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Toll-like receptor 4 (TLR4) is key regulators of both innate and adaptive immune responses. TLR4 recognizes
pathogen-associated molecular patterns (PAMPs) and activates the inflammatory cells. The function of TLR4 in
atherosclerosis has been investigated in mouse knockout studies and epidemiological studies of human TLR4
polymorphisms. These studies have shown that TLR4 function affects the initiation and progression of athero-
sclerosis. This article reviews the biological functions and clinical implications of TLR4 in atherosclerosis.
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Introduction

It has become evident that atherosclerosis is an
inflammatory disease with immune responses during
initiation and progression of this disease [1]. The
presence of inflammatory cells can be observed in all
stages of atherosclerosis [2]. Activated inflammatory
cells have been suggested to induce atherosclerotic
plaque formation and destabilization. Moreover,
these cells play an important role in defense against
infectious agents. In general, the immune system
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responds effectively to harmful agents by two close-
ly related pathways: the innate and the adaptive
immune recognition systems. The adaptive immune
system involves dynamic adaptation to unique anti-
genic epitopes present on pathogens in the environ-
ment. The innate immune response is the first line of
defense and is limited to recognize highly conserved
pathogen motifs, entitled pathogen-associated
molecular patterns (PAMPs) [3]. In the first line of
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defense, the receptors capable of recognizing these
PAMPs are toll-like receptors (TLRs) and scavenger
receptors. In addition to their crucial role in innate
immunity, TLRs have recently been associated with
atherosclerosis. This review will focus on the role of
TLR4 in the initiation and progression of atheroscle-
rotic disease.

Toll-like receptor 4 structure and
its functions

The Toll was originally described as a type | trans-
membrane receptor that controls the embryonic dor-
sal-ventral pattern of the Drosophila [4]. Recent stud-
ies have identified mammalian homologues of the toll
receptor proteins now referred to as TLR proteins
[5, 6]. TLRs are type | transmembrane proteins with
extracellular amino terminus and a carboxy terminal
intracellular domain. The extracellualr domain contains
a varying number of leucine-rich repeat (LRR), which
are presumably involved in ligand binding. The intra-
cellular domain of TLR proteins is similar to the intra-
cellular domain of the interleukin-1 receptor, and the
conserved region is called toll/interleukin 1 receptor
domain [6]. To date, 10 members of the TLR family
have been identified in human [7]. Different members
of this receptor family recognize different PAMPs, such
as peptidoglycan for TLR2 [8], lipopolysaccharide
(LPS) for TLR4 [9], flagellin for TLR5 [10], and CpG-
DNA-repeats for TLR9 [11]. In short, TLRs play an
importat role in recognizing microbial components.
Toll-like receptor 4 was identified as the first human
homologue of the Drosophila Toll [5]. The extracellular
domain of TLR4 that contain over 600 amino acids is
highly polymorphic compared with the transmembrane
and intracellular domain of the protein [12]. This TLR4
polymorphism contributes to species-specific differ-
ences in recognition of LPS, the prototypic TLR4 ligand
[13]. The intracellular TIR domain, which is composed
of three highly conserved regions, contains 150 amino
acids [14]. The TIR domain modulates protein—protein
interactions between the TLRs and signal transduction
elements. TLR4 was shown to be involved in the recog-
nition of LPS, a major cell wall component of Gram-
negative bacteria. In addition to LPS, TLR4 recognizes
several other ligands, such as lipoteichoicacid, heat-
shock proteins (HSP), and EDA in fibronectin.
Activation of TLR4 was shown to elicit the production
of cytokines and chemokines [15]. Therefore, it was
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suggested that the TLR4 might be involved in immune
responses, especially in the activation of innate immu-
nity. Activated TLR4 triggers not only innate immunity
but also adaptive immunity. TLR4 activation on dendrit-
ic cells induces the expression of co-stimulatory mole-
cules and production of inflammatory cytokines [16].
Then, activated dendritic cells present microorganism-
derived peptide antigens expressed on the cell surface
with MHC class Il antigen to naive T cells, thereby initi-
ating an antigen-specific adaptive immune response
[17]. Now, evidence is accumulating that TLR4 could
affect atherosclerosis in multiple ways (Fig. 1).

TLR4 expression in
atherosclerotic lesions

Consistent with its role in pathogen recognition,
TLR4 is expressed by cells involved in the first line of
host defense, including neutrophils, macrophages,
and dendritic cells [18]. In addition to innate immune
cells, TLR4 is also expressed in several other types
of cells that contribute to the more complex adaptive
immunity such as B and T cells. Recently, accumulat-
ing interest has focused on TLR4 expression in ath-
erosclerotic lesions.

Endothelial cells

The endothelium plays a central role in maintaining
vascular health by virtue of its vital anti-inflammatory
and anti-coagulant properties. Endothelial dysfunction
is the earliest detectable manifestation of atherothrom-
bosis [19]. Endothelial cells respond to pharmacologic
or hemodynamic stimuli by modulating the induction
and/or repression of several genes. Edfeldt et al.
recently found that TLR4 is markedly augmented in
endothelial cells of human atherosclerotic lesions.
However, TLR4 was expressed at low levels by
endothelial cells in normal arteries [20]. Furthermore,
cultured human vascular endothelial cells express lit-
tle TLR4 under baseline conditions, and they express
high levels of TLR4 on stimulation with pro-inflamma-
tory cytokines [21]. Although these data suggested
that TLR4 in endothelial cells was associated with ini-
tiation of atherosclerosis, it remain unclear how TLR4
in endothelial cells play roles in atherosclerosis.
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Fig. 1 TLR4 signaling path-
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Vascular smooth muscle cells (VSMCs)

VSMCs reside mostly in the media of healthy adult
arteries, where their role is to regulate vascular tone.
Under cytokines influences, VSMC migrate to the
intima and undergo a phenotypic change character-
ized by a reduction in content of contractile proteins
and a large increase in the number of synthetic
organelles. These changes were thought be a crucial
step in the development of atherosclerosis. It was
shown that TLR4 expression is up-regulated in the
medial smooth muscle of human atherosclerotic ves-
sel [22]. In contrast, few a-smooth muscle actin—pos-
itive smooth muscle cells express TLR4 in normal
arteries. Moreover, it is shown that Chlamydia pneu-
moniae may signal through TLR4 to induce the pro-
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Secreting cytokine/chemokine

Activating adapative immunity

liferation of human vascular smooth muscle cell.
These activated vascular smooth muscle cells
express high levels of TLR4 [23].

Adventitial fibroblasts

The tunica media of all arteries is contained
within a connective tissue layer that contains
blood vessels and nerves and that is known as
the tunica adventitia. In the adventitia, fibroblasts are
the most prominent cells and the involvement of
adventitial fibroblasts in the formation of intimal
lesions has been demonstrated in animal models
[24]. It was found that adventitial fibroblasts express
a functional TLR4 in the human atherosclerotic
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arteries [25]. Furthermore, Vink et al. found that
TLR4 in adventitial fibroblast is associated with
intimal lesion formation in a mouse femoral cuff
mode [25].

Dendritic cells (DCs)

Bobryshev and Lord first described the identification
of DCs in arteries [26]. Morphological studies show
that vascular dendritic cells are rare in the normal
artery but accumulate in the atherosclerotic lesions
[27]. They demonstrated that vascular DCs have
cell—cell contact with monocytes/macrophages and
leukocytic cells [28]. Furthermore, these DCs co-
localized with T cells [29]. These data implicate a
possible role for DCs in the immune mediation of ath-
erosclerosis. Recent data show that endogenous
HSP70 and Chlamydia pneumoniae HSP60 were
demonstrated in DCs plaques [30]. It was suggested
that TLR4 in DCs involved in atherogenesis.

Macrophages

A cytokine or growth factor produced in the inflamed
intima induces monocytes entering the plaque to dif-
ferentiate into macrophages. Such cytokines also
stimulate the expression of TLRs that allow
macrophages to ingest oxidized lipids and to develop
into macrophage foam cells. This step is critical for the
development of atherosclerosis [31]. Xiaoou et al.
have found that TLR4 is expressed in macrophage-
infiltrated atherosclerotic lesions of mice and humans
during this step. Moreover, TLR-4 mRNA in cultured
macrophages is up-regulated by ox-LDL [20, 32].

Role of TLR4 in atherosclerosis

Expression of TLR4 in atherosclerotic lesions has led
to the hypothesis that TLR4 is involved in the devel-
opment and progression of atherosclerotic disease.

TLR4 in early atherosclerotic lesion

Early atherosclerotic lesions are precursors of
advanced lesions and categorized into three types
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as initial, fatty streak and intermediate lesions.
These lesions are characterized by an accumulation
of lipid-laden cells beneath the endothelium [2].
Most of these cells are macrophages. Early study
revealed that C3H/Hed mice are atherosclerosis
resistant on a high cholesterol diet compared with
C57BL/6 mice [33]. C3H/Hed mice carry a point
mutation in the intra-cytoplasmic region of TLR4
resulting in a non-functional TIr4. Furthermore,
endothelial cells derived from C3H/HedJ mice pre-
sented a lack of an inflammatory response toward
MM-LDL (minimally modified low density lipopro-
tein), supporting the hypothesis that MM-LDL
indeed initiates atherosclerosis via TLR4 [34].
Transfer of bone marrow derived from an atheroscle-
rosis-prone mouse strain into C3H/Hed mice failed
to reverse the phenotype of C3H/Hed mice, support-
ing an important role of TLR4 on endothelial cells
during initiation of atherosclerosis [35].

Studies in animals and humans have shown that
arterial endothelial cells are activated in the early-
stage of atherogenesis. Endothelial cell activation is
characterized by the expression of cell adhesive
molecules, which cause circulating monocytes
rolling along the vascular surface to adhere at the
site of activation [36]. It was shown that recognition
of MM-LDL by TLR4 on endothelial cells results in
the secretion of the chemokine IL-8 [37]. LPS is
considered a potent activator in endothelial dys-
function and expression of pro-inflammatory
cytokines. It is now well established that LPS up-
regulates the expression of intracellular adhesion
molecule-1, vascular adhesion molecule and MCP-
1 by TLR4 of human coronary artery endothelial
cells [38]. These proteins will stimulate the expres-
sion of TLR4 on macrophages that allow
macrophages to ingest oxidized lipids and to devel-
op into macrophage foam cells, contributing to
atherogenesis [31]. The activated TLR4 on
macrophage can initiate a signal cascade that
induces expression of inflammatory cytokines, pro-
teases, and cytotoxic oxygen and nitrogen radical
molecules [39]. These proteins further aggravate
the development of atherosclerosis. Interestingly,
TLR4 can directly interfere with cholesterol metab-
olism in macrophages [40], suggesting an addition-
al mechanism by which TLR4 may affect atheroge-
nesis. However, the potential role of TLR4 in early
atherosclerotic lesion is still largely unexplored.
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TLR4 in advanced atherosclerotic lesion

Atherosclerotic lesions are considered advanced by
histological criteria when accumulations of lipid,
cells, and matrix components, including minerals, are
associated with structural disorganization, repair,
and thickening of the intima, as well as deformity of
the arterial wall. Lesions consist mainly of thick lay-
ers of fibrous connective tissue and lipid-laden SMC
[41]. The most predominant change in advanced ath-
erosclerosis lesions is functional modulations and
numerical increases in intimal smooth muscle cells.

In atherosclerosis, LPS induces expression of
genes encoding the elastin-degrading enzyme,
cathepsin S via TLR4 in human cervical smooth
muscle cells [42]. These proteinases allow SMCs to
migrate to the site of inflammation or injury in
response to chemokines. In addition, on the site of
inflammation or injury, microorganism may signal
through TLR4 to induce the proliferation of human
vascular smooth muscle cell [23]. These results pro-
vide evidence for a link between TLR4 on SMCs and
intimal hyperplasia in atherosclerosis. In other study,
Vink et al. found that stimulation of TLR4 on adventi-
tial fibroblasts augmented neointima formation, an
effect that was reduced in TLR4-defective mice by
using a mouse femoral cuff model [25]. It was sug-
gested that TLR4 on adventitial fibroblasts was
involved in neointima formation in atherosclerosis.

Apart from lipid-laden SMCs, there are numerous
macrophages without lipid droplet inclusions or with
lipid droplet inclusions (named as macrophage foam
cells) in advanced atherosclerotic lesion. Several
descriptive studies show that TLR4 is expressed by
macrophages in murine and human lipid-rich athero-
sclerotic plaques [20, 32]. The activated TLR4 on
macrophage can initiate a signal cascade that induce
expression of inflammatory cytokines and proteases,
which may play a role in formation and modeling of
advanced lesions [39].

In a word, these results suggest that TLR4 play a
pivotal role in progression of atherosclerotic disease.

TLR4 in plaque rupture

Plaque rupture is dangerous because it exposes pro-
thrombotic material from the core of the plaque to the
blood. It was demonstrated that genetic deficiency of
TLR4 reduces aortic atherosclerosis in apoE-deficient
mice. Furthermore, TLR4 deficiency was associated
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with alterations in plague composition, including reduc-
tion in lipid and macrophage content, and markedly
decreased expression of the pro-inflammatory factors
[43, 50]. These changes suggest greater structural sta-
bility. Therefore, it is has been suggested that TLR4 sig-
naling might be important in plaque destabilization.

Several studies have shown that activated
macrophage cells within the plaque are capable of
degrading extracellular matrix by secretion of matrix
metalloproteinases (MMP) and proteolytic enzymes,
which lead to plaque rupture [44]. It was demonstrat-
ed that LPS mediates express MMP-9 by TLR4 in
human macrophages and MMP-9 degrades collagen
of fibrous cap [45]. Other researches also show that
LPS induced proteolytic enzymes by via TLR4 in
macrophages [42]. These proteolytic enzymes may
weaken the fibrous cap and predispose plaque to
rupture by degrading the components of extracellular
matrix [46]. Recently, apoptosis is considered as an
important event in plaque rupture. VSMCs apoptosis
in the fibrous cap may result in plaque rupture [47]. It
has been reported that activated TLR4 signaling
pathway induce expression of apoptotic molecules of
the Fas death pathway [48].

In short, these results suggested a potential role
for TLR4 in plaque destabilization. However, the
exact mechanism role of TLR4 in plaque stabilization
remains obscure.

TLR4 in arterial remodelling

In atherosclerosis, arterial remodelling is defined as
a structural change in total arterial circumference. It
ranges from expanse to contraction and therefore
can compensate for or aggravated the effect of
plaque or hyperplasia load on the ultimately useful
lumen. Several studies have shown that intimal
hyperplasia and adventitial changes relate to remod-
elling of the artery in atherosclerosis. In a mouse
model of cuff, it was seen that neointiam formation
was accompanied with femoral artery remodelling.
However, this phenomenon could not be detected in
TLR4-deficient mice [49]. Moreover, adventitial stim-
ulation of TLR4 induced arterial remodelling, an
effect that was reduced in TLR4-defective mice [25].
These results provide evidence for a link between
TLR4 and arterial remodelling.

It is likely that matrix breakdown and synthesis play
an important role in arterial remodelling. Changes in
collagen, elastin and glycosaminoglycan contribute
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most to the arterial remodelling. Several lines of evi-
dence suggest that MMP system play a role in degrad-
ing elastin and collagen. Recent in vitro studies revealed
that LPS induce secretion of MMP-9 by TLR4 in activat-
ed macrophages that are present in adventitial layer of
human coronary arteries [45]. In other studies, it was
shown that LPS induces expression of genes encoding
the elastin-degrading enzyme, cathepsin S via TLR4 in
human cervical smooth muscle cells [42]. Therefore,
TLR4 activation could play a role in arterial remodelling
by production of MMP and proteolytic enzymes. Other
potential mechanisms of TLR4 in arterial remodelling
should be explored further.

TLR4 polymorphisms in atherosclerosis

The characterization of the human TLR4 polymor-
phisms Asp299Gly and Thr399lle is a single nuleotide
polymorphism in the TLR4 gene, which impairs the
efficacy of LPS signaling and the capacity to elicit
infammation [51]. Recently, several clinical studies
have investigated the role of TLR4 polymorphisms in
the development of atherosclerotic disease.

The Asp299Gly TLR4 polymorphism was first
described as associated to lower risk of carotid
artery atherosclerosis [52]. Other studies also report-
ed that this polymorphism imparts protection from
carotid artery atherosclerosis and acute coronary
syndrome [51, 53]. However, studies in a large cohort
of 1400 participants failed to show an association
between Asp299Gly TLR4 polymorphism and coro-
nary atherosclerosis [54]. Furthermore, development
of carotid atherosclerosis was not affected by this
polymorphism in familiar hypercholesterolaemic
patients [55]. Recently, a report from the Stockholm
Heart Epidemiology Program found that the co-seg-
regating 299Gly/399lle variant was demonstrated to
confer a higher risk of myocardial infarction [56]. For
most of clinical studies involved relatively few
patients, larger clinical studies will be required to rec-
oncile these divergent results.

Conclusion

Toll-like receptor 4 was identified as the first human
homologue of the Drosophila Toll. Recently, accumu-
lating interest has focused on TLR4 expression in
atherosclerotic lesions. Different cell types in athero-
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sclerotic vessel wall, such as endothelial cells, vas-
cular smooth muscle cells, adventitial fibroblasts,
dendritic cells and macrophages, express TLRA4.
Expression of TLR4 in atherosclerotic lesions is
involved in the development and progression of ath-
erosclerotic disease. With a better understanding of
TLR4 involvement in atherosclerosis, we can begin
to develop effective therapies to this life-threatening
disease in the future.
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