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ABSTRACT

Elevated plasma levels of homocysteine are a metabolic risk factor for atherosclerotic vascular disease, as
shown in numerous clinical studies that linked elevated homocysteine levels to de novo and recurrent cardio-
vascular events. High levels of homocysteine promote oxidant stress in vascular cells and tissue because of the
formation of reactive oxygen species (ROS), which have been strongly implicated in the development of ath-
erosclerosis. In particular, ROS have been shown to cause endothelial injury, dysfunction, and activation. El-
evated homocysteine stimulates proinflammatory pathways in vascular cells, resulting in leukocyte recruit-
ment to the vessel wall, mediated by the expression of adhesion molecules on endothelial cells and circulating
monocytes and neutrophils, in the infiltration of leukocytes into the arterial wall mediated by increased se-
cretion of chemokines, and in the differentiation of monocytes into cholesterol-scavenging macrophages. Fur-
thermore, it stimulates the proliferation of vascular smooth muscle cells followed by the production of extra-
cellular matrix. Many of these events involve redox-sensitive signaling events, which are promoted by elevated
homocysteine, and result in the formation of atherosclerotic lesions. In this article, we review current knowl-
edge about the role of homocysteine on oxidant stress–mediated vascular inflammation during the develop-
ment of atherosclerosis. Antioxid. Redox Signal. 9, 1941–1958.
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INTRODUCTION

ELEVATED PLASMA LEVELS of homocysteine (hyperhomo-
cysteinemia) are an independent risk factor for athero-

sclerotic vascular disease (13, 66), which includes peripheral
arterial disease, coronary artery disease, and cerebrovascular
disease. This metabolic risk factor is estimated to explain 10%
of the population’s risk for atherosclerosis and its clinical con-
sequences (22).

The mechanisms by which homocysteine triggers athero-
sclerosis are not fully understood. One hypothesis is that hy-
perhomocysteinemia leads to increased oxidant stress in the vas-
culature (182, 184), which, besides other effects, leads to
reduced bioavailability of nitric oxide (NO) (168). The result-
ing endothelial dysfunction contributes to decreased vasodila-
tor capacity, activation of circulating leukocytes and platelets,

activation of prothombotic and inhibition of fibrinolytic mech-
anisms, and stimulation of vascular smooth muscle cell prolif-
eration. All these events facilitate the initiation and progression
of atherosclerotic lesions (123, 182).

The contribution of various inflammatory processes during
the development of atherothrombotic vascular disease suggests
that this disease may be considered a chronic inflammatory dis-
order (16, 112, 140). Cell-culture studies, studies in animals
with experimentally induced hyperhomocysteinemia, and clin-
ical studies in humans with hyperhomocysteinemia suggested
that homocysteine may promote vascular inflammation in sev-
eral ways. The purpose of this article is to review current knowl-
edge about the effects of homocysteine on vascular inflamma-
tion related to the development of atherosclerosis, and the
impact of vascular oxidant stress–mediated pathways in this
context.
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HYPERHOMOCYSTEINEMIA AND
OXIDANT STRESS

Homocysteine is a nonproteinogenic amino acid containing
a free sulfhydryl group. It is derived from the metabolic con-
version of the essential amino acid methionine (55). Com-
pounds with a free sulfhydryl group are called thiols. Other bi-
ologically relevant low-molecular-weight thiols are cysteine,
which in its oxidized state, cystine, is the most abundant thiol
in plasma; glutathione, which is the most abundant thiol intra-
cellularly; coenzyme A; and dihydrolipoic acid. Human plasma
contains several reduced and oxidized homocysteine species.
Oxidized homocysteine species comprise 98–99% of the total
human plasma homocysteine, 80–90% of which is bound to
proteins (89).

Experiments using animal models with genetically or diet-
induced hyperhomocysteinemia or endothelial cells cultured
under conditions that lead to elevated homocysteine levels
showed an increased accumulation of reactive oxygen species
(ROS), especially superoxide anion, in these situations. Het-
erozygous cystathionine � synthase knockout (CBS(�/�)) mice
that develop mild hyperhomocysteinemia generate more super-
oxide in aortic tissue compared with controls (51). Consistently,
cultured endothelial cells incubated with homocysteine pro-
duced elevated amounts of ROS (78, 132, 202). Several mech-
anisms exist by which elevated homocysteine levels increase
ROS in vascular cells and tissues, as reviewed elsewhere (Table
1) (182).

ROS consist of superoxide anion, hydroxyl radical, per-
oxynitrite, hydrogen peroxide or other peroxides and
hypochlorous acid, and their organic analogues. Additionally,
homocysteine may undergo cyclization to form homocysteine-
thiolactone (a cyclic thioester), which is chemically reactive and
acylates free amino groups such as the side-chain lysine groups
in proteins (90).

ROS at moderate concentrations act as signaling molecules
and thereby play important roles in the regulation of various
vascular cell functions. In the vasculature, they participate in
the regulation of vascular tone, oxygen sensing, cell growth and
proliferation, apoptosis, and inflammatory responses (199). For
example, hydrogen peroxide has been shown to contribute to
flow-induced dilation of human coronary arterioles (119);
NAD(P)H oxidase–derived ROS mediate endothelial NO pro-
duction in response to angiotensin II (28) and participate in car-

dioprotection of ischemic reperfusion injury by angiotensin II
(98). In the context of atherosclerosis and inflammation, ROS
are especially involved in the control and regulation of genes
for cytokines, chemokines, and adhesion molecules by redox
signaling (104).

ROS, however, may also be toxic to cells and tissues through
the promotion of lipid peroxidation of membranes (loss of mem-
brane function and increased permeability) and generation of
lipid autoperoxidation reactions, through oxidant damage to
low-density lipoproteins, DNA damage leading to mutation and
death, and crosslinking or vulcanization of sulfhydryl-rich pro-
teins (leading to stiff aged proteins, specifically, collagen of the
extracellular matrix) (75). In addition, supraphysiologic con-
centrations of ROS may result in the loss of control of cell sig-
naling (149). Posttranslational modification of specific proteins
by ROS suggests that the protein in question may be a recep-
tor for the redox second messenger (for example, the thiol re-
dox switches that are present on a number of important cell-
signaling proteins) (36).

ENDOTHELIAL DYSFUNCTION

Endothelial dysfunction is the first step in the development
of atherosclerotic lesions followed and accompanied by vascu-
lar inflammation. This results in the formation of the athero-
sclerotic plaque (113, 140, 152). An impairment of endothe-
lium-dependent relaxation of blood vessels is one integral
component of endothelial dysfunction (42). A key event in the
vascular pathobiology associated with elevated homocysteine
levels seems to be an impairment of normal endothelial func-
tion at least partly due to interference of homocysteine with cel-
lular redox signaling (182, 204). Mildly hyperhomocysteinemic
CBS(�/�) mice showed an impairment of endothelium-depen-
dent vasoreactivity and regulation of blood flow but normal en-
dothelium-independent vasodilation (51, 183, 186). In humans
with either acutely elevated plasma homocysteine levels after
an oral methionine challenge (14, 18, 30, 72, 95, 185) or with
chronic, mild hyperhomocysteinemia (82, 160, 191), impaired
endothelium-dependent vasodilator function also develops, but
they preserve endothelium-independent vasodilator responses.
Decreased bioavailability of endothelium-derived nitric oxide
(NO), which impairs endothelium-dependent vasomotor re-
sponses, has been postulated to be one of the major mechanisms
of hyperhomocysteinemia-induced endothelial dysfunction
(106, 182). NO participates in signal-transduction pathways that
are important in the cardiovascular system, activating soluble
guanylyl cyclase in vascular smooth muscle cells (VSMCs), re-
sulting in accumulation of cyclic guanosine monophosphate and
relaxation. The intracellular redox buffer system, consisting of
reduced glutathione and glutathione disulfide together with glu-
tathione reductase and glutathione peroxidase, plays a central
role in the cellular defense against oxidant stress and has an im-
portant role in maintaining endothelial function. NO synthesis
is impaired in glutathione-depleted human endothelial cells and,
conversely, boosting cellular glutathione content with glu-
tathione monoethyl ester results in enhanced NO production
(64). Furthermore, mice deficient in cellular glutathione per-
oxidase have endothelial dysfunction. This is due to increased
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TABLE 1. MECHANISMS BY WHICH HOMOCYSTEINE

MAY INCREASE REACTIVE OXYGEN

SPECIES IN VASCULAR CELLS AND TISSUE

• Elevation of the oxidation rate of homocysteine (3, 69,
116, 117)

• Nitric oxide synthase dependent generation of superoxide
anion via uncoupling of the enzyme (78, 163)

• Inhibition of the activity of cellular antioxidant enzymes,
like cellular glutathione peroxidase (71, 186) or heme
oxygenase 1 (142)

• Disruption of extracellular superoxide dismutase from
endothelial surfaces (179, 187, 193)

• Activation of NADPH oxidases (1, 99, 153)



vascular oxidant stress with resulting reduction in the bioavail-
ability of NO (56). The role of the cellular redox state in ho-
mocysteine-induced endothelial dysfunction is emphasized 
by the observation that treatment of hyperhomocysteinemic
CBS(�/�) mice with the intracellular cysteine donor L-2-oxo-4-
thiazolidine carboxylate (OTC) restored normal endothelial
function (183). This agent increases intracellular levels of re-
duced glutathione and total thiols and thereby shifts the cellu-
lar redox state to a more reduced environment. Overexpression
of cellular glutathione peroxidase in hyperhomocysteinemic
CBS(�/�) mice or in cultured endothelial cells exposed to ho-
mocysteine prevented homocysteine-induced endothelial dys-
function and decrease in bioavailable NO (186).

Exposure of vascular endothelial and smooth muscle cells in
vitro to superoxide, hydrogen peroxide, nitric oxide, and per-
oxynitrite resulted in mitochondrial DNA damage. Endothelial
cells were more sensitive to reactive oxygen and nitrogen
species–mediated damage than smooth muscle cells (12). The
association between mitochondrial DNA damage and the de-
velopment of atherosclerotic lesions could also be demonstrated
in human aortic specimens and in a murine model of early ath-
erosclerosis (11). The mitochondrial respiratory chain is the ma-
jor source of prooxidants, like reactive oxygen, nitrogen, and
thiol species, formed as byproducts of normal cell respiration.
Mitochondria may also be important targets for ROS, which
may damage mitochondrial lipids, enzymes, and DNA, with re-
sulting mitochondrial dysfunction. Free cholesterol, oxidized
low-density lipoprotein (oxLDL), and glycated high-density
lipoprotein (HDL) are additional causes of mitochondrial dys-
function or apoptosis or both (133). Increased ROS can medi-
ate mitochondrial DNA (mtDNA) damage, alteration of mito-
chondrial gene expression, and mitochondrial dysfunction (87).

The accumulation of homocysteine leads to increased cellu-
lar oxidant stress also in mitochondria. Homocysteine has been
shown to promote mitochondrial damage and alter mitochon-
drial gene expression and function, suggesting the participation
of oxidant stress (6). Homocysteine induced expression of the
mitochondrial electron transport chain gene cytochrome c oxi-
dase III/ATPase 6,8 in a concentration- and time-dependent
manner, as identified in the human megakaryocytic cell line
DAMI by using mRNA differential display. Conversely, 1 M
homocysteine in the presence of Cu2�, which is known to gen-
erate hydrogen peroxide, significantly decreased mitochondrial
RNA levels of cytochrome c oxidase III/ATPase 6,8, caused
gross morphologic changes in mitochondrial ultrastructure, and
inhibited both cell growth and mitochondrial respiration rates.
In addition, biogenesis of mitochondria has been shown to be
affected by homocysteine (129). Incubation with homocysteine
increased the intracellular ROS content and resulted in a sig-
nificant increase in the mitochondrial mass of endothelial cells.
Homocysteine stimulated the expression of NRF-1 and Tfam,
two factors involved in the regulation of mitochondrial bio-
genesis. The ability of homocysteine to increase intracellular
levels of ROS is essential for homocysteine-induced mito-
chondrial biogenesis, as the pretreatment with antioxidants
abolished this effect.

ROS and oxidant stress promote the formation of nitrotyro-
sine, an indicator of the NO and superoxide radical reaction,
resulting in the formation of the strong oxidant peroxynitrite.
Peroxynitrite, besides other effects, leads to tyrosine nitration.

The latter event may alter protein function, and therefore, in-
duce cellular dysfunction (166). Treatment of endothelial cells
with homocysteine is accompanied by increased formation of
peroxynitrite, detected by the formation of nitrotyrosine and ni-
trotyrosine-modified proteins. Pretreatment with catechin, a
flavonoid antioxidant that reduces ROS levels, decreased ho-
mocysteine-dependent formation of nitrotyrosine (129, 202).
These events also occur in vivo. Mildly hyperhomocysteinemic
CBS(�/�) deficient mice compared with wild-type mice showed
increased nitrotyrosine staining of the aortic wall (51). Peroxy-
nitrite can directly damage the electron-transport chain in mi-
tochondria and thereby induce mitochondrial and consequently
endothelial dysfunction, resulting in the promotion of athero-
sclerosis (134).

Homocysteine-induced oxidant stress stimulates endothelial
dysfunction, which also leads to the activation of proinflam-
matory pathways in the vasculature (182). Substantial experi-
mental data indicate that ROS are potential regulators of endo-
thelial cell adhesion molecule expression and inflammatory
microvascular dysfunction (65). Cytokines such as TNF-� in-
crease vascular cell adhesion molecule-1 (VCAM-1) and mono-
cyte chemoattractant protein-1 (MCP-1) expression through a
redox-sensitive mechanism involving NF-�B. This can be in-
hibited by antioxidants or the NADPH oxidase inhibitor apocy-
nin (164, 181).

VASCULAR INFLAMMATION

Atherosclerosis may be considered a chronic
inflammatory disease

Russel Ross postulated the “response-to-injury” hypothesis
that describes atherosclerosis as a protective inflammatory re-
sponse in the vessel wall against different agents that cause cell
injury. This leads to a series of inflammatory reactions that
themselves may become pathologic if they proceed unchecked
(139, 140). Cell injury can be caused by ROS originating from
several endogenous or exogenous sources, partly as a result of
exposure to cardiovascular risk factors. ROS trigger multiple
pathologic events involved in atherosclerosis, including the ox-
idation of core lipids of lipoproteins and cell membranes and
the modification of apolipoproteins and other proteins, leading
to their recognition by scavenger receptors.

Low-density lipoproteins (LDLs) are crucially involved in
the pathogenesis of atherosclerosis after undergoing oxidant
modifications in the arterial wall. After that, they exhibit a va-
riety of biologic properties potentially involved in the devel-
opment of atherosclerotic lesions (139, 189). Accumulation of
oxidized lipoproteins in the artery wall sets off a cascade of
proinflammatory events, leading to the binding and transmi-
gration of monocytes through the intima, the recruitment of
macrophages, lipid uptake into these cells, and the initiation of
the chronic inflammatory cascade that characterizes athero-
sclerosis (70). Electron microscopy studies have established that
the earliest atherosclerotic lesion, the fatty streak, consists al-
most entirely of lipid-laden macrophages, thus implicating
lipoprotein uptake by these immune cells in the origination of
atherosclerosis (62). Because homocysteine enhances ROS gen-
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eration and has been implicated in LDL modification, it may
promote atherosclerosis. The proinflammatory effects of oxi-
dized LDL and also of homocysteine directly involve the gen-
eration of peroxides and other reactive oxygen intermediates.
These molecules activate nuclear transcription factor �B (NF-
�B), which plays a key role in the orchestration of inflamma-
tory and immune responses by controlling the transcription of
genes encoding several of the adhesion molecules, interleukins,
tumor necrosis factor � (TNF-�), major histocompatibility class
II (MHC II) antigen, and antibodies (70). NF-�B recognizes
various activators, among which are proinflammatory cytokines
and C-reactive protein (CRP).

In animal models, an atherogenic diet led to upregulation of
the expression of selective adhesion molecules by endothelial
cells, which are specific for leukocytes in different areas of ar-
teries. Such adhesion molecules are E- and P-selectins, the vas-
cular cell adhesion molecule 1 (VCAM-1), and the intracellu-
lar adhesion molecules (ICAMs) (110). The first interaction
between leukocyte rolling along the vessel wall and the endo-
thelial cell layer is facilitated by endothelial expression of P-
selectin and its interaction with leukocyte P-selectin ligand-1
(17). Firm leukocyte adhesion then requires interaction between
leukocyte �1- and �2-integrins and endothelial immunoglobu-
lin superfamily members such as VCAM-1 and ICAM-1, re-
spectively (203). The role of cellular adhesion molecules is em-
phasized by data that show that mice lacking P-selectin,
ICAM-1, or �2-integrins are protected against the full spectrum
of atherosclerotic lesion development (120).

Evidence suggests that oxidant stress events in endothelial
cells and leukocytes promote their interaction. Intracellular su-
peroxide anion generation seems to be implicated in cytokine-
induced upregulation of VCAM-1, as it is inhibited by cellular
overexpression of superoxide dismutase (SOD) (33). In con-
trast, it is enhanced by oxLDL or its oxidized fatty acids (97).
Human arterial endothelial cells exposed to oxLDL expressed
more ICAM-1, VCAM-1, and E-selectin compared with the
controls, even in the absence of cytokines (2). Thus, consider-
able data indicate that cellular oxidant events modulate the ex-
pression of adhesion molecules on the endothelium.

Once firm adhesion is established, leukocytes may transmi-
grate across the endothelium into the intima along a chemo-
tactic gradient such as that produced by monocyte chemoat-
tractant protein (MCP-1) secreted by endothelial and smooth
muscle cells (37). MCP-1 provides a signal that pulls bound
monocytes into the intima at sites of lesions in the arterial wall;
T-cell chemoattractants have the same effect on T-lymphocytes
(115). Experiments with atherosclerosis-prone mice deficient in
either MCP-1 or its receptor, chemokine receptor–2 (CCR2),
showed reduced lipid deposition in the aorta after exposure to
atherogenic diets, confirming the importance of monocyte mi-
gration during atherosclerosis (21, 68).

Once entered into the arterial intima, monocytes differenti-
ate into macrophages, which develop ultimately into foam cells.
They internalize modified lipoproteins after increasing the ex-
pression of scavenger receptors such as the scavenger receptor
A (SRA) and CD36, both involved in the endocytic uptake of
oxidized LDL, resulting in the accumulation of cholesteryl es-
ters in cytoplasmic droplets (83, 101). These lipid-laden mac-
rophages, known as foam cells, characterize the early athero-
sclerotic lesion. Macrophages within atheroma replicate and

secrete a number of cytokines and growth factors involved in
lesion progression and complications (74).

Endothelial cells exposed to oxidant stress produce macro-
phage colony-stimulating factor (M-CSF), which augments
SRA expression, increases production of cytokines and growth
factors, and also serves as a survival and co-mitogenic stimu-
lus, thus promoting transition of monocytes to lipid-laden foam
cells (74). Both experimental and human atherosclerotic plaques
overexpress M-CSF (34). Activated macrophages promote in-
terferon-� (IFN-�) production by activated T cells through se-
cretion of interleukin-12 (IL-12) (105). Because IFN-� down-
regulates cholesterol efflux from macrophage-derived foam
cells, this cytokine cascade may further trigger cholesterol ac-
cumulation in atherosclerotic lesions and presumably acceler-
ate transformation of macrophages into foam cells (127). The
intensive aggregation of foam cells leads to the formation of an
atheromatous core. In the central portion of the atheromatous
core, the accumulation of oxLDL leads to extensive DNA dam-
age and cell death (76). Destruction of foam cells is accompa-
nied by extracellular accumulation of lipids and cellular debris,
plaque growth, and build-up of a necrotic core within the le-
sion.

In addition to monocytes, neutrophils are infiltrating the in-
tima during atherosclerotic lesion development. These cells
generate ROS, which provoke oxidant damage to endothelial
cells. Consistently, neutrophil count is an independent predic-
tor of the presence of multiple complex stenoses, irrespective
of coronary artery disease extent in patients with chronic sta-
ble angina (8). Furthermore, higher neutrophil counts are asso-
ciated with elevated coronary artery disease complexity (7).
Neutrophil infiltration of affected lesions with release of elas-
tase and myeloperoxidase (MPO) has been implicated in the
pathogenesis of atherosclerosis (124). MPO, an abundant mi-
crobicidal neutrophil hemoprotein, seems to be an emerging
biomarker to assess cardiovascular risk in vivo (25). Several
mechanisms linking MPO to CVD have been reported so far.
MPO and MPO-generated products were suggested to be re-
sponsible for LDL oxidation (39) and promotion of high-den-
sity lipoprotein (HDL) oxidation, thereby contributing to ath-
erosclerosis by counteracting the antiatherogenic effects of
HDLs (15). It has been suggested that MPO is a catalyst for
lipid peroxidation via tyrosyl radical formation (141) and for
lipid and lipoprotein oxidant modifications via generation of re-
active nitrogen species (201). MPO also contributes to endo-
thelial dysfunction by regulating NO bioavailability (52). Fur-
thermore, higher levels of circulating MPO are associated with
plaque vulnerability in subjects at risk for major adverse car-
diac events (10).

Platelets also are thought to play a role in the initiation and
progression of atherosclerotic lesions (140) because they facil-
itate migration of monocytes and other mononuclear cells into
the arterial wall. P-selectin is displayed on platelets responsi-
ble for their adhesion to monocytes, resulting in circulating
complexes with increased adhesion to endothelial cells under
coronary-flow conditions (161). In an animal model, platelets
facilitate lymphocyte delivery to high endothelial venules
(HEVs) by platelet P-selectin, which allows activated platelets
transiently to form a bridge between lymphocytes and HEVs.
This enables lymphocytes to undergo subsequent �2-inte-
grin–dependent firm adhesion (43, 44).
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Transient blockade of P-selectin or its major ligand, P-selectin
glycoprotein ligand-1 (PSGL-1), at the time of endothelial 
denudation injury of carotid arteries in apolipoprotein E knock-
out (apoE(�/�)) mice significantly limited plaque macrophage
content and neointima formation in a dose-dependent manner
(130). With wild-type and P-selectin-knockout (Psel(�/�)) mice,
Wang et al. (178) performed bone marrow transplantation to
generate chimeric mice that expressed either platelet P-selectin
or endothelial P-selectin. Platelet P-selectin expression, but not
endothelial P-selectin, was shown to play a major role in the
development of neointimal formation after arterial injury, ac-
companied by an increased inflammatory response. The latter
becomes evident by immunostaining for the chemokines
RANTES (chemokine regulated on activation, normal T cell
expressed and secreted) and MCP-1 (178).

Adhesion of leukocyte–platelet complexes to the endothe-
lium leads to prolonged contact with endothelial cells and de-
position of chemokines that activate and arrest monocytes by
enhanced integrin activity. It also exacerbates atherosclerotic
lesions in mice (85, 180). Deposition of the platelet chemokine
RANTES clearly contributes to vascular inflammation during
atherosclerosis after vascular injury by inducing selective
monocyte and T-cell recruitment to the endothelium (144).
Moreover, the strong proinflammatory mediator IL-1� is se-
creted by platelets and has an impact on atherosclerosis that is
mediated by the upregulation of adhesion molecule expression
and increased chemokine production in endothelial cells (60).
The expression of IL-1� has been found to be increased in ar-
teries of hyperlipidemic animals and in monocytes incubated
with oxLDL (102).

T cells also infiltrate into the atherosclerotic lesions. Pre-
dominantly CD4� T cells, which recognize protein antigens
presented to them as fragments bound to MHC class II mole-
cules, are present in atherosclerotic plaques, which are reactive
against oxLDL (154). In an atherosclerotic lesion, production
of cytokines that promote a Th1 rather than a Th2 response is
favored (58). Activated T cells therefore differentiate into Th1
effector cells and start to produce the macrophage-activating
cytokine interferon-� (IFN-�). IFN-�, which augments the syn-
thesis of the inflammatory cytokines TNF-� and IL-1, initiates
the production of many inflammatory and cytotoxic molecules
in macrophages and vascular cells (157). T-cell cytokines cause
the production of large amounts of molecules downstream in
the cytokine cascade, resulting in elevated levels of IL-6 and
CRP, leading to progression of vascular disease.

The pathogenesis of atherosclerosis furthermore involves the
proliferation and migration of medial VSMCs into the vessel

intima. With progression of atherosclerosis, VSMCs migrate
into the atherosclerotic lesion, proliferate, and produce extra-
cellular matrix components promoting growth of the athero-
sclerotic plaque (140). In response to oxLDL or injury, VSMCs
express MCP-1, VCAM-1, and other proinflammatory mole-
cules that further promote monocyte transmigration into the
subendothelium. The cytokine TNF-� is secreted by VSMCs in
the neointima as well as by macrophages accumulated in ath-
erosclerotic lesions. It markedly induces proliferation and mi-
gration of VSMCs (93). VSMCs are the only cells capable of
synthesizing components of the fibrous cap in plaques, which
separate the blood from the thrombogenic plaque interior, and
whose rupture or erosion triggers myocardial infarction. Matrix
metalloproteinase 2 (MMP-2) is synthesized and released from
VSMCs and plays a key role in extracellular tissue remodeling
during morphogenesis, angiogenesis, and wound healing (45).
It also is involved in the development and progression of ath-
erosclerotic lesions by contributing to destabilization and rup-
ture of atherosclerotic plaques (59).

Influence of homocysteine on endothelial
activation and the adhesion and transmigration 
of leukocytes to and through the 
vascular endothelium

Elevated homocysteine levels have been shown both in vitro
and in vivo to influence several of the pathways described ear-
lier that promote vascular inflammation and atherosclerosis.

Monocytes and T cells. Exposure of cultured endo-
thelial cells to homocysteine has been shown to lead to endo-
thelial activation, which results in increased endothelial ex-
pression of chemokines (131) and adhesion molecules (100,
132, 151, 176) (Fig. 1).

Koga et al. (100) investigated the effects of homocysteine on
the interactions between U937 monocytic cells and Jurkat T
cells with human aortic endothelial cell (HAECs) under in-
flammatory cytokine-stimulated conditions. When HAECs
were pretreated with homocysteine followed by stimulation
with IL-1�, U937 and Jurkat T cell adhesion to HAECs in-
creased in a dose-dependent manner. The increase in U937 cell
adhesion to HAECs was also observed when U937 cells alone
or when both cell types were treated with homocysteine. Fur-
thermore, they demonstrated that homocysteine increases en-
dothelial surface expression and mRNA levels of the adhesion
molecules, VCAM-1 and E-selectin. Attenuation of Jurkat T
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FIG. 1. Effect of homocysteine on endothelial
activation and the adhesion and transmigra-
tion of leukocytes to and through the vascu-
lar endothelium.
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cell and U937 cell adhesion to HAECs by monoclonal anti-
bodies directed against specific adhesion molecules demon-
strated that both VCAM-1 and E-selectin are involved in 
Jurkat T-cell adhesion, and VCAM-1, in U937 cell adhesion.

Silvermann et al. (151) observed a 4.5-fold increase in the
adhesion of human monocytes and monocytic U937 cells after
24-h incubation of cultured HAECs with 100 �M D,L-homo-
cysteine and a fivefold increase in VCAM-1 mRNA expression
in HAECs after 3 h of treatment. Coincubation of HAECs with
homocysteine and TNF-� synergistically elevated monocyte
adhesion as well as VCAM-1 protein expression. Preincubation
of HAECs with cyclooxygenase inhibitors completely abro-
gated homocysteine-induced monocyte adhesion. Because cy-
clooxygenase is responsible for the formation of prostanoids
implicated in inflammatory processes, this suggests the in-
volvement of proinflammatory processes. Scavenging of ROS
resulted in partial inhibition of adhesion, assuming homocys-
teine-induced endothelial VCAM-1 expression is at least partly
due to increased oxidant stress (151).

More recently, we showed that incubation of human endo-
thelial cells [EA.hy 926 cells and primary human umbilical vein
endothelial cells (HUVECs)] with L-, but not with D-homocys-
teine in pathophysiologically relevant concentrations resulted
in a dose-dependent increase of ROS inside these cells, as mea-
sured by using DCF-fluorescence (78, 132). This was accom-
panied by enhanced NF-�B activation, and stimulated ICAM-
1 mRNA transcription and cell-surface expression. Functionally,
this led to a time- and dose-dependent increase in monocyte ad-
hesion to endothelial cells incubated with L-homocysteine. Pre-
treatment of endothelial cells with superoxide scavengers
(MnTBAP and Tiron) or with an inhibitor of NF-�B activation
abolished homocysteine-induced monocyte adhesion, ICAM-1
expression, and nuclear translocation of NF-�B (132). This sug-
gests that ROS produced under hyperhomocysteinemic condi-
tions induce a proinflammatory situation in the vessel wall that
promotes endothelial activation and monocyte adhesion to the
vascular endothelium.

The effects of homocysteine on endothelial activation and ad-
hesion molecule expression obtained in vitro could be confirmed
in in vivo studies. Increased P-selectin expression by activated/
dysfunctional EC or platelets or both in mildly hyperhomo-
cysteinemic heterozygous cystathionine � synthase–deficient
(CBS(�/�)) mice has been shown by enzyme-linked immuno-
sorbent assay (ELISA) for soluble P-selectin and immunostain-
ing of aortic sections with an anti–P-selectin antibody (183).
Hyperhomocysteinemic compared with control rats showed sig-
nificantly increased expression of VCAM-1 and E-selectin on the
aortic endothelium (176). Induction of hyperhomocysteinemia in
ApoE(�/�) mice by dietary methods enhanced the expression of
receptor for advanced glycation end-products (RAGE), VCAM-
1, tissue factor (TF), and MMP-9 in the vasculature (80).

The role of oxidant stress in the activation of vascular proin-
flammatory pathways is emphasized by the finding that treat-
ment of heterozygous CBS(�/�) mice with OTC resulted in a
reduction of plasma-soluble P-selectin levels to the same lev-
els as found in wild-type mice and in a weaker P-selectin stain-
ing of the aortic surface, which was no longer different from
that in wild-type mice. As treatment with OTC resulted in sig-
nificantly higher levels of total thiols and reduced glutathione

levels in vascular tissues, which shifts the cellular redox state
to a more reduced environment, these findings indicate that mild
hyperhomocysteinemia promoted endothelial and platelet acti-
vation, resulting in increased P-selectin expression, presumably
due to increased oxidant stress, as it can be compensated by
boosting cellular antioxidants (183).

In addition to adhesion molecules necessary for the adhesion
from leukocytes to endothelial cells, chemokines play an im-
portant role in atherosclerosis. Chemokines belong to a super-
family of structurally related small chemotactic cytokines in-
volved in leukocyte trafficking. The most notable chemokine is
MCP-1, which stimulates the migration of monocytes and T
lymphocytes into the intima of the arterial wall through its re-
ceptor, CC chemokine receptor 2 (CCR2). The expression of
MCP-1 mRNA and protein is markedly elevated in atheroscle-
rotic lesions in both humans and experimental animals (195).
The absence of MCP-1 greatly decreased the lesion size in LDL-
receptor–deficient mice (68). Similarly, the absence of CCR2
caused a reduction in lesion size in apoE(�/�) mice (21). Inter-
leukin-8 (IL-8) rapidly causes rolling monocytes to adhere
firmly onto endothelial monolayers expressing E-selectin (63).
MCP-1 together with IL-8 is crucial in converting rolling mono-
cytes to firm adhesion on endothelial monolayers and is essen-
tial to mediate monocyte transmigration into the subintimal
space (41, 135, 169).

Several groups provided in vitro evidence that homocysteine
could promote the expression and secretion of MCP-1 and IL-
8 from cultured HAECs (61, 131, 156) and of MCP-1 from hu-
man VSMCs (175). In addition, in an ex vivo system using
whole blood, monocytes incubated with homocysteine pro-
duced more MCP-1 and IL-8 (197, 198). These studies suggest
that homocysteine could promote local plaque development by
increasing MCP-1 and IL-8 levels locally. Mechanistically, gen-
eration of ROS and the activation of the redox-sensitive tran-
scription factor NF-�B have been linked to the expression and
secretion of MCP-1 by various vascular cells during homocys-
teine exposure (197).

As mentioned earlier, MCP-1 exerts its action mainly through
the interaction with an MCP-1 receptor, CCR2, on the surface
of monocytes (32). Incubation of THP1 cells and peripheral
blood monocytes with homocysteine (50–200 �M) for 24 h re-
sulted in a significantly enhanced expression of CCR2 mRNA
and protein (up to 183% of control) (173). Stimulation of CCR2
expression was associated with a parallel increase in the bind-
ing activity of CCR2 (129 � 191% of control) as well as an en-
hanced chemotactic response of homocysteine-treated mono-
cytes. Furthermore, the levels of superoxide were significantly
elevated in cells incubated with homocysteine. The addition of
SOD to the culture medium abolished the stimulatory effect of
homocysteine on CCR2 expression as well as the binding ac-
tivity of the receptor, suggesting that oxidant stress contributes
to homocysteine’s effect.

All these molecular events may increase the chemotaxis, ad-
hesion, and transmigration of mononuclear cells to the vessel
wall and may thereby promote atherosclerotic lesion develop-
ment. Indeed, induction of hyperhomocysteinemia has been
shown to promote the development of atherosclerotic lesions
and increase their complexity in atherosclerosis-prone mouse
models (80, 177).
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Neutrophils. Neutrophils participate in vascular inflam-
mation and endothelial damage during the process of athero-
sclerosis by chemotaxis and adhesion to endothelial cells and
subsequent oxidant damage to the vessel wall via released su-
peroxide (27, 159). Homocysteine has been shown to induce
selectively surface molecule changes on neutrophils, leading to
their increased adhesion to artificial surfaces and human endo-
thelial cells. Exposure of purified human peripheral blood neu-
trophils to homocysteine caused them to bind to plastic alone
as well as to HUVECs, with almost identical dose–response
curves. Enhanced adhesion was detectable at homocysteine con-
centrations as low as �10 �M; adhesion further increased at
higher concentrations up to a plateau at �200 �M (48). Fur-
thermore, incubation of HUVECs with homocysteine also re-
sulted in a higher number of adherent untreated neutrophils and
in increased neutrophil migration across the endothelial layer,
with concurrent damage and detachment of endothelial cells.
This was assessed by measuring 51Cr release from 51Cr-loaded
endothelial cells coincubated with homocysteine-treated neu-
trophils. Generation of hydrogen peroxide by adherent leuko-
cytes appeared to damage HUVECs, because added catalase
prevented them from destruction. Studies using blocking anti-
bodies were consistent with the hypothesis that neutrophils
docked to HUVECs in a CD11b/CD18-dependent process. In
accordance with these in vitro findings, homocysteine infusion
in rats caused significant decreases in the rolling velocities of
leukocytes in postcapillary mesentery venules. This went along
with a significantly increased number of leukocytes that were
arrested along the luminal surface of venules. The significant
increase in the number of leukocytes that extravasated from the
venules during homocysteine infusion also reflected the homo-
cysteine-induced trans-HUVEC/membrane migration of neu-
trophils in vitro. The type of leukocyte that adhered and mi-
grated in the rat mesentery venules was tentatively identified
in this study as neutrophils, on the basis of characteristic size
and granular appearance, with a minor proportion of monocytes
(47).

Evidence indicates that homocysteine promotes ROS gener-
ation in leukocytes: homocysteine (10–500 �M) increased su-
peroxide output of neutrophils in a dose- and time-dependent
manner. This seemed to be at least partly due to activation of
NADPH oxidase, as it could be inhibited by diphenyleneiodo-

nium (DPI), an inhibitor of NADPH oxidase activity (1).
NADPH oxidase is dormant in resting phagocytes, with mem-
brane (p22phox) and cytosolic (p47phox and p67phox) components
located at different sites. This enzyme becomes activated by a
complex process, involving Rac proteins and a GTP-dependent
mechanism, which results in the mobilization of cytosolic
p47phox and p67phox to the plasma membrane (79). Homocys-
teine incubation of both suspended and adherent neutrophils has
been shown to mobilize p47phox and p67phox subunits of the en-
zyme to the plasma membrane in (1) (Fig. 2).

Activity of NADPH oxidase in neutrophils is induced by
fMLP-receptor ligands such as formylated peptides from bac-
teria. The fMLP receptor is a G protein–coupled receptor (FPR-
1) that activates kinases of the mitogen-activated family and
phospholipase C. Neutrophils that were preincubated with D,L-
homocysteine and D,L-homocysteine-thiolactone showed en-
hanced fMLP-induced superoxide generation, which was not
inducible by using other sulfur amino acids (99).

A possible involvement of homocysteine-induced ROS gen-
eration in mitogen-activated phosphokinases (MAPKs) activa-
tion in human neutrophils was suggested recently (1). MAPKs
are serine/threonine specific protein kinases that respond to ex-
tracellular stimuli (mitogens) and regulate various cellular ac-
tivities, such as gene expression, mitosis, differentiation, and
cell survival/apoptosis (128). It has been demonstrated that ho-
mocysteine stimulates MAPK activation in smooth muscle cells
(190) and activates c-Jun NH(2)-terminal kinase in vascular en-
dothelial cells (29). The relation between hydrogen peroxide
production and agonist-dependent activation of the different
forms of MAPKs in neutrophils has previously been described
(118). In this context, it is worth mentioning that prooxidant
conditions promoted by homocysteine are partially coupled to
the activation of p38-MAPK and ERK1/2, although the exact
hierarchic order of homocysteine-dependent activation of
NADPH oxidase and MAPKs must be clarified (1).

Platelets. Platelets, long thought of as cells that react only
to endothelial disruption, are now recognized as important me-
diators of the inflammatory process during the development and
progression of atherosclerosis. Platelet activation leads to the
secretion of chemokines, growth factors, and coagulation fac-
tors promoting inflammation in atherosclerotic plaques (171).
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FIG. 2. Putative mechanism of the activation of
NADPH oxidase by homocysteine.
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Some evidence suggests that homocysteine has an influence
on platelet activation. Among patients with peripheral arterial
occlusive disease (PAD), a higher ADP and adenosine-stimu-
lated platelet reactivity was found in those with elevated com-
pared with those with normal homocysteine levels, and also
compared with normohomocysteinemic controls without PAD.
In addition, agonist-induced P-selectin expression was signifi-
cantly increased in hyperhomocysteinemic patients compared
with both normohomocysteinemic groups. These findings might
be due to the fact that platelets from hyperhomocysteinemic pa-
tients were significantly less sensitive to exogenous NO
(GSNO; 1–100 �M)–mediated inhibition than all other groups
(136). In an animal model of dietary folic acid deficiency that
leads to mild hyperhomocysteinemia, elevated homocysteine
levels were associated with enhanced macrophage-derived tis-
sue factor (TF) and platelet activities (49). Methionine load in
folate-deficient and also in folate-sufficient animals led to a fur-
ther fourfold homocysteine increase after 2 h. Platelet aggre-
gation in response to thrombin and ADP as well as thrombin-
induced thromboxane synthesis was potentiated after the
methionine load in both groups of animals. Acute hyperhomo-
cysteinemia also stimulated the basal and lipopolysaccharide-
induced TF activity of peritoneal macrophages (49). These pro-
thrombotic effects were associated with increased lipid
peroxidation characterized by elevated plasma levels of conju-
gated dienes, lipid hydroperoxides, and thiobarbituric acid–re-
active substances, suggesting that hyperhomocysteinemia trig-
gers this processes through increased oxidant stress.

The hypothesis that elevated homocysteine stimulates the
generation of ROS in platelets could be confirmed in human
platelets. Incubation of platelets with homocysteine resulted in
intracellular generation of ROS, which could be measured by
using the redox-sensitive dye dichlorofluorescein (DCF) (150).
This effect was dose dependent in a pathophysiologically rele-
vant range of homocysteine concentrations (10–50 �M),
whereas cysteine had no effect. Moreover, homocysteine in a
dose- and time-dependent manner increased arachidonic acid
release and formation of its end product thromboxane 2 (TXB2)
via the cyclooxygenase pathway. Mechanistically, it could be
demonstrated that platelets treated with 5,8,11,14-eicosate-
traynoic acid (ETYA), which inhibits arachidonic acid release
and metabolism, and diphenyleneiodonium (DPI), a known in-
hibitor of NADPH oxidase and NO synthase, reduced ROS ac-
cumulation by 45% and 25%, respectively. This suggests that
stimulation of arachidonic acid metabolism could be directly or
indirectly (or both) involved (through the NADPH oxidase ac-
tivation) in ROS accumulation. Homocysteine seems to stimu-
late arachidonic acid release via cytosolic phospholipase A2

(cPLA2) activation (107). In this work, it was shown that ho-
mocysteine stimulated the rapid and sustained phosphorylation
of platelet p38 MAPK in a time- and dose-dependent manner.
The homocysteine effect on p38 MAPK phosphorylation was
prevented by the antioxidant and thiol reducing agent N-acetyl-
L-cysteine and the prostaglandin E1 analogue iloprost and was
partially inhibited by the lipoxygenase inhibitor nordihy-
droguaiaretic acid. Incubation of platelets with homocysteine
led to phosphorylation of cPLA2, leading to their activation,
assessed by an increased arachidonic acid release. The cPLA2
phosphorylation and activation were both impaired by the in-
hibition of p38 MAPK activation through SB203580. The in-

hibition obtained by using the MAPK inhibitor, however, was
not complete. The residual arachidonic acid release in
SB203580–pretreated and homocysteine-stimulated platelets
may be due to intracellular calcium elevation promoted by ho-
mocysteine. In platelets loaded with the Ca2�-sensitive fluo-
rescent dye FURA 2, homocysteine induced a dose-dependent
intracellular calcium increase. This suggests that calcium ele-
vation promoted by homocysteine could participate in cPLA2
activation, leading to arachidonic acid release and TXB2 for-
mation.

In summary, these data suggest that platelet activation in-
duced by homocysteine might be mediated by activation of the
p38 MAPK/cPLA2 pathway. Recently it was found that ho-
mocysteine stimulated the tyrosine phosphorylation and acti-
vation of platelet PLC�2 via the tyrosine kinases p60src and
p72syk (108). The activation of PLC�2 induces various steps
in PLA2 stimulation, resulting in arachidonic acid release. Be-
cause ROS were increased in homocysteine-treated platelets,
oxidant stress could prime the non–receptor-mediated tyrosine
kinase p60src, inducing phosphorylation and activation of
p72syk. The antioxidant N-acetyl-L-cysteine prevented the ac-
tivation of these kinases. This data indicate that PLC�2, play-
ing an important role in platelet activation, is activated by ho-
mocysteine and that the stimulation of this pathway requires
signals through ROS (172) (Fig. 3).

Another important signaling molecule regulating platelet
function is NO. Its enzymatic biosynthesis requires L-arginine
as a precursor. Homocysteine has been shown to cause a con-
centration-dependent reduction in the platelet uptake of L-argi-
nine (109, 111). This went along with a concentration-depen-
dent decrease in nitrite production concurrent with a decrease
in cyclic guanosine monophosphate, whereas cNOS activity of
platelets, measured as conversion of L-[3H]arginine to L-[3H]cit-
rulline, remained unchanged. These observations indicate that
the L-arginine/NO pathway is involved in the mechanism re-
sponsible for the effects of homocysteine on platelets by di-
minishing NO production at least partly through decreased up-
take of L-arginine. Thus, homocysteine, by increasing ROS
formation and influencing NO signaling, can potentiate platelet
response and contribute to the various thrombogenic effects de-
scribed in hyperhomocysteinemia. Homocysteine is possibly
acting as a “primary” inducer activating the release of the “sec-
ondary” inducer ROS.

Influence of homocysteine on foam cell formation

One of the crucial steps during the development of athero-
sclerosis is the accumulation of oxLDL in macrophages, in-
ducing their differentiation into foam cells. The early lesions
of atherosclerosis (fatty streaks) consist of cholesterol-engorged
macrophages, so-called foam cells, and T lymphocytes (101).
Macrophages may function to carry cholesterol out of lesions
or to process the cholesterol for excretion in association with
small protein–phospholipid complexes.

The internalization of oxidized LDL� by scavenger recep-
tors, could account for the transformation of monocyte-derived
macrophages to foam cells in atherosclerotic lesions (143). It
has been suggested that oxidation of LDL facilitates the accu-
mulation of cholesterol in foam cells through unregulated up-
take via the scavenger receptor family, a family of at least 11
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receptors, of which SR-A and CD36 are the principal receptors
involved in the endocytic uptake of oxidized LDL (53, 83).
CD36 is an 88–kDa glycoprotein expressed on platelets, mono-
cytes, macrophages, capillary endothelial cells, and adipocytes,
recognizing a variety of ligands, including modified LDL, an-
ionic phospholipids, and long-chain fatty acids (54, 67). CD36
is upregulated by oxLDL via the peroxisome proliferator–acti-
vated receptor-� (PPAR�) pathway and via PKC (54, 121). Two
different structural elements of oxLDL have direct effects 
on PPAR�: 13-hydroxyoctadecadienoic acid (13-HODE) (or 
9-HODE) and oxidized phosphatidylcholine (hexadecyl aze-
laoyl phosphatidylcholine), which is considered to be the most
potent natural ligand of PPAR� (40).

Recently we demonstrated that homocysteine enhances
CD36 expression in phorbol 12-myristate 13-acetate (PMA)-
stimulated THP-1 cells and primary human monocyte/macro-
phages in a dose-dependent manner, resulting in increased
oxLDL uptake (86). This seems to be mediated via activation
of the PPAR� pathway, as homocysteine stimulated the bind-
ing of nuclear proteins to a PPAR� consensus sequence, and
an inhibitor of the PPAR-� pathway prevented the homocys-
teine effect on the binding of nuclear proteins to a PPAR-� con-
sensus sequence, on the stimulation of CD36 expression in
monocytes/macrophages, and on oxLDL uptake. Whether acti-
vation of the MAPK pathway by homocysteine via oxidant
stress–sensitive mechanisms is responsible for these effects re-
mains to be determined. PMA (a common PKC activator), IL-
4, and MCSF all induce monocyte expression of CD36 through
activation of PPAR� (84), presumably through activation of the
MAPK signal-transduction pathway. MAPK induces the extra-
cellular signal–regulated kinases 1 and 2 as well as the stress-
induced kinases Jun NH2-terminal kinase and p38. It has been
demonstrated that homocysteine regulates activation of PKC in
macrophages, the Jun NH2-terminal kinase signal pathway in
human endothelial cells, and extracellular signal-regulated ki-
nase-1 and -2 phosphorylation in smooth-muscle cells (190).

Downstream effects of homocysteine on human LDLs ex-
ported from endothelial cells in an in vitro system suggested
increased oxLDL formation under conditions of elevated ho-
mocysteine. OxLDL on its part activates CD36 expression and
foam cell formation (122). HUVECs were shown to export ho-
mocysteine at a rate determined by the flux through the me-
thionine/homocysteine pathway. Additional methionine in-

creased intracellular methionine, decreased intracellular folate,
and increased homocysteine export, whereas additional folate
inhibited export. An inverse relation existed between intracel-
lular folate and homocysteine export. Human LDLs exposed to
HUVECs exporting homocysteine underwent time-dependent
lipid oxidation, a process inhibited by the thiol trap dithioni-
trobenzoate. This process was related to the generation of hy-
droxyl radicals, which was associated with homocysteine ex-
port. The time-dependent oxidation of LDL in this system
resulted in a time-dependent increase in the uptake by human
macrophages. This suggests that continuous export of homo-
cysteine from endothelial cells contributes to the generation of
extracellular hydroxyl radicals, resulting in oxidant modifica-
tion of LDL and uptake by macrophages, all key steps in ath-
erosclerosis. Some authors have suggested that the major oxi-
dant species in copper-mediated LDL oxidation is superoxide
(77); others have concluded that the hydroxyl radical may be
important (122). The participation of homocysteine in the in-
duction of radical formation also suggests the thiol-derived rad-
icals, because addition of the thiol blocker DTNB reduced the
concentration of the hydroxyl radical generated in the cellular
system, suggesting that thiols are the major source of these rad-
icals.

Influence of homocysteine on the proliferation
and differentiation of vascular muscle cells

An early atherosclerotic lesion consists largely of inflamma-
tory cells, particularly macrophages and T lymphocytes. With
progression of these lesions, VSMCs migrate, proliferate, and
produce extracellular matrix components, presumably as part
of a repair process of metabolic or physical injury, resulting in
subsequent inflammation of blood vessels (140). VSMCs syn-
thesize components of the fibrous cap in plaques, which sepa-
rates the blood from the thrombogenic plaque interior, and
whose rupture or erosion triggers myocardial infarction. Matrix
metalloproteinase 2 (MMP-2) is synthesized and released from
VSMCs and has been considered to be involved in develop-
ment and progression of atherosclerotic lesions by contributing
to destabilization and rupture of atherosclerotic plaques (59).

Homocysteine treatment of human VSMCs at concentrations
associated with increased risk of cardiovascular events in-
creased MMP-2 activity, synthesis, and secretion through a
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FIG. 3. Homocysteine activates arachidonic acid
release through activation of phospholipase A2.
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mechanism involving the activation of MAPK and PI3-K path-
ways (46). Furthermore, homocysteine significantly increased
collagen synthesis by VSMCs at concentrations ranging from
5 to 300 �M. This could be reversed by addition of N-acetyl-
cysteine or glutathione, suggesting a role for redox perturba-
tion in this event (167). Indeed, homocysteine stimulated hy-
drogen peroxide production in VSMCs in a dose-dependent
manner (31).

VSMCs secrete extracellular SOD, the most abundant SOD
isozyme in vascular tissue, to protect the vascular wall from ox-
idant stress (155). Inhibition of SOD activity has been discussed
to be another mechanism for oxidant stress injury induced by
homocysteine (126). A significant and positive relation between
plasma extracellular SOD levels and total homocysteine has
been reported in patients with hyperhomocysteinemia (187),
presumably because of detachment from the arterial wall,
thereby resulting in a lower activity at the site of the vessel wall
(193). This might reduce the ability of SOD to protect the en-
dothelial surface from oxidant stress. In addition, homocysteine
has been shown to reduce the expression and secretion of ex-
tracellular SOD in rat aorta VSMCs, leading to increased oxi-
dant stress at the arterial wall (126).

A further mechanism that might lead to the progression of
inflammation during homocysteine-induced atherosclerosis has
recently been discussed. Homocysteine at physiologically rel-
evant concentrations (10–250 �M) significantly increased the
expression of IL-6 mRNA and protein in rat VSMCs (200). The
increase in IL-6 expression was associated with the activation
of transcription factor NF-�B, commonly involved in inflam-
matory and immune responses. ROS are regarded as second
messengers for the activation of NF-�B and cytokine expres-
sion (23). The radical scavenger pyrrolidine dithiocarbamate
(PDTC) suppressed homocysteine-induced IL-6 release, a find-
ing compatible with involvement of ROS as second messen-
gers. IL-6 plays several important roles within the vessel wall.
As an activator of acute-phase reactant expression, it is con-
tributing to inflammation (92). Furthermore, IL-6 stimulates
VSMCs proliferation as an autocrine growth factor through its
ability to influence platelet-derived growth factor (PDGF) ex-
pression (88). Additionally, IL-6 can play an important role in
priming both monocytes and neutrophils and has been shown
to enhance lymphocyte binding to endothelial cells and con-
tribute to the activation of the coagulation cascade (196).

In recent years, apoptosis of VSMCs has been recognized in
atherosclerosis. VSMC apoptosis causes release of IL-1 and up-
regulation of MCP-1 and IL-8 (146). This results in vessel wall
infiltration of macrophages in vivo (145). Whether homocys-
teine at pathophysiologically relevant concentrations has any
impact on VSMC apoptosis remains unclear, as homocysteine
(only when used at concentrations �500 �M) significantly de-
creased VSMC viability through hydrogen peroxide and per-
oxynitrite generation in rat VSMCs (194).

Conversely, it has been hypothesized that homocysteine is
promoting VSMC growth, contributing to the development of
atherosclerosis (73, 165). Homocysteine (0.1 to 1 mM) in-
creased DNA synthesis in rat aortic smooth muscle cells in a
dose-dependent manner and promoted proliferation of quies-
cent VSMCs, an effect amplified by serum (165). Homocys-
teine induced DNA synthesis and proliferation of VSMCs by a

hydrogen peroxide–independent mechanism (158), indicated by
data that show that homocysteine (1 mM) induced a 1.5-fold
DNA synthesis and proliferation of VSMCs, which was further
increased in the presence of catalase. However, even lower con-
centrations of homocysteine (10–20 �M) have been shown to
activate human VSMC proliferation in a dose-dependent man-
ner (26). Although the proportion of apoptotic cells and of cells
with a necrotic morphology of VSMCs in culture increased sig-
nificantly in the presence of increasing concentrations of ho-
mocysteine, the total number of cells was increased.

VSMCs express �-smooth muscle actin (�-SMA), thereby
playing a critical role in wound contraction and matrix remod-
eling after tissue injury and inflammation (91). Differentiation
of VSMCs into myofibroblast, as evidenced by �-SMA ex-
pression, is largely mediated by transforming growth factor-�1
(TGF-�1). This growth factor is a multifunctional cytokine
playing a central role in many fibrotic diseases and has been
shown to be activated through oxidant stress (20). This mech-
anism often follows inflammatory events such as endothelial
damage due to oxidant stress, which can further lead to vascu-
lar thickening, stiffness, and fibrosis. Recent studies have
shown that mature vascular endothelium has the capability to
differentiate into a smooth muscle–like phenotype through ex-
pression of the smooth muscle–specific isoform of actin, �-
SMA (57). In addition, endothelial disorders may be further
complicated by the fibrotic response of collagen type-1 depo-
sition in the extracellular matrix (ECM). Sen et al. (147) hy-
pothesized that hyperhomocysteinemia-induced oxidant stress
leads to vascular stiffness, in part because of endothelial–
myofibroblast differentiation and alteration of collagen ho-
meostasis in the extracellular matrix (ECM) (147). In mouse
aortic endothelial cells, homocysteine induced �-SMA and col-
lagen type-1 expression, as shown by immunoblot and confo-
cal imaging. Consistently, RT-PCR showed robust increases of
�-SMA and collagen type-1 mRNA levels. Furthermore, ho-
mocysteine induced autophosphorylation of focal adhesion ki-
nase (FAK), a member of the protein tyrosine kinase (PTK)
family. PP2 (a general PTK inhibitor) as well as FAK siRNA
prevented homocysteine-mediated �-SMA formation. In addi-
tion, homocysteine-mediated TGF-� induction was inhibited by
TGF-� R1 kinase inhibitor II (ALK5 inhibitor II) and attenu-
ated FAK phosphorylation and �-SMA expression. Finally, it
was shown that homocysteine activates the ERK-44/42 (extra-
cellular signal–regulated kinase) pathway and augments colla-
gen type-1 deposition. Studies with the pharmacologic ERK in-
hibitor PD98059 and ERK siRNA attenuated ERK-44/42
phosphorylation and collagen type-1 synthesis. Taken together,
these results demonstrate that homocysteine-mediated TGF-�1
upregulation triggers endothelial–myofibroblast differentiation
secondary to FAK phosphorylation and that homocysteine-in-
duced ERK activation is involved in ECM remodelling by al-
tering collagen type-1 homeostasis. Therefore, one might hy-
pothesize that homocysteine is implicated in vascular
thickening and stiffness, which are involved in the process of
plaque formation in the arterial wall.

In summary, these data indicate that homocysteine may in-
duce proinflammatory responses in several vascular cells that
may promote the development and progression of atheroscle-
rotic plaques (Fig. 4).
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PROINFLAMMATORY SIGNALING
FACTORS AND PATHWAYS INFLUENCED

BY HOMOCYSTEINE

Nuclear factor kappa-B (NF-�B) pathway

Activation of the transcription factor nuclear factor kappa-B
(NF-�B) has been linked to the expression of inflammatory fac-
tors during the onset of atherosclerosis (9). Activated NF-�B
has been detected in macrophages, endothelial cells, and vas-
cular smooth muscle cells in human atherosclerotic lesions and
in animal models (24, 35, 188). NF-�B is normally present in
the cytoplasm in an inactive form that is associated with an in-
hibitory protein named I�B. In the presence of various NF-�B
stimuli, I�B is rapidly phosphorylated, leading to ubiquitina-
tion and subsequent degradation, followed by translocation of
NF-�B into the nucleus (activated NF-�B), where it can trans-
activate target genes. ROS generation has been implicated in
stimulation of I�B degradation and NF-�B activation in vas-
cular cells (23).

Homocysteine treatment has been shown to cause activation
of NF-�B in VSMCs and macrophages, leading to increased
chemokine expression (5, 174, 175), and in vascular endothe-
lial cells, leading to increased adhesion molecule expression
(132) (Fig. 5). Increased vascular NF-�B activation under hy-
perhomocysteinemic conditions also was detected in vivo. Hy-
perhomocysteinemia in rats or apoE(�/�) mice induced by a
high-methionine diet resulted in an increase in the activated
form of NF-�B and increased levels of superoxide anions in the
aortic vessel wall (4, 38).

Mechanistically, incubation of HUVECs and HAECs with
homocysteine (100 �M) activated I�B kinases, leading to phos-
phorylation and subsequent degradation of I�B. As a conse-
quence, NF-�B nuclear translocation, enhanced NF-�B/DNA
binding activity, and increased transcriptional activity of NF-
�B–regulated genes could be detected. NF-�B activation in ho-
mocysteine-incubated endothelial cells coincided with a marked
elevation of superoxide anion levels. Pretreatment with the an-
tioxidants catechin (a flavonoid antioxidant) and trolox (a syn-
thetic cell-permeable analogue of �-tocopherol), as well as su-

peroxide anion scavengers or an I-�B kinase inhibitor (prosta-
glandin A1), could prevent homocysteine-induced activation of
IKK kinases and NF-�B in endothelial cells (4, 129, 132), im-
plying that ROS signal the effect of homocysteine on NF-�B
activation.

In THP-1 cells, homocysteine-induced NF-�B activation was
also associated with a significant increase in intracellular su-
peroxide anion levels in parallel with a significant increase in
phosphorylation and membrane translocation of NADPH oxi-
dase 47phox subunit (5). The latter events are known to be es-
sential steps for NADPH oxidase activation (138), which is sig-
nificantly elevated in atherosclerotic lesions, leading to
increased superoxide anion production (94). Homocysteine-in-
duced NADPH oxidase activity mediates the upregulation of
redox factor-1 (Ref-1) expression and translocation to the nu-
cleus in monocytes (38). The homocysteine-induced upregula-
tion of total and nuclear Ref-1 could be attenuated by
diphenyleneiodonium DPI (10 �M), an inhibitor of NADPH
oxidase. These results demonstrated that homocysteine-induced
upregulation and nuclear translocation of Ref-1 may depend on
NADPH oxidase activity, leading to increased vascular oxidant
stress.

Ref-1 is a ubiquitously expressed multifunctional protein in-
volved in the repair of DNA damage. It also facilitates the DNA-
binding activities of many redox-sensitive transcription factors,
including AP-1 and NF-�B (125, 192). The enhanced DNA-
binding activities thereby may increase the expression of cor-
responding target genes.

ApoE�/� mice with diet-induced hyperhomocysteinemia ex-
hibited elevated Ref-1 expression accompanied by upregulated
NF�B and MCP-1 promoter activity, which led to higher MCP-
1 expression in aortic roots and peritoneal macrophages. Ho-
mocysteine seems to induce overexpression of Ref-1, leading
to the described downward signaling events. This is emphasized
by data that show that knocking down of Ref-1 by using anti-
sense technology reduced homocysteine-induced NF-�B DNA-
binding activity and MCP-1 secretion (38). In summary, these
data indicate that homocysteine-induced ROS upregulate the
expression and translocation of Ref-1 via boosting of oxidant
stress by activation of NADPH oxidase.
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FIG. 4. Effect of homocysteine on vascular cells
during the development of atherosclerotic
plaques.
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Activation of the protein kinase C (PKC)–MAPK signaling
pathway has also has been implicated in the stimulation of NF-
�B activity and MCP-1 expression by homocysteine, at least in
VSMCs, in addition to the role of this signaling pathway in the
regulation of cell proliferation and apoptosis, as discussed ear-
lier. This suggests that MAPKs could be the potential upstream
kinases of NF-�B activation under conditions of elevated ho-
mocysteine levels (174, 190, 200).

The increase in NF-�B activity in several vascular cells,
which finally results in increased expression of target genes, in-
cluding some that may accelerate the development of athero-
sclerosis, plays a key role in homocysteine-induced vascular in-
flammation.

Downstream signaling molecules stimulated 
by NF-�B

Many inflammatory mediators and molecules involved in
atherosclerosis, like adhesion molecules, interleukins, and
chemokines, seem to be activated by homocysteine through the
redox-sensitive NF-�B pathway. These include endothelial ad-
hesion molecules that mediate monocyte adhesion to endothe-
lial cells, like ICAM-1 (96, 132), as discussed earlier.

Several large-scale prospective studies have shown that the
serum level of C-reactive protein (CRP) is a strong independent

predictor of risk of myocardial infarction, stroke, peripheral ar-
terial disease, and vascular death among individuals without
known CVD (103, 137). Moreover, CRP has recently been
shown not only to be a marker of inflammatory responses, but
also in itself to be a mediator of inflammation and endothelial
dysfunction (92). IL-6, a cytokine known to be secreted from a
number of cells including macrophages, lymphocytes, and en-
dothelial cells, has been shown to be a major regulator of CRP
synthesis and may thus have a key role in initiation of the acute-
phase response in various inflammatory conditions such as CVD
(196). Recent studies suggested that enhanced inflammation as-
sociated with hyperhomocysteinemia may lead to CVD, possi-
bly through IL-6-related mechanisms (81, 170). Homocysteine
at pathophysiologically relevant concentrations (10–250 �M)
significantly increased the expression of IL-6 mRNA and pro-
tein in rat VSMCs (200). The increase in IL-6 expression was
associated with activation of NF-�B and could be prevented by
addition of the free radical scavenger PDTC. Holven et al. (81)
measured serum concentrations of CRP and IL-6 in 39 patients
with hyperhomocysteinemia and in 39 control subjects matched
for gender, age, and body mass index (BMI). Compared with
controls, hyperhomocysteinemic subjects have elevated serum
levels of CRP and IL-6. Importantly, this increased level of IL-
6 was also seen in hyperhomocysteinemic individuals without
accompanying hypercholesterolemia or CVD.
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FIG. 5. Nuclear translocation of NF-��B in homo-
cysteine-incubated endothelial (EA.hy 926)
cells. Six hours of incubation of endothelial cells
with D,L-homocysteine (200 �M) leads to signifi-
cantly increased NF-�B activation compared with
that in control cells. This becomes evident by in-
creased nuclear translocation, indicated by increased
nuclear staining with an anti–p65–antibody, as visu-
alized with immunofluorescence images by using
confocal microscopy. TNF-� was used as positive
control. L-cysteine had no significant effect. The val-
ues express the nucleus/cytosol ratio � SD of fluo-
rescence intensity of three to six experiments.

FIG. 6. Homocysteine increases reactive oxygen
species in endothelial cells, which induce endothe-
lial dysfunction and initiate inflammatory pro-
cesses.
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CONCLUSIONS

In summary, strong experimental evidence, both in vitro and
in vivo, indicates that increased vascular oxidant stress is pro-
moted by elevated levels of homocysteine, activating a series
of reactions that promote the inflammation of the arterial wall
and the progression of atherosclerotic plaque formation. Up-
regulation of redox-sensitive proinflammatory signaling path-
ways, like the NF-�B pathway in vascular and immune cells,
thereby seems to play a central role. This results in increased
recruitment, adhesion, and transmigration of circulating leuko-
cytes to the vessel wall, followed by foam cell formation and
proliferation of VSMCs. All these events participate in the ini-
tiation and progression of atherosclerosis (Fig. 6).

Although abundant epidemiological and experimental evi-
dence exists for the impact of homocysteine on the develop-
ment of atherosclerosis, reducing homocysteine with folic acid
and B vitamins, however, did not prevent vascular events in pa-
tients with established cardiovascular events, as shown in re-
cent large-scale intervention trials (19, 114, 162). Furthermore,
reducing homocysteine levels did not reduce blood markers of
inflammation (CRP, IL-6, CD40L), endothelial dysfunction
(VCAM, ICAM, or von Willebrand factor expression), or hy-
percoagulability (P-selectin, prothrombin fragment 1 and 2, D-
dimer) in patients with previous transient ischemic attack or
stroke (50, 148). This discrepancy remains to be resolved in
further experimental and clinical studies before it will be gen-
erally accepted that elevated plasma levels of homocysteine are
a cardiovascular risk factor that can be modified to reduce pa-
tients risk and burden of vascular disease.

ABBREVIATIONS

�-SMA, �-smooth muscle actin; ApoE(�/�) mice, homozy-
gous apolipoprotein E knockout mice; CBS(�/�) mice, het-
erozygous cystathionine � synthase knockout mice; CBS, 
cystathionine � synthase; CCR2, C-C chemokine receptor 2;
CD36, scavenger receptor for oxidized low-density lipoprotein;
cPLA2, cytosolic phospholipase A2; CRP, C-reactive protein;
CVD, cardiovascular disease; DCF, dichlorofluorescein; DPI,
diphenyleneiodonium; FAK, focal adhesion kinase; HAECs,
human aortic endothelial cells; HDL, high-density lipoprotein;
HEVs, high endothelial venules; HUVECs, human umbilical
vein endothelial cells; ICAM, intracellular adhesion molecule;
IFN-�, interferon-�; IL-1�, interleukin-1�; IL-12, interleukin-
12; IL-8, interleukin-8; LDL, low-density lipoprotein; MAPK,
mitogen-activated phosphokinases; MCP-1, monocyte chemo-
attractant protein 1; M-CSF, macrophage colony-stimulating
factor; MHC II, major histocompatibility class II antigen;
MMP-2, matrix metalloproteinase 2; MPO, myeloperoxidase;
mtDNA, mitochondrial DNA; NF-�B, nuclear transcription fac-
tor �B; NO, nitric oxide; OTC, L-2-oxo-4-thiazolidine car-
boxylate; oxLDL, oxidized low-density lipoprotein; PAD, pe-
ripheral arterial occlusive disease; PPAR�, peroxisome
proliferator-activated receptor-�; Psel(�/�)) mice, P-selectin-
knockout mice; PSGL-1, P-selectin glycoprotein ligand-1;
PTK, protein tyrosine kinase; RANTES, chemokine regulated
on activation, normal T-cell expressed and secreted; ROS, re-
active oxygen species; SOD, superoxide dismutase; SRA, scav-

enger receptor A; TF, tissue factor; TGF-�, transforming
growth factor-�1; TNF-�, tumor necrosis factor-�; TXB2,
thromboxane 2; VCAM-1, vascular cell adhesion molecule 1;
VSMCs, vascular smooth muscle cells.

REFERENCES

1. Alvarez-Maqueda M, El Bekay R, Monteseirin J, Alba G, Cha-
con P, Vega A, Santa Maria C, Tejedo JR, Martin-Nieto J, Bedoya
FJ, Pintado E, and Sobrino F. Homocysteine enhances superox-
ide anion release and NADPH oxidase assembly by human neu-
trophils: effects on MAPK activation and neutrophil migration.
Atherosclerosis 172: 229–238, 2004.

2. Amberger A, Maczek C, Jurgens G, Michaelis D, Schett G, Trieb
K, Eberl T, Jindal S, Xu Q, and Wick G. Co-expression of ICAM-
1, VCAM-1, ELAM-1 and Hsp60 in human arterial and venous
endothelial cells in response to cytokines and oxidized low-den-
sity lipoproteins. Cell Stress Chaperones 2: 94–103, 1997.

3. Andersson A, Lindgren A, and Hultberg B. Effect of thiol oxi-
dation and thiol export from erythrocytes on determination of re-
dox status of homocysteine and other thiols in plasma from
healthy subjects and patients with cerebral infarction. Clin Chem
41: 361–366, 1995.

4. Au-Yeung KK, Woo CW, Sung FL, Yip JC, Siow YL, and O K.
Hyperhomocysteinemia activates nuclear factor-kappaB in endo-
thelial cells via oxidative stress. Circ Res 94: 28–36, 2004.

5. Au-Yeung KK, Yip JC, Siow YL, and O K. Folic acid inhibits
homocysteine-induced superoxide anion production and nuclear
factor kappa B activation in macrophages. Can J Physiol Phar-
macol 84: 141–147, 2006.

6. Austin RC, Sood SK, Dorward AM, Singh G, Shaughnessy SG,
Pamidi S, Outinen PA, and Weitz JI. Homocysteine-dependent al-
terations in mitochondrial gene expression, function and structure:
homocysteine and H2O2 act synergistically to enhance mitochon-
drial damage. J Biol Chem 273: 30808–30817, 1998.

7. Avanzas P, Arroyo-Espliguero R, Cosin-Sales J, Aldama G, Pizzi
C, Quiles J, and Kaski JC. Markers of inflammation and multi-
ple complex stenoses (pancoronary plaque vulnerability) in pa-
tients with non-ST segment elevation acute coronary syndromes.
Heart 90: 847–852, 2004.

8. Avanzas P, Arroyo-Espliguero R, Cosin-Sales J, Quiles J, Zouri-
dakis E, and Kaski JC. Multiple complex stenoses, high neutrophil
count and C-reactive protein levels in patients with chronic sta-
ble angina. Atherosclerosis 175: 151–157, 2004.

9. Baeuerle PA. IkappaB-NF-kappaB structures: at the interface of
inflammation control. Cell 95: 729–731, 1998.

10. Baldus S, Heeschen C, Meinertz T, Zeiher AM, Eiserich JP, Mun-
zel T, Simoons ML, and Hamm CW. Myeloperoxidase serum lev-
els predict risk in patients with acute coronary syndromes. Cir-
culation 108: 1440–1445, 2003.

11. Ballinger SW, Patterson C, Knight-Lozano CA, Burow DL, Con-
klin CA, Hu Z, Reuf J, Horaist C, Lebovitz R, Hunter GC, McIn-
tyre K, and Runge MS. Mitochondrial integrity and function in
atherogenesis. Circulation 106: 544–549, 2002.

12. Ballinger SW, Patterson C, Yan CN, Doan R, Burow DL, Young
CG, Yakes FM, Van Houten B, Ballinger CA, Freeman BA, and
Runge MS. Hydrogen peroxide- and peroxynitrite-induced mito-
chondrial DNA damage and dysfunction in vascular endothelial
and smooth muscle cells. Circ Res 86: 960–966, 2000.

13. Bautista LE, Arenas IA, Penuela A, and Martinez LX. Total
plasma homocysteine level and risk of cardiovascular disease: a
meta-analysis of prospective cohort studies. J Clin Epidemiol 55:
882–887, 2002.

14. Bellamy MF, McDowell IF, Ramsey MW, Brownlee M, Bones
C, Newcombe RG, and Lewis MJ. Hyperhomocysteinemia after
an oral methionine load acutely impairs endothelial function in
healthy adults. Circulation 98: 1848–1852, 1998.

15. Bergt C, Pennathur S, Fu X, Byun J, O’Brien K, McDonald TO,
Singh P, Anantharamaiah GM, Chait A, Brunzell J, Geary RL,
Oram JF, and Heinecke JW. The myeloperoxidase product

VASCULAR INFLAMMATION IN HYPERHOMOCYSTEINEMIA 1953



hypochlorous acid oxidizes HDL in the human artery wall and
impairs ABCA1–dependent cholesterol transport. Proc Natl Acad
Sci U S A 101: 13032–13037, 2004.

16. Berliner JA, Navab M, Fogelman AM, Frank JS, Demer LL, Ed-
wards PA, Watson AD, and Lusis AJ. Atherosclerosis: basic
mechanisms: oxidation, inflammation, and genetics. Circulation
91: 2488–2496, 1995.

17. Bevilacqua MP and Nelson RM. Selectins. J Clin Invest 91:
379–387, 1993.

18. Boger RH, Lentz SR, Bode-Boger SM, Knapp HR, and Haynes
WG. Elevation of asymmetrical dimethylarginine may mediate
endothelial dysfunction during experimental hyperhomocyst(e)in-
aemia in humans. Clin Sci (Lond) 100: 161–167, 2001.

19. Bonaa KH, Njolstad I, Ueland PM, Schirmer H, Tverdal A,
Steigen T, Wang H, Nordrehaug JE, Arnesen E, and Rasmussen
K. Homocysteine lowering and cardiovascular events after acute
myocardial infarction. N Engl J Med 354: 1578–1588, 2006.

20. Border WA and Noble NA. Fibrosis linked to TGF-beta in yet
another disease. J Clin Invest 96: 655–656, 1995.

21. Boring L, Gosling J, Cleary M, and Charo IF. Decreased lesion
formation in CCR2–/� mice reveals a role for chemokines in the
initiation of atherosclerosis. Nature 394: 894–897, 1998.

22. Boushey CJ, Beresford SAA, Omenn GS, and Motulsky AG. A
quantitative assessment of plasma homocysteine as a risk factor
for vascular disease. JAMA 274: 1049–1057, 1995.

23. Bowie A and O’Neill LA. Oxidative stress and nuclear factor-
kappaB activation: a reassessment of the evidence in the light of
recent discoveries. Biochem Pharmacol 59: 13–23, 2000.

24. Brand K, Page S, Rogler G, Bartsch A, Brandl R, Knuechel R,
Page M, Kaltschmidt C, Baeuerle PA, and Neumeier D. Activated
transcription factor nuclear factor-kappa B is present in the ath-
erosclerotic lesion. J Clin Invest 97: 1715–1722, 1996.

25. Brennan ML and Hazen SL. Emerging role of myeloperoxidase
and oxidant stress markers in cardiovascular risk assessment. Curr
Opin Lipidol 14: 353–359, 2003.

26. Buemi M, Marino D, Di Pasquale G, Floccari F, Ruello A, Aloisi
C, Corica F, Senatore M, Romeo A, and Frisina N. Effects of ho-
mocysteine on proliferation, necrosis, and apoptosis of vascular
smooth muscle cells in culture and influence of folic acid. Thromb
Res 104: 207–213, 2001.

27. Cadroy Y, Dupouy D, Boneu B, and Plaisancie H. Polymor-
phonuclear leukocytes modulate tissue factor production by
mononuclear cells: role of reactive oxygen species. J Immunol
164: 3822–3828, 2000.

28. Cai H, Li Z, Dikalov S, Holland SM, Hwang J, Jo H, Dudley SC
Jr, and Harrison DG. NAD(P)H oxidase-derived hydrogen per-
oxide mediates endothelial nitric oxide production in response to
angiotensin II. J Biol Chem 277: 48311–48317, 2002.

29. Cai Y, Zhang C, Nawa T, Aso T, Tanaka M, Oshiro S, Ichijo H,
and Kitajima S. Homocysteine-responsive ATF3 gene expression
in human vascular endothelial cells: activation of c-Jun NH(2)-
terminal kinase and promoter response element. Blood 96:
2140–2148, 2000.

30. Chambers JC, McGregor A, Jean-Marie J, Obeid OA, and Kooner
JS. Demonstration of rapid onset vascular endothelial dysfunction
after hyperhomocysteinemia: an effect reversible with vitamin C
therapy. Circulation 99: 1156–1160, 1999.

31. Chang L, Xu JX, Zhao J, Pang YZ, Tang CS, and Qi YF. Tau-
rine antagonized oxidative stress injury induced by homocysteine
in rat vascular smooth muscle cells. Acta Pharmacol Sin 25:
341–346, 2004.

32. Charo IF. CCR2: from cloning to the creation of knockout mice.
Chem Immunol 72: 30–41, 1999.

33. Chen K, Thomas SR, and Keaney JF Jr. Beyond LDL oxidation:
ROS in vascular signal transduction. Free Radic Biol Med 35:
117–132, 2003.

34. Clinton SK, Underwood R, Hayes L, Sherman ML, Kufe DW,
and Libby P. Macrophage colony-stimulating factor gene expres-
sion in vascular cells and in experimental and human atheroscle-
rosis. Am J Pathol 140: 301–316, 1992.

35. Collins T. Endothelial nuclear factor-kappa B and the initiation
of the atherosclerotic lesion. Lab Invest 68: 499–508, 1993.

36. Cooper CE, Patel RP, Brookes PS, and Darley-Usmar VM. Nan-
otransducers in cellular redox signaling: modification of thiols by

reactive oxygen and nitrogen species. Trends Biochem Sci 27:
489–492, 2002.

37. Cushing SD, Berliner JA, Valente AJ, Territo MC, Navab M,
Parhami F, Gerrity R, Schwartz CJ, and Fogelman AM. Mini-
mally modified low density lipoprotein induces monocyte chemo-
tactic protein 1 in human endothelial cells and smooth muscle
cells. Proc Natl Acad Sci U S A 87: 5134–5138, 1990.

38. Dai J, Li W, Chang L, Zhang Z, Tang C, Wang N, Zhu Y, and
Wang X. Role of redox factor-1 in hyperhomocysteinemia-accel-
erated atherosclerosis. Free Radic Biol Med 41: 1566–1577, 2006.

39. Daugherty A, Dunn JL, Rateri DL, and Heinecke JW.
Myeloperoxidase, a catalyst for lipoprotein oxidation, is ex-
pressed in human atherosclerotic lesions. J Clin Invest 94:
437–444, 1994.

40. Davies SS, Pontsler AV, Marathe GK, Harrison KA, Murphy RC,
Hinshaw JC, Prestwich GD, Hilaire AS, Prescott SM, Zimmer-
man GA, and McIntyre TM. Oxidized alkyl phospholipids are
specific, high affinity peroxisome proliferator-activated receptor
gamma ligands and agonists. J Biol Chem 276: 16015–16023,
2001.

41. de Lemos JA, Morrow DA, Sabatine MS, Murphy SA, Gibson
CM, Antman EM, McCabe CH, Cannon CP, and Braunwald E.
Association between plasma levels of monocyte chemoattractant
protein-1 and long-term clinical outcomes in patients with acute
coronary syndromes. Circulation 107: 690–695, 2003.

42. Deanfield JE, Halcox JP, and Rabelink TJ. Endothelial function
and dysfunction: testing and clinical relevance. Circulation 115:
1285–1295, 2007.

43. Diacovo TG, Catalina MD, Siegelman MH, and von Andrian UH.
Circulating activated platelets reconstitute lymphocyte homing
and immunity in L-selectin-deficient mice. J Exp Med 187:
197–204, 1998.

44. Diacovo TG, Puri KD, Warnock RA, Springer TA, and von An-
drian UH. Platelet-mediated lymphocyte delivery to high endo-
thelial venules. Science 273: 252–255, 1996.

45. Dollery CM, McEwan JR, and Henney AM. Matrix metallopro-
teinases and cardiovascular disease. Circ Res 77: 863–868, 1995.

46. Doronzo G, Russo I, Mattiello L, Trovati M, and Anfossi G. Ho-
mocysteine rapidly increases matrix metalloproteinase-2 expres-
sion and activity in cultured human vascular smooth muscle cells:
role of phosphatidyl inositol 3-kinase and mitogen activated pro-
tein kinase pathways. Thromb Haemost 94: 1285–1293, 2005.

47. Dudman NP, Temple SE, Guo XW, Fu W, and Perry MA. Ho-
mocysteine enhances neutrophil-endothelial interactions in both
cultured human cells and rats In vivo. Circ Res 84: 409–416, 1999.

48. Dudman NPB, and Hale SET. Endothelial- and leucocyte-medi-
ated mechanisms in homocysteine-associated occlusive vascular
disease. In: Homocysteine Metabolism: From Basic Science to
Clinical Medicine, edited by Graham I, Refsum H, Rosenberg IH,
and Ueland PM. Boston: Kluwer Academic, 1997, pp. 267–271.

49. Durand P, Prost M, and Blache D. Pro-thrombotic effects of a
folic acid deficient diet in rat platelets and macrophages related
to elevated homocysteine and decreased n-3 polyunsaturated fatty
acids. Atherosclerosis 121: 231–243, 1996.

50. Dusitanond P, Eikelboom JW, Hankey GJ, Thom J, Gilmore G,
Loh K, Yi Q, Klijn CJ, Langton P, van Bockxmeer FM, Baker R,
and Jamrozik K. Homocysteine-lowering treatment with folic
acid, cobalamin, and pyridoxine does not reduce blood markers
of inflammation, endothelial dysfunction, or hypercoagulability
in patients with previous transient ischemic attack or stroke: a ran-
domized substudy of the VITATOPS trial. Stroke 36: 144–146,
2005.

51. Eberhardt RT, Forgione MA, Cap A, Leopold JA, Rudd MA, Trol-
liet M, Heydrick S, Stark R, Klings ES, Moldovan NI, Yaghoubi
M, Goldschmidt-Clermont PJ, Farber HW, Cohen R, and Loscalzo
J. Endothelial dysfunction in a murine model of mild hyperho-
mocyst(e)inemia. J Clin Invest 106: 483–491, 2000.

52. Eiserich JP, Baldus S, Brennan ML, Ma W, Zhang C, Tousson
A, Castro L, Lusis AJ, Nauseef WM, White CR, and Freeman
BA. Myeloperoxidase, a leukocyte-derived vascular NO oxidase.
Science 296: 2391–2394, 2002.

53. Endemann G, Stanton LW, Madden KS, Bryant CM, White RT,
and Protter AA. CD36 is a receptor for oxidized low density
lipoprotein. J Biol Chem 268: 11811–11816, 1993.

PAPATHEODOROU AND WEISS1954



54. Feng J, Han J, Pearce SF, Silverstein RL, Gotto AM Jr, Hajjar DP,
and Nicholson AC. Induction of CD36 expression by oxidized LDL
and IL-4 by a common signaling pathway dependent on protein ki-
nase C and PPAR-gamma. J Lipid Res 41: 688–696, 2000.

55. Finkelstein JD and Martin JJ. Methionine metabolism in mam-
mals: adaptation to methionine excess. J Biol Chem 261:
1582–1587, 1986.

56. Forgione MA, Weiss N, Heydrick S, Cap A, Klings ES, Bierl C,
Eberhardt RT, Farber HW, and Loscalzo J. Cellular glutathione
peroxidase deficiency and endothelial dysfunction. Am J Physiol
Heart Circ Physiol 282: H1255–H1261, 2002.

57. Frid MG, Kale VA, and Stenmark KR. Mature vascular endothe-
lium can give rise to smooth muscle cells via endothelial-mes-
enchymal transdifferentiation: in vitro analysis. Circ Res 90:
1189–1196, 2002.

58. Frostegard J, Ulfgren AK, Nyberg P, Hedin U, Swedenborg J,
Andersson U, and Hansson GK. Cytokine expression in advanced
human atherosclerotic plaques: dominance of pro-inflammatory
(Th1) and macrophage-stimulating cytokines. Atherosclerosis
145: 33–43, 1999.

59. Galis ZS, Muszynski M, Sukhova GK, Simon-Morrissey E, and
Libby P. Enhanced expression of vascular matrix metallopro-
teinases induced in vitro by cytokines and in regions of human
atherosclerotic lesions. Ann N Y Acad Sci 748: 501–507, 1995.

60. Gawaz M, Brand K, Dickfeld T, Pogatsa-Murray G, Page S,
Bogner C, Koch W, Schomig A, and Neumann F. Platelets in-
duce alterations of chemotactic and adhesive properties of endo-
thelial cells mediated through an interleukin-1–dependent mech-
anism: implications for atherogenesis. Atherosclerosis 148:
75–85, 2000.

61. Geisel J, Jodden V, Obeid R, Knapp JP, Bodis M, and Herrmann
W. Stimulatory effect of homocysteine on interleukin-8 expres-
sion in human endothelial cells. Clin Chem Lab Med 41:
1045–1048, 2003.

62. Gerrity RG and Naito HK. Ultrastructural identification of mono-
cyte-derived foam cells in fatty streak lesions. Artery 8: 208–214,
1980.

63. Gerszten RE, Garcia-Zepeda EA, Lim YC, Yoshida M, Ding HA,
Gimbrone MA Jr, Luster AD, Luscinskas FW, and Rosenzweig
A. MCP-1 and IL-8 trigger firm adhesion of monocytes to vas-
cular endothelium under flow conditions. Nature 398: 718–723,
1999.

64. Ghigo D, Alessio P, Foco A, Bussolino F, Costamagna C, Heller
R, Garbarino G, Pescarmona GP, and Bosia A. Nitric oxide syn-
thesis is impaired in glutathione-depleted human umbilical vein
endothelial cells. Am J Physiol 265: C728–C732, 1993.

65. Godin C, Caprani A, Dufaux J, and Flaud P. Interactions between
neutrophils and endothelial cells. J Cell Sci 106: 441–451, 1993.

66. Graham IM, Daly LE, Refsum HM, Robinson K, Brattstrom LE,
Ueland PM, Palma-Reis RJ, Boers GH, Sheahan RG, Israelsson
B, Uiterwaal CS, Meleady R, McMaster D, Verhoef P, Witteman
J, Rubba P, Bellet H, Wautrecht JC, de Valk HW, Sales Luis 
AC, Parrot-Rouland FM, Tan KS, Higgins I, Garcon D, and An-
dria G. Plasma homocysteine as a risk factor for vascular disease:
the European Concerted Action Project. JAMA 277: 1775–1781,
1997.

67. Greenwalt DE, Lipsky RH, Ockenhouse CF, Ikeda H, Tandon
NN, and Jamieson GA. Membrane glycoprotein CD36: a review
of its roles in adherence, signal transduction, and transfusion med-
icine. Blood 80: 1105–1115, 1992.

68. Gu L, Okada Y, Clinton SK, Gerard C, Sukhova GK, Libby P,
and Rollins BJ. Absence of monocyte chemoattractant protein-1
reduces atherosclerosis in low density lipoprotein receptor-defi-
cient mice. Mol Cell 2: 275–281, 1998.

69. Guttormsen AB, Mansoor AM, Fiskerstrand T, Ueland PM, and
Refsum H. Kinetics of plasma homocysteine in healthy subjects
after peroral homocysteine loading. Clin Chem 39: 1390–1397,
1993.

70. Hajjar DP and Haberland ME. Lipoprotein trafficking in vascu-
lar cells: molecular Trojan horses and cellular saboteurs. J Biol
Chem 272: 22975–22978, 1997.

71. Handy DE, Zhang Y, and Loscalzo J. Homocysteine down-regu-
lates cellular glutathione peroxidase (GPx1) by decreasing trans-
lation. J Biol Chem 280: 15518–15525, 2005.

72. Hanratty CG, McAuley DF, McGurk C, Young IS, and Johnston
GD. Homocysteine and endothelial vascular function. Lancet 351:
1288–1289, 1998.

73. Hansrani M, Gillespie JI, and Stansby G. Homocysteine in my-
ointimal hyperplasia. Eur J Vasc Endovasc Surg 23: 3–10, 2002.

74. Hansson GK. Immune mechanisms in atherosclerosis. Arte-
rioscler Thromb Vasc Biol 21: 1876–1890, 2001.

75. Hayden MR and Tyagi SC. Intimal redox stress: accelerated ath-
erosclerosis in metabolic syndrome and type 2 diabetes mellitus:
atheroscleropathy. Cardiovasc Diabetol 1: 3, 2002.

76. Hegyi L, Hardwick SJ, Siow RC, and Skepper JN. Macrophage
death and the role of apoptosis in human atherosclerosis. J Hema-
tother Stem Cell Res 10: 27–42, 2001.

77. Heinecke JW, Kawamura L, Suzuki K, and Chait. A. Oxidation
of low density lipoprotein by thiols: superoxide-dependent and 
-independent mechanisms. J Lipid Res 34: 2051–2061, 1993.

78. Heydrick SJ, Weiss N, Thomas SR, Cap AP, Pimentel DR,
Loscalzo J, and Keaney JF Jr. L-Homocysteine and L-homocys-
tine stereospecifically induce endothelial nitric oxide synthase-de-
pendent lipid peroxidation in endothelial cells. Free Radic Biol
Med 36: 632–640, 2004.

79. Heyworth PG, Curnutte JT, Nauseef WM, Volpp BD, Pearson
DW, Rosen H, and Clark RA. Neutrophil nicotinamide adenine
dinucleotide phosphate oxidase assembly: translocation of 
p47-phox and p67-phox requires interaction between p47-phox
and cytochrome b558. J Clin Invest 87: 352–356, 1991.

80. Hofmann MA, Lalla E, Lu Y, Ryu Gleason M, Wolf BM, Tanji
N, Ferran LJ, Kohl B, Rao V, Kisiel W, Stern DM, and Schmidt
AM. Hyperhomocysteinemia enhances vascular inflammation and
accelerates atherosclerosis in a murine model. J Clin Invest 197:
675–683, 2001.

81. Holven KB, Aukrust P, Retterstol K, Hagve TA, Morkrid L, Ose
L, and Nenseter MS. Increased levels of C-reactive protein and
interleukin-6 in hyperhomocysteinemic subjects. Scand J Clin Lab
Invest 66: 45–54, 2006.

82. Holven KB, Holm T, Aukrust P, Christensen B, Kjekshus J, An-
dreassen AK, Gullestad L, Hagve TA, Svilaas A, Ose L, and
Nenseter MS. Effect of folic acid treatment on endothelium-de-
pendent vasodilation and nitric oxide-derived end products in hy-
perhomocysteinemic subjects. Am J Med 110: 536–542, 2001.

83. Horiuchi S, Sakamoto Y, and Sakai M. Scavenger receptors for
oxidized and glycated proteins. Amino Acids 25: 283–292, 2003.

84. 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.

85. Huo Y, Schober A, Forlow SB, Smith DF, Hyman MC, Jung S,
Littman DR, Weber C, and Ley K. Circulating activated platelets
exacerbate atherosclerosis in mice deficient in apolipoprotein E.
Nat Med 9: 61–67, 2003.

86. Ide N, Keller C, and Weiss N. Aged garlic extract inhibits ho-
mocysteine-induced CD36 expression and foam cell formation in
human macrophages. J Nutr 136: 755S–758S, 2006.

87. Ide T, Tsutsui H, Hayashidani S, Kang D, Suematsu N, Naka-
mura K, Utsumi H, Hamasaki N, and Takeshita A. Mitochondrial
DNA damage and dysfunction associated with oxidative stress in
failing hearts after myocardial infarction. Circ Res 88: 529–535,
2001.

88. Ikeda U, Ikeda M, Oohara T, Oguchi A, Kamitani T, Tsuruya Y,
and Kano S. Interleukin 6 stimulates growth of vascular smooth
muscle cells in a PDGF-dependent manner. Am J Physiol 260:
H1713–H1717, 1991.

89. Jacobsen DW. Homocysteine and vitamins in cardiovascular dis-
ease. Clin Chem 44: 1833–1843, 1998.

90. Jakubowski H. Pathophysiological consequences of homocysteine
excess. J Nutr 136: 1741S–1749S, 2006.

91. Jester JV, Petroll WM, Barry PA, and Cavanagh HD. Temporal,
3-dimensional, cellular anatomy of corneal wound tissue. J Anat
186: 301–311, 1995.

92. Jialal I, Devaraj S, and Venugopal SK. C-reactive protein: risk
marker or mediator in atherothrombosis? Hypertension 44: 6–11,
2004.

93. Jovinge S, Hultgardh-Nilsson A, Regnstrom J, and Nilsson J. Tu-
mor necrosis factor-alpha activates smooth muscle cell migration

VASCULAR INFLAMMATION IN HYPERHOMOCYSTEINEMIA 1955



in culture and is expressed in the balloon-injured rat aorta. Arte-
rioscler Thromb Vasc Biol 17: 490–497, 1997.

94. Kalinina N, Agrotis A, Tararak E, Antropova Y, Kanellakis P,
Ilyinskaya O, Quinn MT, Smirnov V, and Bobik A. Cytochrome
b558-dependent NAD(P)H oxidase-phox units in smooth muscle
and macrophages of atherosclerotic lesions. Arterioscler Thromb
Vasc Biol 22: 2037–2043, 2002.

95. Kanani PM, Sinkey CA, Browning RL, Allaman M, Knapp HR,
and Haynes WG. Role of oxidant stress in endothelial dysfunc-
tion produced by experimental hyperhomocyst(e)inemia in hu-
mans. Circulation 100: 1161–1168, 1999.

96. Kevil CG, Patel RP, and Bullard DC. Essential role of ICAM-1
in mediating monocyte adhesion to aortic endothelial cells. Am J
Physiol Cell Physiol 281: C1442–C1447, 2001.

97. Khan BV, Parthasarathy SS, Alexander RW, and Medford RM.
Modified low density lipoprotein and its constituents augment cy-
tokine-activated vascular cell adhesion molecule-1 gene expres-
sion in human vascular endothelial cells. J Clin Invest 95:
1262–1270, 1995.

98. Kimura S, Zhang GX, Nishiyama A, Shokoji T, Yao L, Fan YY,
Rahman M, Suzuki T, Maeta H, and Abe Y. Role of NAD(P)H
oxidase- and mitochondria-derived reactive oxygen species in
cardioprotection of ischemic reperfusion injury by angiotensin II.
Hypertension 45: 860–866, 2005.

99. Kitaoka N, Liu G, Masuoka N, Yamashita K, Manabe M, and Ko-
dama H. Effect of sulfur amino acids on stimulus-induced super-
oxide generation and translocation of p47phox and p67phox to
cell membrane in human neutrophils and the scavenging of free
radical. Clin Chim Acta 353: 109–116, 2005.

100. Koga T, Claycombe K, and Meydani M. Homocysteine increases
monocyte and T-cell adhesion to human aortic endothelial cells.
Atherosclerosis 161: 365–374, 2002.

101. Kruth HS. Macrophage foam cells and atherosclerosis. Front
Biosci 6: D429–D455, 2001.

102. Ku G, Thomas CE, Akeson AL, and Jackson RL. Induction of in-
terleukin 1 beta expression from human peripheral blood mono-
cyte-derived macrophages by 9-hydroxyoctadecadienoic acid. J
Biol Chem 267: 14183–14188, 1992.

103. Kuller LH, Tracy RP, Shaten J, and Meilahn EN. Relation of C-
reactive protein and coronary heart disease in the MRFIT nested
case-control study: Multiple Risk Factor Intervention Trial. Am J
Epidemiol 144: 537–547, 1996.

104. Lavrovsky Y, Chatterjee B, Clark RA, and Roy AK. Role of re-
dox-regulated transcription factors in inflammation, aging and
age-related diseases. Exp Gerontol 35: 521–532, 2000.

105. Lee TS, Yen HC, Pan CC, and Chau LY. The role of interleukin
12 in the development of atherosclerosis in ApoE-deficient mice.
Arterioscler Thromb Vasc Biol 19: 734–742, 1999.

106. Lentz SR. Mechanisms of homocysteine-induced atherothrombo-
sis. J Thromb Haemost 3: 1646–1654, 2005.

107. Leoncini G, Bruzzese D, and Signorello MG. Activation of p38
MAPKinase/cPLA2 pathway in homocysteine-treated platelets. J
Thromb Haemost 4: 209–216, 2006.

108. Leoncini G, Bruzzese D, and Signorello MG. A role for
PLCgamma2 in platelet activation by homocysteine. J Cell
Biochem 100: 1255–1265, 2006.

109. Leoncini G, Pascale R, and Signorello MG. Effects of homocys-
teine on l-arginine transport and nitric oxide formation in human
platelets. Eur J Clin Invest 33: 713–719, 2003.

110. Li H, Cybulsky MI, Gimbrone MA Jr, and Libby P. An athero-
genic diet rapidly induces VCAM-1, a cytokine-regulatable
mononuclear leukocyte adhesion molecule, in rabbit aortic endo-
thelium. Arterioscler Thromb 13: 197–204, 1993.

111. Li J, Zhang Y, Yao X, Zhang B, Du J, and Tang C. Effect of ho-
mocysteine on the L-arginine/nitric oxide synthase/nitric oxide
pathway in human platelets. Heart Vessels 16: 46–50, 2002.

112. Libby P. Vascular biology of atherosclerosis: overview and state
of the art. Am J Cardiol 91: 3A–6A, 2003.

113. Libby P, Aikawa M, and Jain MK. Vascular endothelium and ath-
erosclerosis. Handb Exp Pharmacol 176 Pt 2: 285–306, 2006.

114. Lonn E, Yusuf S, Arnold MJ, Sheridan P, Pogue J, Micks M, Mc-
Queen MJ, Probstfield J, Fodor G, Held C, and Genest J Jr. Ho-
mocysteine lowering with folic acid and B vitamins in vascular
disease. N Engl J Med 354: 1567–1577, 2006.

115. Mach F, Sauty A, Iarossi AS, Sukhova GK, Neote K, Libby P,
and Luster AD. Differential expression of three T lymphocyte-ac-
tivating CXC chemokines by human atheroma-associated cells. J
Clin Invest 104: 1041–1050, 1999.

116. Mansoor MA, Guttormsen AB, Fiskerstrand T, Refsum H, Ue-
land PM, and Svardal AM. Redox status and protein binding of
plasma aminothiols during the transient hyperhomocysteinemia
that follows homocysteine administration. Clin Chem 39:
980–985, 1993.

117. Mansoor MA, Svardal AM, Schneede J, and Ueland PM. Dynamic
relation between reduced, oxidized, and protein-bound homocys-
teine and other thiol components in plasma during methionine
loading in healthy men. Clin Chem 38: 1316–1321, 1992.

118. McLeish KR, Klein JB, Coxon PY, Head KZ, and Ward RA. Bac-
terial phagocytosis activates extracellular signal-regulated kinase
and p38 mitogen-activated protein kinase cascades in human neu-
trophils. J Leukoc Biol 64: 835–844, 1998.

119. Miura H, Bosnjak JJ, Ning G, Saito T, Miura M, and Gutterman
DD. Role for hydrogen peroxide in flow-induced dilation of hu-
man coronary arterioles. Circ Res 92: e31–e40, 2003.

120. Nageh MF, Sandberg ET, Marotti KR, Lin AH, Melchior EP,
Bullard DC, and Beaudet AL. Deficiency of inflammatory cell
adhesion molecules protects against atherosclerosis in mice. Ar-
terioscler Thromb Vasc Biol 17: 1517–1520, 1997.

121. 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.

122. Nakano E, Taiwo FA, Nugent D, Griffiths HR, Aldred S, Paisi
M, Kwok M, Bhatt P, Hill MH, Moat S, and Powers HJ. Down-
stream effects on human low density lipoprotein of homocysteine
exported from endothelial cells in an in vitro system. J Lipid Res
46: 484–493, 2005.

123. Napoli C, de Nigris F, and Palinski W. Multiple role of reactive
oxygen species in the arterial wall. J Cell Biochem 82: 674–682,
2001.

124. Naruko T, Ueda M, Haze K, van der Wal AC, van der Loos CM,
Itoh A, Komatsu R, Ikura Y, Ogami M, Shimada Y, Ehara S,
Yoshiyama M, Takeuchi K, Yoshikawa J, and Becker AE. Neu-
trophil infiltration of culprit lesions in acute coronary syndromes.
Circulation 106: 2894–2900, 2002.

125. Nishi T, Shimizu N, Hiramoto M, Sato I, Yamaguchi Y, Hasegawa
M, Aizawa S, Tanaka H, Kataoka K, Watanabe H, and Handa H.
Spatial redox regulation of a critical cysteine residue of NF-kappa
B in vivo. J Biol Chem 277: 44548–44556, 2002.

126. Nonaka H, Tsujino T, Watari Y, Emoto N, and Yokoyama M.
Taurine prevents the decrease in expression and secretion of ex-
tracellular superoxide dismutase induced by homocysteine: ame-
lioration of homocysteine-induced endoplasmic reticulum stress
by taurine. Circulation 104: 1165–1170, 2001.

127. Panousis CG and Zuckerman SH. Interferon-gamma induces
downregulation of Tangier disease gene (ATP-binding-cassette
transporter 1) in macrophage-derived foam cells. Arterioscler
Thromb Vasc Biol 20: 1565–1571, 2000.

128. Pearson G, Robinson F, Beers Gibson T, Xu BE, Karandikar M,
Berman K, and Cobb MH. Mitogen-activated protein (MAP) ki-
nase pathways: regulation and physiological functions. Endocr
Rev 22: 153–183, 2001.

129. Perez-de-Arce K, Foncea R, and Leighton F. Reactive oxygen
species mediates homocysteine-induced mitochondrial biogenesis
in human endothelial cells: modulation by antioxidants. Biochem
Biophys Res Commun 338: 1103–1109, 2005.

130. Phillips JW, Barringhaus KG, Sanders JM, Hesselbacher SE,
Czarnik AC, Manka D, Vestweber D, Ley K, and Sarembock IJ.
Single injection of P-selectin or P-selectin glycoprotein ligand-1
monoclonal antibody blocks neointima formation after arterial in-
jury in apolipoprotein E-deficient mice. Circulation 107:
2244–2249, 2003.

131. Poddar R, Sivasubramanian N, DiBello PM, Robinson K, and Ja-
cobsen DW. Homocysteine induces expression and secretion of
monocyte chemoattractant protein-1 and interleukin-8 in human
aortic endothelial cells: implications for vascular disease. Circu-
lation 103: 2717–2723, 2001.

132. Postea O, Krotz F, Henger A, Keller C, and Weiss N. Stereospe-
cific and redox-sensitive increase in monocyte adhesion to endo-

PAPATHEODOROU AND WEISS1956



thelial cells by homocysteine. Arterioscler Thromb Vasc Biol 26:
508–513, 2006.

133. Puddu P, Puddu GM, Galletti L, Cravero E, and Muscari A. Mi-
tochondrial dysfunction as an initiating event in atherogenesis: a
plausible hypothesis. Cardiology 103: 137–141, 2005.

134. Ramachandran A, Levonen AL, Brookes PS, Ceaser E, Shiva S,
Barone MC, and Darley-Usmar V. Mitochondria, nitric oxide, and
cardiovascular dysfunction. Free Radic Biol Med 33: 1465–1474,
2002.

135. Reape TJ and Groot PH. Chemokines and atherosclerosis. Ather-
osclerosis 147: 213–225, 1999.

136. Riba R, Nicolaou A, Troxler M, Homer-Vaniasinkam S, and
Naseem KM. Altered platelet reactivity in peripheral vascular dis-
ease complicated with elevated plasma homocysteine levels. Ath-
erosclerosis 175: 69–75, 2004.

137. Ridker PM, Hennekens CH, Buring JE, and Rifai N. C-reactive
protein and other markers of inflammation in the prediction of
cardiovascular disease in women. N Engl J Med 342: 836–843,
2000.

138. Robinson JM, Ohira T, and Badwey JA. Regulation of the
NADPH-oxidase complex of phagocytic leukocytes: recent in-
sights from structural biology, molecular genetics, and mi-
croscopy. Histochem Cell Biol 122: 293–304, 2004.

139. Ross R. Rous-Whipple Award Lecture: Atherosclerosis: a defense
mechanism gone awry. Am J Pathol 143: 987–1002, 1993.

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

141. Savenkova ML, Mueller DM, and Heinecke JW. Tyrosyl radical
generated by myeloperoxidase is a physiological catalyst for the
initiation of lipid peroxidation in low density lipoprotein. J Biol
Chem 269: 20394–20400, 1994.

142. Sawle P, Foresti R, Green CJ, and Motterlini R. Homocysteine
attenuates endothelial haem oxygenase-1 induction by nitric ox-
ide (NO) and hypoxia. FEBS Lett 508: 403–406, 2001.

143. Schaffner T, Taylor K, Bartucci EJ, Fischer-Dzoga K, Beeson JH,
Glagov S, and Wissler RW. Arterial foam cells with distinctive
immunomorphologic and histochemical features of macrophages.
Am J Pathol 100: 57–80, 1980.

144. Schall TJ, Bacon K, Toy KJ, and Goeddel DV. Selective attrac-
tion of monocytes and T lymphocytes of the memory phenotype
by cytokine RANTES. Nature 347: 669–671, 1990.

145. Schaub FJ, Han DK, Liles WC, Adams LD, Coats SA, Ra-
machandran RK, Seifert RA, Schwartz SM, and Bowen-Pope DF.
Fas/FADD-mediated activation of a specific program of inflam-
matory gene expression in vascular smooth muscle cells. Nat Med
6: 790–796, 2000.

146. Schaub FJ, Liles WC, Ferri N, Sayson K, Seifert RA, and Bowen-
Pope DF. Fas and Fas-associated death domain protein regulate
monocyte chemoattractant protein-1 expression by human smooth
muscle cells through caspase- and calpain-dependent release of
interleukin-1alpha. Circ Res 93: 515–522, 2003.

147. Sen U, Moshal KS, Tyagi N, Kartha GK, and Tyagi SC. Homo-
cysteine-induced myofibroblast differentiation in mouse aortic en-
dothelial cells. J Cell Physiol 209: 767–774, 2006.

148. Shekelle P. Lowering homocysteine with folic acid and B vita-
mins did not prevent vascular events in vascular disease. Evid
Based Med 11: 104, 2006.

149. Shiva S, Moellering D, Ramachandran A, Levonen AL, Landar A,
Venkatraman A, Ceaser E, Ulasova E, Crawford JH, Brookes PS,
Patel RP, and Darley-Usmar VM. Redox signalling: from nitric
oxide to oxidized lipids. Biochem Soc Symp 71: 107–120, 2004.

150. Signorello MG, Pascale R, and Leoncini G. Reactive oxygen
species accumulation induced by homocysteine in human
platelets. Ann N Y Acad Sci 973: 546–549, 2002.

151. Silverman MD, Tumuluri RJ, Davis M, Lopez G, Rosenbaum JT,
and Lelkes PI. Homocysteine upregulates vascular cell adhesion
molecule-1 expression in cultured human aortic endothelial cells
and enhances monocyte adhesion. Arterioscler Thromb Vasc Biol
22: 587–592, 2002.

152. Simionescu M. Implications of early structural-functional changes
in the endothelium for vascular disease. Arterioscler Thromb Vasc
Biol 27: 266–274, 2007.

153. Siow YL, Au-Yeung KKW, Woo CWH, and O K. Homocysteine
stimulates phosphorylation of NADPH oxidase p47phox and

p67phox subunits in monocytes via protein kinase Cb activation.
Biochem J 398: 73–82, 2006.

154. Stemme S, Faber B, Holm J, Wiklund O, Witztum JL, and Hans-
son GK. T lymphocytes from human atherosclerotic plaques 
recognize oxidized low density lipoprotein. Proc Natl Acad Sci 
U S A 92: 3893–3897, 1995.

155. Stralin P, Karlsson K, Johansson BO, and Marklund SL. The in-
terstitium of the human arterial wall contains very large amounts
of extracellular superoxide dismutase. Arterioscler Thromb Vasc
Biol 15: 2032–2036, 1995.

156. Sung FL, Slow YL, Wang G, Lynn EG, and O K. Homocysteine
stimulates the expression of monocyte chemoattractant protein-1
in endothelial cells leading to enhanced monocyte chemotaxis.
Mol Cell Biochem 216: 121–128, 2001.

157. Szabo SJ, Sullivan BM, Peng SL, and Glimcher LH. Molecular
mechanisms regulating Th1 immune responses. Annu Rev Im-
munol 21: 713–758, 2003.

158. Taha S, Azzi A, and Ozer NK. Homocysteine induces DNA syn-
thesis and proliferation of vascular smooth muscle cells by a hy-
drogen peroxide-independent mechanism. Antioxid Redox Signal
1: 365–369, 1999.

159. Takahashi T, Hato F, Yamane T, Fukumasu H, Suzuki K, Ogita
S, Nishizawa Y, and Kitagawa S. Activation of human neutrophil
by cytokine-activated endothelial cells. Circ Res 88: 422–429,
2001.

160. Tawakol A, Omland T, Gerhard M, Wu JT, and Creager MA. Hy-
perhomocyst(e)inemia is associated with impaired endothelium-
dependent vasodilation in humans. Circulation 95: 1119–1121,
1997.

161. Theilmeier G, Lenaerts T, Remacle C, Collen D, Vermylen J, and
Hoylaerts MF. Circulating activated platelets assist THP-1 mono-
cytoid/endothelial cell interaction under shear stress. Blood 94:
2725–2734, 1999.

162. Toole JF, Malinow MR, Chambless LE, Spence JD, Pettigrew LC,
Howard VJ, Sides EG, Wang CH, and Stampfer M. Lowering ho-
mocysteine in patients with ischemic stroke to prevent recurrent
stroke, myocardial infarction, and death: the Vitamin Intervention
for Stroke Prevention (VISP) randomized controlled trial. JAMA
291: 565–575, 2004.

163. Topal G, Brunet A, Millanvoye E, Boucher JL, Rendu F, Devynck
MA, and David-Dufilho M. Homocysteine induces oxidative
stress by uncoupling of NO synthase activity through reduction
of tetrahydrobiopterin. Free Radic Biol Med 36: 1532–1541, 2004.

164. True AL, Rahman A, and Malik AB. Activation of NF-kappaB
induced by H(2)O(2) and TNF-alpha and its effects on ICAM-1
expression in endothelial cells. Am J Physiol Lung Cell Mol Phys-
iol 279: L302–L311, 2000.

165. Tsai JC, Perrella MA, Yoshizumi M, Hsieh CM, Haber E,
Schlegel R, and Lee ME. Promotion of vascular smooth muscle
cell growth by homocysteine: a link to atherosclerosis. Proc Natl
Acad Sci U S A 91: 6369–6373, 1994.

166. Turko IV and Murad F. Protein nitration in cardiovascular dis-
eases. Pharmacol Rev 54: 619–634, 2002.

167. Tyagi SC. Homocysteine redox receptor and regulation of extra-
cellular matrix components in vascular cells. Am J Physiol 274:
C396–C405, 1998.

168. Upchurch GR Jr, Welch GN, Fabian AJ, Freedman JE, Johnson
JL, Keaney JF Jr, and Loscalzo J. Homocyst(e)ine decreases
bioavailable nitric oxide by a mechanism involving glutathione
peroxidase. J Biol Chem 272: 17012–17017, 1997.

169. van Aken BE, den Heijer M, Bos GM, van Deventer SJ, and Re-
itsma PH. Recurrent venous thrombosis and markers of inflam-
mation. Thromb Haemost 83: 536–539, 2000.

170. van Aken BE, Jansen J, van Deventer SJ, and Reitsma PH. Ele-
vated levels of homocysteine increase IL-6 production in mono-
cytic Mono Mac 6 cells. Blood Coagul Fibrinol 11: 159–164, 2000.

171. von Hundelshausen P and Weber C. Platelets as immune cells:
bridging inflammation and cardiovascular disease. Circ Res 100:
27–40, 2007.

172. Wachowicz B, Olas B, Zbikowska HM, and Buczynski A. Gen-
eration of reactive oxygen species in blood platelets. Platelets 13:
175–182, 2002.

173. Wang G and O K. Homocysteine stimulates the expression of
monocyte chemoattractant protein-1 receptor (CCR2) in human

VASCULAR INFLAMMATION IN HYPERHOMOCYSTEINEMIA 1957



monocytes: possible involvement of oxygen free radicals.
Biochem J 357: 233–240, 2001.

174. Wang G, Siow YL, and O K. Homocysteine stimulates nuclear
factor kappaB activity and monocyte chemoattractant protein-1
expression in vascular smooth-muscle cells: a possible role for
protein kinase C. Biochem J 3523: 817–826, 2000.

175. Wang G, Siow YL, and O K. Homocysteine induces monocyte
chemoattractant protein-1 expression by activating NF-kappaB in
THP-1 macrophages. Am J Physiol Heart Circ Physiol 280:
H2840–H2847, 2001.

176. Wang G, Woo CW, Sung FL, Siow YL, and O K. Increased mono-
cyte adhesion to aortic endothelium in rats with hyperhomocys-
teinemia: role of chemokine and adhesion molecules. Arterioscler
Thromb Vasc Biol 22: 1777–1783, 2002.

177. Wang H, Jiang X, Yang F, Gaubatz JW, Ma L, Magera MJ,
Yang X, Berger PB, Durante W, Pownall HJ, and Schafer AI.
Hyperhomocysteinemia accelerates atherosclerosis in cystathio-
nine beta-synthase and apolipoprotein E double knock-out mice
with and without dietary perturbation. Blood 101: 3901–3907,
2003.

178. Wang K, Zhou X, Zhou Z, Mal N, Fan L, Zhang M, Lincoff AM,
Plow EF, Topol EJ, and Penn MS. Platelet, not endothelial, P-se-
lectin is required for neointimal formation after vascular injury.
Arterioscler Thromb Vasc Biol 25: 1584–1589, 2005.

179. Wang XL, Duarte N, Cai H, Adachi T, Sim AS, Cranney G, and
Wilcken DE. Relationship between total plasma homocysteine,
polymorphisms of homocysteine metabolism related enzymes,
risk factors and coronary artery disease in the Australian hospi-
tal-based population. Atherosclerosis 146: 133–140, 1999.

180. Weber C. Platelets and chemokines in atherosclerosis: partners in
crime. Circ Res 96: 612–616, 2005.

181. Weber C, Erl W, Pietsch A, Strobel M, Ziegler-Heitbrock 
HW, and Weber PC. Antioxidants inhibit monocyte adhesion by
suppressing nuclear factor-kappa B mobilization and induction
of vascular cell adhesion molecule-1 in endothelial cells stimu-
lated to generate radicals. Arterioscler Thromb 14: 1665–1673,
1994.

182. Weiss N. Mechanisms of increased vascular oxidant stress in hy-
perhomocysteinemia and its impact on endothelial function. Curr
Drug Metab 6: 27–36, 2005.

183. Weiss N, Heydrick S, Zhang YY, Bierl C, Cap A, and Loscalzo
J. Cellular redox state and endothelial dysfunction in mildly hy-
perhomocysteinemic cystathionine beta-synthase-deficient mice.
Arterioscler Thromb Vasc Biol 22: 34–41, 2002.

184. Weiss N, Heydrick SJ, Postea O, Keller C, Keaney JFJ, and
Loscalzo J. Influence of hyperhomocysteinemia on the cellular
redox state: impact on homocysteine-induced endothelial dys-
function. Clin Chem Lab Med 41: 1455–1461, 2003.

185. Weiss N, Ide N, Abahji T, Nill L, Keller C, and Hoffmann U.
Aged garlic extract improves homocysteine-induced endothelial
dysfunction in macro- and microcirculation. J Nutr 136:
750S–754S, 2006.

186. Weiss N, Zhang YY, Heydrick S, Bierl C, and Loscalzo J. Over-
expression of cellular glutathione peroxidase rescues homo-
cyst(e)ine-induced endothelial dysfunction. Proc Natl Acad Sci 
U S A 98: 12503–12508, 2001.

187. Wilcken DE, Wang XL, Adachi T, Hara H, Duarte N, Green K,
and Wilcken B. Relationship between homocysteine and super-
oxide dismutase in homocystinuria: possible relevance to cardio-
vascular risk. Arterioscler Thromb Vasc Biol 20: 1199–1202,
2000.

188. Wilson SH, Caplice NM, Simari RD, Holmes DR Jr, Carlson PJ,
and Lerman A. Activated nuclear factor-kappaB is present in the
coronary vasculature in experimental hypercholesterolemia. Ath-
erosclerosis 148: 23–30, 2000.

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

190. Woo DK, Dudrick SJ, and Sumpio BE. Homocysteine stimulates
MAP kinase in bovine aortic smooth muscle cells. Surgery 128:
59–66, 2000.

191. Woo KS, Chook P, Lolin YI, Cheung AS, Chan LT, Sun YY,
Sanderson JE, Metreweli C, and Celermajer DS. Hyperhomo-
cyst(e)inemia is a risk factor for arterial endothelial dysfunction
in humans. Circulation 96: 2542–2544, 1997.

192. Xanthoudakis S, Miao G, Wang F, Pan YC, and Curran T. Re-
dox activation of Fos-Jun DNA binding activity is mediated by a
DNA repair enzyme. EMBO J 11: 3323–3335, 1992.

193. Yamamoto M, Hara H, and Adachi T. Effects of homocysteine
on the binding of extracellular-superoxide dismutase to the en-
dothelial cell surface. FEBS Lett 486: 159–162, 2000.

194. Yan SK, Chang T, Wang H, Wu L, Wang R, and Meng QH. Ef-
fects of hydrogen sulfide on homocysteine-induced oxidative
stress in vascular smooth muscle cells. Biochem Biophys Res
Commun 351: 485–491, 2006.

195. Yla-Herttuala S, Lipton BA, Rosenfeld ME, Sarkioja T,
Yoshimura T, Leonard EJ, Witztum JL, and Steinberg D. Ex-
pression of monocyte chemoattractant protein 1 in macrophage-
rich areas of human and rabbit atherosclerotic lesions. Proc Natl
Acad Sci U S A 88: 5252–5256, 1991.

196. Yudkin JS, Kumari M, Humphries SE, and Mohamed-Ali V. In-
flammation, obesity, stress and coronary heart disease: is inter-
leukin-6 the link? Atherosclerosis 148: 209–214, 2000.

197. Zeng X, Dai J, Remick DG, and Wang X. Homocysteine medi-
ated expression and secretion of monocyte chemoattractant pro-
tein-1 and interleukin-8 in human monocytes. Circ Res 93:
311–320, 2003.

198. Zeng XK, Remick DG, and Wang X. Homocysteine induces pro-
duction of monocyte chemoattractant protein-1 and interleukin-8
in cultured human whole blood. Acta Pharmacol Sin 25:
1419–1425, 2004.

199. Zhang DX and Gutterman DD. Mitochondrial reactive oxygen
species-mediated signaling in endothelial cells. Am J Physiol
Heart Circ Physiol 292: H2023–2031, 2007.

200. Zhang L, Jin M, Hu XS, and Zhu JH. Homocysteine stimulates
nuclear factor kappaB activity and interleukin-6 expression in rat
vascular smooth muscle cells. Cell Biol Int 30: 592–597, 2006.

201. Zhang R, Brennan ML, Shen Z, MacPherson JC, Schmitt D,
Molenda CE, and Hazen SL. Myeloperoxidase functions as a ma-
jor enzymatic catalyst for initiation of lipid peroxidation at sites
of inflammation. J Biol Chem 277: 46116–46122, 2002.

202. Zhang X, Li H, Jin H, Ebin Z, Brodsky S, and Goligorsky MS.
Effects of homocysteine on endothelial nitric oxide production.
Am J Physiol Renal Physiol 279: F671–F678, 2000.

203. Zimmerman GA, Prescott SM, and McIntyre TM. Endothelial cell
interactions with granulocytes: tethering and signaling molecules.
Immunol Today 13: 93–100, 1992.

204. Zou CG, and Banerjee R. Homocysteine and redox signaling. An-
tioxid Redox Signal 7: 547–559, 2005.

Address reprint requests to:
Norbert Weiss

Department of Vascular Medicine
Medical Policlinic–City Campus

University of Munich Medical Center
Pettenkoferstrasse 8a

D-80336 Muenchen, Germany

E-mail: Norbert.Weiss@med.uni-muenchen.de

Date of first submission to ARS Central, May 21, 2007; date
of acceptance, June 9, 2007.

PAPATHEODOROU AND WEISS1958



This article has been cited by:

1. M. A. Smith, R. G. Schnellmann. 2012. Calpains, mitochondria, and apoptosis. Cardiovascular Research 96:1, 32-37.
[CrossRef]

2. Marina A. Morath, Friederike Hörster, Sven W. Sauer. 2012. Renal dysfunction in methylmalonic acidurias: review for the
pediatric nephrologist. Pediatric Nephrology . [CrossRef]

3. Gabriella Fanali, Alessandra di Masi, Viviana Trezza, Maria Marino, Mauro Fasano, Paolo Ascenzi. 2012. Human serum
albumin: From bench to bedside. Molecular Aspects of Medicine 33:3, 209-290. [CrossRef]

4. Ricardo González, Teresa Pedro, Sergio Martinez-Hervas, Miguel Civera, Maria Antonia Priego, Miguel Catalá, F. Javier
Chaves, Juan F. Ascaso, Rafael Carmena, Jose T. Real. 2012. Plasma homocysteine levels are independently associated with
the severity of peripheral polyneuropathy in type 2 diabetic subjects. Journal of the Peripheral Nervous System 17:2, 191-196.
[CrossRef]

5. X. Luo, Y. Xiao, F. Song, Y. Yang, M. Xia, W. Ling. 2012. Increased plasma S-adenosyl-homocysteine levels induce
the proliferation and migration of VSMCs through an oxidative stress-ERK1/2 pathway in apoE-/- mice. Cardiovascular
Research . [CrossRef]

6. Michael Pirchl, Celine Ullrich, Barbara Sperner-Unterweger, Christian Humpel. 2012. Homocysteine has anti-inflammatory
properties in a hypercholesterolemic rat model in vivo. Molecular and Cellular Neuroscience 49:4, 456-463. [CrossRef]

7. Michael Pirchl, Celine Ullrich, Barbara Sperner-Unterweger, Christian Humpel. 2012. Homocysteine has anti-inflammatory
properties in a hypercholesterolemic rat model in vivo. Molecular and Cellular Neuroscience 49:4, 456. [CrossRef]

8. A. Dragani, A. Falco, F. Santilli, S. Basili, G. Rolandi, L. Cerasa, S. Lattanzio, G. Ciabattoni, C. Patrono, G. Davì.
2012. Oxidative stress and platelet activation in subjects with moderate hyperhomocysteinaemia due to MTHFR 677 C #T
polymorphism. Thrombosis and Haemostasis 108:3. . [CrossRef]

9. C.-S. Kim, Y.-R. Kim, A. Naqvi, S. Kumar, T. A. Hoffman, S.-B. Jung, A. Kumar, B.-H. Jeon, D. M. McNamara, K.
Irani. 2011. Homocysteine promotes human endothelial cell dysfunction via site-specific epigenetic regulation of p66shc.
Cardiovascular Research 92:3, 466-475. [CrossRef]

10. Emilene B. S. Scherer, Luiz Eduardo B. Savio, Fernanda C. Vuaden, Andréa G. K. Ferreira, Maurício R. Bogo, Carla D.
Bonan, Angela T. S. Wyse. 2011. Chronic mild hyperhomocysteinemia alters ectonucleotidase activities and gene expression
of ecto-5#-nucleotidase/CD73 in rat lymphocytes. Molecular and Cellular Biochemistry . [CrossRef]

11. Krishna M. Boini, Min Xia, Caixia Li, Chun Zhang, Lori P. Payne, Justine M. Abais, Justin L. Poklis, Philip B. Hylemon, Pin-
Lan Li. 2011. Acid Sphingomyelinase Gene Deficiency Ameliorates the Hyperhomocysteinemia-Induced Glomerular Injury
in Mice. The American Journal of Pathology 179:5, 2210-2219. [CrossRef]

12. Jingjun Lu , Sona Mitra , Xianwei Wang , Magomed Khaidakov , Jawahar L. Mehta . 2011. Oxidative Stress and Lectin-Like
Ox-LDL-Receptor LOX-1 in Atherogenesis and Tumorigenesis. Antioxidants & Redox Signaling 15:8, 2301-2333. [Abstract]
[Full Text HTML] [Full Text PDF] [Full Text PDF with Links]

13. Yoshika Fujiki, Yoshimasa Hirashima, So Seshimo, Takeaki Okamoto, Yasushi Sugimoto, Mitsuharu Matsumoto, Tatsuzo
Oka, Hiroaki Kanouchi. 2011. Homocysteine induced SH-SY5Y apoptosis through activation of NADPH oxidase in U251MG
cells. Neuroscience Research . [CrossRef]

14. Carmelo Libetta, Vincenzo Sepe, Pasquale Esposito, Francesco Galli, Antonio Dal Canton. 2011. Oxidative stress and
inflammation: Implications in uremia and hemodialysis. Clinical Biochemistry . [CrossRef]

15. Min-Ah Woo, Moon Il Kim, Byung Jo Yu, Daeyeon Cho, Nag-Jong Kim, June Hyoung Cho, Byung-Ok Choi, Ho Nam Chang,
Hyun Gyu Park. 2011. Cell-Based Quantification of Homocysteine Utilizing Bioluminescent Escherichia coli Auxotrophs.
Analytical Chemistry 83:8, 3089-3095. [CrossRef]

16. L. Vigna, C. Novembrino, R. Giuseppe, F. Liso, D. Sommaruga, G. Agnelli, V. Belluigi, L. Riboldi, F. Bamonti. 2011.
Nutritional and oxidative status in occupational obese subjects. Mediterranean Journal of Nutrition and Metabolism 4:1,
69-74. [CrossRef]

17. Diego Martinelli, Federica Deodato, Carlo Dionisi-Vici. 2011. Cobalamin C defect: natural history, pathophysiology, and
treatment. Journal of Inherited Metabolic Disease 34:1, 127-135. [CrossRef]

18. Jisuk Yun, Ji Young Kim, Oh Yoen Kim, Yangsoo Jang, Jey Sook Chae, Jung Hyun Kwak, Hyo Hee Lim, Hyun Young Park,
Sang-Hyun Lee, Jong Ho Lee. 2011. Associations of plasma homocysteine level with brachial-ankle pulse wave velocity,
LDL atherogenicity, and inflammation profile in healthy men. Nutrition, Metabolism and Cardiovascular Diseases 21:2,
136-143. [CrossRef]

http://dx.doi.org/10.1093/cvr/cvs163
http://dx.doi.org/10.1007/s00467-012-2245-2
http://dx.doi.org/10.1016/j.mam.2011.12.002
http://dx.doi.org/10.1111/j.1529-8027.2012.00408.x
http://dx.doi.org/10.1093/cvr/cvs130
http://dx.doi.org/10.1016/j.mcn.2012.03.001
http://dx.doi.org/10.1016%2Fj.mcn.2012.03.001
http://dx.doi.org/10.1160/TH11-12-0899
http://dx.doi.org/10.1093/cvr/cvr250
http://dx.doi.org/10.1007/s11010-011-1141-6
http://dx.doi.org/10.1016/j.ajpath.2011.07.019
http://dx.doi.org/10.1089/ars.2010.3792
http://online.liebertpub.com/doi/full/10.1089/ars.2010.3792
http://online.liebertpub.com/doi/pdf/10.1089/ars.2010.3792
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2010.3792
http://dx.doi.org/10.1016/j.neures.2011.09.010
http://dx.doi.org/10.1016/j.clinbiochem.2011.06.988
http://dx.doi.org/10.1021/ac103350y
http://dx.doi.org/10.1007/s12349-010-0003-1
http://dx.doi.org/10.1007/s10545-010-9161-z
http://dx.doi.org/10.1016/j.numecd.2009.08.003


19. T. Zou, W. Yang, Z. Hou, J. Yang. 2010. Homocysteine enhances cell proliferation in vascular smooth muscle cells: role of
p38 MAPK and p47phox. Acta Biochimica et Biophysica Sinica 42:12, 908-915. [CrossRef]

20. Adrian Manea. 2010. NADPH oxidase-derived reactive oxygen species: involvement in vascular physiology and pathology.
Cell and Tissue Research 342:3, 325-339. [CrossRef]

21. Cheng-Gang Zou, Yue-Shui Zhao, Shun-Yu Gao, Shu-De Li, Xiu-Zhen Cao, Min Zhang, Ke-Qin Zhang. 2010. Homocysteine
promotes proliferation and activation of microglia. Neurobiology of Aging 31:12, 2069-2079. [CrossRef]

22. Michael Pirchl, Celine Ullrich, Christian Humpel. 2010. Differential effects of short- and long-term hyperhomocysteinaemia
on cholinergic neurons, spatial memory and microbleedings in vivo in rats. European Journal of Neuroscience 32:9,
1516-1527. [CrossRef]

23. Katalin Fekete, Cristiana Berti, Irene Cetin, Maria Hermoso, Berthold V. Koletzko, Tamás Decsi. 2010. Perinatal folate
supply: relevance in health outcome parameters. Maternal & Child Nutrition 6, 23-38. [CrossRef]

24. T.N. van den Kommer, M.G. Dik, H.C. Comijs, C. Jonker, D.J.H. Deeg. 2010. Homocysteine and inflammation: Predictors
of cognitive decline in older persons?. Neurobiology of Aging 31:10, 1700-1709. [CrossRef]

25. Marianne Evola, Allyson Hall, Trevor Wall, Alice Young, Paula Grammas. 2010. Oxidative stress impairs learning and
memory in apoE knockout mice. Pharmacology Biochemistry and Behavior 96:2, 181-186. [CrossRef]

26. Chen-Jing Wang, Chang-Ping Hu, Kang-Ping Xu, Gui-Shan Tan, Yuan-Jian Li. 2010. Effects of Selaginellin on
Homocysteine-Induced Senescence in Human Umbilical Vein Endothelial Cells. Journal of Cardiovascular Pharmacology
55:6, 560-566. [CrossRef]

27. K. Hokamura, H. Inaba, K. Nakano, R. Nomura, H. Yoshioka, K. Taniguchi, T. Ooshima, K. Wada, A. Amano, K. Umemura.
2010. Molecular analysis of aortic intimal hyperplasia caused by Porphyromonas gingivalis infection in mice with endothelial
damage. Journal of Periodontal Research 45:3, 337-344. [CrossRef]

28. Samanta Oliveira Loureiro, Luana Heimfarth, Bruna Arcce Lacerda, Luiza Fedatto Vidal, Angela Soska, Natália Gomes
Santos, Angela Terezinha Souza Wyse, Regina Pessoa-Pureur. 2010. Homocysteine Induces Hypophosphorylation of
Intermediate Filaments and Reorganization of Actin Cytoskeleton in C6 Glioma Cells. Cellular and Molecular Neurobiology
30:4, 557-568. [CrossRef]

29. Cahide Gokkusu, Feti Tulubas, Yesim Unlucerci, Elif Ozkok, Berrin Umman, Makbule Aydin. 2010. Homocysteine and pro-
inflammatory cytokine concentrations in acute heart disease. Cytokine 50:1, 15-18. [CrossRef]

30. R. González, T. Pedro, Jose T. Real, S. Martínez-Hervás, M. R. Abellán, R. Lorente, A. Priego, M. Catalá, F. J. Chaves, J.
F. Ascaso, R. Carmena. 2010. Plasma homocysteine levels are associated with ulceration of the foot in patients with type 2
diabetes mellitus. Diabetes/Metabolism Research and Reviews 26:2, 115-120. [CrossRef]

31. Xue Dan Ke, Alexandrine Foucault-Bertaud, Cecile Genovesio, Francoise Dignat-George, Edouard Lamy, Philippe Charpiot.
2010. Homocysteine modulates the proteolytic potential of human arterial smooth muscle cells through a reactive oxygen
species dependant mechanism. Molecular and Cellular Biochemistry 335:1-2, 203-210. [CrossRef]

32. Soumi Kundu, Neetu Tyagi, Utpal Sen, Suresh C. Tyagi. 2009. Matrix imbalance by inducing expression of metalloproteinase
and oxidative stress in cochlea of hyperhomocysteinemic mice. Molecular and Cellular Biochemistry 332:1-2, 215-224.
[CrossRef]

33. Caroline Bauchart-Thevret, Barbara Stoll, Douglas G. Burrin. 2009. Intestinal metabolism of sulfur amino acids. Nutrition
Research Reviews 22:02, 175. [CrossRef]

34. Hong Chai, Yanlan Dong, Xinwen Wang, Wei Zhou. 2009. Ginsenoside Rb1 Attenuates Homocysteine-Augmented
Guidewire Injury-Induced Intimal Hyperplasia in Mice. Journal of Surgical Research 157:2, 193-198. [CrossRef]

35. Claudia Roberta de Andrade, Carlos Renato Tirapelli, Renato Haddad, Marcos N. Eberlin, Leandra N.Z. Ramalho, Mamie M.
Iyomasa, Sergio A. Uyemura, Ana Maria de Oliveira. 2009. Hyperhomocysteinemia induced by feeding rats diets rich in dl-
homocysteine thiolactone promotes alterations on carotid reactivity independent of arterial structure. Vascular Pharmacology
51:4, 291-298. [CrossRef]

36. Shlomo Yehuda, Benjamin Sredni, Rafi L. Carasso, Dvora Kenigsbuch-Sredni. 2009. REM Sleep Deprivation in Rats Results
in Inflammation and Interleukin-17 Elevation. Journal of Interferon & Cytokine Research 29:7, 393-398. [Abstract] [Full
Text PDF] [Full Text PDF with Links]

37. Zhi-Yong Lu, Liselotte E. Jensen, Yuehua Huang, Carmel Kealey, Ian A. Blair, Alexander S. Whitehead. 2009. The up-
regulation of monocyte chemoattractant protein-1 (MCP-1) in Ea.hy 926 endothelial cells under long-term low folate stress
is mediated by the p38 MAPK pathway. Atherosclerosis 205:1, 48-54. [CrossRef]

http://dx.doi.org/10.1093/abbs/gmq102
http://dx.doi.org/10.1007/s00441-010-1060-y
http://dx.doi.org/10.1016/j.neurobiolaging.2008.11.007
http://dx.doi.org/10.1111/j.1460-9568.2010.07434.x
http://dx.doi.org/10.1111/j.1740-8709.2010.00261.x
http://dx.doi.org/10.1016/j.neurobiolaging.2008.09.009
http://dx.doi.org/10.1016/j.pbb.2010.05.003
http://dx.doi.org/10.1097/FJC.0b013e3181d9f478
http://dx.doi.org/10.1111/j.1600-0765.2009.01242.x
http://dx.doi.org/10.1007/s10571-009-9480-5
http://dx.doi.org/10.1016/j.cyto.2009.12.015
http://dx.doi.org/10.1002/dmrr.1061
http://dx.doi.org/10.1007/s11010-009-0270-7
http://dx.doi.org/10.1007/s11010-009-0194-2
http://dx.doi.org/10.1017/S0954422409990138
http://dx.doi.org/10.1016/j.jss.2008.07.005
http://dx.doi.org/10.1016/j.vph.2009.07.004
http://dx.doi.org/10.1089/jir.2008.0080
http://online.liebertpub.com/doi/pdf/10.1089/jir.2008.0080
http://online.liebertpub.com/doi/pdf/10.1089/jir.2008.0080
http://online.liebertpub.com/doi/pdfplus/10.1089/jir.2008.0080
http://dx.doi.org/10.1016/j.atherosclerosis.2008.12.008


38. L. Li, J. Xie, M. Zhang, S. Wang. 2009. Homocysteine harasses the imprinting expression of IGF2 and H19 by demethylation
of differentially methylated region between IGF2/H19 genes. Acta Biochimica et Biophysica Sinica 41:6, 464-471. [CrossRef]

39. Joern R. Steinert , Amanda W. Wyatt , Ron Jacob , Giovanni E. Mann . 2009. Redox Modulation of Ca2+ Signaling in Human
Endothelial and Smooth Muscle Cells in Pre-Eclampsia. Antioxidants & Redox Signaling 11:5, 1149-1163. [Abstract] [Full
Text PDF] [Full Text PDF with Links]

40. Arshad Rahman , Fabeha Fazal . 2009. Hug Tightly and Say Goodbye: Role of Endothelial ICAM-1 in Leukocyte
Transmigration. Antioxidants & Redox Signaling 11:4, 823-839. [Abstract] [Full Text PDF] [Full Text PDF with Links]

41. Lucia Migliore, Fabio Coppedè. 2009. Environmental-induced oxidative stress in neurodegenerative disorders and aging.
Mutation Research/Genetic Toxicology and Environmental Mutagenesis 674:1-2, 73-84. [CrossRef]

42. Savita Khanna , Han-A Park , Chandan K. Sen , Trimurtulu Golakoti , Krishanu Sengupta , Somepalli Venkateswarlu ,
Sashwati Roy . 2009. Neuroprotective and Antiinflammatory Properties of a Novel Demethylated Curcuminoid. Antioxidants
& Redox Signaling 11:3, 449-468. [Abstract] [Full Text HTML] [Full Text PDF] [Full Text PDF with Links]

43. Ji Zhou, Richard C. Austin. 2009. Contributions of hyperhomocysteinemia to atherosclerosis: Causal relationship and
potential mechanisms. BioFactors 35:2, 120-129. [CrossRef]

44. Emilie Ventura, Richard Durant, Audrey Jaussent, Marie-Christine Picot, Marion Morena, Stéphanie Badiou, Anne-Marie
Dupuy, Claude Jeandel, Jean-Paul Cristol. 2009. Homocysteine and inflammation as main determinants of oxidative stress
in the elderly. Free Radical Biology and Medicine 46:6, 737-744. [CrossRef]

45. T. Sledzinski, E. Goyke, R. T. Smolenski, Z. Sledzinski, J. Swierczynski. 2009. Decrease in Serum Protein Carbonyl Groups
Concentration and Maintained Hyperhomocysteinemia in Patients Undergoing Bariatric Surgery. Obesity Surgery 19:3,
321-326. [CrossRef]

46. Ann Van Campenhout, Corey S. Moran, Adam Parr, Paula Clancy, Catherine Rush, Hieronim Jakubowski, Jonathan Golledge.
2009. Role of homocysteine in aortic calcification and osteogenic cell differentiation. Atherosclerosis 202:2, 557-566.
[CrossRef]

47. Cheng-Gang Zou, Shun-Yu Gao, Yue-Shui Zhao, Shu-De Li, Xiu-Zhen Cao, Yan Zhang, Ke-Qin Zhang. 2009. Homocysteine
enhances cell proliferation in hepatic myofibroblastic stellate cells. Journal of Molecular Medicine 87:1, 75-84. [CrossRef]

48. Robertina Giacconi, Calogero Caruso, Marco Malavolta, Domenico Lio, Carmela R. Balistreri, Letizia Scola, Giuseppina
Candore, Elisa Muti, Eugenio Mocchegiani. 2008. Pro-inflammatory genetic background and zinc status in old atherosclerotic
subjects. Ageing Research Reviews 7:4, 306-318. [CrossRef]

49. Marjolaine Roche, Philippe Rondeau, Nihar Ranjan Singh, Evelyne Tarnus, Emmanuel Bourdon. 2008. The antioxidant
properties of serum albumin. FEBS Letters 582:13, 1783-1787. [CrossRef]

http://dx.doi.org/10.1093/abbs/gmp033
http://dx.doi.org/10.1089/ars.2008.2303
http://online.liebertpub.com/doi/pdf/10.1089/ars.2008.2303
http://online.liebertpub.com/doi/pdf/10.1089/ars.2008.2303
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2008.2303
http://dx.doi.org/10.1089/ars.2008.2204
http://online.liebertpub.com/doi/pdf/10.1089/ars.2008.2204
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2008.2204
http://dx.doi.org/10.1016/j.mrgentox.2008.09.013
http://dx.doi.org/10.1089/ars.2008.2230
http://online.liebertpub.com/doi/full/10.1089/ars.2008.2230
http://online.liebertpub.com/doi/pdf/10.1089/ars.2008.2230
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2008.2230
http://dx.doi.org/10.1002/biof.17
http://dx.doi.org/10.1016/j.freeradbiomed.2008.11.002
http://dx.doi.org/10.1007/s11695-008-9691-8
http://dx.doi.org/10.1016/j.atherosclerosis.2008.05.031
http://dx.doi.org/10.1007/s00109-008-0407-2
http://dx.doi.org/10.1016/j.arr.2008.06.001
http://dx.doi.org/10.1016/j.febslet.2008.04.057

