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Platelet-dertved microparticles bind
to low-density lipoprotein (LDL)
in human plasma and reduce
its susceptibility to oxidation
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Abstract

Oxidized low-density lipoprotein (oxLDL) plays an important role in atherogenesis. Platelet-derived
microparticles (PMPs) are formed during platelet activation and are involved in various pathophys-
iological conditions including, atherosclerosis. We investigated whether PMPs could interact with
LDL in vitro and in vivo and influence the LDL oxidation in vitro. PMPs were prepared from activat-
ed washed human platelets and characterized by flow cytometry. The binding of LDL to PMPs was
studied by flow cytometry as well as by gradient ultracentrifugation. LDL or PMPs were oxidized by
either CuSO, or met-myoglobin. LDL binds to PMPs in a concentration-dependent manner, in vitro.
Complexes of LDL with PMPs exist also in plasma and their production is enhanced during platelet
activation ex vivo. PMPs at concentrations greater than 30pg/ml significantly protect LDL from oxi-
dation a phenomenon, which is primarily attributed to their phosphatidylserine (PS) and plasmalo-
gen content. The pathophysiological significance of these phenomena in respect to atherogenesis re-
mains to be established.
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PMPs’ interaction with LDL

1. Introduction
It is well established that oxidized low-density lipo-
protein (oxLDL) plays an important role in the devel-
opment and the progression of atherosclerosis.! Ox-
idation of low-density lipoprotein (LDL) proceeds
through a complex series of events involving the for-
mation of lipid hydroperoxides and modification of
apolipoprotein B by products of their breakdown.? In
addition, the oxidative modification of LDL involves
the hydrolysis of its content of oxidized phophati-
dylcholine into lysophosphatidylcholine, an enzy-
matic reaction that is catalyzed by the LDL-associat-
ed platelet-activating factor (PAF) acetylhydrolase,
a Ca*-independent phospholipase A, highly specif-
ic for phospholipids containing short acyl group at
the sn-2 position, which is also denoted as lipopro-
tein-associated phospholipase A, (Lp-PLA)).> Dur-
ing oxidative modification of LDL, Lp-PLA, is pro-
gressively inactivated*® and may represent an index
for estimating the degree of LDL oxidation.®

Upon platelet activation submicroscopic particles
are spontaneously formed from the plasma mem-
brane. These particles are commonly referred to
as platelet-derived microparticles (PMPs) and can
be produced during platelet activation with vari-
ous agonists such as collagen and/or thrombin or
Ca*"-ionophore (A23187).7 PMPs may play a role in
the normal haemostatic response to vascular injury
since these particles exhibit prothrombinase activi-
ty. PMPs are also involved in a variety of patholog-
ical conditions such as, inflammation, coagulation,
and vascular function. However, their involvement
in atherogenesis is still under investigation. A vari-
ety of platelet receptors enzymes and proteins are
present in PMPs, such as the integrin receptor a 3.,
P-selectin, CD40L and Lp-PLA,.”*" PMPs also con-
tain bioactive lipids including sphingosine 1-phos-
phate and arachidonic acid.'? It has been reported
that after interaction with target cells PMPs trigger a
variety of biological responses; such as stimulation of
cytokine secretion and tissue factor expression in en-
dothelial cells®, inhibition of polymorphonuclear leu-
kocyte apoptosis, induction of chemotaxis in U-937
cells.””> PMPs are present in plasma and according
to results published by our group'! and others'é; they
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represent the main microparticle population found
in human plasma.

To the best of our knowledge there is a paucity of
data as to whether PMPs could interact with lipo-
proteins in human plasma and whether such inter-
actions may have any biological significance. There-
fore, in the present study, we investigated whether
PMPs interact with LDL and whether such interac-
tion could influence the oxidative modification of
LDL in vitro.

2. Methods
2.1 Isolation and characterization of platelet-derived
microparticles

Washed human platelets were prepared as we pre-
viously described.! Platelets were activated with
Ca?*-ionophore A23187 (10pM) under non-stirring
conditions for 30min at 37°C to produce PMPs. Plate-
let activation was terminated by the addition of eth-
ylenediamintetraacetic acid (EDTA) and cooling on
anice bath. Subsequently, platelets were centrifuged
at1,500xg for 15 min at room temperature to remove
the remnant platelets. The resultant supernatant was
overlaid onto a 20% sucrose gradient and centrifuged
at 3,000xg for 10 min at room temperature to obtain
the PMPs-rich supernatant", which was then submit-
ted to ultracentrifugation at 100,000xg for 120 min at
4°C. The pellet consisted of PMPs was then re-sus-
pended in a small volume of PBS (10mM, pH 7.4)
and stored at 4°C for up to 1 week. PMPs were ana-
lyzed by flow cytometry (FACScalibur, Becton Dick-
inson, San Jose, CA, USA) and characterized by their
FSC/SSC profile, the expression of platelet mark-
ers (CD41a and CD61) and their annexin-V-FITC
positivity.™

2.2 LDL preparation

LDL (d=1.019-1.063 g/ml) was isolated from fresh-
ly prepared pooled human plasma by sequential ul-
tracentrifugation as we previously described.* The
LDL preparation was dialyzed against PBS (10mM,
pH 7.4) containing 0.01% EDTA for 24h at 4°C. Then
it was filter-sterilized (0.22 mM, Millipore, USA)
and stored in the dark at 4°C under nitrogen for up
to two weeks. LDL protein was determined by the
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bicinchoninic acid method. Purity of the LDL prepa-
ration was assessed by agarose gel electrophoresis
(Hydragel Lipo and Lp(a) kit, Sebia)."

2.3 Fluorescently labeling of LDL

LDL (2.3 mg/ml) was dialyzed overnight at 4°C
against two changes of a 10mM PBS solution (pH
8.6, adjusted using a 5% Na,CO, solution). Celite-
FITC (Calbiochem) was dissolved in the above PBS
solution to yield a concentration of 2 mg/ml. Then it
was added drop wise to the LDL suspension to yield
a final Celite-FITC concentration of 0.2 mg/ml and
a final LDL concentration of 1.4 mg/ml. The mix-
ture was then incubated for 1h at room temperature
under gentle rotation, and the FITC conjugated LDL
(LDL-FITC) was then separated from unconjugated
FITC by overnight dialysis against two changes of
PBS at 4°C in the dark. Prior to use, LDL-FITC was
centrifuged (10,000 x g for 1 min) to remove any ex-
cess amount of celite-FITC.*

2.4 Interaction of PMPs with LDL in vitro

Isolated PMPs (100 pg/ ml) were incubated in the ab-
sence or presence of various concentrations of LDL-
FITC ranging from 50 to 200 pg/ml for 30 min at
37°C, in the presence or absence of Ca*" or EDTA.
The possible interaction of LDL-FITC with PMPs
was then studied by flow cytometry. In some experi-
ments, PMPs (100 ng/ml) were incubated with unla-
belled LDL (100 pg/ml) under the above conditions
in the absence of Ca?* or EDTA, and the binding of
Annexin-V-FITC, anti-CD41a-FITC (a monoclonal
antibody that recognizes the allb subunit of integrin
a,,f,) or PAC-1-FITC (a monoclonal antibody that
recognizes the activated form of integrin a, ,) was
studied by flow cytometry. In certain experiments
the interaction of LDL-FITC with resting platelets
(250,000 cells/pl) was studied as above and used as
a positive control.

The possible interaction of PMPs with LDL was
also studied by ultracentrifugation. PMPs (100 pg/
ml) were incubated with LDL (100 pg/ml) for 30 min
at 37°C. The mixture was subsequently diluted to 3
ml with 0.9% (w/v) NaCl and the density was raised
t0 1,210 g/ ml by the addition of dried potassium bro-
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mide (KBr). The solution was mixed with 1 ml of a
KBr solution of the same density in an ultracentrifuge
tube of 13 ml and was overlaid by 9 ml of a KBr solu-
tion of density d=1,006 g/ ml. All solutions contained
0.01% EDTA (w/v) and 5 mg/mL gentamicine sul-
phate (Garamycin, Schering-Plough, USA). Short-
term ultracentrifugation was performed in a Beck-
man L7-65 ultracentrifuge at 40,000 rpm, 14°C with
a Type NVT 65 rotor for 1 hour and 42 min.? Five
gradient fractions of 2.6 ml each were collected by
successive aspiration from the meniscus downward.
All fractions were analyzed for their cholesterol con-
tent by an enzymatic method using the Bio-Merieux
kit (France).”? All fractions were also analyzed with
flow cytometry using monoclonal antibodies that
recognize specific antigens associated with PMPs
(anti-CD41a-FITC and anti-CD61-PerCP which rec-
ognizes the 3, subunit of integrin a,, 3,). In control
experiments, PMPs were separately submitted to the
above short-term gradient ultracentrifugation. Five
fractions of 2.6 ml each were also collected and ana-
lyzed as described above.

2.5 Interaction of PMPs with LDL subfractions in vitro
Subfractionation of LDL was performed by isopy-
cinic density ultracentrifugation as previously de-
scribed.” Twelve fractions of apolipoprotein B-con-
taining lipoproteins (0.4 ml each) are isolated with
this procedure. Fractions 7 and 8 were combined
to form the large buoyant LDL subfraction (LDL-3,
d=1,029t0 1,039 g/mL) and fractions 11 and 12 were
combined to form the small-dense LDL subfraction
(LDL-5; d=1,050 t0 1,063 g/mL).*? Each LDL subfrac-
tion (100 pg/ml) was subsequently incubated with
PMPs (100 pg/ml) at 37°C for 30 min and then sub-
jected to short-term ultracentrifugation as described
above. Five fractions of 2.6 ml each were collected by
successive aspiration from the meniscus downward.
All fractions were analyzed for their cholesterol con-
tent and further subjected to flow cytometric analysis
using antibodies specific for platelet antigens (CD41a
and CD61).

2.6 Association of PMPs with LDL in human plasma
For the evaluation of the possible association of PMPs
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with LDL in plasma we prepared platelet rich plas-
ma (PRP) from 6 different normolipidemic popula-
tions.?* PRP was incubated with or without Ca**-ion-
ophore A23187 (10 uM, final concentration) for 15
min at 37°C. The samples were then centrifuged at
650%g for 10 min to remove any residual platelets.
The resultant supernatant of either activated or un-
activated platelets was subjected to short-term ultra-
centrifugation as described above. Five fractions of
2.6 ml each were collected by successive aspiration
from the meniscus downward and analyzed by flow
cytometry as described above.

2.7 Oxidation of LDL

LDL (100 pg protein/ml) oxidation was performed at
37°C for 4h in the presence of CuSO, (5uM) and mon-
itored at 234nm as previously described.” Oxidation
was performed in the presence of PMPs at concen-
trations ranging from 0-100 pg protein/ml. The elec-
trophoretic migration of oxLDL was studied on aga-
rose gels (Hydragel Lipo and Lp(a) kit, Sebia) and
expressed as relative to native LDL eletrophoretic
mobility (REM). In selected experiments, LDL (100
pg protein/ ml) was oxidized with met-myoglobin /
H,0O, (10 and 50 mM, respectively) and diethylenetri-
aminepentaacetic acid (DTPA) (0.1 mM)° in the pres-
ence of various concentrations of PMPs (0-300 pg/
ml). The kinetics of the oxidation was determined as
described above.

2.8 Lipoprotein-associated phospholipase A, assay
Lipoprotein-associated phospholipase A, (Lp-PLA,)
activity was measured by the trichloroacetic acid pre-
cipitation procedure using [*H]-PAF, 100 uM final
concentration, as a substrate.” Eight pg of protein
from either native or Cu?"-oxidized LDL, in 90 ul of
HEPES buffer, pH 7.4, were used as the source of
the enzyme. Lp-PLA, activity was expressed as nmol
PAF degraded per min per mg of protein of LDL.

Lipid extraction and separation

Total lipids from PMPs, corresponding to 200 pg
of protein, were extracted according to Bligh and
Dyer.” In order to enhance the recovery of phos-
phatidylserine (PS), the water phase was replaced
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by an acetic acid solution (0.5% v/v)%, since in the
absence of acetic acid the recovery of PS is approx-
imately 50%.% The chloroform phase containing to-
tal lipids was collected. A proportion of this phase
was dried under a stream of nitrogen and subject-
ed to High Performance Thin Layer Chromatogra-
phy (HPTLC) as previously described?®, using two
different solvent systems. The plate was initially de-
veloped with dichloromethane:ethyl acetate:acetone
(80:16:7 by volume) and then by choloroform:ethyl
acetate:acetone:isopropanol:ethanol:methanol:wa-
ter:acetic acid (30:6:6:6:16:28:6:2 by volume) as pre-
viously described.? Phosphatidylcholine (PC), phos-
phatidylethanolamine (PE), sphingomyelin (SM)
and PS were simultaneously subjected to HPTLC
and used as standards. After chromatography, li-
pids were visualized by incubation of the plate with
a charring reagent (an aqueous solution of 7.5% w/v
Cu-acetate, 2.5% w/v CuSO, and 8.5% v/v H,PO,)
as previously described.? The density of the spots
was analyzed by photodensitometric scanning (us-
ing the Image Master ID programme) and quantified
as a peak height after background subtraction fol-
lowing the instructions provided by the manufactur-
er. In other experiments lipids were identified after
brief exposure to iodine, and the bands correspond-
ing to the R, of standard PE, PC, PS and SM were
scraped off the plate and extracted according to Bligh
and Dyer. The chloroform phase was dried under
a stream of nitrogen and the dried lipids were dis-
solved in absolute ethanol and tested for their ability
to inhibit Cu?*-induced LDL oxidation. The final con-
centration of ethanol in the oxidation experiments
did not exceed 1% (v/v). The quantification of each
phospholipid was performed by phosphorus analy-
sis according to Bartlett as modified by Marinetti.®

3. Statistical analysis

Results are expressed as the Mean £5D. Mean values
were compared by student’s t-test, with significance
defined at a value of ’<0.05.

4. Results
4.1 Interaction of PMPs with LDL in vitro
PMPs were produced by stimulation of washed hu-
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Figure 1. A) Representative flow cytometric histogram overlay, indicating the dose-dependent binding of LDL-FITC (50-200 pg/
ml) to PMPs (100 pg/ml). The isotypic control is represented by the shaded region. B) Representative flow cytometric histogram
overlay, indicating the dose-dependent binding of LDL-FITC (50-200 pg/ml) to platelets (250,000 plts/pl). The shaded region
represents the isotypic control. C) Bar graph showing the expression of CD41a, PAC-1 and annexin-V on PMPs (100 pg/mL) or

on PMPs (100 pg/ml) incubated with LDL (100 pg/ml)

man platelets with Ca**-ionophore A23187 and char-
acterized by flow cytometry on their FSC/SSC char-
acteristics, their platelet marker positivity (CD41a
and CD61) and as well as by their positivety to An-
nexin-V*%, as we have previously described.!! We
next studied by flow cytometry, the possible interac-
tion of PMPs with LDL-FITC in vitro. PMPs were in-
cubated with increasing concentrations of LDL-FITC
in the absence of Ca?* and then analyzed by flow cy-
tometry. As shown in Figure 1A, LDL-FITC binds to
PMPs in a dose-dependent manner. Importantly, ad-
dition of either Ca** or EDTA in the incubation mix-
ture, did not affect the binding of LDL-FITC to PMPs
(data not shown). As a positive control, the binding
LDL-FITC to platelets was studied using resting
platelets. As shown in Figure 1B, LDL-FITC binds to

platelets in a dose-dependent manner. In some ex-
periments, PMPs (100 pg/ml) were incubated with
unlabelled LDL (100 pg/ml) under the above condi-
tions and the binding of anti-CD41a, PAC-1 or An-
nexin-V, was studied by flow cytometry. As shown
in Figure 1C the presence of LDL does not influence
the binding of the above antibodies or Annexin-V
on PMPs.

The interaction between PMPs and LDL was fur-
ther studied using a short-term gradient ultracentrif-
ugation procedure. Five gradient fractions of 2.6 ml
each were collected by successive aspiration from the
meniscus downward. As it is shown in Figure 2A,
when PMPs alone were submitted to short-term ul-
tracentrifugation they migrated in the dense portion
of the gradient and were found primarily in fraction
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Figure 2. A) Representative bar graph showing the CD41a and CD61 positive particles (% total expression) in gradient fractions
obtained after gradient ultracentrifugation of either PMPs alone or the mixture of PMPs and LDL. Five gradient fractions of 2.6
ml each were collected after gradient ultracentrifugation and analyzed by flow cytometry using the monoclonal antibodies an-
ti-CD41a-FITC and anti-CD61-PerCP. B) Representative bar graph showing the CD41a and CD61 positive particles (% total ex-
pression) in gradient fractions 2 and 3 obtained after gradient ultracentrifugation of PMPs alone or the mixture of PMPs with

either LDL-3 or LDL-5
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Figure 3. A) Flow cytometric profile of resting and Ca**-ionophore A23187-activated platelets in PRP, with respect to their FSC/
SSC characteristics and PMPs production. B) Bar graph showing the CD41a and CD61 positive particles (% total expression) in
gradient fractions 2 and 3 obtained after gradient ultracentrifugation of plasma isolated from resting or Ca*-ionophore A23187-ac-

tivated PRP. Values represent the mean + SD from 4 experiments

5 (maximum expression of both CD41a and CD61).
By contrast, when the mixture of PMPs and LDL was
submitted to the same procedure, a substantial pro-
portion of PMPs was found in fractions 2 and 3, in
which the LDL was migrated.

We next focused on whether PMPs exhibit speci-
ficity for certain LDL subfractions. Therefore, we iso-
lated the buoyant LDL subfraction (LDL-3) and the
small dense LDL (LDL-5) subfraction by isopycin-
ic density ultracentrifugation and tested their ability
to bind to PMPs. PMPs were incubated with either
LDL-3 or LDL-5 and the mixture was then subject-
ed to short-term gradient ultracentrifugation as de-
scribed above. As shown in Figure 2B the expression
of the PMPs markers CD41a and CD61 in gradient

fractions 2 and 3 containing the LDL-3 or the LDL-
5 subfraction, was significantly higher to that found
when PMPs alone were submitted to ultracentrifu-
gation. However, there was not any observed dif-
ference in the expression of both PMPs markers be-
tween LDL-3 and LDL-5 subfractions.

4.2 Association of PMPs with LDL in human plasma

We next asked whether PMPs are associated with
LDL in human plasma. PRP from normolipi-
demc volunteers was activated in the presence of
Ca*-ionophore A23187 to induce PMPs formation
(Figure 3A). PRP was then centrifuged to remove
platelets and the plasma enriched in PMPs was sub-
jected to short-term gradient ultracentrifugation.
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Table 1. Effect of PMPs on Cu?*-induced LDL oxidation

PMPs (pg/mL)
Parameter oxLDL
10 30 60 100

Lag time (min) : 73413 88+18 110434° 147421" Complcte

: : : inhibition
Rate of oxidation : : : Complete

. . "

(mnzrr:)ol/ mg protein/ 6.0£0.5 6.1£1.0 5.1+1.8 3.840.6 inhibition
Total dienes 570430 586451 448435' 363:43¢ Congplts
(nmol/mg protein) inhibition
Lp-PLA, activity : : : :
(nmol/mg protein/ 15.5£3.8 17.614.7 29.8+1.3* 28.3+3.5¢ 60.749.75
min)
REM values 2.1£0.3 2.1+0.3 1.9+£0.2° 1.6£0.2" 1.3£0.18

Oxidation was performed by incubating LDL (100 pg/ml) with 5pM CuSO, at 37°C. The kinetics of oxidation was determined by
monitoring the increase in absorbance at 234nm every 10 min for 4h. The Relative Electrophoretic Mobility (REM) was studied

on agarose gels. Values represent the mean+SD (n=4).

*P<0.05, **P<0.01, $P<0.002 and §P<0.001 compared to oxLDL (in the absence of PMPs). Lp-PLA, activity for native LDL was

58.1+1.6 (nmol/mg protein/min).

Table 2. Effect of phospholipids isolated from PMPs on Cu**-induced LDL oxidation
Phospholipid
Parameter
None PS SM PC PE

Lag time (min) 8024103  175+185* 766+114 | 987#1425 1204158
Rate of oxidation :
(nmol/mg protein/ 6.5£1.3 2.8+0.5* 6.4£1.0 5.041.25 4.110.9*
min) i i
Total dienes

. 590+40 284+34* 579+45 4674338 398+38*
(nmol/mg protein)
REM values 23403 12401 23102 . 194015 15401

Oxidation was performed by incubating LDL (100 pg/ml) with 5pM CuSO, at 37°C in then absence or presence of each

phospholipid at a final concentration of 50 pmol/L. The kinetics of oxidation was determined by monitoring the increase in
absorbance at 234nm every 10 min for 4h. The Relative Electrophoretic Mobility (REM) was studied on agarose gels. Values

represent the mean +SD (n=4).

*P<0.001 and §P<0.01 and $P<0.005, compared with control values (in the presence of 1% (v/v) ethanol.
Abbreviations: PC; phosphatidylcholine, PE; phosphatidylethanolamine, PS; phosphatidylserine, SM; sphingomyelin

Plasma from resting PRP was also subjected to the
above procedure. Five gradient fractions were iso-
lated and analyzed by flow cytometry. As shown
in Figure 3B, fractions 2 and 3 containing the LDL
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of plasma derived from resting PRP express both
PMPs markers CD61 and CD41a. Importantly, the
expression of both markers in fractions 2 and 3 con-
taining the LDL of plasma derived from activated
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Figure 4. A) Representative sigmoid curves illustrating the inhibition of Cu**-induced LDL (100 pg/ml) oxidation in the presence
PMPs at various concentrations. Curves a, b, ¢, d and e correspond to PMPs concentrations 0, 10, 30, 60, and 100 pug/ml, respec-
tively. The inset figure shows the electrophoretic mobility of native LDL (lane 1) and oxLDL in the presence of various concentra-
tions of PMPs. Lanes a, b, ¢, d and e correspond to PMPs concentrations 0, 10, 30, 60, and 100 pg/ml, respectively. B) Representa-
tive sigmoid curves illustrating the inhibitory effect of PMPs on LDL oxidation performed in the presence of Met-myoglobin (10
M), H,0, (50 uM) and DTPA (0.1 mM). Curves a, b, c and d correspond to PMPs concentrations 0, 100, 200, and 300 ng/ml, re-
spectively. The inset figure shows the electrophoretic mobility of native LDL (lane 1) and oxLDL in the presence of various con-
centrations of PMPs. Lanes a, b, c and d correspond to PMPs concentrations 0, 100, 200, and 300 pg/ml, respectively

PRP is significantly higher compared to that of rest-
ing PRP, indicating an increase in PMPs population
in the fractions containing LDL.

4.3 Effect of PMPs on the oxidative modification of LDL

We next investigated whether the interaction of
PMPs with LDL may affect its susceptibility to ox-
idation in vitro. As it is shown in Table 1, PMPs at
concentrations higher than 30pg/ml significantly in-
hibited Cu?*-induced LDL oxidation, in a dose-de-
pendent manner. This was indicated by: a) the pro-
longation in lag time, b) the decrease in the rate of
oxidation, c) the suppression of total diene forma-
tion, d) the inhibition of oxidation-induced inactiva-

tion of the LDL-associated Lp-PLA, and e) the de-
crease of the oxLDL REM values. Figure 4A shows
representative sigmoid curves and electrophoret-
ic profile of the LDL submitted to oxidation in the
presence of various concentrations of PMPs. In or-
der to test the possibility of PMPs acting as transi-
tion metal chelators, we studied the effect of PMPs on
LDL oxidation performed in the presence of met-my-
oglobin / H,0, and DTPA. In this case, the interac-
tion of met-myoglobin with H,0O, leads to formation
of ferryl myoglobin free radicals able to oxidize vul-
nerable targets, like unsaturated lipids.? This system
devoid of free iron ions since any possible contami-
nating iron is chelated with DTPA. As it is shown in
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Figure 4B, PMPs were able to inhibit LDL oxidation
in a dose-dependent manner, however, the amount
of PMPs required to inhibit LDL oxidation induced
by this procedure, was 3-fold greater compared to
that needed to inhibit Cu**-induced LDL oxidation.

In an attempt to determine the role of the various
phospholipids associated with PMPs on PMPs-in-
duced inhibition of LDL oxidation, we isolated the
major phospholipids (PE, PC, SM and PS) from
PMPs* and tested their ability to inhibit Cu**-in-
duced LDL oxidation. As it is illustrated in Table 2,
PE, PC and PS at a concentration of 50pmol/ L signifi-
cantly inhibited LDL oxidation, the PS expressing the
most potent inhibitory effect.

5. Discussion

The present study shows for the first time that PMPs
produced from platelets stimulated with Ca**-iono-
phore A23187 are able to bind to LDL in vitro. Fur-
thermore, we demonstrate that complexes of PMPs
with LDL are present in vivo and their production
is significantly enhanced during platelet activation
ex vivo.

Several studies have demonstrated that LDL inter-
acts with platelets and influences their function as
well as their response to various platelet agonists.*
However there are conflicting opinions as to wheth-
er LDL binds to specific binding sites on the platelet
surface.®! A candidate platelet receptor for interac-
tion with LDL is the integrin receptor allbp3. How-
ever, contrasting results have been reported as to
whether this receptor plays a role in the LDL binding
to platelets. Thus some studies have shown that both
receptor subunits a;, and P, are responsible for the
interaction of LDL with platelets® whereas other in-
vestigators have demonstrated that neither the a;, 3,
complex nor the a; or B, subunits individually influ-
ence the binding of LDL to the intact resting plate-
lets®. PMPs are enriched in a, 3., which mostly exists
in its active conformation.* Our results showed that
the interaction of LDL with PMPs does not affect the

binding of either anti-CD41a (recognizes the a,, sub-

1Ib
unit of a;, 3,) or anti-CD61 (recognizes the 3, subunit
of a,, 3,). Also, it does not affect the binding of PAC-

1, which recognizes the active form of a,, f3,. These
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results provide evidence that the interaction of LDL
with PMPs is not mediated through the a3, recep-
tor. It is well known that LDL can interact through its
apo B-100 moiety with anionic groups of proteogly-
cans.® A feature characteristic of PMPs is the expres-
sion of negatively charged phospholipids (primarily
PS) on their surface.*® Indeed, during platelet activa-
tion, such phospholipids are transported to the out-
er leaflet of the platelet membrane and subsequently
bud of connected to PMPs.*” Thus it would be pos-
sible that the interaction between PMPs and LDL is
mediated through ionic bonds formed between the
apo B-100 of LDL and negatively charged phospho-
lipids of PMPs. However this possibility is unlikely
since according to our results the interaction of LDL
with PMPs does not affect the binding of Annexin-V,
which binds to anionic phospholipids on PMPs pri-
marily to PS. To further support this hypothesis we
examined whether PMPs exhibit any specificity in
their binding with certain LDL subfractions. Indeed,
LDL is a heterogeneous population of particles with
respect to size, density, and chemical composition. In
this context, it has been reported that the apo B-100
conformation in small-dense LDL particles, is distinct
compared to other LDL subspecies® and this has as
a consequence a decreased recognition of these par-
ticles by the LDL-receptor® as well as their enhanced
binding to intimal proteoglycans enriched in anionic
charges.”” Our results showed that PMPs do not ex-
hibit specificity for certain LDL subfractions as they
bind to the same extent either with small-dense LDL-
5 subfraction or with buoyant LDL-3 subfraction, thus
further supporting the suggestion that the binding of
LDL to PMPs is not mediated through the interaction
with negatively charged phospholipids. Finally, con-
sistent with this suggestion is our finding that neither
Ca* nor EDTA significantly influences the interaction
of LDL with PMPs. It has been reported that anoth-
er candidate platelet receptor for the interaction with
LDL is the apo E receptor-2 (ApoER2), which is also
known as LDL receptor-related protein-8 and it is a
member of the LDL receptor family.*! However it is
not yet known whether this receptor exists on PMPs,
thus further studies are required to elucidate the ex-
act mechanism for the interaction of LDL with PMPs.
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The interaction of LDL with PMPs and the exist-
ence of PMPs-LDL complexes in plasma may be of
major pathophysiological importance in various
disease states including atherosclerosis and car-
diovascular disease. Indeed, except for the well-
known important role of LDL in atherosclerosis,
more recent studies have shown that PMPs may
also be implicated in this disease.*> An important
event in atherogenesis is the oxidative modifi-
cation of LDL and it is well established that ox-
LDL is a cornerstone in the development of ather-
osclerotic plaque.’ Thus we investigated whether
PMPs could influence the oxidative modification of
LDL in vitro. Our results showed for the first time
that PMPs significantly inhibit LDL oxidation in a
dose-dependent manner. Among the major phos-
pholipids associated with PMPs, PS expresses the
most potent inhibitory effect on Cu*-induced LDL
oxidation. In accordance to these results, it has
been previously shown that PS exerts an inhibi-
tory effect on biomembrane lipid peroxidation by
acting as an iron trapper on the membrane sur-
face.® Furthermore, PS inhibits Cu2+-induced LDL
oxidation a phenomenon possibly due to the PS ca-
pability to chelate and form complexes with Cu®*
thus preventing them from initiating the oxidative
modification of LDL.* Thus, the inhibitory effect of
PMPs on Cu**-induced LDL oxidation observed in
the present study could be at least partially attrib-
uted to their PS content. However, PS may not be
solely responsible for the inhibitory effect of PMPs
on LDL oxidation. Indeed, PMPs are also able to
inhibit LDL oxidation performed in the presence
of met-myoglobin / H,0O, and DTPA, a system
which is devoid of transition metals, although to a
lesser extent to that observed in the Cu*-induced
LDL oxidation. An important role in this inhibi-
tory effect may play the plasmalogen content of
PMPs. It has been shown that PMPs as well plate-
lets are enriched in plasmalogen phospholipids, a
class of phospholipids containing a characteristic
enol ether double bond at the sn-1 of the glycerol
backbone.* Indeed, the molar ratio of plasmalo-
gen phospholipids to a-tocopherol in platelets is
more than 100:1*¢ compared to 4:1 observed for li-
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poproteins.*” Previous studies have shown that
plasmalogens are able to scavenge peroxyl radi-
cals, thereby inhibiting the oxidative degradation
of polyunsaturated fatty acids.*® Furthermore, it
has been shown that plasmalogens enhance LDL
resistance to Cu**-induced oxidation.* This activ-
ity is related to a direct reaction of the enol ether
double bond with the oxidants (1 enol ether bond
is able to scavenge 2 peroxyl radicals, as well as to
the ability of plasmalogens to form complexes with
cooper ions.* Consequently, plasmalogens could
play an important role to the PMPs-induced inhi-
bition of LDL oxidation performed in the presence
of met-myoglobin / H,O, and DTPA.

The present study shows that one of the pathophys-
iological consequences of the interaction between
PMPs and LDL is the decrease of LDL susceptibili-
ty to oxidative modification. Thus based on this ac-
tivity, PMPs may play an important antiatherogenic
role. However previous studies have demonstrated
that PMPs exhibit several activities on cells that play
important roles in atherosclerosis.* Indeed, PMPs ex-
press various protein receptors and ligands, which
support their interaction with cells including en-
dothelial cells, neutrophils, monocytes and platelets.
After interaction with target cells, PMPs trigger sev-
eral biological responses, in which the lipid compo-
nents of PMPs may play important roles.*® Since PMPs
and LDL are recognized by different cell receptors it
is possible that through the PMPs-LDL complexes in
plasma, bioactive substances associated with PMPs
are transported to cells that recognize LDL or LDL li-
pids are transported to cells, which recognize PMPs.
The importance of such interactions in various dis-
ease states including atherosclerosis and cardiovas-
cular disease, remain to be established.

6. Acknoledgements

This research was co-funded by the European Union
in the framework of the program “HRAKLEITOS” of
the “Operational Program for Education and Initial
Vocational Training” of the 3rd Community Support
Framework of the Hellenic Ministry of Education,
funded by 25% from national sources and by 75%
from the European Social Fund (ESF).

© 2016 Hellenic Atherosclerosis Society 43



PMPs’ interaction with LDL J.V. Mitsios et al.

[MepiAnwn

Ta awponetaliaxa pikpoompatioa oovoEovTat

e ) YapnAng mokvotntag Autonpateivn) (LDL)
oto avipwITvo IAAOHA KAl PEL®VOLY

Vv evawotnota g otV oleldwor)

I. MATO10¢, A. TolpvNG, A. AnunTpiov, A. A. TOEAETTNG

Epevvntiko Kévrpo ABnpoBpouBwaong / Eoyaotnplo Bioxnueiag, Tunua Xnueiag,
MavemoTnuio leoavviveyv, 45110 loavviva, EAAGSa

oleldmpév poper) g XapnArg mokvotntag Autornpeteivng (oxLDL) Stadpapartilet onpaviiko
Hpc')}\o otnv abnpoyeveon). Ta pikpoowpatidia tov aponetaiiov (PMPs) oxnpatiovtat katd tn
OlapKeld eVePYOIIONONG TV ALPOHETAN MV Kat epAEKOVTAl og S1dpopeg MABOAOYIKEG KATAOTAOELG
ovpnephappavopevng g abnpooxAnpwong. Atepeovrjoape Vv mbavr] alAnAenidpaon tov PMPs
pe v LDL in vitro xat in vivo, kot tv mbavr enidpaon tov PMPs otnv 0SetdaTikI) TpoIIonoinon g
LDL in vitro. Ta PMPs mapaokenpdotnKayv pe evepyoroinorn MADPEVOV avOpOIveV diploneTaN®V Kat
tavtonou|fnkav pe kottapopetpia porg. H mpoodeon g LDL ota PMPs pehetriOnke pe kottapope-
Tpla por|g Kat pe vrep@ovyoxévipnor Pabpidmong mokvotrtov. H ofeidworn g LDL xat tov PMPs
éywve pe CuSO, kabwg kat pe pebpooogaipivn. H LDL npoodévetat ota PMPs in vitro katd SoooeSap-
topevo tpomo. Emiong, copmiéypata LDL-PMPs vridpyoov oto mAJopd Kat 1) IApay®yl] Tovg avsda-
VELKATA TV €VEPYOIIOLN 0N TOV atponetaliov, ex vivo. Ta PMPs, oe o0yKevTpmoelg peyaldTepeg Ao
30pg/ ml npootatevovv onpavtika v LDL ano v ofeidwor, 6pdon n onoia anodidetdatl 0To gpo-
O@OAUTIOIAKO TOVG MEPLEXOPEVO, KDPImG 0T paopatidvlooepivn (PS) kat ota mhaopaloyova. H na-
Bogootoloyikr) onpaocia TV IAPAIave Kg IPog TV adnpoyeveor), xpeldadetal mepetaipm Olepebvn o).

AEEEIG evPETNPIOL: ABNPOCKANPWON, LDL, o&eidwon, UIKPOTWUATISIO lJOTTETAAIWY, PMPs
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