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High density lipoprotein (HDL) is the major atheroprotective
particle in plasma. Recent studies demonstrate that myeloper-
oxidase (MPO) binds to HDL in vivo, selectively targeting apo-
lipoprotein A1 (apoA1) of HDL for oxidative modification and
concurrent loss in cholesterol efflux and lecithin cholesterol
acyl transferase activating activities, generating a “dysfunc-
tional HDL” particle. We now show that (patho)physiologically
relevant levels ofMPO-catalyzed oxidation result in loss of non-
cholesterol efflux activities ofHDL including anti-apoptotic and
anti-inflammatory functions. One mechanism responsible is
shown to involve the loss of modified HDL binding to the HDL
receptor, scavenger receptor B1, and concurrent acquisition of
saturable and specific binding to a novel unknown receptor
independent of scavenger receptors CD36 and SR-A1. HDL
modification byMPO is further shown to confer pro-inflamma-
tory gainof function activities asmonitoredbyNF-�Bactivation
and surface vascular cell adhesion molecule levels on aortic
endothelial cells exposed to MPO-oxidized HDL. The loss of
non-cholesterol efflux activities and the gain of pro-inflamma-
tory functions requires modification of the entire particle and
canbe recapitulatedbyoxidationof reconstitutedHDLparticles
comprised of apoA1 and nonoxidizable phosphatidylcholine
species. Multiple site-directed mutagenesis studies of apoA1
suggest that the pro-inflammatory activity of MPO-modified
HDL does not involve methionine, tyrosine, or tryptophan, oxi-
dant-sensitive residues previouslymapped as sites of apoA1oxi-
dation within human atheroma. Thus, MPO-catalyzed oxida-
tion of HDL results not only in the loss of classic
atheroprotective reverse cholesterol transport activities of the
lipoprotein but also both the loss of non-cholesterol efflux
related activities and the gain of pro-inflammatory functions.

High density lipoprotein (HDL)3 is a complex mixture of
cholesterol carrying lipoprotein particles built upon a predom-

inantly apolipoprotein A1 (apoA1) backbone. HDL is currently
thought to function primarily in mediating reverse cholesterol
transport (RCT), the net transport of cholesterol from periph-
eral tissues to the liver for ultimate elimination into the intes-
tinal lumen as biliary cholesterol for excretion in feces (1). RCT
involves multiple biochemical processes, including both lipid
poor apoA1 and HDL serving as acceptors of cholesterol efflux
from peripheral cholesterol loaded cells, maturation of HDL
from a nascent relatively cholesterol poor particle into a cho-
lesterol-laden spherical form through interaction with lecithin
cholesterol acyl transferase (LCAT), and delivery of cholesterol
to liver and steroidogenic tissues through the HDL receptor,
scavenger receptor B1 (SR-B1) (2).
Although the RCT related functions of apoA1 and HDL are

thought to primarily account for both the atheroprotective
activity and the strong inverse association of HDL cholesterol
and apoA1 levels and cardiovascular risks, other non-choles-
terol efflux-related activities have also been identified and thus
potentially contribute to the protective functions of HDL (3).
For example, early seminal studies by Chisolm and co-workers
(4) showed anti-inflammatory properties of HDL where the
cytotoxicity of oxidized low density lipoprotein for vascular
endothelial cells and smooth muscle cells in culture could be
prevented by HDL. Subsequent studies by Fogelman and co-
workers (5, 6) have considerably extended upon these findings,
including early demonstration that the anti-inflammatory
function of HDL may become pro-inflammatory during the
acute phase response, such as during acute influenza A infec-
tion. HDL shows anti-inflammatory activities when incubated
with cultured vascular endothelial cells activated by cytokines
(7), and bolus infusion of HDL promotes anti-inflammatory
effects in vivo, such as in a porcinemodel of acute inflammation
(8). More recent studies have demonstrated a critical role for
SR-B1 binding of HDL in mediating many anti-inflammatory
and anti-apoptotic activities of HDL via initiation of a cascade
of downstream signaling pathways involving activation of both
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Akt andMAPKs and eventual endothelial nitric-oxide synthase
(eNOS) activation (9, 10).
Since the initial findings of Van Lenten et al. (5), a growing

body of data support the notion that both acute phase responses
and chronic inflammatory conditions, including cardiovascular
disease (CVD), can renderHDL “dysfunctional” or “pro-inflam-
matory,” lacking in biological activities important in RCT (11,
12). HDL isolated from patients with CVD or chronic inflam-
matory disorders are less effective at preventing low density
lipoprotein-induced monocyte migration in vitro (13). Recent
studies have extended such observations to direct in vivomeas-
ures of RCT, demonstrating that inflammation impairs reverse
cholesterol transport in murine models of endotoxemia (14).
One potential mechanism that may contribute to impair-

ment in HDL function during inflammation and CVD is oxida-
tive modification of the particle by myeloperoxidase (MPO).
Zheng et al. (15, 16) first discovered that MPO, a leukocyte-
derived heme protein implicated in atherosclerosis, binds to
HDL via a specific binding domain on apoA1, promoting selec-
tive targeting of the lipoprotein in human plasma and athero-
sclerotic plaque for oxidative modification and a resultant loss
of cholesterol efflux function. Independent studies have con-
firmed these observations (17, 18) as well as shown that site-
specific oxidative modification of apoA1 within nascent HDL
may inhibit the ability of the particle to activate LCAT, a critical
process inHDL particlematuration and presumably the overall
RCT pathway (19, 20).
Thus far, the functional consequences of MPO-mediated

oxidative modification of HDL have only been linked to inhibi-
tion in the classic atheroprotective functions of the particle,
namely inhibition in cholesterol efflux activity and LCAT acti-
vation. The impact of MPO-catalyzed oxidation of HDL on
alternative processes critical to RCT such as SR-B1 interaction
and non-cholesterol efflux-related activities of the particle
remains unknown.Hereinwe show that apoA1oxidation by the
MPO/H2O2/Cl� system at levels comparable with those
observed within apoA1 recovered from human atheroma
results in total ablation of HDL-mediated anti-apoptotic and
anti-inflammatory activities through a mechanism involving
loss of SR-B1 binding. We further show that MPO-dependent
modification ofHDL confers pro-inflammatory activities to the
intact particle but not individual components ofHDL, resulting
in vascular endothelial cell activation as monitored by both
NF-�B activation and vascular cell adhesion molecule
(VCAM-1) up-regulation and enhanced surface protein
expression. Pathophysiological levels of MPO-catalyzed oxida-
tion ofHDL confer acquisition of saturable and specific binding
activity to an unknown receptor(s) distinct from classic scav-
enger receptors (SR-B1, CD36, and SR-A1) onmultiple primary
and immortalized endothelial cells.

EXPERIMENTAL PROCEDURES

General Procedures—MPO was purified from detergent
extracts of human leukocytes by lectin affinity and gel filtration
chromatography, as described previously (21). HDL (1.063 �
d � 1.21) was isolated by sequential ultracentrifugation from
human plasma as described previously (22). ApoA1 was iso-
lated from the plasma of healthy donors using established

methods (23, 24). Recombinant human apoA1was generated in
anEscherichia coli expression system and isolated by sequential
column chromatographies as described (19). Reconstituted
nascentHDL (rHDL)was prepared using a sodiumcholate dial-
ysis method (25), and mass spectrometry confirmed a particle
with a molar ratio similar to the starting composition of 100:
10:1, POPC:cholesterol: apoA1, and �0.1% residual cholate as
determined by stable isotope dilution mass spectrometry.
rHDL particle size was characterized by native gel electro-
phoresis and dual beam light scattering, confirming a 96 Å par-
ticle size. HDL was iodinated by the method of Bolton and
Hunter (26) to a specific activity of 80 dpm/ng protein and
subsequently modified by the MPO/H2O2/Cl� system as out-
lined below. Protein content was determined by a Lowry assay
(27). Biological materials isolated from the blood of healthy
donors (e.g.MPO, HDL, apoA1) were performed under proto-
cols approved by the Cleveland Clinic Institutional Review
Board, and all of the participants gave written informed
consent.
MPO Modification of HDL and apoA1—MPO-mediated

modification of HDL and apoA1 was carried out as described
previously at a mol ratio of 10 mol of H2O2/mol of apoA1 (16).
Protein bound chlorotyrosine (ClTyr) was quantified by stable
isotope dilutionHPLCwith on-line electrospray ionization tan-
dem mass spectrometry using an API 4000 triple quadrupole
mass spectrometer (Applied Biosystems, Foster, CA) interfaced
with a Cohesive HPLC (Franklin, MA) with Ionics redesigned
source as an upgrade (21).
Mice and Isolation of Mouse Peritoneal Macrophages—All

animal studies were approved by the Institutional Animal Care
and Utilization Committee of Cleveland Clinic. All of the mice
used were on a C57Bl6/J background (�10 generations) and
maintained on normal chow. CD36 knock-out (KO), SR-A1
KO, andCD36/SR-A1 double knock out (DKO)mice were gen-
erously provided by Dr. Maria Febbraio (Cleveland Clinic).
Mice peritoneal macrophages (MPMs) were elicited by thiogly-
collate injection as previously described (28). MPMs were cul-
tured in RPMIwith 10% fetal bovine serumovernight, and non-
adherent cells were removed by washing.
Functional Characterization of MPO-modified HDL—Cho-

lesterol efflux (total) and LCAT activity were determined as
previously described (19, 29). Human umbilical vein endothe-
lial cells (HUVEC) were serum-deprived for 6 h with simulta-
neous incubation with 500 �g of protein/ml of HDL or 500 �g
of protein/ml oxidized HDL.Where indicated, individual com-
ponents (lipids extracted by the Bligh-Dyermethod (30), delipi-
dated apoA1 or POPC small unilamellar vesicles) were added.
After 6 h, apoptosis was measured with an annexin V-fluores-
cein isothiocyanate apoptosis detection kit (BD Pharmingen,
Franklin Lakes, NJ) or APO-BRDU kit (BD Biosciences). Flow
cytometry of labeled cells was performed on a FACScan. An
alternate endothelial cell type, bovine aortic endothelial cells
(BAEC), and an alternate apoptogenic trigger, UV irradiation
(254 nm, 12.4 watts, for 10 min), were used where indicated.
Surface VCAM-1 protein levels were determined in HUVEC
(TNF-�-induced VCAM-1) and BAEC (no TNF-� addition).
The cells were incubatedwith 500�g of protein/ml ofHDL, 500
�g of protein/ml of oxidized HDL or, where indicated, individ-
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ual protein and lipid components for 6 h. After three washes
with phosphate-buffered saline, the cells were fixed in 4%
paraformaldehyde on ice for 30 min. Surface VCAM-1 protein
was determined using anti-VCAM-1 primary antibody (Santa
Cruz Biotechnology, Santa Cruz, CA) with sheep anti-mouse
horseradish peroxidase (GE Healthcare) as a secondary anti-
body, detection by SureBlue tetramethylbenzidine peroxidase
substrate (KPL, Gaithersburg, MD) and measuring absorbance
at 450 nm on a 96-well plate reader (Spectramax 384 Plus;
Molecular Devices, Sunnyvale, CA) after the addition of 1 M

HCl to stop the reaction. Caspase-3 activity in HUVEC was
determined as described previously (9). Conversion of tritium-
labeled arginine (GE Healthcare) to citrulline was used as a
measure of eNOS activity. HUVEC were treated with the indi-
cated protein concentrations of HDL or oxHDL for 10min, and
the media were collected and spun down to pellet debris. Argi-
nine and citrulline separation was achieved by HPLC, and the
[3H]citrulline peak was quantified by liquid scintillation count-
ing. BAECwere treated with HDL or oxidized HDL for 6 h, and
NF-�B activation inwhole cell extracts was determined by elec-
trophoretic mobility shift assay (EMSA) with supershift
detected using antibody specific to p65 subunit of NF-�B (31).
I�B kinase (IKK) activity was determined by immunoprecipita-
tion of the IKK complex using IKK� antibody, followed by per-
formance of a kinase assay using recombinant GST-I�B-�(1–
54) and [32P]ATP as substrates, as described previously (32). As
an additional specificity control, recombinant mutant GST-
I�B-� where serines 32 and 36 were mutated to alanine was
generated and used as substrate.
SR-B1 Specific Binding Assay of HDL and MPO-oxidized

HDL—Binding to SR-B1 was assessed as described previously
(33). HEK 293T cells transfected with SR-B1 or pCGCG vector
(34) were incubated with radiolabeled HDL or oxidized HDL
for 1.5 h at 4 °C. Binding to wild type and knock-outMPMswas
performed as described previously (35). Specific binding was
calculated as total binding minus binding in the presence of
30-fold excess of unlabeled HDL (nonspecific binding). Com-
petition binding experiments with 125I-labeled oxidized HDL
isolated from plasma and oxidized rHDL synthesized with the
panTrp3Phemutant apoA1were performed at 30-foldmolar
excess of the unlabeled ligands.
Statistical Analysis—All of the experiments were performed

at least three times. The results are reported as themeans� S.E.
of at least triplicate determinations. Student’s two-tailed t test
was used for statistical analyses, and p � 0.05 was considered
significant. Nonlinear regression was used to fit binding curves
with GraphPad Prism 5.0 software.

RESULTS

HDL Oxidative Modification by (Patho)physiologically Rele-
vant Levels of theMPO/H2O2/Cl� System Inhibits theAnti-apo-
ptotic Activity of the Lipoprotein—In initial studies, we sought
to test the hypothesis thatHDLoxidation by (patho)physiologi-
cally relevant levels of theMPO/H2O2/Cl� system resulted in a
loss of anti-apoptotic activity concurrent with loss of classic
cholesterol efflux and LCAT activation properties of the parti-
cle. To do so we first exposed isolated humanHDL to theMPO
oxidant system and confirmed that exposure to the complete

MPO/H2O2/Cl� system resulted in the loss of HDL-dependent
cholesterol efflux activity when the modified lipoprotein was
incubated with cholesterol-loaded macrophages (Fig. 1A), as
well as inhibition of LCAT-catalyzed cholesteryl ester forma-
tion (Fig. 1B). MPO is the only known enzyme in mammals
capable of generating chlorinating oxidants, enabling quantifi-
cation of protein-bound ClTyr levels to serve as a specific
“dosimeter” of exposure to MPO-mediated oxidation in vivo
(36). The specificity of ClTyr as a post-translational modifica-
tion of proteins formed by MPO-generated chlorinating oxi-
dants has been confirmed in multiple models of inflammation
using MPO knock-out mice (21, 37), with human MPO trans-
genic mice (38), and in studies employing neutrophils from
MPO-deficient human donors (39). We therefore quantified
ClTyr levels in the MPO-oxidized HDL preparations and con-
firmed that the degree of oxidation produced in vitro (Fig. 1C) is
comparablewith levels previously observed in apoA1 recovered
from human atherosclerotic aortic tissues, where ClTyr levels
as high as 25 mmol of ClTyr/mol of Tyr have been observed
(15). Functional impairment in HDL-mediated cholesterol
efflux and LCAT activity and parallel increases in HDL apoA1
ClTyr content showed an absolute requirement for the pres-
ence of each of the components of the oxidation system (MPO,
H2O2, andCl�) because eliminating any one of the components
inhibited ClTyr production and functional impairment in the
classic cholesterol transporting functions of HDL (Fig. 1). For
all subsequent functional characterization studies described
below for HDL exposed to MPO-catalyzed oxidation, the
oxHDL preparations used were first similarly characterized by
mass spectrometry to confirm that the degree of oxidation was
pathophysiologically relevant (as indicated by levels of ClTyr
within range observed for apoA1 recovered from human arte-
rial tissues) and to be accompanied by significant impairment in
cholesterol efflux and LCAT activating activities.

FIGURE 1. Oxidation of HDL by the MPO/H2O2/Cl� system has functional
consequences for classic atheroprotective activities of HDL. A, RAW mac-
rophages were loaded with [3H]cholesterol and incubated for 6 h with 100 �g
of protein/ml of HDL, HDL oxidized by the complete MPO/H2O2/Cl� system
(oxHDL), or HDL exposed to the indicated components of the complete MPO
system. The percentage cholesterol efflux was determined as described
under “Experimental Procedures.” B, demonstration that MPO-catalyzed oxi-
dation of reconstituted nascent HDL inhibits LCAT activating activity. C, the
content of protein bound chlorotyrosine on HDL exposed to the MPO/H2O2/
Cl� system (or the indicated components) was determined by stable isotope
dilution liquid chromatography-tandem mass spectrometry as described
under “Experimental Procedures.” The arrow indicates the upper range of
chlorotyrosine content reported in apoA1 recovered from human atheroscle-
rotic plaque (15). The results represent the means of triplicate determinations
of a representative experiment performed at least three times.
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HUVECs undergo apoptosis upon serum deprivation, and
previous studies have shown that isolated humanHDL, but not
low density lipoprotein, inhibits serum starvation-induced
endothelial cell apoptosis (40). In cells that were serum-de-
prived for 6 h, the level of apoptosis as measured by both
annexin staining (Fig. 2A) and TUNEL (Fig. 2B) increased
nearly 3-fold. As expected, simultaneous incubation with 500
�g of protein/ml of isolated HDLmarkedly reduced the level of
endothelial cell apoptosis. In contrast, the same concentration
of MPO-oxHDL was ineffective at preventing HUVEC apopto-
sis (Fig. 2,A andB). Further, anti-apoptotic activity required the
presence of the intact native particle because co-incubation of
comparable levels of isolated human plasma-derived apoA1
and liposomes generated from HDL lipids failed to promote
anti-apoptotic effect (Fig. 2).
Because plasma HDL is a heterogeneous group of lipopro-

teins (41) with varying lipid composition, we next sought to
identify the components of the lipoprotein involved in the anti-
apoptotic activity. rHDL was prepared using human apoA1

(isolated from plasma) as the sole protein and the relatively
oxidant-resistant lipid POPC as the sole phospholipid. Expo-
sure of serum-starvedHUVEC to 500�g of protein/ml of rHDL
recapitulated the anti-apoptotic activity observed with isolated
human plasma derived HDL, demonstrating that an intact par-
ticle comprised of only apoA1 and a relatively nonoxidizable
phosphatidylcholine molecular species was all that is needed
for facilitating the anti-apoptotic activity of HDL (Fig. 2). Inter-
estingly, oxidation of rHDLwithMPO resulted in the loss of the
anti-apoptotic effect (Fig. 2, A and B). Similar behavior for
rHDL versus oxidized rHDL and the loss of macrophage cho-
lesterol efflux activity and LCAT activation were also observed
(data not shown). The similar anti-apoptotic activity of plasma
HDL and rHDL but not with isolated apoA1 or HDL lipid lipo-
somes, highlights the importance of the structural integrity of
HDL for its anti-apoptotic activity, as well as the likelihood that
oxidation of the protein (apoA1) and not the lipid component
of rHDL is responsible for ablating the anti-apoptotic effect.
To further explore the generality of these observations, the

anti-apoptotic activities of isolated human HDL versus MPO-
generated oxHDLwere examined usingmultiple distinct endo-
thelial cells (HUVECs, BAECs, and human aortic endothelial
cells) to alternative apoptogenic triggers. Ultraviolet light expo-
sure is a classic apoptogenic trigger.When each of the endothe-
lial cell lines were irradiated with 254-nm UV light, a nearly
10-fold increase in apoptosis was observed, which was mark-
edly attenuated by concomitant addition of 500 �g of pro-
tein/ml of isolated humanHDL. In contrast, neitherMPO-gen-
erated oxHDL nor the individual components of native HDL
(isolated lipid poor apoA1 or liposomes produced from HDL
extracted lipids) reduced the rate of apoptosis significantly (Fig.
2, C and D; data for only HUVECs and BAECs shown).
HDLModified by MPO Loses Its Capacity to Inhibit Caspase

Activation and to Activate Endothelial Nitric-oxide Synthase
Activity—One of the mechanisms that accounts for the anti-
apoptotic effect of HDL is its ability to inhibit caspase-3 activa-
tion, the terminal caspase that mediates proteolytic cleavage of
key cellular proteins (9). Because pathophysiologically relevant
levels of MPO-catalyzed oxidation of HDL causes the lipopro-
tein to lose its anti-apoptotic activity, we decided to measure
the ability of native versus MPO-oxidized HDL to inhibit
caspase-3 activation. Under serum starvation conditions, HDL
inhibited caspase-3 activation, whereas HDL modified by the
complete MPO oxidation system failed to inhibit caspase-3
activity (Fig. 3A). Previous investigations have also shown that
the mechanism whereby HDL exerts anti-apoptotic activity
originates withHDL binding to its receptor, SR-B1, followed by
activation of signaling pathways involving the survival kinases
Akt and MAPK, which phosphorylate and activate eNOS (10).
Activation of eNOS results in simultaneous production of nitric
oxide, which is protective against apoptosis, and the co-product
citrulline. We therefore next examined the ability of native
HDL versus oxHDL to activate eNOS. [3H]Citrulline produc-
tion from tracer levels of [3H]arginine was used as a means of
gauging the activity level of eNOS following exposure of
HUVEC to HDL versusHDL exposed to the MPO oxidant sys-
tem. As expected, HDL treatment of HUVEC lead to activation
of eNOS as indicated by the increased conversion of arginine to

FIGURE 2. HDL protects HUVEC and BAEC from multiple apoptogenic trig-
gers, whereas MPO-oxidized HDL fails to do so. A, HUVEC were placed in
serum-free medium along with the indicated treatments for 6 h. B, apoptosis
was quantified by either annexin positive staining by flow cytometry or
TUNEL staining. C and D, HUVEC and BAEC were exposed to 254-nm UV irra-
diation for 10 min followed by incubation with the indicated treatments for
6 h. Apoptosis was quantified by TUNEL staining. The results represent the
means of triplicate determinations of a representative experiment performed
at least three times.
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citrulline (Fig. 3B). In contrast, endothelial cell exposure to
oxHDL failed to induce eNOS activation (Fig. 3B). Inhibition of
both caspase-3 and eNOS activation by oxHDL was only seen
upon incubation with HDL exposed to the complete MPO/
H2O2/Cl� system because omission of any individual compo-
nent permitted HDL to retain its anti-apoptotic activity.
MPO-dependent Oxidation of HDL Inhibits the Anti-inflam-

matory Properties of the Particle as Monitored by Inhibition in
TNF-�-induced VCAM-1 Protein Expression in Endothelial
Cells—VCAM-1 is involved in the development of atheroscle-
rosis by mediating the migration and extravasation of leuko-
cytes across the vascular endothelium (42, 43). HDL is reported
to inhibit VCAM-1 expression in endothelial cells (4) in an
SR-B1-specific manner (44). We hypothesized that MPO-de-
pendent oxidative modification of HDL may inhibit this anti-
inflammatory and atheroprotective activity ofHDL.When acti-
vated with TNF-�, HUVEC surface VCAM-1 protein levels
increased 3-fold (Fig. 4A). HDL pretreatment (500 �g of pro-
tein/ml) resulted in a significant decrease in TNF-�-stimulated
surface VCAM-1 protein (Fig. 4A), attesting to the anti-inflam-
matory actions of the lipoprotein. Remarkably, incubation of
endothelial cells with MPO-oxidized HDL did not inhibit, but
rather, further enhanced TNF-�-induced VCAM-1 protein
expression in HUVEC, with the surface VCAM-1 level increas-

ing nearly 5-fold. The marked increase in TNF-�-induced
VCAM-1 protein expression promoted by co-incubation of
HDL modified by MPO required the complete MPO oxidant
system because elimination of any one of the components dur-
ing the oxidation reaction (MPO,H2O2, andCl�) lead to failure
to confer pro-inflammatory activity to the particle (Fig. 4A).
Exposure of HDL to the MPO/H2O2/Cl� System Confers a

Pro-inflammatory Gain of Function Activity to the Modified
Particle—The increased VCAM-1 surface expression noted on
endothelial cells exposed to oxHDL beyond levels observed
with TNF-� activation suggested that oxHDL may activate
endothelial cells independent of TNF-� stimulation. To test
this hypothesis, BAECs were cultured in medium supple-
mentedwith increasing concentrations of eitherHDL orMPO-
generated oxHDL in the absence of cytokine agonists, and sur-
face levels of VCAM-1 protein were determined (for reference,
normal plasma levels of apoA1 are 1200–1600 �g of protein/
ml). Exposure to oxHDL induced over a 4-fold increase in endo-
thelial cell surface VCAM-1 protein within 6 h, whereas expo-
sure to native HDL failed to increase surface VCAM-1 protein
(Fig. 4B). oxHDL-induced increase in surface VCAM-1 protein
was dose-dependent (Fig. 4B) and required HDL modification
by the complete oxidation system to confer the pro-inflamma-
tory activity to the lipoprotein (Fig. 4C). Similar to the choles-
terol efflux, LCAT activating, anti-apoptotic, and anti-inflam-
matory activities ofHDL, the newly acquired pro-inflammatory
activity of oxHDL was only observed with a structurally intact
lipoprotein particle and could be recapitulated with reconsti-
tuted HDL particles generated with nonoxidizable phospho-
lipid species but not oxidation of either lipid poor apoA1 or
HDL lipids (Fig. 4D).
MPO-modified HDL Activates Endothelial Cell NF-�B in

BAEC and Induces the Phosphorylation of I�B�—VCAM-1
expression is strongly influenced by the transcription factor
NF-�B (45). Previous studies have demonstrated that HDL can
inhibit TNF-�-induced activation of NF-�B (46). We therefore
next tested the hypothesis that exposure of BAECs to oxHDL
induces NF-�B activation. Although incubation of BAEC with
HDL did not activate NF-�B, treatment with MPO-oxidized
HDL induced NF-�B activation in a time-dependent manner
(from between 1 and 6 h of oxidized HDL exposure), as deter-
mined by EMSA (Fig. 5A). Also, immunoblot analysis revealed
phosphorylation of I�B� on I�B conserved serine residues 32
and 36, a hallmark of IKK activity, which is immediately
upstream of NF-�B activation (47) (Fig. 5A). To verify that the
DNA-protein complex was indeed NF-�B, an antibody specific
to the p65 subunit of NF-�B was used and demonstrated a
“supershift,” whereas an irrelevant control IgG antibody did not
(Fig. 5A). MPO-generated oxHDL-induced NF-�B activation
required the complete oxidation system; when MPO, H2O2, or
Cl� was eliminated during the oxidation reaction, the HDL
failed to be oxidized and did not activate NF-�B (Fig. 5B). IKK
antibody-specific immuno-pulldown coupled kinase assays
using I�B� as a specific substrate for IKK demonstrated that
oxidized HDL treatment of BAEC activates the IKK complex
(Fig. 5C).
Mechanism of Loss of Anti-apoptotic and Anti-inflammatory

Activities of oxHDL Involves Loss of Binding to the HDL Recep-

FIGURE 3. Exposure of HDL to the MPO oxidant system inhibits the anti-
apoptotic activity of the particle as monitored by loss of capacity to both
inhibit caspase-3 activity and induce eNOS activity. A, serum starvation of
HUVEC for 24 h increases endothelial cell caspase-3 activity. The anti-apopto-
tic activity of HDL as monitored by inhibition in caspase-3 activation. The
anti-apoptotic activity of HDL exposed to the complete MPO/H2O2/Cl� sys-
tem is also shown. B, the capacity of HDL or HDL previously exposed to the
MPO/H2O2/Cl� system to activate endothelial cell eNOS was determined by
monitoring [3H]citrulline formation from [3H]arginine as described under
“Experimental Procedures.” The results represent the means of triplicate
determinations of a representative experiment performed at least three
times.
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tor, SR-B1—SR-B1 is the physio-
logic HDL receptor (48). Previous
studies have shown that HDL bind-
ing to SR-B1 is a prerequisite step in
the signaling cascade that leads to
phosphorylation and activation of
eNOS, inhibition of caspase-3, and
subsequent anti-apoptotic activity
of HDL (9, 10). SR-B1 binding has
also been shown to mediate the
anti-inflammatory activities of the
particle (49). We hypothesized that
a possible mechanism accounting
for the loss of anti-apoptotic and
anti-inflammatory activities of
MPO generated oxHDL could be
the loss of binding to SR-B1, thus
accounting for why the modified
particle no longer could turn on the
survival pathway that protects en-
dothelial cells from apoptosis or
activate eNOS. Consistent with this
notion, binding studies in 293T cells
transfected with SR-B1 showed that
HDL binds to SR-B1 in a saturable
and specific manner, whereas HDL
modified by (patho)physiologic lev-
els of MPO-catalyzed oxidation can
no longer bind to SR-B1, even at
high concentrations (Fig. 6, top
panel).
Oxidized HDL Acquires Satura-

ble and Specific Binding Activity to
Endothelial Cells via a Receptor(s)
Independent of the Scavenger Recep-
tors CD-36 and SR-A1—Although
the loss of SR-B1 binding could
account for the loss of anti-apopto-
tic and anti-inflammatory activi-
ties of oxidized HDL, it does not
satisfactorily explain the gain of pro-
inflammatory function observed
withMPO-modified HDL. Interest-
ingly, despite the loss of SR-B1 bind-
ing activity, oxHDL demonstrated
saturable and specific binding to
endothelial cells, consistent with
recognition by an alternative recep-
tor(s) (Fig. 6, bottom panel). We
hypothesized that the scavenger
receptors CD36 and SR-A1, pattern
recognition receptors with broad
ligand specificity, may facilitate the
observed specific binding of oxHDL
to endothelial cells. This was a
particularly attractive hypothesis
because these scavenger receptors
have been linked to both recogni-

FIGURE 4. HDL oxidized by physiologically relevant levels MPO-generated oxidants inhibits the
anti-inflammatory activity of the particle in HUVEC and promotes VCAM-1 protein expression in
BAEC independent of TNF-�. A, HUVEC surface VCAM-1 protein expression was quantified by enzyme-
linked immunosorbent assay in the absence and presence of TNF� as described under “Experimental
Procedures.” In parallel, the impact of concomitant incubation with 500 �g of protein/ml of HDL, HDL
previously exposed to the complete MPO/H2O2/Cl� system (oxHDL), or HDL incubated with the indicated
components of the MPO/H2O2/Cl� system, on HUVEC surface VCAM-1 protein levels was determined by
enzyme-linked immunosorbent assay as described under “Experimental Procedures.” *, p � 0.05. B, BAEC
were incubated with the indicated concentrations of isolated human HDL or HDL exposed to the complete
MPO/H2O2/Cl� system (oxHDL), and VCAM-1 surface protein levels were determined as described under
“Experimental Procedures.” C, BAEC were incubated with 500 �g of protein/ml of HDL previously exposed
to the indicated components of the MPO oxidation system and surface VCAM-1 protein levels were
determined by enzyme-linked immunosorbent assay as described under “Experimental Procedures.”
D, BAEC were incubated for 6 h with 500 �g of protein/ml of HDL, oxHDL, isolated human apoA1, apoA1
previously exposed to the complete MPO/H2O2/Cl� system (oxApoA1), lipid extract of HDL, small unila-
mellar vesicles (SUV) comprised of POPC, lipid extract of oxHDL, POPC small unilamellar vesicles exposed
to the complete MPO/H2O2/Cl� system (oxPOPC), reconstituted nascent HDL (rHDL), or rHDL exposed to
the complete MPO/H2O2/Cl� system (ox rHDL), and then cell surface VCAM-1 protein levels in BAEC were
determined as described under “Experimental Procedures.” NA represents “no addition.” All of the results
represent the means of triplicate determinations of a representative experiment performed at least three
times.
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tion of modified lipoproteins and the pathogenesis of athero-
sclerosis (50, 51). However, binding studies with MPO-gener-
ated oxHDL and mouse peritoneal macrophages excluded a
potential role for either CD36 or SR-A1 as a receptor for the
modified particle because the absence of each receptor individ-
ually (Kd for binding of oxHDL to CD36 knock out (KO) mac-
rophages was 42� 13.6 �g/ml, andKd for binding of oxHDL to
SR-A1 KO macrophages was 30 � 8.2 �g/ml), as well as in
combination in cells recovered from the double knock-out
failed to alter the observed saturable and specific binding of
oxHDL to cells (Fig. 7).
Methionine, Tyrosine, and Tryptophan Residues Identified as

Targets for MPO-catalyzed Oxidation of HDL in Vivo Do Not
Appear to Participate in oxHDL Binding to Endothelial Cells—
In a final series of studies, we sought to identify potential resi-
dues on apoA1 within nascent HDL that may participate in the
acquisition of saturable and specific binding to endothelial
cells upon exposure to MPO-generated halogenating oxi-
dants. MPO-generated halogenating oxidants can poten-
tially modify any amino acid residue via amide bonds and
susceptible groups on side chains, including Cys, Met, Trp,
His, Lys, Arg, and Gln. Multiple site-specific oxidative mod-
ifications to apoA1 that occur within human atherosclerotic
plaque have been extensively mapped through proteomics
studies (16, 52). Although the inventory of residues targeted
for oxidation in vivo is by no means complete, we hypothe-
sized that one or more of the residues already identified as
targets of oxidation through in vitro and in vivo studies may
participate in the acquisition of saturable and specific bind-
ing upon HDL oxidation. To test this hypothesis, we exam-
ined the binding characteristics of rHDL generated with dis-
tinct site-directed mutant forms of apoA1. In addition to
recombinant wild type human apoA1 as control, three
mutants were prepared for study: one in which all four tryp-
tophan residues (Trp-8, -50, -72, and -108) are converted to
phenylalanine (4WF); a second in which all three methionine
residues (Met-86, -112, and -148) are converted to valine
(3MV); and third in which all seven tyrosine residues (Tyr-
18, -29, -100, -115, -166, -192, and -236) are converted to
phenylalanine (7YF). Cholesterol efflux studies with equiva-
lent levels of wild type apoA1 versus each of these individual
mutant forms of apoA1 (the amount of lipid free apoA1 used,
5 �g/ml, was chosen based on the concentration curve in Fig.
8A) showed that the lipid free protein possessed comparable
cholesterol efflux activity (Fig. 8B). Upon exposure to the

FIGURE 5. MPO-oxidized HDL induces bovine aortic endothelial cell
NF-�B activation, IKK activation, and phosphorylation of I�B�. A, BAEC
were incubated with TNF� for 30 min (first through third lanes), media only
(NA), HDL for 3 h, or oxHDL for the indicated times. EMSA for NF-�B activation
were then performed in whole cell lysates as described under “Experimental
Procedures.” Where indicated, the lysates were also incubated with anti-
NF-�B p65 or isotype control IgG and supershift (SS) of the NF-�B complex
monitored. Parallel immunoblots (IB) were generated using phosphoserine
32- and 36-specific I�B-� antibody (p-I�B-�), demonstrating phosphorylation
of I�B-� on serines 32 and 36 in oxHDL-treated cells. Immunoblot with spe-
cific antibody to I�B-� is also shown, along with a immunoblot of lysates
probed with anti-�-actin to demonstrate equal loading in each lane. B, EMSA
analysis of BAEC lysates as in A except that the cells were exposed to HDL
modified by the complete MPO/H2O2/Cl� system (oxHDL) or the complete
oxidant system minus the indicated components (i.e. �MPO, �H2O2, or
�Cl�). Note that BAEC NF-�B activation is only observed by exposure to HDL
previously incubated with the complete MPO/H2O2/Cl� system because
eliminating any one of the components of the oxidation system produces a

HDL particle that fails to activate endothelial cell NF-�B. C, BAEC were incu-
bated with TNF� (30 min) as positive control, media alone (NA) as negative
control, or either HDL (3 h) or HDL previously exposed to the complete MPO/
H2O2/Cl� system (oxHDL, 2 or 3 h). IKK activity was then determined in BAEC
lysates using IKK-specific immuno-pulldown coupled kinase assay (KA). IKK
complex was immunoprecipitated with antibody to IKK�, and kinase activity
using recombinant GST-I�B�(1–54) and [32P]ATP as substrate was performed
as described under “Experimental Procedures.” Note that I�B� is phosphor-
ylated in response to stimulation by TNF� and oxHDL but not HDL. Specificity
of the kinase reaction was confirmed by demonstrating failure of the site-
specific mutant GST-I�B-�(1–54) (32A/36A) to be phosphorylated in TNF�-
stimulated extracts. Parallel immunoblots using antibodies specific to either
IKK� or �-actin are also shown. Equivalent levels of GST-I�B-� substrate addi-
tion to the IKK complexes are shown by Coomassie Blue (CB) staining. NA
refers to “no addition.”
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MPO/H2O2/Cl� system, the pan Trp3 Phe mutant demon-
strated resistance to oxidative inactivation of cholesterol
efflux activity as previously reported (49), whereas each of
the alternative mutant forms showed sensitivity similar to
that of wild type for MPO-dependent oxidative functional
inactivation (Fig. 8B), consistent with prior published obser-
vations (29). As expected, both wild type and all rHDL forms
containing the site-directed mutant forms of apoA1 did not
show VCAM-1 activation upon incubation with endothelial
cells in the nonoxidized form. Interestingly (unfortunately),
upon MPO-catalyzed oxidation, all of the rHDL generated
with mutant apoA1 behaved similarly to wild type rHDL,
promoting endothelial cell surface expression of VCAM (Fig.
8C). In a final series of studies we sought to confirm that
VCAM up-regulation induced by binding oxHDL versus oxi-
dized mutant forms of rHDL occurred via the same potential
receptor. Competition binding studies were therefore per-
formed within BAEC. Binding of [125I]oxHDL was substan-
tially inhibited in the presence of a 30-fold molar excess of

nonlabeled oxidized pan Trp3 Phe mutant rHDL (Fig. 8D),
indicating that binding of the two oxidized lipoproteins
occurs via the same receptor(s). Collectively, these studies
suggest that methionines, tyrosines, and tryptophans, resi-
dues identified as targets for MPO-catalyzed oxidation in
vivo, do not participate in the acquisition of pro-inflamma-
tory gain of function phenotype conferred to HDL following
exposure to (patho)physiological levels of the MPO/H2O2/
Cl� system.

DISCUSSION

Taken together, the present studies show that the biolog-
ical consequence of MPO-catalyzed oxidation of HDL
extends well beyond the classic RCT-related activities of
cholesterol efflux and LCAT activation. New insights shown
into how MPO catalyzed oxidation of HDL affects the non-
cholesterol efflux activities of the lipoprotein include: (i) the
discovery that oxidation of HDL by MPO to pathophysi-
ologically relevant levels results in the loss of binding to the
HDL receptor SR-B1; (ii) the discovery that loss of oxHDL
binding to SR-B1 ultimately results in loss of ability of
oxHDL to activate eNOS and inhibit caspase-3 and is the
mechanism contributing to the loss of anti-apoptotic activity
of the lipoprotein; (iii) the discovery that pathophysiologi-
cally relevant levels of MPO catalyzed oxidation of HDL gen-
erate a particle that not only loses its anti-inflammatory
activity but also gains a pro-inflammatory function as mon-
itored by endothelial cell VCAM-1 protein up-regulation
and NF-�B activation via activation of the IKK complex; (iv)
the demonstration that the mechanism underlying the gain
of function pro-inflammatory activity of oxHDL is the acqui-

FIGURE 6. MPO-oxidized HDL fails to bind to the physiologic HDL recep-
tor SR-B1 and gains binding to an alternate receptor on endothelial cells.
Top, specific binding of HDL and HDL previously oxidized by exposure to the
complete MPO/H2O2/Cl� system (oxHDL) were determined on 293T human
embryonic kidney cells transiently transfected with either human SR-B1 or
vector as described under “Experimental Procedures.” Bottom, specific bind-
ing of HDL previously modified by the complete MPO/H2O2/Cl� system
determined using BAECs as described under “Experimental Procedures.” The
results represent the means of triplicate determinations of a representative
experiment performed at least three times.

FIGURE 7. The scavenger receptors CD36 and SR-A1 do not recognize HDL
modified by the MPO/H2O2/Cl� system. Specific binding of HDL previously
modified by the complete MPO/H2O2/Cl� system (oxHDL) to the indicated
MPMs was determined as described under “Experimental Procedures.” Note
that oxHDL binds equally well to wild type MPMs (A) and DKO MPMs (B). The
results represent the means of triplicate determinations of a representative
experiment performed at least three times.
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sition of saturable and specific binding to an as yet unrecog-
nized receptor(s) that is distinct from the scavenger recep-
tors CD36 and SR-A1; and (v) the demonstration that the
pro-inflammatory activity of oxHDL is mediated by apoA1

residues that are distinct from those involved in the loss of
cholesterol efflux and the loss of LCAT binding and activa-
tion activity.
An intriguing finding in the present studies is the acquisi-

tion of saturable and specific binding of MPO-generated
oxHDL to an alternative as of yet unrecognized receptor on
endothelial cells. Studies with cells from CD-36 KO, SR-A1
KO, and DKO mice unambiguously show that the classic
scavenger receptors CD-36 and SR-A1 do not participate in
binding because the apparent binding affinity of the modi-
fied HDL did not change upon exposure to cells from the
genetically engineered strains. Moreover, the ability to reca-
pitulate specific and saturable binding to endothelial cells,
NF-�B activation, and up-regulation in VCAM expression,
using oxidized reconstituted HDL comprised of only human
apoA1 and the relatively nonoxidizable phospholipid POPC,
but not oxidized individual components of the particle, is
consistent with recognition of a new structural motif gener-
ated on the apolipoprotein following oxidant exposure.
Unfortunately, attempts to identify the precise modified res-
idue(s) on apoA1 that facilitate the saturable and specific
binding to endothelial cells have thus far proven inconclu-
sive. It was somewhat surprising that many residues previ-
ously identified as targets for oxidation on apoA1 in vitro and
in vivo byMPO are not apparently involved in binding. How-
ever, there are numerous alternative oxidant-sensitive
groups within apoA1 that are no doubt targets for HOCl-
mediated oxidation whose products may mediate binding to
the alternate receptor. For example, the amine moiety of
lysine (apoA1 has 21 lysines) and the N terminus are highly
reactive with hypochlorous acid forming chloramines, sec-
ondary reactive chlorinating species that can further react
with adjacent susceptible groups or decompose intomultiple
alternative species. In prior studies we have shown that the
N�-chloramine formed by HOCl-dependent oxidation of
N�-amine groups on lysine of apoA1 can form 2-aminoadipic
acid (29). Moreover, N�-dichloramine formation is also a
relatively facile reaction, although the final decomposition
product(s) formed are less clear. In model dipeptide systems
where halogenation of the N termini formed N�-dichlora-
mines, nitriles were one of the observed products (54). Alter-
natively, chlorination of the N termini of target proteins has
also been reported to generate multiple deamination deri-
vatives (54). Even the amide bond itself within a polypeptide
is a potential target for halogenation by HOCl, forming chlo-
ramides. Further studies are needed to define the identity of
the receptor recognizing oxHDL and to better understand at
the structural level the features responsible on oxHDL that
promote binding to the endothelial cell receptor(s) and sub-
sequent NF-�B activation with a resultant gain of pro-in-
flammatory activity.
In summary, the present studies identify furthermechanisms

wherebyMPO-mediated oxidative reactions may contribute to
the pathogenesis of CVD.MPO levels have been shown inmul-
tiple studies to track with incident risks of CVD events in sub-
jects (53, 55–57). The present studies may help to explain prior
reports of pro-inflammatory HDL in the acute phase setting, as
well as during chronic inflammation such as in CVD. MPO is

FIGURE 8. ApoA1 tyrosine, tryptophan, and methionine residues do not
appear to be involved in endothelial activation by MPO-oxidized HDL.
A, dose-response curve of isolated human apoA1-mediated cholesterol efflux
activity (ABCA1-dependent) from cholesterol-laden RAW macrophages.
B, ABCA1-mediated cholesterol efflux activity of various apoA1 in the absence
versus presence of MPO-catalyzed oxidation was examined in RAW macro-
phages at subsaturating levels of protein (5 �g/ml). ApoA1 forms used
included isolated human apoA1 (h-ApoA1), recombinant human apoA1 (rh-
ApoA1), and the indicated site-directed mutant forms of recombinant human
apoA1. 4WF represents recombinant human apoA1 in which the endogenous
tryptophans at residues 8, 50, 72, and 108 were converted to phenylalanine.
3MV represents recombinant human apoA1 in which endogenous methioni-
nes at residues 86, 112, and 148 were converted to valine. 7YF represents
recombinant human apoA1 in which endogenous tyrosines at residues 18,
29, 100, 115, 166, 192, and 236 were converted to phenylalanine. Note that
oxidation by the complete MPO system substantially inhibits ABCA1-me-
diated cholesterol efflux from all apoA1 forms examined except for the
oxidant-resistant 4WF mutant. C, recombinant HDL (rHDL) were gener-
ated using each of the recombinant human apoA1 forms indicated in B.
The capacity of the indicated rHDL to promote BAEC activation in native
form versus following oxidation by the MPO/H2O2/Cl� system was then
determined by quantifying endothelial cell VCAM-1 surface protein levels.
NA refers to “no addition.” Wt refers to rHDL generated with the wild type
human sequence for apoA1. D, competition binding data demonstrating
that excess MPO-oxidized rHDL generated with the 4WF apoA1 mutant
significantly inhibits binding of oxHDL to BAECs. The results represent the
means of triplicate determinations of a representative experiment per-
formed at least three times.
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the most abundant protein within neutrophils and monocytes
and is classically used as a quantitative index of acute inflam-
mation and leukocyte activation. Two novel targets for phar-
macologic inhibition are suggested by the present studies. The
first is MPO itself, to inhibit formation of dysfunctional HDL
forms. The second and equally intriguing possibility is to inhibit
MPO-generated oxHDL binding to the as of yet unrecognized
receptor. Finally, the present studies lend further support to the
idea that it is both the quality and the quantity of HDL that is
important for understanding its overall biological functions in
CVD.
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