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Lectin-like oxidized low-density lipoprotein receptor-1 (LOX-1) is
implicated in vascular endothelial function. Vascular endothelial
function is a potent regulator of arterial stiffness, an independent
risk factor for cardiovascular disease. However, it is unknown
whether LOX-1 is associated with arterial stiffness. Plasma con-
centrations of soluble LOX-1 (sLOX-1) and brachial-ankle pulse
wave velocity (baPWV, an index of arterial stiffness) were mea-
sured in 143 individuals between 51 and 83 years of age. Plasma
sLOX-1 concentration was correlated with baPWV (r=0.288,
p = 0.0005). In stepwise regression analysis, plasma sLOX-1 con-
centration was associated with baPWV, after adjusting for age;
body mass index; blood pressure; heart rate; blood levels of
cholesterol, triglycerides, glucose, hemoglobin A1c, and insulin;
sex; and use of antihypertensives, lipid-lowering agents, and
other medications (R? = 0.575, p<0.0001). Multiple logistic regres-
sion demonstrated that plasma sLOX-1 concentration was inde-
pendently associated with elevated baPWV (>14.0 m/s; odds ratio,
1.01; 95% confidence interval, 1.00-1.03; p = 0.03). These results
suggest that LOX-1 is associated with arterial stiffness.
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C entral arteries such as the aorta and the carotid artery have
elastic properties that buffer the pulsations in blood pressure
and blood flow via wall extension. Arterial stiffness increases with
age.!V Increased arterial stiffness (i.e., decreased buffering func-
tion) is a well-established cardiovascular risk factor.” Structural
factors such as elastin and collagen content in the arterial media
are implicated in arterial stiffness. In addition, functional factors
(e.g., endothelial function and sympathetic nervous system
activity) play a role in regulation of arterial stiffness. Increased
oxidative stress and decreased anti-oxidant capacity are functional
factors for arterial stiffening. Brinkley ez al.® reported that plasma
oxidized low-density lipoprotein (oxLDL) levels are indepen-
dently associated with arterial stiffness. However, the mechanisms
underlying the oxLDL-related arterial stiffening have not been
fully elucidated.

Lectin-like oxLDL receptor-1 (LOX-1) is the major receptor
for oxLDL on the surface of endothelial cells.® Circulating levels
of soluble LOX-1 (sLOX-1) have been investigated as a predictor
of coronary and peripheral artery disease.®® Animal studies have
suggested that upregulation of LOX-1 reduces endothelium-
dependent vasodilation via decreased nitric oxide (NO) avail-
ability.”® In addition, a human study demonstrated that circulating
levels of sLOX-1 are correlated with endothelial NO synthase
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(NOS) activity.”) NO is a potent regulator of arterial stiffness.*!
However, it is unknown whether LOX-1 is related to arterial
stiffness. The aim of this study was to investigate whether plasma
concentrations of SLOX-1 are associated with arterial stiffness in
middle-aged and older individuals.

Materials and Methods

Participants. Measurements were performed in 154 indi-
viduals. Smokers and premenopausal women were excluded from
the analysis because both smoking and menstrual cycle affect
arterial stiffness.!>!» The remaining 143 individuals, between the
ages of 51 and 83 years, were analysed. Subjects were divided into
two groups based on brachial-ankle pulse wave velocity
(baPWYV), an index of arterial stiffness: low (<14.0 m/s) or high
(>14.0 m/s, Table 1).04'> Subjects refrained from alcohol con-
sumption and intense physical activity starting the day before
testing, and caffeine consumption on the day of testing.

This study was approved by the Ethics Committee of Ryutsu
Keizai University (Approval Number 1) and complied with the
principles of the Helsinki Declaration. All participants gave their
written informed consent prior to study participation.

BaPWV assessment. After a resting period of at least
20 min, baPWV was measured as in our previous studies.!%!”
Briefly, brachial and post-tibial artery pressure waveforms were
obtained simultaneously in duplicate with cuffs connected to an
air plethysmographic sensor and an oscillometric pressure sensor
(formPWV/ABI; Omron Colin, Tokyo, Japan). The distance
traveled by the pulse wave from the heart to the brachial recording
site (Distance A) and that from the heart to the post-tibial
recording site (Distance B) were calculated based on each sub-
ject’s height. The time it took from when the pulse wave reached
the brachial recording site to when it reached the post-tibial
recording site (T) was determined based on the time delay between
the brachial and post-tibial ‘foot’ waveforms. BaPWV was calcu-
lated as the difference between Distance A and B divided by T.
Our representative day-to-day coefficient of variation (CV) for
baPWV was 2.2 + 1.3%.19

Blood chemical analysis. Blood samples were collected in
the morning after an overnight fast. Plasma sLOX-1 concentra-
tions were measured using a sandwich enzyme-linked immuno-
sorbent assay (ELISA) with two specific monoclonal antibodies
against sSLOX-1, with recombinant sSLOX-1 as the assay standard.
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Table 1. Characteristics of subjects

baPWV<14.0 m/s

baPWV=>14.0 m/s

(n=32) (n=111) p value
sLOX-1 (ng/L) 144 + 11 211+ 11 0.002
baPWV (m/s) 12.8+0.1 17.2+0.2 <0.0001
Sex (male/female) 7125 28/83 0.70
Use of antihypertensive medication (no/yes) 29/3 75/36 0.01
Use of lipid-lowering agent (no/yes) 311 94/17 0.07
Use of other medications (no/yes) 23/9 84/27 0.66
Age (years) 62.8+1.2 69.7 £ 0.5 <0.0001
Body mass index (kg/m?) 22.8+0.5 22.7+0.3 0.75
Systolic blood pressure (mmHg) 121+2 141 +1 <0.0001
Diastolic blood pressure (mmHg) 73 +£1 79 +1 0.0002
Heart rate (bpm) 59 +1 62+1 0.05
LDL (mg/dl) 138+5 125+3 0.02
HDL (mg/dl) 70+3 67 +2 0.48
Triglycerides (mg/dl) 9% +7 108 £5 0.19
Glucose (mg/dl) 97 +2 101 +2 0.28
Hemoglobin Alc (%) 5.7+0.1 5.9+0.1 0.29
Insulin (uU/dI) 49+04 6.3+0.5 0.15

Values are means + SE. baPWV, brachial-ankle pulse wave velocity; HDL, high-density lipoprotein cholesterol; LDL, low-
density lipoprotein cholesterol; sLOX-1, soluble lectin-like oxidized low-density lipoprotein receptor-1.

In our laboratory, intra-assay and inter-assay CVs for blood
sLOX-1 concentration were 1.6-5.2% and 3.9-7.7%, respec-
tively.®

Serum concentrations of low- and high-density lipoprotein
cholesterol (LDL and HDL, respectively) and triglycerides were
measured by using commercial enzymatic kits (Cholestest®LDL;
Sekisui Medical, Tokyo, Japan: Determiner L HDL-C or Metabo-
Lead HDL-C; Kyowa Medex, Tokyo, Japan: and Determiner C-
TG; Kyowa Medex) and an autoanalyzer (JCA-BM 8060; JEOL,
Tokyo, Japan). Plasma glucose concentrations and haemoglobin
Alc were determined by using a enzymatic kit (L-type Wako
Glu2; Wako Pure Chem. Ind., Ltd., Osaka, Japan), a latex aggluti-
nation kit (Determiner L HbAlc, Kyowa Medex), and an auto-
analyzer (JCA-BM 9130; JEOL). Serum insulin levels were
assessed by an electrochemiluminescence immunoassay by using
an analyzer (E170; Roche Diagnostics K.K., Tokyo, Japan) and
the designated regents.

Statistical analysis. Results are given as means + SE. The
unpaired 7 test or chi-squared test was used to detect differences
between groups, as appropriate. Relationships between two
variables were investigated using Pearson’s simple correlation
analysis. Stepwise and logistic regression were used to identify
independent predictors. P values <0.05 were considered statisti-
cally significant.

Results

BaPWV was correlated with plasma sLOX-1 concentration
(Fig. 1), age (r = 0.466, p<0.0001), systolic blood pressure (SBP;
r=0.615, p<0.0001), diastolic blood pressure (DBP; r=10.402,
p<0.0001), heart rate (HR; » =0.238, p = 0.004), plasma glucose
concentration (»=0.274, p=0.0009), and hemoglobin Alc
(r=0.261,p =0.001). BaPWV was not correlated with body mass
index (BMI) and serum concentrations of LDL, HDL, triglycerides,
and insulin. Plasma sLOX-1 concentration, age, SBP, and HR
were identified as independent predictors of baPWV in the step-
wise regression analysis that included sex (male = 0, female = 1);
use of antihypertensives, lipid-lowering agents, and other medica-
tions (yes =0, no=1); age; BMI; SBP; DBP; HR; and blood
levels of SLOX-1, LDL, HDL, triglycerides, glucose, hemoglobin
Alc, and insulin (Table 2).
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Fig. 1. Correlation between plasma concentration of soluble lectin-
like oxidized low-density lipoprotein receptor-1 (sLOX-1) and brachial-
ankle pulse wave velocity (baPWV).

Plasma sLOX-1 concentrations, proportion of subjects on anti-
hypertensive medications, age, SBP, and DBP were higher in the
high baPWV group than in the low baPWV group (Table 1).
Serum LDL concentrations were lower in the high baPWV group
compared to the low baPWV group. Multiple logistic regression
analysis demonstrated that plasma sLOX-1 concentration, age,
SBP, and HR were associated with baPWV, independent of other
factors (Table 3).

Age was correlated with plasma sLOX-1 levels (Fig. 2). Corre-
lation coefficients between age and plasma sLOX-1 concentration
were comparable between the low (» = 0.232, p = 0.20) and high
(r=0.229, p=0. 01) baPWV groups although the coefficient
in the low baPWV group did not reach statistical significance
because of the small sample size.
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Table 2. Stepwise regression analysis to identify independent predictors of arterial stiffness (brachial-ankle pulse wave velocity)
Independent predictors (n = 143, R? = 0.575, p<0.0001)

Regression coefficient SE B p value
Constant -1427.5 254.5 <0.001
Systolic blood pressure (mmHg) 9.9 1.0 0.557 <0.001
Age (years) 14.8 2.9 0.299 <0.001
Heart rate (bpm) 10.1 2.2 0.248 <0.001
sLOX-1 (ng/L) 0.3 0.1 0.120 0.04

Excluded variables: sex (male = 0, female = 1), use of antihypertensive medication (yes =0, no = 1), use of lipid-lowering agent
(yes =0, no = 1), use of other medications (yes = 0, no = 1), body mass index (kg/m?), diastolic blood pressure (mmHg), low-density
lipoprotein cholesterol (mg/dl), high-density lipoprotein cholesterol (mg/dl), triglycerides (mg/dl), glucose (mg/dl), hemoglobin
A1c (%), insulin (nU/dl). sLOX-1, soluble lectin-like oxidized low-density lipoprotein receptor-1.

Table 3. Odds ratios for increased arterial stiffness (brachial-ankle pulse wave velocity >14.0 m/s)

Univariate Multivariate

Odds ratio (95% ClI) p value Odds ratio (95% Cl) p value
sLOX-1 1.01 (1.00-1.02) 0.004 1.01 (1.00-1.03) 0.03
Sex 1.20 (0.47-3.09) 0.69 6.27 (0.62-63.44) 0.12
Antihypertensive use 4.64 (1.32-16.25) 0.01 4.69 (0.45-49.10) 0.19
Lipid-lowering agent use 5.61 (0.72-43.87) 0.10 5.84 (0.08-416.44) 0.41
Other medication use 0.92 (0.40-2.08) 0.83 0.49 (0.10-2.42) 0.37
Age 1.25 (1.14-1.36) <0.0001 1.31 (1.07-1.60) 0.009
Body mass index 0.98 (0.85-1.13) 0.75 0.81 (0.58-1.13) 0.21
Systolic blood pressure 1.13 (1.08-1.19) <0.0001 1.40 (1.16-1.69) 0.0005
Diastolic blood pressure 1.10 (1.04-1.16) 0.0005 0.87 (0.72-1.04) 0.12
Heart rate 1.05 (1.00-1.11) 0.05 1.18 (1.03-1.34) 0.01
LDL 0.98 (0.97-1.00) 0.02 1.00 (0.96-1.03) 0.77
HDL 0.99 (0.97-1.01) 0.48 1.00 (0.94-1.05) 0.86
Triglycerides 1.00 (0.99-1.02) 0.19 1.00 (0.97-1.02) 0.88
Glucose 1.02 (0.99-1.05) 0.29 0.92 (0.82-1.03) 0.16
Hemoglobin Alc 1.56 (0.68-3.58) 0.29 10.69 (0.41-278.39) 0.15
Insulin 1.1 (0.96-1.29) 0.14 1.22 (0.80-1.88) 0.36

Cl, confidence interval; HDL, high-density lipoprotein cholesterol; LDL, low-density lipoprotein cholesterol; sSLOX-1, soluble lectin-like oxidized low-
density lipoprotein receptor-1.

Discussion 7001  p=143
r=0.300

First, plasma sLOX-1 concentration was correlated with baPWV. 600 p=0.0002 o

In stepwise regression analysis, plasma sLOX-1 concentration
was associated with baPWV, after adjusting for sex; use of anti-
hypertensives, lipid-lowering agents, and other medications; age;
BMI; blood pressure; HR; and blood levels of cholesterol, trigly-
cerides, glucose, hemoglobin Alc, and insulin. Second, plasma
concentrations of sSLOX-1 were higher in the high baPWV group
than in the low baPWV group. Multiple logistic regression
analysis demonstrated that plasma sLOX-1 concentration was
independently associated with elevated baPWV. These results
suggest that LOX-1 is associated with arterial stiffness in middle-
aged and older individuals.

This study chose 14.0 m/s as cutoff value to divide subjects
into the low or high baPWV group. Munakata et al.!¥ reported
that higher baPWV (>14.0 m/s) was an independent risk factor for
microalbuminuria after two years in 321 hypertensive patients. 0-, : : : : : : |
Logistic regression analysis in 10,828 healthy subjects showed
tha% baPW\% >14.0 m/s V\)/]aS independently assgciateé with higher 50 55 60 65 70 75 80 85
risk based on the Framingham score and the presence of Age (years)
atherosclerotic cardiovascular disease.’> On the other hand,
recent studies have proposed a higher cutoff baPWV value.
Turin et al."® demonstrated that risk of all-cause mortality was
higher in the highest baPWV group (>17.0 m/s) relative to the
lowest baPWV group (<14.0 m/s) in 2,642 individuals without a
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Fig. 2. Correlation between age and plasma concentration of soluble
lectin-like oxidized low-density lipoprotein receptor-1 (sLOX-1).
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history of cardiovascular disease. Miyano et al."® documented
that baPWV >18.6 m/s was associated with an increased risk of
three-year total cardiovascular mortality in 530 normotensive
and hypertensive subjects. Based on these and other previous
studies, guidelines for non-invasive vascular function testing by
the Japanese Circulatory Society in 2013 defined baPWV of
14.0 m/s as indicative of cardiovascular risk, which was associated
with recommendations for lifestyle modification, and 18.0 m/s as
a marker of organ dysfunction. When the present subjects were
categorized according to a baPWV cutoff of 18.0 m/s, an indepen-
dent association between plasma sLOX-1 concentration and
baPWYV was not detected (data not shown). In a previous study by
Kataoka et al.,® carotid arterial endothelial cells covering early
atherosclerotic lesions were more frequently positive for LOX-1
expression (71.4%) relative to those in advanced atherosclerotic
lesions (33.3%). LOX-1 may be implicated in the early stage of
arterial stiffening rather than its more advanced stages.

The correlation coefficient between baPWV and plasma sLOX-1
concentration was lower than between baPWYV and age, SBP, and
HR. First, there seems to be difference in role of LOX-1 between
early and advanced stages of atherosclerosis.®” This difference
may be associated with the lower correlation coefficient. Unfortu-
nately, the sample size in the low baPWYV group was insufficient
to test this hypothesis. It is an important next step. Second,
LOX-1 is possibly associated with baPWV via NO and other
factors although SBP and HR directly participate in regulation of
baPWV. There is an unequivocal interaction between blood
pressure and arterial stiffness; elevated blood pressure increases
arterial stiffness and vice versa. Progressive increases in HR
caused by pacing were accompanied by progressive increases in
elastic arterial stiffness.®) Finally, plasma sLOX-1 concentrations
were used as a surrogate marker of LOX-1 expression in the
vascular endothelium although age, SBP and HR were directly
measured. However, this study demonstrated that plasma sLOX-1
concentration was associated with baPWV, independent of other
factors. This is an important step to elucidate the LOX-1 pathway
of arterial stiffening.

Incorporation of oxLDL into the vascular wall via LOX-1 initi-
ates and promotes further atherosclerosis, leading to reduction of
NO-related vasorelaxation. Xu ef al.® demonstrated that acetyl-
choline (ACh)-mediated vasodilation and endothelial NOS protein
expression in apolipoprotein-E knockout mice were lower than
those in wild-type mice, but restored by anti-LOX-1 antibodies.
Eichhorn et al.” reported that ACh-induced vasorelaxation and
gene expression of endothelial NOS were lower in LOX-1 over-
expressing mice on a high-fat diet compared to wild-type mice on
high-fat diet. These previous studies have used animal models.
However, expression of LOX-1 was observed also in the human
carotid artery.®® In addition, Yavuzer et al.®> demonstrated that
circulating levels of sSLOX-1 are correlated with endothelial NOS
activity. The present results imply that uptake of oxLDL through
LOX-1 may be involved in the process of arterial stiffening.

To the best of our knowledge, this is the first study showing a
correlation between circulating sSLOX-1 levels and age. LOX-1 is
upregulated by inflammatory stimuli®® and advanced glycation
end products® as well as oxLDL. These factors are induced and
enhanced by aging.?*? It is possible that these factors increase
expression of LOX-1 in endothelial cells of aged subjects,
resulting in the positive correlation between plasma concentra-
tions of sSLOX-1 and age. However, it is unclear whether there is
an independent relationship between LOX-1 levels and age. This
study is an initial step in exploring the effects of aging on LOX-1.
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