
Glycoxidized HDL, HDL enriched with oxidized
phospholipids and HDL from diabetic patients inhibit
platelet function

Quang Huy Lê1, Meddy El Alaoui2, Evelyne Véricel1, Bérénice Ségrestin3,
Laurent Soulère2, Michel Guichardant1, Michel Lagarde1, Philippe Moulin1,3, and
Catherine Calzada1

1 Université de Lyon, Institut National de la Santé et de la Recherche Médicale (Inserm) UMR 1060,
Laboratoire CarMeN, UMR 1397 Institut National de la Recherche Agronomique (Inra), Institut National
des Sciences Appliquées de Lyon (INSA-Lyon), IMBL, 69621 Villeurbanne, France; 2 Laboratoire de chimie
organique et bioorganique, Institut de Chimie et Biochimie Moléculaires et Supramoléculaires (ICBMS),
UMR 5246 Centre National de la Recherche Scientifique (CNRS), INSA-Lyon, Villeurbanne, France; 3

Fédération d’Endocrinologie, Hospices Civils de Lyon, 69677 Lyon Bron, France.

Context: High-density lipoproteins (HDL) possess atheroprotective properties including anti-
thrombotic and antioxidant effects. Very few studies relate to the functional effects of oxidized
HDL on platelets in type 2 diabetes (T2D).

Objective: The objective of our study was to investigate the effects of in vitro glycoxidized HDL, and
HDL from T2D patients on platelet aggregation and arachidonic acid signaling cascade. At the same
time, the contents of hydroxylated fatty acids were assessed in HDL.

Results: Compared to control HDL, in vitro glycoxidized HDL had decreased proportions of linoleic
(LA) and arachidonic (AA) acids in phospholipids and cholesteryl esters, and increased concentra-
tions of hydroxy-octadecadienoic acids (9-HODE and 13-HODE) and 15-hydroxy-eicosatetraenoic
acid (15-HETE), derived from LA and AA respectively, especially hydroxy derivatives esterified in
phospholipids. Glycoxidized HDL dose-dependently decreased collagen-induced platelet aggre-
gation by binding to SR-BI. Glycoxidized HDL prevented collagen-induced increased phosphory-
lation of platelet p38 MAPK and cytosolic phospholipase A2, as well as intracellular calcium mo-
bilization. HDL enriched with oxidized phospholipids, namely PC(16:0/13-HODE) dose-
dependently inhibited platelet aggregation. Increased concentrations of 9-HODE, 13-HODE and
15-HETE in phospholipids (2.1, 2.1 and 2.4-fold increase respectively) were found in HDL from
patients with T2D, and these HDL also inhibited platelet aggregation via SR-BI.

Conclusions: Altogether, our results indicate that in vitro glycoxidized HDL as well as HDL from T2D
patients inhibit platelet aggregation, and suggest that oxidized LA-containing phospholipids may
contribute to the anti-aggregatory effects of glycoxidized HDL and HDL from T2D patients.

There is growing evidence that HDL composition de-
termines its functional properties besides the levels of

HDL cholesterol (1). HDL are highly heterogeneous par-

ticles consisting of two hundred individual molecular lipid
species and a hundred of proteins (2, 3). Among lipids, the
presence of oxidizable polyunsaturated fatty acids (PU-

ISSN Print 0021-972X ISSN Online 1945-7197
Printed in U.S.A.
Copyright © 2015 by the Endocrine Society
Received November 25, 2014. Accepted March 18, 2015.

Abbreviations: AA, arachidonic acid; BHT, butylated hydroxytoluene; CE, cholesteryl esters;
cPLA2, cytosolic phospholipase A2; DHA, docosahexaenoic acid; DMA, dimethylacetal;
EPA, eicosapentaenoic acid; HDL, high-density lipoproteins; HEDE, hydroxy-eicosadienoic
acid; HETE, hydroxy-eicosatetraenoic acid; HODE, hydroxy-octadecadienoic acid; LA, lino-
leic acid; LDL, low-density lipoproteins; MDA, malondialdehyde; NaBH4, sodium borohy-
dride; PC, phosphatidylcholine; PL, phospholipids; PRP, platelet-rich plasma; PUFA, poly-
unsaturated fatty acids; SR-BI, scavenger receptor BI; TAG, triacylglycerols; TBA,
thiobarbituric acid; TLC, thin-layer chromatography; TxA2, thromboxane A2, T2D, type 2
diabetes.

O R I G I N A L A R T I C L E

doi: 10.1210/jc.2014-4214 J Clin Endocrinol Metab jcem.endojournals.org 1

The Endocrine Society. Downloaded from press.endocrine.org by [${individualUser.displayName}] on 24 March 2015. at 02:57 For personal use only. No other uses without permission. . All rights reserved.



FAs) substrates renders these particles sensitive to oxida-
tive attack. In particular, HDL are the major carriers of
primary and terminal end-products of nonenzymatic lipid
peroxidation such as lipid hydroperoxides (4) and iso-
prostanes (5) in human blood plasma. HDL also remove
seeding molecules from LDL such as hydroperoxy-octa-
decadienoic and hydroperoxy-eicosatetraenoic acids (6).
Oxidatively modified HDL have been detected in vivo (7)
in the intima of atherosclerotic plaques in human abdom-
inal aortae (8) and in patients with type 2 diabetes (T2D)
(9), however the molecular mechanisms involved were not
investigated compared to the extensive studies on oxidized
LDL in atherogenesis. Functional properties of oxidized
HDL in T2D, a disease associated with increased risk for
atherothrombosis and oxidative stress, have been inves-
tigated but gave contradictory results. Most studies
showed that HDL might lose their protective properties in
T2D (10, 11) while other studies provided evidence for
beneficial effects such as increased cholesterol efflux from
macrophages in patients with T2D (12, 13). Studies on the
effects of oxidatively modified HDL on platelet functions
are few and contradictory, reporting either a stimulation
(14) or inhibition (15) of platelet aggregation by in vitro
oxidized HDL. To clarify this issue in the frame of T2D,
we undertook two approaches. On one hand, HDL from
control subjects were modified in vitro by glycoxidation in
order to mimic changes occurring in HDL particles of T2D
patients, and their effects on platelet activation were de-
termined and compared to those induced by unmodified
HDL. On the other hand, HDL from T2D patients were
compared to HDL from healthy control subjects as far as
platelet aggregation was concerned. We hypothesized that
some elective lipid peroxides in HDL phospholipids (PL)
might exert antiaggregating properties.

Subjects and Methods

Study subjects
Eight T2D patients (5 men and 3 women, aged 66 � 3.5 years)

and eight healthy subjects (6 men and 2 women, aged 25 � 2.9
years) were included. The patients had poorly controlled diabe-
tes (fasting glycemia : 8.7 � 1.4 mmol/L; glycated hemoglobin
HbA1C : 8.3 � 0.6%, 67 mmol/mol). They had mild hypertri-
glyceridemia (triglycerides: 1.9 � 0.4 mmol/L), normal LDL-
cholesterol (2.4 � 0.2 mmol/L) and low HDL-cholesterol (1.1 �
0.1 mmol/L). The patients were recruited at the Department of
Endocrinology and Metabolic Diseases, Cardiovascular Hospi-
tal, Lyon Bron. The protocol was approved by the Local Ethics
Committee (CPP Sud-Est IV, Hospices Civils de Lyon) and the
study was conducted in accordance with the principles of the
Helsinki declaration. Written informed consent was obtained
from each of the participants.

Isolation of HDL by ultracentrifugation
Blood was collected on EDTA and HDL were immediately

isolated from plasma by potassium bromide stepwise ultracen-
trifugation (16). HDL were extensively dialyzed against PBS (pH
7.35) in the presence of 1 mmol/L EDTA. The concentration of
proteins was estimated using a Lowry assay (17).

Preparation of HDL modified by glycoxidation
Glycoxidized HDL consisted of HDL incubated with 50

mmol/L glucose for 5 days at 37°C, dialyzed in PBS to remove
excess glucose, and treated with 5 �mol/L CuCl2 for 1 day at
37°C. Control HDL were prepared by incubating native HDL in
the presence of butylated hydroxytoluene (BHT) (5 �mol/L) and
EDTA (1 mmol/L) for 6 days at 37°C. All HDL were finally
dialyzed against EDTA-free PBS just before their interaction with
platelets.

Platelet isolation
Venous blood was collected on citrate-phosphate-dextrose

(19.6 mmol/L citric acid, 89.4 mmol/L sodium citrate, 16.1
mmol/L NaH2PO4, 128.7 mmol/L dextrose, pH 5.6) from
healthy volunteers who had not ingested any aspirin or anti-
inflammatory drugs in the previous ten days. Platelet-rich plasma
(PRP) was prepared by centrifugation of the blood at 200g for 15
minutes at 20°C. Platelets were isolated as previously described
(18).

Synthesis of 1-palmitoyl, 2-(13-hydroxy-
octadecadienoyl)
-sn-glycero-3-phosphocholine

1-palmitoyl,2-(13(S)-hydroperoxy-octadecadienoyl)-sn-
glycero-3-phosphocholine (PC(16:0/13(S)-HpODE) was enzy-
matically synthesized from 1-palmitoyl,2-linoleoyl-sn-glycero-
3-phosphocholine (PLPC or PC(16:0/18:2), Cayman Chemicals,
Ann Arbor, MI, USA) following incubation of PC(16:0/18:2)
with soybean 15-lipoxygenase (type V) in the presence of de-
oxycholate for 30 minutes under a continuous flux of oxygen
(19). Phosphatidylcholine hydroperoxide formed was reduced
by sodium borohydride (NaBH4) into phosphatidylcholine hy-
droxide. 1-palmitoyl,2-(13(S)-hydroxy-octadecadienoyl)-sn-
glycero-3-phosphocholine (PC(16:0/13-HODE)) concentration
was determined spectrophotometrically by UV absorbance at
235 nm and its purity was checked by HPLC.

Synthesis of 1-palmitoyl,2-(15(S)-hydroxy-
eicosadienoyl)
-sn-glycero-3-phosphocholine

Firstly, 1-palmitoyl,2-eicosadienoyl-sn-glycero-3-phospho-
choline PC(16:0/20:2n-6) was chemically synthesized. To a so-
lution of 1-palmitoyl-2-hydroxy-sn-glycero-3-phosphocholine
(0.2 mmol), eicosa-11,14-dienoic acid (20:2n-6) (0.08 mmol)
was added in anhydrous chloroform (1 mL). A solution of freshly
recrystallized 4-Pyrrolidinopyridine (PPyr) (20) (0.09 mmol) and
dicyclohexylcarbodiimide (DCC) (0.09 mmol) in 1 mL of chlo-
roform was then added drop wise (21). After 40 hours, the re-
action mixture was concentrated and the product was then pu-
rified by flash chromatography on silica gel (chloroform/
methanol/H2O, 65:35:4, by vol.). Fractions containing the
product were further purified by ion exchange chromatography
using Amberlyst resin (chloroform/methanol/H2O, 65:35:4, by
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vol.) to give PC(16:0/20:2). 1-palmitoyl,2-(15(S)-hydroperoxy-
eicosadienoyl)-sn-glycero-3-phosphocholine (PC(16:0/15(S)-
HpEDE) was then enzymatically synthesized from PC(16:0/
20:2) as described above and reduced into PC(16:0/15(S)-
HEDE), and used as an internal standard in relevant analyses.

In vitro enrichment of HDL with oxidized
phospholipids

To prepare HDL enriched with oxidized PL, native HDL were
incubated with dried PC(16:0/13-HODE) for 24 hours at 37°C
in a shaking bath. Unbound PL were removed by dialysis in PBS
and using PD-10 desalting columns. Similar procedure was ap-
plied to prepare HDL enriched with PC(16:0/18:2).

Characterization of HDL

Fatty acid compositions of lipid classes
Fatty acid methyl esters and fatty dimethylacetals were ana-

lyzed by gas chromatography as detailed in the Supplemental
Methods.

Quantification of monohydroxylated fatty acids
Hydroxylated fatty acids were separated and quantified by

reverse-phase HPLC according to the amount of appropriate
internal standards, PC(16:0/15-HEDE) and 15-HEDE. For the
detailed procedure, please refer to Supplemental Methods.

Stereochemical analysis of hydroxylated fatty
acids

Optical isomers of HODE and HETE were separated by chi-
ral phase HPLC as detailed in the Supplemental Methods.

Malondialdehyde (MDA) determination
Overall lipid peroxidation was assessed by quantitation of

thiobarbituric acid (TBA)-MDA adducts by reverse-phase HPLC
with fluorimetric detection. For details, please refer to Supple-
mental Methods.

Vitamin E determination
Tocopherol isomers were separated by reverse-phase HPLC

and measured fluorimetrically containing tocol as an internal
standard. For details, please refer to Supplemental Methods.

Platelet aggregation
Aggregation was measured in isolated platelets in a Chrono-

log dual-channel aggregometer (Coulter, Margency, France) ac-
cording to the method of Born (22). Platelet suspensions were
preincubated for 5 minutes at 37°C in the presence or absence of
different preparations of HDL and then stimulated with thresh-
old concentrations of collagen (Nycomed, Linz, Austria) with
continuous stirring at 1000 rpm. The threshold concentration of
collagen was defined as the concentration of collagen that in-
duced approximately a 60% increase in light transmission. The
extent of platelet aggregation was expressed in terms of percent-
age of change in light transmission 4 minutes after the addition
of collagen.

Platelet p38 MAPK and cytosolic phospholipase A2

activation
Chemiluminescent Western blotting detection of p38 MAPK,

phospho-p38 MAPK and phospho-cPLA2 was performed as de-
scribed in the Supplemental Methods.

Determination of intracellular Ca2� concentrations
Intracellular calcium concentrations were measured fluori-

metrically in Fura-2-loaded platelets as described in the Supple-
mental Methods.

Statistical analysis
Results are expressed as the means � SEM. Comparisons

between groups were performed using paired Student t test.

Results

Characterization of glycoxidized HDL compared to
control HDL

Fatty acid composition of phospholipids and choles-
teryl esters (CE)

Following in vitro glycoxidation, proportions of the
main PUFAs, linoleic (LA, 18:2n-6) and arachidonic (AA,
20:4n-6) acids, significantly decreased in PL and CE of
glycoxidized HDL compared to control HDL (Table). In

Table 1. Fatty acid composition of phospholipids and cholesteryl esters in control and glycoxidized HDL

Fatty
acid Phospholipids Cholesteryl esters

(mol %)
Control

HDL
Glycoxidized

HDL
Control

HDL
Glycoxidized

HDL

16:0 34.6 � 2.1 48.9 � 2.6 *** 14.9 � 1 28.7 � 2.7 ***
18:0 18.7 � 1.2 26 � 1.5 *** 2.6 � 0.4 7.2 � 2.5 *
18:1n-9 8 � 0.5 10.6 � 0.7 * 19.4 � 1 27.2 � 1.9 **
18:2n-6 14.8 � 1.6 6.9 � 0.8 *** 44.5 � 1.3 20 � 3.4 ***
20:4n-6 8.8 � 0.8 0.8 � 0.2 *** 7.3 � 0.5 0.6 � 0.3 ***
20:5n-3 0.9 � 0.1 0.4 � 0.2 * 0.7 � 0.2 0.1 � 0.1 *
22:6n-3 3.2 � 0.2 0.3 � 0.1 *** 1.9 � 0.4 1.3 � 0.5
DMA sum 2.1 � 0.8 0.53 � 0.5 ***

Results, expressed as mol % of main fatty acids, are means � SEM of 5 independent experiments. *, P � 0.05; **, P � 0.01; ***, P � 0.001 vs.
control HDL. Dimethylacetal (DMA) sum corresponds to the sum of 16:0 DMA, 18:0 DMA and 18:1 n-9 DMA.
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PL from glycoxidized HDL, the proportions of LA, AA,
eicosapentaenoic (EPA, 20:5n-3) and docosahexaenoic
(DHA, 22:6n-3) acids decreased by 54%, 91%, 56% and
91% respectively. The proportions of 16:0 dimethylac-
etals (DMA), 18:0 DMA and 18:1 n-9 DMA issued from
the alkenyl residue of alkenyl, acyl-glycero-phosphoetha-
nolamine (ethanolamine plasmalogens) decreased in PL
from glycoxidized HDL compared to those from control
HDL. By contrast, proportions of palmitic (16:0), stearic
(18:0) and oleic (18:1n-9) acids increased in modified
HDL. In CE, glycoxidation of HDL also led to decreased
proportions of LA, AA and EPA, by 53%, 92% and 86%
respectively, and increased proportions of palmitic, stearic
and oleic acids.

Vitamin E concentration
The concentrations of �-tocopherol strongly decreased

in glycoxidized HDL compared to control HDL (0 in gly-
coxidized HDL vs. 2.04 � 0.28 nmol/mg HDL protein in
control HDL, n � 5, P � .001). �-tocopherol concentra-
tions decreased by 75% in glycoxidized HDL (0.08 � 0.01

in glycoxidized HDL vs. 0.32 � 0.02
nmol/mg HDL protein in control
HDL, n � 5, P � .001).

MDA concentration
The concentrations of MDA, a

marker of overall lipid peroxidation,
were more than 10-fold higher in gly-
coxidized HDL compared to control
HDL (1.93 � 0.32 nmol/mg protein
in glycoxidized HDL vs. 0.18 � 0.13
nmol/mg protein in control HDL,
n � 4, P � .01).

Concentrations of hydroxylated
fatty acids in lipid classes

The concentrations of the stable
primary products of PUFA peroxi-
dation, 13-HODE and 9-HODE, de-
rived from LA, and 15-HETE, de-
rived from AA, were assessed in
HDL. In control HDL, most hy-
droxylated fatty acids were present
in CE, followed by PL and TAG,
while most of them were present in
PL of glycoxidized HDL (Figure 1).
HODE concentrations increased
strongly in PL of glycoxidized HDL
compared to those of unmodified
HDL (Figures 1A and 1B). 13-
HODE concentrations tended to in-
crease (1.8-fold) and 9-HODE con-

centrations significantly increased in CE from
glycoxidized HDL. In TAG, 13-HODE concentrations in-
creased in glycoxidized HDL (2.7-fold) and 9-HODE con-
centrations tended to increase (1.8-fold) compared to con-
trol HDL. 15-HETE concentration increased in PL from
glycoxidized HDL (8.5-fold) while 15-HETE concentra-
tion tended to increase in CE and TAG from glycoxidized
HDL compared to control HDL (Figure 1C).

Effects of control and glycoxidized HDL on platelet
activation

Compared to platelets incubated with collagen, prein-
cubation of platelets with glycoxidized HDL for 5 minutes
at 37°C resulted in a dose-dependent inhibition of colla-
gen-induced platelet aggregation with near complete in-
hibition at 100 �g/mL (Figure 1D). Control HDL had no
effect at 25 �g/mL but significantly inhibited collagen-
induced platelet aggregation at concentrations greater
than or equal to 50 �g/mL. Because scavenger receptor
SR-BI binds modified HDL and is expressed in platelets
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Figure 1. Hydroxylated fatty acids in control and glycoxidized HDL. Effects of
respective HDL on collagen-induced platelet aggregation. Concentrations of 13-
HODE (A), 9-HODE (B), 15-HETE (C) in control and glycoxidized HDL. Results are the means �
SEM of 5 independent experiments. *, P � .05; **, P � .01; ***, P � .001 vs. control HDL. D,
Platelet aggregation monitored in platelets isolated from healthy donors, following preincubation
for 5 minutes at 37°C in the absence or presence of anti-SR-BI antibody, incubation with either
control or glycoxidized HDL (25, 50 or 100 �g/mL) for 5 minutes at 37°C, and stimulation with
collagen (2.5–5 �g/mL). Results are the means � SEM of up to 10 experiments performed with
10 independent preparations of HDL and 10 independent platelet suspensions. Asterisks indicate
significant differences (*, P � .05; **, P � .01; ***, P � .001). NS, not significant.

4 Anti-aggregatory effects of glycoxidized HDL in type 2 diabetes J Clin Endocrinol Metab

The Endocrine Society. Downloaded from press.endocrine.org by [${individualUser.displayName}] on 24 March 2015. at 02:57 For personal use only. No other uses without permission. . All rights reserved.



(23), its involvement in the mechanism of action of HDL
on these cells was sought. Preincubation of platelets with
anti-SRBI blocking antibody for 5 minutes at 37°C fully
prevented the inhibitory effects of glycoxidized HDL on
collagen-induced platelet aggregation (Figure 1D). Prein-
cubation of platelets with anti-SRBI also prevented the
inhibition of collagen-induced platelet aggregation in
presence of control HDL (aggregation rate: 65% in plate-
lets incubated with anti-SRBI antibody and 100 �g/ml
control HDL vs. 12% in platelets incubated with 100
�g/ml control HDL). Anti-SRBI blocking antibody had no
effect on collagen-induced platelet aggregation, and pre-
incubation with nonimmune isotype control antibody did
not reduce the inhibitory effect of glycoxidized HDL on
platelet aggregation (data not shown).

To determine the effects of glycoxidized HDL on key
enzymes involved in the release of AA from membrane PL,
phosphorylation of p38 MAPK and cPLA2 was deter-
mined in platelet suspensions incubated in the absence or

presence of HDL for 5 minutes and
further stimulated with collagen for
4 minutes. As shown in Figures 2A
and 2B, addition of collagen to plate-
lets resulted in increased amounts of
phosphorylated p38 MAPK and
cPLA2. Preincubation of collagen-
stimulated platelets with glycoxi-
dized HDL fully prevented the colla-
gen-induced increased
phosphorylation of both enzymes.

Since Ca2� is a key second mes-
senger downstream of most signal-
ing pathways and is essential for the
translocation of cPLA2 to mem-
branes, the effects of control and gly-
coxidized HDL on the kinetics of col-
lagen-induced Ca2� release were
determined (Figure 2C). Addition of
collagen to Fura2-AM loaded plate-
lets resulted in a rapid and transient
increase in intracellular Ca2� levels.
Glycoxidized HDL inhibited colla-
gen-induced intracellular Ca2� in-
crease in platelets by 47% while con-
trol HDL decreased it by 32%.
Preincubation of platelets with anti-
SRBI blocking antibody for 5 min-
utes at 37°C alleviated the inhibitory
effects of glycoxidized HDL on
phosphorylation of p38 MAPK and
cPLA2, and Ca2� mobilization(data
not shown).

Effects of HDL enriched with 1-palmitoyl,2-(13-
hydroxy-octadecadienoyl)-sn-glycero-3-
phosphocholine on platelet aggregation

To determine the role of oxidized LA-containing PL for
antiaggregating effects of HDL, HDL were preloaded with
two different concentrations of PC(16:0/13-HODE) pre-
pared by 15-lipoxygenation of LA esterified to phosphati-
dylcholine, followed by chemical reduction with NaBH4

(Figure 3A). As expected, higher concentrations of 13-
HODE, close to those found in glycoxidized HDL, were
present in enriched HDL compared to control HDL, while
concentrations of 9-HODE were similar in control and
enriched HDL, confirming the absence of non enzymatic
lipid peroxidation during the preparation of enriched
HDL particles. As shown in Figure 3B, HDL enriched with
PC(16:0/13-HODE) inhibited collagen-induced platelet
aggregation. The more HDL were enriched with PC(16:
0/13-HODE), the more platelet aggregation was inhib-

0

20

40

60

80

100

120

140

160

Ph
os

ph
o

-p
38

 M
A

PK
(%

  o
f  

co
nt

ro
l)

0

50

100

150

200

250

Ph
os

ph
o

-c
PL

A 2
(%

  o
f  

co
nt

ro
l )

0

50

100

150

200

250

300

350

400

450

0 100 200 300 400

C
yt

os
ol

ic
ca

lc
iu

m
 

(a
rb

itr
ar

y
un

its
)

�me (sec)

a

a , b

Control HDL - - + -
Glycoxidized

HDL - - - +
Collagen - + + +

A

B

C

Platelets + collagen

Platelets + control HDL + collagen

Platelets + glycoxidized HDL + collagen

***
***

* *

NS

NS

Figure 2. Effects of glycoxidized HDL on platelet p38 MAPK and cPLA2

phosphorylation, and on collagen-induced increases of calcium concentrations
in platelets. Phosphorylation levels of p38 MAPK (A) and cPLA2 (B) in platelets preincubated
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ited. HDL enriched with native PC(16:0/18:2) had no sig-
nificant effect on collagen-induced platelet aggregation
compared to platelets incubated with control HDL and
stimulated with collagen (data not shown).

Effects of glycoxidized HDL obtained from
patients with T2D on platelet aggregation

The concentrations of hydroxylated fatty acids were
assessed in HDL PL from poorly controlled T2D patients
and control subjects. 13-HODE and 9-HODE concentra-
tions were two-fold higher in HDL PL from T2D patients
compared to those in control subjects. 15-HETE concen-
tration was 2.4-fold higher in patient HDL PL compared
to its concentration in control HDL (Figure 4A). To de-
termine whether hydroxylated fatty acid products origi-
nated from enzymatic or non enzymatic lipid peroxida-
tion, chiral phase HPLC was carried out on each isomer.
Concerning hydroxylated linoleic acid metabolites, 9(R)-
HODE and 9(S)-HODE enantiomers were equally present
in HDL from T2D patients (51% 9(S)-HODE and 49%
9(R)-HODE) suggesting that the great majority of
9-HODE originated from nonenzymatic lipid peroxida-
tion. 13-HODE consisted of 78% S isomer and 22% R
isomer indicating the involvement of enzymatic lipid per-
oxidation, presumably by 15-/�6-lipoxygenase, together
with nonenzymatic lipid peroxidation in the formation of
13-HODE. 15-HETE comprised 84% S and 16% R iso-

mer suggesting again the involvement of 15-lipoxygenase
in the oxidation of AA. By comparison, unmodified HDL
from control healthy subjects contained equal ratios of
9(R/S)-HODE, 60% S isomer and 40% R isomer for 13-
HODE and 15-HETE, suggesting that the lipoxygenation
was a minor process compared to what occurred in T2D.

The preincubation of platelets with HDL from T2D
patients resulted in an inhibition of collagen-induced
platelet aggregation compared with control platelets in-
cubated with collagen (Figure 4B). The inhibitory effect of
patients HDL on collagen-induced platelet aggregation
was stronger than the one induced by control HDL be-
cause 50 �g/mL patients HDL inhibited collagen-induced
platelet aggregation by 63% whereas 50 �g/mL control
HDL inhibited it by 28%. To establish the role of oxidized
PL in the antiaggregating effects of HDL, HDL were en-
riched with PC(16:0/13-HODE) to obtain similar
amounts of hydroxylated fatty acid as those found in T2D
HDL (Figure 4C). PC(16:0/13-HODE) enriched HDL in-
hibited collagen-induced platelet aggregation to a similar
extent as patient HDL (Figure 4D).

Discussion

The present results indicate that HDL modified by gly-
coxidation inhibited platelet aggregation via SR-BI in a
dose-dependent manner and displayed higher antiaggre-
gatory potency than control HDL. Regarding the platelet
signaling cascade involved in the mechanism of action of
HDL, we present new data showing that in vitro glycoxi-
dized HDL prevented both the collagen-induced increased
phosphorylation of p38 MAPK, the stress kinase respon-
sible for the phosphorylation of cPLA2 (24) and that of
cPLA2, the key enzyme involved in the release of AA from
membrane PL (25) which constitutes a rate-limiting step in
the biosynthesis of biologically active eicosanoids. Sup-
porting our in vitro results, we show for the first time that
HDL from T2D patients also inhibited platelet aggrega-
tion via SR-BI at concentrations as low as 50 �g/mL. Our
results are in line with our previous results reporting an-
tiaggregatory properties of severely oxidized HDL iso-
lated from patients with abetalipoproteinemia, an orphan
metabolic disease characterized by the absence of apoli-
poprotein B-containing lipoproteins (26), and extend
them in T2D, a common and growing disease known to be
associated with chronic oxidative stress (27). T2D pa-
tients, with (28) or without cardiovascular complications
(29), show platelet hyperactivation evidenced by in-
creased platelet adhesion and aggregation as well as in-
creased thromboxane A2 production. Oxidatively modi-
fied lipoproteins present in plasma from T2D patients may
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Figure 3. Effects of HDL enriched with oxidized
phosphatidylcholine on collagen-induced platelet
aggregation. A, Concentrations of HODE in HDL samples enriched
or not with [PC(16:0/13-HODE)] or 2x [PC(16:0/13-HODE)]. **, P � .01
HDL enriched with PC(16:0/13-HODE) vs. control HDL. B, Collagen-
induced aggregation obtained in platelets preincubated for 5 minutes
at 37°C in the absence (control HDL) or presence of HDL (50 �g/mL)
enriched with [PC(16:0/13-HODE)] or 2x [PC(16:0/13-HODE)], and
stimulated with collagen (2.5–5 �g/mL). Results are the means � SEM
of 4 different preparations of various HDL and 4 different suspensions
of platelets. Asterisks indicate significant differences (*, P � .05; **,
P � .01). NS, not significant.
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represent important contributing factors modulating
platelet activation, as shown with oxidized LDL from T2D
patients which activate platelets (30). Decreased plasma
levels of HDL in T2D patients lead to lower levels of ox-
idized HDL, and it is likely that the antiaggregatory effects
of HDL from T2D may be reduced and might indirectly
contribute to platelet hyperactivation in T2D. So far, few
studies have investigated the effects of oxidized HDL on
platelet function. While it has been shown that hypochlo-
rite-oxidized HDL may stimulate platelet aggregation via
CD36 (31), HDL oxidatively modified by copper sulfate
or myeloperoxidase strongly inhibit agonist-induced
platelet activation and aggregation via SR-BI (15). Besides
effects of HDL on platelet function, oxidative modifica-
tion of HDL (as a result of in vitro oxidation or diabetes)

may decrease cholesterol efflux ca-
pacity (32, 33), impair their capacity
to protect LDL from oxidation (10)
and alter their anti-inflammatory
properties (34). Nevertheless, a few
studies reported beneficial effects of
HDL modified by oxidative tyrosy-
lation on the efflux of cholesterol in
fibroblasts and macrophages (35).
Altogether, these discrepant results
might be related to differences in the
extent and type of HDL oxidation
which may determine the binding of
HDL to either SR-BI or CD36 plate-
let receptors and the capacity of
HDL to inhibit or stimulate platelet
aggregation by binding either to
SR-BI or CD36 respectively (36).
Our results are also in agreement
with studies demonstrating that cop-
per-oxidized HDL showed better
binding to platelet SR-BI than native
HDL (15), and showing that oxi-
dized HDL were more effective com-
petitors than native HDL in cultured
endothelial cells (8). In addition, it
has been reported that the abun-
dance of human SR-BI was reduced
on the surface of platelets from pa-
tients with atherosclerotic disease
and that its expression level corre-
lated negatively with platelet aggre-
gation (23), which might impair the
antiaggregatory properties of HDL
in T2D patients.

We also establish the contribution
of PL esterified with oxidized LA, es-
pecially PC(16:0/13-HODE), in the

antiaggregatory properties of glycoxidized HDL. First,
HODEs and 15-HETE were strongly increased in PL from
in vitro glycoxidized HDL. It was associated with de-
creased proportions of LA and AA in this class of lipids,
increased MDA levels and vitamin E consumption. In-
creased concentrations of HODE and 15-HETE, originat-
ing from both enzymatic and non enzymatic lipid peroxi-
dation, were also observed in HDL PL from T2D patients
compared to control HDL. It should be underlined that the
concentrations of HODEs and HETE in HDL PL were
negatively associated with collagen-induced platelet ag-
gregation (r � –0.65, P � .004). This confirms PL ester-
ified with oxidized LA as important biologically active
components supporting protective effects of HDL against
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Figure 4. Hydroxylated fatty acids in HDL phospholipids from control healthy
subjects and from T2D patients. Effects of respective HDL on collagen-induced
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5 control healthy subjects and 5 patients with T2D. Results are the means � SEM. **, P � .01 vs.
HDL from control subjects. B, Platelet aggregation monitored in platelets isolated from healthy
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HDL. Asterisks indicate significant differences (*, P � .05).
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platelet aggregation. Second, in vitro enrichment of HDL
in phosphatidylcholine carrying out 13(S)-HODE inhib-
ited platelet aggregation whereas enrichment of HDL with
nonoxidized phosphatidylcholine had no significant effect
on platelet aggregation. Similar increases of 13-HODE,
9-HODE and 15-HETE have been recently described in
HDL total lipids from patients with diabetes compared
with those from patients without diabetes (37) but this is
the first evidence of increased content of hydroxylated
fatty acids in the phospholipid class of HDL from T2D
patients correlated with atheroprotective activities of
HDL. Moreover, the association of higher levels of oxi-
dized PL in HDL and lower response to aggregation are in
line with the Cardiovascular Risk in Young Finns study
suggesting that an elevated cardiovascular risk profile was
associated with lower oxidized HDL lipids levels (38). Due
to their localization at the surface of HDL particles, it is
conceivable that PL are more accessible targets of free
radicals compared to CE and TAG localized in the core of
HDL, and are more likely to interfere with platelets fol-
lowing SR-BI interaction. In addition, the structure of li-
poproteins in the physiological conditions might increase
the preferential oxidation of linoleate into HODE over
cholesterol as shown in human plasma (39). A limitation
of our study is that lipidomic analyses were limited to
HODE and HETE species, including their stereo-isomers.
The contribution of other oxidized lipid species should be
explored in order to decipher the molecules involved in the
protective role of glycoxidized HDL on platelet aggrega-
tion, although inhibition of platelet aggregation by exog-
enous PC(16:0/13-HODE) was very similar to that ob-
served by endogenous ones in glycoxidized HDL as well as
in HDL from DT2 patients.

We conclude from our experiments that, as far as plate-
let aggregation is concerned, the ability of HDL to de-
crease platelet aggregation is not impaired in glycoxidized
HDL, but even increased compared to control HDL. Sup-
porting our in vitro results, we also show that glycoxidized
HDL from T2D patients retain their antiaggregating prop-
erties. We show that the HDL content of hydroxylated
fatty acids esterified in PL could contribute to the inhib-
itory effects of glycoxidized HDL on platelet aggregation
and associated signaling pathways through SR-BI (Figure
5). Our consistent findings challenge the concept of the
systematic detrimental effects of oxidized lipids on
atherothrombosis.
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