherogenesis.
Evidence from oxidized lipoproteins has been detected in ath-
erosclerotic lesions (1), and oxLDL exhibits various proath-
erogenic activities (2). Macrophage cholesterol accumulation
and foam cell formation is a hallmark of atherogenesis (3).
Platelets interact with plasma lipoprotein as well as with arte-
rial wall macrophages that play an important role in athero-
genesis (4). Plasma lipoproteins have been shown to affect
platelet activity in vitro and in vivo. The susceptibility of
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platelets to aggregation in vitro on stimulation by aggregating
agents, such as ADP and collagen, has been shown to increase
in most, but not all, studies of platelet-rich plasma (PRP) from
hypercholesterolemic individuals (5).

Oxidation of LDL may be one of the main factors involved in
the initial development of atherosclerotic lesions (1). LDL can
be oxidized within the arterial wall by macrophages; this process,
which favors the accumulation of LDL in the intima of the arter-
ial wall, is thought to be a possible explanation for the progres-
sion of arteriosclerotic lesions. Endothelial cells also induce
oxLDL formation, but in turn may be damaged by oxLLDL (1).
LDL has been suggested to have platelet-activating properties
such as decreasing the threshold for stimulation by aggregation
agents and inducing platelet aggregation (6,7). However, evi-
dence regarding the induction of platelet activation by LDL is
controversial. Several studies have reported the inhibition of ag-
onist-induced platelet aggregation by native LDL (nLDL) (8,9).
In others, platelet-activating effects of either lower nLDL (10-50
ng/mL) (10) or higher concentrations of LDL (more than 1-2
mg/mL) have been described (7). Furthermore, platelet-activat-
ing activity was found to reside in oxLDL rather than in nLDL
(11). oxLLDL plays an important role in the pathogenesis of ath-
erosclerosis; it also has been reported to enhance platelet activa-
tion in some (6,12), but not all, studies (13,14). Vlasova et al.
(14) found that highly oxidized LDL not only failed to activate
platelet aggregation but also inhibited ADP-induced aggrega-
tion. However, they also found that mildly oxidized LDL dimin-
ished the time-dependent decrease in platelet aggregability in
PRP (15). Such discrepancies among reported oxLDL—platelet
interactions may depend on methodological variations in the iso-
lation, oxidization, and dosage of lipoproteins employed, which
might result in nonhomogeneous oxidation (8).

In this study, we found that oxLDL (LDL oxidized with
copper), at lower concentrations (40-80 pg/mL), significantly
inhibited agonist-induced platelet aggregation. However, the
detailed intracellular mechanisms underlying oxLDL—platelet
interaction still remain obscure. We therefore systemically ex-
amined the influence of oxLDL in washed human platelets
and utilized the findings to characterize the mechanisms in-
volved in this influence.

MATERIALS AND METHODS

Materials. Collagen (Type I, bovine achilles tendon), ara-
chidonic acid (AA), sodium citrate, luciferin-luciferase,
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indomethacin, prostaglandin E, (PGE,), nitroglycerin,
apyrase, catalase, thrombin, BSA, and heparin were pur-
chased from Sigma Chemical (St. Louis, MO). Fura 2-AM
was purchased from Molecular Probe (Eugene, OR).
DEPMPO (5-diethoxyphosphoryl-5-methyl-1-pyrroline-N-
oxide) was purchased from OXIS (Portland, OR). Cyclic
AMP, cyclic GMP, and thromboxane B, (TxB,) enzyme im-
munoassay (EIA) kits were purchased from Cayman (Ann
Arbor, MI).

Preparation of human platelet suspensions. Human
platelet suspensions were prepared as previously described
(16). In this study, human volunteers gave informed consent.
In brief, blood was collected from healthy human volunteers
who had taken no medicine during the preceding 2 wk and
then mixed with an acid/citrate/glucose anticoagulant (9:1
blood/anticoagulant, vol/vol). After centrifugation at 120 X g
for 10 min at room temperature, the supernatant (PRP) was
supplemented with PGE, (0.5 uM) and heparin (6.4 TU/mL),
then incubated for 10 min at 30°C, and centrifuged at 500 x g
for 10 min. The washed platelets were finally suspended in
Tyrode’s solution containing BSA (3.5 mg/mL) and adjusted
to a concentration of 4.5 x 10% platelets/mL. The final con-
centration of Ca®* in Tyrode’s solution was 1 mM.

Isolation of human plasma LDL. Human LDL (at a den-
sity of 1.109-1.063) was isolated from fresh plasma of fasted
normolipidemic human volunteers collected in EDTA (2 mM)
by sequential density gradient ultracentrifugation as described
by Dousset et al. (17). In brief, plasma density was adjusted
to 1.02 g/mL using a NaCl/KBr solution for immediate sepa-
ration of VLDL and intermediate density lipoproteins, and
then adjusted to 1.063 g/mL for the separation of LDL. The
LDL was further purified by resuspension in the appropriate
NaCl/KBr solution (1.063 g/mL) and ultracentrifuged. The
LDL was then dialyzed for 24 h at 4°C against three changes
of nitrogen-gassed 0.02 M Tris buffer to remove the EDTA
and KBr. After dialysis, LDL was stored for not more than 7
d under nitrogen at 4°C in the dark. Total protein concentra-
tion was measured by the Lowry method using BSA as the
standard (18).

Oxidation of LDL. After adjustment of the LDL concen-
tration to 0.5 mg/mL (expressed as total LDL concentration),
lipoprotein preparations were dialyzed against 100 vol of 10
mM sodium phosphate buffer (containing 150 mM NaCl, pH
7.4) for 18 h, at 4°C in the dark. Oxidation was initiated by
addition of CuSO, (5 uM) for 12 and 24 h at 37°C, respec-
tively, and was stopped after the addition of EDTA (20 uM).
Before the functional studies, oxXLDL was filtered through a
Sephadex PD-10 column (Pharmacia, Uppsala, Sweden) to
remove EDTA and copper and was reconcentrated at 4°C
using Centricon 3000 filters (Amicon, Bedford, MA) accord-
ing to the manufacturer’s instructions. Oxidation was con-
firmed by the TBARS assay (19). Tetramethoxypropane was
used as a standard, and the results were expressed as
nanomoles of malondialdehyde equivalents per milligram
protein of LDL. The extent of aldehyde-modified lysine in
oxidized LDL (adjusted to 0.1 mg LDL protein/mL) was

Lipids, Vol. 39, no. 5 (2004)

D.-S. CHOU ET AL.

monitored by determining the fluorescence intensity (excita-
tion at 350 nm, emission at 420 nm) (20). The 12-h (12h-
oxLDL) and 24-h (24h-oxLLDL) lipoproteins were used in all
of the functional studies within 48 h of preparation.

Platelet aggregation. The turbidimetric method was ap-
plied to measure platelet aggregation (19), using a Lumi-Ag-
gregometer (Payton, Ontario, Canada). Platelet suspensions
4.5x 108 platelets/mL, 0.4 mL) were prewarmed to 37°C for
2 min (stirring at 1200 rpm) in a silicone-treated glass cuvette.
oxLDL (20-100 pg/mL) was added 3 min before the addition
of platelet-aggregation inducers. The reaction was allowed to
proceed for at least 6 min, and the extent of aggregation was
expressed in light-transmission units. When measuring ATP
release, 20 pL of the luciferin/luciferase mixture was added 1
min before the addition of the agonists, and ATP release was
compared with that of the control.

Measurement of platelet [Ca** Ji mobilization by Fura 2-
AM fluorescence. Citrated whole blood was centrifuged at
120 x g for 10 min. The supernatant was protected from light
and incubated with Fura 2-AM (5 uM) at 37°C for 1 h.
Human platelets were then prepared as described above. Fi-
nally, the external Ca®* concentration of the platelet suspen-
sions was adjusted to 1 mM. The rise in [Ca2+]i was measured
using a fluorescence spectrophotometer (CAF 110; JASCO,
Tokyo, Japan) at excitation wavelengths of 340 and 380 nm,
and an emission wavelength of 500 nm. [Ca2+]i was calcu-
lated from the fluorescence, using 224 nM as the Ca*-Fura 2
dissociation constant (21).

Measurement of TxB, formation. Washed human platelet
suspensions (4.5 X 108/mL) were preincubated for 3 min in
the absence or presence of oxLDL (40 and 80 pg/mL) before
the addition of collagen (1 pg/mL). Six minutes after the ad-
dition of the agonist, 2 mM EDTA and 50 uM indomethacin
were added to the reaction suspensions. The vials were then
centrifuged for 3 min at 15,000 X g. The TxB, levels of the
supernatants were measured using an EIA kit (Cayman) ac-
cording to the instructions of the manufacturer.

Estimation of platelet cyclic AMP and cyclic GMP forma-
tions. The method of Karniguian et al. (22) was followed. In
brief, platelet suspensions were warmed to 37°C for 1 min,
then either PGE, (10 uM), nitroglycerin (10 uM), or oxLLDL
(40 and 80 pg/mL) was added and incubated for 6 min. The
incubation was stopped, and the solution was immediately
boiled for 5 min. After cooling to 4°C, the precipitated pro-
tein was collected as sediment after centrifugation. Fifty mi-
croliters of supernatant was used to determine the cyclic AMP
and cyclic GMP contents by EIA kits (Cayman) following
acetylation of the samples as described by the manufacturer.

Estimation of nitrate in human platelet suspensions.
Platelet suspensions (1 x 10°/mL) were preincubated with col-
lagen (1 pg/mL) or oxLDL (40 and 80 pg/mL) for 6 min fol-
lowed by centrifugation (17,500 X g) for 5 min. The super-
natants were deproteinized by incubation with 95% ethanol at
4°C for 30 min. Samples were then centrifuged for a further 7
min at 15,000 x g. It should be noted that the nitrate concen-
trations in the platelet suspensions reported in this study actu-
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ally represent the total of both nitrite and nitrate concentra-
tions in the platelet suspensions. The amount of nitrate in the
platelet suspensions (10 pL) was measured by adding a reduc-
ing agent (0.8% VCl, in 1 M HCI) to the purge vessel to con-
vert nitrate to NO, which was stripped from the platelet sus-
pensions by a helium purge gas. The NO was then drawn into
a Sievers Nitric Oxide Analyzer (280 NOA; Sievers Instru-
ments, Boulder, CO). Nitrate concentrations were calculated
by comparison with standard solutions of sodium nitrate.

Measurement of free radicals in platelet suspensions by
ESR spectrometry. The ESR method used a Bruker EMX ESR
spectrometer as described previously (23). In brief, platelet
suspensions (4.5 X 108 platelets/mL, 0.4 mL) were pre-
warmed to 37°C for 2 min, and then oxLDL (40 pg/mL) or
catalase (1000 U/mL) was added 3 min before the addition of
collagen (2 pg/mL). The reaction was allowed to proceed for
1 min, followed by the addition of 100 mM DEPMPO for the
ESR study. In addition, Fe* (1 UM) was preincubated with
H,0, (10 uM) in Tyrode’s solution, followed by the addition
of 24h-oxLLDL (40 and 80 pg/mL) and further incubated with
50 mM DEPMPO for the Fenton reaction. ESR spectra were
recorded on a Bruker EMX ESR spectrometer using a flat
quartz cell designed for aqueous solutions. Conditions of ESR
spectrometry were as follows: 20 mW power at 9.78 GHz, 1
G modulation, and 100 G scanning for 42 s, with 10 scans ac-
cumulated.

Statistical analysis. The experimental results are expressed
as the means + SEM and are accompanied by the number of ob-
servations. Data were assessed using ANOVA. If this analysis
indicated significant differences among the group means, then
each group was compared using the Newman—Keuls method. A
P value <0.05 was considered statistically significant.

RESULTS

Effect of oxLDL on platelet aggregation in human platelet
suspensions. The 12h- and 24h-oxLDL preparations were ox-
idized under identical conditions. Under these conditions, the
concentrations of 12h- and 24h-oxLDL after incubation were
50.3 + 0.6 and 51.4 = 1.8 nmol of MDA/mg protein, respec-
tively. The extents of aldehyde-modified lysine in 12h- and
24h-oxLDL were about 11.0 + 1.1 and 13.1 + 1.4, respec-
tively. In this study, we found that the 12h- and 24h-oxLDL,
but not nLDL, concentration-dependently (20-100 pg/mL)
inhibited platelet aggregation stimulated by collagen (1
ng/mL) (Figs. 1, 2) and AA (60 uM) (Fig. 3) in human plate-
let suspensions. Furthermore, both types of oxLDL inhibited
the ATP-release reaction when stimulated by agonists (i.e.,
collagen) (Fig. 1). The ICs, values of the 12h- and 24h-
oxLDL for platelet aggregation induced by collagen were es-
timated to be about 46.3 + 1.1 and 55.2 + 1.0 pg/mL, respec-
tively (Fig. 2). The 24h-oxLDL exhibited more potent activ-
ity than 12h-oxLDL in inhibiting platelet aggregation
stimulated by agonists. On the other hand, neither type of
oxLDL significantly inhibited thrombin (60 uM)-induced
platelet aggregation (Fig. 3). Additionally, neither 12h- nor
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FIG. 1. Tracing curves of oxidized LDL (oxLDL) on collagen (1 pug/mL)-
induced platelet aggregation in washed human platelets. Platelets were
preincubated with 12h- and 24h-oxLDL (40 and 80 ug/mL) for 3 min.
Collagen was then added to trigger aggregation (lower tracings) and ATP
release (upper tracings). Profiles are representative examples of five sim-
ilar experiments. AT(%), percent change in transmission.

24h-oxLLDL significantly induced spontaneous platelet aggre-
gation in the absence of agonists (data not shown). In the fol-
lowing studies, we used 24h-oxLLDL as a tool to further ex-
plore the mechanisms of oxLLDL in platelet aggregation.

Effect of 24h-oxLDL on [Ca?* ]i mobilization. Free cyto-
plasmic Ca®* concentrations in human platelets were mea-
sured by the Fura 2-AM loading method. As shown in Figure
4, collagen (1 pg/mL) evoked a marked increase in [Ca>*]i
mobilization. 24h-oxLDL (40 and 80 pg/mL) concentration-
dependently inhibited the collagen-evoked increase in [Ca®*]i
by about 91 and 96%, respectively. This suggests that oxLDL
exerts an inhibitory effect on [Ca2+]i mobilization in human
platelets stimulated by collagen.
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FIG. 2. Concentration-inhibition curves of LDL on collagen (1 pug/mL)-
induced platelet aggregation in washed human platelets. Platelets were
preincubated with various concentrations (20-100 ug/mL) of 12h-
oxLDL (O), 24h-oxLDL (V/), and native LDL (nLDL) ({J) for 3 min, fol-
lowed by the addition of collagen to trigger platelet aggregation. Data
are presented as a percentage of the control (means + SEM, n = 5). For
other abbreviation see Figure 1.
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FIG. 3. Concentration-inhibition curves of 24h-oxLDL on thrombin
(0.02 U/mL, O)-, arachidonic acid (60 uM, V)-, and collagen (1 pg/mL,
O)-induced platelet aggregation in washed human platelets. Platelets
were preincubated with 24h-oxLDL (40-100 pg/mL) for 3 min. Agonists
were then added to trigger platelet aggregation. Data are presented as a
percentage of the control (means + SEM, n = 5).
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FIG. 4. Effect of 24h-oxLDL on collagen-induced intracellular Ca®* mo-
bilization in Fura 2-AM-loaded human platelets. Platelet suspensions
were preincubated with Fura 2-AM (5 uM), followed by the addition of
collagen (1 ug/mL) in the absence or presence of 24h-oxLDL (40 and
80 pg/mL), which was added 3 min prior to the addition of collagen.
Profiles are representative examples of four similar experiments. For ab-
breviation see Figure 1.

Effect of 24h-oxLDL on TxB, formation. As shown in
Table 1, resting platelets produced relatively little TxB, com-
pared with collagen-activated platelets. PGE, (10 uM) inhib-
ited TxB, formation in collagen-activated platelets by 82%
(data not shown). Furthermore, results obtained using various
concentrations of 24h-oxLDL indicated that 24h-oxLDL
markedly inhibited TxB, formations in platelets stimulated
by collagen (1 pug/mL). At 80 ug/mL, 24h-oxLDL almost
completely inhibited TxB, formation (Table 1). These results
suggest that oxLDL exerts an inhibitory effect on TxA, for-
mation.
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TABLE 1
Effect of Oxidized LDL (oxLDL) on Thromboxane B, Formation
in Washed Human Platelets?

Concentration Thromboxane sz (ng/mL)

Resting 10.8 +5.3

Collagen (ug/mL) 1 80.5 + 17.2**

24h-oxLDL (ug/mlL) 40 47.9 +11.2°
80 9.5 + 3.0

“Platelet suspensions were preincubated with 24h-oxLDL (40 and 80 pg/mL)
for 3 min at 37°C and then collagen (1 ug/mL) was added to trigger throm-
boxane B, formation.

bData are presented as the means = SEM (n = 4). **P < 0.01 as compared
with the resting group; P < 0.05 and **P < 0.01 as compared with the colla-

gen group.

Effect of 24h-oxLDL on cyclic AMP, cyclic GMP, and nitrate
Sformations in washed human platelets. The level of cyclic
AMP in unstimulated platelets was low (2.1 + 0.5 pmol/ 10°
platelets, n = 4). Addition of PGE, (10 uM) increased the
cyclic AMP level to 18.9 + 3.9 prnol/lO9 platelets (n = 4).
When platelet suspensions were preincubated with various con-
centrations of 24h-oxLDL (40 and 80 pg/mL) for 3 min at
37°C, we found that 24h-oxLDL increased cyclic AMP levels
to 4.9 £ 0.2 and 5.4 = 0.8 pmol/ 10° platelets, respectively
(Table 2). We also performed similar studies measuring the
cyclic GMP response. The level of cyclic GMP in unstimulated
platelets was very low, but when nitroglycerin (10 uM) was
added to the platelet suspensions, the cyclic GMP level in-
creased from the resting level to 3.6 + 0.4 pmol/ 10° platelet
(Table 2). However, addition of 24h-oxLDL (40 and 80 pg/mL.)
resulted in no significant increase in platelet cyclic GMP levels
(0.9+0.2and 0.8 0.1 pmol/lO9 platelets, n = 4).

On the other hand, NO was quantified using a sensitive and
specific ozone redox—chemiluminescence detector. As shown
in Table 2, collagen (1 pg/mL) caused about a 2.6-fold rise in
nitrate formation, compared with that in resting platelets. In
the presence of 24h-oxLDL (40 and 80 pug/mL), nitrate pro-
duction did not significantly increase after incubation with
platelets for 6 min (Table 2). Furthermore, nitrate production
did not increase even after prolongation of the incubation
time to 30 min (data not shown). These results imply that the
antiplatelet activity of oxLLDL may act partially through stim-
ulation of cyclic AMP formation in human platelets.

Free radical-scavenging activity of 24h-oxLDL in collagen-
activated platelets. The rate of free radical-scavenging activity
is defined by the following equation: inhibition rate = 1 — sig-
nal height (24h-oxLDL)/signal height (control) (20). In this
study, a typical ESR signal of the hydroxyl radical (OH™) was
induced by collagen (2 pg/mL) in human platelets (Fig. 5B).
24h-oxLDL (40 pg/mL) and catalase (1000 U/mL) suppressed
hydroxyl radical formation by about 43 and 76% (n = 4), re-
spectively (Figs. 5C, 5D). On the other hand, 24h-oxLLDL (40
and 80 pg/mL) also concentration-dependently inhibited the
nonenzymatic hydroxyl radical generation in the Fenton reac-
tion (H,0, + Fez+) by about 71 and 91% (Figs. SF, 5G) com-
pared with the control group (Fig. SE). This observation pro-
vides in vitro evidence of the free radical-scavenging activity
of oxLDL in both activated platelets and the Fenton reaction.
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Effect of 24-h Oxidized LDL (24h-oxLDL) on Cyclic AMP, Cyclic GMP, and Nitrate Forma-

tion in Washed Human Platelets?

Cyclic AMP? Cyclic GMPP Nitrate?
Concentration  (pmol/1 0? platelets)  (pmol/1 0? platelets) (UM)

Resting 2.1+£0.5 0.6 £ 0.1 3.2+0.6
PGE; (uM) 10 18.9 + 3.9%* — —
NTG (uM) 10 — 3.6 + 0.4%** —
Collagen (ug/mL) 2 — — 8.3 £ 1.1%*
24h-oxLDL (ug/mL) 40 4.9 £ 0.2%* 0.9+0.2 4.3 +0.2

80 5.4 +0.8* 0.8 +0.1 49 +0.7

IPlatelet suspensions were preincubated with 24h-oxLDL (40 and 80 pg/mL) at 37°C. Addition of
prostaglandin E; (PGE,), nitroglycerin (NTG), and collagen in platelet suspensions served as positive
controls of cyclic AMP, cyclic GMP, and nitrate, respectively.

bData are presented as the means + SEM (n = 4). *P < 0.05, **P < 0.01, and ***P < 0.001 as com-

pared with the resting groups.
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FIG. 5. ESR spectra of 24h-oxLDL in the inhibition of hydroxyl radical
(OH™) formation in collagen-activated platelets and Fenton reaction.
Platelet suspensions (4.5 x 10% platelets/mL, 0.4 mL) were preincubated
with (A) PBS without activation (resting) or with (B) PBS, (C) 24h-oxLDL
(40 pg/mL), and (D) catalase (1000 U/mL) for 3 min; then collagen (2
ug/mL) was added to trigger platelet aggregation as described in the Ma-
terials and Methods section. Furthermore, hydroxyl radical was gener-
ated in the Fenton reaction (H,0, + Fe2*) incubation with (E) PBS, (F)
24h-oxLDL (40 pg/mL), and (G) 24h-oxLDL (80 pg/mL) for 3 min, fol-
lowed by the addition of 50 mM DEPMPO (5-diethoxyphosphoryl-5-
methyl-1-pyrroline-N-oxide) for ESR. The reaction was allowed to pro-
ceed for 5 min, followed by the addition of DEPMPO (100 mM) for ESR
experiments. The spectrum is a representative example of four similar
experiments.

DISCUSSION

The principal objective of this study was to describe the in-
tracellular mechanisms involved in the inhibition of agonist-
induced human platelet aggregation by oxLDL. This in-

hibitory effect of oxLDL was demonstrable with the use of
the agonists collagen and AA but not with thrombin. The in-
hibition was directly proportional to the concentrations of
oxLDL used. In this study, both platelet aggregation and the
ATP-release reaction induced by agonists (i.e., collagen) ap-
peared to be affected by the presence of oxLDL. Therefore,
this implies that oxXLDL may partially affect Ca®* release
from intracellular Ca®* storage sites [i.e., the dense tubular
system (DTS) or dense bodies] (Fig. 4), and this is in accord
with the concept that intracellular Ca’* release is responsible
for the ATP-release reaction (21).

TxA, is an important mediator of the release reaction and
aggregation of platelets (Fig. 6) (24). Collagen-induced for-
mation of TXBZ, a stable metabolite of TXAZ, was concentra-
tion-dependently inhibited by oxLDL (40 and 80 pg/mL)
(Table 1). It has been demonstrated that phosphoinositide
breakdown can induce TxA, formation via free AA release
by DG lipase or by endogenous phospholipase A, (PLA,)
from membrane phospholipids (Fig. 6) (25). Thus, it seems
likely that TxB, formation plays a role in mediating the in-
hibitory effect of oxLDL on human platelets.

Activation of human platelets is inhibited by two intracel-
lular pathways regulated by either cyclic AMP or cyclic GMP
(26). The importance of cyclic AMP in modulating platelet
reactivity is well established (22). In addition to inhibiting
most platelet responses, elevated levels of cyclic AMP de-
crease intracellular Ca®* concentrations by the uptake of Ca**
into the DTS, which negatively affects the action of protein
kinase C (Fig. 6) (26). Elevated platelet TxA, levels report-
edly inhibited platelet membrane-associated adenylate cy-
clase, which lowers cyclic AMP levels in platelets (27). On
the other hand, signaling by cyclic GMP somehow interferes
with the agonist-stimulated phosphoinositide turnover that
creates Ca2+—m0bilizing second messengers (28). In this
study, we found that oxLDL did not induce NO formation in
human platelets. This result is in accord with results of the
cyclic GMP study, because the NO being produced is biolog-
ically active, since most cellular actions of NO occur via stim-
ulation of intracellular guanylate cyclase, leading to an in-
crease in cyclic GMP (28). Therefore, the inhibitory effects
of oxLDL on collagen-induced platelet aggregation seem to

Lipids, Vol. 39, no. 5 (2004)
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FIG. 6. Schematic hypothesis of the intracellular mechanisms of oxLDL on platelet aggregation.
Agonists can activate several phospholipases, including phospholipase C (PLC) and phospholi-
pase A, (PLA,). Collagen or arachidonic acid (AA) stimulates the release of O,” and OH™ from
platelets. oxLDL can react with O,” and OH™ to form nonradical products (NRP). Products of
the action of PLC on phosphatidylinositol 4,5-bisphosphate (PIP,) include 1,2-DAG and inosi-
tol 1,4,5-trisphosphate (IP;). DAG stimulates protein kinase C (PKC), followed by phosphoryla-
tion of a 47-kDa protein (protein-P). IP; induces the release of Ca** from dense tubular sys-
tems (DTS). The major metabolite of AA in platelets is thromboxane A, (TxA,). Cyclic AMP,
cyclic 3’,5-adenosine monophosphate; AC, adenylate cyclase; CAK, cyclic AMP-activated
cyclic AMP-dependent protein kinase; for other abbreviation see Figure 1.

be mediated, at least partially, by an increase in cyclic AMP
levels in human platelets.

Modification of LDL in vitro is usually performed by in-
cubation of LDL with traces of transition metals (copper or
iron). Kalyanaraman et al. (29) showed direct evidence for
the formation of the o-tocopheroxyl radical and lipid radicals
during the oxidation of LDL using the spin trap technique.
Schneider et al. (30) also detected lipid radical formation in
the Cu?*-induced oxidation of LDL. Thus, it has been sug-
gested that the oxidation of lipid present in LDL particles pro-
ceeds via a radical mechanism (30,31).

Lipid peroxidation is initiated by abstraction of bisallylic
hydrogen (LH) from lipids by the peroxyl radical (ROO"),
thereby generating a lipid radical (L) and a peroxide (ROOH).
In the presence of O,, lipid peroxyl radicals (LOO™) are
formed, which stimulate lipid peroxidation (LOOH) via a chain
reaction that produces many molecules of LOOH per ROO™
(32). Thomas and Stocker (32) found that these lipid radicals
react with other radical oxidants, including the o-tocopheroxyl
radical, Cu®*, or the hydroxyl radical (OH™), to form nonradi-
cal products (by the radical-radical termination reaction) (32).
Furthermore, reactive oxygen species act as second messen-
gers during the initial phase of platelet activation processes
(33). Mirabelli et al. (34) showed an increase in cytosolic Ca”
concentration upon platelet exposure to oxidative stress (Fig.
6). Platelets primed by exposure to subthreshold concentrations
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of AA or collagen are known to be activated by nanomolar lev-
els of hydrogen peroxide, and this effect is mediated by hy-
droxyl radicals formed in an extracellular Fenton-like reaction
(35). It is also evident that some of the hydrogen peroxide pro-
duced by platelets is converted into hydroxyl radicals, as
platelet aggregation can be inhibited by hydroxyl radical scav-
engers (36). A recent study demonstrated that collagen-induced
platelet aggregation is associated with O, and OH™ formation,
which is dependent on AA release and metabolism (Fig. 6)
(37). In addition, the study also found that AA, but not ADP or
thrombin, stimulates the release of O, and OH™ from platelets
(37). Our findings are also consistent with this observation, be-
cause the release of hydroxyl radicals by collagen-stimulated
platelets was reduced to the resting level by oxLLDL (Fig. 5).

In conclusion, the observations of this study suggest that
oxLDL inhibits collagen- and AA-induced human platelet ag-
gregation. The inhibitory effect of oxXLDL may induce the
radical-radical termination reaction by the interaction of
oxLDL-derived lipid radicals with the free radicals (such as
hydroxyl radicals) released from activated platelets, with a
resultant lowering of intracellular Ca”* mobilization, fol-
lowed by inhibition of PLA, activation and of TxA, forma-
tion, thereby leading to increased cyclic AMP formation, and
finally to further inhibition of [Ca2+]i mobilization and
platelet aggregation. This study provides new insights con-
cerning the effects of oxLLDL on platelet aggregation.
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