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Summary

The intracellular mechanisms underlying oxidized low-density lipoprotein (oxLDL)-signaling pathways in
platelets are not yet completely understood. Therefore, the aim of this study was to further examine the
effects of oxLDL in prevention of platelet aggregation. In this study, oxLDL concentration-dependently
(40–120 lg/ml) inhibited platelet aggregation in human platelet-rich plasma stimulated by agonists.
Moreover, oxLDL (40 and 80 lg/ml) markedly decreased the fluorescence intensity of platelet membranes
tagged with diphenylhexatriene. Rapid phosphorylation of a protein of Mr 47,000 (P47), a marker of
protein kinase C activation, was triggered by PDBu (150 nM). This phosphorylation was markedly
inhibited by oxLDL (40 and 80 lg/ml) in phosphorus-32-labeled platelets. In addition, oxLDL (40 and
80 lg/ml) markedly increased levels of cyclic AMP and cyclic AMP-induced vasodilator-stimulated
phosphoprotein (VASP) Ser157 phosphorylation. The thrombin-evoked increase in pHi was inhibited in the
presence of oxLDL (40 and 80 lg/ml). These results indicate that the antiplatelet activity of oxLDL may
involve the following pathways. (1) oxLDL may initially induce conformational changes in platelet
membranes, leading to inhibition of the activation of protein kinase C, followed by inhibition of P47
protein phosphorylation, and intracellular Ca2+ mobilization. (2) oxLDL also activated formation of cyclic
AMP and cyclic AMP-induced VASP Ser157 phosphorylation, resulting in inhibition of the Na+/H+ex-
changer; this leads to reduced intracellular Ca2+ mobilization, and ultimately to inhibition of platelet
aggregation. This study further provides new insights concerning the effects of low concentrations of
oxLDL on platelet aggregation.

Introduction

Plasma lipoproteins, particularly low-density lipo-
protein (LDL), are the source of the lipid that
accumulates in atherosclerotic lesions [1]. Oxida-
tive modification dramatically changes the biological

properties of LDL, converting it into a form that is
both atherogenic and prothrombotic [1]. The
oxidation theory of atherosclerosis proposes that
formation of oxidized low-density lipoprotein
(oxLDL) in the subendothelial space of artery
walls represents a causative event for atherogen-
esis. Evidence of oxidized lipoproteins has been
detected in atherosclerotic lesions [2], and oxLDL
exhibits various proatherogenic activities [3].
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Platelets interact with plasma lipoprotein as well as
with arterial wall macrophages that play an
important role in atherogenesis [4]. Plasma lipo-
proteins have been shown to affect platelet activity
in vitro and in vivo. The susceptibility of platelets
to aggregation in vitro upon stimulation by aggre-
gating agents, such as ADP and collagen, has been
shown to increase in most, but not all, studies of
platelet-rich plasma (PRP) from hypercholesterol-
emic individuals [5].

Oxidation of LDL may be one of the main
factors involved in the initial development of
atherosclerotic lesions [2]. LDL can be oxidized
within the arterial wall by macrophages; this
process, which favors accumulation of LDL in
the intima of the arterial wall, is thought to be a
possible explanation for the progression of arte-
riosclerotic lesions. Endothelial cells also induce
oxLDL formation, but in turn may be damaged by
oxLDL [2]. 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, evidence regarding the induction of
platelet activation by LDL is controversial. Sev-
eral studies have reported inhibition of agonist-
induced platelet aggregation by native LDL
(nLDL) [8, 9]. In others, platelet-activating effects
of either lower nLDL (10–50 lg/ml) [10] or higher
concentrations of LDL (more than 1–2 mg/ml)
have been described [6]. Furthermore, platelet-
activating activity was found to reside in oxLDL
rather than in nLDL [11]. oxLDL plays an
important role in the pathogenesis of atheroscle-
rosis; it has also been reported to enhance platelet
activation in some [7, 12], but not all studies [13,
14]. Vlasova et al. [14] found that highly oxidized
LDL not only failed to activate platelet aggrega-
tion, but also inhibited ADP-induced aggregation.
However, they also found that mildly oxidized
LDL diminished the time-dependent decrease in
platelet aggregability in platelet-rich plasma [15].
Such discrepancies among reported oxLDL-plate-
let interactions may depend on methodological
variations in the isolation, oxidization, and dosage
of lipoproteins employed, which might result in
non-homogeneous oxidation [9].

In our previous studies, we found that oxLDL
(LDL oxidized with copper), at lower concentra-
tions (40–80 lg/ml), significantly inhibited ago-
nist-induced platelet aggregation [16]. In that

study, we found that the 12 h- and 24 h-oxLDL,
but not nLDL, concentration-dependently (20–
100 lg/ml) inhibited platelet aggregation stimu-
lated by collagen (1 lg/ml) and AA (60 lM) in
human platelet suspensions. The IC50 values of the
12 h- and 24 h-oxLDL for platelet aggregation
induced by collagen were estimated to be about
46.3±1.1 and 55.2±1.0 lg/ml, respectively [16].
We suggested that the inhibitory 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 Ca2+ mobilization, followed by
inhibition of thromboxane A2 formation, thereby
leading to increased cyclic AMP formation, and
finally inhibited platelet aggregation [16]. In that
study, we partially resolved the mechanisms of
oxLDL on platelet aggregation, however detailed
intracellular mechanisms underlying oxLDL-
platelet interaction are still not yet completely
understood. We therefore further examined the
effect of oxLDL in human platelets, and utilized
the findings to characterize the mechanisms in-
volved in oxLDL-platelet interactions.

Materials and methods

Materials

Collagen (type I, bovine Achilles tendon), arachi-
donic acid, prostaglandin E1 (PGE1), nigericin,
sodium citrate, phorbol-12, 13-dibutyrate (PDBu),
apyrase, diphenylhexatriene (DPH), and heparin
were purchased from Sigma Chem. (St. Louis,
MO). Fura 2-AM, BCECF-AM, and fluorescein
isothiocyanate (FITC) were purchased from
Molecular Probe (Eugene, OR). Trimeresurus
flavoviridis venom was purchased from Latoxan
(Rosans, France).

Preparation of human platelet suspensions

Human platelet suspensions were prepared as
previously described [17]. In this study, human
volunteers provided informed consent. In brief,
blood was collected from healthy human volun-
teers who had taken no medicine during the
preceding 2 weeks, and was mixed with acid/
citrate/glucose. After centrifugation at 120� g
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for 10 min, the supernatant (platelet-rich plasma;
PRP) was supplemented with PGE1 (0.5 lM) and
heparin (6.4 IU/ml), then incubated for 10 min at
30 �C and centrifuged at 500� g for 10 min. The
washed platelets were finally suspended in Ty-
rode’s solution containing bovine serum albumin
(BSA) (3.5 mg/ml) and adjusted to a concentration
of 4.5�108 platelets/ml. The final concentration of
Ca2+ in Tyrode’s solution was 1 mM.

Isolation of human plasma LDL

Human LDL (at a density of 1.109–1.063) was
isolated from fresh plasma of fasted normolipi-
demic human volunteers and collected in EDTA
(2 mM) by sequential density gradient ultracen-
trifugation as described by Dousset et al. [18]. In
brief, the plasma density was adjusted to 1.02 g/ml
using a NaCl–KBr solution for immediate separa-
tion of very low density lipoproteins (VLDLs) and
intermediate-density lipoproteins (IDLs), and then
adjusted to 1.063 g/ml for 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 gas
with 0.02 M Tris buffer in order to remove the
EDTA and KBr. After dialysis, LDL was stored
for not more than 7 days under nitrogen at 4 �C in
the dark. Total protein concentration was mea-
sured by the Lowry method using BSA as the
standard [18].

Oxidation of LDL

After adjustment of the LDL concentration to
0.5 mg/ml (expressed as the total LDL concentra-
tion), lipoprotein preparations were dialyzed
against 100 volumes 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 CuSO4 (5 lM) for 24 h at 37 �C, and
was stopped after the addition of EDTA (20 lM).
Before the functional studies, oxLDL was filtered
through a Sephadex PD-10 column (Pharmacia) in
order to remove the EDTA and copper, and was
reconcentrated at 4 �C using Centricon 3000 filters
(Amicon, Bedford, MA) according to the manu-
facturer’s instructions. Oxidation was confirmed
by the thiobarbituric acid-reactive substance
(TBARS) assay [19]. Tetramethoxypropane was

used as a standard, and the results were expressed
as nanomoles of malondialdehyde (MDA) equiv-
alents per milligram protein of LDL. The extent of
aldehyde-modified lysine in oxidized LDL (ad-
justed to 0.1 mg LDL protein/ml) was monitored
by determining the fluorescence intensity (excita-
tion at 350 nm and emission at 420 nm) [20]. The
oxLDL was used in all of the functional studies
within 48 h of preparation.

Platelet aggregation

The turbidimetric method was applied to measure
platelet aggregation [17], using a Lumi-Aggregometer
(Payton, Canada). Platelet-rich plasma (PRP;
4.5�108 platelets/ml, 0.4 ml) was prewarmed to
37 �C for 2 min in a silicone-treated glass cuvette.
oxLDL (40–120 lg/ml) was added 3 min before
the addition of agonists. The reaction was allowed
to proceed for at least 6 min, and the extent of
aggregation was expressed in light-transmission
units.

Analysis of the platelet surface glycoprotein IIb/IIIa
complex by flow cytometry

Triflavin, a specific fibrinogen receptor (glycopro-
tein IIb/IIIa complex; aIIbb3 integrin) antagonist,
was prepared as previously described [21]. Fluo-
rescence-conjugated triflavin was also prepared as
previously described [21]. The final concentration
of FITC-conjugated triflavin was adjusted to
1 mg/ml. Aliquots of platelet suspensions
(4.5�108/ml) as described above were preincubat-
ed with oxLDL (40 and 80 lg/ml) for 3 min,
followed by the addition of 2 ll FITC-triflavin.
The suspensions were then incubated for another
5 min, and the volume was adjusted to 1 ml/tube
with Tyrode’s solution. The suspensions were then
assayed for fluorescein-labeled platelets with a
flow cytometer (Becton Dickinson, FACScan
Syst., San Jose, CA). Data were collected from
50,000 platelets per experimental group. All exper-
iments were repeated at least four times to ensure
reproducibility.

Measurement of membrane fluidity by fluorescent
probe

The intensity of fluorescence in human platelets
was measured as described previously [22]. Briefly,
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platelets (4.5�108/ml) were preincubated with
oxLDL (40 and 80 lg/ml) for 3 min followed by
the addition of 0.5 lM of a diphenylhexatriene
(DPH) solution for another 6 min. The relative
fluorescence intensity of platelets was measured in
a fluorescence spectrophotometer (Hitachi F4500,
Tokyo, Japan) at 37 �C.

Determination of lactate dehydrogenase

Lactate dehydrogenase (LDH) was measured
according to previously described methods [23].
Platelets (4.5�108/ml) were preincubated with
oxLDL (40 and 80 lg/ml) for 30 min, followed
by centrifugation at 15,000� g for 5 min. An
aliquot of supernatant was incubated with phos-
phate buffer containing 0.2 mgb-NADH for
20 min. Thereafter, 100 ll of pyruvate solution
was added, and the absorbance wavelength was
read at 334 nm using a UV-visible recording
spectrophotometer (UV-160; Shimazu, Kyoto,
Japan). A maximal value of LDH was constructed
from sonicated platelets.

Measurement of Protein Kinase C (PKC)
activation

Washed human platelets (2�109/ml) were incu-
bated for 60 min at 37 �C with phosphorus-32
(0.5 mCi/ml). Platelet suspensions were next
washed twice with Tris–saline buffer. The [32P]-
labeled platelets were preincubated with oxLDL
(40 and 80 lg/ml) in an aggregometer at 37 �C for
3 min, then PDBu (150 nM) was added for 1 min
to trigger PKC activation. Activation was termi-
nated by the addition of Laemmli sample buffer,
and analyzed by electrophoresis (12.5%; wt/vol) as
described previously [24]. The gels were dried, and
the relative intensities of the radioactive bands were
analyzed using a Bio-imaging analyzer system
(FAL2000, Fuji, Tokyo, Japan), and expressed as
PSL/mm2 (PSL, photostimulated luminescence).

Western blot analysis of vasodilator-stimulated
phosphoprotein (VASP) phosphorylation

The method of Li et al. [25] was followed. In brief,
platelet lysates were analyzed by SDS-PAGE gel
(10%) and electrotransferred to PVDF mem-
branes. Membranes were blocked with 5% nonfat
dry milk in Tris (tris(hydroxymethyl)-aminometh-

ane)-buffered saline (TBS, pH7.5), incubated with
the monoclonal antibody 5C6 (CALBIOCHEM),
specific for the phosphorylated Ser157 site of VASP
(0.1 lg/ml). After three washes in TBS containing
0.05% Tween 20, the membrane was incubated
with peroxidase-conjugated goat anti-mouse IgG
(Amersham) for 2 h. The band with peroxidase
activity was detected by enhanced chemilumines-
cence detection reagents (ECL+ system; Amer-
sham). Densitometric analysis of specific bands
was performed with a Photo-Print Digital Imaging
System (IP-008-SD) with analytical software (Bio-
1Dlight, V 2000).

Platelet pHi measurement

Platelet pHi was measured with the fluorescent
probe, BCECF-AM, according to a previously
described method [26]. Washed platelets were
incubated with 5 lM BCECF-AM at 37 �C for
30 min in a Hepes-buffered solution (HBS,
pH 7.4) and then centrifuged at 450� g for
8 min. Washed pellets were finally suspended in
buffer and adjusted to 4.5�108/ml. Leukocyte
contamination was less than 0.01%. Aliquots of
this platelet suspension (50 ll) were transferred to
a cuvette containing 2 ml HBS in a dual-excitation
wavelength spectrofluorometer (CAF 110, Jasco,
Japan). Fluorescence signals for BCECF-AM were
recorded at 430- and 490-nm excitation wave-
lengths with an emission wavelength of 530 nm (5-
nm slit). The background fluorescence of platelets
was subtracted from each reading. Calibration was
carried out after diluting the BCECF-loaded
platelets in a high-K+ buffer (120 mM KCl,
30 mM NaCl, 1 mM MgSO4, and 5 mM glucose)
in the presence of nigericin (0.2 mg/ml), as
described by Horne et al. [27]. In all experiments,
platelets were stimulated by thrombin (1 U/ml) to
trigger the Na+/H+ exchanger.

Statistical analysis

Experimental results are expressed as the
mean ± SEM and are accompanied by the num-
ber of observations. Data were assessed using
analysis of variance (ANOVA). If this analysis
indicated significant differences among the group
means, then each group was compared using the
Newman-Keuls method. A P value of < 0.05 was
considered statistically significant.
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Results

Effect of OxLDL on platelet aggregation in
platelet-rich plasma

The oxLDL preparation was oxidized and con-
centrated to contain 51.4±1.8 nmol of MDA/mg
protein. The extent of aldehyde-modified lysine in
oxLDL was 13.1±1.4. In our previous study [16],
we demonstrated that oxLDL, but not native LDL

(nLDL), concentration-dependently (20–100 lg/
ml) inhibited platelet aggregation stimulated by
collagen (1 lg/ml) and arachidonic acid (60 lM)
in washed human platelets [16]. The IC50 value of
the oxLDL for platelet aggregation induced by
collagen was estimated to be 55.2±1.0 lg/ml [16].
In this study, we further examined whether oxLDL
also exhibits a similar inhibitory activity in PRP.
As shown in Figure 1, oxLDL (40–120 lg/ml)
concentration-dependently inhibited platelet

( l , r) p gg gp

Figure 1. Effect of oxLDL in agonists-induced platelet aggregation in human platelet-rich plasma. (a) Tracing curves of oxLDL on
collagen (1 lg/ml)-induced aggregation and (b) concentration-inhibition curves of oxLDL on collagen (1 lg/ml, �)-, and arachi-
donic acid (60 lM, r)-induced platelet aggregation in human platelet-rich plasma (PRP). Platelets were preincubated with oxLDL
(40–120 lg/ml) for 3 min, followed by the addition of collagen and arachidonic acid to trigger platelet aggregation. Data are pre-
sented as a percentage of the control (means ± SEM, n=4).
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aggregation stimulated by collagen (1 lg/ml) and
arachidonic acid (60 lM) in human PRP. The IC50

value for platelet aggregation stimulated by colla-
gen in PRP was about 83.2±9.5 lg/ml (Fig-
ure 1b), a little higher than that of the IC50 value
obtained in washed platelets [16], indicating that
oxLDL seems to be bound by plasma protein, thus
lowers its antiplatelet activity. In addition, the
solvent control (Tyrode’s solution) did not signif-
icantly affect the platelet aggregation stimulated
by collagen (1 lg/ml) in PRP (data not shown). In
the following experiments, we used collagen as an
agonist to further explore its inhibitory mecha-
nisms on platelet aggregation.

Effect of OxLDL on collagen-induced
conformational change of the glycoprotein IIb/IIIa
complex in human platelet

Triflavin is an Arg–Gly–Asp-containing antiplat-
elet peptide purified from Trimeresurus flavoviridis
snake venom [21]. Triflavin inhibits platelet aggre-
gation through direct interference with fibrinogen
binding to the glycoprotein IIb/IIIa complex
(aIIbb3 integrin) [28]. There is now a multitude of
evidence suggesting that the binding of fibrinogen
to the glycoprotein IIb/IIIa complex is the final
common pathway for agonist-induced platelet
aggregation. Therefore, we decided to further
evaluate whether or not oxLDL binds directly to
the platelet glycoprotein IIb/IIIa complex, leading
to inhibition of platelet aggregation induced by
agonists.

In this study, the relative intensity of fluores-
cence of FITC-triflavin (2 lg/ml) bound directly to
collagen (1 lg/ml)-activated platelets was about
321.0±9.6 (Figure 2a), and it was markedly
reduced in the presence of 5 mM EDTA (negative
control; 77.6±2.6) (Figure 2b). oxLDL (40 and
80 lg/ml) did not significantly inhibit FITC-trifla-
vin binding to the glycoprotein IIb/IIIa complex in
platelet suspensions (Figure 2c, d), indicating that
the mechanism of oxLDL’s inhibitory effect on
platelet aggregation does not involve binding to
the glycoprotein IIb/IIIa complex.

Effect of OxLDL on platelet membrane fluidity

Platelet membrane fluidity was measured in DPH-
labeled human platelets. Measurements using the
fluorescent probe technique demonstrated that

oxLDL was capable of direct interaction with
platelet membranes (Figure 3). Addition of ox-
LDL (40 and 80 lg/ml) to the platelet prepara-
tions resulted in a concentration-dependent
decrease in the DPH-relative fluorescence inten-
sity. However, native LDL (nLDL) (80 lg/ml) did
not significantly affect the platelet membrane
fluidity (data not shown). This result implies that
the inhibitory effect of oxLDL on platelet aggre-
gation may be due, at least partly, to the results of
its effects on platelet membrane fluidity.

Effect of OxLDL on PDBu-stimulated
phosphorylation of the 47-kDa protein

Stimulation of platelets with a number of different
agonists, and PDBu in particular, induces activa-
tion of PKC, which then phosphorylates proteins
of Mr 40,000–47,000 in addition to other proteins
[29]. In this study, phosphorylation experiments
were performed to examine the role of oxLDL in
the activation of PKC in human platelets. When
PDBu (150 nM) was added to human platelets
prelabeled with 32PO4 for 2 min, a protein with an
apparent Mr of 47,000 (P47) was predominately
phosphorylated as compared with resting platelets

p

Figure 2. Flow cytometric analysis of FITC-triflavin binding
to human platelets in the absence or presence of oxLDL. (a)
The solid line represents the fluorescence profiles of FITC-tri-
flavin (2 lg/ml) in the absence of oxLDL as a positive con-
trol; (b) in the presence of EDTA (5 mM) as the negative
control; or in the presence of oxLDL (c) (40 lg/ml) and (d)
(80 lg/ml). Profiles are representative examples of four simi-
lar experiments.
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(Figure 4a, b). oxLDL (40 and 80 lg/ml) signifi-
cantly inhibited the phosphorylation of P47 in this
reaction. In this study, the extent of radioactivity
in P47 was expressed as a relative detection density
(PSL/mm2; PSL, photostimulated luminescence)
of the radioactive bands (Figure 4b). Moreover,
oxLDL (40 and 80 lg/ml) also significantly inhib-
ited collagen (1 lg/ml)-induced phosphorylation
of P47 in human platelets (data not shown).

Effect of OxLDL on VASP phosphorylation

In our previous study [16], oxLDL (40 and 80 lg/
ml) significantly increased the level of cyclic AMP
but not cyclic GMP in human platelets. It is
presumed that cyclic AMP can induce VASP
Ser157 phosphorylation in human platelets [25].
In this study, PGE1 (10 lM) and oxLDL (40
and 80 lg/ml) markedly induced VASP Ser157

phosphorylation compared with resting platelets
(Figure 5). This result further demonstrates that
oxLDL-inhibited platelet aggregation may be
mediated through an increase in cyclic AMP
formation.

Effect of OxLDL on thrombin-evoked pHi changes
in platelets

Thrombin can trigger more-pronounced pHi
changes than collagen in human platelets. Thus,

we chose thrombin instead of collagen in this study.
Figure 6 shows that the addition of thrombin (1 U/
ml) resulted in an increase in BCECF fluorescence
equivalent to an increase in pHi values of about
0.302±0.058 (Figure 6). This thrombin-evoked
increase in pHi values was markedly inhibited in
the presence of oxLDL (40 and 80 lg/ml)
(Figure 6). In addition, cariporide (0.5 lM), a
Na+/H+ exchange inhibitor [30], significantly
inhibited the thrombin-evoked pHi increase by
about 90% in this study (data not shown).

Discussion

The principal objective of this study was to further
describe the detailed inhibitory mechanisms in-
volved in the inhibition of agonist-induced human
platelet aggregation by oxLDL. This inhibitory
effect of oxLDL was also demonstrable in the
PRP. Although the action mechanisms of various
platelet aggregation agonists, such as collagen and
arachidonic acid, differ, oxLDL significantly
inhibits platelet aggregation stimulated by all of
them [16]. This implies that oxLDL may block a
common step shared by these inducers. These
results also indicate that the site of action of
oxLDL is not at the receptor level of individ-
ual agonists. Triflavin acts by binding to the
glycoprotein IIb/IIIa complex on the platelet

Figure 3. Fluorescence emission spectra of platelet membranes in the (a) absence or (b) presence of DPH (1 lM). Curves C and D
are the emission spectra of membranes labeled with DPH in the presence of oxLDL (c) (40 lg/ml) and (d) (80 lg/ml). Profiles
are representative examples of four similar experiments.
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surface membrane, resulting in interference with
the interaction of fibrinogen with its specific
receptor [21, 28]. In this study, we found that
oxLDL did not significantly affect FITC-triflavin
binding to the glycoprotein IIb/IIIa complex,
indicating that the antiplatelet activity of oxLDL
is possibly not directly due to interference with the
binding of fibrinogen to its specific receptor on the
platelet membrane. Furthermore, LOX-1 mono-
clonal antibody (10 lg/ml) (Anti-human LOX-1/
SR-E1 antibody, R&D systems, Inc., Minneapolis,
MN) did not significantly reverse the inhibitory
effect of oxLDL (80 lg/ml) in collagen (1 lg/ml)-
induced platelet aggregation (data not shown),
indicating that the antiplatelet effect of oxLDL
does not involve in LOX-1 receptor. Conforma-
tional changes in the plasma membrane and/or
changes in membrane fluidity represent a generally

Figure 4. (a) Effect of oxLDL on phosphorylation of a protein of Mr 47,000 (P47) in human platelets challenged with PDBu.
Platelets were preincubated with oxLDL (40 and 80 lg/ml) or isovolumetric solvent control (Tyrode’s solution, ctl) followed by the
addition of PDBu (150 nM) to trigger protein kinase C activation. (a) Profiles are representative examples of four similar experi-
ments. The arrow indicates a protein of Mr 47,000 (P47). (b) The relative detection densities of the radioactive bands are expressed
as PSL/mm2 (PSL, photostimulated luminescence).

Figure 5. Effect of oxLDL on phosphorylation of VASP at
Ser157 in human platelets. Platelets were incubated with pros-
taglandin E1 (PGE1) (10 lM) and oxLDL (40 and 80 lg/ml),
and solubilized directly in SDS-PAGE sample buffer. Phos-
phorylation of VASP at Ser157 was detected by immunoblot-
ting with a monoclonal antibody specifically recognizing
Ser157-phosphorylated VASP. Profiles are representative
examples of four similar experiments.
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accepted mechanism for the antiplatelet effect of
numerous drugs, including local anesthetics, chlor-
promazine, and beta-blockers [31]. Therefore, we
wondered whether oxLDL might also inhibit
platelet aggregation by influencing membrane
fluidity. To test this hypothesis the fluorescent
probe DPH was used to label biological mem-
branes. In this study, oxLDL (40 and 80 lg/ml)
concentration-dependently decreased the DPH
relative fluorescence intensity of platelet mem-
branes (Figure 3). Activation of platelets is accom-
panied by a decrease in membrane fluidity as

reflected by an increase in fluorescence intensity of
DPH-labeled platelets [32]. Reorganization of
cytoplasmic contractile and structural proteins is
essential for platelet functions [32]. Therefore, a
decrease in membrane fluidity (relatively rigid
membrane) in activated platelets may affect the
cytoskeletal network [32]. This finding suggests
that changes in platelet membrane fluidity may be
the primary mechanism responsible for the anti-
platelet effect of oxLDL.

On the other hand, oxLDL significantly inhibits
PDBu-induced PKC activation. PDBu is known to

Figure 6. Effect of oxLDL on the thrombin-triggered intracellular pH increase in BCECF-AM-loaded platelets. Platelet suspen-
sions (4.5�108/ml) were preincubated with BCECF-AM (5 lM), followed by the addition of thrombin (1 U/ml) to trigger intracel-
lular alkalinization in the presence or absence of oxLDL (40 and 80 lg/ml). Profiles are representative examples of four similar
experiments.
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intercalate with membrane phospholipids and form
a complex with PKC translocated to the membrane
[33]. Moreover, increased cyclic AMP formation
can negatively affect agonist-induced PKC activa-
tion [34]. oxLDL increases the level of cyclic AMP
[16] and cyclic AMP-induced VASP Ser157 phos-
phorylation in human platelets (Figure 5); there-
fore, the inhibitory effect of oxLDL in PDBu-
induced PKC activation may be due, at least partly,
to mediation of the increase in cyclic AMP forma-
tion. On the other hand, we also measured [3H]
inositol monophosphate (IP) formation as an index
of total inositol phosphate formation. The addition
of collagen (1 lg/ml) resulted in a rise in IP
formation of about 1.6-fold compared to that in
resting platelets [(1.6±0.3 vs. 2.5±0.2)
�10)4 cpm] (n=3, data not shown). In the pres-
ence of oxLDL (40 and 80 lg/ml), the radioactivity
of IP formation in collagen-stimulated human
platelets markedly inhibited about 25% and 29%,
respectively (n=3, data not shown).

Activation of platelets by a variety of agonists
(i.e., thrombin and ADP) is associated with
stimulation of the Na+/H+ exchanger [35]. This
mode of activation of the Na+/H+ exchanger
usually induces a rise in cytosolic Ca2+, granule
secretion, stimulation of shape change, and aggre-
gation [35]. Basal pHi is normally maintained
within a narrow range, and even small changes in
pHi may have significant effects on platelet activ-
ity. In many cell types (i.e., smooth muscle cells),
Na+/H+ exchange activity is regulated by [Ca2+]i
[36]. Furthermore, Kimura et al. [35] reported that
cyclic nucleotides (i.e., cyclic AMP) modulate
Na+/H+ exchange in human platelets. Inhibition
of Na+/H+ exchange by cyclic AMP has also been
demonstrated in other cells, such as epithelia of the
urinary system and in osteoblast-like cells [37].
Thus, an agent (i.e., parathyroid hormone or
dopamine) known to stimulate adenylate cyclase
in these cells can also inhibit the Na+/H+

exchanger [37, 38]. Therefore, relationships among
PKC activation, [Ca2+]i, cyclic nucleotides (i.e.,
cyclic AMP), and the Na+/H+ exchanger may
play an important role in mediating the antiplat-
elet activity of oxLDL.

In conclusion, this study further suggests that
the oxLDL may be due to induction of conforma-
tional changes in the platelet membrane, with a
resulting influence on membrane fluidity followed
by inhibition of PKC activation and subsequent

inhibition of intracellular Ca2+ mobilization and
phosphorylation of P47. In addition, oxLDL also
triggers the formation of cyclic AMP and cyclic
AMP-induced VASP Ser157 phosphorylation
which subsequently inhibits the Na+/H+ exchan-
ger. This leads to reduced intracellular alkaliniza-
tion, intracellular Ca2+ mobilization, and
ultimately inhibition of platelet aggregation. The
most important finding in this study provides new
insights concerning the effects of oxLDL on
platelet aggregation.
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