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Therapies that raise levels of HDL, which is thought to exert atheroprotective effects via effects on endothe-
lium, are being examined for the treatment or prevention of coronary artery disease (CAD). However, the
endothelial effects of HDL are highly heterogeneous, and the impact of HDL of patients with CAD on the
activation of endothelial eNOS and eNOS-dependent pathways is unknown. Here we have demonstrated that,
in contrast to HDL from healthy subjects, HDL from patients with stable CAD or an acute coronary syn-
drome (HDLcap) does not have endothelial antiinflammatory effects and does not stimulate endothelial repair
because it fails to induce endothelial NO production. Mechanistically, this was because HDLcap activated
endothelial lectin-like oxidized LDL receptor 1 (LOX-1), triggering endothelial PKCPII activation, which in
turn inhibited eNOS-activating pathways and eNOS-dependent NO production. We then identified reduced
HDL-associated paraoxonase 1 (PON1) activity as one molecular mechanism leading to the generation of HDL
with endothelial PKCpII-activating properties, at least in part due to increased formation of malondialdehyde
in HDL. Taken together, our data indicate that in patients with CAD, HDL gains endothelial LOX-1- and
thereby PKCfII-activating properties due to reduced HDL-associated PON1 activity, and that this leads to
inhibition of eNOS-activation and the subsequent loss of the endothelial antiinflammatory and endothelial

repair-stimulating effects of HDL.

Introduction

Low levels of HDL cholesterol are associated with an increased risk
of coronary artery disease (CAD) (1). Furthermore, in patients with
CAD and low levels of LDL cholesterol receiving statin treatment,
low HDL cholesterol levels were predictive of an elevated risk of
major cardiovascular events (2).

Notably, besides promotion of cholesterol efflux from macro-
phage foam cells (3, 4), HDL has been found to exert several impor-
tant endothelial antiatherogenic effects (5, 6). In particular, several
recent studies have indicated that HDL stimulates endothelial cell
NO production (7-10) and promotes endothelial repair mecha-
nisms (11-15). These protective effects of HDL on eNOS and
endothelial repair are, at least in part, mediated via endothelial
scavenger receptor B, type I (SR-BI) (7, 8, 11) and involve choles-
terol efflux and the adaptor molecule PDZK1 (16, 17). Moreover,
by binding to SR-BI, HDL has been reported to activate eNOS via
stimulation of the phosphorylation of eNOS at Ser1177, induced
via PI3K and Akt kinase (8). In addition, HDL has been reported
to partly stimulate eNOS-activating phosphorylation at Ser1177
and endothelial NO production via endothelial sphingosine-1-
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phosphate receptor 3 (S1P3) (9). Moreover, recent studies in mice
have demonstrated that HDL protects against dietary choles-
terol-induced endothelial dysfunction by promoting cholesterol
efflux and release of 7-ketocholesterol via the endothelial ABCG1
transporter, and reduced hypercholesterolemia-induced interac-
tion of caveolin-1 with eNOS (10, 18). In humans with hypercho-
lesterolemia or with isolated low HDL levels due to heterozygous
ABCAI gene mutations, administration of reconstituted HDL has
been observed to normalize impaired endothelium-dependent,
NO-mediated vasodilation (19, 20). These endothelial-protective
effects of HDL are thought to contribute importantly to its anti-
atherogenic functions (21). Indeed, endothelial dysfunction, in
particular reduced endothelial NO bioavailability, is considered to
play a key role in the initiation and progression of atherosclerosis
and its clinical complications (22-27).

Based on epidemiological studies and observations of potential
atheroprotective properties of HDL, HDL-raising interventions are
currently being intensely evaluated as a novel therapeutic strategy
in patients with CAD (28-30). The adverse effects of the cholesteryl
ester transfer protein (CETP) inhibitor torcetrapib on cardiovascu-
lar outcome (31), which were observed despite a substantial increase
in HDL levels, have suggested that a better understanding of the vas-
cular effects of HDL from patients with CAD is urgently required.
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Table 1
Characteristics of the study population

characteristics of the study population are
shown in Table 1.
Effects of HDLcap as compared with HD Lseaiy

Healthy subjects sCAD ACS P on endothelial NO production. Stimulation of
(n=25) (n=25) (n=25) endothelial NO production has been sug-
Age (yr) 54 +5 56 + 6 54+ 6 NS gested as an important endothelial-athero-
Sex (male/female) 19/6 19/6 18/7 NS protective effect of HDL (7-10, 18, 21, 36).
BMI (kg/m?) 26+5 27 +4 26+3 NS HDLHealthy stimulated endothelial cell NO
MAE (mmHg) 96.6+ 6.4 96.4+13.8 96.1+12.8 NS production as observed by both electron
Fasting glucose (mmol/l) 53+1.0 54+09 51+0.7 NS spin resonance (ESR) spectroscopy analysis
HbATC (%) 5502 5406 5.7+09 NS and measurements using the fluorescent
Total cholesterol (mmol/l) 48+07 4312 45+06 NS .. . .
HDL cholesterol (mmoll) 1404 1203 1209 NS probe 4,5-diaminofluorescein (Figure 1, A
LDL cholesterol (mmol/l) 2.9+09 2.7+1.0 2.8+06 NS and B, and Supplemental Figure 1, A and B;
Triglycerides (mmol/l) 11£04 12+03 11£02 NS supplemental material available online with
CRP (umol/l) 20+1.0 3.0+50 40+8.0 NS this article; doi:10.1172/JC142946DS1).
Creatinine (umol/l) 88.0+£9.0 89.0+£21.0 84.0 £ 10.0 NS In contrast to HDL from healthy subjects,
ASS (%) 0 100 80 0.03 HDL from patients with sCAD failed to
Clopidogrel (%) 0 40 32 NS stimulate endothelial NO production, and
ACE-I/ARB (%) 0 68 96 NS HDL from patients with ACS very modestly
B(_eta b_IOCker (%) 0 68 52 0.04 inhibited endothelial NO production (Fig-
Diuretics (%) 0 12 16 NS .
Calcium blocker (%) 0 8 8 NS ure 1, A and B, and .Supplemental F}gure 1,
o A and B). Increasing concentrations of
Statins (%) 0 76 64 NS

CRP, C-reactive protein; ACE-I, angiotensin-converting enzyme inhibitor; ARB, angiotensin Il type |

receptor blocker; ASS, acetylsalicylic acid (aspirin).

Indeed, the capacity of HDL to mediate cholesterol efflux from
lipid-laden macrophages has been observed to be impaired after
substantial oxidative modification of HDL by myeloperoxidase or
malondialdehyde, a lipid peroxidation product, as observed in ath-
erosclerotic plaques (32, 33). In addition, the capacity of HDL to pre-
vent the proinflammatory effects of LDL, i.e., LDL-induced monocyte
chemotactic activity (34), was impaired in patients with CAD (35).
Furthermore, the effects of HDL on endothelial NO bioavailability
can be highly variable, as observed in patients with type 2 diabetes or
antiphospholipid syndrome (APS) (36, 37); however, the underlying
mechanisms remain to be determined. Interestingly, we have observed
that reduced serum activity of paraoxonase 1 (PON1), an HDL-associ-
ated enzyme, was related to endothelial dysfunction in patients with
APS (37); however, whether PON1 plays a causal role in the effects of
HDL on endothelial NO production remains unknown. Moreover, as
described above, patients with CAD represent a major target popula-
tion for HDL-raising therapies, and whether the effects of HDL from
these patients on endothelial NO production and eNOS-dependent
atheroprotective pathways are altered remains to be determined.

The present study was therefore designed to compare the effects
of HDL from patients with stable CAD (sCAD) or acute coronary
syndrome (ACS) with those of HDL from healthy subjects on
eNOS-activating or -inhibiting pathways and endothelial NO pro-
duction, and to investigate the role of HDL-induced NO produc-
tion for the capacity of HDL to inhibit endothelial antiinflamma-
tory activation and to stimulate endothelial repair. In particular,
we focused on the characterization of the mechanisms underlying
altered effects of HDL from patients with CAD on endothelial cell
NO production and eNOS-dependent pathways.

Results
HDL was isolated from patients with sCAD or ACS (HDLcap)
and age- and sex-matched healthy subjects (HDLgealchy). The
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HDLHealthy further augmented endothelial
cell NO production, whereas no such effect
was observed in response to increasing con-
centrations of HDLcap (Figure 1C). The
effects of HDLpealthy on endothelial cell NO
production were modest, but in a similar range as compared with
the effects of bradykinin (Supplemental Figure 1C), a known
stimulus of endothelial cell NO production (38). In addition,
both HDL subfractions (HDL, and HDL3) from patients with
sCAD or ACS (Figure 1D) had an impaired capacity to stimulate
endothelial NO production.

Effects of HDLueaiyy and HDLcap on eNOS-activating pathways and
endothelial superoxide production. We next compared the effects
of HDLpealthy and HDLcap on eNOS-activating pathways and
endothelial superoxide production, which may limit NO bioavail-
ability (23, 39). Activation of eNOS in response to HDLgealchy has
been shown to be dependent on Akt-mediated eNOS Ser1177
phosphorylation (8, 9), a well-known eNOS-activating pathway
(40). We observed that HDLpealchy but not HDLcap stimulated
endothelial Akt phosphorylation at Ser473 and Akt-dependent
phosphorylation of eNOS at Ser1177 (Figure 2, A and B). More-
over, the inhibitory phosphorylation of eNOS at Thr495 (38) was
increased by HDLcap (Figure 2C). Time-course experiments dem-
onstrated a statistically significant difference in endothelial Akt
phosphorylation at Ser473 and eNOS phosphorylation at Ser1177
and Thr495 at different time points after exposure of endothelial
cells to either HDLpealchy of HDLcap (Supplemental Figure 2,
A-C). Whereas stimulation of eNOS Ser1177 phosphorylation is
involved in the activation of the enzyme (8, 9), there is no clear
evidence that a reduction in eNOS Ser1177 phosphorylation, as
observed in response to HDL from patients with ACS (Figure 2B),
is functionally relevant.

In addition, we characterized the effects of HDL on endothelial
cell superoxide production. HDLpeqlchy inhibited endothelial super-
oxide production (Figure 2D) and reduced endothelial NAD(P)H
oxidase activity (Figure 2, E and F), whereas HDLcap did not sig-
nificantly reduce endothelial superoxide production or NAD(P)H
oxidase activity (Figure 2, D-F). Importantly, we did not observe
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Figure 1

Effects of HDL from healthy subjects, patients with sCAD or ACS on endothelial cell NO production, as determined by ESR spectroscopy analy-
sis. (A) HDL from healthy subjects and patients with sCAD or ACS was isolated by sequential ultracentrifugation, and the effects of HDL (50
ug/ml) on endothelial cell NO production were analyzed by ESR spectroscopy analysis (n = 25 per group). Data are expressed as percent change
versus buffer-treated cells; data points for each study participant are shown. (B) Representative ESR spectra of the NO-Fe(DETC), signal in
endothelial cells treated with HDL from healthy subjects and patients with sCAD or ACS. (C) Increasing physiological concentrations of HDL (25,
50, and 100 ng/ml) from healthy subjects stimulated endothelial NO production that was not observed with increasing concentrations of HDL
from patients with sCAD or ACS (n = 12 per group). (D) Effects of HDL, (d = 1.063-1.125 g/ml) and HDL; (d = 1.125-1.21 g/ml) from patients
with sCAD or ACS and healthy subjects, separated by sequential ultracentrifugation, on endothelial cell NO production (n = 12—15 per group).

an increase in endothelial superoxide production in response to
HDLcap as detected by ESR spectroscopy analysis (Figure 2D).
Taken together, these data suggest that impaired activation of
eNOS-activating pathways rather than stimulation of NO inacti-
vation by superoxide underlies the impaired capacity of HDLcap
to increase endothelial NO availability.

Role of eNOS in endothelial antiinflammatory effects of HDL. We next
examined whether the altered effects of HDLcap on endothelial
NO availability affect the ability of HDL to inhibit endothelial
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VCAM-1 expression and monocyte adhesion. As shown in Fig-
ure 3, A-C, HDLeaihy inhibited nuclear translocation and DNA
binding of the p65 subunit of NF-kB, a proinflammatory tran-
scription factor involved in the upregulation of VCAM-1 (41). To
determine whether stimulation of eNOS-mediated NO produc-
tion is important for the endothelial antiinflammatory effects of
HDL, we inhibited eNOS protein expression in endothelial cells
by using eNOS-specific siRNA silencing (Supplemental Figure 3).
Inhibition of eNOS-mediated NO production by both eNOS-spe-
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Figure 2

Effects of HDL from healthy subjects and patients with sCAD and ACS on endothelial Akt activation, eNOS-activating/inhibiting phosphoryla-
tion, and endothelial superoxide production. (A) Effects of HDL (50 ug/ml) on phosphorylation of Akt at Ser473, (B) Akt-dependent activating
phosphorylation of eNOS at Ser1177, and (C) inhibitory phosphorylation of eNOS at Thr495 in HAECs, as detected by Western blot analysis
(n=10-12 per group). (D) Effects of HDL on endothelial superoxide production (n = 25 per group; data points for all study participants are shown)
and (E) NAD(P)H oxidase activity, as measured by ESR spectroscopy (n = 8-10 per group). (F) Representative ESR spectra of NAD(P)H oxi-
dase activity in HAECs treated with buffer (basal) and with HDL from healthy subjects or patients with sCAD or ACS.
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Figure 3

Critical role of eNOS in the effects of HDL on TNF-o—stimulated endothelial NF-kB activation and VCAM-1 expression. (A) Inhibition of eNOS-
mediated endothelial NO production by siRNA knockdown of eNOS or treatment with L-NAME (1 mM) prevented the effects of HDL (50 ug/ml)
from healthy subjects on endothelial NF-kB activation (as examined by TNF-o—stimulated DNA binding of NF-kB subunit p65; n = 8-10 per
group). Scr., scrambled. (B) In contrast to HDL from healthy subjects, HDL from patients with sCAD and ACS failed to inhibit TNF-o—stimulated
endothelial NF-kB activation (n = 10-12 per group). (C) Representative images (original magnification, x20) showing that HDL from a healthy
subject, but not from patients with sCAD or ACS, inhibited endothelial nuclear translocation of NF-kB subunit p65, as detected by fluorescence
microscopy of TNF-a—stimulated HAECs. (D) Inhibition of eNOS-mediated NO production by siRNA knockdown of eNOS or treatment with
L-NAME prevented the effects of HDL from healthy subjects on TNF-a—stimulated VCAM-1 expression in HAECs, as detected by Western blot
analysis (n = 8-10 per group). (E) Effect of HDL from healthy subjects and patients with SCAD or ACS on TNF-o—stimulated VCAM-1 expression
in HAECs (n = 25 per group; data points for all study participants are shown).

cific RNA interference and pharmacological inhibition by N-nitro-
L-arginine methyl ester (L-NAME, 1 mM) prevented the inhibitory
effects of HDLpcaichy on TNF-o-stimulated DNA binding of p65
(Figure 3A), suggesting that endothelial NO production plays a
crucial role in the inhibition of endothelial NF-kB activation by
HDL. In line with these findings, HDLcap did not prevent TNF-a-
stimulated nuclear translocation and DNA binding of the p65 sub-
unit of NF-kB (Figure 3, B and C). In contrast to HDLealchy, HDLcap
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increased DNA binding of the p65 subunit of NF-kB in unstimulated
endothelial cells (Supplemental Figure 4A). Furthermore, both
siRNA interference and pharmacological inhibition of eNOS pre-
vented the inhibitory effects of HDLealchy on endothelial VCAM-1
expression (Figure 3D), suggesting that the stimulatory effect of
HDL on endothelial NO production is critical for this endothelial
antiinflammatory effect of HDL. Consistent with these findings,
HDL from patients with sCAD or ACS failed to inhibit TNF-a.-
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induced endothelial VCAM-1 expression (Figure 3E). In contrast to
HDLHeatchy, HDLcap increased VCAM-1 expression in unstimulated
endothelial cells (Supplemental Figure 4B). Moreover, the inhibi-
tory effects of HDLiealchy o1t endothelial monocyte adhesion were
prevented by either eNOS siRNA interference or pharmacological
inhibition of endothelial NO production (Figure 4, A and B). In line
with the findings for NF-kB activation and VCAM-1 expression,
HDLcap did not inhibit TNF-o-induced endothelial monocyte
adhesion (Figure 4C) and stimulated endothelial monocyte adhe-
sion under basal conditions (Supplemental Figure 4C).

Effects of HDL on endothelial repair in vivo. More recently, it has been
suggested that HDL from healthy subjects promotes endothelial
repair (6,11, 12, 36). We therefore compared the effects of HDLcap
and HDLpeathy on in vivo endothelial repair in a nude mouse
model with carotid artery injury (36, 42, 43). Administration of
HDLHealchy accelerated endothelial repair responses within 3 days
after carotid injury (Figure S, A and B). However, in nude mice,
treatment with HDLcap compared with buffer failed to signifi-
cantly promote endothelial repair (Figure 5, A and B), indicating
that HDL from patients with CAD lacks the capacity to stimulate
endothelial repair. To investigate whether the effects of HDL on
endothelial repair are dependent on endothelial NO synthase, we
injected HDLcaiehy into eNOS-deficient mice. Notably, HDLycatehy
failed to stimulate endothelial repair in eNOS-deficient mice (Sup-
plemental Figure 5, A and B), suggesting that eNOS plays a critical
role for the stimulation of endothelial repair by HDL.

Specific binding of HDLyeanny and HDLcap to endothelial cells — role
of SR-BI. Specific endothelial binding of HDLcap was moderately
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with TNF-a; 5 ng/ml). (B) Represen-
tative photographs (original magnifi-
cation, x10) of endothelial monocyte
adhesion obtained by fluorescence
microscopy are shown. (C) Effects of
HDL isolated from patients with sSCAD
and ACS as compared with HDL
from healthy subjects on TNF-a—
stimulated endothelial monocyte
adhesion (n = 25 per group; data
points for all study participants are
shown).

reduced as compared with HDLpeatchy (Figure SC). In previous
studies, it has been shown that endothelial SR-BI contributes
to both endothelial binding of HDL (44) and stimulation of
endothelial cell NO synthase by HDL, involving HDL-depen-
dent cholesterol efflux (7, 8, 16, 17). We therefore compared the
effects of endothelial SR-BI knockdown by RNA interference
on the specific endothelial binding of HDLcap and HDLyeatchy-
Notably, SR-BI knockdown in endothelial cells reduced the spe-
cific endothelial binding of HDLiealthy and HDLcap to a similar
extent (Figure 5D), a finding compatible with the concept that
SR-BI-dependent specific endothelial binding of HDL is not sig-
nificantly impaired in patients with CAD.

Effects of HDLtyeany and HDLcap on macrophage cholesterol efflux. To
determine whether the loss of the capacity of circulating HDLcap
to stimulate endothelial NO production is associated with changes
in the capacity of HDL to stimulate cholesterol efflux, we further
compared the effects of HDLealthy and HDLcap on macrophage
cholesterol efflux in vitro. Total and ABCA1-dependent cholester-
ol efflux was characterized in unstimulated and cAMP-stimulated
J774 macrophages, respectively, whereas ABCG1-dependent cho-
lesterol efflux was measured in HEK293 cells transfected with an
ABCG1-expressing plasmid. In these studies we did not observe a
significant difference in the capacity of circulating HD Lizeateny and
HDLcap to stimulate total, ABCA1-, or ABCG1-dependent choles-
terol efflux (Supplemental Figure 6, A-C).

Effects of HDLcap and HDLupieanyy on endothelial PKCBII phosphory-
lation and its impact on eNOS-activating pathways — role of endothelial
LOX-1 receptor. Our observation that HDL from patients with CAD
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Number7  July 2011



A NS
NS
P<0.01

(%]
(=]
J

L
(=]
L

-
o
L

Reendothelialized area (%)

o Ll T
PBS HDL HDL HDL
healthy sCAD ACS
C
P<0.01

- 1204 P<0.01 '
(=)
T 100+
-6 § 804
£< o]
3=
B8 I 404
O 2
= 0
G 204
@
j=%
] 0 .

HDL HDL HDL

healthy sCAD ACS

Figure 5

Specific binding of *I-HDL g
(% of binding in

research article

PBS HDL HDL HDL
healthy sCAD ACS
P<0.05 P<0.05

100
)
3
sl | T
O
]
ju
<+ 50
<
b=
c
‘B 25
8

0 T T
Scr. SR-BI Scr. SR-BI
siRNA siRNA siRNA siRNA
HDL healthy HDL CAD

Impaired endothelial repair capacity and specific endothelial binding of HDL from patients with sCAD or ACS as compared with healthy subjects.
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of 125]-HDL to endothelial cells was examined (n = 8-10 per group). (D) Effect of siRNA-specific knockdown of SR-BI on endothelial binding of

HDL from healthy subjects and patients with CAD (n = 4-5 per group).

failed to stimulate endothelial NO production despite a preserved
SR-BI-dependent endothelial binding of HDLcap suggested that
HDLcap may activate endothelial pathways inhibiting eNOS acti-
vation. Of note, endothelial PKCP activation has been suggested
to negatively impact endothelial function and to inhibit eNOS-
activating pathways (45-48).

We therefore compared the effects of HDLcap and HDLuealchy
on endothelial PKCBII phosphorylation and membrane translo-
cation, and the role of PKCPII in the altered effects of HDLcap
on eNOS-activating pathways and endothelial NO production.
Endothelial activation of PKCBII was reduced by HDLpcalchy, as
indicated by decreased PKCBII phosphorylation at Ser660 (Figure
6A), which is known to be critical for PKCBII-mediated endothelial
proinflammatory effects (49).

In contrast, HDLcap increased endothelial PKCBII phosphoryla-
tion at Ser660 as compared with buffer treatment (Figure 6A) and
induced membrane translocation of PKCPII in endothelial cells
(Figure 6B), suggesting activation of PKCBII by HDLcap. Of note,
LY379196, a nonselective inhibitor of PKCBI and PKCBII isoforms,
as well as CGP53353, a highly selective inhibitor of PKCBII, par-
tially restored the impaired capacity of HDLcap to stimulate
endothelial NO production (Figure 6C), Akt phosphorylation at
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Ser473 (Supplemental Figure 7), and Akt-dependent eNOS phos-
phorylation at Ser1177 (Figure 6D).

The endothelial multiligand receptor LOX-1 has been implicat-
ed in the binding of oxidized lipoproteins and the activation of
endothelial PKCp (50, 51). Notably, inhibition of the endothelial
LOX-1 receptor with a blocking antibody prevented the increase in
PKCPII phosphorylation at Ser660 in response to HDLcap (Figure
6E), suggesting that HDLcap activates PKCBIL, at least in part, by
interacting with the endothelial LOX-1 receptor. In line with these
findings, inhibition of the endothelial LOX-1 receptor resulted in
an increased endothelial NO production in endothelial cells treated
with HDLcap but not HDLpealhy (Figure 6F). Together, these find-
ings suggest that LOX-1-dependent activation of PKCBII leads to
inhibition of eNOS-activating pathways and impaired stimulation
of endothelial NO production by HDLcap.

MDA content of HDL and its role in HDL-mediated stimulation of
endothelial NO production. The endothelial LOX-1 receptor is
activated by oxidized lipoproteins (50, 51). We have therefore
examined the potential role of lipid peroxidation, in particular
the formation of malondialdehyde (MDA; a product of poly-
unsaturated fatty acid peroxidation), in the effects of HDL on
endothelial NO production.
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Differential effects of HDL from healthy subjects and patients with sCAD or ACS on endothelial LOX-1 and PKClII activation — role of PKCpII
activation in the altered effects of HDL on endothelial Akt and eNOS-activating/inhibiting phosphorylation in patients with CAD. (A) Effect of HDL
from healthy subjects and patients with sCAD and ACS on PKCpll-activating phosphorylation at Ser660 and (B) membrane translocation of
PKCBII in endothelial cells (n = 8—12 per group). (C) Incubation of endothelial cells with the nonselective inhibitor of PKCBI and PKCgIl isoforms
LY379196 and CGP53353, a highly selective inhibitor of PKCBII, restored the ability of HDL from patients with CAD to stimulate endothelial NO

production and (D) the activating eNOS phosphorylation at Ser1177 (n =

8-10 per group). (E) Pretreatment of endothelial cells with an anti—-LOX-1

blocking antibody prevented the increase in PKCBIlI phosphorylation at Ser660 (n = 6—8 per group). (F) Moreover, incubation of endothelial
cells with an anti-LOX-1 blocking antibody improved the capacity of HDL from patients with CAD, but not from healthy subjects, to stimulate

endothelial NO production (n = 8-10 per group).

Notably, the protein-bound MDA content was increased in
HDLcap as compared with HDLyealny (Figure 7A), and mass spectrom-
etry analyses revealed increased MDA modification of lysine residues
in HDLcap (Figure 7B). To determine whether modification of HDL
by MDA can modulate the capacity of HDL to stimulate endothelial
NO production, we incubated HDLyealehy With increasing amounts
of freshly prepared MDA and measured the effects of the modified
HDL on endothelial NO production. Of note, MDA modification
of HDLieathy resulted in a dose-dependent increase in the amount
of MDA in HDL (control without addition of MDA: 0.31 + 0.04
nmol MDA/mg HDL; after addition of 12.5 mol MDA/mol apoA-I:
0.99 + 0.05 nmol MDA/mg HDL, P < 0.01 vs. control; after addi-
tion of 25 mol MDA/mol apoA-I: 1.31 + 0.14 nmol MDA/mg HDL,
P <0.01vs. control) and a dose-dependent reduction in the capacity of
HDL to stimulate endothelial NO production (Figure 7C). Inhibition
of the endothelial LOX-1 receptor with a blocking antibody partially
prevented the impairment of the effects of MDA-modified HDL on
endothelial NO production (Figure 7D). Notably, the amount of pro-
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tein-bound MDA or MDA-lysine adducts in HDL modified by 12.5
mol MDA/mol apoA-I — a concentration that resulted in a signifi-
cant reduction in the capacity of HDLtelny to stimulate endothelial
NO production (Figure 7C) — was similar to the amount of MDA
observed in HDLcap (Figure 7, A and B, and Supplemental Figure 8,
A-C). These findings suggest that MDA modification of HDL rep-
resents a potential pathway contributing to the reduced capacity of
HDLcap to stimulate endothelial NO production.

Moreover, MDA-modified HDL increased activation of
endothelial PKCBII, as detected by phosphorylation of PKCPII at
Ser660, and the stimulation of endothelial PKCBII by MDA-modi-
fied HDL was prevented after inhibition of endothelial LOX-1
with a specific blocking antibody (Figure 7E), suggesting that the
adverse effects of MDA-modified HDL on endothelial NO produc-
tion are, at least in part, mediated via LOX-1-dependent activation
of PKCBIIL Notably, HDL-associated PON1 has been reported to
prevent MDA formation in HDL (52). Moreover, we have observed
arelationship between reduced PON1 activity and endothelial dys-
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Figure 7

Critical role of HDL-associated MDA in the impaired capacity of HDL to increase endothelial NO production and in the increased stimulation of
PKCBII by HDL. (A) Protein-bound MDA content in HDL from healthy subjects and patients with sCAD or ACS was measured by spectrophotom-
etry, as described in more detail in Methods (n = 12—-14 per group). (B) Mass spectrometry analysis of MDA-lysine adducts in HDL from healthy
subjects and patients with CAD (n = 4 per group). (C) Effect of MDA-modified HDL on endothelial NO production, as measured by ESR spectros-
copy (n = 8 per group). (D) Inhibition of endothelial LOX-1 with a specific blocking antibody partially prevented the decrease in endothelial NO
production in response to MDA-modified HDL (12.5 mol MDA/mol apoA-I; n = 6 per group). (E) Modification of HDL by MDA (12.5 mol MDA/mol
apoA-l; n = 6 per group) resulted in an increased activation of endothelial PKCfII that was prevented by a specific blocking antibody against

endothelial LOX-1 (n = 6—10 per group).

function in patients with APS (37). We therefore examined whether
an alteration of PONT1 activity may play a causal role in the impaired
capacity of HDLcap to stimulate endothelial NO production.

Role of PON1 in HDL-mediated activation of PKCBII and stimulation of
endothelial NO production. PON1 activity was substantially reduced
in HDLcap when compared with HD Lijeatehy, as quantified by either
paraoxonase or arylesterase activity (Figure 8, A and B). In con-
trast, the content of PON1 was increased in HDLcap as compared
with HDLpealehy (Figure 8C), suggesting an inactivation of PON1 in
HDLcap. Interestingly, extended-release niacin therapy was associ-
ated with significantly increased HDL-associated PON1 activity
(Supplemental Figure 9), indicating that inactivation of PON1
may, at least in part, be prevented by this treatment.

To further determine the functional relevance of HDL-associated
PONI1 activity for the endothelial effects of HDL, we examined the
effects of PON1 inhibition by either hydroxyquinoline or EDTA
(53, 54) on endothelial PKCBII activation and eNOS-activating
pathways as well as endothelial NO production. Paraoxonase activ-
ity measurements revealed effective inhibition of PONT1 activity
after incubation of HD Ly With hydroxyquinoline (78% = 9%,
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P <0.01) or EDTA (71% + 12%, P < 0.01). Notably, after inhibition
of HDL-associated PONT1 activity, HDLpearchy gained the ability to
phosphorylate endothelial PKCPII at Ser660 (Figure 8F). HDLiealchy
with inhibited PON1 activity did not stimulate eNOS-activating
phosphorylation at Ser1177 (Figure 9A) and caused a marked
upregulation of eNOS-inhibiting phosphorylation at Thr495 (Fig-
ure 9B). Moreover, inhibition of PON1 activity in HDLpealhy by
hydroxyquinoline and EDTA resulted in a loss of the capacity of
HDL to stimulate endothelial NO production (Figure 9C), whereas
stimulation of endothelial NO production by bradykinin was not
affected by either PON1 inhibitor (Supplemental Figure 10). Taken
together, these findings suggest that HDL-associated PONT1 activity
is critical for the eNOS-stimulating properties of HDL. In line with
these findings and the interpretation that HDL-associated PON1
is a determinant for the capacity of HDL to stimulate endothelial-
protective effects, inhibition of PON1 prevented the effects of
HDLtealchy on TNF-o-stimulated endothelial VCAM-1 expression
(Supplemental Figure 11), endothelial monocyte adhesion (Figure
9D), and endothelial repair (Figure 9E). In addition, supplementa-
tion of HDL from patients with CAD with purified PONT1 partially
Volume 121 2701
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Figure 8

Activity and content of HDL-associated PON1 in healthy subjects and patients with sSCAD or ACS — effect of inhibition of PON1 on HDL-associ-
ated MDA content and phosphorylation of PKCfII at Ser660. (A) Paraoxonase and (B) arylesterase activities of HDL-associated PON1 isolated
from healthy subjects and patients with sCAD or ACS, as measured by UV spectrophotometry (n = 25 per group). (C) PON1 content in HDL
isolated from healthy subjects and patients with sCAD or ACS was determined by Western blot analysis (n = 25 per group). (D) Effect of the
specific PON1 inhibitor hydroxyquinoline (HQ, 200 uM) on protein-bound MDA content and (E) MDA-lysine adducts in HDL, as detected by
spectrophotometry and mass-spectrometry analysis, respectively (n = 4—6 per group). (F) Effect of HDL pretreated with the PON1 inhibitors HQ
or EDTA (5 mM) on phosphorylation of PKCpII at Ser660 was detected by Western blot analysis (n = 8-10 per group).

improved the capacity of HDL to stimulate endothelial NO pro-
duction under physiological conditions (i.e., 37°C; Figure 9F), sup-
porting the concept that HDL-associated PONT1 activity impacts
on the effects of HDL on endothelial NO production.

To further examine the effects of PON1 on protein-bound MDA
content in HDL, we inhibited HDL-associated PON1 activity by
either hydroxyquinoline or EDTA. Importantly, inhibition of HDL-
associated PON1 activity increased both the protein-bound MDA
content and the amount of MDA-lysine adducts in HDLpeatchy
under physiological conditions (37°C) as used in the endothelial
bioassays (Figure 8, D and E). Notably, accumulation of MDA in
HDLteatchy was only observed after inhibition of PON1 activity
under physiological conditions (Supplemental Figure 8C). Supple-
mentation of MDA-modified HDL with purified PON1 did not sig-
nificantly reduce the protein-bound MDA content or MDA-lysine
adducts in HDL (Supplemental Figure 8, A and B). These findings
suggest that PON1 prevents MDA formation in HDL under physi-
ological conditions, rather than directly degrading MDA.

Moreover, in HDLcap an accumulation of MDA was observed
under physiological conditions that was prevented by supplementa-
tion of HDLcap with purified PON1 (Supplemental Figure 8C), fur-
ther supporting the concept that PON1 prevents formation of MDA
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in HDL. These observations may also, in part, explain why we have
observed a partial effect of PON1 supplementation of HDLcap on its
capacity to stimulate endothelial cell NO production (Figure 9F).

Effect of HDL from Ponl1-deficient mice on endothelial NO production,
endothelial superoxide production, and endothelial inflammatory activa-
tion. To further examine the role of PON1 in the effects of HDL
on endothelial NO production on a molecular level, we isolated
HDL from PonI-deficient and wild-type mice. Of note, HDL from
Ponl-deficient mice failed to stimulate NO production in mouse
aortic endothelial cells (Figure 10A) and did not inhibit basal and
TNF-o-stimulated superoxide production (Figure 10B). Further-
more, HDL from Pon1-deficient mice failed to inhibit endothelial
VCAM-1 expression (Figure 10C) and endothelial monocyte adhe-
sion (Figure 10D), supporting the concept that PON1 is a regu-
lator of the capacity of HDL to exert endothelial-vasoprotective
effects. Notably, supplementation of HDL from Ponl-deficient
mice with purified PON1 partially improved the capacity of HDL
to stimulate endothelial NO production (Figure 10E).

Discussion
Low HDL cholesterol levels are associated with an increased risk of
CAD and major cardiovascular events (1, 2). Besides promotion of
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Effect of inhibition of HDL-associated PON1 on eNOS-activating signaling pathways, endothelial cell NO production, endothelial cell inflammatory
activation, and endothelial repair. Effect of supplementation of HDL from CAD patients with recombinant PON1 on the capacity of HDL to stimu-
late endothelial NO production. (A) HDL-associated PON1 was inhibited either by hydroxyquinoline (200 uM) or EDTA (5 mM), and the effect
of HDL on the activating eNOS phosphorylation at Ser1177 and (B) the inhibitory eNOS phosphorylation at Thr495 was examined by Western
blot analysis (n = 6-7 per group). (C) Inhibition of HDL-associated PON1 resulted in a loss of the capacity of HDL to stimulate endothelial NO
production, as measured by ESR spectroscopy (n = 6-8 per group). (D) Furthermore, treatment of HDL from healthy subjects with PON1 inhibi-
tors impaired the capacity of HDL to inhibit TNF-o—stimulated endothelial monocyte adhesion (n = 8-10 per group). (E) Importantly, inhibition
of PON1 in HDL from healthy subjects prevented stimulation of endothelial repair after carotid artery injury in nude mice (n = 6 per group). (F)
Supplementation of HDL from patients with CAD with purified PON1 (pPON1; 5 U/100 ug HDL protein) partially restored the capacity of HDL to
stimulate endothelial NO production as measured by ESR spectroscopy (n = 6-9 per group).

cholesterol efflux from macrophage foam cells (3, 4), stimulation
of eNOS-dependent NO production (7-10, 18, 21, 36) and media-
tion of endothelial repair mechanisms (11-15), as well as antiin-
flammatory effects (55), have been proposed as potential antiath-
erogenic properties of HDL. HDL-raising therapies are currently
being intensely evaluated for prevention and treatment of CAD.
The present study demonstrates that HDL from patients with
either sCAD or an ACS — in contrast to HDL from healthy sub-
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jects — fails to stimulate endothelial NO production. Of note,
reduced endothelial NO bioavailability is thought to contrib-
ute to development and progression of atherosclerosis, at least
in part by promoting endothelial inflammatory activation (22,
23). In this respect, the inability of HDL from patients with
CAD to stimulate endothelial NO production, as observed in
the present study, suggests a loss of this potential antiathero-
genic property of HDL (22).
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Figure 10

Effects of HDL isolated from Pon17-deficient mice or their wild-type littermates on endothelial cell NO production, superoxide production, and
endothelial inflammatory activation. (A) In contrast to HDL from wild-type littermates, HDL isolated from Pon7-deficient mice inhibited rather
than stimulated NO production in mouse aortic endothelial cells, as detected by ESR spectroscopy analysis (n = 5 per group). (B) In addition,
HDL from Pon1-deficient mice failed to inhibit basal and TNF-a—stimulated superoxide production in mouse aortic endothelial cells (ESR spec-
troscopy analysis, n = 5-7 per group). (C) Whereas HDL from wild-type littermates potently inhibited endothelial inflammatory activation, HDL
from Pon1-deficient mice did not inhibit TNF-a—stimulated VCAM-1 expression and (D) endothelial monocyte adhesion (n = 5-6 per group).
(E) Supplementation of HDL from Pon1-deficient mice with purified PON1 (5 U/100 ug HDL protein) partially restored the capacity of HDL to
stimulate endothelial NO production as measured by ESR spectroscopy (n = 5-6 per group).

Our findings suggest that stimulation of endothelial NO
production is important for HDL’s ability to inhibit inflamma-
tory activation of endothelial cells, i.e., to reduce NF-kB activity,
VCAM-1 expression, and monocyte adhesion, which are thought
to play a role in the development and progression of atherosclero-
sis (56, 57). In addition, HDL-induced stimulation of endothelial
repair was not observed in eNOS-deficient mice, suggesting a role
of eNOS in this process. We therefore examined the mechanisms
underlying alterations of these potential endothelial-atheroprotec-
tive effects of HDL in patients with CAD.

Endothelial superoxide production, which may limit NO bio-
availability (39), was not increased in response to HDLcap, sug-
gesting that the altered endothelial NO response resulted from
an impaired capacity of HDLcap to stimulate eNOS activation
rather than from a stimulation of endothelial superoxide pro-
duction. In previous studies it has been shown that eNOS acti-
vation in response to HDL is mediated via Akt-dependent eNOS
phosphorylation at Ser1177 (8). Notably, in the present study we
have observed that HDLcap in contrast to HDLpeaihy activates
endothelial PKCBII, leading to inhibition of Akt-dependent eNOS-
activating phosphorylation at Ser1177 and increased phosphory-
lation of eNOS at Thr495, which inhibits eNOS activity. Our find-
ings further indicated that increased endothelial PKCpII activation
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by HDLcap was involved in the impaired effects of HDLcap on
eNOS-derived NO production and was mediated, at least in part,
via the endothelial LOX-1 receptor. Endothelial PKC activation
has been observed to promote endothelial dysfunction, to inhibit
Akt-dependent eNOS-activating phosphorylation at Ser1177, to
increase eNOS-inhibiting phosphorylation at Thr495 (45-48, 58),
and to promote endothelial inflammatory activation (49).
Endothelial SR-BI mediates specific endothelial binding of HDL
(44) and stimulates pathways leading to the activation of eNOS in
response to the lipoprotein (7, 8, 11, 17). In the present study we
observed that knockdown of endothelial SR-BI by RNA interfer-
ence reduced specific binding of HDL from both healthy subjects
and patients with CAD to a similar extent. These findings are com-
patible with the notion that the interaction of HDL with SR-BI
for endothelial binding of HDL is not significantly impaired in
patients with CAD. Moreover, recent studies have observed that
HDL-mediated cholesterol efflux contributes to eNOS activation
in response to HDL (10, 16, 18). In the present study we did not
observe a significant difference in the macrophage cholesterol
efflux capacity of circulating HDL from patients with CAD and
healthy subjects. These findings are compatible with the con-
cept that the impaired capacity of circulating HDL to stimulate
endothelial NO production is related to endothelial LOX-1-
Volume 121
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dependent PKCBII activation rather than to a major impairment
in SR-BI binding or cholesterol efflux. This concept is further sup-
ported by the observation that the capacity of HDLcap to stimu-
late endothelial eNOS-activating pathways and endothelial NO
production could be restored, at least in part, by either endothelial
LOX-1 blockade or endothelial PKCBII inhibition.

It is likely that the impairment of the macrophage cholesterol
efflux capacity of HDL — which has been reported to occur after
more extensive oxidative modification of HDL, for example, in ath-
erosclerotic plaque (32, 33) — is a pathophysiological mechanism
that is more operative within the atherosclerotic lesion. Indeed,
HDL isolated from atherosclerotic plaques had an impaired capac-
ity to stimulate macrophage cholesterol efflux (32, 33).

In addition, we aimed to identify alterations in HDLcap leading
to the gain of endothelial LOX-1- and PKCpII-activating proper-
ties and the subsequent inhibition of endothelial eNOS-activat-
ing pathways. In patients with CAD, the MDA content of HDL
was increased, and modification of HDLigearchy with MDA impaired
the capacity of HDL to stimulate endothelial NO production,
and this was at least in part mediated via the endothelial LOX-1
receptor. Notably, PON1 has been observed to prevent MDA
formation in HDL (52) and to promote HDL-mediated inactiva-
tion of oxidized lipids in LDL (52, 59, 60). In addition, oxidized
LDL has been suggested to activate endothelial PKCP (50). These
observations raised the possibility that PON1 may be involved in
the gain of endothelial LOX-1- and PKCpII-activating properties
of HDLcap. Furthermore, in a recent study in patients with APS,
we observed a relationship between reduced serum PONT1 activity
and endothelial dysfunction (37). We therefore evaluated whether
a reduced PONT1 activity may have a causal role in the impaired
effects of HDL on endothelial NO production.

In the present study, HDL-associated PON1 activity was mark-
edly reduced in patients with CAD, and we demonstrate that
impaired HDL-associated PON1 activity is involved in the gain
of endothelial PKCpII-activating properties of HDL, leading to
a subsequently impaired capacity to stimulate eNOS-activating
pathways and endothelial NO production. Consistent with these
findings, HDL isolated from Ponl-deficient mice failed to stimu-
late endothelial NO production. Furthermore, supplementation
of HDL from patients with CAD or Ponl-deficient mice with
purified PON1 partially improved the capacity of HDL to stimu-
late endothelial NO production. These findings suggest a role of’
HDL-associated PONT1 activity in maintaining the endothelial-
atheroprotective effects of HDL, at least in part by preventing
formation of the lipid peroxidation product MDA. Our studies
are in line with the concept that PON1 prevents MDA formation
in HDL rather than directly degrading MDA, which may explain
why we observed only a partial effect of PON1 supplementation
on the capacity of HDLcap to stimulate endothelial NO produc-
tion under physiological conditions. Furthermore, it is conceiv-
able that PONT1 also acts on other chemical entities in the HDL
particle that impact its endothelial effects, which will need to be
explored further in future studies.

Notably, in recent studies it has been observed that modifica-
tion of reconstituted HDL (i.e., apoA-I and phospholipids) with
myeloperoxidase leads to an impairment of its cholesterol efflux
and antiinflammatory properties, likely due to a modification
of apoA-I (61). Given that reconstituted HDL does not contain
PONI1, the question arises how this can be reconciled with a role of
PONI1 for the dysfunction of HDL. Importantly, however, a more
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recent study has described a critical role of apoA-I modification by
MDA in the ability of apoA-I to promote cellular cholesterol efflux
(33). These findings suggest that although PON1 prevents lipid
oxidation of HDL and the subsequent formation of advanced lipid
oxidation products, such as MDA, it thereby likely also prevents
modifications of HDL-associated proteins such as apoA-I.

Moreover, in experimental studies PON1 has been observed to
prevent atherosclerotic lesion development (62, 63), and in recent
clinical studies reduced serum activity of paraoxonase was asso-
ciated with increased cardiovascular risk (64, 65). The present
study for the first time to our knowledge provides evidence that
HDL-associated PON1 activity plays a role in maintaining the
endothelial-atheroprotective effects of HDL, i.e., the capacity to
stimulate endothelial NO production. However, the molecular
mechanisms leading to PON1 inactivation in HDL from patients
with CAD and its causal role in the development and progression
of CAD need to be further examined in future studies. Notably, in
this respect several studies have suggested a role of myeloperoxi-
dase in modification of proteins in HDL, which has been shown
in particular for apoA-I, but may potentially also apply to other
HDL-associated proteins (32, 66).

Our findings raise the question of whether the impaired capac-
ity of HDL from patients with CAD to stimulate eNOS-activating
pathways and NO production may play a role in development and/
or progression of atherosclerosis or is a consequence of the disease
process. As mentioned above, numerous studies have suggested
that endothelial dysfunction, in particular reduced endothelial
NO bioavailability, promotes atherosclerotic lesion development,
and endothelial dysfunction has been shown to be a predictor of
an increased risk of clinical cardiovascular events at later stages of
the disease (23, 67). These observations raise the possibility that
the altered effects of HDL on endothelial NO production may
favor development and progression of atherosclerotic cardiovas-
cular disease. However, the relationship between altered biological
functions of HDL and endothelial dysfunction and cardiovascular
risk will have to be characterized in future studies.

In the present study we examined the endothelial effects of
HDL in bioassays using cultured endothelial cells. However, we
have also observed stimulation of endothelial repair in vivo after
arterial injury in mice receiving an injection of HDL from healthy
subjects, but not after administration of HDL from patients with
CAD. Moreover, these effects of HDL on endothelial repair in vivo
were dependent on eNOS activation, since they were not observed
in eNOS-deficient mice, suggesting that HDL also activates eNOS-
dependent endothelial responses in vivo. In addition, in a previous
study we observed improved endothelium-dependent, NO-medi-
ated vasodilation in patients with hypercholesterolemia after infu-
sion of reconstituted HDL (19), further supporting the concept
that HDL may activate eNOS-dependent NO production in vivo.

The influence of different non-HDL-targeted medications used
in patients with CAD on the effects of HDL on eNOS-dependent
pathways is largely unknown and needs to be studied in the future.
In a recent study by Ansell et al. (35), it was suggested that the
proinflammatory effects of HDL from patients with CAD were
attenuated by statin therapy. However, in the present study we did
not observe a significant difference in the effects on endothelial
NO production between HDL from a subgroup of patients with
and a subgroup without a certain medication (i.e., statins, beta
blocker, and ACE-I/ARB). In fact, the direct proinflammatory
properties of HDL from patients with CAD are likely not related
Volume 121~ Number 7
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to an eNOS-dependent mechanism, since they were also observed
in the present study using HDL from patients with sCAD that did
not result in a significant inhibition of endothelial NO produc-
tion. The mechanisms underlying these proinflammatory proper-
ties of HDLcap need to be further characterized in future studies.
A recent study has suggested that the hemoglobin/haptoglobin
pathway is involved in the formation of proinflammatory HDL in
atherosclerotic mice and patients with CAD (68).

Notably, in a recent large clinical outcome trial testing the
effects of the CETP inhibitor torcetrapib, which results in sub-
stantially elevated HDL cholesterol levels, a significant increase
in cardiovascular events and in total mortality was observed (31).
While off-target effects of the drug likely played a role, these
findings also raise the possibility that the biological activity of
on-treatment HDL in addition to its plasma levels need to be
taken into account for the development of HDL-raising treat-
ment strategies. The findings of the present study further sup-
port the notion that not only the capacity of HDL-targeted treat-
ment strategies to raise HDL plasma levels, but also their effects
on vasoprotective properties of HDL, need to be considered. It
is likely that HDL-raising therapeutic strategies are more likely
to result in cardiovascular protection when the HDL in treated
patients itself exerts vasoprotective effects.

In summary, the present study provides evidence that HDL of
patients with either sSCAD or ACS fails to stimulate endothelial
eNOS-activating pathways and NO production. As a result, the
endothelial antiinflammatory and endothelial repair effects of
HDL are impaired. Notably, in contrast to HDL from healthy sub-
jects, HDL from patients with CAD is characterized by a gain of
stimulatory effects on endothelial LOX-1 and PKCRII that inhibit
eNOS-activating pathways. Moreover, our findings suggest that
impaired HDL-associated PON1 activity plays a role in endothelial
activation of PKCPBII by HDL from patients with CAD as well as
for impaired effects of HDL from patients with CAD on eNOS-
activating pathways and eNOS-dependent endothelial antiinflam-
matory and repair effects. These findings support the concept that
the biological functions of HDL in addition to its plasma levels
may have to be taken into account to assess the cardiovascular
effects of HDL-raising therapies in patients with CAD.

Methods
A detailed description of the methods used in this study is provided in
Supplemental Methods.

Patient population and blood sampling. Blood samples were obtained from
patients with sCAD or ACS (ST elevation myocardial infarction [STEMI]
or non-ST elevation myocardial infarction [NSTEMI]) and healthy sub-
jects (without cardiovascular risk factors) between 40 and 70 years of age
who were consecutively recruited into the study at the University Hospi-
tal of Zurich. The diagnosis of sCAD and an ACS was made according to
guidelines of the American Heart Association (69, 70). In brief, patients
with ACS (STEMI and NSTEMI) were recruited if they presented within
12 hours after the onset of symptoms and were in a fasting state for at least
12 hours. Patients were excluded from the study if there was evidence for
accompanying infectious, inflammatory or autoimmune disorders, diabe-
tes, advanced kidney or liver failure, neoplastic disorders, and a history of
major surgery or trauma within the previous month. Age- and sex-matched
healthy control subjects were consecutively enrolled by the Blood Donation
Service of the University Hospital Zurich and had no cardiovascular risk
factors (according to history, clinical examination, and laboratory tests) or
accompanying disorders. All subjects gave written informed consent prior
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to inclusion in the study, and the study was approved by the local ethics
committee (Kantonale Ethik-Kommission, Zurich, Switzerland).

Ponl- and eNOS-deficient mice. Pon1-deficient mice were produced by tar-
geted disruption of exon 1 of the Ponl gene, as described previously (62),
and backcrossed more than 10 times onto the C57BL/6] background.
Blood for the isolation of HDL from PonlI-deficient and wild-type mice
was collected from the retroorbital plexus after a fasting period of 16 hours
and immediately centrifuged to obtain serum. eNOS-deficient mice were
purchased from The Jackson Laboratory.

Isolation of HDL. HDL from subjects with sCAD or an ACS, healthy con-
trols, and wild-type and PonI-deficient mice was isolated by sequential ultra-
centrifugation (d = 1.063-1.21 g/ml) according to the method of Havel et al.
(9, 36, 71) using solid potassium bromide (Merck) for density adjustment.
Blood samples were processed within 1 hour after collection. HDL; and
HDL; (d = 1.110-1.210 g/ml) were separated as described previously (9, 36).

Measurement of endothelial cell NO production by ESR spectroscopy. NO pro-
duction in human aortic endothelial cells (HAECs) was measured by ESR
spectroscopy using the spin-probe colloid Fe(DETC),. A detailed descrip-
tion of the method is provided in Supplemental Methods.

Measurement of endothelial cell NO production by 4,5-diaminofluorescein diac-
etate staining. HAECs were incubated with 4,5-diaminofluorescein diacetate
(DAF-2; 1 uM; Cayman Chemical), and triazolofluorescein fluorescence
was measured using an excitation wavelength of 485 nm.

Measurement of endothelial cell superoxide production by ESR spectroscopy.
Superoxide production in HAECs was measured by ESR spectroscopy
using the spin probe 1-hydroxy-3-methoxycarbonyl-2,2,5,5-tetramethyl-
pyrrolidine (CMH; final concentration 200 uM; Noxygen).

Measurement of NAD(P)H oxidase activity in endothelial cells by ESR spec-
troscopy. NAD(P)H oxidase activity was measured in homogenates of
HAECs by ESR spectroscopy using the spin probe 1-hydroxy-3-carboxy-
pyrrolidine (CP-H; Noxygen).

Endothelial monocyte adhesion. CD14-positive monocytes were isolated by
Ficoll density gradient centrifugation (Vacutainer CPT, BD) and labeled
with CFSE (Molecular Probes, Invitrogen). HAECs were preincubated
with HDL (50 ug/ml) for 1 hour and stimulated with TNF-o (1 ng/ml)
for 3 hours. Afterward, cell culture medium was changed, and monocytes
(50,000/well) were added to the HAEC monolayer. After 3 hours, adherent
CFSE-labeled monocytes were counted on 4 randomly selected high-power
fields using a fluorescence microscope (DM-IRB, Leica).

Endothelial cell transfection with eNOS-specific small interference RNA. HAECs
were transfected with eNOS-specific or scrambled siRNA at a final concen-
tration of 15 nM using the N-TER nanoparticle siRNA transfection system
(Sigma-Aldrich). siRNA sequences are provided in Supplemental Methods.

Detection of nuclear translocation of the NF-KB subunit RelA/p6S by immuno-
cytochemistry and quantification of DNA-bound p65 in nuclear extracts of endothelial
cells. Nuclear translocation of the NF-kB subunit RelA/p65 was detected by
staining cells with mouse anti-RelA/p65 (Santa Cruz Biotechnology Inc.)
and analyzing the amount of cytoplasmic RelA/p65 by an SP2 confocal
microscope (Leica). Binding of activated NF-kB in the nuclear extracts to an
oligonucleotide containing an NF-kB consensus binding site was detected
by a RelA/p65 transcription factor assay (TransAM kit, Active Motif).

In vivo endothelial repair assay. Male NRMI"/* athymic nude mice, aged
7-10 weeks, were used to allow injection of HDL (15 mg HDL protein/kg
body weight). Animals were anesthetized with ketamine (100 mg/kg i.p.)
and xylazine (5 mg/kg i.p.). Carotid artery electric injury was performed as
described previously (36, 42, 43). In brief, the left common carotid artery
was injured with a bipolar microregulator (ICC 50, ERBE-Elektromedizin
GmbH). An electric current of 2 W was applied for 2 seconds to each mil-
limeter of carotid artery over a total length of exactly 4 mm with the use of
a size marker parallel to the carotid artery. HDL was injected 3 hours after
Volume 121
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carotid injury via tail vein injection with a 27-gauge needle. The same vol-
ume of PBS was injected into control mice. Three days after carotid injury,
endothelial repair was evaluated by staining denuded areas with 50 ul of
solution containing 5% Evans blue dye via tail vein injection. The re-endo-
thelialized area was calculated as the difference between the blue-stained area
and the injured area by computer-assisted morphometric analysis. Of note,
this model has been shown to achieve accurate quantification of endothelial
repair (36, 42, 43). All animal protocols were approved by the animal care and
use committee (Kantonales Veterinidramt, Zurich, Switzerland).

Binding of HDL to endothelial cells. Binding of HDL to HAECs was exam-
ined as described in detail previously (36, 44). Further details are provided
in Supplemental Methods.

Characterization of cellular cholesterol efflux capacity of HDL. Total and
ABCA1-dependent efflux of ['*C]cholesterol to HDL was measured using
J774 macrophages treated with or without the cAMP analog 8-(4-chloro-
phenylthio)adenosine-3',5"-cyclic monophosphate (cpt-cAMP). The ABCG1-
dependent cholesterol efflux capacity of HDL was measured in HEK293
cells transfected with an ABCG1-expressing plasmid or a mock plasmid.

Inhibition of endothelial LOX-1 by blocking antibody. The endothelial LOX-1
receptor was inhibited by a commercially available blocking antibody (R&D
Systems), as described previously (72). In brief, HAECs were incubated with
the blocking antibody (15 wg/ml) for 2 hours, and afterward endothelial
cells were subjected to ESR spectroscopy or Western blot analysis.

Detection of protein-bound MDA in HDL by spectrophotometry. Free and pro-
tein-bound MDA in HDL was detected by a commercially available lipid
peroxidation assay kit (ALDetect, Enzo Life Sciences) involving an acid
hydrolysis step in the presence of butylated hydroxytoluene (BHT) to allow
the quantification of Schiff base MDA adducts. Hydrolysis of Schiff base
MDA adducts in HDL was carried out after addition of hydrochloric acid
at pH 1-2 and heating at 60°C for 80 minutes.

Characterization of MDA-lysine adducts in HDL. HDL was digested with tryp-
sin or endoproteinase Glu-C and fractionated by liquid chromatography.
MDA-lysine adducts were analyzed by MS/MS analysis, as described in
detail in Supplemental Methods.

MDA modification of HDL. MDA was freshly prepared by rapid acid hydro-
lysis of malonaldehyde bis-(dimethyl acetal) and used for in vitro modifi-
cation of HDL according to previously published protocols (33). Briefly,
maloncarbonyl bis-(dimethylacetal) was mixed at 1:10 with 1 M HCl and
incubated for 1 hour at 50°C under gentle agitation. The reaction mixture
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was dissolved with phosphate buffer (10 mM, pH 7.4), and the concen-
tration of MDA was measured spectrophotometrically, as described previ-
ously (33). HDL (0.2 mg protein/ml) was incubated with freshly prepared
MDA for 24 hours at 37°C in 50 mM sodium phosphate buffer (pH 7.4)
containing 100 wm DTPA.

Measurement of PON1 activity and content of HDL. Paraoxonase and aryles-
terase activities of HDL-associated PON1 were measured by spectropho-
tometry using the substrates paraoxon and phenylacetate, respectively. The
content of PON1 in HDL was measured by Western blot analysis.

Inhibition of PON1 and supplementation of HDL with purified human PON1.
HDL-associated PON1 was inhibited by hydroxyquinoline or EDTA, as
described previously (53, 54). HDL was supplemented with human puri-
fied PON1 at a dose of 5 U/100 ug HDL protein.

Statistics. All data are expressed as mean + SEM. Statistical comparisons
were made by the nonparametric Wilcoxon 2-sample test (paired analy-
sis) or the nonparametric Mann-Whitney U test, and a P value less than
0.05 was considered statistically significant. Bonferroni adjustment was
performed in the comparisons of the clinical cohorts. All analyses were
performed with GraphPad Prism software (version 4.0).
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