
ANTIOXIDANTS & REDOX SIGNALING
Volume 9, Number 9, 2007
© Mary Ann Liebert, Inc.
DOI: 10.1089/ars.2007.1663

Forum Review

Role of Redox Regulation and Lipid Rafts in Macrophages
During Ox-LDL–Mediated Foam Cell Formation
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ABSTRACT

Hyperlipidemias and small dense LDLs in patients with high-triglyceride low-HDL syndromes lead to a pro-
longed half life of apoB-containing particles. This is associated with reactive oxygen species (ROS) activation
and leads to formation of oxidized LDL (Ox-LDL). Generators of ROS in macrophages (MACs) include
myeloperoxidase (MPO)-mediated respiratory burst and raft-associated NADPH-oxidase. The intracellular
oxidant milieu is involved in cellular signaling pathways, like ion-transport systems, protein phosphorylation,
and gene expression. Lipid oxidation through ROS can amplify foam cell formation through Ox-LDL uptake,
leading to formation of ceramide (Cer)-rich lipid membrane microdomains, and is associated with expansion
of the lysosomal compartment and an upregulation of ABCA1 and other genes of the AP3 secretory pathway.
Ox-LDL may also affect cell-surface turnover of Cer-backbone sphingolipids and apoE-mediated uptake by
LRP-family members. In contrast, HDL-mediated lipid efflux causes disruption of lipid membrane mi-
crodomains and prevents foam cell formation. Oxidation of HDL through MPO leads to a failure of lipid ef-
flux and enhancement of MAC loading. Therefore, lipid rafts and oxidation processes are important in reg-
ulation of MAC foam cell formation and atherosclerosis, and the balance between oxidant and antioxidant
intracellular systems is critically important for efficient MAC function. Antioxid. Redox Signal. 9, 1499–1518.
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INTRODUCTION

ATHEROSCLEROSIS IS A CHRONIC INFLAMMATORY DISEASE that
connects hyperlipidemia and other risk factors with the

development and progression of atherosclerotic lesions, plaque
rupture, and vascular thrombosis. At the cellular level, espe-
cially phagocytic monocytes rapidly transform to macrophage
foam cells, characterized by the excessive uptake of atherogenic
lipoproteins like Ox-LDL by receptor-mediated endocytosis
(111). This uptake of Ox-LDL maintains the generation of ROS
and RNS (129), leading to cellular signals and posttranslational
modifications of cellular proteins responsible for apoptosis or
necrosis. The macrophage colony stimulating factor (M-CSF),
which regulates the survival, proliferation, differentiation, and
chemotaxis of MACs, also enhances ROS by stimulating the
raft-associated NADPH-oxidase (129). In addition, ROS can

also be generated by MPO-mediated respiratory bursts. Excess
ROS levels, known as oxidative stress, lead to induction of lipid
oxidation and can amplify foam cell formation through Ox-LDL
uptake. In addition oxidation of HDL through MPO leads to a
failure of lipid efflux and in turn also enhances foam cell for-
mation. Oxidative stress has been implicated in several patho-
logic conditions including atherosclerosis (106). Lipid-rich mi-
crodomains (lipid rafts) of the cell membrane are central to the
understanding of cellular lipid homeostasis and the conse-
quences of lipid loading on cell function. They are character-
ized by the enrichment of cholesterol, sphingolipids, and satu-
rated phospholipids, and in addition by their insolubility in
different detergents such as Triton X-100 and Lubrol WX. Rafts
are thought to function as platforms for the dynamic associa-
tion of signaling molecules. Concentration of the receptors for
interaction with ligands and effectors on both sides of the mem-
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brane can allow efficient and rapid coupling of activated re-
ceptors to the effector system (139).

Cer, which is induced by Ox-LDL through enhancement of
neutral and acidic sphingomyelinase (SMase) activity (76),
leads to coalescence of submicroscopic rafts into large Cer
membrane macrodomains (61). These macrodomains may serve
as platforms for protein concentration and oligomerization,
transmitting signals across the plasma membrane. Cer then ac-
tivates a variety of diverse protein kinase- and protein phos-
phatase–dependent signaling pathways, which in most cases
suppress cell growth or promote programmed cell death or both
(61). In addition, Cer is a ligand for apoE, which binds more
avidly to Cer-rich microdomains on sphingomyelinase-treated
liposomes (99). Together with the stimulation of heparan sul-
fate proteoglycan (HSPG) and LRP-mediated uptake by MACs
through Cer and apoE, which is crucial for foam cell formation
(98), a function of Cer-rich microdomains in apoE-dependent
metabolism is suggested.

This review mainly focuses on the redox regulation and sig-
naling of mononuclear phagocytes: MACs during foam cell for-
mation with atherogenic lipoproteins and the involvement of
lipid rafts.

The atherogenic process and effects of M-CSF
(macrophage colony-stimulating factor) on
macrophage differentiation

Blood monocytes and antigen-presenting cells originate from
bone marrow progenitors and differentiate either to phagocytic
MACs, osteoclasts, or antigen-presenting dendritic cells (APCs)
within the vascular wall. MACs play a central role in the initi-
ation and progression of atherosclerotic lesions, and peripheral
blood monocytes extravasate into the vessel wall triggered by
several activation mechanisms involving innate, humoral, clas-
sic, and alternative pathways (55). Multiple mediators affect the
monocyte during its residence time in the blood circulation and
prime its differentiation into MACs with pro- or anti-inflam-
matory properties based on the individual genetic background.
As depicted in Fig. 1, the high-triglyceride/low-HDL syn-
dromes, as well as hypercholesterolemias, are both linked with
atherosclerosis. Several signals or metabolites originating ei-
ther from different organs or the plasma compartment itself af-
fect monocytes and drive their transformation toward foam cell
MACs or osteoclasts in calcifying lesions.

M-CSF is an important factor regulating the survival, prolif-
eration, differentiation, and chemotaxis of MACs. During early
myeloid differentiation, M-CSF synergizes with other growth
factors and interleukin-3 to produce mononuclear phagocyte
progenitor cells. After this initial differentiation process, M-
CSF by itself can regulate the proliferation and differentiation
of mononuclear phagocyte progenitor cells to monocytes,
MACs, and osteoclasts and also supports survival and activity
of fully differentiated MACs. The receptor for macrophage
colony-stimulating factor (M-CSF-1R) is expressed in mononu-
clear phagocytes and APCs, which can be regarded as a spe-
cialized adaptive state rather than a separate lineage. M-CSF
was considered an alternative marker of MACs, whereas APCs
differentiate through the action of granulocyte-macrophage-
CSF (GM-CSF), IL-4, and prostaglandin E2 (65). M-CSF co-

operates with the receptor activator of NF-�B ligand (RANKL)
to regulate the differentiation of mononuclear phagocytes to-
ward osteoclasts (118). M-CSF also enhances cytotoxicity, ROS
(e.g., superoxideradical, peroxynitryl-, hydroxyl-radical and hy-
drogen-peroxide production), as well as phagocytosis, chemo-
taxis, and cytokine production in monocytes and MACs (25)
(Fig. 2).

M-CSF–mediated signaling (Fig. 2) involves many cyto-
plasmic molecules like c-Src, which is linked with c-Cbl and
targets the Vav family members of guanine nucleotide exchange
factors (GEFs), which in turn activate Rac-1 as a constituent of
activated NADPH-oxidase. Alternatively coregulatory signal-
ing pathways like integrin signaling (e.g., �v�3, �M�2) also
target Vav.

Regulation of the raft-associated 
NADPH-oxidase system

M-CSF stimulates raft-associated NADPH-oxidase, resulting
in ROS formation, which regulates Akt and p38/MAPK, and
thus contributes to monocyte/MAC survival (157) (Fig. 2). Su-
peroxide-producing phagocyte NADPH-oxidase consists of a
membrane-bound flavocytochrome b558 complex with the sub-
units gp91phox and p22phox, and the cytosolic factors p47phox,

p67phox, and the small GTPase Rac-1, which translocate to the
membrane to assemble the active complex after cell activation
(Fig. 2). Activated Rac-1 stabilizes the NADPH-oxidase com-
plex and promotes the production of ROS, which is used for
host defense as well as oxidation of LDL. ROS can also di-
rectly activate extracellular signal-regulated kinases (ERK), a
member of mitogen-activated protein kinases (MAPKs), which
regulate cell proliferation, differentiation, motility, and sur-
vival, and the PI3-kinase enzyme complex, creating a bridge
between the MAPK and PI3-kinase pathways (33). In addition,
M-CSF can directly induce PI3-kinase activation and phos-
phatidylinositolphosphate formation, resulting in NADPH-oxi-
dase–mediated ROS production, which leads to induced Erk ac-
tivation and monocyte survival (11).

The assembly and activation of the NADPH-oxidase enzyme
complex is also regulated by extracellular calcium influx and
calcium release from intracellular stores through IP3 from 
PI3-kinase modulation. PKC�-dependent phosphorylation of
cPLA2, followed by arachidonic acid (AA) release from cy-
tosolic membrane phosphatidylcholine (PC) (21), also activates
NADPH-oxidase by regulating the translocation of p47phox and
p67phox to the membrane after phosphorylation mediated by
PKC�. In neutrophils and monocytes, the S100A8/A9 (MRP-
8/MRP-14) protein complex functions as an AA-binding pro-
tein, which is mobilized on activation. In addition, this com-
plex might serve as a scaffold protein for the cytosolic factors
of NADPH-oxidase activation and help them to migrate to the
membrane-bound flavocytochrome b, as shown for activated
neutrophils. In this manner, the S100 A8/A9 complex could be
considered a component of NADPH-oxidase activation (103).
It could also be demonstrated that the S100 A8/A9 AA com-
plex directly interacts with the fatty acid transporter FAT/CD36
in raft-membrane microdomains, thereby accelerating the dis-
sociation of the complex and facilitating the uptake of fatty
acids by endothelial cells (ECs) (75).

Perturbation of actin dynamics induces NF-�B activation in
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myelomonocytic cells through an NADPH-oxidase–dependent
pathway (83). NF-�B activation after actin cytoskeleton dis-
ruption could be physiologically relevant for monocyte activa-
tion or recruitment into injured tissues or both, where cellular
attachment, migration, and phagocytosis result in cyclic shifts
in cytoskeletal organization and disorganization. Several lines
of evidence indicate that the intracellular redox status partici-
pates in modulating NF-�B activation. This is based on the fol-
lowing observations: (a) a broad range of antioxidants can block
NF-�B activation; (b) most, if not all, agents activating NF-�B
are known to trigger the formation of ROS; and (c) NF-�B ac-
tivation can be induced by treatment with H2O2 (83).

Peripheral blood monocytes, recruited at sites of inflamma-
tion, acquire distinct MAC functions. The classic activation by
interferon-�, as well as the innate activation by TLR ligands,
including lipopolysaccharide (LPS) lipoteichoic acid (LTA),
and prostaglandins, induce the production of ROS, which is ex-
tensively reviewed by Shi C et al. (136). At least part of this
system (e.g., CD14, CD55, TLR2, and TLR4) is also associ-
ated with raft-membrane microdomains (117), and signaling
leads to NF-�B activation.

NADPH-oxidase as well as the tyrosine kinases of the Src
family (e.g., Lck, Fyn, and Lyn), which are lipid-modified sig-
naling proteins, GPI-linked proteins, and adaptor proteins are
constituents of raft-membrane microdomains. On receptor bind-
ing, immune receptors become raft associated, and additional
components of the signaling pathways are recruited to rafts to

form signaling complexes. The entry of immune receptors into
rafts can regulate cell activation, and raft integrity is crucial for
the initiation and maintenance of intracellular signals (120). It
has been shown that superoxide production by NADPH-oxi-
dase is inhibited by cholesterol depletion because of impaired
translocation of cytosolic pox protein subunits to the membrane
(155). Formation of lipid rafts in the membrane of coronary
ECs induces clustering and activation of reduced NADPH-ox-
idase, thereby forming a redox signaling platform on the cell
membrane that mediates transmembrane signaling of death re-
ceptors, resulting in endothelial dysfunction (164). However,
the inappropriate or excessive action of the NADPH-oxidase
system results in chronic inflammatory disorders like athero-
sclerosis.

The sphingolipid Cer has been reported as one of the criti-
cal signaling molecules to mediate the activation of NADH/
NADPH-oxidase in different cells. Rac-1, a regulatory compo-
nent of NADH/NADPH-oxidase, which has a high affinity to
lipid-binding oxidase, is involved in this process (162). The ac-
tivation of the Cer-generating enzyme SMase through Ox-LDL
could lead to Cer induction (32). Homocysteine (Hcys) stimu-
lates de novo synthesis of Cer and consequently activates Rac
GTPase, resulting in O2

�� production via enhanced NADH/
NADPH-oxidase activity in rat mesangial cells (162). Results
from our laboratory demonstrated an induction of Cer rafts on
Ox-LDL loading of human MACs (58), which could be in-
volved in the activation of NADH/NADPH-oxidase.
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FIG. 1. The role of monocytes/MACs and the respective priming factors in the development of atherosclerosis. TG, triglyc-
eride; CRP, C-reactive protein; TNF, tumor necrosis factor; Hb, haemoglobin; S1P, sphingosine-1-phosphate; LPA, lysophos-
phatidic acid; TGF, transforming growth factor.
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Effects of cytokines on MACs

In addition to M-CSF, the cytokine TGF-� also acts as a dif-
ferentiation factor for monocytes. It stimulates the production
of various extracellular matrix proteins and inhibits their degra-
dation, thereby contributing to tissue repair and suppression of
inflammation. In injured tissue, stimuli that activate latent TGF-
� include plasmin, thrombospondin, and ROS. TGF-� acts via
autocrine and paracrine feedback loops to increase its produc-
tion (16). From the cells associated with the blood compart-
ment, platelets contain the highest amount of TGF-�, which is
released on platelet activation and acts on ECs and monocytes
at sites of endothelial damage and repair. TGF-� activity is reg-
ulated by clathrin- and caveolar/lipid-raft-mediated pathways
(69).

Anti-inflammatory cytokines like IL-4, IL-10, IL-13,
TGF-�, and glucocorticoids or the uptake of chemically mod-
ified lipoproteins lead to alternative activation or deactiva-
tion of MACs with induced phagocytosis and antigen pre-
sentation (136). IL-10, originally described as cytokine
synthesis inhibitory factor (CSIF), is a pleiotropic molecule
that displays both, immunoregulatory and immunostimula-
tory activities (65). IL-10 strongly inhibits the expression of
cytokines, soluble mediators, and cell-surface molecules in
cells of hematopoietic origin, with important consequences
for their ability to activate or sustain immune and inflam-
matory responses. In addition, IL-10 mediates inhibition of
free radical generation in MACs, resulting in a decrease of
NF-�B activity, and hence decreases the expression of in-
flammatory cytokines (36).

ATHEROGENIC CONSTITUENTS AND
RECEPTORS INVOLVED IN

MACROPHAGE FOAM CELL FORMATION

Enhanced uptake of modified lipoproteins by MACs leads to
foam cell formation. LDL particles must be chemically modi-
fied before they can significantly induce foam-cell formation
through scavenger receptors (SRs) or opsonin receptors. The
lipids taken up by MACs in lesions are believed to originate pre-
dominantly from Ox-LDL (127), enzymatically hydrolyzed LDL
(E-LDL) (10), and LDL modified by advanced glycation end
products (AGEs). E-LDL is generated by proteolytic cleavage
of apoB and hydrolysis of core cholesteryl esters, leading to li-
posome-like particles similar to lesion-derived LDL, which are
present at early stages in atherosclerotic lesions (10, 133). LDL
oxidation activates a platelet-activating factor (PAF)-acetylhy-
drolase–like activity of the denatured apoB molecule with a
PLA2-like activity that strips PC from the Ox-LDL surface (112,
146). This leads to core aggregation of Ox-LDL particles, form-
ing a polar surface with the remaining phospholipids on the ag-
gregated particles. AGEs are a heterogeneous group of irre-
versible adducts from reactive derivatives of nonenzymatic
glucose–protein condensation reactions, as well as lipids and nu-
cleic acids exposed to reducing sugars. For a summary of athero-
genic lipids/lipoproteins and their receptors, see Table 1.

Cellular uptake of these lipids and lipoproteins may be me-
diated by charge and motif receptors (scavenger receptors) di-
rectly recognizing chemically modified nonopsonized ligands.
Alternatively, modified lipids and lipoproteins may be op-
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FIG. 2. M-CSF signaling events leading to proliferation, apoptosis and cytoskeletal re-organization of MACs. Signals in
blue, purple, red and green mediate proliferation, differentiation, apoptosis, and cytoskeletal reorganization, respectively, while
yellow identifies those common to proliferation and differentiation. M-CSF activation leads to signaling through extracellular
signal-regulated kinases (ERKs) and PI3K/Akt. M-CSF also activates NADPH-oxidase to enhance ROS production. NADPH-
oxidase is also activated through intracellular [Ca��]i from extracellular and intracellular pools. Rac-1 a constituent of NADPH-
oxidase activates PI3K. Binding of M-CSF stimulates phosphorylation of Y807. Consequently, tyrosines 559, 697, and 721 are
phosphorylated and become docking sites for proteins containing SH2 domains. C-Cbl contains docking sites for PI3K and Grb2
which is constitutively bound to Sos, which recruits the guanosine exchange factor Ras to the plasma membrane. This multimeric
complex is predicted to be highly stable and hence generate prolonged signaling, with the subsequent Raf/MEK/ERK and
PI3K/PDK1/Akt cascades acting as downstream effectors. c-Cbl also acts as an E3 ubiquitin ligase for a number of proteins. Pro-
liferation. ERK 1/2 induce expression of D-type cyclins, which hyper-phosphorylate the pocket protein Rb, and the resulting
changes in the upregulation and downregulation of multiple genes stimulate proliferation. Separately, enhanced Akt suppresses
the levels of p27, an inhibitor of cyclin function, while increasing those of all three cyclin D isoforms. Differentiation. Pro-
longed ERK activation leads to a marked increase in the levels of several transcription factors, whose downstream targets include
a numer of genes. C-Fos is a transcriptional activator of Fra 1 and then NFAT2. In parallel, ERKs phosphorylate the Mitf fam-
ily of transcription factors. Apoptosis. M-CSF, acting through the PI3K/Akt axis, is a major mediator of survival signals. Via
Akt M-CSF also targets the pro-apoptotic BCL-2 family member Bim and mTOR. Cytoskeletal re-organization. M-CSF, by
activating their upstream GEFs, stimulates activation of small GTPases such as Rac and RhoA, which are remodelling the actin
cytoskeleton. In addition GEFs can activate rac-1 of NADPH-oxidase. Phosphatase regulation. A number of phosphatases al-
ter the strength of signals. SHP-2, recruited to Grb2 via the Gab docking proteins, inhibits the activity of RasGAP, a molecule
inactivating RasGTP and thus increasing ERK signaling. The serine threonine phosphatases MKP-1 and PP2A, whose expres-
sion is induced by M-CSF, reverse the activity of ERKs and multiple substrates, respectively, once again limiting downstream
signals. The polyinositide 5� lipid phosphatase SHIP1, converts PIP3 3,4,5 to PIP2 3,4, a process that suppresses Akt activation.
Integrin binding (�v�3) leads to recruitment of Syk to the �3 cytoplasmic domain. Syk recruits c-Src, which becomes activated
by phosphorylation on Y416. Activated c-Src phosphorylates and thus activates Syk, leading to activation of Vav3 GTPase from
its GDP to GTP bound form, prompting organization of the actin cytoskeleton. (Modified from Ross F. and Teitelbaum S.; Im-
munological Reviews 2005; Vol. 208: 88-105 (126))



F
IG

. 2
.

http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2007.1663&iName=master.img-001.jpg&w=462&h=604


sonized by either innate opsonins (collectins, pentraxins,
galectins), or specific opsonins (immunoglobulins), or both, be-
fore cellular uptake through different opsonin receptors, in-
cluding complement receptors, pentraxin family receptors,
lectin receptors, and Fc�-receptors.

Unlike the LDL receptor, SRs are not significantly downreg-
ulated during cholesterol uptake, and they induce cholesterol ac-
cumulation and foam cell formation. SRs are the most prominent
receptors expressed on MACs and foam cell MACs in athero-
sclerotic lesions that bind to chemically modified lipoproteins,
such as Ox-LDL, and remove these lipoproteins from the lesion.
These receptors are divided into classes A, B, C, D, E, F, and G,
and different types of receptors are members of each class.

Class A receptors include the type I, type II, and type III
MAC scavenger receptors (MSR-A), and MARCO (MAC re-
ceptor with collagenous structure) (78, 80). MSR-A I and II are
expressed on the cell membranes of MACs, whereas MSR-A
III is localized in cytoplasmic vesicles and is unable to bind to
extracellular ligands (57). CD36 and SR-BI (scavenger recep-
tor type BI) belong to class B of SRs. CD36 is an 88-kDa raft-
associated glycoprotein expressed on monocytes/MACs,
platelets, ECs, and adipocytes. It binds to various ligands such
as fatty acids, anionic phospholipids, S100A8/A9 protein, col-
lagen, thrombospondin, Ox-LDL, and apoptotic cell membranes

(42). In atherosclerotic lesions of human aorta, the expression
of CD36 predominates in MAC-derived foam cells compared
with nonloaded MACs. CD36 also plays a role in MAC fatty
acid metabolism, adhesion, and phagocytosis of apoptotic cells
(42). Binding of Ox-LDL to CD36 leads to endocytosis through
a raft-membrane microdomain pathway that is distinct from
clathrin-mediated or caveolin-dependent internalization (163).
SR-BI is regarded as an HDL receptor, mediates the selective
uptake of HDL cholesterol by hepatocytes and steroidogenic
cells (2), and can also function as an LDL receptor (binding
and selective uptake). SRB-I and CD36 are fatty acylated pro-
teins that cluster in caveola-like cholesterol-rich lipid domains
in cultured epithelial cells (42) and are present in MAC rafts.
CD68/macrosialin, a class D receptor, is a member of the LAMP
(lysosomal-associated membrane protein) family expressed on
endolysosomal compartments and partly on the cell surfaces of
MACs (121). CD68/macrosialin is expressed in MACs and
MAC-derived foam cells in human and murine atherosclerotic
lesions and binds Ox-LDL in vitro (122). MARCO, CD36, and
macrosialin/CD68 are involved in the uptake of Ox-LDL by
MACs and in the transformation of MACs into foam cells dur-
ing atherogenesis.

The SR cysteine-rich CD163 is a MAC-restricted endocytic
receptor for hemoglobin–haptoglobin complexes (39) prevent-
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TABLE 1. ATHEROGENIC CONSTITUENTS OF LIPIDS AND LIPOPROTEINS AND THEIR RECEPTORS

Lipids/lipoproteins Atherogenic constituents Receptors

Oxidized LDL (Ox-LDL) Hydroperoxy- and hydroxyl fatty acids, SR-AI, SR-AII, MARCO,
secondary aldehydic lipid peroxidation SR-B (CD36), Macrosialin
products, 7 �-hydroperoxycholesterol (CD68), LOX-1, SR-PSOX

Enzymatically degraded LDL Opsonization of free cholesterol and
(E-LDL) lysophospholipids with

innate opsonins: Opsonin receptors
Collectins: complement components CR1, CR2

CR3 (CD11b/CD18)
Pentraxins: CRP, SAP, SAA2, PTX3 CRP receptors (CD64,

CD32)
Galectins: e.g.: Gal-1, Gal-2, Gal-3 Lectin receptors

Specific opsonins: Fc� receptors
immunoglobulins (CD64/CD32/CD16)

LDL-proteoglycan complexes Basic amino acid residues 3359-3369 Non-specific uptake by
in site B of apo-B100 phagocytosis

Lipoproteins aggregated by Lysophosphatidylcholine (LPC), CD36 (LPC), CRP opsonization
PLA2, PLC lysophosphatidic acid (CD64, CD32)

LDL hydrolyzed by SMase Ceramide ApoE (LRPs, CD1)
LDL hydrolyzed by Phosphatidic acid, G-protein coupled

phospholipase C lysophosphatidic acid receptors (Edg2, 4, 7)
LDL modified by advanced ApoB modification of residues next to RAGE, PSR, PSOx

glycation end products (AGEs) the putative LDL receptor binding site
Gangliosides (salic acid Sialic acid Asialoglycoprotein receptor

containing glycosphingolipids)
HDL SR-BI, ABCA1
LDL ApoE, apoB LDLR

ApoE, chylomicron remnants, �2- LRP1 (LRP)
macroglobulin, amyloid precursor
protein (APP), tPA, protease/protese
inhibitor complexes, lipoprotein lipase,
PDGF, TGF-�



F
IG

. 3
. D

if
fe

re
nt

ia
l 

up
ta

ke
 m

ec
ha

ni
sm

s 
of

 E
-L

D
L

 a
nd

 O
x-

L
D

L
.

A
. U

pt
ak

e 
of

 E
-L

D
L

 t
hr

ou
gh

 t
yp

e 
I 

an
d 

ty
pe

 I
I 

ph
ag

oc
y-

to
si

s 
le

ad
s 

to
 i

nc
re

as
ed

 l
ip

id
 d

ro
pl

et
 f

or
m

at
io

n 
an

d 
m

od
er

at
e 

up
re

gu
la

tio
n 

of
 A

B
C

A
1 

an
d 

A
B

C
G

1.
 B

. U
pt

ak
e 

of
 O

x-
L

D
L

 l
ea

ds
to

 a
 r

ap
id

 e
xp

an
si

on
 o

f 
th

e 
ly

so
so

m
al

 c
om

pa
rt

m
en

t a
nd

 a
 p

ro
no

un
ce

d 
up

re
gu

la
tio

n 
of

 A
B

C
A

1 
an

d 
A

B
C

G
1.

 E
E

, e
ar

ly
 e

nd
os

om
e;

L
E

, 
la

te
 e

nd
os

om
es

.

http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2007.1663&iName=master.img-002.jpg&w=451&h=701


ing MACs from oxidative damage by decreasing heme/iron lev-
els and ROS formation.

Lectin-like Ox-LDL receptor (LOX-1) and SR expressed by
endothelial cells (SREC) are expressed on vascular ECs and are
classified as class E and class F, respectively (101, 130). LOX-
1 is also expressed on MACs in humans and mice (101). It me-
diates endocytic uptake and subsequent lysosomal degradation
of Ox-LDL. Binding of Ox-LDL to LOX-1 induces several cel-
lular events such as induction of NF-�B activation (27) and in-
hibits upregulation of MCP-1 (86) in ECs. In addition, two other
distinct novel SRs, SR for phosphatidylserine (PS) and Ox-LDL
(PSOX, SR-G class) and PS receptor (PSR), have been identi-
fied (40, 95). SR-PSOX recognizes PS and Ox-LDL and is pre-
dominantly expressed in lipid-laden MACs of human athero-
sclerotic lesions. This receptor does not share any structural
homology with other Ox-LDL receptors. PSR is expressed not
only in MACs but also in fibroblasts and epithelial cells and is
involved in the phagocytosis of apoptotic cells (40).

Differential uptake mechanism of E-LDL 
and Ox-LDL in MACs

The resulting cholesterol-loaded “foam-cell” MACs after
SR-mediated uptake of atherogenic lipoproteins are a hallmark
of atherosclerotic lesions and contribute to lesion development.
The large cholesterol-rich core of advanced lesions appears to
be substantially derived from necrosis or apoptosis or both of
foam cells, and cholesterol enrichment of MACs also affects
the expression and secretion of several matrix proteins and hy-
drolases (14). Foam cells contain small but significant amounts
of various lipid oxidation products, which are potent mediators
of MAC function. E-LDLs are internalized predominantly by
opsonin-driven type I and type II phagocytosis involving Fc�
and complement receptors, leading to rapid formation of lipid
droplets associated with the cytosolic membrane of the ER 
(Fig. 3A).

In contrast, Ox-LDLs are recognized mostly by charge and
motif receptors, such as CD36 and SR-A, and are often stored
in endosomes because of impaired cholesteryl-ester hydrolysis
before they induce lipid-droplet formation (73) (Fig. 3B). As a
consequence, Ox-LDL loading is associated with a stronger up-
regulation of ABCA1, ABCG1, and other genes involved in the
AP-3 secretory pathway (Fig. 3B). Ox-LDL may also affect
cell-surface turnover of Cer-backbone sphingolipids and apoE-
mediated uptake by LRP family members, which leads to cell-
surface expansion of Cer rafts and activation of apoE/LRP1/
CD1–mediated antigen presentation (152).

OX-LDL MODULATES REACTIVE
OXYGEN/NITROGEN SPECIES 

(ROS/RNS) IN MACS

Prolonged half-life of LDL in hypercholesterolemia leads to
MPO-mediated damage of Ox-LDL in the vicinity of the plasma
membrane and in endocytic vesicles of MACs. A prerequisite
for MAC uptake and cellular accumulation of cholesterol is the
oxidative modification of LDL (159). The cellular uptake of
Ox-LDL perpetuates the generation of ROS and RNS (129),

leading to cellular signals and posttranslational modification of
critical cellular proteins. In MACs, it is also described that Ox-
LDL depletes PKC� and thereby attenuates ROS formation
(79). However, PKC isoenzymes are recognized to enhance cel-
lular ROS production through NADPH-oxidase activation (21),
whereas adenosine and adenosine analogues target MPO and
are potent inhibitors of the respiratory burst in monocyte/MACs
(66). Excess ROS levels, known as oxidative stress, may be de-
rived from the imbalance between cellular production of ROS
and impaired antioxidant mechanisms. Oxidative stress is harm-
ful to macromolecules such as proteins, lipids, carbohydrates,
and nucleic acids, and has been implicated in several pathologic
conditions, including atherosclerosis (106).

Constituents of Ox-LDL

Oxidative agents present in Ox-LDL that may be responsi-
ble for its proatherogenic effect are aldehyde end products of
lipid peroxidation of polyunsaturated fatty acids like 4-hy-
droxynonenal (HNE), derived from phospholipids, mono-, di-,
and triacylglycerols, or cholesteryl esters (CEs), as well as cho-
lesterol oxidation products. These oxidized lipids contribute to
lesion progression through their profibrogenic, proapoptotic,
procoagulant, and proinflammatory effects. Oxysterols are gen-
erated endogenously through oxidation of the lipoprotein lipid
moiety and through intracellular reactions like generation of
lipoperoxides, which are transferred to LDL through the de-
velopment of O2-derived free radicals. Oxysterols may also en-
ter the blood circulation as nutrients through the intestinal mu-
cosa. Oxidation of LDL changes the composition of the particle.
The effects depend on the type and concentration of the oxi-
dant and the time of exposure (140). Ox-LDL can be prepared
by copper oxidation (53), and especially minimally modified
oxidized LDL can be generated by incubation with culture
medium from 15-lipoxygenase–overexpressing fibroblasts
(138). The unsaturated fatty acyl chains of phospholipids, cho-
lesteryl ester (CE), and triglycerides are oxidized most readily,
and a significant proportion of the unsaturated acyl chains are
also oxidized to hydroperoxides, isoprostanes, and more AGEs
(81). Cholesterol and saturated fatty acids react more slowly,
and a small proportion of cholesterol is converted to oxysterols,
initially 7-hydroperoxycholesterol. Oxysterols, 27-carbon prod-
ucts of cholesterol oxidation, are possible reactive mediators of
structural and functional changes of the vascular wall, which
are affected by the atherosclerotic process (85). ApoB, the dom-
inant apoprotein of LDL, which is highly glycosylated, is sub-
ject to both direct oxidative modification and reaction with
products of lipid oxidation.

Effects of oxysterols

One of the major targets of 4-HNE in ECs is the mitochon-
drion, where it selectively inactivates proteins containing reac-
tive thiols, such as 2-oxoglutarate dehydrogenase and pyruvate
dehydrogenase (71), and thereby can inhibit complex I–depen-
dent (NADH-linked) respiration (72). Ox-LDL induce O2

��

generation in mitochondria, which is converted into H2O2 (165).
4-HNEs cause ROS production and activate MAPK in ECs ei-
ther by directly interacting with PKC or through activation of
the EGF receptor (151). A strong HNE-dependent activation of
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the transcription factor AP-1 exists for the regulation of a num-
ber of genes, namely those coding for TGF-�1, procollagen type
I, platelet-derived growth factor-AA (PDGF-AA), MCP-1, and
cyclooxygenase-2 (COX-2) (84).

NF-�B activation relies also on the production of ROS (132).
Oxidized LDLs exert a biphasic effect on NF-�B, which on ac-
tivation upregulates proinflammatory gene expression, such as
adhesion molecules, tissue factor, and LOX-1. In contrast,
higher concentrations of Ox-LDL may inhibit NF-�B activa-
tion triggered by inflammatory agents, such as LPS, and may
thereby exert an immunosuppressive effect (125).

Degradation of PC to LPC, as well as the generation of ox-
idized nonesterified bioactive fatty acid moieties, occurs
through oxidative modification of LDL by lipoprotein-associ-
ated PLA2 or PAF-acetylhydrolase (89). LPC is a potent
chemoattractant for MACs (82) and neutrophils acting via G2A
receptors (93), which activate innate immunity and suppress
specific immunity at the level of T cells. LPC also upregulates
the expression of vascular cell-adhesion molecules such as
ICAM-1, which is present within the endothelium and increases
monocyte adhesion. LPC can induce mitochondrial ROS pro-
duction through a Ca2�-dependent process that leads to the se-
lective activation of the ERK/MAPK pathway. The mechanism
remains to be defined in detail but appears to involve the in-
terplay between the Ca2�-dependent mitochondrial dehydroge-
nases and complex I (166).

Although modest levels of Ox-LDL may stimulate MAC sur-
vival and proliferation, high doses cause death, probably
through oxysterols (26). Ox-LDL is directly chemotactic for
monocytes/APCs and T cells (119), mitogenic for MACs and
smooth muscle cells, and stimulates the release of MCP-1 and
M-CSF from ECs and the production of many inflammatory
mediators (e.g., endothelin-1) from other vascular cells (41).
Ox-LDL also activates NOS and increases production of NO
as a key regulator of vasodilatation. Multiple interactions of
NO� with oxidizing lipids could lead to either vascular protec-
tion or potentiation of inflammatory vascular injury (107). Ox-
LDL increases O2

�� production in ECs and decreases the
bioavailability of NO through a process involving LOX-1 (27).
Low levels of NO� generated by eNOS can terminate lipid rad-
icals and inhibit lipoxygenases, which would be protective
(107). But elevated levels of NO�, for example, after inducible
nitric oxide synthase (iNOS) expression in inflammation, can
be converted to prooxidant species like peroxynitrite (ONOO�)
and NO2 (107). In the presence of available O2 radicals, Ox-
LDL may contribute to ONNO� formation, which can poten-
tiate inflammatory injury of vascular cells. ONOO� is more
than two orders of magnitude more potent than H2O2 in cat-
alyzing lipid oxidation in vitro and, in contrast to transition
metal catalysts, mediates LDL oxidation even in the presence
of lipophilic antioxidants (107, 114). A role for ONOO� in ini-
tiating lipid oxidation in atherosclerosis has been suggested
(19). Further, the reactions of NO� and NO�-derived species
(e.g., NO� or ONOO�) with oxidizing lipids leads to genera-
tion of novel nitrated lipid derivatives. If formed in atheroscle-
rotic lesions, these species will either act as novel NO� donors
or possess distinct signaling properties similar to eicosanoids
(108).

According to the response to retention hypothesis (158), all
atherogenic lipoproteins, once deposited in the intima, may ex-

ert direct or indirect proinflammatory effects. The endothelial
cell and subendothelial cell matrix provide a stage for several
interactions that mediate lipoprotein transport, retention, and
modification during atherogenesis. ROS are important intra-
cellular signaling molecules that regulate vascular function 
by modulating vascular cell contraction/dilation, migration,
growth/apoptosis, and extracellular matrix protein turnover,
which contribute to vascular remodelling. The atherogenicity
of lipoproteins is dependent on type and extent of chemical al-
terations and their diversity of biologic effects to induce chronic
inflammatory reactions during lesion formation. They can aug-
ment the production of cytokines by vascular cells, and through
autocrine and paracrine mechanisms, the inflammatory reaction
may lead to a vicious cycle resulting in perpetuation of repair
processes and lesion progression.

Influences of Ox-LDL on peroxisome proliferating
activating receptors (PPARs)

Fatty acids and their oxidation products activate the nuclear
orphan receptors PPARs. These are ligand-activated transcrip-
tion factors that play an important role in obesity-related meta-
bolic diseases such as high-triglyceride/low-HDL syndromes,
insulin resistance, and coronary artery disease (22). PPARs
bind, on heterodimerization with RXR, to specific peroxisome
proliferator response elements (PPREs) in the promoter of tar-
get genes, thus regulating the transcription of these genes.
PPARs consist of isoforms �, �, and � with distinct expression
patterns and biologic activities. PPARs are expressed in ather-
osclerotic lesions and have been shown to affect transcription
of genes in vascular endothelial cells, smooth muscle cells,
monocytes, and monocyte-derived MACs. PPAR-� induces an
increase in ROS, which leads to induction of NADPH-oxidase
activity in MACs and results in the generation of LDL species
with PPAR-� activation properties (145). PPAR-� expression
is significantly increased on monocyte-to-MAC differentiation,
and PPAR-� protein is present at high levels in monocytes and
MAC-derived foam cells of atherosclerotic lesions (123, 147,
148) and in circulating human monocytes, where its activation
increases the expression of MAC-specific markers, such as
CD14 and CD11b, which are constituents of lipid rafts.

Treatment of MACs with Ox-LDL in vitro induces mRNA
expression of PPAR-� and LXR-�, a direct transcriptional tar-
get of PPAR-�. Internalization of Ox-LDL provides the cell
with activators of PPAR-�, such as the oxidized fatty acids 9-
and 13-hydroxyoctadecadienoic acid (9- and 13-HODE), as
well as with activators of LXRs such as 27- and 25-hydroxy-
cholesterol (47, 104). PPAR-� ligands can also be produced lo-
cally in atherosclerotic lesions through the oxidation of fatty
acids by 12/15 lipoxygenase (68). Arachidonic acid metabolites
derived from the cyclooxygenase and lipoxygenase pathways
[e.g., 15-deoxy-�-12, 14-prostaglandin J2 (PGJ2), and 15-hy-
droxyeicosatetraenoic acid (15-HETE) (77, 104)] activate also
PPAR-�. Synthetic PPAR-� ligands are the antidiabetic glita-
zones like thiazolidones (TZDs) and the nonsteroidal anti-in-
flammatory drugs (NSAIDs) like indomethacin and ibuprofen.
They also affect Ox-LDL processing like the endogenous li-
gands. It has been suggested that Ox-LDL not only elicits an
MPO-dependent oxidative burst on first contact, but also pro-
motes desensitization of MACs [i.e., by reducing ROS pro-
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duction via activation of PPAR-� (44)]. PPAR-� activators in-
hibit the expression of MMP-9 in human MACs (92) and vas-
cular smooth muscle cells (91) and the production of the in-
flammatory cytokines TNF-�, IL-6, and IL-1� by activated
monocytes (74). The transcription of MCP-1 is decreased, and
the expression of intracellular adhesion molecules ICAM-1 and
VCAM-1 is inhibited by troglitazone in human ECs (113). The
induction of the scavenger receptor CLA-1/SR-BI is inhibited
by PPAR-� in human MACs (24). Activation of PPAR-� has
been shown to enhance CD36 expression of MACs, which may
indicate that PPAR-� could stimulate uptake of Ox-LDL and
contribute to foam cell formation (104, 148). These CD36 ef-
fects may be compensated through the activation of LXR�,
which promotes cholesterol efflux by modulating expression of
ABCA1 and apoE (154).

Oxidative stress and the heme/haptoglobin/CD163
pathway

Heme/iron oxidative damage can be promoted by increased
heme/iron levels released into the plasma from damaged red
blood cells that are removed by binding to hemopexin and hap-
toglobin and subsequent cellular uptake via CD163 cysteine-rich
SRs into monocytes and MACs (see Fig. 1). Heme is oxidized
and rapidly converted into hemin. One portion is removed by he-
mopexin, but the rest interacts with cell membranes (5) and with
circulating LDL and HDL (150). In EC membranes, heme re-
leases iron and catalyzes EC damage by oxidants such as H2O2

(5) but also promotes regeneration of LDL oxidation (59). Ac-
cumulation of hemin, however, triggers an oxidative-stress re-
sponse that promotes heme degradation by HO-1 into bilirubin,
iron, and CO. Because overexpression of HO-1 has been found
to protect animals from atherosclerotic lesions, it is suggested
that hemin is a risk factor for atherogenesis and that HO-1 can
protect cells from oxidative damage (150). Hemoglobin promotes
formation of ROS and catalyzes LDL oxidation and covalent
cross-linking of the LDL protein apoB through the globin radi-
cal (94). Haptoglobin binds to hemoglobin and prevents it from
catalyzing oxidative reactions. In moderate quantities and bound
to haptoglobin, hemoglobin forms a ligand for the hemoglobin
scavenger receptor CD163, which is highly expressed in mono-
cytes and MACs. However, when released in larger amounts,
heme products become toxic by mediating oxidative stress and
inflammation. Proinflammatory stimuli like LPS or IFN-� sup-
press CD163 expression; anti-inflammatory molecules like glu-
cocorticoids or IL-10 strongly induce CD163 on monocytes and
MACs (18). In addition, the PPAR-� agonist 15-deoxy-PGJ2,
which inhibits the activation of monocytes and promotes phago-
cytosis, induces a downregulation of CD163 and an upregulation
of CD36 (18). CD163-positive MACs are found in vivo during
the healing phase of acute inflammation (149), in chronic in-
flammation (35), and in wound-healing tissue (54). In freshly iso-
lated monocytes, the CD14bright/CD16� monocyte subset re-
vealed the highest expression of CD163 (124). Transcription of
CD163 was upregulated during M-CSF–dependent phagocytic
differentiation, whereas during dendritic differentiation in the
presence of GM-CSF and IL-4, CD163 mRNA and protein lev-
els were suppressed (124).

The peptide hormone hepcidin is the principal regulator of
systemic iron homeostasis (50). Hepcidin acts by inhibiting the

efflux of cellular iron through ferroportin, the sole known iron
exporter that is expressed in the small intestine, in hepatocytes
and MACs (50). Hepcidin is elevated during infections and in-
flammation, and its synthesis is homeostatically increased by
iron loading and decreased by anemia and hypoxia. Non–pro-
tein-bound iron seriously damages biologic systems, mostly by
catalyzing the production of ROS and RNS. They can interact
with IRP1 and IRP2, which bind to iron-responsive elements
(IREs) of several mRNAs coding for proteins involved in the
maintenance of iron and energy homeostasis (63, 97). Iron also
serves as a cofactor for certain enzymes of the electron trans-
port chain in mitochondria and is involved in the assembly of
iron–sulfur clusters and iron–porphyrin (heme) complexes in
the mitochondrion. If excess iron exists in the mitochondria,
protective mechanisms are overwhelmed, and mitochondrial
damage ensues, leading to acute oxidative stress with structural
damage and functional impairment (70). Long-term damage to
the mitochondrial genome also can occur. The heme/haptoglo-
bin/CD163 pathway seems to be significantly involved in rapid
calcified lesion progression and plaque rupture of metabolic
syndrome patients, especially in conjunction with end-stage re-
nal disease. The mechanism behind this involves alternative tar-
geting of monocytes toward either phagocytic MACs (foam
cells) or osteoclastic MACs (lesion calcification) (see Fig. 1)
by mechanisms that are not yet fully understood.

ATHEROGENIC LDL AND LIPID
MEMBRANE MICRODOMAINS

Lipid rafts are originally defined as sphingolipid- and cho-
lesterol-rich microdomains in the plasma membrane that play
a role in a number of signaling processes involving specific re-
ceptors (139). Lipid rafts can be disrupted by cholesterol de-
pletion, whereas cholesterol enrichment stabilizes the forma-
tion of lipid rafts (139). E-LDL preferentially increases cellular
cholesterol, whereas Ox-LDL increases cellular Cer content
because of a higher mRNA expression of acid and neutral sphin-
gomyelinase (SMase), neutral SMase activation–associated fac-
tor, and glucosylceramidase during Ox-LDL loading (unpub-
lished observation). Moreover, a higher cell-surface expression
of Cer, lactosylceramide (CDw17), globotriaosyl-ceramide
(CD77), dodecasaccharide-ceramide (CD65s), and GM1 gan-
glioside on Ox-LDL loading could be observed. ApoE, in con-
trast to apoA-I, is bound mainly to Cer-enriched surfaces of 
Ox-LDL–loaded cells, which preferentially induce cholesterol/
Cer-rich membrane microdomains, whereas E-LDL induces
cholesterol/sphingomyelin (SM)-rich microdomains (unpub-
lished observation). This is in accordance with the finding that
the formation of Cer-enriched domains in lipid membranes en-
hances binding of apoE (99) and that surface SM reduces apoE-
mediated binding and uptake of lipid particles (100), suggest-
ing a higher affinity of apoE to Cer than to SM. These results
imply that E-LDL and Ox-LDL differentially influence mem-
brane-microdomain formation in human MACs and thereby dif-
fer in their regulation of MAC effector functions during athero-
genesis. According to our results, Ox-LDL induces cellular Cer
content by increasing acid SMase in human MACs and fibro-
blasts (32).
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The Cer/sphingosine (Sph)/sphingosine-1-
phosphate (S1P) rheostat

Cer also can be generated by diverse types of stresses (UVA
light, irradiation, heat shock, and hypoxia) or biologic factors
(TNF-�, IFN-�, and Fas antibody) through stimulation of
SMases, glucosidase, or Cer 1P-phosphatase, and Cer emerges
as a lipid messenger of cell functions including differentiation
and apoptosis (109) (Fig. 4).

Cer is degraded by ceramidase to the PKC-modulator sphin-
gosine (Sph), which is then phosphorylated by sphingosine ki-
nase (SphK) to form sphingosine-1-phosphate (S1P) (see Fig.
4). S1P promotes cell survival and growth, antagonizing Cer.
This suggests that the metabolic conversion of Cer into S1P
could switch cells from an apoptotic state to a survival or pro-
liferative state via PI3 kinase/Akt activation. Coupling of mul-
tiple TNF- and TLR-family receptors to plasma membrane
SMases (13) activates the Cer/Sph/S1P-rheostat on ligand bind-
ing (see Fig. 4). The balance between cellular concentrations
of Cer and S1P at focal sites of the plasma membrane may trig-
ger distinct downstream signals to determine the physiologic
fate of the cell, which is also known as the “Cer/Sph/S1P-rheo-
stat” (116). Its involvement in mechanisms related to mem-
brane-microdomain dynamics in the cell membrane is also of
upcoming interest (61).

Effects of Cer-membrane microdomains

Cer might induce coalescence of submicroscopic rafts into
large Cer-membrane macrodomains because of its capacity to
self-associate through hydrogen bonding (61). These larger
structures may serve as platforms for protein concentration and
oligomerization, transmitting signals across the plasma mem-
brane. Cer then activates a variety of diverse protein kinase–
and protein phosphatase–dependent signaling pathways, which
in most cases suppress cell growth or promote programmed cell
death or both. Sudden increases of Cer within the plasma mem-
brane have been shown to be involved in the regulation of apop-

tosis. Stimulation of the CD95/Fas receptor triggers the translo-
cation of acid SMase from intracellular stores to the extracel-
lular leaflet of the cell membrane. Surface-bound acid SMase
releases Cer from SM that rapidly forms Cer-enriched platforms
in the cell membrane, which might serve as signaling platforms
for the transmission of the apoptotic signal (60). Another ex-
ample for Cer-induced signaling is the finding that the genera-
tion of cell-surface Cer through the action of acid SMase is a
prerequisite for ligand-induced clustering of the Fc�RII (CD32)
E-LDL receptor within rafts, which then triggers receptor ty-
rosine phosphorylation and signaling (1). This Cer-dependent
organization of signaling domains in the membrane may relate
to progression and treatment of diseases like cancer, degener-
ative disorders, pathogenic infections, or cardiovascular dis-
ease.

Glycosphingolipids, as constituents of lipid rafts and espe-
cially Cer, are ligands for apoE, and apoE binds more avidly
to Cer-rich microdomains on sphingomyelinase-treated lipo-
somes (99). This indicates a function of Cer-rich microdomains
in apoE-dependent metabolism (Fig. 5). The generation of Cer
in the plasma membrane by SMases may stimulate HSPG and
low-density lipoprotein receptor–related protein (LRP)-medi-
ated uptake by MACs, which is catalyzed by apoE, and plays
a crucial role in tissue remodeling and foam cell formation (see
Fig. 5) (98). ApoE is also able to bind Cer-backbone lipid anti-
gens and delivers them through CD1 receptor-mediated uptake
into endosomal compartments in APCs for antigen presentation
(152). Concomitantly, apoE and also apoA-I induce their own
internalization signals by binding to plasma membrane phago-
some-associated ATP-synthase/ATPase complex (see Fig. 5)
(7, 90).

Induction of different raft-associated receptor
clusters with Cer and LPS

Cer shares some structural and functional similarities with
the lipid A moiety of LPS, and it has been suggested that LPS
and Cer recognize the same intracellular molecules (160). The
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FIG. 4. The SM/Cer/Sph/S1P rheostat model. Cer can be either generated from sphingomyelin (SM) through SMase activa-
tion or from ceramide-1-phosphate (Cer1P) via ceramide-1-phosphate-phosphatase (Cer1P-Pase) or from glucosylceramide
through glucosylceramidase (not shown in Fig. 4). The generated Cer is involved in antigen presentation via ApoE through LRP,
CD1b as well as in apoptosis. Cer can then be further degraded by ceramide kinase (CerK) to Cer1P or through ceramidase to
sphingosine. Sphingosine (Sph) is involved in mitogenic signaling via ERK and can be further converted by sphingosine kinase
(SphK) to sphingosine-1-phosphate (S1P). S1P acts via ERK, Crk and Rho signaling pathways as a counterpart to Cer and in-
duces cell survival.
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cellular responses to LPS include changes in shape, metabo-
lism, and gene expression but also induction of a variety of bi-
ologic effects that are involved in systemic inflammation and
sepsis (143). The initiation of these effects is due to the acti-
vation of monocyte/MACs, leading to the secretion of proin-
flammatory cytokines such as TNF�, IL-1�, IL-6, and IL-8.
Activation of Cer-activated protein kinase (CAPK) by both ag-
onists leads to the activation of MAP kinase and the transloca-
tion of activated NF-�B. Although LPS and Cer may share
many signaling components, the signaling pathways are not
identical (160). The GPI-anchored raft-associated receptor
CD14 plays a major role in the inflammatory response of mono-
cytes to LPS, and the binding of Cer to CD14 induces cluster-
ing of CD14 to co-receptors in rafts. In resting monocytes,
CD14 is associated with CD55, the Fc�-receptors CD32 and
CD64, as well as the pentaspan CD47. Cer exposure recruits
complement receptor 3 (CD11b/CD18) and CD36 into the prox-
imity of CD14. In contrast, LPS exposure induces co-cluster-
ing with Toll-like receptor 4 (TLR4), Fc�-RIIIa (CD16a), and
the tetraspanin CD81, whereas CD47 dissociates. The different
receptor complexes may be linked to ligand-specific cellular re-
sponses through rafts initiated by CD14 (117). Thus, clustering
of signaling competent receptors may provide an interesting
mechanism by which different ligands induce distinct cellular
processes in systemic inflammation (SIRS or sepsis) and car-
diovascular disease. Host response to LPS occurs primarily
through interaction of LPS with CD14 and subsequent activa-
tion of Toll-like receptors [for review, see (9)]. Basal TLR4
messenger RNA expression of human monocyte–derived
MACs is markedly upregulated on in vitro loading by Ox-LDL
(161).

Effects of Ox-LDL on lipid rafts 
and caveolae in ECs

Concerning the relation of atherogenic LDL and lipid rafts
in human aortic ECs, Ox-LDL causes the disappearance of the
lipid-raft marker GM1 from the plasma membrane (20). Expo-
sure to Ox-LDL may result in the disruption or redistribution
of lipid rafts, which in turn induces stiffening of the endothe-
lium, an increase in endothelial force generation, and the po-
tential for network formation (20).

A significant amount of eNOS, which generates NO in the
endothelium, is found in specialized lipid rafts called caveolae.
Caveolae are flask-shaped invaginations of the plasma mem-
brane that are coated with the protein caveolin, which can func-
tion as a negative regulator of eNOS (43). They contain pro-
portionately small amounts of phospholipids and large amounts
of cholesterol, sphingomyelin, and glycosphingolipids as well
as SR-BI and CD36. Ox-LDL causes an efflux of caveolae cho-
lesterol out of the cell and onto Ox-LDL, leading to a redistri-
bution of eNOS and caveolin to an intracellular membrane (12).
This requires the presence of Ox-LDL binding to CD36 (23),
whereas the absence of CD36 protects caveolae from choles-
terol depletion and the translocation of eNOS out of caveolae
and maintains the ability of acetylcholine to stimulate NO pro-
duction. HDL binding to SR-BI induces the activation of Akt
kinase, which subsequently phosphorylates eNOS and stimu-
lates the enzyme to synthesize NO (96). The stimulation of
eNOS activity by HDL SR-BI interaction could also be medi-

ated by a Cer-dependent pathway independent of Akt (87).
Caveolae-localized sphingomyelin may serve as the substrate
for the generation of the Cer that stimulates eNOS. In contrast
to Ox-LDL and CD36, which remove cholesterol from caveo-
lae, HDL and SR-BI move cholesterol into them. This could
serve as an indirect effect on eNOS function and helps to main-
tain the cholesterol level of caveolae, which allows eNOS to
remain associated with caveolae (23). HDL can also induce the
NO-dependent vasorelaxation via the lysophospholipid recep-
tor S1P3 (105).

ANTIOXIDANTS INVOLVED 
IN ROS DEFENSE

The thioredoxin/glutathione system

Oxidative stress is the result of an imbalance of the intra-
cellular redox state, which is regulated by different redox cou-
ples. A redox couple is a molecule or enzyme that switches be-
tween reduced and oxidized forms. Two of the most important
redox couples are thioredoxin and glutathione. Trx is a small
protein carrying two cysteines that reversibly switches from
dithiol to disulfide [Trx(SH)2 to TrxS2]. TrxS2 is generally re-
duced by NADPH and flavoprotein thioredoxin reductase
(TrxR) (Fig. 6). GSH is a cysteine-containing tripeptide that re-
versibly forms a homodimer, GSH disulfide (GSSG). By pro-
viding electrons, Trx and GSH maintain intracellular proteins
in a reduced state. As part of the cellular defence against ox-
idative stress, expression of different genes of the GSH and Trx
systems is increased when cells are exposed to ROS (106). ROS,
RNS, and electrophilic lipids contribute to the posttranslational
modification of protein thiols (protein-SH) to form S-ni-
trosothiols (SNOs). This is a prevalent posttranslational protein
modification involved in redox-based cellular signaling. Under
physiologic conditions, protein S-nitrosylation and SNOs pro-
vide protection preventing further cellular oxidative and ni-
trosative stress. Conversely, increased oxidative stress and the
resultant dysregulation of NO are implicated in the pathogene-
sis of cardiovascular diseases (142).

The Trx system in MACs is important in the propagation of
cell proliferation, differentiation, and the maintenance of spe-
cific MACs functions and influences the process of inflamma-
tion by modulating the expression and secretion of signaling
compounds that are involved in the cellular crosstalk between
MACs and T and B cells. In addition, the GSH/glutaredoxin
(GR) system plays a critical role in protecting MACs from Ox-
LDL–induced cell death, and the disturbance of this system ren-
ders MACs susceptible to oxidative stress-induced cell injury
(156). Because the GSH/GR system is intimately involved in
the recycling of dietary antioxidants such as vitamins E and C,
a compromised GSH/GR system in MACs and foam cells in
atherosclerotic lesions may at least in part explain why classic
antioxidant therapy has not proven successful in combating ath-
erosclerosis.

GSH and Trx are involved in cardiovascular disorders, and
low serum concentration of GSH is associated with coronary
artery disease (102), whereas elevated serum Trx levels are cor-
related with acute coronary syndrome (137). Ox-LDLs are able
to modulate the intracellular GSH level through the induction
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of enzymes in GSH synthesis (135), and MACs treated with
Ox-LDL have increased cellular content of GSH (29) and ac-
tivate the antioxidative Trx and GSH systems and Trx, TrxR1,
and GSH reductase (62). Pharmacologic depletion of cellular
GSH enhanced Ox-LDL cytotoxicity to human monocytes and
MACs (56), suggesting that GSH may protect MACs from Ox-
LDL cell injury. In human MACs, Ox-LDL promotes thiol

oxidative stress and cell injury by disrupting the GSH redox
state (156). Three major pathways appear to contribute to this
process: (a) depletion of GSH, (b) inhibition of GSH-reductase,
and (c) oxidation of protein thiols (156). The convergence of
these three pathways results in enhanced protein-S-glu-
tathionylation, and the ensuing loss of protein functions leads
to MAC death. Glutaredoxin (thioltransferase), which acts as
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FIG. 5. ApoE is a multireceptor ligand that modulates low density lipoprotein receptor-related protein (LRP)-receptor
family mediated turnover of plasma membrane proteins. In addition apoE and apoA-I induce internalization signals through
binding to ATP-synthase/ATPase located in the plasma membrane. Glycosphingolipids especially Cer are ligands for apoE. The
generation of Cer in lipoproteins by SMase may stimulate heparan sulfate proteoglycan (HSPG) and low density lipoprotein re-
ceptor-related protein (LRP)-mediated uptake by MACs, which could be intensified by apoE, and play a crucial role in foam cell
formation. ApoE is also able to bind lipid antigens and delivers them by receptor-mediated uptake into endosomal compartments
containing CD1 in antigen presenting cells.

FIG. 6. Major physiological functions of the mammalian thioredoxin system. Reduction of hydrogen peroxide and regen-
eration of the active site in glutathione peroxidase are reactions that can also be directly catalyzed by Thioredoxinreductase (TrxR).
Thioredoxin-dependent reduction of hydrogen peroxide is highly efficient in conjunction with the activities of peroxiredoxins and
to some extent glutathione peroxidases, although the latter also function without involvement of the thioredoxin system (via GSH
and GR). thioredoxin (Trx), dihydrolipoic acid (DHLA), apoptosis signal-regulated kinase 1 (ASK-1), peroxiredoxin (Prx), pro-
teindisulfidisomerase (PDI), glutathione (GSH)
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an electron carrier in the glutathione-dependent synthesis of de-
oxyribonucleotides by the enzyme ribonucleotide reductase,
was found highly expressed in MACs invading atherosclerotic
plaques (110). Many intracellular redox-sensitive processes, in-
cluding synthesis of DNA precursors by ribonucleotide reduc-
tase, transcription factor regulation, and cellular growth (3), are
modulated by the Trx system, composed of Trx, TrxR, and
NADPH (3, 106) (see Fig. 6). Because the many antioxidant
and regulatory roles of cytosolic Trx are dependent on the ac-
tivity of cytosolic TrxR, this selenoenzyme together with Trx
is increasingly being recognized as an essential component for
cellular redox control and antioxidant defence (3, 106). The
ubiquitous 55-kDa selenoprotein TrxR1 was found upregulated
in human atherosclerotic plaques and expressed in foam cells
(49). TrxR1 mRNA in human monocyte–derived MACs dose-
dependently increases with Ox-LDLs, but not with native LDLs.

Another role for Trx in the processes of proliferation, dif-
ferentiation, and apoptosis is the activation of transcription fac-
tors like NF-�B and AP-1 by reducing critical cysteines that
are important for protein/protein interaction like dimerization
and for protein/DNA interactions like the binding of zinc fin-
gers to DNA response elements (67). The apoptosis signal-reg-
ulating kinase1 (ASK-1) is also regulated by Trx (128). Al-
though reduced Trx prevents apoptosis via an inhibitory binding
to ASK-1, this binding is lost when Trx is oxidized (106).

Specific protein disulfide targets for reduction by Trx are pro-
tein disulfidisomerases (PDI) and Trx is also a specific electron
donor for many peroxiredoxins, which are important for the re-
duction of peroxides and have generated recent interest for their
potential to regulate signaling pathways. In macrophage-de-
rived foam cells on Ox-LDL stimulation, peroxiredoxin I (Prx
I) plays a dual role. As an antioxidant, induction of Prx I dur-
ing treatment with Ox-LDL led to improved cell survival with
a decrease in ROS. Additionally, activation of p38/MAPK was
dependent on the upregulation of Prx-I. Therefore, Prx I in mac-
rophage-derived foam cells could be considered both an anti-
oxidant and a regulator of oxidant-sensitive signal transduction
(28).

Antioxidants and scavengers affecting 
MAC redox status

The LDL oxidative state is elevated by an increased ratio of
poly/monounsaturated fatty acids and is reduced by elevation
of LDL-associated antioxidants and scavengers such as ascor-
bic acid (vitamin C), �-tocopherol (vitamin E), �-carotene, ly-
copene, and polyphenolic flavonoids (4). Flavonoids, polyphe-
nolic compounds of the human diet, are also radical scavengers
that may suppress LDL oxidation and inflammatory progres-
sion in the artery wall. Certain flavonoids, such as morin, fisetin,
quercetin, and gossypetin, were shown to inhibit the oxidative
modification of LDL by MACs, at least partly by conserving
the �-tocopherol content of the LDL particles (31). The posi-
tive effects of flavonoids have been attributed to competitive
inhibition of cyclic nucleotide phosphodiesterase (PDE), an el-
evation in cAMP level, and subsequent activation of protein ki-
nase A (cAMP-dependent protein kinase), which targets lipid
droplet–associated lipases and activates rehydrolysis of triglyc-
erides and cholesteryl esters (115). Thus, PDE4 relates to lipid
droplet formation, and protein kinase A regulates lipid droplet

hydrolases for lipid droplet elimination. In addition, flavonoids
can reduce MAC oxidative stress by inhibition of cellular oxy-
genases such as NADPH oxidase or by activating cellular an-
tioxidants such as the GSH system (48). Reduction of the for-
mation and release of ROS/RNS from MACs by flavonoids
reduces cell-mediated oxidation of LDL and foam cell forma-
tion, leading to attenuation of the development of atheroscle-
rosis.

OXIDIZED HDL AND
MYELOPEROXIDASE

When cholesterol acceptors such as high-density lipoproteins
(HDLs) are present, cholesterol efflux from MACs is acceler-
ated, which prevents foam cell formation. The ATP-binding
cassette transporters (ABCs) ABCA1 and ABCG1 facilitate
transport of free cholesterol and cholesterol/phospholipid com-
plexes (UC/PL) across cell membranes in cholesterol efflux
pathways. During this process, ABCA1 promotes nascent dis-
coidal pre-�-HDL particle formation from lipid poor apoA-I.
In humans and mice, apoA-I is produced primarily in the liver
and intestine. Extracellular sources of apoA-I have been shown
to increase cholesterol efflux from MACs in vitro (64) and are
considered to be necessary for the activation of cholesterol ef-
flux through the ABCA1 pathway (144). The Rho family 
GTPase Cdc42 directly interacts with ABCA1 to control filopo-
dia formation, actin organization, and intracellular lipid trans-
port (34). Vesicular transport processes involving different in-
teractive proteins like �2-syntrophin are involved in cellular
lipid homeostasis controlled by ABCA1 (131). ABCA1 and
Cdc42 were found partially localized in Lubrol- but not in Tri-
ton-X (TX) detergent-resistant membrane microdomains (rafts),
and apoA-I preferentially depleted UC/PL from Lubrol rafts,
whereas HDL3 additionally decreased the cholesterol content
of TX rafts (37).

Mutations in the ABCA1 transporter gene cause familial
HDL-deficiency syndromes such as Tangier disease (TD),
which lead to the development of either coronary artery disease
or splenomegaly, dependent on specific ABCA1 mutations (17).

In summary, HDL particles or their major apolipoprotein
apoAI mediate cholesterol efflux by (a) enhancing lipoprotein
degradation and processing through the endosomal lysosomal
route, and (b) retroendocytosis and (c) enhance hydrolysis of
CE from lipid droplets, and (d) translocation of Chol/PL-com-
plexes from the ER to the plasma membrane directly or (e)
through Golgi- and AP-3–mediated secretory pathways.

If HDL precursors are unable to interact with ABCA1 be-
cause of oxidative damage, cholesterol clearance is impaired.
HDL isolated from patients with cardiovascular disease con-
tains elevated levels of 3-chlorotyrosine and 3-nitrotyrosine,
which are two characteristic products of MPO, a heme enzyme
secreted by MACs (153).

MPO-dependent oxidation of specific amino acids, mainly
tyrosine and methionine residues of apoA-I, impairs its ability
to remove excess cellular cholesterol via the ABCA1 pathway
(134). MPO also generates hypochlorous acid (HOCL), which
is also secreted by MACs like H2O2 and other ROS (141). En-
zymatically active MPO was found in human atherosclerotic le-
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sions (30), and lipoproteins that have been modified by HOCL
have been detected in advanced human atherosclerotic plaques.
Moreover, MPO converts NO2

�, an oxidate of NO to nitrogen
dioxide radical NO2

��, a potent nitrating intermediate (38).
In plasma, HDL is the major carrier of lipid hydroperoxides,

which are potentially atherogenic (15) and which are reduced
to their corresponding hydroxides when methionine residues 
of apoA-I are converted to methionine sulfoxide (51, 52). En-
zymes carried by HDL, including paraoxonase-1, paraoxonase-
3, lecithin:cholesterol acyltransferase, lipoprotein-associated
phospholipase A2, and possibly glutathione phospholipids per-
oxidase have been proposed to degrade lipid oxidation prod-
ucts (6, 153). Therefore, the antioxidant effects of HDL may
be important for its antiatherogenic and anti-inflammatory prop-
erties. HDLs inhibit monocyte transmigration in response to
Ox-LDL. This property appears to be related to paraoxonase
and PAF-acetyl hydrolase on HDL and is reduced in acute in-
flammatory states as a consequence of the HDL accumulating
serum amyloid A (6). Oxidized forms of HDL may activate NF-
�B and promote its nuclear translocation in a process that is
linked to an increase in the generation of intracellular ROS. NF-
�B is activated by ROS and maintained in an inactive state by
low levels of NO. The ability of HDL to inhibit ROS genera-
tion and promote the synthesis of NO, and thus to inhibit the
activation of NF-�B, may therefore also contribute to their in-
hibition of adhesion molecule expression (6).

Evidence suggests that oxidatively modified lipoproteins
might retard the formation of atherosclerotic lesions in hyper-
cholesterolemic apoE-deficient mice (88). Moreover, tyrosy-
lated HDL is more potent than native HDL in removing cho-
lesterol from lipid-laden fibroblasts and MACs in vitro (46).
This process does not appear to involve passive cholesterol de-
sorption from the cell-surface membranes (46), which suggests
the possibility that tyrosylated HDL promotes reverse choles-
terol transport by interacting with ABCA1 in MACs and per-
haps other peripheral tissues more efficiently than native HDL
(45, 88). This implicates a yin and a yang for oxidative events
in the artery wall (8). Enzymatically active MPO and elevated
levels of dityrosine, a marker for protein oxidation by tyrosyl
radicals, have been detected in human atherosclerotic plaques
(30). However, it is not yet known whether HDL is tyrosylated
in vivo. Remarkably little is known about oxidative modifica-
tions of HDL that occur in the human artery wall.

CONCLUSION AND FUTURE
PERSPECTIVES

More detailed work on membrane-microdomain dynamics
and dysregulation is necessary to understand how the balance
between redox control and antioxidative defence affects mem-
brane-microdomain pathophysiology toward foam cell forma-
tion. This research will help to identify novel pharmaceutical
targets that regulate raft dynamics and suppress raft-associated
oxidative stress responses during LDL exposure in hyperlipi-
demias. For example, it could be possible to diminish the ox-
idative stress response by avoiding lipoprotein oxidation by
MACs through inhibition of MPO or NADPH oxidase. As an-
other opportunity to prevent oxidative stress, antioxidant mech-

anisms could be enhanced to protect LDL from modification,
or the uptake receptors for atherogenic lipoproteins could be
blocked by receptor antagonists.

ABBREVIATIONS

AA, arachidonic acid; ABC, ATP-binding cassette trans-
porter; AGE, advanced glycation end product; APC, antigen-
presenting cell; APP, amyloid precursor protein; ASK-1, apop-
tosis signal–regulated kinase 1; CAPK, ceramide-acitvated
protein kinase; CE, cholesteryl ester; Cer, ceramide; CerK,
ceramide kinase; Cer1P, ceramide-1-phosphate; Cer1P-Pase,
ceramide-1-phosphate-phosphatase; COX-2, cyclooxygenase 2;
CSIF, cytokine synthesis inhibitory factor; DHLA, dihy-
drolipoic acid; EC, endothelial cell; E-LDL, enzymatically de-
graded low-density lipoprotein; ERK, extracellular signal–reg-
ulated kinase; GEF, guanine nucleotide exchange factor;
GM-CSF, granulocyte macrophage colony-stimulating factor;
GR, glutaredoxin; GSH, glutathione; GSSG, glutathione disul-
fide; Hcys, homocysteine; HDL, high-density lipoprotein;
HETE, hydroxyeicosatetraenoic acid; HNE, hydroxynonenal;
HOCL, hypochlorous acid; HODE, hydroxyoctadecadienoic
acid; HSPG, heparan sulfate proteoglycan; iNOS, inducible
nitric oxide synthase; IRE, iron-responsive element; LAMP,
lysosomal-associated membrane protein; LOX-1, lectin-like
Ox-LDL receptor; LPC, lysophosphatidylcholine; LPS, lipo-
polysaccharide; LRP, low-density lipoprotein receptor–related
protein; LTA, lipoteichoic acid; MAC, macrophage; MAPK,
mitogen-activated protein kinase; MARCO, macrophage re-
ceptor with collagenous structure; M-CSF, macrophage colony-
stimulating factor; MPO, myeloperoxidase, MSR-A, macro-
phage scavenger receptor class A; NSAIDs, nonsteroidal
anti-inflammatory drugs; ONOO�, peroxynitrite; Ox-LDL,
oxidized low-density lipoprotein; PC, phosphatidylcholine;
PDGF, platelet-derived growth factor; PDI, protein disulfidis-
omerase; PDE, phosphodiesterase; PGJ2, prostaglandin J2; PL,
phospholipids; PPAR, peroxisome proliferating activating re-
ceptor; PPRE, peroxisome proliferators response element; Prx,
peroxiredoxin; PS, phosphatidylserine; PSR, phosphatidylser-
ine receptor; RANKL, receptor activator of NF-�B ligand;
RNS, reactive nitrogen species; ROS, reactive oxygen species;
SM, sphingomyelin; SMase, sphingomyelinase; Sph, sphingo-
sine; SphK, sphingosine kinase; SR, scavenger receptor; SR-
BI, scavenger receptor type BI; SREC, scavenger receptor ex-
pressed by endothelial cells; S1P, sphingosine-1-phosphate;
TD, Tangier disease; TLR, toll-like receptor; Trx, thioredoxin;
TrxR, thioredoxin reductase; TX, Triton-X; TZDs, thiazoli-
dones; UC, unesterified cholesterol.

REFERENCES

1. Abdel Shakor AB, Kwiatkowska K, and Sobota A. Cell surface
ceramide generation precedes and controls FcgammaRII cluster-
ing and phosphorylation in rafts. J Biol Chem 279: 36778–36787,
2004.

2. Acton S, Rigotti A, Landschulz KT, Xu S, Hobbs HH, and Krieger
M. Identification of scavenger receptor SR-BI as a high density
lipoprotein receptor. Science 271: 518–520, 1996.

REDOX AND RAFT REGULATION UPON FOAM CELL FORMATION 1513



3. Arner ES and Holmgren A. Physiological functions of thioredoxin
and thioredoxin reductase. Eur J Biochem 267: 6102–6109, 2000.

4. Aviram M and Fuhrman B. LDL oxidation by arterial wall mac-
rophages depends on the oxidative status in the lipoprotein and
in the cells: role of prooxidants vs. antioxidants. Mol Cell Biochem
188: 149–159, 1998.

5. Balla J, Jacob HS, Balla G, Nath K, Eaton JW, and Vercellotti
GM. Endothelial-cell heme uptake from heme proteins: induction
of sensitization and desensitization to oxidant damage. Proc Natl
Acad Sci U S A 90: 9285–9289, 1993.

6. Barter PJ, Nicholls S, Rye KA, Anantharamaiah GM, Navab M,
and Fogelman AM. Antiinflammatory properties of HDL. Circ
Res 95: 764–772, 2004.

7. Beisiegel U, Weber W, Havinga JR, Ihrke G, Hui DY, Wernette-
Hammond ME, Turck CW, Innerarity TL, and Mahley RW.
Apolipoprotein E-binding proteins isolated from dog and human
liver. Arteriosclerosis 8: 288–297, 1988.

8. Bergt C, Oram JF, and Heinecke JW. Oxidized HDL: the para-
dox-idation of lipoproteins. Arterioscler Thromb Vasc Biol 23:
1488–1490, 2003.

9. Beutler B and Rietschel ET. Innate immune sensing and its roots:
the story of endotoxin. Nat Rev Immunol 3: 169–176, 2003.

10. Bhakdi S, Dorweiler B, Kirchmann R, Torzewski J, Weise E,
Tranum-Jensen J, Walev I, and Wieland E. On the pathogenesis
of atherosclerosis: enzymatic transformation of human low den-
sity lipoprotein to an atherogenic moiety. J Exp Med 182:
1959–1971, 1995.

11. Bhatt NY, Kelley TW, Khramtsov VV, Wang Y, Lam GK, Clan-
ton TL, and Marsh CB. Macrophage-colony-stimulating factor-
induced activation of extracellular-regulated kinase involves
phosphatidylinositol 3-kinase and reactive oxygen species in hu-
man monocytes. J Immunol 169: 6427–6434, 2002.

12. Blair A, Shaul PW, Yuhanna IS, Conrad PA, and Smart EJ. Ox-
idized low density lipoprotein displaces endothelial nitric-oxide
synthase (eNOS) from plasmalemmal caveolae and impairs eNOS
activation. J Biol Chem 274: 32512–32519, 1999.

13. Bollinger CR, Teichgraber V, and Gulbins E. Ceramide-enriched
membrane domains. Biochim Biophys Acta 1746: 284–294, 2005.

14. Bottalico LA, Kendrick NC, Keller A, Li Y, and Tabas I. Cho-
lesteryl ester loading of mouse peritoneal macrophages is associ-
ated with changes in the expression or modification of specific
cellular proteins, including increase in an alpha-enolase isoform.
Arterioscler Thromb 13: 264–275, 1993.

15. Bowry VW, Stanley KK, and Stocker R. High density lipopro-
tein is the major carrier of lipid hydroperoxides in human blood
plasma from fasting donors. Proc Natl Acad Sci U S A 89:
10316–10320, 1992.

16. Branton MH and Kopp JB. TGF-beta and fibrosis. Microbes In-
fect 1: 1349–1365, 1999.

17. Brooks-Wilson A, Marcil M, Clee SM, Zhang LH, Roomp K, van
Dam M, Yu L, Brewer C, Collins JA, Molhuizen HO, Loubser
O, Ouelette BF, Fichter K, Ashbourne-Excoffon KJ, Sensen CW,
Scherer S, Mott S, Denis M, Martindale D, Frohlich J, Morgan
K, Koop B, Pimstone S, Kastelein JJ, Genest J Jr, and Hayden
MR. Mutations in ABC1 in Tangier disease and familial high-
density lipoprotein deficiency. Nat Genet 22: 336–345, 1999.

18. Buechler C, Ritter M, Orso E, Langmann T, Klucken J, and
Schmitz G. Regulation of scavenger receptor CD163 expression
in human monocytes and macrophages by pro- and antiinflam-
matory stimuli. J Leukoc Biol 67: 97–103, 2000.

19. Buttery LD, Springall DR, Chester AH, Evans TJ, Standfield EN,
Parums DV, Yacoub MH, and Polak JM. Inducible nitric oxide
synthase is present within human atherosclerotic lesions and pro-
motes the formation and activity of peroxynitrite. Lab Invest 75:
77–85, 1996.

20. Byfield FJ, Tikku S, Rothblat GH, Gooch KJ, and Levitan I.
OxLDL increases endothelial stiffness, force generation, and net-
work formation. J Lipid Res 47: 715–723, 2006.

21. Cathcart MK. Regulation of superoxide anion production by
NADPH oxidase in monocytes/macrophages: contributions to ath-
erosclerosis. Arterioscler Thromb Vasc Biol 24: 23–28, 2004.

22. Chawla A, Barak Y, Nagy L, Liao D, Tontonoz P, and Evans RM.
PPAR-gamma dependent and independent effects on macrophage-

gene expression in lipid metabolism and inflammation. Nat Med
7: 48–52, 2001.

23. Chikani G, Zhu W, and Smart EJ. Lipids: potential regulators of
nitric oxide generation. Am J Physiol Endocrinol Metab 287:
E386–E389, 2004.

24. Chinetti G, Gbaguidi FG, Griglio S, Mallat Z, Antonucci M,
Poulain P, Chapman J, Fruchart JC, Tedgui A, Najib-Fruchart J,
and Staels B. CLA-1/SR-BI is expressed in atherosclerotic lesion
macrophages and regulated by activators of peroxisome prolifer-
ator-activated receptors. Circulation 101: 2411–2417, 2000.

25. Chitu V and Stanley ER. Colony-stimulating factor-1 in immu-
nity and inflammation. Curr Opin Immunol 18: 39-48, 2006.

26. Clare K, Hardwick SJ, Carpenter KL, Weeratunge N, and Mitchin-
son MJ. Toxicity of oxysterols to human monocyte-macrophages.
Atherosclerosis 118: 67–75, 1995.

27. Cominacini L, Pasini AF, Garbin U, Davoli A, Tosetti ML, Cam-
pagnola M, Rigoni A, Pastorino AM, Lo CV, and Sawamura T.
Oxidized low density lipoprotein (ox-LDL) binding to ox-LDL
receptor-1 in endothelial cells induces the activation of NF-kap-
paB through an increased production of intracellular reactive oxy-
gen species. J Biol Chem 275: 12633-12638, 2000.

28. Conway JP and Kinter M. Dual role of peroxiredoxin I in mac-
rophage-derived foam cells. J Biol Chem 281: 27991-28001, 2006.

29. Darley-Usmar VM, Severn A, O’Leary VJ, and Rogers M. Treat-
ment of macrophages with oxidized low-density lipoprotein in-
creases their intracellular glutathione content. Biochem J 278:
429–434, 1991.

30. Daugherty A, Dunn JL, Rateri DL, and Heinecke JW. Myeloper-
oxidase, a catalyst for lipoprotein oxidation, is expressed in hu-
man atherosclerotic lesions. J Clin Invest 94: 437–444, 1994.

31. de Whalley CV, Rankin SM, Hoult JR, Jessup W, Wilkins GM,
Collard J, and Leake DS. Modification of low-density lipopro-
teins by flavonoids. Biochem Soc Trans 18: 1172–1173, 1990.

32. Deigner HP, Claus R, Bonaterra GA, Gehrke C, Bibak N, Blaess
M, Cantz M, Metz J, and Kinscherf R. Ceramide induces aSMase
expression: implications for oxLDL-induced apoptosis. FASEB J
15: 807–814, 2001.

33. DeLeo FR and Quinn MT. Assembly of the phagocyte NADPH
oxidase: molecular interaction of oxidase proteins. J Leukoc Biol
60: 677–691, 1996.

34. Diederich W, Orso E, Drobnik W, and Schmitz G. Apolipopro-
tein AI and HDL(3) inhibit spreading of primary human mono-
cytes through a mechanism that involves cholesterol depletion and
regulation of CDC42. Atherosclerosis 159: 313–324, 2001.

35. Djemadji-Oudjiel N, Goerdt S, Kodelja V, Schmuth M, and Or-
fanos CE. Immunohistochemical identification of type II alterna-
tively activated dendritic macrophages (RM 3/1�3, MS-1�/�,
25F9�) in psoriatic dermis. Arch Dermatol Res 288: 757–764,
1996.

36. Dokka S, Shi X, Leonard S, Wang L, Castranova V, and Ro-
janasakul Y. Interleukin-10-mediated inhibition of free radical
generation in macrophages. Am J Physiol Lung Cell Mol Physiol
280: L1196–L1202, 2001.

37. Drobnik W, Borsukova H, Bottcher A, Pfeiffer A, Liebisch G,
Schutz GJ, Schindler H, and Schmitz G. Apo AI/ABCA1-depen-
dent and HDL3-mediated lipid efflux from compositionally dis-
tinct cholesterol-based microdomains. Traffic 3: 268–278, 2002.

38. Eiserich JP, Hristova M, Cross CE, Jones AD, Freeman BA, Hal-
liwell B, and van d, V. Formation of nitric oxide-derived inflam-
matory oxidants by myeloperoxidase in neutrophils. Nature 391:
393–397, 1998.

39. Fabriek BO, Dijkstra CD, and van den Berg TK. The macrophage
scavenger receptor CD163. Immunobiology 210: 153–160, 2005.

40. Fadok VA, Bratton DL, Rose DM, Pearson A, Ezekewitz RA, and
Henson PM. A receptor for phosphatidylserine-specific clearance
of apoptotic cells. Nature 405: 85–90, 2000.

41. Fan J and Watanabe T. Inflammatory reactions in the pathogen-
esis of atherosclerosis. J Atheroscler Thromb 10: 63–71, 2003.

42. Febbraio M, Hajjar DP, and Silverstein RL. CD36: a class B scav-
enger receptor involved in angiogenesis, atherosclerosis, inflam-
mation, and lipid metabolism. J Clin Invest 108: 785–791, 2001.

43. Feron O, Michel JB, Sase K, and Michel T. Dynamic regulation
of endothelial nitric oxide synthase: complementary roles of dual

SCHMITZ AND GRANDL1514



acylation and caveolin interactions. Biochemistry 37: 193–200,
1998.

44. Fischer B, von Knethen A, and Brune B. Dualism of oxidized
lipoproteins in provoking and attenuating the oxidative burst in
macrophages: role of peroxisome proliferator-activated receptor-
gamma. J Immunol 168: 2828–2834, 2002.

45. Francis GA, Mendez AJ, Bierman EL, and Heinecke JW. Oxida-
tive tyrosylation of high density lipoprotein by peroxidase en-
hances cholesterol removal from cultured fibroblasts and macro-
phage foam cells. Proc Natl Acad Sci U S A 90: 6631–6635, 1993.

46. Francis GA, Oram JF, Heinecke JW, and Bierman EL. Oxidative
tyrosylation of HDL enhances the depletion of cellular cholesteryl
esters by a mechanism independent of passive sterol desorption.
Biochemistry 35: 15188–15197, 1996.

47. Fu X, Menke JG, Chen Y, Zhou G, MacNaul KL, Wright SD,
Sparrow CP, and Lund EG. 27-Hydroxycholesterol is an en-
dogenous ligand for liver X receptor in cholesterol-loaded cells.
J Biol Chem 276: 38378–38387, 2001.

48. Fuhrman B and Aviram M. Flavonoids protect LDL from oxida-
tion and attenuate atherosclerosis. Curr Opin Lipidol 12: 41–48,
2001.

49. Furman C, Rundlof AK, Larigauderie G, Jaye M, Bricca G, Copin
C, Kandoussi AM, Fruchart JC, Arner ES, and Rouis M. Thiore-
doxin reductase 1 is upregulated in atherosclerotic plaques: spe-
cific induction of the promoter in human macrophages by oxi-
dized low-density lipoproteins. Free Radic Biol Med 37: 71–85,
2004.

50. Ganz T. Hepcidin: a peptide hormone at the interface of innate
immunity and iron metabolism. Curr Top Microbiol Immunol 306:
183–198, 2006.

51. Garner B, Waldeck AR, Witting PK, Rye KA, and Stocker R. Ox-
idation of high density lipoproteins, II: evidence for direct re-
duction of lipid hydroperoxides by methionine residues of
apolipoproteins AI and AII. J Biol Chem 273: 6088–6095, 1998.

52. Garner B, Witting PK, Waldeck AR, Christison JK, Raftery M,
and Stocker R. Oxidation of high density lipoproteins, I: forma-
tion of methionine sulfoxide in apolipoproteins AI and AII is an
early event that accompanies lipid peroxidation and can be en-
hanced by alpha-tocopherol. J Biol Chem 273: 6080–6087, 1998.

53. Gillotte-Taylor K, Boullier A, Witztum JL, Steinberg D, and Que-
henberger O. Scavenger receptor class B type I as a receptor for
oxidized low density lipoprotein. J Lipid Res 42: 1474–1482,
2001.

54. Goerdt S, Bhardwaj R, and Sorg C. Inducible expression of MS-
1 high-molecular-weight protein by endothelial cells of continu-
ous origin and by dendritic cells/macrophages in vivo and in vitro.
Am J Pathol 142: 1409–1422, 1993.

55. Gordon S. Alternative activation of macrophages. Nat Rev Im-
munol 3: 23–35, 2003.

56. Gotoh N, Graham A, Nikl E, and Darley-Usmar VM. Inhibition
of glutathione synthesis increases the toxicity of oxidized low-
density lipoprotein to human monocytes and macrophages.
Biochem J 296: 151–154, 1993.

57. Gough PJ, Greaves DR, and Gordon S. A naturally occurring iso-
form of the human macrophage scavenger receptor (SR-A) gene
generated by alternative splicing blocks modified LDL uptake. J
Lipid Res 39: 531–543, 1998.

58. Grandl M, Bared SM, Liebisch G, Werner T, Barlage S, and
Schmitz G. E-LDL and Ox-LDL differentially regulate ceramide
and cholesterol raft microdomains in human Macrophages. Cy-
tometry A 69: 189–191, 2006.

59. Grinshtein N, Bamm VV, Tsemakhovich VA, and Shaklai N.
Mechanism of low-density lipoprotein oxidation by hemoglobin-
derived iron. Biochemistry 42: 6977–6985, 2003.

60. Gulbins E and Grassme H. Ceramide and cell death receptor clus-
tering. Biochim Biophys Acta 1585: 139–145, 2002.

61. Gulbins E and Kolesnick R. Raft ceramide in molecular medi-
cine. Oncogene 22: 7070–7077, 2003.

62. Hagg D, Englund MC, Jernas M, Schmidt C, Wiklund O, Hulten
LM, Ohlsson BG, Carlsson LM, Carlsson B, and Svensson PA.
Oxidized LDL induces a coordinated up-regulation of the glu-
tathione and thioredoxin systems in human macrophages. Ather-
osclerosis 185: 282–289, 2006.

63. Hanson ES and Leibold EA. Regulation of the iron regulatory
proteins by reactive nitrogen and oxygen species. Gene Expr 7:
367–376, 1999.

64. Hara H and Yokoyama S. Interaction of free apolipoproteins with
macrophages: formation of high density lipoprotein-like lipopro-
teins and reduction of cellular cholesterol. J Biol Chem 266:
3080–3086, 1991.

65. Harizi H and Gualde N. Pivotal role of PGE2 and IL-10 in the
cross-regulation of dendritic cell-derived inflammatory mediators.
Cell Mol Immunol 3: 271–277, 2006.

66. Hasko G, Pacher P, Deitch EA, and Vizi ES. Shaping of mono-
cyte and macrophage function by adenosine receptors. Pharma-
col Ther 113: 264–275, 2007.

67. Hirota K, Matsui M, Iwata S, Nishiyama A, Mori K, and Yodoi
J. AP-1 transcriptional activity is regulated by a direct associa-
tion between thioredoxin and Ref-1. Proc Natl Acad Sci U S A
94: 3633–3638, 1997.

68. Huang JT, Welch JS, Ricote M, Binder CJ, Willson TM, Kelly
C, Witztum JL, Funk CD, Conrad D, and Glass CK. Interleukin-
4-dependent production of PPAR-gamma ligands in macrophages
by 12/15-lipoxygenase. Nature 400: 378–382, 1999.

69. Huang SS and Huang JS. TGF-beta control of cell proliferation.
J Cell Biochem 96: 447–462, 2005.

70. Huang XP, O’Brien PJ, and Templeton DM. Mitochondrial in-
volvement in genetically determined transition metal toxicity, I:
iron toxicity. Chem Biol Interact 163: 68–76, 2006.

71. Humphries KM and Szweda LI. Selective inactivation of alpha-
ketoglutarate dehydrogenase and pyruvate dehydrogenase: reac-
tion of lipoic acid with 4-hydroxy-2-nonenal. Biochemistry 37:
15835–15841, 1998.

72. Humphries KM, Yoo Y, and Szweda LI. Inhibition of NADH-
linked mitochondrial respiration by 4-hydroxy-2-nonenal. Bio-
chemistry 37: 552–557, 1998.

73. Jessup W, Wilson P, Gaus K, and Kritharides L. Oxidized lipopro-
teins and macrophages. Vascul Pharmacol 38: 239–248, 2002.

74. Jiang C, Ting AT, and Seed B. PPAR-gamma agonists inhibit pro-
duction of monocyte inflammatory cytokines. Nature 391: 82–86,
1998.

75. Kerkhoff C, Sorg C, Tandon NN, and Nacken W. Interaction of
S100A8/S100A9-arachidonic acid complexes with the scavenger
receptor CD36 may facilitate fatty acid uptake by endothelial
cells. Biochemistry 40: 241–248, 2001.

76. Kinscherf R, Claus R, Deigner HP, Nauen O, Gehrke C, Her-
metter A, Russwurm S, Daniel V, Hack V, and Metz J. Modified
low density lipoprotein delivers substrate for ceramide formation
and stimulates the sphingomyelin-ceramide pathway in human
macrophages. FEBS Lett 405: 55–59, 1997.

77. Kliewer SA, Lenhard JM, Willson TM, Patel I, Morris DC, and
Lehmann JM. A prostaglandin J2 metabolite binds peroxisome
proliferator-activated receptor gamma and promotes adipocyte
differentiation. Cell 83: 813–819, 1995.

78. Kodama T, Doi T, Suzuki H, Takahashi K, Wada Y, and Gordon
S. Collagenous macrophage scavenger receptors. Curr Opin Lipi-
dol 7: 287–291, 1996.

79. Kohl R, Preiss S, von Knethen A, and Brune B. Oxidized low-
density lipoprotein depletes PKCalpha and attenuates reactive
oxygen species formation in monocytes/macrophages. Cardiovasc
Res 71: 574–585, 2006.

80. Krieger M and Herz J. Structures and functions of multiligand
lipoprotein receptors: macrophage scavenger receptors and LDL
receptor-related protein (LRP). Annu Rev Biochem 63: 601–637,
1994.

81. Kritharides L, Jessup W, Gifford J, and Dean RT. A method for
defining the stages of low-density lipoprotein oxidation by the
separation of cholesterol- and cholesteryl ester-oxidation products
using HPLC. Anal Biochem 213: 79–89, 1993.

82. Kume N, Cybulsky MI, and Gimbrone MA Jr. Lysophos-
phatidylcholine, a component of atherogenic lipoproteins, in-
duces mononuclear leukocyte adhesion molecules in cultured
human and rabbit arterial endothelial cells. J Clin Invest 90:
1138–1144, 1992.

83. Kustermans G, El Benna J, Piette J, and Legrand-Poels S. Per-
turbation of actin dynamics induces NF-kappaB activation in

REDOX AND RAFT REGULATION UPON FOAM CELL FORMATION 1515



myelomonocytic cells through an NADPH oxidase-dependent
pathway. Biochem J 387: 531–540, 2005.

84. Leonarduzzi G, Chiarpotto E, Biasi F, and Poli G. 4-Hydroxy-
nonenal and cholesterol oxidation products in atherosclerosis. Mol
Nutr Food Res 49: 1044–1049, 2005.

85. Leonarduzzi G, Sottero B, and Poli G. Oxidized products of cho-
lesterol: dietary and metabolic origin, and proatherosclerotic ef-
fects [Review]. J Nutr Biochem 13: 700–710, 2002.

86. Li D and Mehta JL. Antisense to LOX-1 inhibits oxidized LDL-
mediated upregulation of monocyte chemoattractant protein-1 and
monocyte adhesion to human coronary artery endothelial cells.
Circulation 101: 2889–2895, 2000.

87. Li XA, Titlow WB, Jackson BA, Giltiay N, Nikolova-Karakashian
M, Uittenbogaard A, and Smart EJ. High density lipoprotein bind-
ing to scavenger receptor, Class B, type I activates endothelial ni-
tric-oxide synthase in a ceramide-dependent manner. J Biol Chem
277: 11058–11063, 2002.

88. Macdonald DL, Terry TL, Agellon LB, Nation PN, and Francis
GA. Administration of tyrosyl radical-oxidized HDL inhibits the
development of atherosclerosis in apolipoprotein E-deficient
mice. Arterioscler Thromb Vasc Biol 23: 1583–1588, 2003.

89. Macphee CH, Moores KE, Boyd HF, Dhanak D, Ife RJ, Leach
CA, Leake DS, Milliner KJ, Patterson RA, Suckling KE, Tew
DG, and Hickey DM. Lipoprotein-associated phospholipase A2,
platelet-activating factor acetylhydrolase, generates two bioactive
products during the oxidation of low-density lipoprotein: use of
a novel inhibitor. Biochem J 338: 479–487, 1999.

90. Martinez LO, Jacquet S, Esteve JP, Rolland C, Cabezon E, Cham-
pagne E, Pineau T, Georgeaud V, Walker JE, Terce F, Collet X,
Perret B, and Barbaras R. Ectopic beta-chain of ATP synthase is
an apolipoprotein A-I receptor in hepatic HDL endocytosis. Na-
ture 421: 75–79, 2003.

91. Marx N, Schonbeck U, Lazar MA, Libby P, and Plutzky J. Per-
oxisome proliferator-activated receptor gamma activators inhibit
gene expression and migration in human vascular smooth muscle
cells. Circ Res 83: 1097–1103, 1998.

92. Marx N, Sukhova G, Murphy C, Libby P, and Plutzky J. Macro-
phages in human atheroma contain PPARgamma: differentiation-
dependent peroxisomal proliferator-activated receptor gamma
(PPARgamma) expression and reduction of MMP-9 activity
through PPARgamma activation in mononuclear phagocytes in
vitro. Am J Pathol 153: 17–23, 1998.

93. Meyer Zu HD and Jakobs KH. Lysophospholipid receptors: Sig-
nalling, pharmacology and regulation by lysophospholipid me-
tabolism. Biochim Biophys Acta 1768: 923–940, 2006.

94. Miller YI, Altamentova SM, and Shaklai N. Oxidation of low-
density lipoprotein by hemoglobin stems from a heme-initiated
globin radical: antioxidant role of haptoglobin. Biochemistry 36:
12189–12198, 1997.

95. Minami M, Kume N, Shimaoka T, Kataoka H, Hayashida K,
Akiyama Y, Nagata I, Ando K, Nobuyoshi M, Hanyuu M,
Komeda M, Yonehara S, and Kita T. Expression of SR-PSOX, a
novel cell-surface scavenger receptor for phosphatidylserine and
oxidized LDL in human atherosclerotic lesions. Arterioscler
Thromb Vasc Biol 21: 1796–1800, 2001.

96. Mineo C, Yuhanna IS, Quon MJ, and Shaul PW. High density
lipoprotein-induced endothelial nitric-oxide synthase activation is
mediated by Akt and MAP kinases. J Biol Chem 278: 9142–9149,
2003.

97. Mladenka P, Simunek T, Hubl M, and Hrdina R. The role of re-
active oxygen and nitrogen species in cellular iron metabolism.
Free Radic Res 40: 263–272, 2006.

98. Morita SY, Kawabe M, Sakurai A, Okuhira K, Vertut-Doi A,
Nakano M, and Handa T. Ceramide in lipid particles enhances
heparan sulfate proteoglycan and low density lipoprotein recep-
tor-related protein-mediated uptake by macrophages. J Biol Chem
279: 24355–24361, 2004.

99. Morita SY, Nakano M, Sakurai A, Deharu Y, Vertut-Doi A, and
Handa T. Formation of ceramide-enriched domains in lipid par-
ticles enhances the binding of apolipoprotein E. FEBS Lett 579:
1759–1764, 2005.

100. Morita SY, Okuhira K, Tsuchimoto N, Vertut-Doi A, Saito H,
Nakano M, and Handa T. Effects of sphingomyelin on apolipopro-

tein E- and lipoprotein lipase-mediated cell uptake of lipid parti-
cles. Biochim Biophys Acta 1631: 169–176, 2003.

101. Moriwaki H, Kume N, Sawamura T, Aoyama T, Hoshikawa H,
Ochi H, Nishi E, Masaki T, and Kita T. Ligand specificity of
LOX-1, a novel endothelial receptor for oxidized low density
lipoprotein. Arterioscler Thromb Vasc Biol 18: 1541–1547,
1998.

102. Morrison JA, Jacobsen DW, Sprecher DL, Robinson K, Khoury
P, and Daniels SR. Serum glutathione in adolescent males pre-
dicts parental coronary heart disease. Circulation 100: 2244–2247,
1999.

103. Nacken W, Roth J, Sorg C, and Kerkhoff C. S100A9/S100A8:
Myeloid representatives of the S100 protein family as prominent
players in innate immunity. Microsc Res Tech 60: 569–580, 2003.

104. Nagy L, Tontonoz P, Alvarez JG, Chen H, and Evans RM. Oxi-
dized LDL regulates macrophage gene expression through ligand
activation of PPARgamma. Cell 93: 229–240, 1998.

105. Nofer JR, van der GM, Tolle M, Wolinska I, von Wnuck LK,
Baba HA, Tietge UJ, Godecke A, Ishii I, Kleuser B, Schafers M,
Fobker M, Zidek W, Assmann G, Chun J, and Levkau B. HDL
induces NO-dependent vasorelaxation via the lysophospholipid
receptor S1P3. J Clin Invest 113: 569–581, 2004.

106. Nordberg J and Arner ES. Reactive oxygen species, antioxidants,
and the mammalian thioredoxin system. Free Radic Biol Med 31:
1287–1312, 2001.

107. O’Donnell VB and Freeman BA. Interactions between nitric ox-
ide and lipid oxidation pathways: implications for vascular dis-
ease. Circ Res 88: 12–21, 2001.

108. O’Donnell VB and Freeman BA. Interactions between nitric ox-
ide and lipid oxidation pathways: implications for vascular dis-
ease. Circ Res 88: 12–21, 2001.

109. Okazaki T, Kondo T, Kitano T, and Tashima M. Diversity and
complexity of ceramide signalling in apoptosis. Cell Signal 10:
685–692, 1998.

110. Okuda M, Inoue N, Azumi H, Seno T, Sumi Y, Hirata K,
Kawashima S, Hayashi Y, Itoh H, Yodoi J, and Yokoyama M.
Expression of glutaredoxin in human coronary arteries: its po-
tential role in antioxidant protection against atherosclerosis. Ar-
terioscler Thromb Vasc Biol 21: 1483–1487, 2001.

111. Osterud B and Bjorklid E. Role of monocytes in atherogenesis.
Physiol Rev 83: 1069–1112, 2003.

112. Parthasarathy S and Barnett J. Phospholipase A2 activity of low
density lipoprotein: evidence for an intrinsic phospholipase A2
activity of apoprotein B-100. Proc Natl Acad Sci U S A 87:
9741–9745, 1990.

113. Pasceri V, Wu HD, Willerson JT, and Yeh ET. Modulation of
vascular inflammation in vitro and in vivo by peroxisome prolif-
erator-activated receptor-gamma activators. Circulation 101:
235–238, 2000.

114. Patel RP, Diczfalusy U, Dzeletovic S, Wilson MT, and Darley-
Usmar VM. Formation of oxysterols during oxidation of low den-
sity lipoprotein by peroxynitrite, myoglobin, and copper. J Lipid
Res 37: 2361–2371, 1996.

115. Peluso MR. Flavonoids attenuate cardiovascular disease, inhibit
phosphodiesterase, and modulate lipid homeostasis in adipose tis-
sue and liver. Exp Biol Med (Maywood) 231: 1287–1299, 2006.

116. Perry DK and Kolesnick RN. Ceramide and sphingosine 1-phos-
phate in anti-cancer therapies. Cancer Treat Res 115: 345–354,
2003.

117. Pfeiffer A, Bottcher A, Orso E, Kapinsky M, Nagy P, Bodnar A,
Spreitzer I, Liebisch G, Drobnik W, Gempel K, Horn M, Holmer
S, Hartung T, Multhoff G, Schutz G, Schindler H, Ulmer AJ,
Heine H, Stelter F, Schutt C, Rothe G, Szollosi J, Damjanovich
S, and Schmitz G. Lipopolysaccharide and ceramide docking to
CD14 provokes ligand-specific receptor clustering in rafts. Eur J
Immunol 31: 3153–3164, 2001.

118. Pixley FJ and Stanley ER. CSF-1 regulation of the wandering
macrophage: complexity in action. Trends Cell Biol 14: 628–638,
2004.

119. Quinn MT, Parthasarathy S, Fong LG, and Steinberg D. Oxida-
tively modified low density lipoproteins: a potential role in re-
cruitment and retention of monocyte/macrophages during athero-
genesis. Proc Natl Acad Sci U S A 84: 2995–2998, 1987.

SCHMITZ AND GRANDL1516



120. Rajendran L and Simons K. Lipid rafts and membrane dynamics.
J Cell Sci 118: 1099–1102, 2005.

121. Ramprasad MP, Fischer W, Witztum JL, Sambrano GR, Que-
henberger O, and Steinberg D. The 94- to 97-kDa mouse macro-
phage membrane protein that recognizes oxidized low density
lipoprotein and phosphatidylserine-rich liposomes is identical to
macrosialin, the mouse homologue of human CD68. Proc Natl
Acad Sci U S A 92: 9580–9584, 1995.

122. Ramprasad MP, Terpstra V, Kondratenko N, Quehenberger O,
and Steinberg D. Cell surface expression of mouse macrosialin
and human CD68 and their role as macrophage receptors for ox-
idized low density lipoprotein. Proc Natl Acad Sci U S A 93:
14833–14838, 1996.

123. Ricote M, Huang J, Fajas L, Li A, Welch J, Najib J, Witztum JL,
Auwerx J, Palinski W, and Glass CK. Expression of the peroxi-
some proliferator-activated receptor gamma (PPARgamma) in hu-
man atherosclerosis and regulation in macrophages by colony
stimulating factors and oxidized low density lipoprotein. Proc
Natl Acad Sci U S A 95: 7614–7619, 1998.

124. Ritter M, Buechler C, Langmann T, Orso E, Klucken J, and
Schmitz G. The scavenger receptor CD163: regulation, promoter
structure and genomic organization. Pathobiology 67: 257–261,
1999.

125. Robbesyn F, Salvayre R, and Negre-Salvayre A. Dual role of ox-
idized LDL on the NF-kappaB signaling pathway. Free Radic Res
38: 541–551, 2004.

126. Ross FP and Teitelbaum SL. alphavbeta3 and macrophage colony-
stimulating factor: partners in osteoclast biology. Immunol Rev
208: 88–105, 2005.

127. Ross R. Atherosclerosis: an inflammatory disease. N Engl J Med
340: 115–126, 1999.

128. Saitoh M, Nishitoh H, Fujii M, Takeda K, Tobiume K, Sawada
Y, Kawabata M, Miyazono K, and Ichijo H. Mammalian thiore-
doxin is a direct inhibitor of apoptosis signal-regulating kinase
(ASK) 1. EMBO J 17: 2596–2606, 1998.

129. Salvayre R, Auge N, Benoist H, and Negre-Salvayre A. Oxidized
low-density lipoprotein-induced apoptosis. Biochim Biophys Acta
1585: 213–221, 2002.

130. Sawamura T, Kume N, Aoyama T, Moriwaki H, Hoshikawa H,
Aiba Y, Tanaka T, Miwa S, Katsura Y, Kita T, and Masaki T.
An endothelial receptor for oxidized low-density lipoprotein. Na-
ture 386: 73–77, 1997.

131. Schmitz G and Buechler C. ABCA1: regulation, trafficking and
association with heteromeric proteins. Ann Med 34: 334–347,
2002.

132. Schreck R, Rieber P, and Baeuerle PA. Reactive oxygen inter-
mediates as apparently widely used messengers in the activation
of the NF-kappa B transcription factor and HIV-1. EMBO J 10:
2247–2258, 1991.

133. Seifert PS, Hugo F, Tranum-Jensen J, Zahringer U, Muhly M, and
Bhakdi S. Isolation and characterization of a complement-acti-
vating lipid extracted from human atherosclerotic lesions. J Exp
Med 172: 547–557, 1990.

134. Shao B, Oda MN, Bergt C, Fu X, Green PS, Brot N, Oram JF,
and Heinecke JW. Myeloperoxidase impairs ABCA1-dependent
cholesterol efflux through methionine oxidation and site-specific
tyrosine chlorination of apolipoprotein A-I. J Biol Chem 281:
9001–9004, 2006.

135. Shen L and Sevanian A. OxLDL induces macrophage gamma-
GCS-HS protein expression: a role for oxLDL-associated lipid
hydroperoxide in GSH synthesis. J Lipid Res 42: 813–823, 2001.

136. Shi C and Simon DI. Integrin signals, transcription factors, and
monocyte differentiation. Trends Cardiovasc Med 16: 146–152,
2006.

137. Shioji K, Nakamura H, Masutani H, and Yodoi J. Redox regula-
tion by thioredoxin in cardiovascular diseases. Antioxid Redox
Signal 5: 795–802, 2003.

138. Sigari F, Lee C, Witztum JL, and Reaven PD. Fibroblasts that
overexpress 15-lipoxygenase generate bioactive and minimally
modified LDL. Arterioscler Thromb Vasc Biol 17: 3639–3645,
1997.

139. Simons K and Ikonen E. Functional rafts in cell membranes. Na-
ture 387: 569–572, 1997.

140. Stocker R. Lipoprotein oxidation: mechanistic aspects, method-
ological approaches and clinical relevance. Curr Opin Lipidol 5:
422–433, 1994.

141. Sugiyama S, Okada Y, Sukhova GK, Virmani R, Heinecke JW,
and Libby P. Macrophage myeloperoxidase regulation by granu-
locyte macrophage colony-stimulating factor in human athero-
sclerosis and implications in acute coronary syndromes. Am J
Pathol 158: 879–891, 2001.

142. Sun J, Steenbergen C, and Murphy E. S-nitrosylation: NO-related
redox signaling to protect against oxidative stress. Antioxid Re-
dox Signal 8: 1693–1705, 2006.

143. Sweet MJ and Hume DA. Endotoxin signal transduction in mac-
rophages. J Leukoc Biol 60: 8–26, 1996.

144. Takahashi K, Takeya M, and Sakashita N. Multifunctional roles
of macrophages in the development and progression of athero-
sclerosis in humans and experimental animals. Med Electron Mi-
crosc 35: 179–203, 2002.

145. Teissier E, Nohara A, Chinetti G, Paumelle R, Cariou B, Fruchart
JC, Brandes RP, Shah A, and Staels B. Peroxisome proliferator-
activated receptor alpha induces NADPH oxidase activity in mac-
rophages, leading to the generation of LDL with PPAR-alpha ac-
tivation properties. Circ Res 95: 1174–1182, 2004.

146. Tjoelker LW, Eberhardt C, Unger J, Trong HL, Zimmerman GA,
McIntyre TM, Stafforini DM, Prescott SM, and Gray PW. Plasma
platelet-activating factor acetylhydrolase is a secreted phospholi-
pase A2 with a catalytic triad. J Biol Chem 270: 25481–25487,
1995.

147. Tontonoz P and Nagy L. Regulation of macrophage gene ex-
pression by peroxisome-proliferator-activated receptor gamma:
implications for cardiovascular disease. Curr Opin Lipidol 10:
485–490, 1999.

148. Tontonoz P, Nagy L, Alvarez JG, Thomazy VA, and Evans RM.
PPARgamma promotes monocyte/macrophage differentiation and
uptake of oxidized LDL. Cell 93: 241–252, 1998.

149. Topoll HH, Zwadlo G, Lange DE, and Sorg C. Phenotypic dy-
namics of macrophage subpopulations during human experimen-
tal gingivitis. J Periodont Res 24: 106–112, 1989.

150. Tsiftsoglou AS, Tsamadou AI, and Papadopoulou LC. Heme as
key regulator of major mammalian cellular functions: molecular,
cellular, and pharmacological aspects. Pharmacol Ther 111:
327–345, 2006.

151. Uchida K, Shiraishi M, Naito Y, Torii Y, Nakamura Y, and Os-
awa T. Activation of stress signaling pathways by the end prod-
uct of lipid peroxidation. 4-hydroxy-2-nonenal is a potential in-
ducer of intracellular peroxide production. J Biol Chem 274:
2234–2242, 1999.

152. van den EP, Garg S, Leon L, Brigl M, Leadbetter EA, Gumperz JE,
Dascher CC, Cheng TY, Sacks FM, Illarionov PA, Besra GS, Kent
SC, Moody DB, and Brenner MB. Apolipoprotein-mediated path-
ways of lipid antigen presentation. Nature 437: 906–910, 2005.

153. Van Lenten BJ, Navab M, Shih D, Fogelman AM, and Lusis AJ.
The role of high-density lipoproteins in oxidation and inflamma-
tion. Trends Cardiovasc Med 11: 155–161, 2001.

154. Venkateswaran A, Laffitte BA, Joseph SB, Mak PA, Wilpitz DC,
Edwards PA, and Tontonoz P. Control of cellular cholesterol ef-
flux by the nuclear oxysterol receptor LXR alpha. Proc Natl Acad
Sci U S A 97: 12097–12102, 2000.

155. Vilhardt F and van Deurs B. The phagocyte NADPH oxidase de-
pends on cholesterol-enriched membrane microdomains for as-
sembly. EMBO J 23: 739–748, 2004.

156. Wang Y, Qiao M, Mieyal JJ, Asmis LM, and Asmis R. Molecu-
lar mechanism of glutathione-mediated protection from oxidized
low-density lipoprotein-induced cell injury in human macro-
phages: role of glutathione reductase and glutaredoxin. Free Radic
Biol Med 41: 775–785, 2006.

157. Wang Y, Zeigler MM, Lam GK, Hunter MG, Eubank TD,
Khramtsov VV, Tridandapani S, Sen CK, and Marsh CB. The role
of the NADPH oxidase complex, p38 MAPK, and Akt in regu-
lating human monocyte/macrophage survival. Am J Respir Cell
Mol Biol 36: 68–77, 2007.

158. Williams KJ and Tabas I. The response-to-retention hypothesis of
early atherogenesis. Arterioscler Thromb Vasc Biol 15: 551–561,
1995.

REDOX AND RAFT REGULATION UPON FOAM CELL FORMATION 1517



159. Witztum JL and Steinberg D. Role of oxidized low density
lipoprotein in atherogenesis. J Clin Invest 88: 1785–1792, 1991.

160. Wright SD and Kolesnick RN. Does endotoxin stimulate cells by
mimicking ceramide? Immunol Today 16: 297–302, 1995.

161. Xu XH, Shah PK, Faure E, Equils O, Thomas L, Fishbein MC,
Luthringer D, Xu XP, Rajavashisth TB, Yano J, Kaul S, and Arditi
M. Toll-like receptor-4 is expressed by macrophages in murine
and human lipid-rich atherosclerotic plaques and upregulated by
oxidized LDL. Circulation 104: 3103–3108, 2001.

162. Yi F, Zhang AY, Janscha JL, Li PL, and Zou AP. Homocysteine
activates NADH/NADPH oxidase through ceramide-stimulated
Rac GTPase activity in rat mesangial cells. Kidney Int 66:
1977–1987, 2004.

163. Zeng Y, Tao N, Chung KN, Heuser JE, and Lublin DM. Endo-
cytosis of oxidized low density lipoprotein through scavenger re-
ceptor CD36 utilizes a lipid raft pathway that does not require
caveolin-1. J Biol Chem 278: 45931–45936, 2003.

164. Zhang AY, Yi F, Zhang G, Gulbins E, and Li PL. Lipid raft clus-
tering and redox signaling platform formation in coronary arter-
ial endothelial cells. Hypertension 47: 74–80, 2006.

165. Zmijewski JW, Landar A, Watanabe N, Dickinson DA, Noguchi
N, and Darley-Usmar VM. Cell signalling by oxidized lipids and

the role of reactive oxygen species in the endothelium. Biochem
Soc Trans 33: 1385–1389, 2005.

166. Zmijewski JW, Moellering DR, Le Goffe C, Landar A, Ra-
machandran A, and Darley-Usmar VM. Oxidized LDL induces
mitochondrially associated reactive oxygen/nitrogen species for-
mation in endothelial cells. Am J Physiol Heart Circ Physiol 289:
H852–H861, 2005.

Address reprint requests to:
Prof. Dr. Gerd Schmitz

Institute for Clinical Chemistry and Laboratory Medicine
University of Regensburg

Franz-Josef-Strauss-Allee 11
D-93042 Regensburg, Germany

E-mail: gerd.schmitz@klinik.uni-regensburg.de

Date of first submission to ARS Central, March 28, 2007; date
of final revised submission, March 28, 2007; date of accep-
tance, March 29, 2007.

SCHMITZ AND GRANDL1518



This article has been cited by:

1. Yuxing Zhang , Yanzhi Du , Weidong Le , Kankan Wang , Nelly Kieffer , Ji Zhang . 2011. Redox Control of the Survival
of Healthy and Diseased Cells. Antioxidants & Redox Signaling 15:11, 2867-2908. [Abstract] [Full Text HTML] [Full Text
PDF] [Full Text PDF with Links]

2. Betul Catalgol, Nesrin Kartal Ozer. 2011. Protective effects of vitamin E against hypercholesterolemia-induced age-related
diseases. Genes & Nutrition . [CrossRef]

3. Si Jin , Fan Zhou , Foad Katirai , Pin-Lan Li . Lipid Raft Redox Signaling: Molecular Mechanisms in Health and Disease.
Antioxidants & Redox Signaling, ahead of print. [Abstract] [Full Text HTML] [Full Text PDF] [Full Text PDF with Links]

4. Wenjuan Duan, Juefei Zhou, Shen Zhang, Kai Zhao, Lijing Zhao, Kazumi Ogata, Takahiro Sakaue, Akitane Mori, Taotao
Wei. 2011. ESeroS-GS modulates lipopolysaccharide-induced macrophage activation by impairing the assembly of TLR-4
complexes in lipid rafts. Biochimica et Biophysica Acta (BBA) - Molecular Cell Research 1813:5, 772-783. [CrossRef]

5. Paul C. Evans. 2011. The influence of sulforaphane on vascular health and its relevance to nutritional approaches to prevent
cardiovascular disease. The EPMA Journal 2:1, 9-14. [CrossRef]

6. Min-Ja Lee, Hye-Sook Lee, Hyuck Kim, Hyo-Seung Yi, Sun-Dong Park, Hyung-In Moon, Won-Hwan Park. 2010.
RETRACTED: Antioxidant properties of benzylchroman derivatives from Caesalpinia sappan L. against oxidative stress
evaluated in vitro. Journal of Enzyme Inhibition and Medicinal Chemistry 25:5, 608-614. [CrossRef]

7. Hemal H. Patel , Paul A. Insel . 2009. Lipid Rafts and Caveolae and Their Role in Compartmentation of Redox Signaling.
Antioxidants & Redox Signaling 11:6, 1357-1372. [Abstract] [Full Text PDF] [Full Text PDF with Links]

8. R.L. Tiwari, V. Singh, M.K. Barthwal. 2008. Macrophages: An elusive yet emerging therapeutic target of atherosclerosis.
Medicinal Research Reviews 28:4, 483-544. [CrossRef]

9. George C Newman, Jonathan Dissin. 2008. Compartmentalizing oxidative stress. Future Lipidology 3:3, 229-231. [CrossRef]

10. Gerd Schmitz, Margot Grandl. 2008. Update on lipid membrane microdomains. Current Opinion in Clinical Nutrition and
Metabolic Care 11:2, 106-112. [CrossRef]

11. Hung-Yao Ho, Po-Wen Gu, Yi-Li Wang, Jui-Ming Li, Daniel Tsun-Yee Chiu, Mei-Ling Cheng, Chin-Ming Chen. 2008.
Oxidative damage markers and antioxidants in patients with acute myocardial infarction and their clinical significance.
BioFactors 34:2, 135-145. [CrossRef]

12. El#bieta Kimak, Janusz Solski, Iwona Baranowicz-G#szczyk, Andrzej Ksi##ek. 2008. Serum lipid, leptin, parameters of
oxidative stress and PON-1 activity in post-renal transplant patients. Annales UMCS, Pharmacia 21:1, 355-360. [CrossRef]

13. Pin-Lan Li , Erich Gulbins . 2007. Lipid Rafts and Redox Signaling. Antioxidants & Redox Signaling 9:9, 1411-1416.
[Abstract] [Full Text PDF] [Full Text PDF with Links]

http://dx.doi.org/10.1089/ars.2010.3685
http://online.liebertpub.com/doi/full/10.1089/ars.2010.3685
http://online.liebertpub.com/doi/pdf/10.1089/ars.2010.3685
http://online.liebertpub.com/doi/pdf/10.1089/ars.2010.3685
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2010.3685
http://dx.doi.org/10.1007/s12263-011-0235-9
http://dx.doi.org/10.1089/ars.2010.3619
http://online.liebertpub.com/doi/full/10.1089/ars.2010.3619
http://online.liebertpub.com/doi/pdf/10.1089/ars.2010.3619
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2010.3619
http://dx.doi.org/10.1016/j.bbamcr.2011.01.019
http://dx.doi.org/10.1007/s13167-011-0064-3
http://dx.doi.org/10.3109/14756360903373376
http://dx.doi.org/10.1089/ars.2008.2365
http://online.liebertpub.com/doi/pdf/10.1089/ars.2008.2365
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2008.2365
http://dx.doi.org/10.1002/med.20118
http://dx.doi.org/10.2217/17460875.3.3.229
http://dx.doi.org/10.1097/MCO.0b013e3282f44c2c
http://dx.doi.org/10.1002/biof.5520340205
http://dx.doi.org/10.2478/v10080-008-0067-0
http://dx.doi.org/10.1089/ars.2007.1736
http://online.liebertpub.com/doi/pdf/10.1089/ars.2007.1736
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2007.1736

