Journal of
INTERNATIONAL
MEDICAL RESEARCH

Pre-Clinical Research Report

Journal of International Medical Research
Highly oxidized low-density © The Authont) 2020

Article reuse guidelines:

lipoprotein does not facilitate sagepub comournas-permissons

DOI: 10.1177/0300060520958960

I a,te I et a re ati o n journals.sagepub.com/home/imr
P SSreE ®SAGE

Akari Miyazaki', Takeshi Uehara' ®,
Yoko Usami', Nau Ishimine',
Mitsutoshi Sugano' and Minoru Tozuka?

Abstract

Objective: This study aimed to examine whether oxidized low-density lipoprotein (oxLDL)
facilitates platelet aggregation, which is one cause for development of cardiovascular disease.
Methods: The susceptibility of platelets to aggregation was monitored by light transmittance
aggregometry and a laser light scattering method using low-density lipoprotein (LDL) and oxLDL
as agonists. B-thromboglobulin (B-TG) levels released from platelets were also measured after
incubation with or without oxLDL.

Results: Platelet aggregation was suppressed by oxLDL as estimated by maximum light transmis-
sion. Additionally, adenosine diphosphate-induced further aggregation was slightly reduced by the
presence of oxLDL. Aggregation levels of a low number of platelets, which was determined by the
laser light scattering method, were lower upon addition of oxLDL compared with unoxidized LDL.
After a short time of incubation, oxLDL increased secreted B-TG levels in platelet-rich plasma.
However, further incubation with oxLDL caused relatively lower secreted B-TG levels compared
with incubation with unoxidized LDL. This fluctuation was not due to -TG degradation by oxLDL.
Conclusions: Levels of oxLDL in vitro weakly activate platelets at an early stage, but then inhibit
platelet function, such as aggregation and B-TG secretion.
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Introduction

Elevated plasma levels of low-density lipo-
protein (LDL) are a risk factor for develop-
ment of atherosclerotic disease by causing
production of oxidized LDL (oxLDL).'
oxLDL plays a central role in the initiation
and progression of atherosclerosis because
it mediates proinflammatory and procoagu-
latory effects on several vascular cells (e.g.,
neutrophils, monocytes/macrophages,
smooth muscle cells, endothelial cells, and
platelets).>* One inducer of LDL oxidation
is catalytic activity of myeloperoxidase,
which is derived from macrophages and
neutrophils.*> However, platelet activation
also induces initiation and progression of
atherosclerosis by several mechanisms,
including adhesion, subsequent monocyte
recruitment to the endothelium, and induc-
tion of proinflammatory mediators.® '
Many studies have shown that oxLDL
is a causative substance in development
of cardiovascular disease (CVD) by pro-
moting activation and aggregation of plate-
lets.>!"™13 However, low oxLDL levels
attenuate platelet function and aggregation
in vitro."*'® These contradictions appear to
stem from the heterogencous nature of
oxLDL, such as the oxidized domain and
degree of oxidation.

To assess platelet aggregation, light
transmittance aggregometry (LTA) is used
in studies, such as clinical examinations.
LTA is useful for assessing bleeding disor-
ders because it determines whether aggrega-
tion of platelets is generated by strong
agonists. However, LTA is not ideal for
diagnosing thrombosis and determining
the effects of antiplatelet drugs because of
the complicated test process, including
many types of agonists, a low sensitivity,
and a lack of standardization.’

B-thromboglobulin (B-TG), which is a
cysteine-X-cysteine (CXC) motif chemo-
kine ligand 7 chemokine variant and is pre-
dominantly expressed in megakaryocytes

and platelets, is released when platelets are
activated.'”'® Through proteolytic trunca-
tion, B-TG is converted to neutrophil-
activating peptide-2, which plays a role in
early recruitment of neutrophils.”!' "' B-TG
may be the most available CXC chemokine
marker of platelet activation followed by
development of atherosclerosis in vivo.
This is because B-TG is stored as a matured
protein in o-granules and is rapidly released
at an extremely high concentration com-
pared with that in plasma.'®°

Although oxLDL affects platelet func-
tion, clarifying the actual effect of oxLDL
on platelet activation by LTA using
agonists, such as adenosine diphosphate
(ADP), thrombin, and collagen, may be dif-
ficult. Therefore, this study aimed to exam-
ine whether oxLDL facilitates platelet
aggregation. First, washed platelets were
used for aggregation experiments to avoid
the effects of many proteins in plasma,
including lipoproteins. However, platelets
are easily activated during purification.
Therefore, in addition to investigation of
the susceptibility of washed platelets by
LTA using oxLDL as the agonist, B-TG
levels released from platelets using
platelet-rich plasma (PRP) were measured
after incubation with or without oxLDL.

Materials and methods

Materials

Unless otherwise stated, all reagents were
purchased from Nacalai Tesque (Tokyo,
Japan), FUJIFILM Wako Pure Chemical
(Osaka, Japan), and Sigma-Aldrich Japan
(Tokyo, Japan).

Blood samples

Blood samples from healthy volunteers
were drawn into a blood collection tube
with EDTA-2Na for preparation of LDL
or 3.2% sodium citrate (0.1 of the
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volume) for preparation of PRP. Informed
consent was obtained from all volunteers.
This study was approved by the ethics com-
mittee of the Faculty of Medicine, Shinshu
University (No. 3284). Informed consent
was obtained from all volunteers.

Isolation of LDL

LDL (density: 1.019-1.063 g/mL) was iso-
lated from pooled plasma by ultracentrifu-
gation as described previously?' and
dialyzed against phosphate-buffered saline
containing 0.1 mM EDTA-2Na.

LDL oxidation

LDL was oxidized using sodium hypochlo-
rite solution as described previously.*
Briefly, LDL (approximately 3 mg protein/
mL) was incubated with sodium hypochlo-
rite solution (in phosphate-buffered saline
with 0.1 mM EDTA-2Na) at a molar ratio
of 1: 400 or the same volume of buffer
(as control LDL) on ice for 15 minutes.
The actual concentration of hypochlorite
was  spectrophotometrically  determined
using the molar absorption coefficient
(350L mol™" ecm™') at 292nm. After
the reaction, the mixture was used for
desalt gel-filtration chromatography (PD
MiniTrap G-25; GE Healthcare Japan,
Hino, Japan). Actually, oxLDL was eluted
around the void volume and the excess
hypochlorite was eluted later. We used
chromatography as a quicker separation
method of oxLDL from excess hypochlorite
than dialysis. The degree of oxLDL was
analyzed by agarose gel electrophoresis
using a TITAN GEL Lipoprotein plate
(HELENA, Saitama, Japan) with Fat Red
7B (Sigma-Aldrich Japan, Tokyo, Japan)
staining.

Measurement of protein and lipid
concentrations

Protein concentrations were determined
by the Micro BCA Protein Assay Kit
(Thermo Fisher Scientific, Tokyo, Japan).
Concentrations of triglycerides (TG), total
cholesterol (TC), LDL-cholesterol (LDL-
C), and high-density lipoprotein-cholesterol
(HDL-C) were quantified using the follow-
ing commercially available reagents:
Quickauto Neo TGII (Shino-Test, Tokyo,
Japan), Determiner L TC II (Hitachi
Chemical Diagnostic Systems, Tokyo,
Japan), Cholestest LDL, and Cholestest N
HDL (Sekisui Medical, Tokyo, Japan),
respectively.

Preparation of PRP and washed platelets

PRP was prepared by centrifugation of
blood samples at 120 x g for 10 minutes
with minimum acceleration and decelera-
tion. To obtain washed platelets, PRP was
mixed with three volumes of Buffer A (10
mM HEPES, pH 7.4, containing 137 mM
NaCl, 2.7 mM KCI, | mM MgCl,, 11.9 mM
NaHCOs3;, 0.42 mM NaH,PO,, 5.5 mM glu-
cose, and 0.5% bovine serum albumin) with
acid citrate dextrose solution A solution
(9: 1) and centrifuged at 1000 x g for 10
minutes. Platelets were washed again with
2 mL of the same solution and finally resus-
pended in Buffer A. Washed platelet con-
centrations were measured by a blood cell
analyzer (XN-9000; Sysmex, Kobe, Japan)
and were diluted with Buffer A to adjust to
25 x 10* cells/uL. The diluted platelets were
kept at room temperature and used within 4
hours after drawing blood.

Platelet aggregation assay

To evaluate platelet aggregation, an aggreg-
ometer, PA-200 (Kowa, Nagoya, Japan),
was used because the PA-200 can detect a
small amount of aggregation in several pla-
telets. A total of 240 pL of washed platelets
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(25 x 10* cells/uL) and 30 pL of fibrinogen
(5 mg/mL) were mixed in three special cuv-
ettes for the PA-200 and pre-incubated
at 37°C for 5 minutes. After setting these
cuvettes in the aggregometer channels,
monitoring of platelet aggregation by light
transmission and laser light scattering com-
menced. After 1 minute, 30 uL of LDL or
oxLDL, diluted to 1mg protein/mL with
Buffer A without glucose and bovine
serum albumin (Buffer B), or Buffer B as
the control was added to each cuvette. After
5 minutes of monitoring, 30 pL of ADP
(44 uM) was added to the cuvettes and
platelet aggregation was further monitored
for 9 minutes.

B-TG assay

PRP was adjusted to 25 x 10* platelets/pL
using saline with 3.2% sodium citrate (9: 1).
Part of the diluted PRP was centrifuged at
1500 x g for 15 minutes and the supernatant
was collected to measure levels of TC, TG,
LDL-C, and HDL-C. The supernatant was
also stored at —80°C for measuring B-TG
levels, which were defined as the original
level (before activation). To investigate the
effect of LDL and oxLDL on activation of
platelets, PRP was mixed with LDL (TC
level: 1380 pg/mL, TG level: 139 pg/mL),
oxLDL (TC: 1606 pg/mL, TG: 168 pg/mL),
or Buffer B (as the control) at a ratio of 4: 1
and incubated at 37°C. At 2, 8, and 15
minutes, an aliquot was collected and cen-
trifuged at 1500 x g for 15 minutes to
obtain the supernatant, which was immedi-
ately stored at —80°C for measuring B-TG
levels. Additionally, to examine the effect of
LDL and oxLDL on degradation of B-TG,
PRP was incubated with Buffer B for 15
minutes at 37°C to obtain a supernatant
with a high level of B-TG, which was then
incubated with LDL, oxLDL, or Buffer B
(as control) again as described above. At 2,
8 and 15 minutes, an aliquot was collected
and the supernatant was stored at —80°C

for measuring B-TG levels. B-TG levels of
all samples were measured by the EIA auto-
matic analyzer AP960 (Hitachi Chemical
Diagnostic Systems, Tokyo, Japan) using
the assay kit Asserachrom B-TG
(Fujirebio, Tokyo, Japan).

Statistical analysis

Data are presented as the mean + standard
deviation. The data were analyzed by
Dunnett’s test (IBM SPSS Statistics for
Windows, version 25; IBM Corp.,
Armonk, NY, USA). P<0.05 was consid-
ered statistically significant.

Results

LDL oxidation

In this study, LDL was oxidized by hypo-
chlorite, which is produced in vivo from
hydrogen peroxide and chloride ions
through the catalytic action of myeloperox-
idase. The degree of oxidation of two
batches of oxLDL, which were used for
aggregation and the B-TG secretion experi-
ments, were analyzed by agarose gel electro-
phoresis. At least four bands showed
increased electrophoretic mobility in both
oxLDL profiles in the anode side compared
with the original mobility of LDL, which
indicated successful production of oxLDL
(Figure 1). Interestingly, one band was
more negatively charged than that of
HDL, and three bands were observed
between LDL and very low-density lipopro-
tein. Although we observed no differences
in the levels of protein, TC, and TG
between LDL and oxLDL, LDL-C levels
of oxLDL were lower than those of LDL
(Figure 1). This finding indicated that direct
measurement by a homogeneous assay kit
for LDL-C partially failed to recognize
oxLDL as intact LDL. Additionally, our
results suggested that LDL was successfully
oxidized by sodium hypochlorite.
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Figure |. Oxidation of LDL by hypochlorite.
Plasma, LDL, and oxLDL obtained from two
batches of pooled plasma (a and b) were analyzed by
agarose gel electrophoresis. The tables show protein
and lipid concentrations of LDL and oxLDL. For the
subsequent experiments of platelet aggregation and
the f-TG assay, lot A and lot B were used, respectively
LDL, low-density lipoprotein; VLDL, very low-
density lipoprotein; HDL, high-density lipoprotein;
oxLDL, oxidized low-density lipoprotein; TC, total
cholesterol; TG, triglycerides; LDL-C, low-density
lipoprotein cholesterol.

Effect of LDL and oxLDL on washed
platelet aggregation

Aggregation of washed platelets with or with-
out oxLDL was analyzed using an aggregom-
eter. Representative aggregation profiles by
light transmission are shown in Figure 2a.
When Buffer B, LDL, or oxLDL was
added to the washed platelets as the first trig-
ger, light transmission slightly increased by
each trigger. However, aggregation of
washed platelets induced by adding Buffer
B, LDL, or oxLDL was weak. The highest
light transmission (at 6 minutes) was
obtained by adding Buffer B (9.5% +
2.1%), while LDL and oxLDL addition
resulted in a lower transmission (8.2% +
1.8% and 5.2% +1.2%, respectively).
However, the apparent increase in light trans-
mission after adding Buffer B only was
induced according to a dilution of the mix-
ture. These increases were relatively low

because LDL and oxLDL absorb light at
555 nm, which is used by the PA-200 aggreg-
ometer. Consequently, the actual increase in
light transmission induced by LDL and
oxLDL (difference in light transmission
between 1 minute and 20 s and 6 minutes)
was not significantly different, although it
tended to be relatively lower compared with
that by Buffer B. When ADP, which is a
weak platelet agonist, was added as the
second trigger, each light transmission
increased at a relatively large scale and
tended to be largest upon addition of Buffer
B, followed by LDL and oxLDL. These
experiments were performed three times
using different platelet preparations in tripli-
cate. The relative increase in light transmis-
sion induced by the first (from 1 minute and
20 s to 6 minutes) and second triggers (from
6-15 minutes) is shown in Figure 2b and 2c,
respectively. The relative ratio of increased
light transmission after adding LDL or
oxLDL was not significantly different, how-
ever, that of LDL appeared to be lower than
that of Buffer B (Figure 2b). After addition
of 4 uM ADP, the relative ratios of increased
light transmission of LDL and oxLDL were
lower than that of Buffer B, but significance
was only observed between adding Buffer B
and oxLDL (P < 0.05, Figure 2c).

Production of small platelet aggregates
induced by adding Buffer B, LDL, or
oxLDL in three experiments was determined
(Figure 3a, 3b, and 3c). Dispersion was
observed in the profiles in three experiments
and in triplicate assays within each experi-
ment. However, the relative ratio of the max-
imum laser light scattering values (at 6
minutes) was highest with LDL (P <0.05
versus Buffer B), while the ratios with Buffer
B and oxLDL were similar (Figure 3d).

Effect of LDL and oxLDL on B-TG levels
in PRP

To confirm activation of platelets, B-TG
levels in supernatants obtained before and
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Figure 2. Monitoring of washed platelet aggregation by light transmission. The effect of oxLDL on platelet
aggregation was analyzed by light transmission. Platelets obtained from different subjects were used in three
experiments with triplicate assays. (a) Representative monitoring profiles of washed platelet aggregation are
shown. Relative ratios of light transmission increased between | minute and 20 s and 6 minutes (b), and
between 6 and |5 minutes (c) compared among Buffer B, LDL, and oxLDL (mean = standard deviation,
n=3). The relative ratio of Buffer B was defined as |. *P < 0.05 vs. Buffer B.

ADP, adenosine diphosphate; buffer, Buffer B; LDL, low-density lipoprotein; oxLDL, oxidized low-density
lipoprotein.
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Figure 3. Monitoring of washed platelet aggregation by laser light scattering. The effect of oxLDL on
platelet aggregation was also assessed by laser light scattering in the same experimental conditions as
indicated in Figure 2, except that monitoring was only performed for the initial 6 minutes. Washed platelets
were obtained from three different subjects (a, b, and c) and aggregation profiles are shown in triplicate (-1,
—2 and -3) for each platelet sample. (d) To evaluate the results of the three experiments, the relative ratios
of the mean laser light scattering intensity of triplicate data at 6 minutes (data for Buffer B were defined as I)
were used as the result of each experiment. The results are shown as mean =+ standard deviation. *P < 0.05
vs. buffer.

buffer, Buffer B; LDL, low-density lipoprotein; oxLDL, oxidized low-density lipoprotein.
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after incubation of PRP (three lots) with
Buffer B, LDL, or oxLDL were measured
and expressed relative to the baseline level
(before incubation), which was defined as 1
(Figure 4). In this experiment, we used PRP
to minimize activation of platelets during
preparation. In the relatively short incuba-
tion time (2 and 8 minutes), oxLDL tended
to induce the highest B-TG level in the
supernatant. However, in contrast to the
mild increase or steady B-TG levels after
incubation with oxLDL for 8 and 15
minutes, LDL and Buffer B induced a
larger relative increase in B-TG levels.
Finally, B-TG levels in supernatant after
incubation with Buffer B (without LDL or
oxLDL) for 15 minutes were extremely high
compared with those after addition of LDL
or oxLDL. Furthermore, after 15 minutes

of incubation with oxLDL, supernatant
obtained from PRP showed the lowest
B-TG level.

We then determined whether the rela-
tively low B-TG levels in supernatant after
15 minutes of incubation of PRP with
oxLDL or LDL were caused by B-TG deg-
radation. Supernatant with high B-TG
levels, which was prepared by incubating
PRP with Buffer B, was incubated with
oxLDL or LDL for 2, 8, and 15 minutes.
We found that LDL and oxLDL did not
affect B-TG levels (Figure 5).

Discussion

Atherosclerosis, which is a main cause of
CVD, develops by unregulated uptake of
excess cholesterol derived from oxLDL in

(a) (b) (c)
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Figure 4. Effect of LDL and oxLDL on ff-thromboglobulin secretion. Three experiments (a, b, and c) were
performed using separately prepared platelet-rich plasma. ;-TG values are expressed as the ratio to the
baseline level of f-TG (corresponding to 0 minutes of incubation and defined as |), which was calculated by
multiplying 4/5 (for volume correction) by the -TG level of the supernatant obtained from used platelet-
rich plasma (25 x 10* cells/piL platelets) in each experiment. The table under each graph indicates the
calculated lipid concentrations derived from platelet-rich plasma in the mixture.

p-TG, p-thromboglobulin; buffer, Buffer B; LDL, low-density lipoprotein; oxLDL, oxidized low-density
lipoprotein; TC, total cholesterol; TG, triglycerides; HDL-C, high-density lipoprotein cholesterol; LDL-C,

low-density lipoprotein cholesterol.
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Figure 5. Effect of LDL and oxLDL on -TG. The
results are shown as the mean =+ standard deviation
of triplicate assays.

p-TG, p-thromboglobulin; buffer, Buffer B; LDL,
low-density lipoprotein; oxLDL, oxidized low-den-
sity lipoprotein.

macrophages and subsequent formation of
foam cells that accumulate in the intima.*?
CVD is also induced by oxLDL by promot-
ing activation and aggregation of plate-

lets.>!"13 However, some conflicting
results have been reported as follows.'* !¢
Using  various  concentrations (40—

120 pg/mL) of oxLDL, low oxLDL concen-
trations were found to inhibit platelet
aggregation.'* Additionally, at a degree of
oxidation of<15%, oxLDL promoted
platelet aggregation, but at>30% oxida-
tion, oxLDL attenuated platelet aggrega-
tion.'> These discrepancies between studies
may be due to using different methods to
oxidize LDL and to evaluate activation and
aggregation of platelets, including the type
of oxidant, LTA, and using platelet ago-
nists. Therefore, in the present study, we
measured B-TG levels to evaluate platelet
activation in addition to LTA, using
oxLDL as an agonist.

In our study, LDL treated with sodium
hypochlorite was analyzed by agarose gel
electrophoresis to confirm oxLDL genera-
tion. As expected, the -electrophoretic
mobility of oxLDL was increased compared
with non-treated LDL. However, the elec-
trophoretic profile in our study is complete-
ly different from that of LDL oxidized by

CuS0,.>* Taking into account induction of
four types of oxLDL by sodium hypochlo-
rite, each particle type might have different
effects on activation and aggregation of pla-
telets. Actually L5, which is the most elec-
tronegative subfraction of LDL, induces
platelet activation.”> In our study, there
was no significant difference in protein
and lipid composition between LDL and
oxLDL, except for LDL-C concentrations.
This finding indicated that LDL was suc-
cessfully oxidized and not correctly recog-
nized as normal LDL by the homogeneous
method of the LDL-C assay. Although we
obtained fresh plasma from healthy volun-
teers to isolate LDL, we could not obtain
modification-free LDL because of oxida-
tion during preparation. We also need to
consider the difference in oxidization
between in vitro and in vivo conditions.

In the platelet aggregation experiment,
oxLDL, even naturally oxidized LDL,
slightly inhibited platelet aggregation and
possibly inhibited enhanced platelet aggre-
gation induced by ADP stimulation.
Actually, Coleman et al.'* reported that
high oxLDL levels with low ADP levels
were less effective at stimulating aggrega-
tion than low oxLDL levels. Akkerman®®
also reported that excess oxidation renders
oxLDL an aggregation inhibitor. The
reason for this finding is that the fibrinogen
receptor, integrin aollbP3, is constitutively
associated with CD36, and binding of
oxLDL to CD36 interferes with the binding
of fibrinogen to olIbf3.

In contrast, small platelet aggregation, as
estimated by laser light scattering, clearly
occurred upon addition of Buffer B, LDL,
or oxLDL. In particular, LDL induced a
relatively higher level of small platelet
aggregation compared with Buffer B and
oxLDL. These data suggest that prepared
LDL may be slightly oxidized during prep-
aration.”” This reaction weakly stimulates
aggregation formed by a small number of
platelets and oxLDL inhibits this reaction.
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Weakly oxidized LDL, such as LDL used in
this experiment, is present in the blood cir-
culation, suggesting that weakly oxidized
LDL stimulates platelets in vivo.

Our results of B-TG levels in PRP sug-
gested that oxLDL caused an initial weak
activation of platelets, and subsequently
inhibited platelet function of secreting
B-TG (at 15 minutes). Furthermore, these
results are consistent with those of aggrega-
tion experiments using LTA. These results
might be consistent with a previous report
that B-TG was not associated with the risk
of CVD.”® However, endogenous lipid
levels in PRP, such as TC, TG, HDL-C,
and LDL-C, were different in each experi-
ment. Although, we cannot rule out that
these differences affect secretion of B-TG
from platelets in PRP, the profile of B-TG
levels may reflect the effect of oxLDL. This
is because the amount of oxLDL (as the
cholesterol level) added was almost equal
to the amount of endogenous LDL in
PRP and similar profiles were obtained
from these three experiments. The slight dif-
ferences in profiles may have been induced
by a difference in the platelets’ origin or
HDL-C levels. This is because similar pro-
files of B-TG levels were obtained using
PRP derived from the same subject at
different times (Figure 4a and 4b), while
the profile shown in Figure 4c was obtained
from a different subject. Although the
functional difference in platelets obtained
from two subjects was unclear, HDL-C
levels in PRP were obviously different
between these subjects. HDL interferes
with platelet activation induced by
oxLDL.*° Additionally, we confirmed
that these profiles of B-TG levels were not
induced by B-TG degradation during incu-
bation with oxLDL.

The predominant limitation of this study
is that although the same batch of oxLDL
was used in several experiments, the plate-
lets were prepared from plasma obtained
from different subjects. In fact, the results

shown in Figure 4a and 4b, which were
obtained using platelets derived from the
same subject, showed similar profiles.
However, the results shown in Figure 4c,
which were obtained using platelets derived
from a different subject, showed a slightly
different profile. This difference may have
been caused by a difference in the platelets’
origin. Therefore, we need to consider the
heterogeneity of platelets in addition to the
effect of preparation of platelets on their
function.

Conclusions

oxLDL in vitro weakly activates platelets at
an early stage, but then inhibits platelet
function, such as aggregation and B-TG
secretion. Therefore, platelets in vivo may
be activated and facilitate aggregation by
transient contact with oxLDL.
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