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Abstract Lectin-like oxidized LDL (0oxLDL) receptor-1
(LOX-1, also known as OLR-1), is a class E scavenger
receptor that mediates the uptake of oxLDL by vascular
cells. LOX-1 is involved in endothelial dysfunction,
monocyte adhesion, the proliferation, migration, and
apoptosis of smooth muscle cells, foam cell formation,
platelet activation, as well as plaque instability; all of these
events are critical in the pathogenesis of atherosclerosis.
These LOX-1-dependent biological processes contribute to
plaque instability and the ultimate clinical sequelae of
plaque rupture and life-threatening tissue ischemia.
Administration of anti-LOX-1 antibodies inhibits athero-
sclerosis by decreasing these cellular events. Over the past
decade, multiple drugs including naturally occurring
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antioxidants, statins, antiinflammatory agents, antihyperten-
sive and antihyperglycemic drugs have been demonstrated to
inhibit vascular LOX-1 expression and activity. Therefore,
LOX-1 represents an attractive therapeutic target for the
treatment of human atherosclerotic diseases. This review
aims to integrate the current understanding of LOX-1 sig-
naling, regulation of LOX-1 by vasculoprotective drugs,
and the importance of LOX-1 in the pathogenesis of
atherosclerosis.
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Introduction

Atherosclerosis-related cardiovascular diseases continue to
be a major cause of morbidity and mortality in developed
and developing countries. Atherosclerosis is a multifacto-
rial disease for which many mechanisms are known, but
the cellular and molecular mechanisms precipitating the
disease process are not well defined. Atherosclerosis
commences with the binding and retention of lipids by
modified proteoglycans with hyperelongated glycosami-
noglycan chains, followed by a multifactorial inflammatory
process [1-4]. Cellular and cytokine-based inflammatory
processes represent novel therapeutic targets for the pre-
vention and treatment of atherosclerosis [5].

After the milestone study by Dr. Daniel Steinberg [6],
oxidized LDL (oxLDL) received intense interest as it
promotes key steps involved in plaque formation and
destabilization. The rapid, unregulated uptake of oxLDL by
vascular scavenger receptors (SR) is crucial for the trans-
formation of monocyte-derived macrophages to foam cells
in atherosclerotic lesions [7]. Lectin-like oxLLDL receptor-1
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(LOX-1 or OLR-1) is a multiligand SR originally identified
as the primary receptor for oxXLDL uptake by endothelial
cells (EC) by Dr. Tatsuya Sawamura [8, 9]. Subsequent
studies showed that LOX-1 is also expressed by mono-
cytes/macrophages [10], smooth muscle cells (SMC) [10],
cardiomyocytes [11], fibroblasts [12], adipocytes [13],
airway epithelial cells [14], interferon ?y-conditioned
dendritic cells [15], and platelets [16]. Most importantly,
LOX-1 is expressed in atheroma-derived cells and is
observed in large abundance in human and animal athero-
sclerotic lesions [17]. Furthermore, it is intriguing that the
major three hypotheses of atherosclerosis (i.e., oxidative
modification hypothesis, response-to-injury hypothesis, and
retention hypothesis) converged by the versatile functions of
LOX-1[18]. Like CD36, LOX-1 acts as a cell surface SR that
participates in the binding, endocytosis, and proteolytic
degradation of oxLDL. LOX-1, however, does not share any
homology with other SR. LOX-1 mediates a spectrum of pro-
atherogenic cellular responses implicated in the pathogene-
sis of atherosclerosis, including endothelial dysfunction,
phagocytosis of aged apoptotic cells, vascular inflammation,
foam cell formation, collagen deposition, and adipocyte
cholesterol metabolism [13, 19]. Basal LOX-1 expression in
EC is relatively low; it is dynamically regulated by pro-
inflammatory cytokines, vasoconstrictive peptides, and
other pathological stimuli relevant to atherosclerosis in vitro
[19, 20]. In vivo, LOX-1 is upregulated in multiple disease
states, such as hypertension, diabetes, hyperlipidemia, and
ischemia/reperfusion injury [20]. The in vitro and in vivo
regulators of LOX-1 are summarized in Table 1. LOX-1 is
known to bind with high affinity to a broad spectrum of
structurally distinct ligands besides oxLDL [18]. These
ligands include activated platelets, advanced glycation end-
products (AGEs), apoptotic bodies, bacteria, C-reactive
protein (CRP) and various forms of modified LDL [18, 21,
22] (Table 2).

Lectin-like oxLDL receptor-1 is a type II membrane
glycoprotein comprised of 273 amino acids. LOX-1 consists
of a short N-terminus cytoplasmic domain, transmembrane
domain, neck domain, and a C-type lectin-like domain [23].
Itis synthesized as a 40-kDa precursor protein with N-linked
high mannose-type carbohydrate, which is further glycos-
ylated and processed into a 50-kDa mature form [24]. By
analyzing site-specific N-linked glycosylation using mass
spectrometry, one potential glycosylation site of recombi-
nant human LOX-1 on asparagine 139 (Asn-139) has
recently been identified [25]. Direct evidence for the
involvement of LOX-1 in atherogenesis has been obtained
using knockout/transgenic animal models and adenoviral
gene transfer. Lectin-like oxXLDL receptor-1 transgenic mice
crossed with Apolipoprotein-E knockout mice (LOX-1tg/
ApoE™"7) on a high-fat diet display augmented oxLDL
uptake, oxidative stress, and accelerated infiltration of
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macrophages in the heart and vessels compared to control
littermates [26]. In addition, overexpression of LOX-1 in EC
promotes atherogenesis in the common carotid artery of the
ApoE "~ mouse model [27]. Further, LOX-1"""/LDL-R ™"~
mice display reduced atherosclerotic lesions, compared to
LDL-R™'~ mice with a comparable serum LDL level [28].
However, ectopic expression of LOX-1 in the liver of
ApoE ™~ mice ameliorates the development of atheroscle-
rotic lesions, with a transient reduction in plasma oxLDL by
removing oxLDL from the circulation and reducing systemic
oxidative stress [29].

LOX-1 causes endothelial activation and dysfunction

Lectin-like oxLDL receptor-1 regulates the pathogenesis of
atherosclerosis by targeting multiple cellular events
(Fig. 1). Activation of LOX-1 by oxLDL results in endo-
thelial activation and dysfunction, characterized by
reduced endothelium-dependent relaxation, increased
monocyte adhesion to EC, as well as the apoptosis and
senescence of EC.

Nitric oxide-mediated dilation and oxLDL uptake
by endothelial cells

Endothelial cells play an essential role in regulating vascular
tone. Lectin-like oxXLDL receptor-1 is the major receptor for
oxLDL uptake by EC [8]. Oxidative inactivation of nitric
oxide (NO) by reactive oxygen species (ROS) decreases the
biological activity of NO by generating cytotoxic perox-
ynitrite (ONOO™), which has been recently found in human
atherosclerotic lesions. Arginase II, an enzyme responsible
for the hydrolysis of arginine into ornithine and urea, regu-
lates endothelial nitric oxide synthase (eNOS) activity by
competing for the common substrate L-arginine [30].
OxLDL, through the endothelial LOX-1 receptor, small
GTPase RhoA (Ras homolog gene family member A), and
ROCK (Rho-associated coiled-coil containing protein
kinase), activates arginase II, down-regulates NO, and con-
tributes to vascular dysfunction [31]. In addition, LOX-1
mediates oxLDL uptake by EC by inducing the activation of
protein kinase C (PKC) 2 and c-Jun N-terminal kinases
(JNK), as well as the subsequent phosphorylation of 66-kDa
isoform of Shc adaptor proteins (p66Shc) [32]. OxLDL also
impairs endothelium-dependent NO-mediated dilation of
coronary arterioles by activation of a signaling cascade
involving LOX-1 and NADPH oxidase. Anti-LOX-1 anti-
bodies, given in vivo, restore NO-mediated coronary arteriolar
dilation in atherosclerosis-prone ApoE ™'~ mice, but do not
affect the endothelium-dependent vasodilation in wild-type
mice [33]. Consistent with this observation, mesenteric
arteries from mice overexpressing LOX-1 and on a high-fat
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Table 1 In vitro and in vivo
stimuli of LOX-1 expression/
activation

In vitro

Pro-inflammatory cytokines
Tumor necrosis factor-o (TNF-a)
Interleukin-1 (IL-1)
Lipopolysaccharides (LPS)
C-reactive protein (CRP)
Interferon-y (IFN-y)
Atherogenic stimuli

Oxidized LDL (oxLDL)
Homocysteine (Hcy)
Lysophosphatidylcholine (LPC)
Palmitic acid (PA)

In vivo

Atherosclerosis

Hyperlipidemia

Diabetes mellitus

Obesity

HIV infection

Stimuli in hypertension

Angiotensin II (Ang-1I)

Endothelin-1 (ET-1)

Aldosterone

Fluid shear stress

Transforming growth factor-f§ (TGF-p})
Hyperglycemic stimuli

High glucose (HG)

Advanced glycation end-products (AGEs)
Other

Human cytomegalovirus (HCMV)

Hypertension

Ischemia reperfusion injury
Psychological stress
Transplantation

Heart failure

Table 2 The pathophysiologic

ligands of LOX-1 Modified LDL

Other ligands

Oxidized LDL

15-Lipoxygenase modified LDL
Carbamylated LDL
Hypochlorite-modified HDL
Remnant-like lipoprotein particle
Electronegative LDL-L5

4-Hydroxy-2-nonenal (HNE)-LDL

Glycoxidized LDL

C-reactive protein (CRP)

Advanced glycation end-products (AGEs)
Heat shock protein 60 (HSP60)
4-Hydroxy-2-nonenal-histidine adduct
N-(4-oxononanoyl)lysine (ONL)
Activated platelets

Aged/apoptotic cells

Cardiolipin

diet have preserved vascular smooth muscle relaxation, but
impaired endothelium-dependent relaxation via reduced
vascular NO availability related to the exaggerated formation
of ROS and decreased eNOS expression [34]. Recent in vitro
evidence has shown that a complex of LOX-1 and membrane
type 1 matrix metalloproteinase (MT1-MMP) contributes to
ROS formation and eNOS downregulation [35]. More
recently, it has been shown that HDL from patients with stable
coronary artery diseases (CAD) or acute coronary syndrome
(ACS) can activate LOX-1, triggering endothelial PKCf2
activation, which in turn inhibits Akt (Ser473) phosphoryla-
tion, eNOS (Serl1,177) phosphorylation, and eNOS-dependent
NO production [36]. Collectively, LOX-1 represents a central
role in regulating NO-mediated vascular reactivity.

Role of LOX-1 in monocyte adhesion to endothelial
cells

Recruitment of leukocytes from the bloodstream into the
arterial intima is a crucial step in the development of

atherosclerosis [37]. Incubation of human coronary artery
endothelial cells (HCAEC) with oxLDL markedly
increases monocyte chemoattractant protein-1 (MCP-1)
production as well as monocyte adhesion to HCAEC. This
response was inhibited by a human LOX-1 antisense
RNA, suggesting that LOX-1 is a key factor in oxLDL-
mediated monocyte adhesion to HCAEC [38]. In vivo,
anti-LOX-1 antibody efficiently suppresses leukocyte
infiltration and protein exudation in a model of low-dose
endotoxin-induced uveitis. In situ videomicroscopic anal-
yses of leukocyte interactions with retinal veins revealed
that anti-LOX-1 antibody reduced the number of rolling
leukocytes and increased the velocity of rolling, suggest-
ing that LOX-1 functions as a vascular-tethering ligand
[39]. Additional evidence indicates that binding of oxLDL
to LOX-1 activates redox-sensitive nuclear factor-kappa B
(NF-xB) signaling pathway, a master regulator in
enhanced expression of various adhesion molecules, thus,
promoting monocytes adhesion to EC (Fig. 2). However,
LOX-1-mediated monocyte adhesion to EC can be
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Fig. 1 Schematic diagram illustrating the pivotal role of scavenger
receptor LOX-1 in atherosclerotic plaque formation and destabiliza-
tion. Functions of LOX-1 in EC, SMC, monocytes/macrophages,
platelets, and plaque instability are summarized. After binding to LOX-
1, oxLDL stimulates endothelial injury, senescence, apoptosis, and
oxLDL uptake, also promotes EC to produce adhesion molecules, and
recruits leukocytes to the site of injury. Persisted endothelial dysfunc-
tion leads to enhanced permeability allowing adherent monocytes to
penetrate the lining EC. Differentiated macrophages in the sub-intimal
space accumulate oxLDL and convert it to lipid-laden foam cells, which

attenuated by aspirin and pravastatin, either alone or in
combination [40].

Endothelia cell apoptosis and senescence

Lectin-like oxLDL receptor-1 mediates oxLDL-induced
apoptosis of EC, which can be inhibited by LOX-1
knockdown, LOX-1 inhibitors (i.e., polyinosinic acid and
carrageenan), and NF-xB inhibition [41]. OXLDL decreases
expression of anti-apoptotic proteins c-IAP-1 (inhibitory
apoptotic protein-1) and Bcl-2, as well as activates caspase-
9 and caspase-3, which relates to the degradation of c-IAP-1
and Bcl-2. However, LOX-1 knockdown and caspase-9
inhibition both mediate oxLDL-induced apoptosis of EC
[42]. These findings suggest that oxLDL binding to LOX-1
decreases expression of anti-apoptotic proteins such as Bcl-
2 and c-IAP-1 and activates apoptotic signaling pathways
involving caspase-9 and caspase-3, leading to apoptosis of
EC [43]. Consistent with these data, an electro-negative
LDL fraction, L5, via LOX-1, attenuated Akt phosphory-
lation and suppressed Bcl-2 expression. L5 also selectively
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form the necrotic core of the plaque. Intensified inflammation and
oxLDL accumulation may result in the proliferation, migration, and
foam-cell formation of SMC. As the atherosclerotic plaques develop to
the advanced stage, LOX-1 mediates platelet aggregation as well as
platelet—endothelium interaction. Finally, LOX-1 leads to plaque
destabilization by modulating plaque components (MMP expression,
the content of collagen and SMC, and the apoptosis of SMC). EC
endothelial cells, SMC smooth muscle cells, RCT reverse cholesterol
transport, MMP matrix metalloproteinase. Question mark represents
important aspects remaining unknown

inhibited Bcl-xL expression and eNOS phosphorylation, but
increased expression of Bax, Bad, and TNF-a. Blocking Akt
phosphorylation increased LOX-1 expression, suggesting a
modulatory role of Akt in LOX-1 synthesis [44]. Senes-
cence of EC is another prominent aspect in the pathobiology
of endothelial dysfunction as LOX-1 mRNA and protein
content were decreased in senescent EC (by repetitive
passaging) and in aortas of aged mice (50 weeks old).
Compared to early cultures, late-passage human umbilical
vein endothelial cells (HUVEC) also exhibit nuclear
translocation of NF-«B p65 subunit and reciprocal shifts in
Bax and Bcl-2 protein content, resulting in an almost two-
fold increase in Bax/Bcl-2 ratio and a threefold increase in
apoptotic response to TNF-o [45].

LOX-1 mediates smooth muscle cell proliferation
and migration

Another important characteristic of atherosclerotic plaques
is the proliferation and migration of smooth muscle cells



Functions and modulators of LOX-1

2863

Statins_l LDL
Statins _l OXLDL

Natural anti-oxidants
LOX-1

NADPH
oxidase

Natural anti-oxidants

Anti-hypertensive drugs —l - :
Anti-hyperglycemic drugs . P LOX-1

v

Fig. 2 Positive feedback loop involving the oxLDL/LOX-1 signal-
ing pathway and LOX-1 modulators. LDL is oxidized within the
vascular wall under atherogenic conditions to form oxLDL. The
binding of oxLDL to LOX-1 activates the NADPH oxidase on the cell
membrane that results in the quick increase of intracellular ROS
formation. Increased ROS activates the redox-sensitive NF-xB
signaling pathway, generating three responses: (1) increases binding
to LOX-1 promoter, therefore, increases LOX-1 expression and

(SMC). OxLDL-induced LOX-1 expression stimulates
SMC growth and proliferation via NF-xB- and JNK-sig-
naling pathways in cultured rat SMC. Low concentrations
of oxLDL (10 pg/ml) stimulated proliferation of cultured
SMC, which was inhibited by LOX-1 antisense mRNA. In
addition, increased LOX-1 expression was also observed in
the neointima of human coronary arteries after balloon
angioplasty. In human restenotic lesions, double immuno-
fluorescence staining showed the co-localization of LOX-1
and proliferating cell nuclear antigen (PCNA) [46]. These
results suggest that LOX-1 mediates oxLDL-induced SMC
proliferation and plays a role in neointimal formation after
vascular injury. Consistent with these data, LOX-1
expressed in SMC is involved in intimal hyperplasia in a
rat model of balloon injury. However, in rats administered
anti-LOX-1 antibody intravenously every 3 days after
balloon injury, intimal hyperplasia, oxidative stress, and
leukocyte infiltration were markedly suppressed [47].
Direct evidence of LOX-1 in SMC proliferation and
migration is obtained from LOX-1""" mice. Genetic
deletion of LOX-1 in ApoE™'~ mice leads to a significant
reduction in SMC proliferation and migration [28], and
accumulation of inflammatory cells and collagen [48].
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amplifies LOX-1-mediated oxLDL uptake; (2) enhances Ang-II type
1 receptor expression; (3) augments downstream pro-inflammatory
cytokine and chemokine expression, such as P-selectin, E-selectin,
VCAM-1, ICAM-1, and MCP-1, resulting in increased recruitment of
monocytes to endothelial cells. LOX-1 modulators are demonstrated
to function at each critical step of this feedback loop. oxLDL oxidized
LDL, ROS reactive oxygen species, AT;R Ang-II type 1 receptor,
NF-kB nuclear factor-kappa B

Thus, through LOX-1, oxLDL caused the proliferation and
transmigration of SMC from media to subendothelial
spaces, creating an environment in the vascular wall for the
SMC to become foam cells. However, the significance of
oxLDL binding or uptake through LOX-1 in SMC and
resultant foam-cell formation remains to be determined.

LOX-1 mediates cholesterol uptake and macrophage
foam-cell formation

OxLDL is taken up by monocyte-derived macrophages and
SMC through a variety of SR, such as SR-AI/II, CD36,
SR-BI, macrosialin/CD68, and LOX-1, and results in the
formation of foam cells [43]. LOX-1 plays a crucial role in
oxLDL-triggered pathological transformation of vessel
wall components. Importantly, LOX-1 is absent in mono-
cytes (human peripheral blood monocytes and the THP-1
cells), but induced in differentiated macrophages [49, 50].
OxLDL was taken up via LOX-1 in macrophages stimu-
lated with lysophosphatidylcholine [51], palmitic acids
[52], high glucose [53], and oxLDL itself [51]. It is note-
worthy that LOX-1 does not alter the uptake of oxLDL in
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unstimulated macrophages and is not essential for the pro-
survival effect of oxLDL in these cells. However, LOX-1
expression is highly inducible by pro-inflammatory cyto-
kines, and if that occurred in macrophages within
atheromas, LOX-1 substantially increased oxLDL uptake
by lesional macrophages [51], further confirming the
specificity of LOX-1 to modulate oxLDL uptake in
macrophages.

LOX-1 and plaque stability

Disruption of unstable atherosclerotic plaques and sub-
sequent formation of occlusive thrombi are the primary
causes of ACS, which includes unstable angina pectoris,
nonfatal myocardial infarction (MI), and fatal MI.
Mounting evidence suggests the involvement of LOX-1 in
the destabilization of histologically unstable atherosclerotic
plaques. LOX-1 is intensively expressed in atherosclerotic
plaques with thin fibrous caps and macrophage-rich lipid
core areas in Watanabe heritable hyperlipidemic (WHHL)
rabbit with advanced atherosclerotic lesions. Specifically,
LOX-1 modulates plaque stability by affecting matrix
metalloproteinases (MMP) expression/activity, apoptosis
of SMC, and collagen content within the atherosclerotic
plaques, as expanded upon below.

Increases in MMP expression/activity

OxLDL induces apoptosis of SMC and elicits inflammatory
responses in the vascular wall including expression of
MMP. OxLDL increases the expression/activity of MMP-1
(collagenase) and MMP-3 (stromelysin-1) in a concentra-
tion- and time-dependent manner, without significantly
affecting expression of tissue inhibitors of metalloprotein-
ases (TIMP) [54]. Expression/activity of MMP-2 and
MMP-9 was increased in the LDLR ™~ mice, but not in
mice with LOX-1 deletion [48]. There is also evidence
showing that the LOX-1/MT1-MMP axis plays a crucial
role in RhoA and Racl-dependent signaling pathways upon
oxLDL stimulation, suggesting that this axis may be a
promising target for treating endothelial dysfunction [35].
Incubation of human aortic endothelial cells (HAEC) with
oxLDL increases LOX-1 expression and enhances MMP-9
production. However, treatment with an anti-LOX-1 anti-
body or with antioxidants inhibits these effects. Induction of
LOX-1 and LOX-1-mediated MMP-9 expression involves
endothelin-1 production and NF-xB activation [55].

Enhanced apoptosis of SMC

Apoptosis of SMC in the fibrous cap has been implicated in
the destabilization of atherosclerotic plaques and plaque
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rupture [56]. High concentrations of oxLDL caused apop-
tosis of SMC, leading to plaque instability and rupture [57].
This process is largely mediated by LOX-1, and can be
prevented by anti-LOX-1 monoclonal antibodies [58].
oxLDL (>60 pg/ml) induced apoptosis in SMC, a response
which is inhibited by anti-LOX-1 antibody [46, 59]. In
human advanced atherosclerotic plaques, macrophages and
SMC in the intima express LOX-1, which is co-localized
with Bax in both the fibrous cap and shoulder regions of
atherosclerotic plaques [59]. OxLDL upregulated LOX-1
expression through phosphorylation of extracellular signal-
regulated kinases (ERK) in SMC, and a neutralizing anti-
LOX-1 monoclonal antibody, blocked LOX-1—mediated
cellular uptake of oxLDL, and prevented oxLDL—induced
apoptosis. It was also reported that oxLDL induced apop-
tosis (3 h) of SMC in a dose-dependent manner, with a
maximal effect at a concentration of 300 pg/ml. OxLDL
(100 pg/ml), but not native LDL, stimulated ROS pro-
duction rapidly (<5 min) and the ROS level remained
elevated for at least 45 min [57]. Therefore, LOX-1 may
play an important role in oxLDL-induced apoptosis in
SMC.

Modulation of collagen accumulation in atherosclerotic
plaques

In stable atherosclerotic plaques, there is abundant collagen
content covering the fibrous cap, rendering the plaques
resistant to rupture. LOX-1 plays an important role in
angiotensin-II (Ang-1I) and transforming growth factor-f1
(TGF-f1)-stimulated fibroblast growth and collagen syn-
thesis. In LDLR ™/~ mice, deletion of LOX-1 resulted in a
marked reduction in collagen accumulation in atheroscle-
rotic plaques [48]. Similarly, TGF-f1-mediated increase
in collagen synthesis was markedly attenuated in the
LOX-1""" mouse cardiac fibroblasts as well as in wild-type
mouse cardiac fibroblasts treated with a specific anti-LOX-1
antibody [60]. This decline in collagen deposition in asso-
ciation with areduction in atherosclerosis has raised the issue
of plaque instability as a result of LOX-1 deletion. Future
studies should be conducted to determine the effect of
LOX-1 deletion on plaque stability in advanced human
atherosclerosis by examining plaque composition.

LOX-1 contributes to platelet activation

Lectin-like oxLDL receptor-1 is expressed on the surface
of human platelets in an activation-dependent manner.
OxLDL binding to platelets can be inhibited by anti-LOX-1
antibody [16]. In addition, LOX-1 also accumulates at the
site of thrombus within the atherosclerotic plaque of
patients with unstable angina pectoris [16]. The presence of
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LOX-1 on activated platelets suggests that LOX-1 might be
critically involved in thrombus formation. LOX-1 blockade
inhibited ADP-induced platelet aggregation in a concen-
tration- and time-dependent manner. In addition, LOX-1 is
important for ADP-stimulated inside-out activation of
platelet oIIbf3 and «2f1 integrins (fibrinogen receptors).
Mechanistically, LOX-1 inhibition of integrin activation
was mediated by inactivating PKC [61]. Treatment with
aspirin (1-10 mM) and pravastatin (1-5 pM) reduced
platelet LOX-1 expression, with a synergistic effect of the
combination of low-dose aspirin and pravastatin on
decreasing malondialdehyde (MDA) release and enhancing
NO release [61]. Endothelial LOX-1 also functions as an
adhesion molecule for platelets by mediating the platelet-
endothelium interaction [62]. Notably, binding of activated
platelets to LOX-1 resulted in enhanced release of endo-
thelin-1 [62] via interaction of LOX-1 and CD40 [63], and
inactivated NO via increased intracellular production of
superoxide [64] from EC, thereby directly causing endo-
thelial dysfunction.

LOX-1 signaling pathways

OxLDL elicits wide-ranging effects on multiple signaling
pathways implicated in atherosclerosis. As the cellular
effect of oxXLDL is mainly dependent on specific binding of
oxLDL to the LOX-1 receptor, numerous signal transduc-
tion pathways are affected by LOX-1 activation: NADPH
oxidase [48], mitogen-activated protein kinases (p38,
ERK'?, INK) [65-67], PKC [54, 66], RhoA/Racl [35],
Akt [41, 44], protein tyrosine kinase (PTK) [66], Ang-II
type 1 receptor (AT R) [12], sirtuin-1 (SIRT1) [68], oct-
amer-binding protein-1 (Oct-1) [69, 70], activator protein-1
(AP-1) [71] and NF-kB [53]. It is noteworthy that LOX-1-
mediated NF-kB activation by oxLDL is crucial for
increasing expression of adhesion molecules and chemo-
kines including E- and P-selectins, intercellular adhesion
molecule-1 (ICAM-1), vascular cell adhesion molecule-1
(VCAM-1) and MCP-1, which are crucial for the initiating
event of monocyte adhesion to EC [23, 56]. This was
corroborated by a recent report showing that LOX-1
abrogation resulted in a broad inhibition of NF-kB target
genes, such as VCAM-1 [72]. Following binding to LOX-1
in EC, oxLDL induced the generation of ROS, thereby
activating NF-xB but inactivating NO [73, 74]. As oxLDL
is a potent activator of NF-xB and there are putative
NF-xB-binding sites located in the LOX-1 gene promoter
[75], it is conceivable that oxLLDL binding to LOX-1 can
result in the activation of redox-sensitive NF-xB via
NADPH oxidase-ROS signaling pathways. NF-xB activa-
tion can induce upregulation of pro-inflammatory
mediators, AT;R as well as LOX-1 itself, which in turn

increase LOX-1-mediated oxLDL uptake, thus amplifying
the effects of atherogenic oxLDL (Fig. 2).

There is strong evidence for a mutually facilitatory
cross-talk between Ang-II and oxLDL, in that AT;R
expression is upregulated by oxLDL in EC through NF-xB
activation [76]. Likewise, Ang-Il has been shown to
facilitate oxLDL uptake by EC via upregulating LOX-1,
which is completely blocked by pre-treatment of HCAEC
with losartan [77, 78]. Although oxLDL and Ang-II both
induce LOX-1 expression in HCAEC, the underlying
mechanisms of LOX-1 promoter activation are different:
oxLDL, by activating Oct-1, induces LOX-1 promoter
activation (between nucleotide —1,599 and —1,494), while
another promoter region (between nucleotide —2,247 and
—2,131), is required for Ang II-induced LOX-1 promoter
activation via NF-xB [70, 79]. More recently, it was shown
that deacetylation of NF-kB by SIRT1 in macrophages
suppressed LOX-1 expression, thereby preventing macro-
phage-derived foam-cell formation [68]. Interestingly, Shiu
et al. [80] recently demonstrated that AGEs, after binding
to receptor of AGEs (RAGE), induce LOX-1 expression
via phosphatidylinositol 3-kinases (PI3K)-mammalian tar-
get of rapamycin complex 2 (mTORC2)-Akt signaling
pathway. Taken together, LOX-1 represents an important
mechanistic converging point of Ang-II-, oxLDL-, and
AGEs-mediated signaling pathways (Fig. 3).

Soluble LOX-1 and LOX-1 index in prognosis
of cardiovascular diseases

Like many cell-surface receptors with a single trans-
membrane domain, LOX-1 also undergoes post-transla-
tional proteolytic cleavage, which occurs within the
“neck” region of the extracellular domain, releasing a
187-residue polypeptide known as soluble LOX-1 (sLOX-
1) [81]. sSLOX-1 was identified in conditioned media and
can be measured in serum and plasma. The serum level of
sLOX-1 may reflect LOX-1 expression. Inflammatory
cytokines, including interleukin-18, TNF-o, and CRP,
stimulate the release of sLOX-1 [81-83]. Circulating
sLOX-1 is associated with inflammatory markers such as
interleukin-6, TNF-«, and CRP [84]. LOX-1 gene poly-
morphisms were associated with sSLOX-1 levels after being
adjusted for age, sex, race, and body mass index [85].
Moreover, circulating sLOX-1 levels were elevated in
patients with ACS [86]. Under conditions associated with
plaque instability or rupture, elevated thrombin and pro-
tease activity have been implicated in the processing of
membrane LOX-1 to generate sSLOX-1. Thus, circulating
sLOX-1 may not only be a prognostic biomarker of plaque
destabilization but also a predictor of ACS recurrence or
death [87]. Compared with troponin T and high-sensitivity
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Fig. 3 LOX-1 signaling mechanistically links atherosclerosis,
hypertension, and diabetes. oxLDL binding to LOX-1 affects NO
catabolism by two mechanisms: (1) increased ROS production, which
not only reacts with intracellular NO, resulting in the formation of
cytotoxic peroxynitrite (ONOO™) but also down-regulates eNOS,
thereby decreasing NO bioavailability; (2) oxLDL, through LOX-1
receptor activates arginase II, competing with eNOS for use of the
substrate L-arginine, thus, down-regulating NO formation, and
contributing to vascular dysfunction. Persistently increased ROS
can activate multiple signaling pathways within vascular cells, such as
PI3K/Akt, MAPK (p38, ERK and INK), PKA, PKC, PTK, and
p66Shc. These pathways further activate the redox-sensitive NF-xB
pathway, increase NF-xB binding to LOX-1 promoter, and orches-
trate LOX-1 expression in atherosclerosis. Alternatively, SIRT1 de-
acetylates NF-«B to suppress the expression of LOX-1. LOX-1 is also
the target gene of other transcription factors, such as AP-1, Oct-1, and

CRP (hs-CRP), two established diagnostic biomarkers and
predictors for ACS, sLOX-1 seems to reflect better the
vulnerable atherosclerotic plaque [88].

LOX-1 ligand containing ApoB (LAB) of more than
2,000 healthy subjects was measured in a community-
based cohort study [89]. During the 11-year follow-up
period, the hazard ratio of ischemic stroke was increased in
those with the highest LAB level. “LOX Index”, defined as
a multiplication of LAB and sLOX-1, can reflect the bio-
logical activity of LOX-1 ligands, also proved to be a novel
predictive marker for ischemic stroke, and to a lesser
extent, coronary heart disease [89]. LAB showed signifi-
cant correlations with smoking and triglycerides [90]. In
hypercholesterolemic patients, baseline LAB levels did not
correlate with LDL cholesterol and was significantly low-
ered by pitavastatin [91].
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PPAR-y. AGEs act as a ligand of LOX-1 and can upregulate LOX-1
expression via PI3K/mTORC2/Akt pathway. In light of the cross-talk
between ATR and LOX-1, and potentially between RAGE and LOX-
1, LOX-1 may provide a mechanistic link between atherosclerosis,
hypertension, and diabetes. Ang-II angiotensin-II, oxLDL oxidized
LDL, AGEs advanced glycation end-products, AT;R Ang-II type 1
receptor, RAGE receptor of advanced glycation end-products, NO
nitric oxide, eNOS endothelial NO synthase, SIRTI sirtuin-1,
mTORC2 mammalian target of rapamycin complex 2, PI3K phos-
phatidylinositol 3-kinases, MAPK mitogen-activated protein kinases,
ERK extracellular regulated protein kinases, JNK c-Jun N-terminal
kinase, PKA protein kinase A, PKC protein kinase C, PTK protein
tyrosine kinase, p66Shc 66-kDa isoform of Shc adaptor proteins,
NF-kB nuclear factor-kappa B, AP-1 activator protein-1, Oct-I
octamer-binding protein 1, PPAR-y peroxisome proliferator-activated
receptor-gamma

Classification of novel LOX-1 modulators

Lectin-like oxLDL receptor-1 emerges as a novel thera-
peutic target in cardiovascular pathologies including
atherosclerosis [23, 92-95]. Over the past decade, it has
become a major focus of research to aim to identify and
pharmacologically characterize compounds that modulate
LOX-1 function, especially phytochemicals from natural
products. Vascular LOX-1 modulators are categorized as
follows (Fig. 2).

Naturally occurring antioxidants
Oxidative modification of LDL is generally believed to

play a pathologic role in the development of atherosclerotic
plaques. Promising therapeutic strategies that would lower
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plasma oxLDL levels, including inhibition of oxLDL for-
mation and removal of oxLDL from the circulation, may
contribute to the prevention of atherosclerosis [29]. Anti-
oxidants reduce the generation of oxLDL and the extent of
atherosclerosis in experimental animal models. However,
the antiatherogenic effects of antioxidant therapy are con-
troversial because most clinical trials have yielded negative
results [96]. In recent years, several natural compounds that
inhibit LOX-1 have been identified, providing further
insight into LOX-1 regulation. These compounds include
tanshinone II-A [19], curcumin [97], berberine [98, 99],
epigallocatechin gallate (EGCG) [100], and resveratrol
[101]. We have previously demonstrated that tanshinone
II-A, the most abundant diterpene quinone isolated from
Salvia miltiorrhiza (Danshen), attenuates LDL oxidation
and macrophage foam cell formation in diet-induced
experimental atherosclerosis [102, 103]. Further observa-
tions indicate that tanshinone II-A inhibits oxLDL-induced
LOX-1 expression in macrophages and decreases foam cell
formation via ROS-NF-«B inhibitory effects [19]. There-
fore, it is conceivable that antioxidants may inhibit LOX-1
expression at least through two mechanisms: firstly,
reduction of the circulating oxLDL level, thus inactivating
the LOX-1 signaling pathway, and secondly, since, in
general, antioxidants have NF-xB inhibitory effects, anti-
oxidants may reduce transcription of LOX-1 by interfering
with NF-xB binding to the LOX-1 promoter.

Statins

Lowering LDL cholesterol by 3-hydroxy-3-methylglutaryl
coenzyme A reductase inhibitors (statins) prevents the
progression of atherosclerosis and decreases cardiovascular
mortality. Increasing evidence suggests that statins may
also enhance plaque stability. In EC, inhibition of LOX-1
by statins is associated with multiple antiatherosclerotic
effects, such as reduced uptake of oxLDL, decreased
apoptosis of EC, reduced monocyte-EC adhesion, upregu-
lation of eNOS, and inhibition of Ang-II-converting
enzyme (ACE) expression. LOX-1 mRNA expression in
monocytes is appreciably suppressed by lovastatin [10]. It
was also shown that simvastatin and atorvastatin inhibited
oxLDL-induced LOX-1 expression through increasing Akt
activity in HCAEC, which results in reduced binding
(uptake) of '*’I-oxLDL into HCAEC [41]. In addition,
pravastatin is reported to downregulate LOX-1 expression
in cultured human macrophages and SMC [104]. Likewise,
administration of rosuvastatin reduced the upregulation of
LOX-1 and AT;R and associated NADPH oxidase and
NF-xB activation in LDLR™~ mice [105]. However, it
remains unknown whether the inhibitory effect of statins
on LOX-1 is related to the statin-mediated, cholesterol-
lowering effect. Recent evidence suggests a previously

unrecognized role of membrane cholesterol in modulating
LOX-1 activity and suggests that statins protect vascular
endothelium against the adverse effects of oxLDL by dis-
ruption of membrane rafts and impairment of LOX-1
receptor function [106]. Taken together, these data suggest
that statins may exert their atheroprotective effects via
downregulating LOX-1 expression in vascular lesions,
extending the pleiotropic effects of statins.

Antihypertensive agents

Calcium channel blockers (CCB) and AT;R blockers
(ARB) limit the progression of atherosclerosis and decrease
the incidence of cardiovascular events [105]. Calcium
channel blockers that have inhibitory effects on LOX-1
include: nifedipine, which prevents the apoptosis of EC
induced by oxLDL via downregulation of LOX-1 and
inhibition of 32-kDa putative cysteine protease (CPP32)-
like protease activity [107]; amlodipine, which improves
endothelial function in Ang-II-infused rats, by inhibition of
oxidative stress and LOX-1 expression [108]; diltiazem,
which was reported to inhibit the apoptosis of SMC
exposed to high glucose [109]. As a mutually facilitatory
cross-talk exists between LOX-1 and AT,R [76], it is
conceivable that ARB can inhibit LOX-1 expression.
LOX-1 was upregulated by Ang-II in cultured HCAEC,
contributing to increased oxLDL uptake by EC. This
upregulation of LOX-1 was blocked by pre-treatment with
losartan [77]. Olmesartan was also reported to attenuate the
impairment of EC induced by oxLDL by downregulating
LOX-1 expression [110]. Therefore, LOX-1 may provide a
mechanistic link between hypertension and atherosclerosis.

Antiinflammatory drugs

Inflammation is critically involved in the pathogenesis of
atherosclerosis and plaque instability. In HCAEC, aspirin
(1-5 mM), but not indomethacin (0.25 mM), an non-
selective inhibitor of cyclooxygenase (COX) 1 and 2,
inhibited oxLDL-mediated LOX-1 expression and inter-
fered with the effects of oxLDL in intracellular signaling
(p38 activation) and subsequent MMP-1 expression/activ-
ity [111]. In acute myocardial ischemia, this could prevent
endothelial dysfunction and MMP-induced plaque desta-
bilization as well as complementing the platelet-inhibitory
effect of aspirin [111]. As NF-xB regulates the expression
of LOX-1 by binding to the LOX-1 gene promoter, it is
possible that antiinflammatory NF-xB inhibitors can down-
regulate LOX-1 expression. To date, established NF-«xB
inhibitors with demonstrated LOX-1 inhibitory effects
include pyrrolidine dithiocarbamate (PDTC) [67], N-acetyl-
L-cysteine (NAC) [53], caffeic acid phenethyl ester (CAPE)
[112] and tanshinone II-A [19].
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Antihyperglycemic agents

Three categories of antihyperglycemic drugs, including
sulfonyl urea (metformin), biguanide (gliclazide), and
peroxisome proliferator-activated receptor-y (PPAR-y)
agonists (thiazolidinediones, TZDs), have been widely
used for the management of type 2 diabetes mellitus. These
drugs demonstrate LOX-1 modulatory effects independent
of their hypoglycemic or insulin-sensitizing actions. In
chronic hyperglycemia seen in advanced diabetes mellitus,
glucose reacts with proteins to form AGEs. AGEs have
been identified as a ligand for LOX-1 and upregulate LOX-
1 expression in diabetes. In EC, metformin, which has
antioxidant and mTOR inhibitory effects, attenuates the
expression of both RAGE and LOX-1 induced by high
glucose or AGEs, possibly via inhibiting the ROS-NF-xB
signaling pathway and PI3K-mTORC2-Akt pathway
[80, 113]. Inhibition of LOX-1 by gliclazide [55] leads to
decreased MMP-9 expression and EC apoptosis. PPAR-y
ligands (i.e., 15d-PGJ,, pioglitazone, and troglitazone), not
PPAR-« ligands (i.e., Wy14643 and fenofibric acid) inhibit
TNF-z-induced LOX-1 expression in EC [114]. Intrigu-
ingly, LOX-1 is a novel PPAR-y target gene in adipocytes
[13]. Treatment of obese hyperglycemic animals with
PPAR-y agonists (rosiglitazone and ciglitazone) resulted in
a marked increase in adipose LOX-1 expression with a
concomitant increase in uptake of oxLDL and fatty acids,
as well as reduction of serum oxLDL level [13]. These data
suggest a novel role for PPAR-y, antidiabetic TZD ligands,
in controlling adipocyte cholesterol metabolism through
LOX-1 induction. However, TZDs also upregulate scav-
enger receptor CD36 [114], which complicates the
pharmacological effects of PPAR-y ligands in oxLDL
uptake and resultant foam cell formation.

Conclusions and future perspectives

Lectin-like oxLDL receptor-1 is a class E multiligand
scavenger receptor that is mainly upregulated by oxLDL in
vascular cells. This upregulation is inhibited by anti-LOX-
1 antibodies, suggesting that LOX-1 is activated by the
binding of oxLDL to LOX-1, which would further enhance
oxLDL uptake and the ensuing atherogenic events. This
constitutes a positive feedback loop of oxLDL and LOX-1
(Fig. 2). Recently, significant progress has been made in
elucidating LOX-1-mediated signaling pathways (Fig. 3).
However, there are still many questions that need to be
addressed, such as the role of LOX-1 in SMC-derived foam
cell formation and macrophage reverse cholesterol trans-
port (RCT), a specialized process that can remove excess
cholesterol from macrophage-derived foam cells present in
atherosclerotic plaques. Further research is warranted to
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characterize the significance of this receptor in regulating
human atherosclerosis. SLOX-1 and the LOX-1 index are
potentially valuable biomarkers for early diagnosis of
ACS. Further studies are required to demonstrate the
diagnostic value of both biomarkers in large-scale, ran-
domized clinical trials and the effect of interventions with
vasculoprotective drugs.

In light of the importance of oxLDL-LOX-1 signaling
pathway in the onset and progression of atherosclerosis,
antiatherogenic strategies that target oxLDL-LOX-1 inter-
action using small molecule inhibitors would be an exciting
and promising avenue in developing therapeutic agents to
alleviate the atherosclerotic process in humans. Therefore,
the LOX-1 receptor may represent an attractive therapeutic
target for the prevention and management of atheroscle-
rosis-related diseases. Further elucidation of signaling
pathways and novel functions of LOX-1 will definitely
advance our understanding of its role in the uptake of
oxLDL and the pathogenesis of atherosclerosis.
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