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Abstract Lectin-like oxidized low-density lipoprotein
receptor-1 (SR-E1, LOX-1, OLR1) was first discovered as a
vascular receptor for modified lipoprotein particles nearly
20 years ago. Since then, in vitro and in vivo studies have
demonstrated an association between LOX-1, a soluble form
(sLOX-1) and a number of diseases including atherosclerosis,
arthritis, hypertension and pre-eclampsia. However,
converting such discoveries into tools and drugs for routine
clinical use is dependent on translational preclinical and clin-
ical studies but such studies have only begun to emerge in the
past decade. In this review, we identify the key clinical appli-
cations and corresponding criteria that need to be addressed
for the effective use of LOX-1-related probes and molecules
for patient benefit in different disease states.
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Abbreviations
(ox)LDL (Oxidized) low-density lipoprotein
LOX-1, OLR1 Lectin-like oxidized low-density

lipoprotein receptor-1
TNF-α Tumour necrosis factor-alpha
TGFβ Transforming growth factor beta

ACS Acute coronary syndrome
ApoE Apolipoprotein E
NF-κB Nuclear factor kappa-light-chain-

enhancer of activated B cells
MCP1 Monocyte chemotactic protein 1
HIE Hypoxic ischemic encephalopathy

Introduction

Lectin-like oxidized low-density lipoprotein receptor-1 (SR-
E1, LOX-1, OLR1) is a class E scavenger receptor (SR) found
on macrophages and chondrocytes, as well as endothelial and
smooth muscle cells [1–3]. This is a 273-residue, type 2 mem-
brane protein encoded in humans by a gene locus on chromo-
some 12. Its discovery and presumed function revolved
around its binding affinity for oxidized low-density lipopro-
tein (oxLDL) particles in the formation of ‘pre-atherosclerot-
ic’ fatty streaks [4] (Fig. 1). Much of the early work assessing
the biological function of LOX-1 has focused on this aspect of
disease. However, LOX-1 can recognize other ligands includ-
ing bacteria, apoptotic cells and C-reactive protein (CRP)
[5–7].

Cell surface LOX-1 expression can be elevated by multiple
stimuli including reactive oxygen species (ROS) [8], inflam-
matory cytokines (TNF-α, TGF-β) [9] as well as oxLDL par-
ticles. Activated LOX-1 is implicated in multiple signal trans-
duction pathways which influence atherosclerosis plaque ini-
tiation and progression. Firstly, activated LOX-1 signalling to
the Bax/Bcl-2 pathway is implicated in programmed cell
death (apoptosis) in smooth muscle and endothelial cells
[10]. Furthermore, LOX-1 activation is also implicated in
downregulation of inhibitory apoptotic protein-1 (cIAP-1)
and upregulation of caspase-3 and caspase-9 activity, which
also serve to bring about apoptosis [11]. LOX-1 can activate
protein kinase C (PKC) activity [12] which in turn enhances
mitogen-activated protein kinase (MAPK) and nuclear factor
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κB (NF-κB) activity. NF-κB promotes smooth muscle cell
proliferation [13] and expression of cell adhesion molecules
and chemokines [14]. Such signal transduction promotes
endothelial-monocyte cell-cell adhesion and platelet aggrega-
tion. Other pathophysiological functions of LOX-1 include
the activation of arginase II (ARG2) enzyme, leading to sup-
pression of nitric oxide levels and increased vascular tone
[15]. Finally, LOX-1 is also implicated in decreased athero-
sclerotic plaque stability through increased activation of
metalloproteases [12] (Fig. 2). A full discussion of the biolog-
ical functions of LOX-1 is beyond the scope of this review;
however, this has been explored recently elsewhere [16, 17].

In vitro studies of LOX-1 have assessed cellular responses
found in arthritis, pre-eclampsia, renal disease and cancer
[18–21]. The study of transgenic mice carrying LOX-1 knock-
outs or overexpression [22] has been a catalyst to a growing
body of further research [23–25]. However, the translation of
such work has been limited; to date, no effective LOX-1 sup-
pressing treatment has been tested on humans. Furthermore,
antibody therapy has been safely used as a treatment regime
for diseases such as cancer, inflammatory bowel disease and
arthritis for decades [26–28]. The use of targeted antibody
therapy for the management of cardiovascular disease may
be a rich area of research to be explored.

Soluble LOX-1 and Cardiovascular Risk Factors

The extracellular domain of LOX-1 is cleaved at the cell sur-
face to generate a soluble molecule (sLOX-1) [29]. Although

the exact mechanism for the cleavage of LOX-1 remains elu-
sive, recent evidence suggests that it likely takes place by the
action of the ADAM10 metalloprotease by cleaving of the
neck domain of LOX-1 [30, 31]. It is speculated that circulat-
ing sLOX-1 levels are proportional or linked to membrane
LOX-1 levels [32], though this has not been proven. An in-
creasingly important use of sLOX-1 as a biomarker is in its
link to cardiovascular disease risk factors (i.e. diabetes, hyper-
tension, smoking and hyperlipidaemia). However, such stud-
ies face a major challenge since these conditions tend to co-
exist, necessitating large numbers of patients to adequately
power research studies in this area. Tan and colleagues dem-
onstrated an association between sLOX-1 and type 2 diabetes
mellitus (T2DM) [33]. Exclusion of patients with co-existing
risk factors for cardiovascular disease leads to a preserved
association; however, this subgroup analysis was not backed
by regression testing. A recently published study has also
identified an independent association between sLOX-1 levels
and hypertension by multivariate analysis [34]. Smoking in-
tensity and expired carbon monoxide levels have been corre-
lated with elevated sLOX-1 levels in a single study; however,
this study lacked non-smoking controls [35]. Whilst these
studies are useful for outlining the relationship between
LOX-1 and cardiovascular disease risk factors, the diagnosis
of diabetes, hypertension and smoking is necessarily based on
the measurement of blood sugar, blood pressure and the pa-
tient’s smoking history. sLOX-1 measurement would be of
greater use if it could be used to diagnose a disease which is
otherwise categorized based on associated factors: indeed,
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Fig. 1 Role of LOX-1 in atherosclerosis. Low-density lipoproteins
(LDL) pass into the subendothelial layer and undergo oxidation
(oxLDL). OxLDL binds to LOX-1 on the endothelial cell surface
triggering activation of an inflammatory reaction: adhesion proteins
encourage monocyte recruitment and subendothelial layer translocation.

OxLDL bound to macrophage LOX-1 is internalized and accumulates in
the cell cytoplasm leading to the transformation of macrophages into
foam cells. Further inflammation and LOX-1 oxLDL binding on
smooth muscle cells and platelets leads to smooth muscle cell invasion
into the intima and platelet aggregation with luminal narrowing
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there is an association between sLOX-1 levels and metabolic
syndrome. However, a diagnostic cut-off with high sensitivity
or specificity has not been identified [36]. The above findings
suggest that sLOX-1 is likely to be a marker of endothelial
damage, and its elevation may be due to multifactorial causa-
tive events.

sLOX-1 in the Diagnosis of Acute and Chronic Disease

In their keynote study, Hayashida et al. [37] demonstrated that
in a large cohort of patients, soluble LOX-1 levels correlated
with a diagnosis of acute coronary syndrome (ACS) earlier in
clinical presentation than troponin T levels. This has led to
much work investigating serum sLOX-1 levels as a marker
of cardiovascular health in acute and chronic disease states.
One such study has demonstrated that sLOX-1 rises faster and
is more reliable than cardiac troponins in the diagnosis of ACS
[38]. However, notable methodological flaws affected this
study, such as mixed patient groups (emergent and elective
coronary intervention), unequal recruitment into study groups
and the absence of prospective powering. Misaka and col-
leagues [39] have described the use of a LOX-1 assay to
distinguish ACS from exertional angina pectoris at presenta-
tion. Patients who were later diagnosed with ACS displayed
significantly higher sLOX-1 serum levels at primary coronary
intervention [39]. However, this study could not identify a

correlation between sLOX-1 and other markers of cardiac
ischaemia (i.e. troponin, creatine kinase and high sensitivity
CRP.

When examining non-acute manifestations of coronary ar-
tery disease, one study [40] showed that sLOX-1 can be used
for prognostic evaluation of ischemic heart disease and stroke
risk. The LOX-1 index score ([apolipoprotein B-bound LOX-
1]×[total circulating sLOX-1]) had a positive correlation with
the risk of both ACS and stroke at 11-year follow-up. Whilst
no direct correlation could be made between sLOX-1 levels
and cardiovascular risk, the low overall incidence of such
events (2.79% of IHD and 3.73% of stroke) may mean the
study was underpowered despite analysing samples from over
2000 patients [40]. Given the low prevalence of cardiovascu-
lar disease in the study cohort of Japanese men and women
[41], a more significant association may be found in other
ethnic groups and/or regions. sLOX-1 has also been shown
to correlate with the presence of plaque rupture in cases of
thin-cap fibroatheroma [42]. There is a significant association
between plaque rupture and sLOX-1 levels and a significant
difference in sLOX-1 levels between stable angina patients
and those who experience ACS [43]. Lastly, sLOX-1 levels
are elevated threefold in the presence of coronary artery dis-
ease in patients with metabolic syndrome [44].

Outside of cardiovascular disease, Ishikawa et al. [45]
found that serum and synovial sLOX-1 levels are elevated in

↑Bax/BCL2

↓cIAP1

↑ Caspase 3/9

Apoptosis
↑PKC

↑MMP

TNFα
oxLDL Glucose

P38/p42

V-/I-CAM 
Selec�ns

SMC 
prolifera�on Plaque 

instability

Inflamma�on

Ang II AGEs

EC

IC

OxLDL

CRP
Bacteria

Apopto�c Cells

Fig. 2 LOX-1-dependent signal transduction. LOX-1 expression is
stimulated by nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-κB), angiotensin II (AngII), advanced glycation end products
(AGEs), oxidized low-density lipoprotein (oxLDL), glucose and tumour
necrosis factor-alpha (TNF-α) amongst others. At the cell membrane, it
binds oxLDL as well as C-reactive protein (CRP) and other ligands.
OxLDL/LOX-1 is trafficked into the cell where it activates a protein
kinase C (PKC) leading to an inflammatory cascade involving mitogen-

activated kinase proteins (p38/p42); further downstream, vascular and
intercellular adhesion molecules (VCAM, ICAM) lead to platelet and
monocyte adhesion and further inflammation. Matrix metalloproteases
are also upregulated leading to atherosclerotic plaque instability. Lastly,
a number of apoptosis pathways are triggered including upregulation of
the Bcl-2 family, downregulation of inhibitory apoptotic protein-1 (ICAP-
1) and upregulation of caspases
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rheumatoid arthritis. Further, LOX-1 is thought to be an im-
portant biomarker of disease activity and treatment efficacy;
however, this is complicated by evidence that other disease
states also elevate sLOX-1 levels [33, 36]. Thus, LOX-1 is not
simply a sensor and vehicle for oxLDL but also a gauge of
chronic disease status. Whilst trials have recognized that
LOX-1 could be of use for future-targeted therapy, this has
not come to fruition. Future research could yield new and
diverse clinical applications based on LOX-1-specific probes:
animal work has begun to elucidate how this might work.

Manipulation of LOX-1 Function in Disease

LOX-1 has been investigated predominantly as a biomarker
and contributory factor to atherosclerotic disease. Much of the
preclinical therapeutic evaluations of antibodies directed
against LOX-1 have also focused on this pathology. Mehta
and colleagues [46, 47] investigated the use of a blocking
antibody directed against LOX-1 in a rat myocardial
ischaemia-reperfusion injury model. Animals treated with ve-
hicle or antibody were subjected to ligation of the left anterior
descending coronary artery for 60 min before resumption of
blood flow. In the control group, there was increased myocar-
dial metalloprotease expression and leucocyte recruitment.
LOX-1 antibody administration attenuated such effects; in
addition, the myocardial infarct area was significantly smaller
compared to controls. Lin et al. [48] found that the incidence
of cardiac hypertrophy in ApoE-null transgenic mice on a fat
and cholesterol-rich diet was nullified by anti-LOX-1 anti-
body treatment. Nakano and colleagues [49] demonstrated
that anti-LOX-1 antibody treatment caused reduction in lipid
deposits in the mesenteric arteries of stroke-prone spontane-
ous hypertensive rats. Finally, Lund and colleagues [50] sug-
gest that anti-LOX-1 treatment can modulate the pro-
atherogenic effects of air pollutants.

Hinagata et al. [51] demonstrated that following iatrogenic
balloon injury of carotid arteries, the administration of repeat-
ed doses of anti-LOX-1 antibody caused a 29 % decrease in
intimal hyperplasia of the carotid artery in rat models.
Additionally, there were reduced levels of myeloperoxidase
and reactive oxygen species (ROS) in the endothelial cells
lining the injured arteries [51]. A role for LOX-1 has also been
implicated in renal vascular disease: Dominguez and col-
leagues [52] injected obese diabetic hypertensive (OM) rats
with either anti-LOX-1 antibody or control-matched immuno-
globulin and evaluated effects on kidney pathology. The OM
phenotype was associated with a significant decrease in renal
vascular density and lower levels of glomerular vascular en-
dothelial growth factor A (VEGF-A). These effects were at-
tenuated in OM rats subjected to anti-LOX-1 antibody treat-
ment. Histological analysis also suggested that this mode of
treatment conferred protection against renal fibrosis.

The link between LOX-1 and rheumatoid arthritis is further
supported by evidence that intra-articular administration of
oxLDL to a rat model led to significant joint swelling, medi-
ated via synovial hyperplasia [45]. However, such effects are
attenuated by the co-administration of anti-LOX-1 antibody
[53]. Earlier work by Nakagawa et al. [54] had also demon-
strated that anti-LOX-1 antibody administration reduced the
incidence of zymosan-induced arthritis in rat models.

The LOX-1 gene (OLR1) is localized with the natural killer
gene complex on the short arm of human chromosome 12,
suggesting a functional role in innate immunity [55].
However, anti-LOX-1 administration reduces leucopenia and
improves survival upon exposure to bacterial endotoxin [55].
Landsberger et al. [56] found that administration of E. coli
lipopolysaccharides led to significant changes in the intestinal
microcirculation including increased leucocyte adhesion to
blood vessel walls and increased release of TNF-α.
However, anti-LOX-1 administration reduced these effects.
Zhang et al. [57] examined the effect of LOX-1 blockade on
acute lung injury and concluded that there was markedly re-
duced myeloperoxidase activity, sequestration of leucocytes
into the lung interstitium and capillary permeability. In addi-
tion, markers for cell apoptosis were also markedly reduced
by such treatment. Thus, LOX-1 may have a role in modulat-
ing the systemic inflammatory response syndrome. Vincent
and colleagues [58] also explored the effects of anti-LOX-1
administration on the pro-inflammatory axis involving NF-κB
and diabetes. Anti-LOX-1 administration blocked NF-κB ac-
tivation and reduced incidence of nerve dysfunction. Thus,
perturbation of LOX-1 function may also modulate peripheral
neuropathy.

Akamatsu et al. [59] have suggested a role for LOX-1 in
neonatal hypoxic-ischaemic encephalopathy (HIE). In their
study, LOX-1 (OLR1) gene expression was found to be ele-
vated in neural tissues of a rat HIE model [59]. Furthermore,
daily administration of intravenous anti-LOX-1 antibody re-
duced brain oedema and total volume apoptosis associated
with this model.

There is increasing realization that LOX-1 could prove to
be valuable for molecular imaging applications. Ishino et al.
[60] were the first to describe the use of a Technetium-99-
labelled anti-LOX-1 antibody for atherosclerosis detection.
Watanabe heritable hyperlipidemic rabbits injected with this
probe revealed labelling of atherosclerotic regions in major
arterial beds. Further, there was a strong correlation between
in vivo imaging and post-mortem pathological analyses. Li
et al. [61] tested the use of magnetic resonance imaging and
single-positron emission computed tomography on ApoE-null
and LOX-1-null transgenic mice. Using liposomes bound to
anti-LOX-1 and relevant imaging markers, arterial areas dense
in LOX-1 expression could bemapped, particularly at rupture-
prone sites within atherosclerotic plaques. De Vos et al. [62]
used protein nanobodies directed at LOX-1 using similar
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models, but binding affinity was poor and results
inconclusive.

Translational Applications

Taken together, such studies provide evidence to support the
feasibility LOX-1 as a biomarker of human disease and target
for therapeutic strategies. However, a few points must be
borne in mind: Firstly, one must consider the significant dif-
ferences in the primary sequence and structure of LOX-1
when compared between humans, mice and rats (Fig. 3); rat
and murine LOX-1 proteins contain more than 90 additional
residues in the extracellular domains that may have unique
properties not associated with human LOX-1. Careful com-
parison of effects across different animal species is needed
before clinical application. Secondly, the endpoints in many
of these studies are scientifically convenient but clinically

irrelevant. Parameters such as joint diameter and
myeloperoxidase expression levels are unsuitable for quanti-
fying human diseases that are best measured in quality of life
effects and functional impairment. Thus, reconciling experi-
mental parameters with clinical end points is of paramount
importance. Thirdly, outcomes in diseases such as cardiovas-
cular disease, HIE and rheumatoid arthritis are measured over
years [63–67] and short-term results in the animal experiments
described may not correlate with longer-term effects.

One must also consider the heterogeneity of the studies
reviewed (Table 1). The delivery route of antibodies varies
substantially between different LOX-1-related animal studies.
Further, antibodies have been delivered to human targets by
subcutaneous [68], intramuscular [69] and intrathecal [70]
routes; such routes remain untested in LOX-1 studies. The
dose and scheduling adopted also shows great variability.
Clearly, like other monoclonal antibody-based therapies

Table 1 Anti-LOX-1 administration and modified disease outcomes

Author Model Route Dose Duration Key findings

Hinagata (2006) [51] Wild-type rat carotid artery trauma IV 10 mg/kg every
3 days

14 days Reduced intimal hyperplasia

Dominguez (2008) [52] Analysis of obese wild-type rat renal
vasculature

IV 2 μg every 7 days 15 weeks Reduced vascular density, renal fibrosis

Li (2003) [46] Wild-type rat myocardial ischaemia-
reperfusion injury

IV 10 mg/kg single dose Once
only

Reduced myocardial infarct

Lin (2010) [48] Murine western diet ApoE knockout – – – Reduced ventricular hypertrophy

Nakano (2010) [49] Stroke-prone hypertensive rats IV 10 mg/kg every
4 days

4 days Reduced mesenteric intravascular lipids

Lund (2011) [50] Murine ApoE knockouts exposed to
engine emissions

IP 1.6 μg every 2 days 7 days Reduced expression of endothelial stress
markers

Nakagawa (2002) [54] Zymosan-induced arthritis in wild-
type
rats

IV 2 mg/kg single dose 1 day Reduced joint swelling, cartilage erosion

Ishikawa (2012) [45] Wild-type rats injected with IA
oxLDL

IA 20 μg once daily 7 days Reduced joint swelling, synovial
hyperplasia

Honjo (2003) [55] Wild-type rats injected with bacterial
endotoxins

IV 10 mg/kg single dose Once
only

Reduced leucopenia, improved survival in
response to sepsis

Landsberger (2010)
[56]

Wild-type rats injected with bacterial
endotoxins

IV 10 mg/kg single dose Once
only

Attenuated response to sepsis

Zhang (2008) [57] Wild-type mice injected with LPS IV 100 μg/kg single
dose

Once
only

Reduced apoptosis, expression of
inflamm. markers

Vincent (2012) [58] BKSdb mice administered anti-LOX-
1

IP 0.16 μg every 2 days 6 weeks Reduced diabetic neuropathy

Akamatsu (2014) [59] Wild-type rat pups with carotid artery
ligation

IP 60 μg/kg twice daily 3 days Reduced volume of hypoxic
encephalopathy

IV intravenous, IA intra-articular, IP intraperitoneal, LPS lipopolysaccharide

Human
M T F D D L K I Q T V K D Q P D E K S N G K K A K G L Q F L Y S P W W C L A A A T L G V L C L G L V V T I M V L Q M Q L S Q V S D L L T Q E Q A N L T H Q K K K L E G Q I S A R Q Q A E E A S Q - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - E S E N E L K E M I E T L A R K L N E K S K E Q M E L H H Q N L N L Q E T L K R V A N C S A P C P Q D W I W H G E N C Y L F S S G S F N W E K S Q E K C L S L D A K L L K I N S T A D L D F I Q Q A I S Y S S F P F W M G L S R R N P S Y P W L W E D G S P L M P H L F V R V G A V S Q T Y P S G T C A Y I Q R G A V Y A E N C I L A A F S I C Q K K A N L - R A Q

Murine
M T F D D - K M K P A N D E P D Q K S C G K K P K G L H L L S S P W W F P A A M T L V I L C P A A M T L V I L C W T Q L R Q V S D L L K Q Y Q A N L T Q Q D R I L E G Q M L A Q Q K A E N T S Q E S K K E L K G K I D T L T Q K L N E K S K E Q E E L L Q K N Q N L Q E A L Q R A A N S S E E S Q R E L K G K I D T I T R K L D E K S K E Q E E L L Q M I Q N L Q E A L Q R A A N S S E E S Q R E L K G K I D T L T L K L N E K S K E Q E E L L Q K N Q N L Q E A L Q R A A N F S G P C P Q D W L W H K E N C Y L F - H G P F S W E K N R Q T C Q S L G G Q L L Q I N G A D D L T F I L Q A I S H T T S P F W I G L H R K K P G Q P W L W E N G T P L N F Q F F K T R G V S L Q L Y S S G N C A Y L D Q G A V F A E N C I L I A F S I C Q K K T N H L Q I -

Rat
M A F D D - K M K P V N G Q P D Q K S C G K K P K G L H L L S S T W W C P A A V T L A I L C P A A V T L A I L C Q T Q L L Q V S D L L K Q Y Q A N L T Q Q D H I L E G Q M S A Q K K A E N A S Q E S K R E L K E Q I D T L T W K L N E K S K E Q E K L L Q Q N Q N L Q E A L Q R A V N A S E E S K W E L K E Q I D I L N E L K E Q I D I L N K E L L Q Q N N Q L Q E A K Q K A E K Y S E E S Q R E L K E Q I D T L S W K L N E K S K E Q E E L L Q Q N Q N L Q E A L Q R A A N S S G P C P Q D W I W H K E N C Y L F - H G P F N W E K S R E N C L S L D A Q L L Q I S T T D D L N F V L Q A T S H S T S O F W M G L H R K N P N H P W L W E N G S P L S F Q F F R T R G V S L Q M Y S S G T C A Y I Q G G V V F A E N C I L T A F S I C Q K K A N L L L T Q

TRANS-MEMBRANE DOMAIN RAT- AND MURINE-SPECIFIC  LONG NECK DOMAIN C-TYPE LECTIN DOMAIN

Fig. 3 Comparison of amino acid sequence of human, rabbit, bovine,
murine and rat LOX-1. Line diagrams depicting relationship between
LOX-1 proteins from different species. Blue: human protein sequence;

green: matching animal amino acids; red: non-matching animal amino
acids. Note the presence of a much longer neck domain in murine and rat
LOX-1 of unknown function
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[71], the pharmacokinetics of anti-LOX-1 antibodies need to
be explored further.

Assuming that the above criticisms are appropriately ad-
dressed, there are two further considerations which will face
future translational research. Whilst guidance on safety profil-
ing for antibody therapy now exists [72], side effects associ-
ated with such therapies are significant [73]. Whilst this is not
a new consideration, the absence of side effect reporting in
preclinical studies is notable. Moreover, cost may prove to be
the greatest barrier to the adoption of immunological therapies
to LOX-1. Alemtuzumab, as an example, was marketed at
US$60,000 per patient per year [74]. Given the pandemic
proportion of cardiovascular disease, and the fact that conven-
tional, cheaper treatments for cardiovascular disease have not
been proven to be cost-effective for widespread primary pre-
vention [75], treating patients at a preclinical stage of disease
will likely be prohibitively expensive.

Conclusions and Future Research

There are significant hurdles to overcome in order to translate
preclinical findings into clinically valid and cost-effective
endpoints: The side effects of targeting LOX-1 remains a wor-
rying and valid concern; The therapeutic route for targeting
LOX-1 is problematical: oral administration of proteins is not
yet practical despite advances in formulation vehicles, enzyme
inhibitors, absorption enhancers and mucoadhesive polymers
[76]. Nonetheless, anti-LOX-1 probes show great potential in
risk stratification of cardiovascular disease. Such agents may
also have a wider role in the management of other chronic and
acute disease.
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