
Variation in the Lectin-like Oxidized LDL Receptor 1 (LOX-1) Gene
Is Associated With Plasma Soluble LOX-1 Levels

Tina E. Brinkley, PhDa, Noriaki Kume, MD, PhDb, Hirokazu Mitsuoka, MDb, Michael D. Brown,
PhDa, Dana A. Phares, PhDa, Robert. E. Ferrell, PhDc, Toru Kita, MD, PhDb, and James M.
Hagberg, PhDa

a Department of Kinesiology, University of Maryland, College Park, MD 20742, USA

b Department of Cardiovascular Medicine, Graduate School of Medicine, Kyoto University, Kyoto 606-8507,
Japan

c Department of Human Genetics, Graduate School of Public Health, University of Pittsburgh, Pittsburgh,
PA 15261, USA

Abstract
The lectin-like ox-LDL receptor 1 (LOX-1) expressed on vascular cells plays a major role in
atherogenesis by internalizing and degrading oxidized LDL. LOX-1 can be cleaved from the cell
surface and released as soluble LOX-1 (sLOX-1), and elevated sLOX-1 levels may be indicative of
atherosclerotic plaque instability. We examined associations between the LOX-1 3′UTR-C/T and
G501C polymorphisms and plasma sLOX-1 levels in 97 healthy older men and women. The
frequencies for the 3′UTR-T and 501C alleles were 46% and 10%, respectively. Plasma sLOX-1
levels were significantly higher in the 3′UTR CC genotype group compared to both the CT (p=0.02)
and TT (p=0.002) genotype groups. Plasma sLOX-1 were also significantly higher in the 501GC
genotype group compared to the GG genotype group (p=0.004). In univariate analyses, sLOX-1
levels were significantly associated with both the 3′UTR-C/T and G501 C polymorphisms. These
associations remained significant after adjusting for age, gender, race, and BMI. In conclusion,
variation in the LOX-1 gene is associated with plasma sLOX-1 levels in older men and women.
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Introduction
The oxidative modification of LDL is a key step in the initiation and progression of
atherosclerosis (Witztum & Steinberg, 1991). Ox-LDL is taken up by macrophages and
vascular smooth muscle cells through a variety of scavenger receptors, including SR-A, SR-
BI, and CD36 (Witztum & Steinberg, 1991;Chen et al., 2002). Vascular endothelial cells can
also internalize and degrade ox-LDL and this occurs primarily via the lectin-like ox-LDL
receptor 1 (LOX-1). LOX-1 is the major receptor for ox-LDL on endothelial cells and mediates
many of the atherogenic effects of ox-LDL in the vascular wall (Sawamura et al., 1997;Chen
et al., 2002). Ox-LDL-LOX-1 interactions stimulate several intracellular signaling pathways
that regulate the expression of atherosclerosis-related genes (Mehta et al., 2006). LOX-1

Corresponding Author: Tina E. Brinkley, PhD, Department of Internal Medicine, Section on Gerontology and Geriatric Medicine, Wake
Forest University Health Sciences, Winston-Salem, NC 27157, Tel: 336-713-8468, Fax: 336-713-8588, Email: tiellis@wfubmc.edu.

NIH Public Access
Author Manuscript
Exp Physiol. Author manuscript; available in PMC 2009 September 1.

Published in final edited form as:
Exp Physiol. 2008 September ; 93(9): 1085–1090. doi:10.1113/expphysiol.2008.042267.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



expression is upregulated in hypercholesterolemia, hypertension, diabetes, and myocardial
ischemia (Mehta et al., 2006). In addition, LOX-1 is prominently expressed by endothelial
cells covering early atherosclerotic lesions, and by intimal smooth muscle cells and
macrophages in advanced atherosclerotic plaques (Kataoka et al., 1999).

Like many cell-surface receptors with a single transmembrane domain, LOX-1 can be cleaved
at the membrane proximal extracellular domain by serine proteases and released in a soluble
form (Murase et al., 2000;Kume & Kita, 2001). Elevated levels of soluble membrane proteins
in plasma may reflect increased expression of membrane-bound proteins and disease activities.
Although the pathophysiological roles of sLOX-1 remain unclear, circulating sLOX-1 levels
are elevated in acute coronary syndromes, but not in general inflammatory diseases, thereby
differentiating sLOX-1 from inflammatory markers such as C-reactive protein (Hayashida et
al., 2005). While increased protease activities in patients with vulnerable plaques may
contribute to increased sLOX-1 levels, the biological and/or genetic factors contributing to the
formation of sLOX-1 are still largely unknown.

Several polymorphisms have been identified in the LOX-1 gene, including a C-to-T
substitution in the 3′-untranslated region (3′UTR-C/T; rs1050283) (Mango et al., 2003). This
polymorphism affects the binding of nuclear proteins, and individuals with the 3′UTR/T allele
may have an increased risk for coronary artery disease (CAD) and myocardial infarction
(Mango et al., 2003;Chen et al., 2003;Sentinelli et al., 2006;Novelli et al., 2007). In addition,
the 3′UTR polymorphism is in complete linkage disequilibrium with intronic polymorphisms
that regulate the splicing of exon 5 (Mango et al., 2003;Mango et al., 2005). A second functional
polymorphism has been identified in exon 4 which involves a G-to-C substitution at nucleotide
501 (G501C; rs11053646), leading to an amino acid change in codon 167 (Tatsuguchi et al.,
2003). Due to its location in the ligand-binding domain, this polymorphism may affect the
binding and uptake of ox-LDL and subsequent LOX-1 activation (Chen et al., 2001;Tatsuguchi
et al., 2003;Ohmori et al., 2004). Some studies support a protective role for the 501C allele,
while others report a positive association with cardiovascular disease, or no association at all
(Mango et al., 2003;Tatsuguchi et al., 2003;Ohmori et al., 2004;Hattori et al., 2006;Trabetti
et al., 2006). Given the potential effect of these two functional polymorphisms on LOX-1
expression and/or activity, it is likely that sLOX-1 levels are influenced by LOX-1 gene
variation. Thus, the purpose of this study was to determine whether the LOX-1 3′UTR-C/T
and G501C polymorphisms are associated with plasma sLOX-1 levels.

Methods
Subjects and screening

This study included 50–75 yr-old men and women who were recruited to participate in an
exercise training study. All subjects were sedentary, non-smokers, non-diabetic, and free of
heart, liver, kidney, and lung disease. Subjects were either normotensive with at least one
National Cholesterol Education Program lipid abnormality (total cholesterol > 200 mg/dL,
LDL-cholesterol > 130 mg/dL, HDL-cholesterol < 40 mg/dL, or triglycerides > 200 mg/dL)
or hypertensive (blood pressure < 160/90 mmHg), but controlled by medications not affecting
lipid metabolism. All females were postmenopausal (absence of menses > 2 years). Individuals
with a body mass index (BMI) > 37 kg/m2, fasting triglycerides > 400 mg/dL, fasting glucose
> 126 mg/dL, or postprandial glucose > 200 mg/dL were excluded from the study. Individuals
with a maximal graded exercise test indicating signs or symptoms of cardiovascular disease or
other chronic diseases that would preclude exercise testing or training were also excluded from
the study (American College of Sports Medicine, 2000). Subjects were informed of the study
requirements and provided written consent. This study complies with the Declaration of
Helsinki and was approved by the University of Maryland at College Park Institutional Review
Board.
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Dietary stabilization
Subjects were stabilized for 6 weeks on an American Heart Association Step I diet, which
consisted of ≤ 30% of daily calories from fat, ~55% from carbohydrates, and 15% from protein,
with cholesterol intake limited to < 300 mg/day. Before all laboratory measurements, subjects
completed a 7-day food record to assess compliance with the prescribed diet. Food records
were analyzed by a registered dietitian using Computrition software (Computrition Inc.,
Chatsworth, CA).

Laboratory measures
Blood was drawn in the morning after a 12-hour overnight fast and frozen plasma aliquots were
stored at −80°C until further analysis. Fasted samples were taken on at least 2 separate days
and averaged to calculate baseline lipid levels. Plasma total cholesterol, triglycerides, HDL-
cholesterol, and LDL-cholesterol levels were determined using conventional methods
(Friedewald et al., 1972;Allain et al., 1974;Sampson et al., 1975;Warnick et al., 1982). Total
body fat was measured by dual energy x-ray absorptiometry (DEXA), and intra-abdominal fat
was quantified using computerized tomography (CT), as described previously (Mazess et al.,
1990;Nicklas et al., 1996). Due to technical reasons, 12 subjects were missing lipid data, 8
were missing DEXA data, and 20 were missing CT data. Plasma sLOX-1 levels were measured
by a sandwich chemiluminescent ELISA using two different human LOX-1-specific
monoclonal antibodies with a recombinant human LOX-1 extracellular domain as an assay
standard, which was modified from the previously described sandwich ELISA (Hayashida et
al., 2005). Monoclonal antibodies directed to human LOX-1 were established by standard
hybridoma techniques after immunizing mice with a recombinant protein corresponding to the
extracellular domain of human LOX-1. Intra-assay and inter-assay coefficients of variation
were 1.8%–6.4% and 4.4%–10.7%, respectively.

Genotyping
To identify the LOX-1 variants, DNA was isolated from peripheral lymphocytes and genotyped
using fluorescence polarization. Primers for the 3′UTR polymorphism were: forward, 5′-
AGCTATTCTTTGTCACTTGGGTG-3′; reverse, 5′-
CTGAGTTCAGAGGGTTTTCAAGC-3′; and internal reverse, 5′-
GGGAAGCTTGGGACAAG CTAGGTGAAATAATACAG-3′. Primers for the G501C
polymorphism were: forward, 5′-CAGCTCCTTGTCCGCAAGACTGGAT-3′; reverse, 5′-
GAACACTCACCAGATCAGCTGT GCT-3′; and internal reverse, 5′-
CTTGGCATCCAAGACAAGCACTTCTCTTGGCT-3′. DNA was amplified using PCR,
followed by purification of the PCR products and single base extension. The fluorescence
polarization measurement and genotype assignments were performed as described previously
(Chen et al., 1999).

Statistical analyses
All statistical analyses were performed using SAS version 9.1. Plasma sLOX-1 levels were
log transformed to achieve a normal distribution. One-way analysis of variance was used to
compare differences between genotype groups. Linear regression was used to examine the
association of sLOX-1 levels with LOX-1 polymorphisms and to determine the relationship
between LOX-1 polymorphisms and plasma sLOX-1 levels after controlling for demographic
variables and BMI. A value of p ≤ 0.05 was considered statistically significant.

Results
The study population consisted of 53% Whites, 38% Blacks, and 9% Other. Given the racial
heterogeneity of the study population, we tested for an interactive effect of race and LOX-1
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genotype on sLOX-1 levels and did not find a significant interaction for either polymorphism.
In addition, we found that the direction of the association between LOX-1 genotype and
sLOX-1 levels were similar in Whites and Blacks. Thus, all races were combined for the
analyses. The mean age was 58.4 ± 0.6 yrs and the mean BMI was 28.7 ± 0.4 kg m−2. Forty-
seven percent of the population was female, and of those, 37% were on HRT. The frequencies
for the 3′UTR CC, CT and TT genotypes were 33%, 42% and 25%, respectively (Table 1).
The frequencies for the 501 GG and GC genotypes were 79% and 21%, respectively. There
were no individuals with the 501CC genotype in this study. The allele and genotype frequencies
for both polymorphisms were in Hardy-Weinberg equilibrium. In addition, the two
polymorphisms were in complete linkage disequilibrium (D′=1.0, R2=0.097)

There were no significant differences in age, weight, BMI, body composition, or plasma lipid
levels between LOX-1 genotype groups for both polymorphisms (Table 2). Plasma sLOX-1
levels were significantly different among the 3′UTR-C/T genotype groups (p=0.006), as shown
in panel A of the Figure. Plasma levels were significantly higher in the 3′UTR CC genotype
group compared to both the CT genotype group (p=0.02) and the TT genotype group (p=0.002).
There was no difference in sLOX-l levels between the CT and TT genotype groups. Similarly,
plasma sLOX-1 levels were significantly higher in the 501GC genotype group compared to
the GG genotype group (p=0.004) (Figure, panel B).

In univariate analysis, sLOX-1 levels were significantly associated with both the 3′UTR-C/T
and G501C polymorphisms (p=0.002 and p=0.004, respectively). Both polymorphisms
remained associated with sLOX-1 after adjustment for age, gender, race and BMI (3′UTR-C/
T, p=0.02; G501C, p=0.009).

Discussion
The present study is the first to report the relationship between LOX-1 gene polymorphisms
and circulating sLOX-1 levels. We found that the 3′UTR-T allele was associated with lower
sLOX-1 levels. These findings were surprising given that this allele has been positively
associated with cardiovascular disease (Mango et al., 2003;Chen et al., 2003). While elevated
sLOX-1 levels have been reported in patients with acute coronary syndromes (Hayashida et
al., 2005), the physiological significance of sLOX-1 is not known. Thus, the reasons for the
discrepancy in these findings is not apparent, but may be related to the study population. We
also found that the LOX-1 501GG genotype was associated with lower sLOX-1 levels. The
association between the G501C polymorphism and cardiovascular disease is less clear, as
published results have been largely inconsistent (Mango et al., 2003;Tatsuguchi et al.,
2003;Ohmori et al., 2004;Hattori et al., 2006;Trabetti et al., 2006). As such, determining the
influence of LOX-1 polymorphisms on sLOX-1 levels may help to further elucidate the
biological effects of LOX-1 gene variation on cardiovascular disease.

Both the 3′UTR and G501C polymorphisms may affect LOX-1 expression. Chen et al. reported
that the 3′UTR-T allele has a 3-fold lower binding affinity for regulatory proteins compared
with the C allele and proposed that the 3′UTR polymorphism may directly affect LOX-1 mRNA
stability and/or translation (Chen et al., 2003). Moreover, Mango et al. found that the 3′UTR
polymorphism and five intronic polymorphisms comprise a linkage disequilibrium block that
regulates the relative expression of two LOX-1 isoforms (Mango et al., 2005). On the other
hand, it has been suggested that the G501C polymorphism may alter gene expression by
affecting LOX-1 binding activity (Tatsuguchi et al., 2003). This polymorphism results in a
non-conservative amino acid change (Lysine to Asparagine) in codon 167, which is located in
the ligand-binding domain. Electrostatic interactions between basic residues in this domain
and negatively charged residues in ox-LDL are critical for LOX-1 activity, and substitution of
these residues may cause reduced ox-LDL binding and internalization (Chen et al., 2001).
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Although more functional studies are needed to understand the impact of LOX-1 gene variation
on the expression and activity of this receptor, our results suggest that common genetic variants
in LOX-1 may affect plasma concentrations of sLOX-1.

As mentioned previously, Hayashida et al. found that serum sLOX-1 levels were significantly
elevated in patients with acute coronary syndromes compared to individuals with normal
coronary arteries and patients with stable CAD and non-cardiovascular diseases (Hayashida
et al., 2005). In patients with acute coronary syndromes, median sLOX-1 levels were 2,910 pg
ml−1 (range, <500 to 170,000 pg ml−1) compared to all other patient groups and controls, whose
levels ranged from <500 to 14,000 pg ml−1. It was concluded that sLOX-1 levels do not reflect
general inflammation or lesion size, but rather the instability of atherosclerotic plaques, which
is indicative of more prominent LOX-1 expression and enhanced protease activities. In
vulnerable plaques, an increase in protease activities may serve to cleave LOX-1 from the cell
surface, thereby increasing the circulating sLOX-1 levels. In our population of clinically
healthy individuals, plasma sLOX-1 levels were substantially lower (median, 36.23 pg ml−1;
interquartile range, 24.63 to 54.15 pg ml−1). Thus, the significance of elevated sLOX-1 levels
in a disease-free population remains to be elucidated.

The main limitation in this study was the small sample size. With a 3′UTR/T-allele frequency
of 46%, we had sufficient statistical power (~83%) to detect differences in sLOX-1 levels
between the CC and TT genotype groups. However, given a 501C allele frequency of 10%,
we had limited power to detect differences in sLOX-1 levels between the 501GG and GC
genotype groups. Nevertheless, this is the first study to investigate the effects of the LOX-1 3′
UTR-C/T and G501C polymorphisms on plasma sLOX-1 levels. Our findings demonstrate
that LOX-1 gene variation may be important in the regulation of sLOX-1 levels in plasma.
More studies are needed to clarify the significance of sLOX-1 in normal and pathological
settings and the effect of genetic and behavioral factors on circulating sLOX-1 levels.
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Figure.
Plasma sLOX-1 levels by the LOX-1 3′UTR-C/T polymorphism (A) and the G501C
polymorphism (B), *p<0.05, †p<0.01.
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