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Abstract The founding member of the lipoprotein receptor family, low-density lipoprotein receptor (LDLR) plays a major
role in the atherogenesis through the receptor-mediated endocytosis of LDL particles and regulation of cholesterol
homeostasis. Since the discovery of the LDLR, many other structurally and functionally related receptors have been
identified, which include low-density lipoprotein receptor-related protein (LRP)1, LRP5, LRP6, very low-density li-
poprotein receptor, and apolipoprotein E receptor 2. The scavenger receptor family members, on the other hand,
constitute a family of pattern recognition proteins that are structurally diverse and recognize a wide array of ligands,
including oxidized LDL. Among these are cluster of differentiation 36, scavenger receptor class B type I and lectin-
like oxidized low-density lipoprotein receptor-1. In addition to the initially assigned role as a mediator of the uptake
of macromolecules into the cell, a large number of studies in cultured cells and in in vivo animal models have
revealed that these lipoprotein receptors participate in signal transduction to modulate cellular functions. This re-
view highlights the signalling pathways by which these receptors influence the process of atherosclerosis develop-
ment, focusing on their roles in the vascular cells, such as macrophages, endothelial cells, smooth muscle cells, and
platelets. Human genetics of the receptors is also discussed to further provide the relevance to cardiovascular dis-
ease risks in humans. Further knowledge of the vascular biology of the lipoprotein receptors and their ligands will
potentially enhance our ability to harness the mechanism to develop novel prophylactic and therapeutic strategies
against cardiovascular diseases.
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1. Introduction

Atherosclerosis is the underlying process of cardiovascular and cerebro-
vascular diseases, which are leading causes of mortality and morbidity
worldwide.1 It is a chronic vascular disorder of large and medium-sized
arteries that progresses from fatty streaks in the early stage to advanced
lesions with complicated and unstable plaques prone to rupture resulting
in athero-thrombotic events.2–4 Researches encompassing several deca-
des have established that circulating lipoproteins and their receptors
play a major role in atherogenesis. The Nobel Prize winning work by
Goldstein and Brown revealed for the first time that the low-density li-
poprotein (LDL) receptor regulates cholesterol homeostasis by the
receptor-mediated endocytosis of LDL particles, and that the mutations
in the LDL receptor gene cause elevated serum LDL cholesterol and
coronary atherosclerosis in familial hypercholesterolaemia patients.5

Subsequent success of cholesterol-lowering statins and a discovery of
the scavenger receptors that bind to modified LDL and contribute to
foam cell formation in the atheroma further expanded the critical

importance of lipoproteins and their receptors in atherogenesis.5,6

Although elevations of circulating cholesterol carrying lipoproteins,
stemming from excessive dietary lipid intake and inadequate removal of
cholesterol in the liver, play a key causal role in atherosclerosis, it has be-
come increasingly apparent that dysfunction of vascular cells also con-
tributes to atherogenesis. These cells include monocytes/macrophages,
platelets, blood and lymphatic endothelium, and vascular smooth muscle
cells (SMCs).2 During the decades-long process, diverse events occur in
the vascular wall, including endothelial dysfunction, leucocyte/monocyte
adhesion and infiltration, lipid-laden foam cell formation, abnormal vas-
cular SMC growth, and platelet activation.2,7 Manifestation of endothelial
dysfunction is a relatively early occurrence that precedes clinical compli-
cations of atherosclerosis.8,9 Following activation of the innate immunity
response by proinflammatory cytokines and oxidized lipids, endothelial
cells upregulate adhesion molecules, provoking leucocyte-endothelial
cell adhesion, and recruitment of inflammatory cells into the lesions.10,11

Upon infiltration into the arterial wall, these inflammatory monocytes/
macrophages in turn generate oxidative stress and accumulate lipids,
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contributing to perpetuation of proinflammatory processes and foam
cell formation.12 In addition, there is an increasing recognition for a com-
plex role of vascular SMCs. Aberrant SMC proliferation, infiltration, and
transition to non-contractile phenotypes likely contribute to plaque pro-
gression.2,13 In the later stage, SMCs produce the extracellular matrix
which provides a stable fibrous cap, preventing a rupture of plaques.13

The plaque rupture further leads to exposure of prothrombotic factors
to activate platelets and thrombus formation, causing major cardiovascu-
lar episodes such as myocardial infarction (MI) and stroke.

Since the early discovery of the LDL receptor, many other related
receptors that bind to native or modified lipoproteins have been identi-
fied. In addition to the initially assigned role as cholesterol transporters,
these LDL receptor-related proteins have a wide range of additional
functions that influence diverse physiological and pathological processes,
including embryonic development, inflammation, haemodynamics,
thrombosis, neointima hyperplasia, and atherosclerosis.14–18 This review
will focus on the LDL-receptor family members, low-density lipoprotein
receptor-related protein (LRP)1, LRP5, LRP6, apolipoprotein E receptor
2 (ApoER2 or LRP8), very-low density lipoprotein receptor (VLDLR),
and the scavenger receptor family members, cluster of differentiation 36
(CD36), scavenger receptor class B type I (SR-BI), and lectin-like oxi-
dized low-density lipoprotein receptor-1 (LOX-1). It will provide a con-
cise view on how these lipoprotein receptors influence atherosclerosis
progression through a network of signal transduction pathways in the
vascular cells. There are multiple additional receptors and binding pro-
teins for lipoproteins and lipids that also play key roles in atherosclerosis
and cardiovascular diseases. The scavenger receptor-A (SR-A), also
known as the macrophage scavenger receptor or CD204, has major
functions in lipid metabolism and atherogenesis through its interaction
with a diverse array of ligands, including oxidized LDL and advanced gly-
cation end-product modified proteins.5,6,19–21 Various proteoglycans
also bind to LDL, and they are abundantly expressed in human athero-
sclerotic lesions.22,23 Both chondroitin sulfate proteoglycans and heparin
sulfate proteoglycans, including versican and perlecan, have been shown
to contribute to development of atherosclerosis in hyperlipidaemic
mouse models.24–26 A group of receptors that binds to lipid molecules
such as sphingosines and ceramides also mediates cellular signalling to in-
fluence the process of atherogenesis and other vascular disorders.27–30

A number of excellent reviews provide the updates on functions of these
molecules related to atherosclerosis.

2. Low-density lipoprotein receptor
family members

The LDL receptor family consists of multiple structurally related trans-
membrane proteins that participate in a wide range of biological pro-
cesses, including lipid metabolism, brain development, nutrients delivery,
thrombosis, and atherogenesis. These receptors share common struc-
tural features, with a large extracellular domain with ligand-binding
motifs, a single transmembrane domain, and a cytoplasmic tail with multi-
ple adaptor-binding sites16 (Figure 1, Table 1). Whereas the role of the
LDL receptors is likely limited to lipid metabolism, growing evidence
indicates that the other members of the family have additional functions
as signal transducing receptors.

2.1 Lipoprotein receptor-related protein 1
The low-density lipoprotein receptor-related protein 1 (LRP1) consists
of a 515 kDa heavy chain containing four clusters of ligand binding

domains and a non-covalently associated 85 kDa light chain containing
EGF-like repeats, YWTD b-propeller domains, a transmembrane, and in-
tracellular cytoplasmic domain (ICD)16,71 (Figure 1). LRP1 was initially
cloned as a protein with multiple LDL receptor type A repeats, which
mediates chylomicron remnant uptake.72,73 It was also identified as a re-
ceptor in the liver responsible for catabolism of a2-macroglobulin-pro-
teinase complexes.74,75 To date, LRP1 is known to bind to more than 40
distinct ligands that are structurally unrelated.

LRP1 is expressed in multiple cell types including hepatocytes, vascu-
lar SMCs, neurons, macrophages, fibroblasts, and endothelial cells.71

LRP1 in the liver cooperates with the LDL receptor in the endocytosis
and clearance of cholesterol-rich chylomicron remnants from the circu-
lation. However, the large number and functionally diverse ligands for
LRP1 and the embryonic lethality in global LRP1-/- mice suggest that
LRP1 is essential in various physiological and pathological processes in
addition to lipid metabolism.31–34,46,47,76–83 First, LRP1 acts as an endo-
cytic receptor for extracellular ligands, which escorts the ligands to lyso-
somes for degradation. Several extracellular molecules involved in
signalling pathways have been identified to bind to LRP1, and LRP1 mod-
ulates these pathways by facilitating the removal of the ligand from cell
surface. Second, in some cell types, upon binding to a ligand LRP1 ini-
tiates a signal transduction through the recruitment of adaptor proteins
to its ICD of the receptor. For example, tissue-type plasminogen activa-
tor stimulates the N-methyl-D-aspartate receptor cascade via an LRP1-
mediated interaction with the adaptor protein postsynaptic density pro-
tein 95.84 Third, LRP1 is known to undergo a regulated intramembrane
proteolysis in which shedding of the LRP1 generates a substrate for
c-secretase-mediated cleavage, releasing the ICD of LRP1. The ICD do-
main then translocates to the nucleus to modulate gene expression.85,86

Furthermore, genome-wide association studies (GWAS) in humans
have revealed that LRP1 gene represents a susceptibility locus for
elevated plasma lipid, coronary heart disease, and abdominal aortic
aneurysms.87–89

2.1.1 SMC LRP1
Under pathological conditions, SMCs are induced to proliferate and mi-
grate, contributing to the development of atherosclerosis and resteno-
sis.2,13 Platelet-derived growth factor (PDGF) is a potent mitogen for
SMCs and numerous studies have revealed a critical role for this pathway
in atherosclerosis and neointima formation.90–93 PDGF binding to PDGF
receptor b (PDGFRb), a tyrosine kinase receptor, initiates a signalling
pathway that promotes SMC growth and migration, and LRP1 has been
shown to potently suppress the process.31–33,35–37 This was initially dem-
onstrated by Boucher et al. using mice with SMC-specific deletion of
LRP1 (smLRP1-/-) on hypercholesterolaemic LDLR-/- background.31 The
study found that smLRP1-/-;LDLR-/- mice were more susceptible to ath-
erosclerosis compare to LDLR-/- mice, and that these mice showed
upregulation of PDGFRb expression and the downstream signalling,
leading to excessive proliferation of vascular SMCs and markedly en-
larged aortas. These effects were inhibited by a treatment of the mice
with Gleevec (Imatinib Mesylate), an inhibitor of tyrosine kinases includ-
ing the PDGFRb. These studies revealed that LRP1 in SMCs plays a ma-
jor role in protecting the integrity of the vascular wall and reducing
atherosclerosis by suppressing PDGFRb activation. Mechanistically,
LRP1 modulates PDGF signalling through recruitment of various adaptor
molecules to its ICD. Upon activation of PDGFRb, LRP1 is tyrosine
phosphorylated at NPxY motif within the ICD, which creates a docking
site for phosphotyrosine-binding domain and Src homology 2 domain

Lipoprotein receptor signalling in atherosclerosis 1255



Figure 1 Structure and function of LDL receptor family members, LRP1, LRP5/6, ApoER2, and VLDLR in atherosclerosis. LRP1, LRP5/6, ApoER2, and
VLDLR belong to the LDL receptor family that shares common structural features, with a large extracellular domain with ligand-binding motifs, EGF-like
repeats, and YWTD b-propeller domains, a single transmembrane domain, and a cytoplasmic tail with multiple adaptor-binding sites. LRP1 in vascular
smooth muscle cells and macrophages shows a potent protective role against atherosclerosis. LRP5 and LRP6, the coreceptors for the Wnts signalling re-
ceptor Frizzled, also exert anti-atherogenic actions in smooth muscle cells and macrophages. ApoER2 and VLDLR, which does not play a major role in sys-
temic lipid homeostasis, have both anti-and pro-atherosclerotic actions. ApoE binding to ApoER2 in vascular cells leads to decreased inflammation and
platelet activation, whereas reelin binding to the receptor causes opposite effects.
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containing adaptor proteins.36,38,39 One such protein is SHP-2, a tyrosine
phosphatase that is required for activation of the extracellular signal-
regulated kinase (ERK) pathway by PDGFR.94 SHP-2 binds with high af-
finity to the phosphorylated form of the LRP1-ICD and its association
with LRP1 seems to attenuate PDGF-mediated signalling events.39

Another study found that LRP1-ICD can associate with c-Cbl, a ubiquitin
E3-ligase that regulates turnover of receptor tyrosine kinases such as
PDGFRb, and that LRP1 deficiency in mouse fibroblasts results in an ac-
celerated turnover of PDGFRb, suggesting a role of LRP1 as an anchor
protein that controls the traffic of PDGFRb from the cell surface to intra-
cellular compartments.40 However, whether or how these molecular
mechanisms contribute to the anti-atheroprotective action of LRP1
in vivo is yet to be elucidated.

In addition to atherogenesis, studies in mice with genetic modifications
revealed that LRP1 expressed in SMCs plays a protective role against an-
eurysm formation.31,33–35 In healthy arteries, SMCs maintain a contractile
phenotype, which allows them to contract in response to changes in vas-
cular pulse pressure. Disruptions of SMC contractile function, which
switch the cells to a synthetic phenotype, are known to predispose the
aorta to aneurysms.95,96 SmLRP1-/- mice have exaggerated aortic dilata-
tion that is attributed to extensive disruption of elastic lamina with nu-
merous breaks.31,34 Histological analyses of the aortic vessel wall
demonstrated that SMCs from smLRP1-/- mice have appearance of a syn-
thetic phenotype, containing more synthetic organelles and fewer focal
adhesions, compared to those from control mice.34 This effect is unlikely
to arise from excessive PDGF signalling, as the PDGF signalling pathway
is not upregulated in smLRP1-/- mice in the absence of LDLR defi-
ciency.34 Multiple potential mechanisms by which LRP1 regulates SMC
phenotype-switching are proposed. First, the extensive disruption of the
elastic lamina in smLRP1-/- mice seems to be resulted from excessive ex-
pression of several proteases. One of these proteases, high-temperature
requirement factor A1 (HtrA1), is an LRP1 ligand and it was detected in
excess in the aortic wall of smLRP1-/- mice.34 In addition to HtrA1, in-
creased expression of metalloproteinases, including MMP-9, MMP-2 and
membrane associated type 1-matrix metalloproteinase, was also found
in the vessel wall of smLRP1-/- mice.41,42 Degradation of extracellular
matrix proteins and elastic fibres by these proteases may contribute to
the development of aneurysms in the mouse model. Secondly, an in-
creased matrix deposition in the vessel walls observed in smLRP1-/- mice
may be due to excessive connective tissue growth factor accumula-
tion.31,32,34 Connective tissue growth factor is a secreted matricellular
protein that is a key mediator of fibrosis and plays an important role in
vascular development.43 Together, these studies highlight the important
role for LRP1 in vascular homeostasis, in which it protects the integrity
and function of elastic lamina by regulating protease activity, as well as
the pathways involved in vascular extracellular matrix deposition.
A small study conducted on human tissues revealed that LRP1 expres-
sion was significantly attenuated in abdominal aortic tissues with aneur-
ysms, compared with normal aortic tissue.44,71

In addition to atherogenesis and aneurysm, LRP1 in SMCs is also impli-
cated in development of pulmonary arterial hypertension (PAH) through
modulation of TGFb signalling that is known to regulate vascular remod-
elling.97–99 PAH is characterized by remodelling of pulmonary arterioles,
leading to increased vascular resistance, right ventricular hypertrophy,
and heart failure. SMC proliferation, deposition of extracellular matrix,
and vascular remodelling are hallmarks of PAH. A recent study by
Calvier et al. has demonstrated that smLRP1-/- mice display exaggerated
TGFb1 signalling in SMCs and that these mice develop spontaneous
PAH.45 Earlier studies in vivo and in cultured cells showed that LRP1

directly interacts with TGFb, and that the lipoprotein receptor is re-
quired for growth inhibition by TGFb.33,81,100 Furthermore, in pulmo-
nary artery SMCs derived from PAH patients LRP1 protein expression
was downregulated, which was associated with enhanced TGFb1
signalling.45

2.1.2 Macrophage LRP1
Lipoprotein receptors in macrophages are generally implicated in pro-
motion of foam cell formation and vascular inflammation.2,10 However,
macrophage LRP1 has been shown to exert atheroprotective effects. Hu
et al.46 reported that mice with selective deletion of LRP1 in macro-
phages (macLRP1-/-) on apoE-/- and LDLR-/- background display an in-
crease in total atherosclerotic lesion area with a higher prevalence of
advanced lesions. Another study also found that LDLR-/- mice receiving
bone marrow transplantation from macLRP1-/- mice fed on high-fat diet
have an increased lipid deposition and macrophage infiltration in the
aorta compared to those receiving control bone marrow.47,48

Macrophages from macLRP1-/- mice showed an elevated production of
proinflammatory markers, such as macrophage chemoattractant
protein-1 (MCP1) and tumour necrosis factor a (TNFa).47,48 Increased
production of TNFa by lipopolysaccharides (LPS) treatment was also
observed in macrophages isolated from mice carrying a knock-in muta-
tion in the LRP1-ICD, revealing that interaction with adaptor molecules
via LRP1-ICD may be important for this activity.49 A potential mecha-
nism in macrophages by which LRP1 influences the inflammatory re-
sponse may be through transcriptional regulation of inflammatory genes.
In cultured macrophages, it has been shown that inflammatory media-
tors, such as LPS and interferon-c, can induce the LRP1 shedding and re-
lease of LRP1-ICD from the plasma membrane, which translocates to
the nucleus where it suppresses activation of the genes responsive to in-
flammatory stimuli.85,86

These studies in cultured cells and in genetically modified mice collec-
tively point to a strong protective role of LRP1 in SMCs and macro-
phages against development of multiple vascular disorders.

2.2 LRP5 and LRP6
LRP5 and LRP6 are closely related type I membrane proteins, and their
extracellular domains are comprised of LDLR type A repeats, EGF-like
domain, and YWTD-type b-propeller domain101,102 (Figure 1). These
receptors act as coreceptors for the frizzled, the seven-transmembrane
receptors for Wnts.103,104 The Wnt signalling pathway is a ubiquitous
signalling cascade that regulates a wide range of physiologic processes,
and aberrant Wnt signalling has been implicated in cancer, developmen-
tal disorders, pulmonary diseases, renal disorders, and cardiovascular dis-
eases in humans.105–107 In the canonical Wnt pathway, Wnt ligands bind
to the frizzled receptor and LRP5/6 coreceptors, resulting in formation
of multiprotein complexes in the plasma membrane which contain axin
and GSK3b.108–111 The complex formation promotes stabilization of b-
catenin and its translocation into the nucleus, where it regulates tran-
scription of various genes.53,109,110,112,113

2.2.1 Lipoprotein receptor-related protein 6
LRP6 gene maps to human chromosome 12p11-p13, which translates to
the transmembrane protein containing 1613 amino acid residues.101

Importance of LRP6 in atherogenesis came to light by a discovery of a
missense mutation in LRP6 gene in humans.114 The index patient pre-
sented with MI at 48 years of age with a history of hypertension, hyperli-
pidaemia, and diabetes without obesity. The mutation resulted in
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substitution of cysteine for arginine at the amino acid 611 in the second
EGF-like domain (LRP6-R611C), and it cosegregated with the metabolic
phenotypes. The crystal structure of LRP6 revealed that this substitution
disrupts a salt bridge between arginine at 611 and glutamate at 477 in the
E2 propeller domain, altering the relative orientation between YWTD
and the EGF domains.115 Through screening of individuals with early on-
set familial coronary artery disease and metabolic syndrome, three addi-
tional mutations in LRP6 gene were identified, which cosegregated with
the metabolic traits in the kindred of the affected subjects.116 All three
mutations reside in the second propeller domain responsible for ligand
binding. Patients with the LRP6-R611C mutation had extremely high lev-
els of plasma cholesterol,114 and common variants in LRP6 gene have
also been linked to a mild increase of plasma LDL cholesterol in the gen-
eral population.117 Thus the function of LRP6 in LDL clearance was in-
vestigated in cells expressing wild-type LRP6 or LRP6-R611C mutant.118

Overexpression of the mutant receptor resulted in lower LDL uptake,
compared to the wild-type receptor. Similarly LDL uptake in lympho-
cytes isolated from heterozygote R611C mutation carriers was signifi-
cantly lower compared to those from unaffected family members.118 In
cells expressing wild-type LRP6, the receptor was mainly localized at the
cell surface and early endocytic compartments. In contrast, LRP6-R611C
mutant cells had reduced cell surface expression with marked accumula-
tion of the receptor in late endocytic compartments.118 Further exami-
nations also revealed a lower rate of LDL/apoB dissociation from LRP6-
R611C at an acidic pH, compared to wild-type receptor. These studies
suggest that LRP6 may serve as a receptor for LDL endocytosis for LDL
clearance in the liver.

In addition to its role in the lipid metabolism, an athero-protective
function of LRP6 has been demonstrated in SMCs through suppression
of PDGF signalling. In human atherosclerotic coronary arteries, colocali-
zation of LRP6 expression with PDGFRb was detected in the subintimal
layers.50 In cultured SMCs, the antiproliferative effect of LRP6 was asso-
ciated with decrease in PDGF-induced activation of ERK1/2 and JAK1/
STAT1 pathway, and these inhibitory effects on PDGF signalling were
not observed in SMCs expressing LRP6-R611C mutant.50 In vivo studies
in the knock-in mice harbouring LRP6-R611C mutation showed that the
mutant mice have medial hyperplasia, and that the effect was further aug-
mented by an arterial injury, resulting in partial to total vascular obstruc-
tion.51 Furthermore, LRP6-R611C mice on LDLR-/- background fed
high-cholesterol diet displayed markedly increased arterial neointima
formation and an accelerated atherosclerosis. Enhanced expressions of
PDGFR and PDGF ligands were detected in the aortic media and in
SMCs in the knock-in mice, compared with wild-type controls.
Mechanistically, excessive PDGF signalling in LRP-R611C mice has been
linked to activation of non-canonical Wnt signalling and upregulation of
Sp1, a transcription factor known to target PDGF and PDGFRb gene ex-
pression.51 Another mechanism has been also proposed in cultured
SMCs that LRP6 suppresses PDGF-induced SMC proliferation through
promotion of lysosome degradation of PDGFRb.50 These findings sug-
gest that LRP6 serves as a negative regulator of PDGF-dependent SMC
proliferation and that a loss of the function may contribute to develop-
ment of atherosclerosis in humans with the LRP6 mutation. A specific
role of SMC LRP6 in atherogenesis was further investigated in a study us-
ing mice lacking LRP6 selectively in SMCs.52 Compared to control
LRP6fl/fl mice on LDLR-/- background, mice lacking LRP6 selectively in
vascular SMCs (LRP6fl/fl; SM22-Cre; LDLR-/-, designated LRP6-VKO) on
atherogenic diet exhibited increased osteochondrogenic calcification
and arterial stiffening without affecting plasma lipid profiles. Vascular cal-
cification paralleled upregulation of aortic osteochondrogenic programs

and circulating osteopontin, a matricellular regulator of arteriosclerosis.
In LRP6-VKO mice multiple canonical and non-canonical Wnt ligands
along with Frizzled 10, a receptor for non-canonical Wnt signalling, were
upregulated in aortas. Mechanistically, the study proposed that LRP6
suppresses non-canonical Wnt signalling that drives vascular SMC osteo-
chondrogenic programs through a pathway involving upstream stimula-
tory factor 1 and protein arginine methylation. In summary, the strong
proatherogenic phenotypes in humans with the LRP6 gene variation and
in the genetic loss-of-function mouse models indicate that LRP6 provides
a key protection against dyslipidaemia and atherosclerosis.

2.2.2 Lipoprotein receptor-related protein 5
LRP5 gene is located on chromosome 11q12-13, and it encodes 1615
amino acid protein, which is 71% homologous to LRP6.119

Polymorphisms of LRP5 gene have been associated with a variety of hu-
man diseases, including osteoporosis, obesity, and diabetes.119–123 LRP5
is widely expressed in multiple tissues, including the liver, where the re-
ceptor is implicated in LDL and chylomicron clearance.54,124 In human
atherosclerotic lesions, LRP5 has been detected in endothelial cells, vas-
cular SMC, monocytes, and macrophages.53 Studies in cultured human
macrophages showed that treatment with aggregated LDL, a mimic of
modified LDL, increases LRP5 expression, resulting in upregulation of
Wnt pathway proteins, including b-catenin and its downstream targets,
and that silencing LRP5 by siRNA attenuates macrophage migration.53

Involvement of LRP5 in atherosclerosis has been further demonstrated
in mice deficient in LRP5 globally (LRP5-/-).54 These mice fed high-
cholesterol diet displayed downregulation of b-catenin in the aorta
compared to wild-type mice, indicating that LRP5 is required for Wnt
signalling activation in the vascular wall. Compare to control mice on
high-cholesterol diet, LRP5-/- mice displayed increased plasma choles-
terol levels and enhanced formation of atherosclerotic lesions, with
elevated levels of circulating inflammatory cytokines and macrophage in-
filtration in the aorta. In sum, LRP5 deficiency and resulting downregula-
tion of Wnt pathway contributes to exaggeration atherosclerosis, likely
due to hypercholesterolaemia, systemic, or local inflammation and mac-
rophage migration in the arterial wall.

2.3 ApoER2 and VLDLR
ApoER2, also known as LRP8, and its closely related receptor VLDLR
belong to LDL receptor family, and they share common structural fea-
tures with other members, with a large extracellular domain containing
ligand-binding motifs, a single transmembrane domain, and a cytoplasmic
tail with multiple adaptor-binding sites16 (Figure 1). However, unlike
other members of the family, which play a major role in maintaining lipid
homeostasis by mediating internalization of lipoproteins, ApoER2 or
VLDLR does not contribute to the lipid metabolism. Global deletion of
ApoER2 or VLDLR gene in mice did not result in alterations of plasma
lipid profiles.55,125 Instead, earlier works established the receptors as a
signalling receptor for reelin, and they showed that the ligand–receptor
complex is critically involved in neuronal migration during brain develop-
ment.126–128 In the neuronal cells, reelin binding to ApoER2 or VLDLR
initiates recruitment of its adaptor Disabled-1 (Dab-1) to the cytoplas-
mic NPxY motif, which in turn activates a series of kinases to regulate
cellular function required for normal brain development.126–128

Subsequently it has become apparent that ApoER2 is abundantly
expressed in cells in the circulation and in the vascular walls,
including platelets, monocytes/macrophages, endothelial cells, and
SMCs.55,57,60,129–132 Similar to the other members of the LDLR, ApoER2
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binds to discreet sets of ligands, including reelin, apolipoprotein E (apo
E), activated protein C, and b2 glycoprotein I.55,56,126,131,132 Studies in
both cultured cells and in mouse models have revealed that ApoER2 in
the vascular cells has critical functions in regulation of coagulation, neoin-
tima hyperplasia, and atherosclerosis. In humans, GWAS have linked
polymorphisms of ApoER2 gene to premature coronary artery disease
and MI.133–136 In particular, homozygous carriers of the ApoER2-R952Q
variant have a two-fold increased risk of these conditions.133,135,136

2.3.1 Endothelial cell ApoER2
Reelin is an extracellular matrix glycoprotein that was originally found in
the developing brain where it is secreted by Cajal–Retzius neurons, and
reelin binding to ApoER2 and VLDLR in the neuron is required for nor-
mal brain development and neuronal survival in the adult brain.137

Further studies found that reelin is also abundantly present in the circula-
tion and in the hepatic stellate cells.138 Extraneuronal actions of reelin
have been initially reported, which include promotion of platelet spread-
ing, thrombin generation, and clot formation.139 A proatherogenic func-
tion of reelin-ApoER2 tandem has been recently revealed.56 Using
hyperlipidaemic LDLR-/- mice with inducible deletion of reelin either
ubiquitously or selectively in the liver, the study demonstrated that these
mice lacking circulating reelin have attenuated atherosclerosis progres-
sion. In the atherosclerotic lesion, reelin deficient mice showed reduced
macrophage infiltration and endothelial inflammation, with lower expres-
sion of adhesion molecules vascular cell adhesion molecule-1 (VCAM-1)
and intercellular adhesion molecule-1 (ICAM-1). Analysis by intravital
microscopy further confirmed decreased leucocyte-endothelial interac-
tion in the reelin-deficient mice in vivo. Mechanistically, the study in cul-
tured human endothelial cells showed that reelin treatment increases
expression of ICAM-1, VCAM-1, and E-selectin by suppressing endothe-
lial nitric oxide synthase (eNOS) activity and increasing NF-kB activity in
an ApoER2-dependent manner.

ApoER2 in endothelial cells also binds to apolipoprotein E (apoE), and
in contrast to reelin, interaction with apoE3, a common apoE allele in
humans, with the receptor has been shown to result in anti-atherogenic
actions.55 In humans, cardiovascular disease risk is modified by genetic
variants of apoE. Compared with the most common allele apoE3, individ-
uals with apoE4 allele have an increased risk of atherosclerosis and coro-
nary heart disease.140,141 An ApoER2 variant ApoER2-R952Q, which is
associated with early onset of MI, also has an additive effect with apoE4,
with the combined genotype R952Q/E4 showing a 3.9-fold greater sus-
ceptibility to cardiovascular disease.133 Ulrich et al.55 demonstrated that
in endothelial cells apoE3 binding to ApoER2 stimulates eNOS and en-
dothelial cell migration, and that it also attenuates monocyte-endothelial
cell interaction. Interestingly, apoE4 did not alter eNOS activation, endo-
thelial migration or monocyte-endothelial interaction; instead it antago-
nized apoE3-ApoER2 actions. Reconstitution experiments in culture
further revealed that ApoER2-R952Q is incapable of mediating apoE3
actions, and in vivo studies further indicated that endothelial repair fol-
lowed by arterial injury is attenuated by deletion of ApoER2 or overex-
pression of apoE4. Furthermore, in a model of neointima formation
invoked by carotid artery endothelial denudation, ApoER2-/- mice dis-
played exaggerated neointima hyperplasia.55 Thus, the apoE3-ApoER2
tandem promotes endothelial NO production, endothelial repair, and
endothelial anti-inflammatory properties, and it prevents neointima for-
mation. These findings collectively indicate that ApoER2 in endothelium
exerts ligand-dependent signalling that influences the processes related
to atherogenesis.

2.3.2 Macrophage ApoER2
A role of macrophage ApoER2 in atherosclerosis development has been
implicated in a study using mice with global ApoER2 deficiency.57

ApoER2-/- mice on hypercholesterolaemic LDLR-/- background showed
accelerated atherosclerosis with more complex lesions and extensive
necrosis cores compared to single LDLR-/- mice. The atherosclerotic pla-
ques of the double knockout mice contained higher numbers of macro-
phages expressing the pro-apoptotic phospho-p53. In vitro studies using
cultured mouse primary macrophages or cell lines showed that oxidized
LDL (oxLDL) treatment induces more lipid accumulation and cell death
in ApoER2-deficient cells, compared with control cells.57 Furthermore,
ApoER2-null macrophages displayed attenuated Akt activation, in-
creased levels of the phospho-p53 and increased activation of peroxi-
some proliferator-activated receptor c (PPARc). Additional anti-
atherogenic mechanisms of macrophage ApoER2 have been found in
studies using cultured macrophages.58 One study showed that treatment
with reelin or human apoE3 upregulates ABCA1 mRNA and protein lev-
els, which was associated with increased apoAI-mediated cholesterol ef-
flux. It further demonstrated that the upregulation of ABCA1 requires
ApoER2 and Dab-1, and that pharmacological or genetic inhibitions of
PI3 kinase, Protein Kinase Cf and Sp1 DNA binding abrogates the effect
on ABCA1.58 Another study using cultured mouse macrophages over-
expressing human ApoER2 demonstrated that apoE treatment pro-
motes conversion into anti-inflammatory M2 phenotypes with reduced
NFkB activation, cell motility and proinflammatory cytokine produc-
tion.59 These effects of apoE on macrophage polarization were inhibited
by inhibitors of Src family kinases or p38 MAP kinase. These studies sug-
gest an anti-atherogenic function of ApoER2 in macrophages, likely
through promotion of cholesterol efflux, prevention of apoptosis, and/
or conversion to anti-inflammatory phenotypes.

2.3.3 Platelet ApoER2
Three splice variants of ApoER2 are expressed in platelets,61,62 and in
isolated human platelets, lipidated apoE has been shown to attenuate
agonist-induced platelet activation by stimulating intracellular NOS and
cGMP likely through ApoER2.60–63 Studies by Robertson et al.64 also
showed that platelets isolated from ApoER2þ/- or ApoER2-/- mice had
reduced activation in response to ADP or thrombin, compared to those
from wild-type mice. Ex vivo treatment of the isolated wild-type mouse
platelets with lipidated apoE inhibited the platelet activation and this ef-
fect was markedly attenuated in ApoER2-/- mouse platelets. In vivo, both
ApoER2þ/- and ApoER2-/- mice demonstrated increased time for vessel
occlusion in response to vascular injury; however, significantly smaller in-
crease in occlusion time was observed in homozygous ApoER2-/- mice
compared to ApoER2þ/-. These in vivo and ex vivo studies suggest that
platelet ApoER2 may play two conflicting functions, one as a receptor
that augments platelet activation by agonists and the other as a mediator
for inhibitory actions of apoE3 on platelets.

2.3.4 Very-low density lipoprotein receptor
As mentioned above, global deletion of the VLDLR gene in mice did not
alter the plasma lipoprotein profiles, indicating VLDLR has a minimum
contribution to regulation of systemic lipid metabolism.125 However,
when crossed with LDLR-/- mice, lack of the VLDLR resulted in an in-
crease in serum triglyceride levels on a high-fat diet or after prolonged
fasting, suggesting that the VLDLR may be involved in peripheral triglyc-
eride uptake.142,143 Furthermore, VLDLR-/- mice fed a high-fat diet or
placed on ob/ob background showed decreased weight gain, possibly
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due to a reduction in whole-body free fatty acid uptake.144 These studies
suggest that VLDLR may contribute to delivery of triglyceride or free
fatty acid to peripheral cells.

A role of VLDLR in atherosclerotic process is yet to be clarified.
Abundant VLDLR expression was observed in endothelial cells on
capillaries and small arteries as well as in coronary arteries, but it was
minimally detected in aortic endothelium.145 The receptor was also
expressed in neointimal SMCs and macrophage-derived foam cells in the
lesion.65–68 When placed on LDLR-/- background, VLDLR deficiency
alone or in combination with selective overexpression of VLDLR in en-
dothelium had minimum impact on atherosclerotic development com-
pared to LDLR-/- mice.69 In contrast, VLDLR-/- mice displayed increased
intimal thickening induced by vascular injury, indicating that VLDLR in
SMC likely has a protective role against neointima hyperplasia.69 In mac-
rophages, both pro- and anti-atherogenic roles of VLDLR have been
reported. Transplantation of VLDLRþ/þ macrophages into VLDLR-/-

mice accelerated the development of atherosclerotic lesions, suggesting
a pro-atherogenic role of macrophage VLDLR.70 In contrast, studies in
cultured macrophages have demonstrated that activation of VLDLR by
reelin or ApoE3 increases ABCA1 transporter expression to promote
macrophage cholesterol efflux.58 In addition, the suppression of anti-
inflammatory M2 phenotype was observed in bone marrow macro-
phages derived from VLDLR-/- mice but not wild-type or LDLR-/- mice,
and treatment with ApoE promoted conversion of cultured macro-
phages from pro-inflammatory M1 to M2 phenotype through a process
dependent on p38MAPK and Src family kinase.59 Collectively, these
observations in the experimental models suggest that the proathero-
genic effect of VLDLR arising from the lipid uptake function may be
counter-balanced by their antiatherogenic effects, such as elevation of
ABCA1 transporter and conversion into an anti-inflammatory
phenotype.

In humans, a few genetic variants of VLDLR have been reported that
are associated with lipid traits and cardiovascular disease risk.146–148

One variant (rs1454626) located in the 5’ flanking region of VLDLR was
associated with coronary artery disease, BMI, and levels of LDL-
associated apolipoprotein B.147 The study also identified receptor–ligand
genetic interactions between the common VLDLR SNP and an apoE ge-
notype for predicting coronary artery disease case status. More recently,
another association signal was located in the intron of VLDLR; minor A
allele of rs3780181 was associated with increased plasma total choles-
terol and LDL-associated cholesterol.146,148 Using a functional genetic
approach, the study demonstrated that deletion of the intronic enhancer
domain containing the risk allele affects VLDLR expression, potentially
influencing the circulating levels of total cholesterol.148

3. Scavenger receptor family
members

The scavenger receptors belong to a large family of pattern recognition
receptors, which show capacity to interact with a wide range of ligands,
and they are expressed in many cell types related to lipid metabolism
and atherogenesis, including hepatocytes, macrophages, endothelial
cells, SMCs, and platelets.149,150 Interacting with the circulating native or
modified lipoproteins, such as oxLDL, these receptors modulate vascu-
lar inflammation, lipid accumulation, and plaque formation (Figure 2,
Table 2).

3.1 Cluster of differentiation 36
CD36 (also referred as SR-B2) belongs to the class B scavenger receptor
family, and it is highly expressed in vascular and hematopoietic cells, in-
cluding vascular SMCs, endothelial cells, macrophages, and plate-
lets.166,167,214 CD36 has two short N- and C-terminal cytoplasmic tails,
two transmembrane domains, and a large extracellular domain that is
heavily glycosylated166,214 (Figure 2). A homology modelling based on
published extracellular structure of the related protein Lysosomal
Integral Membrane Protein II (LIMP-II) indicates that there are distinct
hydrophobic pockets potentially responsible for lipid recognition and
fatty acid trafficking.215 Through discrete sites on the extracellular loop,
CD36 interacts with multiple ligands, including oxidized phospholipid
(oxPCCD36),

216 free fatty acids,217 the matricellular protein thrombo-
spondins (TSP),160 and proteins containing the thrombospondin type 1
repeat (TSR) domain218 and cell-derived microparticles.219 CD36 has at
least three well-established, cell-type specific functions. First, it serves as
a membrane receptor for TSP in endothelium to modify cellular func-
tions, such as angiogenesis.160 Second, CD36 facilitates translocation of
free fatty acids from the extracellular milieu into the cytoplasm, mainly in
adipocytes and myocardium.217,220 Third, it functions as a scavenger re-
ceptor that recognizes and internalizes specific exogenous and endoge-
nous danger signals, including modified LDL and HDL.166,167,214 This
function plays a pivotal role in the pathogenesis of atherosclerosis, by
promoting endothelial dysfunction, macrophage foam cell formation,
vascular inflammation, and atherothrombosis.

3.1.1 Macrophage CD36
Under hyperlipidaemic condition, cholesterol derived from LDL par-
ticles accumulates in the subendothelial space in the vascular wall and
triggers inflammation, leading to foam cell formation.2,12 Numerous stud-
ies in cultured cells and in mouse models have shown that CD36 plays a
major part in the process through multiple mechanisms. First, in re-
sponse to oxLDL CD36 promoted lipid accumulation in cultured macro-
phages, and CD36 deficiency in mice (CD36-/-) was associated with
attenuated foam cell formation and protection from atherosclero-
sis.151,152 However, the in vivo consequence of CD36 deletion in foam
cell formation and atherogenesis in mice has been disputed by another
study, which did not find significant reduction in foam cell formation or
atherosclerosis.153 Secondly, CD36 has been shown to promote a pro-
inflammatory process in macrophages by oxLDL internalization and sub-
sequent conversion into cholesterol crystals, potent inducers of the
NLRP3 inflammasome, and production of proinflammatory cytokine
Interleukin 1b (IL-1b).154 Third, CD36 promotes macrophage dysfunc-
tion by initiating a signalling pathway in macrophages in response to
oxLDL. Park et al.155 revealed that CD36 mediates oxLDL-induced inhi-
bition of macrophage spreading and migration via sustained activation of
focal adhesion kinase and inactivation of Src homology 2-containing
phosphotyrosine phosphatase (SHP-2), leading to disruption of actin cy-
toskeletal rearrangements. Another study showed that oxLDL-CD36
signalling leads to a loss of macrophage cellular polarity due to dysregula-
tion of Rac and non-muscle myosin II, key determinants of cellular sym-
metry and lamellipodia formation.156 Additionally, a mechanism in
macrophages has been reported that involves CD36-mediated activation
of Vav family guanine nucleotide exchange factors.157,158 Vav is highly
regulated by Src-mediated tyrosine phosphorylation and it acts as a cen-
tral signalling hub to several signalling pathways,159 and CD36 has been
shown to activate Vav via Src family kinases, which in turn promotes up-
take of oxLDL.157,158 In vivo, analysis of aortas from hyperlipidaemic mice
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Figure 2 Structure and function of scavenger receptor family members, CD36, SR-BI, and LOX-1 in atherosclerosis. The scavenger receptors belong to a
large family of pattern recognition receptors, which can interact with a wide range of ligands. Interacting with the circulating native or modified lipoproteins,
such as oxLDL, these receptors modulate vascular inflammation, lipid accumulation, and plaque formation. Both CD36 and SR-BI have two short N- and C-
terminal cytoplasmic tails, two transmembrane domains, and a large extracellular domain that binds to the ligands. CD36, through binding to modified lipo-
proteins and lipids, plays a major role in atherogenesis, by promoting endothelial dysfunction, macrophage foam cell formation, vascular inflammation, and
atherothrombosis. Hepatic SR-BI protects against atherosclerosis by facilitating the reverse cholesterol transport and maintaining anti-atherogenic charac-
teristics of HDL in the vascular cells; however, recent findings indicate that the receptor has a key pro-atherogenic function in endothelium by mediating
transport of LDL into the artery wall. LOX-1 contains a short N-terminal cytoplasmic domain, a single transmembrane domain, a NECK or stalk domain,
and a C-terminal extracellular domain that binds to oxLDL. In a variety of vascular cells, LOX-1 mediates a majority of pro-atherogenic actions of oxLDL,
contributing inflammation, smooth muscle cell proliferation, and platelet activation.
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indicated that Vav proteins are activated in a CD36-dependent manner.
In sum, CD36 mediates pro-inflammatory and proatherogenic actions of
oxLDL in macrophages.

3.1.2 Endothelial cell and smooth muscle cell CD36
Several studies have linked CD36 to endothelial dysfunction, which plays
a key role in the initial stage of cardiovascular diseases.2,8 CD36 in endo-
thelium has been shown to interact with to the TSR domain in TSP1 and
TSP2.160 A study showed that the interaction between TSP1 and endo-
thelial CD36 increases phosphorylation of Src family kinase Fyn, fol-
lowed by activation of p38 MAPK, leading to enhanced apoptosis.161

Another study found that TSP1-CD36 interaction promotes dephos-
phorylation of pro-angiogenic vascular endothelial growth factor recep-
tors (VEGFR), resulting in reduction of endothelial cell migration and
formation of tube-like structures.162 CD36 on microvascular endothelial
cells also binds to anionic phosphatidylserine on the surface of extracel-
lular vesicles, leading to inhibition of cell migration.163 This is mediated
by a pathway that involves activation of Fyn and NADPH oxidase and
generation of reactive oxygen species (ROS). Recent studies found that
mice lacking CD36 selectively in endothelial cells have reduced uptake of
fatty acids in the heart, skeletal muscle, and brown adipose tissue and
that these mice are resistant to high-fat diet-induced insulin
resistance.164

CD36 has also been shown to contribute to development of neoin-
tima hyperplasia through enhancement of SMC proliferation.165 Yue
et al. found that CD36 is highly expressed in human vessels with intimal
hyperplasia and luminal occlusion, and that mice lacking CD36 globally
or selectively in SMCs on hyperlipidaemic background have reduction in
carotid artery injury-induced neointima thickening. In primary vascular
SMCs in culture, the study further demonstrated that CD36 is required
for induction of cell proliferation and cell cycle progression by serum or
a TSR peptide. These observations indicate that CD36 in the endothe-
lium or SMCs exerts various proatherogenic functions; however, an ef-
fect of tissue-specific CD36 deletion on atherogenesis is yet to be
tested.

3.1.3 Platelet CD36
Studies in mice and in isolated platelets have demonstrated a critical role
of platelet CD36 in linking dyslipidaemia and oxidative stress with pro-
thrombotic phenotypes. CD36-/- mice on the hyperlipidaemic apoE-/-

background exhibited reduced thrombus formation induced by vascular
injury.167 In isolated human platelets, inhibition of CD36 actions by the
blocking antibody or the competing lipid ligand attenuated platelet acti-
vation by oxidized lipids without affecting basal platelet functions. In re-
sponse to oxLDL, platelet CD36 has been shown to activate Src family
kinase Fyn, which leads to increased ROS production via NADPH oxi-
dase 2 (NOX2).166,168 Activation of Fyn upregulated another tyrosine ki-
nase Syk and PLCc2, linking the CD36 signalling to PKC, which in turn
promotes phosphorylation of the p47 subunit of NOX2 to induce NOX
complex formation to generate ROS.166,168 Platelets express a number
of redox-sensitive effectors for ROS, including MAP kinase family mem-
bers JNK and ERK5.169–172 Inhibition of JNK activity prevented platelet
activation by oxLDL, and an activated form of JNK was detected within
growing thrombi in wild-type mice, but not in CD36-/- mice.169 For
ERK5, in isolated platelets activation of the kinase by oxLDL was ob-
served, and platelets isolated from mice exposed to hyperlipidaemia
showed elevated activation of ERK5.170 In vivo, apoE-/- mice harboring
ERK5 deficient platelets displayed attenuated thrombus formation

compared to those expressing the kinase in platelets.170 Intervention
studies in mice confirmed that oxLDL induction of ERK5 requires CD36,
Src family kinases, and NOX. Platelet CD36-ERK5 has been also impli-
cated in a coagulation pathway.173 The study reported that CD36 activa-
tion of ERK5 upregulates the caspases, resulting in externalization of
phosphatidylserine that promotes a formation of coagulation enzyme
complexes, and that inhibition of CD36 or ERK5 prevents accelerated fi-
brin formation.173 In addition to the direct activation of platelets or the
coagulation pathway, ROS generated by the CD36-NOX pathway has
also been shown to suppress an inhibitory pathway in platelets that is
mediated by nitric oxide-cGMP signalling.221 Collectively, CD36 pro-
motes platelet activation and coagulation by oxLDL, contributing to pro-
thrombotic phenotypes under hyperlipidaemia.

3.1.4 Human genetics of CD36
The human CD36 gene is located on chromosome 7q11.2, and it has 15
exons encoding a 471 amino acid protein.222,223 CD36 deficiency
has been reported to occur in 3–10% of Asian and African popula-
tions.224–226 Two types of CD36 deficiency have been described; type I
lacks CD36 both in monocytes and platelets, and type II lacks the recep-
tor expression in platelets but not monocytes.227 Type I CD36 defi-
ciency has been associated with insulin resistance, postprandial
hypertriglyceridaemia and hypertension in Japanese populations.228–231

In addition to CD36 deficiency, a number of common genetic variants
have been discovered that are associated with metabolic syndrome, hy-
pertension, coronary artery diseases, and ischaemic stroke in multiple
populations.226,232–238 Ghosh et al. demonstrated that platelet CD36 ex-
pression levels vary among individuals and that specific polymorphisms in
the CD36 gene are associated with platelet surface expression levels of
the receptor and with responsiveness to its ligand oxLDL.233 In agree-
ment with the proinflammatory and proatherogenic functions of the re-
ceptor shown in the experimental models, SNPs associated with higher
CD36 in platelets were linked to obesity, metabolic syndrome, and dysli-
pidemia.233 However, the basis for the contrasting effects of complete
vs. a partial loss of CD36 on the metabolic and cardiovascular complica-
tions is not yet fully understood.

3.2 Scavenger receptor class B type I
The scavenger receptor Class B type I (SR-BI, SR-B1, or SCARB1) was
first identified as a protein with a sequence closely related to CD36 and
LIMP-II, and the gene was initially named CLA1, subsequently termed
SCARB1239,240 (Figure 2). The work by Acton et al. identified SR-BI as the
high-affinity HDL receptor, which mediates the selective uptake of HDL-
associated cholesterol ester (CE) into the liver.239 SR-BI also facilitates
the bidirectional flux of free cholesterol (FC) between cells and
HDL.241,242 A major role of SR-BI in lipoprotein metabolism and athero-
genesis was initially established in mice lacking the receptor globally
(SR-BI-/-). SR-BI-/- mice on hyperlipidaemic backgrounds displayed accel-
erated atherosclerosis resulting in coronary artery occlusion, MI, and
decreased survival rate.174,243,244 These mice have severe hypercholes-
terolaemia with abnormally enlarged HDL particles compared to control
mice. Subsequent investigations revealed that the accelerated athero-
sclerosis observed in SR-BI-/- mice is due primarily to a loss of hepatic
SR-BI. Liver-specific SR-BI deficiency in mice resulted in increased ath-
erosclerosis, mimicking the phenotype in global SR-BI knockout
mice,186,245 and overexpression of hepatic SR-BI reduced atherosclerosis
in LDLR-/- mice.246 Multiple mechanisms by which hepatic SR-BI provides
atheroprotection have been proposed. First, SR-BI in the liver plays a
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critical role in the reverse cholesterol transport, in which peripheral cho-
lesterol is delivered to the liver for excretion in both mice and
humans.14,17 In humans, although majority of plasma cholesterol in LDL
is internalized by hepatic LDL receptors, it has been estimated that he-
patic SR-BI is responsible for at least 33% of HDL CE uptake.247

Consistent with a role for SR-BI in hepatic uptake of HDL in humans,
subjects carrying a loss of CE transport function variant in the SR-BI
(SCARB1) gene (P297S) have elevated HDL cholesterol in the form of
enlarged, apoE-enriched particles, parallel to those observed in SR-BI-/-

mice.248,249 Additionally, the HDL particles isolated from SR-BI-/- mice
showed altered lipid and protein compositions with increased FC and
decreased antioxidative molecules, likely contributing to reduced choles-
terol efflux capacity.243,250,251 Secondly, hepatic SR-BI has been impli-
cated in clearance of proatherogenic lipoproteins VLDL and Lp(a),252,253

suggesting that impaired removal of these molecules may also contribute
to the exaggerated atherogenesis in SR-BI-/- mice. Third, hepatic SR-BI
may also provide atheroprotection by attenuating thrombosis.254–256

SR-BI-/- mice displayed increased susceptibility to arterial thrombo-
sis.254,255 Bone marrow transplantation experiments demonstrated that
hyperlipidaemia and resulting platelet FC overload due to loss of hepatic
SR-BI, not SR-BI deficiency in platelets, are likely responsible for the pro-
thrombotic phenotype observed in SR-BI-/- mice.254,255 Studies in
humans also found that platelets isolated from subjects carrying the SR-
BI variant P297S are enriched in FC and that they are prothrombotic
compared with control platelets.248,249 Taking together, hepatic SR-BI
protects against atherosclerosis by facilitating the reverse cholesterol
transport and maintaining anti-atherogenic characteristics of HDL.

In addition to the liver, SR-BI is abundantly expressed in macrophages
and endothelial cells, and accumulating evidence indicates that the recep-
tor has extrahepatic functions to influence the progress of atherosclero-
sis.175–179,186,245,257

3.2.1 Macrophage SR-BI
Bone marrow transplantation studies have established that SR-BI in
monocyte or macrophages provides atheroprotection. ApoE-/- or
LDLR-/- mice receiving transplantation of SR-BI deficient bone marrow
cells developed accelerated atherosclerosis, compared those receiving
control bone marrow cells.175–178 No differences were observed in
plasma cholesterol or lipoprotein profiles, indicating that proatherogenic
effect of monocyte/macrophage SR-BI deficiency is not likely due to ab-
normal lipoproteins. Likewise, transplantation of SR-BI-/- mice on apoE
hypomorphic background with SR-BIþ/þ bone marrow cells markedly
reduced coronary atherosclerosis and MI.179 Multiple mechanisms have
been proposed by which macrophage SR-BI affords atheroprotection.
One mechanism is through mediating removal of cholesterol from mac-
rophages. Several studies in culture have shown that SR-BI, along with
ABCA1, is responsible for cholesterol efflux to HDL from cholesterol-
laden monocyte-derived macrophages.180–182 Macrophage SR-BI has
been also implicated in suppression of proinflammatory aspects associ-
ated with atherosclerosis. Studies have found that hyperlipidaemic mice
receiving SR-BI-/- bone marrow showed increased serum levels of proin-
flammatory cytokines including IL-1b, IL-6, and TNF-a, compared to
those receiving control bone marrow.175 Furthermore, both in vitro and
in vivo models indicate that SR-BI deficiency promotes macrophage con-
version to the pro-inflammatory phenotype likely through activation NF-
kB, p38, and JNK signalling pathway.174,183 Another mechanism by which
macrophage SR-BI could reduce atherosclerosis is by targeting cytoplas-
mic CE via autophagosome for lysosomal hydrolysis.184 Studies in

cultured macrophages demonstrated that autophagic process is impaired
in SR-BI-deficient macrophages in the setting of infection. An additional
mechanism for macrophage SR-BI in efferocytosis has also been pro-
posed, in which haematopoietic SR-BI deficiency results in severely de-
fective efferocytosis in mouse atherosclerotic lesions.175,185 The studies
further found that efferocytosis of apoptotic cells was reduced in SR-BI-/-

vs. wild-type macrophages and that SR-BI interaction with cell surface
phosphatidylserine of the apoptotic cells triggers efferocytosis process
via activation of Src, PI3 kinase, and Rac1.175 Defective efferocytosis in
macrophages thus may play a role in exaggerated atherosclerotic pheno-
types in SR-BI-/- mice. Collectively, a number of studies both in vitro and
in vivo strongly support atheroprotective functions of macrophage SR-BI.

3.2.2 Endothelial cell SR-BI
Disruption of vascular endothelial function is a key initial step in athero-
sclerotic lesion progression, facilitating monocyte infiltration into the ar-
terial intima.2,8 A series of studies have established that SR-BI interaction
with HDL prevents endothelial dysfunction by stimulating eNOS activity
and increasing bioavailable NO.187,188 NO is a key signalling molecule for
the maintenance of normal vascular function, through regulation of vas-
cular tone, prevention of endothelial inflammation and platelet activa-
tion, and reduction of SMC growth.258,259 Studies in cultured endothelial
cells indicate that HDL-SR-BI activation of eNOS requires recruitment
of the adaptor molecule PDZK1 to C-terminal cytoplasmic domain of
the receptor, which in turn activates Akt kinase, resulting in the phos-
phorylation of eNOS at Ser1177.188,189 In vivo, mice lacking SR-BI or
PDZK1 show attenuated endothelial repair.189,190 Furthermore, both
in vivo and in vitro studies revealed that anti-inflammatory and atheropro-
tective effects of HDL-associated sphingosine 1-phosphate (S1P) are
mediated by endothelial SR-BI along with S1P receptors.191,192 In vivo
overexpression of SR-BI selectively in endothelial cell has been shown to
decrease atherosclerosis in wild-type, apoE-/- or SR-BI-/- mice on athero-
genic diet.193 Although the atheroprotective phenotype in these mice is
likely in part due to decreased plasma cholesterol and increased HDL
cholesterol, endothelial SR-BI may also contribute to the reduced ath-
erosclerosis by facilitating HDL transport between circulation and arte-
rial wall to promote cholesterol efflux from macrophages.193,194 An
additional atheroprotective mechanism has been proposed by which
lymphatic endothelial SR-BI mediates the transport of HDL in lymphatic
vessels to effectively remove cholesterol from peripheral tissue.195,196

In contrast to these atheroprotective roles of endothelial SR-BI de-
scribed above, a strong proatherogenic function of endothelial SR-BI has
been recently revealed.186,260 In cultured endothelia cells and in isolated
mouse aortas ex vivo, Armstrong et al.260 first demonstrated using total
internal reflection fluorescence microscopy that LDL is transported
across endothelial cells, and that the LDL transport is mediate by SR-BI,
but not LDL receptor. More recently, using mice lacking SR-BI selectively
in endothelial cells, Huang et al.186 have demonstrated in vivo that endo-
thelial SR-BI promotes atherosclerosis by facilitating delivery of LDL into
arteries and its accumulation in macrophages. The study discovered that
internalization of LDL-SR-BI requires recruitment of the guanine nucleo-
tide exchange factor dedicator of cytokinesis 4 (DOCK4) to the C-ter-
minal domain of SR-BI and subsequent activation of Rac1. It further
revealed that the expressions of SR-BI and DOCK4 transcripts are ele-
vated in human atherosclerotic arteries, compared with normal arteries.
In summary, current evidence indicates a dichotomous role of endothe-
lial SR-BI in atherogenesis. The receptor mediates anti-inflammatory
effects of HDL, contributing to increased bioavailable NO and
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protection against atherosclerosis. On the other hand, in conditions of
high plasma LDL, SR-BI facilitates LDL transport across the endothelial
layer into the artery wall, which leads to foam cell formation and pro-
gression of atherosclerosis.

3.2.3 Human genetics of SR-BI
The discovery of SR-BI encoded by SCARB1 gene as the high affinity
HDL receptor triggered numerous studies to identify human variants at
the locus for their relationship with plasma lipid phenotypes and cardio-
vascular diseases.261,262 Earlier works using targeted resequencing and
genotyping discovered several coding polymorphisms that are associated
with high plasma levels of HDL or low levels of LDL cholesterol.261,262

Some of the studies found the variants that are associated with increased
risk for vascular diseases, including MI, peripheral arterial disease, com-
mon carotid intimal–medial artery thickness and coronary heart dis-
ease.263–265 GWAS further identified SCARB1 SNPs that are associated
with HDL cholesterol levels and cardiovascular disease risks.88,266,267

More recently, rare nonsynonymous variants in SCARB1 gene have
been reported, further indicating the association of SR-BI, HDL metabo-
lism, and risk for cardiovascular diseases. Through targeted sequencing
of participants with extremely high HDL cholesterol levels, Vergeer et al.
identified a carrier of a novel P297S variant in SCARB1 gene.248

Compared to non-carrier family members, P297S carriers exhibited
higher HDL cholesterol levels, and HDL isolated from the carriers dis-
played reduced cholesterol efflux capacity to macrophages, compared
to non-carriers. However, the variant was not associated with differen-
ces in carotid intimal-medial thickness. Subsequently, a second non-syn-
onymous coding variant in SCARB1 (P376L) was reported.249 The
variant was also identified through targeted sequencing in individuals
with high HDL cholesterol levels. The P376L homozygous subject exhib-
ited extremely high levels of circulating HDL cholesterol and a carotid in-
timal medial thickness that was higher than 75th percentile for age and
gender. Genotyping of the P376L variant in multiple cohorts revealed a
significant association of the P376L variant with increased coronary heart
disease. Biochemical analysis demonstrated that HDL particles in P376L
carriers are larger in size with increased apoA-I content, and that the se-
lective HDL cholesterol uptake function is absent in hepatocyte-like cells
derived from induced pluripotent stem cells (iPSC) from the homozy-
gous subject. Collectively, these studies in humans offered a strong sup-
port for a key role of SR-BI in HDL metabolism and atherosclerosis.

3.3 Lectin-like oxidized low-density lipopro-
tein receptor-1
Lectin-like oxidized low-density lipoprotein receptor-1 (LOX-1, also
known as OLR1, SR-E1) is a 50 kDa transmembrane glycoprotein that
belongs to the C-type lectin family.268,269 LOX-1 contains a short N-ter-
minal cytoplasmic domain, a single transmembrane domain, a NECK or
stalk domain, and a C-terminal extracellular domain that binds to oxLDL
(Figure 2). In human atherosclerotic lesions, LOX-1 mRNA and proteins
were detected in endothelial layers, intimal SMCs and macrophages,
whereas they were undetectable in normal human aortas.270

Furthermore, elevations in circulating indicators of LOX-1 expression or
activation in humans have been associated with a higher risk for coronary
heart diseases.271,272 A causal role of LOX-1 for atherogenesis was
revealed by Mehta et al. using mice lacking LOX-1 globally (LOX-1-/-).273

These mice displayed attenuated oxLDL binding to aortic endothelial
cells, and on hyperlipidaemic LDLR-/- background, LOX-1-/- mice
showed a marked reduction in atherosclerotic lesion and intima

thickness, compared to LDLR-/- mice. The study further found that
LOX-1-/- mice have decreased expression of proinflammatory markers
NF-jB, CD68, and the phosphorylated p38 MAPK in the vascular wall. In
agreement with the proatherogenic role of LOX-1, the receptor is also
implicated in pathogenesis of myocardial ischaemia in mice. Using a rat
model of coronary artery ischaemia–reperfusion, a study showed that
treatment with an anti-LOX-1 neutralizing antibody, which blocks LOX-
1-mediated cellular uptake of oxLDL, results in reduction in infarct
size.274 In this rat model, expression of LOX-1 mRNA and protein was
upregulated in the ischaemic heart, which was associated with elevations
of markers of inflammation, oxidative stress, and apoptosis.274 Studies in
LOX-1-/- vs. wild-type mice confirmed the role of LOX-1 in ischaemia,
showing that LOX-1 deficiency improved survival and reduced collagen
deposition and cardiomyocyte hypertrophy.275

LOX-1 was originally identified in cultured aortic endothelial cells
as a major receptor responsible for binding, internalization, and
degradation of oxLDL.268 LOX-1 was subsequently detected in other
cell types, including macrophages, platelets, SMCs, and cardiomyo-
cytes.202,206,207,210,276,277 The cellular expression of LOX-1 at basal state
is normally low, but it is known to be rapidly upregulated by oxidative
and proinflammatory stimuli.210,269,276

3.3.1 Endothelial cell and smooth muscle cell LOX-1
A number of studies in culture and in vivo models demonstrated that acti-
vation of LOX-1 promotes endothelial dysfunction through multiple
mechanisms. First, in cultured human endothelial cells, oxLDL was
shown to increase MCP1 production and monocyte adhesion in an
LOX-1 dependent manner.197 In a rat model of low-dose endotoxin-in-
duced uveitis, the LOX-1 blocking antibody suppressed leucocyte infil-
tration in vivo and it reduced leucocyte interaction with retinal veins in
situ.198 Second, LOX-1 has been shown to mediate oxLDL-induced en-
dothelial cell apoptosis in human coronary artery endothelial cells
through increased activation of the caspases and reduced expression of
anti-apoptotic proteins.199 Third, oxLDL-LOX-1 also contributes to en-
dothelial dysfunction through upregulation of arginase II, which inhibits
NOS activity by competing for the substrate L-arginine.200 In cultured
endothelial cells, arginase II activation by oxLDL was attenuated by pre-
incubation with the LOX-1 blocking antibody, and in aortas from wild-
type mice fed high-cholesterol diet showed increased arginase II activity
and reduced NO production, whereas LOX-1-/- mice were protected
from the adverse effects of the atherogenic diet. Mechanistically, the ef-
fect of oxLDL-LOX-1 on arginase II activation was shown to be medi-
ated by RhoA and ROCK signalling. In addition to its role as a mediator
of proatherogenic actions of oxLDL, LOX-1 has been implicated in the
actions of dysfunctional HDL in endothelial cells. Studies by Besler et al.
showed that disease-modified dysfunctional HDL engages LOX-1 in-
stead of SR-BI, resulting in endothelial dysfunction and elevated inflam-
matory responses.201 In contrast to HDL from normal subjects that
promotes endothelial NO release in cultured human endothelial cells,
HDL from patients with acute coronary syndromes or stable coronary
artery diseases failed to induce endothelial NO release. Treatment of
the cells with the LOX-1 blocking antibody reversed the defect.201

Involvement of LOX-1 in SMCs has been shown in neointima hyper-
plasia. In balloon-injury animal models, expression of LOX-1 mRNA and
protein was upregulated in medial and neointimal SMCs in response to
injury, and administration of the LOX-1 blocking antibody suppressed
injury-induced neointima hyperplasia, along with ROS formation and leu-
cocyte infiltration in the vascular wall.202 LOX-1 expression was also
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detected in proliferating SMCs in human restenotic lesions after balloon-
angioplasty.203 In addition to neointima formation, LOX-1 in SMC has
been implicated in destabilization and rupture of atherosclerotic pla-
ques.204,205 In cultured SMCs, the studies showed that oxLDL treatment
enhances SMC apoptosis through LOX-1 and that the neutralizing LOX-
1 antibody prevents the oxLDL-induced apoptosis.204,205 Furthermore,
LOX-1 expression was colocalized with apoptosis proteins in the
rupture-prone regions of human atherosclerotic plaques. Collectively,
these findings indicate that LOX-1 in endothelial cells and SMCs mediate
potent atherogenic effects of oxLDL during various phases of
atherogenesis.

3.3.2 Macrophage and platelet LOX-1
In addition to endothelial cells and SMCs, LOX-1 also facilitates binding
and uptake of oxLDL in monocytes and macrophages.206,207 Studies in
cultured macrophages have shown that oxLDL treatment increases oxi-
dative stress in an LOX-1 dependent manner, and that oxLDL sup-
presses cell motility in macrophages isolated from wild-type mice, but
not from LOX-1-/- mice.208,209

In activated human platelets, LOX-1 expression is upregulated and
the receptor mediates the binding and internalization of oxLDL, similar
to other cell types.210,211 A study in isolated human platelets showed
that ADP-induced platelet aggregation was inhibited by the LOX-1
blocking antibody through suppression of the inside-out integrin signal-
ling-dependent activation of glycoprotein IIb/IIIa.211 Additionally, human
electronegative LDL (L5) isolated from patients with MI, which is known
to serve as a ligand for LOX-1,212 induced platelet activation and aggre-
gation.213 In vivo, injection of the L5 into wild-type mice resulted in plate-
let activation and shortening of tail bleeding time, whereas the effect of
L5 was attenuated in LOX-1-/- mice. In sum, there is evidence suggesting
that LOX-1 mediates oxLDL actions in macrophages and in platelets
that promote oxidative stress, inflammation, and thrombosis.

3.3.3 Human genetics of LOX-1
Human LOX-1 is encoded by the oxidized low density lipoprotein re-
ceptor 1 (OLR1) gene located in the p12.3-p13.2 region of human chro-
mosome 12.268,278 Genetic studies have identified SNPs in the OLR1
gene that are associated with myocardial ischemia and coronary artery
diseases. One of the SNPs is G501C variant in the coding region, result-
ing in a missense mutation substituting lysine (K) for asparagine (N) at
amino acid location 167 (K167N). Amino acid residue 167 is located on
the surface of the C-terminal domain of LOX-1, suggesting that the mu-
tation may affect its interactions with ligands. In cross-sectional studies,
this variation was associated with an increased incidence of MI, as well as
with increased carotid intima-media thickness.279–281 A meta-analysis of
seven case–control studies indicated that the C allele is significantly asso-
ciated with ischemic stroke.282 However, an in vitro study showed that
167N LOX-1, corresponding to C allele, binds to oxLDL less efficiently
than 167K (G allele), which likely confers protection against atheroscle-
rosis.283 This disparity in the biochemical and human genetic association
studies needs further clarification.

When SNPs at distinct locations of the genome are more highly asso-
ciated than expected, they are in the linkage disequilibrium (LD). An LD
block comprises six such SNPs (GGAAGC haplotype vs. CTGGTT) has
been found within introns 4 and 5, as well as the 3’ untranslated region
(3’-UTR) of the OLR1. Studies found an association between the SNPs
within the LD block and the risk for MI or atherosclerotic cerebral in-
farction in some cohorts.284,285 In vitro and in vivo studies have shown that

LD block SNPs regulate the production of an alternatively spliced ver-
sion of the LOX-1 mRNA by modulating retention of the LOX-1 mRNA
exon 5.286 Exclusion of exon 5 results in the production of a LOX-1 iso-
form, termed LOXIN, which lacks a part of the C-terminal lectin-like do-
main involved in ligand binding. Studies in isolated peripheral blood
monocytes from risk (GGAAGC) vs. non-risk (CTGGTT) carriers of
the LD SNPs showed that the non-risk SNPs correlate with higher ex-
pression of LOXIN, which results in a significant reduction of apoptosis
induced by oxLDL treatment.286 The splice variant may have a functional
role on plaque instability and pathogenesis of MI.286,287 In summary, stud-
ies in human genetics provide supportive evidence that implicates LOX-
1 as an important mediator of proatherogenic functions of oxLDL.

4. Conclusions

The lipoprotein receptors are expressed in multiple types of vascular
cells, and they mediate actions of a broad range of ligands to accelerate
or block atherogenesis. It is of pivotal importance that we harness these
functions of the lipoprotein receptors to develop therapeutic modalities
that can prevent or lessen atherosclerosis. To achieve the goal, more
comprehensive understanding of the complex process will be needed,
likely through employment of innovative strategies. In vitro cell culture
models, using either established cell lines or primary human or mouse
cells, have allowed us to identify the players in particular signal transduc-
tion pathways; however, there are well acknowledged limitations in the
approach, stemming from inevitable changes in signature characteristics
or a partial loss of cellular identity in cells transferred to culture.
Although still in an early stage, human iPSC-derived vascular cells may
provide an in vitro modelling of human atherosclerosis or vascular disor-
ders.288 Animal models, especially genetically modified mice on hyperlipi-
daemia background, have made loss- and gain-of-function studies
possible. However, because these receptors regulate diverse aspects of
the disease process, it has become apparent that a more temporal and
cell-type specific manipulation is necessary to distinguish the direct
effects from less specific consequences of compensatory or indirect
mechanisms. Lastly, an approach of using human genetics to search for
variants that show associations with human conditions has yielded a
wealth of information, connecting data from experimental models with
human diseases. However, due to involvement of multiple biological
pathways and cell types, clear associations with cardiovascular disease
may not be readily apparent, especially for more common variants.
Recent advancement in the area of transcriptome analysis, including a
single cell sequencing of normal and diseased human tissues, indicates
that such approach will provide much-needed information regarding the
processes which occur in unique sets of vascular cells during atheroscle-
rosis development in humans.289
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Arveiler D, Ferrieres J, Müller-Nurasyid M, Ferrario M, Kee F, Willer CJ, Samani N,
Schunkert H, Butterworth AS, Howson JMM, Peloso GM, Stitziel NO, Danesh J,
Kathiresan S, Rader DJ. Rare variant in scavenger receptor BI raises HDL choles-
terol and increases risk of coronary heart disease. Science 2016;351:1166–1171.

250. Yancey PG, Kawashiri MA, Moore R, Glick JM, Williams DL, Connelly MA. In vivo
modulation of HDL phospholipid has opposing effects on SR-BI- and ABCA1-
mediated cholesterol efflux. J Lipid Res 2004;45:337–346.

251. Lee J-Y, Badeau RM, Mulya A, Boudyguina E, Gebre AK, Smith TL, Parks JS.
Functional LCAT deficiency in human apolipoprotein A-I transgenic, SR-BI knockout
mice. J Lipid Res 2007;48:1052–1061.

252. Van EM, Hoekstra M, Out R, Bos IS, Kruijt JK, Hildebrand RB, et al. Scavenger re-
ceptor BI facilitates the metabolism of VLDL lipoproteins in vivo. J Lipid Res 2008;
49:136–146.

253. Yang X-P, Amar MJ, Vaisman B, Bocharov AV, Vishnyakova TG, Freeman LA,
Kurlander RJ, Patterson AP, Becker LC, Remaley AT. Scavenger receptor-BI is a re-
ceptor for lipoprotein(a). J Lipid Res 2013;54:2450–2457.

254. Korporaal SJA, Meurs I, Hauer AD, Hildebrand RB, Hoekstra M, Cate HT, Praticò
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