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Background: It is believed that the oxidatively modified lipoproteins play a critical role in activating platelets
and is a contributing factor in the etiology of a number of cardiovascular-related diseases.
Objective: Identify the active component(s) of oxidized LDL that initiated shape change in plasma-free human
platelets prepared by a gel filtration method.
Material and Method: Shape change parameter of platelets was monitored following exposure platelets to
LDL, copper sulfate-oxidized LDL, and different types of lipids extracted of the corresponding LDL.
Results: Oxidized LDL, but not native LDL, increased the shape-change parameter in a concentration-depen-
dent manner. Specifically, phosphatidyl serine from oxidized LDL was responsible for this effect.
Conclusion: Oxidized phospholipids generated during the oxidative modification of LDL are likely to be the
active components responsible for changes in platelet function.
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An elevated plasma level of low-density
lipoprotein (LDL) is clearly a major risk factor in the
pathogenesis of atherosclerosis. It has been proposed
that native LDL must undergo oxidative modification
before it can give rise to foam cells, the key component
of the fatty-streak lesion of atherosclerosis(1-3).
Recently, oxidized LDL (ox-LDL) has been detected
in vivo(4-6) and considered an important substance
promoting atherogenesis by damaging vascular
endothelium, being deposited in atherosclerotic
plaques, promoting foam cell formation and stimulating
platelets(7-10).

Platelets are known to be involved in the
formation of atherosclerosis lesion and its complica-
tions, and plasma lipoproteins have been shown to
affect platelet activity, both in vitro and in vivo(11,12).
LDL has been reported to pose platelet-activating
activities such as the enhancement of platelets sensi-

tivity to stimuli(9,10,13-17) and the induction of platelet
aggregation(18-20). In recent years, however, platelet-
activating activities were found to reside in oxidized
LDL rather than in native LDL (n-LDL)(21-24). Based
on light-scattering experiments(25, 26), Zhao et al have
demonstrated stimulation of disc-sphere formation of
platelets by ox-LDL in vitro(8), but its chemical nature
has yet to be characterized. Therefore, the aim of
the present study was to identify the responsible bio-
logically molecules residing in ox-LDL. Focus was
placed on the early phase of platelet activation, which
dictates the fate and the role of platelets, contributing
to pathologic sequence of events.

Material and Method
Materials

Phospholipids, 2-thiobarbituric acid, buty-
lated hydroxytoluene, bovine serum albumin (BSA),
Sepharose 2B-CL, bovine serum albumin solution,
HEPES, potassium bromide, apyrase, and thrombin
were obtained from Sigma Chemical Co. (St. Louis, USA).
Acetonitrile, chloroform, hexane, methanol, 2-propanol
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(all HPLC grade) were obtained from JT Baker Inc.
(Phillipsburg, NJ). Aminoprophyl solid phase extrac-
tion columns were obtained from Millipore Corp
(Billerica, MA).

Methods
Isolation of LDL
Blood was drawn from fasting volunteers into

0.1% EDTA. Plasma was separated by centrifugation
at 2,000 g for 15 min at 4°C. Lipoproteins were sepa-
rated by sequential ultracentrifugation in a Beckman
TL-100 Beckman tabletop ultracentrifuge using a fixed
angle TLA-100.2 rotor(27). LDL was dialyzed overnight
against PBS (Phosphate Buffer Saline) pH 7.4 with a
least two changes of dialysate. Protein concentration
was determined by a modified Lowry method(28), using
BSA as a standard. LDL was stored at -70°C and used
within 2 weeks.

Oxidation of LDL and phospholipids
Oxidation of LDL and phospholipids were

conducted in a shaking water bath at 37°C. One hundred
μg/ml of LDLs and phospholipids were incubated with
CuSO4 (10-100 μM) in 10 mM PBS (pH 7.4). Oxidation
was terminated by the addition of 0.1 mM EDTA and
the solution was immediately frozen. The extent of
lipoprotein and phospholipids oxidation was measured
by determining ratios of thiobarbituric acid reactive
substances (TBARs) before and after incubation with
CuSO4

(29).

Lipid extraction
Lipids were extracted using a modified method

of Bligh and Dyer(30). To 1 ml aliquot of the aqueous
lipid-containing suspension, 7 volumes of chloroform/
methanol (2:1) were added. The mixture was vortexed
1-2 min and then centrifuged at 1,200 g for 15 min at
4°C. The chloroform phase was carefully removed and
5 volumes of chloroform were added to the residual
mixture for another round of extraction and combined
with the previous extract.

Solid phase extraction chromatography
Phospholipids, free fatty acids and neutral

lipids (cholesterol, cholesteryl esters, mono-, di-, tri-
acylglycerides) were separated according to the method
of Kaluzny et al(31) utilizing aminopropyl solid phase
extraction (SPE) chromatography. Total lipid extracts
were dried under nitrogen at 37°C and resuspended in
500 μl of chloroform. The extracts were then added to
aminopropyl SPE column that had previously been

washed with 3 ml of methanol and preconditioned with
6 ml of hexane. Neutral lipids were eluted with 3 ml of
chloroform/2-propanol (2:1), free fatty acids with 3 ml
of 3% acetate in ethyl ether, and phospholipids with
3 ml of methanol.

Preparation of platelets
Blood was obtained by venipuncture from

healthy human donors who had not been on medication
for 2 weeks before donation. Blood was anticoagulanted
with ACD (Anticoagulant Citrate Dextrose) (6:1 v/v)
and centrifuged at 250 x g for 12 min to obtain platelet-
rich plasma. Platelets were then separated from plasma
by the albumin-cushion method(32). Platelet were
purified further by gel filtration, using a Sepharose
2B-CL column and resuspended in platelet buffer
(3.5 mM HEPES, 137 mM NaCl, 2.7 mM KCl, 5.5 mM
glucose, 1 mM MgCl2, 0.35% BSA, pH 7.4). The
platelet suspension was incubated for 30 min at 37°C
to restore platelets to resting state.

Shape-change analysis
The shape change of platelets in suspension

was determined by recording light transmission using
a Chrono-Log Corp Whole Blood Aggregometer
Model 550 (Chrono-Log Corp, Japan). Light trans-
mission of a suspension of asymmetric particles
(discoid platelets) increases with stirring, whereas that
of spherical, symmetric particles with or without
uniformly distributed pseudopods, is insensitive to
stirring, assuming that the total volume does not
change upon stimulation(25,26,33,34).

An aliquot of 500 μl of 105 cells/μl was used
as test sample and 600 μl of 5-7x104 cells/μl as control
sample. Before and after incubation of platelets with
oxidized LDL and phospholipids at 37°C for 5 minutes,
light transmission was recorded. The electronic stirrer
was alternatively turned on and off every 30 seconds
for 5 minutes. The shape-change parameter was
calculated as (1 - (test defection / control defection) x
100%) as described by Beaumont et al(25).

Results
Dose-and time-effect of copper for generating platelet
shape changes in LDL

The dose of copper sulfate that is required
for LDL oxidation and induction of LDL for platelet
shape change was investigated by monitoring the
formation of oxidized lipids, TBARs, and shape-change
parameter. These parameters were measured following
incubation of copper sulfate and LDL (100 μg/ml) for 6
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Fig. 1 Dose-effect of copper sulfate on oxidation of LDL
and shape-change parameter. One hundred μg/ml of
LDL were incubated with 0-100 mM CuSO4 in PBS
pH 7.4 for 6 hr. Twenty μg/ml of modified LDL
were used in stimulating platelets. This is a single
experiment that is representative of three replicate
experiments (TBARs = thiobarbituric acid reactive
substances)

Fig. 2 Effect of native LDL and ox-LDL on shape change
parameter. Ox-LDL was prepared by incubation
100 μg/ml of LDL with 50 μM CuSO4 for 24 hr in
PBS pH 7.4. Values represent means + SD (n = 5)

hours. CuSO4 up to 100 μM showed an all or none
effect, e.g., the oxidation of LDL and platelet shape
change could be initiated at 30 μM CuSO4 (Fig. 1).

The shape change activity formed in LDL by
oxidation was elevated at 3 hours and increased with
further oxidation in a time-dependent manner (data
not shown). This effect of oxidized LDL was dose
dependent (Fig. 2). After 5 minutes of incubation
with oxidized LDL up to 20 μg/ml, the shape change
parameter of gel-filtered platelets clearly increased.
However, native LDL (20 μg/ml) had only a minimal
effect on platelet shape change. Thrombin (0.1 U/ml)
was used as positive control.

Determination of components in oxidized LDL
causing platelet shape change

Lipids were extracted from oxidized LDL and
neutral lipids, fatty acids, and phospholipids were
separated using SPE chromatography. Only lipids
extracted from oxidized and not native LDL had activity
causing shape change of platelets (Fig. 3). This ability
to induce shape change of platelets was present
entirely in the phospholipids fraction (Fig. 4).

Effect of oxidized phospholipids on platelet shape
change

To determine which type of oxidized phos-
pholipids in ox-LDL induced platelet shape change,
the effects of oxidation by CuSO4 of individual species
of phospholipids were examined. To evaluate the extent
of oxidation, TBARs values were monitored. The TBARs
content of phosphatidyl serine, phosphatidyl ethano-
lamine, phosphotidyl choline, and sphingomyelin
after oxidation with 100 μM CuSO4 for 24 hours was
2.36 + 0.27, 1.51 + 0.16, 0.18 + 0.09 and 0.13 + 0.09 nmol/
ml, respectively (Table 1). However, only oxidized
phosphatidyl serine caused shape change of platelets.
This effect of oxidized phosphotidyl serine on platelet
shape change was dose-dependent (data not shown).
Unmodified phospholipids did not show any TBARs
production or platelet shape change activity.

Discussion
Previous studies of the effects of LDL on

platelet function have reported various results, although
most workers have found stimulatory effect(8,21,35). The
presented experiments confirmed that the oxidatively
modified LDL but not native LDL could induce platelet

Lipid    TBARs Shape change
 (nmole/ml) parameter (%)

Phosphatidyl serine 2.36 + 0.27 45.58 + 4.55
Phosphatidyl ethanolamine 1.51 + 0.16   1.45 + 2.51
Phosphatidyl choline 0.18 + 0.09   4.15 + 3.88
Sphingomyelin 0.13 + 0.09   1.52 + 2.63

Table 1. Effect of oxidized phospholipids on platelet shape
change parameter

One hundred μg/ml of phospholipids were incubated with
100 μM CuSO4 in PBS (pH 7.4) at 37°C for 24 hrs. Gel-
filtered platelets were treated with 20 μg/ml of oxidized
phospholipids. Values represent means + SD from three
independent experiments
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of copper to initiate the production of bioactive
compounds in LDL. From a biological perspective,
it indicates that the oxidation of LDL in vitro may
generate compounds that cause platelet shape
change. This could have important consequences in
the pathogenesis of atherosclerosis as activation of
platelet is a feature of the disease, and because LDL is
thought to be oxidatively modified at the site of
atherosclerosis(1,2,4). The authors directly demonstrated
that phospholipids with platelet shape change activity
are generated by the oxidation of phospholipids in
LDL. Moreover, the authors showed that the genera-
tion of oxidized phosphatidyl serine in LDL could be
responsible for the LDL-induced platelet shape change.

Various possible explanations for the platelet-
activating action of ox-LDL have been described(36,37).
These include lipoperoxide formation, activation of
phospholipase A2 present in LDL, fragmentation of
fatty acids, formation of aldehydes, and conjugation
of aldehydes to apolipoprotein B and phospholipids.
In the authors’ experiments with extensively oxidized
preparation of ox-LDL, platelet-activating activity was
found to reside with phospholipids, indicating that
biologically active fragments of fatty acids or other
substances are unlikely to be contributing factors.
Modified apoliprotein B may also not be contributing
factor as platelet shape change could be induced by
ox-HDL (data not shown), which does not contain
apolipoprotein B but contains apolipoprotein A-I.
Several studies have suggested that one of the active
principles of ox-LDL seems to reside in a class of oxi-
dized phospholipids that are PAF-like substances(38-40).
It is, therefore, likely that the active components of
ox-LDL in the present studies may belong to this class
of PAF-like substances.

The authors’ experiments showed that bio-
active phospholipids were not formed using low con-
centrations of copper sulfate for inducing oxidative
modification of LDL at any time of oxidation up to 6
hours. However, when LDL was incubated with high
concentrations of copper sulfate, these bioactive
phospholipids were detected during the first 3 hours
of oxidation. A possible explanation is that PAF-like
oxidized phospholipids may be generated in minimally
modified LDL, but has been hydrolyzed by the action
of PAF acetlyhydrolase(39,41). However, this protective
mechanism is lost in strongly oxidizing environment as
PAF acetylhydrolase is completely inactivated by
strong oxidants(42-44).

The present studies indicated that only oxi-
dized phosphatidyl serine could induce disc-sphere

Fig. 3 Effects of LDL and lipid extracts on platelet shape-
change parameter. 100 μg/ml LDL was oxidized with
50 μM CuSO4 for 6 hr. All samples then underwent
a Bligh-Dyer extraction procedure. Lipids were
suspended in PBS (pH 7.4) for analysis of shape-
change parameter of platelets. Values are means +
SD (n = 4)

Fig. 4 Effects of oxidized lipids on platelet shape change
parameter. Oxidized LDL was prepared by incuba-
tion 100 μg/ml LDL with 50 μM CuSO4 for 6 hr.
Total lipids in oxidized LDL were extracted and
separated by SPE chromatography as described in
Material and Method. Each lipid fraction was
suspended in PBS pH 7.4 for analysis of shape-
change parameter of platelets. Values are means +
SD (n = 3)

shape change in a dose-dependent manner. The authors
demonstrated that generation of platelet shape change
activity in oxidized LDL induced by copper sulfate
was a specific process, as it required a critical amount
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transformation of platelets. This is in contrast to
previous results showing that platelet activation is
generated by oxidation of phosphatidyl choline con-
taining a sn-2 polyunsaturated fatty acyl residue(45-47).
The lack of platelet-activation activity of oxidized
phosphatidyl choline in the present study may have
resulted from an inability of copper sulfate to induced
oxidation of the phosphatidyl choline used. This was
confirmed by lack of TBARs production when com-
pared between unmodified and oxidized phosphatidyl
choline. Thus, the authors suggest the oxidized phos-
pholipids that can induce disc-sphere transformation
of platelets could be generated by oxidation of both
phosphatidyl serine and phosphatidyl choline in LDL,
although, the mechanism by which oxidized phosphati-
dyl serine causes platelet shape change is unknown.
Oxidation of phosphatidyl serine, causes marked
increase in phospholipid-dependent thrombin genera-
tion(48). These results suggest that phosphalidyl serine
is a potentially important phospholipid in LDL because
it may give insight into a mechanism by which oxidized
LDL, platelet function and coagulation factors interact
to cause atherosclerosis and thrombosis(49).
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การเปล่ียนรูปร่างของเกล็ดเลือดโดยฟอสโฟไลปิดในออกซิไดซ์แอลดีแอล
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ปัจจุบันเป็นที่ทราบกันว่าออกซิไดซ์แอลดีแอล มีบทบาทสำคัญในการทำให้เกิดโรคหลอดเลือดอุดตัน และ

การแข็งตัวของเกล็ดเลอืด การวิจัยน้ีมีจุดมุ่งหวังในการหาสารท่ีอยู่ในออกซิไดซ์แอลดีแอล และทำให้การเปล่ียนรูปร่าง

ของเกล็ดเลือด โดยวัดการเปลี่ยนรูปร่างของเกล็ดเลือดที่ถูกแยกจากน้ำเลือดแล้วหลังจากถูกกระตุ้นด้วย แอลดีแอล

ปกติ, ออกซิไดซ์แอลดีแอล, ไขมันชนิดต่าง ๆ ท่ีสกัดจากแอลดีแอล การทดลองพบว่าเฉพาะออกซิไดซ์แอลดีแอลเท่าน้ัน

ที่สามารถกระตุ้นการเปลี่ยนรูปร่างของเกล็ดเลือด นอกจากนี้เฉพาะไขมันที่สกัดจากออกซิไดซ์แอลดีแอลเท่านั้น

ที่มีฤทธิ์ดังกล่าว โดยฟอสโฟไลปิดชนิดซีรินเป็นสารในออกซิไดซ์แอลดีแอลที่ทำให้เกิดการกระตุ้นเกล็ดเลือด จาก

ผลการทดลองนี้แสดงให้เห็นว่าออกซิไดซ์ฟอสโฟไลปิด ที่เกิดขึ้นในขบวนการออกซิเดชั่นของแอลดีแอล น่าจะเป็น
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