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Abstract: An elevation of serum low-density lipoprotein cholesterol (LDL-C) levels has been associated
with endothelial dysfunction in statin naïve subjects. However, there is no information on endothelial
function in subjects with extremely low levels of LDL-C. The purpose of the present study was to
determine the relationship of LDL-C levels, especially low levels of LDL-C, with endothelial function.
Endothelial function assessed by flow-mediated vasodilation (FMD) measurement and LDL-C levels
were evaluated in 7120 subjects without lipid-lowering therapy. We divided the subjects into five
groups by LDL-C levels: <70 mg/dL, 70–99 mg/dL, 100–119 md/dL, 120–139 mg/dL, and ≥140 mg/dL.
FMD values were significantly smaller in subjects with LDL-C levels of ≥140 mg/dL than in those with
LDL-C levels of 70–99 mg/dL and 100–119 mg/dL (p < 0.001 and p = 0.004, respectively). The FMD
values in the LDL-C of <70 mg/dL group were not significantly different from those in the other groups.
To evaluate the relationship of extremely low LDL-C levels with endothelial function, we divided
the subjects with LDL-C of <70 mg/dL into those with LDL-C levels of <50 mg/dL and 50–69 mg/dL.
FMD values were similar in the LDL-C <50 mg/dL group and ≥50 mg/dL group in the propensity
score-matched population (p = 0.570). A significant benefit was not found in subjects with low LDL-C
levels from the aspect of endothelial function.
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1. Introduction

Atherosclerotic cardiovascular disease (ASCVD) is the cause of morbidity and mortality
worldwide [1]. An elevation of serum low-density lipoprotein cholesterol (LDL-C) levels is a risk
factor of ASCVD [2]. It has been shown in large prospective epidemiologic cohort studies that there is
a positive relationship between plasma LDL-C concentrations and ASCVD risk [3,4]. Randomized
controlled trials have shown that lowering elevated LDL-C using statins significantly reduces the risk
of major cardiovascular events [5–8]. These findings from epidemiologic and clinical studies indicate
that elevation of LDL-C causes ASCVD [9]. It has also been shown that statins have pleiotropic effect.
Statin therapy is recommended for cardiovascular disease in the 2018 American College Cardiology
(ACC)/America Heart Association (AHA) cholesterol guidelines [10,11]. Higher dosages of statins
for therapy are recommended for secondary prevention, and the effectiveness of drugs that lower
LDL-C more strongly, including proprotein convertase subtilisin/kexin type 9 (PCSK9) inhibitor and
ezetimibe, has been shown [12–14]. With the emergence of these new powerful LDL-lowering drugs,
the excessive decrease in LDL-C levels is expected.

However, several studies have shown that high LDL-C levels are a good marker of longevity rather
than a risk factor of mortality [15–17]. Moreover, a recent Korean epidemiological study has shown
that low LDL-C levels (<70 mg/dL) without lipid-lowering agents were independently associated
with the increase in risk of mortality and even cardiovascular disease mortality [18]. In a prospective
observational study, subjects with low LDL-C levels (<70 mg/dL) had a significantly higher risk
of intracerebral hemorrhage than did those with LDL-C levels of 70–99 mg/dL, and subjects with
LDL-C levels of <50 mg/dL had the highest hazard ratio for risk of intracerebral hemorrhage [19].
Most randomized trials have been for subjects with LDL-C above a certain level, and subjects with
very low LDL-C level have been excluded from analysis [12–14,20]. The degrees of atherosclerosis and
cardiovascular mortality of subjects with extremely low LDL-C levels without lipid-lowering agents
have been not elucidated.

The endothelium plays a very important role in maintenance of vascular homeostasis [21].
Endothelial cells synthesize various physiologically active substances including nitric oxide (NO) and
these substances cause vascular smooth muscle relaxation and vasodilation [22]. Measurement of
flow-mediated vasodilation (FMD) has been used as an assessment of endothelial function [23].
Endothelial dysfunction would be the initial step of atherosclerosis, leading to cardiovascular
disease [24,25]. In addition, endothelial dysfunction assessed by impaired FMD is associated with
future cardiovascular events [26,27].

We previously showed that vascular function was impaired in statin-naïve subjects with LDL-C
levels of >100 mg/dL [28]. However, a significant benefit was not observed in subjects with LDL-C
levels of <70 mg/dL. In addition, there is no information on endothelial function in subjects with
extremely low levels of LDL-C (<50 mg/dL). Therefore, we evaluated the relationship of low levels of
LDL-C with endothelial function in subjects without lipid-lowering therapy.

2. Materials and Methods

2.1. Subjects

A total of 10,247 subjects were enrolled from the FMD Japan registry (n = 7385) and from the
Hiroshima University Vascular Function registry (n = 2862) between August 2007 and August 2016.
The FMD-J study was a prospective multicenter study conducted at 22 university hospitals and affiliated
clinics in Japan to examine the usefulness of FMD in risk stratification for cardiovascular disease in
Japanese subjects. The rationale and design of the FMD-J study have been described previously [29].
Subjects with a history of cardiovascular disease (n = 1326), subjects without information on LDL-C
levels (n = 728), subjects with triglycerides of more than 400 mg/dL (n = 40), subjects in whom FMD
had not been measured accurately (n = 1), subjects who were taking lipid-lowering medicine (n = 1101),
and subjects with an estimated glomerular filtration rate (eGFR) < 15 mL/min/1.73 m2 (n = 6) were
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excluded from this study. Finally, 7120 subjects were enrolled in this study (Figure S1). Cardiovascular
disease was defined as cerebrovascular disease and coronary heart disease. Cardiovascular disease
including included transient ischemic attack, ischemic stroke, and hemorrhagic stroke was defined as
cerebrovascular disease and coronary heart disease. Coronary heart disease included angina pectoris,
unstable angina, and myocardial infarction. Hypertension was defined as systolic blood pressure of
140 mm Hg or higher, diastolic pressure of 90 mm Hg or higher, or treatment with oral antihypertensive
drugs. Diabetes mellitus was defined by the American Diabetes Association recommendation [30].
Dyslipidemia was defined by the third report of the National Cholesterol Education Program [31].
The Framingham risk score was calculated on the basis of the risk factors, including age, gender,
systolic blood pressure, total cholesterol level, high-density lipoprotein cholesterol (HDL-C) level,
diabetes mellitus, and smoking habit [32]. LDL-C concentration was calculated using the Friedewald
equation. The protocol of the current study was approved by the ethical committees of the participating
institutions and registered in the University Hospital Medical Information Network Clinical Trials
Registry (UMIN000012950). Informed consent was obtained from all of the participants.

2.2. Measurement of FMD

Subjects fasted overnight for at least 12 h and abstained from caffeine, alcohol, smoking,
and antioxidant vitamins on the day of the FMD examination [27,28]. The subjects were kept
in the supine position in a quiet, dark, air-conditioned room (constant temperature of 22–25 ◦C)
through the study [27,28]. The protocol of FMD measurement was previously described [27,28].
Briefly, vascular response to reactive hyperemia in the brachial artery was used for assessment of
endothelium-dependent FMD. We used a high-resolution ultrasonography system (UNEXEF18G,
UNEX Co, Nagoya, Japan) for evaluation of FMD. The brachial artery was scanned longitudinally 5 to
10 cm above the elbow. When the clearest B-mode image of the anterior and posterior intimal interfaces
between the lumen and vessel wall was obtained, the transducer was held at the same point throughout
the scan by a special probe holder (UNEX Co) to ensure consistency of the image. When the tracking
gate was placed on the intima, the artery diameter was automatically tracked, and the waveform of
diameter changes over the cardiac cycle was displayed in real-time using the FMD mode of the tracking
system [27,28]. This allowed the ultrasound images to be optimized at the start of the scan and the
transducer position to be adjusted immediately for optimal tracking performance throughout the scan.
Baseline longitudinal imaging of the artery was performed for 30 s, and then the blood pressure cuff

placed around the forearm was inflated to 50 mmHg above systolic pressure for 5 min. Longitudinal
imaging of the artery was recorded continuously until 5 min after cuff deflation. At the same time
as the recording of the longitudinal image of the artery, we also observed the short axis image using
a high resolution ultrasonography system. Changes in brachial artery diameter were immediately
expressed as the percentage change relative to the vessel diameter before cuff inflation [27,28]. FMD was
automatically calculated as the percentage change in the peak vessel diameter from the baseline value.
The percentage of FMD (peak diameter—baseline diameter)/baseline diameter) was used for analysis.
The correlation coefficient between FMD analyzed at the core laboratory and at participant institutions
was 0.84 (p < 0.001) [27,28]. We confirmed that the Bland–Altman analysis revealed no systemic bias in
the variability of FMD measurement between the participating institutions and the core laboratory [33].
The observers were blind to the form of examination.

2.3. Statistical Analysis

Results are presented as means± SDs or medians (interquartile range) for continuous variables and
as percentages for categorical variables. All reported probability values were two-sided. A probability
value of <0.05 was considered statistically significant. In accordance with the LDL-C quartiles and
current guidelines, subjects were divided into five groups by LDL-C levels. To assess the association
of extremely low LDL-C levels with endothelial function, the subjects with an LDL-C of <70 mg/dL
were divided into <50 mg/dL and 50–69 mg/dL groups according to another prospective study [19].
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Comparison of variables among two or more groups by differences in the LDL-C levels was performed
using one-way analysis of variance (ANOVA). Categorical values, such as medications and medical
histories, were compared by means of the χ2 test. Tukey’s post hoc test was used to compare the
differences in FMD between these groups. As a sensitivity analysis, propensity score analysis was used
to generate a set of matched cases and all remaining participants of this study. A logistic regression
model was used to estimate the propensity of LDL-C levels < 70 mg/dL based on variables associated
with LDL-C, including age, body mass index, gender, heart rate, glucose, triglycerides, HDL-C,
hypertension (yes or no), diabetes mellitus (yes or no), smokers (yes or no), use of anti-hypertensive
drugs (yes or no), and use of anti-hyperglycemic therapy (yes or no). With these propensity scores,
using a caliper width of 0.2 SDs of the logit of the propensity score, two well-matched groups based on
clinical characteristics were created for comparison of the ratio of FMD < 4.0%, which was the division
point for the lowest FMD quartile in all subjects. All of the statistical analyses were conducted using JMP
version 13.0 software (SAS Institute, Cary, NC, USA) and Stata version 17 software (Stata Corporation,
College Station, TX, USA).

3. Results

3.1. Baseline Characteristics

The quartiles of LDL-C were 99 mg/dL, 118 mg/dL (median), and 139 mg/dL. According to
these quartiles and current guidelines, we divided the subjects into five groups by LDL-C levels:
< 70 mg/dL, 70–99 mg/dL, 100–119 mg/dL, 120–139 mg/dL, and ≥ 140 mg/dL. Baseline characteristics
of all of the subjects according to LDL-C levels are summarized in Table 1. Of the 7120 subjects,
5465 (76.8%) were men, 2924 (41.1%) had hypertension, 2986 (41.9%) had dyslipidemia, 511 (7.2%)
had diabetes mellitus, and 2165 (30.5%) were current smokers. There were significant differences
among the five groups in age, body mass index, systolic blood pressure, diastolic blood pressure,
heart rate, total cholesterol, triglycerides, HDL-C, glucose, use of anti-hypertensive drugs, prevalence
of hypertension and dyslipidemia, and percentage of smokers.
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Table 1. Clinical characteristics of the subjects on the basis of LDL-C.

Variables Total
(n = 7120)

<70 mg/dL
(n = 245)

70–99 mg/dL
(n = 1588)

100–119 mg/dL
(n = 1860)

120–139 mg/dL
(n = 1724)

≥140 mg/dL
(n = 1703) p-Value

Age, year 50.2 ± 12 47.5 ± 14 47.1 ± 13 50.4 ± 12 51.2 ± 11 52.3 ± 10 <0.001
Body mass index, kg/m2 23.3 ± 3.4 22.2 ± 3.4 22.3 ± 3.3 23.1 ± 3.3 23.8 ± 3.3 24.1 ± 3.4 <0.001

Gender, men/women 5465/1655 182/63 1222/366 1428/432 1361/363 1272/431 0.050
Systolic blood pressure, mmHg 127 ± 17 125 ± 19 124 ± 17 127 ± 17 129 ± 16 130 ± 17 <0.001
Diastolic blood pressure, mmHg 79 ± 12 78 ± 13 77 ± 12 79 ± 12 81 ± 12 81 ± 12 <0.001

Heart rate, bpm 65 ± 11 66 ± 13 64 ± 11 65 ± 11 64 ± 10 66 ± 11 <0.001
Total cholesterol, mg/dL 203 ± 33 146 ± 23 172 ± 19 193 ± 16 211 ± 16 242 ± 23 <0.001

Triglycerides, mg/dL 104 (72, 149) 87 (57, 145) 85 (61, 130) 95 (67, 136) 111 (79, 155) 123 (90, 162) <0.001
HDL-C, mg/dL 60 ± 16 64 ± 20 63 ± 17 61 ± 15 58 ± 15 57 ± 14 <0.001
LDL-C, mg/dL 120 ± 30 60 ± 9 88 ± 8 110 ± 6 129 ± 6 159 ± 18 -

Glucose, mg/dL 100 ± 20 100 ± 21 97 ± 18 100 ± 21 100 ± 19 102 ± 22 <0.001
Medications, n (%)

Anti-hypertensive therapy 1669 (23.5) 59 (24.0) 312 (19.7) 443 (23.8) 460 (26.7) 395 (23.2) <0.001
Anti-hyperglycemic therapy 311 (4.4) 16 (6.5) 70 (4.4) 80 (4.3) 70 (4.1) 75 (4.4) 0.544

Framingham risk score, % 8.1 ± 7.2 2.7 ± 2.2 3.3 ± 2.9 7.9 ± 6.4 9.4 ± 7.0 12.3 ± 8.5 <0.001
Medical history, n (%)

Hypertension 2924 (41.1) 90 (36.6) 543 (34.2) 767 (41.2) 769 (44.6) 755 (44.3) <0.001
Dyslipidemia 2986 (41.9) 63 (25.7) 320 (20.2) 392 (21.1) 508 (29.5) 1703 (100.0) <0.001

Diabetes mellitus 511 (7.2) 22 (9.0) 96 (6.1) 132 (7.1) 117 (6.8) 144 (8.5) 0.066
Smokers 2165 (30.5) 82 (33.5) 530 (33.4) 542 (29.2) 524 (30.5) 487 (28.7) 0.021
FMD, % 6.1 ± 3.2 6.2 ± 3.3 6.5 ± 3.3 6.3 ± 3.3 5.9 ± 3.1 5.9 ± 3.0 <0.001

HDL-C indicates high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; FMD, flow-mediated vasodilation.
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3.2. Relationship of LDL-C with Endothelial Function

There was a significant inverse relationship between FMD and LDL-C levels (r = −0.07, p < 0.001)
(Figure 1 and Table S1). Multiple regression analyses revealed that LDL-C was an independent predictor
of FMD (Table 2). FMD values were significantly smaller in the LDL-C ≥ 140 mg/dL group than in the
70–99 mg/dL group and the 100–119 mg/dL group (p < 0.001 and p = 0.004, respectively; Figure 2).
FMD values were also significantly smaller in the 120–139 mg/dL group than in the 70–99 mg/dL group
and the 100–119 mg/dL group (p < 0.001 and p = 0.008, respectively; Figure 2). Figure 1 shows the
relationship between FMD and LDL-C.
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Figure 1. Scatter plot showing the relationship between FMD and LDL-C.

Table 2. Multiple linear regression analysis of the relationships between FMD and variables.

Variables β VIF Parameter
Estimate

Standard
Error p-Value

Age, year −0.284 1.45 −0.077 0.004 <0.001
Body mass index, kg/m2 −0.114 1.30 −0.109 0.012 <0.001

Systolic blood pressure, mmHg −0.112 2.85 −0.021 0.004 <0.001
Diastolic blood pressure, mmHg 0.074 2.66 0.020 0.005 <0.001

Heart rate, bpm 0.048 1.11 0.014 0.003 <0.001
Total cholesterol, mg/dL 0.860 70.45 0.083 0.009 <0.001

Triglycerides, mg/dL −0.386 10.69 −0.019 0.002 <0.001
HDL-C, mg/dL −0.420 16.78 −0.085 0.009 <0.001
LDL-C, mg/dL −0.744 58.13 −0.080 0.009 <0.001

Glucose, mg/dL −0.035 1.21 −0.006 0.002 0.004
Framingham risk score, % −0.036 2.40 −0.016 0.008 0.037

The adjusted r2 was 0.16. FMD indicates flow-mediated vasodilation; HDL-C, high-density lipoprotein cholesterol;
LDL-C, low-density lipoprotein cholesterol; VIF, variance inflation factor.
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(FMD) in low-density lipoprotein cholesterol (LDL-C) < 70 mg/dL, 70−99 mg/dL, 100−119 mg/dL,
120−139 mgdL, and ≥ 140 mg/dL groups. The error bars indicate the standard deviation.

3.3. Relationship of Extremely Low LDL-C with Endothelial Function

The FMD values in the LDL-C < 70 mg/dL group were not significantly different from those
in the other groups (Table 1 and Figure 2). As a sensitivity analysis, propensity score analysis was
used to generate a set of matched cases (subjects with LDL-C levels of <70 mg/dL) and all remaining
participants of this study (≥70 mg/dL). A logistic regression model was used to estimate the propensity
of LDL-C levels < 70 mg/dL based on variables associated with LDL-C, including age, body mass index,
gender, heart rate, glucose, triglycerides, HDL-C, hypertension (yes or no), diabetes mellitus (yes or no),
smokers (yes or no), use of anti-hypertensive drugs (yes or no), and use of anti-hyperglycemic therapy
(yes or no). With these propensity scores, using a caliper width of 0.2 standard deviations of the
logit of the propensity score, two well-matched groups based on clinical characteristics were created
for comparison of the ratio of FMD < 4.0%, which was the division point for the lowest quartile of
FMD in all subjects. FMD was not significantly different between the LDL-C < 70 mg/dL group and
≥70 mg/dL group in the propensity score-matched population (p = 0.386) (Table 3). To evaluate the
relationship of extremely low LDL-C levels with endothelial function, we divided the subjects with an
LDL-C of <70 mg/dL into a <50 mg/dL group (n = 35) and a 50–69 mg/dL group (n = 210). Baseline
characteristics are summarized in Table 4. There were significant differences among the six groups in
age, body mass index, systolic blood pressure, diastolic blood pressure, heart rate, total cholesterol,
triglycerides, HDL-C, glucose, use of anti-hypertensive drugs, prevalence of hypertension and
dyslipidemia, and percentage of smokers.

There were no significant differences among the LDL-C < 50 mg/dL group, LDL-C 50–69 mg/dL
group, and LDL-C 70–99 mg/dL group in FMD, and there were no significant differences among
the LDL-C < 50 mg/dL group, LDL-C 50–69 mg/dL group, and LDL-C ≥ 140 mg/dL group in FMD
(Figure S2). The propensity score analysis was used to compare the <50 mg/dL group with all
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remaining participants. The variables used for the propensity score were the same as those described
earlier. There was no significant difference in FMD values between the LDL-C < 50 mg/dL group and
≥ 50 mg/dL group in the propensity score-matched population (p = 0.570) (Table S2).

Table 3. Clinical characteristics in propensity score-matched subjects.

Variables <70 mg/dL
(n = 244)

≥70 mg/dL
(n = 244) p-Value

Age, year 47.5 ± 14 47.5 ± 13 0.997
Body mass index, kg/m2 22.2 ± 3.4 22.2 ± 3.5 0.856

Gender, men/women 182/61 196/47 0.127
Systolic blood pressure, mmHg 125 ± 19 126 ± 17 0.354
Diastolic blood pressure, mmHg 78 ± 13 78 ± 12 0.795

Heart rate, bpm 66 ± 13 66 ± 11 0.619
Total cholesterol, mg/dL 147 ± 22 203 ± 32 <0.001

Triglycerides, mg/dL 87 (56, 145) 95 (67, 144) 0.826
HDL-C, mg/dL 65 ± 20 65 ± 19 0.998
LDL-C, mg/dL 60 ± 9 117 ± 28 <0.001

Glucose, mg/dL 100 ± 22 99 ± 23 0.759
Medications, n (%)

Anti-hypertensive therapy 59 (24.3) 59 (24.3) 1.000
Anti-hyperglycemic therapy 16 (6.6) 17 (7.0) 0.857

Framingham risk score, % 2.7 ± 2.1 7.2 ± 6.9 <0.001
Medical history, n (%)

Hypertension 90 (37.0) 82 (33.7) 0.448
Dyslipidemia 62 (25.5) 84 (34.6) 0.030

Diabetes mellitus 22 (9.1) 24 (9.9) 0.757
Smokers 82 (33.7) 79 (32.5) 0.773
FMD, % 6.2 ± 3.2 6.4 ± 3.3 0.386

Data are presented as mean ± SD or median (interquartile range). HDL-C indicates high-density lipoprotein
cholesterol; LDL-C, low-density lipoprotein cholesterol; FMD, flow-mediated vasodilation. Variables used for
propensity score-matched analysis: age, body mass index, gender, heart rate, glucose, triglycerides, HDL-C,
hypertension (yes or no), diabetes mellitus (yes or no), smokers (yes or no), use of anti-hypertensive drugs
(yes or no), and use of anti-hyperglycemic therapy (yes or no).
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Table 4. Clinical characteristics of the subjects on the basis of LDL-C.

Variables Total
(n = 7120)

<50 mg/dL
(n = 35)

50–69
mg/dL

(n = 210)

70–99
mg/dL

(n = 1588)

100–119
mg/dL

(n = 1860)

120–139
mg/dL

(n = 1724)

≥140 mg/dL
(n = 1703) p-Value

Age, year 50.2 ± 12 49.1 ± 13 47.2 ± 14 47.1 ± 13 50.4 ± 12 51.2 ± 11 52.3 ± 10 <0.001
Body mass index, kg/m2 23.3 ± 3.4 22.5 ± 4.0 22.1 ± 3.3 22.3 ± 3.3 23.1 ± 3.3 23.8 ± 3.3 24.1 ± 3.4 <0.001

Gender, men/women 5465/1655 28/7 154/56 1222/366 1428/432 1361/363 1272/431 0.067
Systolic blood pressure, mmHg 127 ± 17 126 ± 21 124 ± 18 124 ± 17 127 ± 17 129 ± 16 130 ± 17 <0.001
Diastolic blood pressure, mmHg 79 ± 12 78 ± 13 78 ± 13 77 ± 12 79 ± 12 81 ± 12 81 ± 12 <0.001

Heart rate, bpm 65 ± 11 66 ± 11 66 ± 13 64 ± 11 65 ± 11 64 ± 10 66 ± 11 <0.001
Total cholesterol, mg/dL 203 ± 33 132 ± 22 149 ± 22 172 ± 19 193 ± 16 211 ± 16 242 ± 23 <0.001

Triglycerides, mg/dL 104 (72, 149) 87 (65, 168) 87 (56, 141) 85 (61, 130) 95 (67, 136) 111 (79, 155) 123 (90, 162) <0.001
HDL-C, mg/dL 60 ± 16 65 ± 21 64 ± 20 63 ± 17 61 ± 15 58 ± 15 57 ± 14 <0.001
LDL-C, mg/dL 120 ± 30 43 ± 6 62 ± 5 88 ± 8 110 ± 6 129 ± 6 159 ± 18 -

Glucose, mg/dL 100 ± 20 100 ± 12 100 ± 23 97 ± 18 100 ± 21 100 ± 19 102 ± 22 <0.001
Medications, n (%)

Anti-hypertensive therapy 1669 (23.5) 10 (28.6) 49 (23.3) 312 (19.7) 443 (23.8) 460 (26.7) 395 (23.2) <0.001
Anti-hyperglycemic therapy 311 (4.4) 3 (8.6) 13 (6.2) 70 (4.4) 80 (4.3) 70 (4.1) 75 (4.4) 0.617

Framingham risk score, % 8.1 ± 7.2 2.6 ± 2.0 2.7 ± 2.2 3.3 ± 2.9 7.9 ± 6.4 9.4 ± 7.0 12.3 ± 8.5 <0.001
Medical history, n (%)

Hypertension 2924 (41.1) 13 (37.1) 77 (36.7) 543 (34.2) 767 (41.2) 769 (44.6) 755 (44.3) <0.001
Dyslipidemia 2986 (41.9) 12 (34.3) 51 (24.3) 320 (20.2) 392 (21.1) 508 (29.5) 1703 (100.0) <0.001

Diabetes mellitus 511 (7.2) 3 (8.6) 19 (9.1) 96 (6.1) 132 (7.1) 117 (6.8) 144 (8.5) 0.115
Smokers 2165 (30.5) 12 (34.3) 70 (33.3) 530 (33.4) 542 (29.2) 524 (30.5) 487 (28.7) 0.040
FMD, % 6.1 ± 3.2 6.2 ± 3.5 6.2 ± 3.2 6.5 ± 3.3 6.3 ± 3.3 5.9 ± 3.1 5.9 ± 3.0 <0.001

Data are presented as mean ± SD or median (interquartile range); LDL-C indicates low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol;
FMD, flow-mediated vasodilation.
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4. Discussion

In the present study, there was a significant inverse relationship between FMD and LDL-C levels in
subjects without cardiovascular disease and not receiving lipid-lowering therapy. Although there was
not much difference in FMD among the groups categorized by LDL-C levels, FMD was highest in subjects
with LDL-C of 70–99 mg/dL. FMD in the low LDL-C groups, including <70 mg/dL and <50 mg/dL groups,
were not significantly different from that in the other groups. FMD values were similar in the low
LDL-C groups and all remaining participants in the propensity score-matched population.

In several epidemiological studies, there was an inverse relationship between total cholesterol
and all-cause mortality, which could not be explained by reverse causality (i.e., serious diseases
cause low cholesterol) [15–17]. A recent epidemiological study has shown the association of low
levels of LDL-C (<70 mg/dL) with the increase in risk of cardiovascular disease in healthy Korean
subjects without lipid-lowering therapy [18]. In high-risk primary prevention individuals in the
REGARDS study, low high-sensitivity C reactive protein levels of <2 mg/dL appeared to be related
to the decrease in risk of cardiovascular complications, whereas low LDL-C levels of <70 mg/dL
were not related to prevention of cardiovascular complications [34]. Results of a 9-year follow-up of
96043 participants without cardiovascular complications and cancer at baseline showed that subjects
with LDL-C levels <70 mg/dL had a higher risk of intracerebral hemorrhage than did those with LDL-C
levels of 70–99 mg/dL, and adjusted hazard ratios were 1.65 for LDL-C levels of 50–69 mg/dL and
2.69 for LDL-C levels <50 mg/dL [19]. It is likely that low LDL-C levels do not always mean longevity
and low cardiovascular morbidity.

In statin-naïve subjects, several investigators have reported an association of LDL-C levels with
endothelial function assessed by FMD [28,35]. In a cross-sectional observational study of relatively
young and healthy military men, FMD was correlated linearly with LDL-C, and FMD values were
highest in subjects with an LDL-C of <100 mg/dL [35]. Our previous study showed that vascular
function is impaired in subjects with an LDL-C of >100 mg/dL and that the optimal cutoff level for
maintenance of vascular function is an LDL-C of 100 mg/dL [28]. In the present study, FMD values
were highest in subjects with LDL levels of 70–99 mg/dL, consistent with the results of previous
studies [28,35].

There are many reports showing that statin treatment improved endothelial function [36–39].
As the underlying mechanism, it has been shown that long-term statin treatment improves endothelial
function via inhibition of vascular cell senescence, amelioration of oxidative stress, and normalization
of endothelial and inducible NO synthase imbalance [40]. Statins have not only LDL-C-lowering
effects but also pleiotropic effects for atherosclerosis [10]. A meta-analysis revealed that most of the
anti-inflammatory effects of statins were related to the magnitude of LDL reduction [41]. On the other
hand, there are some reports showing that endothelial function was not improved by treatment with a
statin [42–44]. In patients with diabetes mellitus without manifest cardiovascular disease, 2-year statin
therapy had no effect on FMD [42]. In patients with diabetes mellitus and dyslipidemia without
cardiovascular disease, intensive lipid-lowering therapy by atorvastatin did not have beneficial effects
on endothelial function [43]. In patients with insulin resistant familial combined hyperlipidemia,
12-week treatment with rosuvastatin did not improve endothelial function despite plasma cholesterol
being significantly decreased [44]. In the present study, we selected subjects with reduced LDL-C who
were not taking lipid-improving agents including statins. We were not able to directly compare our
results with the results of studies using statins. In a previous study, there was no significant association
of LDL-C levels with FMD in subjects receiving statins.

Meta-analyses of data from 27 randomized clinical trials in the Cholesterol Treatment Trialists’
Collaboration showed that statins decreased the risk of cardiovascular events by 21% for each
38.7 mg/dL reduction in LDL-C [45]. The efficacy of statin use for prevention of cardiovascular events
has been established. We do not deny the beneficial effects of lowering LDL-C to <50 mg/dL
by statin treatment on cardiovascular events. Indeed, the Improved Reduction of Outcomes:
Vytorin Efficacy International Trial (IMPROVE-IT) showed that maintenance of a mean LDL-C level of
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53.7 mg/dL by treatment with a statin and ezetimibe improved cardiovascular events compared to a
mean LDL-C level of 69.5 mg/dL [12]. The further Cardiovascular Outcomes Research with PCSK9
Inhibition in Subjects with Elevated Risk (FOURIER) trial showed that a decrease in LDL-C level
from 92 to 30 mg/dL by treatment with a PCSK-9 inhibitor in combination with statins decreased
cardiovascular events by about 15% [13]. These findings suggest that for the prevention of cardiovascular
events, the rule for the decrease in LDL-C levels is the earlier the better and the lower the better.
We may have to consider separately the effects of LDL-C levels with lipid-lowering therapy and natural
LDL-C levels on endothelial function and cardiovascular events.

There are a number of limitations in the present study. First, this study was a cross-sectional study.
We could evaluate the association of LDL-C levels with endothelial function but not causality. Second,
we did not know the accurate causes of extremely low LDL-C in the present study. In order to evaluate
subjects without secondary causes of low LDL-C, we excluded subjects who were taking lipid-lowering
medicine and eGFR < 15 mL/min/1.73 m2, BMI < 16 kg/m2, malignant tumor, and active infection.
However, there may be residual unrecognized confounders between decrease in LDL-C and endothelial
dysfunction. Confounding factors may remain even after the propensity score match. Our database
had limited information on physical activity and educational status. These confounders can affect
the relationship between FMD and LDL-C levels. In addition, lipoprotein disorders in which LDL-C
concentrations are genetically reduced have been reported, and among them, patients with mutations in
the ANGPTL3 and PCSK9 genes are asymptomatic [46]. Although sequence variants in the PCSK9 gene
were associated with reduced LDL-C levels and reduced risk of cardiovascular events, LDL-C levels
were approximately 100 mg/dL, which is not an extremely low level such as a level of <70 mg/dL
or <50mg/dL [47]. One case of a homozygote for PCSK9 nonsense mutations that had an extremely
low LDL-C concentration of approximately 16 mg/dL was reported [48]. However, there has been no
report on the relationship between PCSK9 nonsense mutations and early atherosclerosis. Mutations of
loss-of-function in the ANGPTL3 gene are associated with hypolipidemia, which is characterized by
low levels of HDL-C, LDL-C, and triglycerides [49]. Although heterozygous ANGPTL3 loss-of-function
variants were associated with a 41% lower odds of coronary artery disease, the median level of LDL-C
in the heterozygous variants was approximately 112 mg/dL [50]. It has been reported that homozygotes
for ANGPTL3 have been associated with the increase in carotid intima-media thickness and decreased
FMD despite low plasma LDL-C levels (approximately 63 mg/dL) [51]. This increased risk for the
development of early vascular atherosclerotic changes might be related to impaired HDL function.
Assessment of genetic abnormalities related to LDL-C levels would draw more specific conclusions
regarding the role of low LDL-C in vascular function. Third, in the present study, there was only a small
number of subjects with extremely low LDL-C levels (two subjects with LDL-C levels of <30 mg/dL).
Further studies involving a large number of subjects with extremely low LDL-C levels are needed to
evaluate the relationship between low LDL-C levels and endothelial function.

5. Conclusions

In conclusion, FMD values were highest in subjects with LDL-C of 70–99 mg/dL. In the propensity
score-matched population, FMD values were similar in the low LDL-C groups and all remaining
participants. Although the precise mechanisms of the relationship between low LDL-C and endothelial
function is not known, a significant benefit was not found in subjects with low LDL-C levels who were
not receiving lipid-lowering treatment and had no history of cardiovascular disease from the aspect of
endothelial function.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/9/12/3796/s1,
Table S1: Univariate analysis of the relationship between FMD and variables; Table S2: Clinical characteristics in
propensity score mathced subjects; Figure S1: Flow chart of the study design; Figure S2: Comparison of FMD
values of each group.
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39. Kabaklić, A.; Fras, Z. Moderate-dose atorvastatin improves arterial endothelial function in patients with
angina pectoris and normal coronary angiogram: A pilot study. Arch. Med Sci. AMS 2017, 13, 827–836.
[CrossRef]

http://dx.doi.org/10.1161/CIRCRESAHA.116.306531
http://www.ncbi.nlm.nih.gov/pubmed/27390338
http://dx.doi.org/10.1016/S0735-1097(01)01746-6
http://dx.doi.org/10.1056/NEJM199901143400207
http://www.ncbi.nlm.nih.gov/pubmed/9887164
http://dx.doi.org/10.1253/circj.CJ-08-1102
http://www.ncbi.nlm.nih.gov/pubmed/19194043
http://dx.doi.org/10.1161/JAHA.115.002270
http://dx.doi.org/10.1161/JAHA.118.008588
http://dx.doi.org/10.1038/s41598-017-09043-1
http://dx.doi.org/10.1536/ihj.53.170
http://dx.doi.org/10.1001/jama.285.19.2486
http://www.ncbi.nlm.nih.gov/pubmed/11368702
http://dx.doi.org/10.1161/01.CIR.97.18.1837
http://www.ncbi.nlm.nih.gov/pubmed/9603539
http://dx.doi.org/10.1016/j.atherosclerosis.2015.08.001
http://www.ncbi.nlm.nih.gov/pubmed/26291496
http://dx.doi.org/10.1093/eurheartj/ehy533
http://dx.doi.org/10.1016/j.ijcard.2007.03.001
http://dx.doi.org/10.1111/j.1540-8183.2007.00293.x
http://dx.doi.org/10.1002/clc.4960250610
http://dx.doi.org/10.1016/j.ijcard.2004.03.060
http://dx.doi.org/10.5114/aoms.2017.68238


J. Clin. Med. 2020, 9, 3796 15 of 15

40. Gong, X.; Ma, Y.; Ruan, Y.; Fu, G.; Wu, S. Long-term atorvastatin improves age-related endothelial dysfunction
by ameliorating oxidative stress and normalizing eNOS/iNOS imbalance in rat aorta. Exp. Gerontol. 2014,
52, 9–17. [CrossRef]

41. Kinlay, S. Low-density lipoprotein-dependent and -independent effects of cholesterol-lowering therapies on
C-reactive protein: A meta-analysis. J. Am. Coll. Cardiol. 2007, 49, 2003–2009. [CrossRef] [PubMed]

42. Beishuizen, E.D.; Tamsma, J.T.; Jukema, J.W.; van de Ree, M.A.; van der Vijver, J.C.; Meinders, A.E.;
Huisman, M.V. The effect of statin therapy on endothelial function in type 2 diabetes without manifest
cardiovascular disease. Diabetes Care 2005, 28, 1668–1674. [CrossRef] [PubMed]

43. van Venrooij, F.V.; van de Ree, M.A.; Bots, M.L.; Stolk, R.P.; Huisman, M.V.; Banga, J.D.; Group, D.S. Aggressive
lipid lowering does not improve endothelial function in type 2 diabetes: The Diabetes Atorvastatin Lipid
Intervention (DALI) Study: A randomized, double-blind, placebo-controlled trial. Diabetes Care 2002,
25, 1211–1216. [CrossRef]

44. ter Avest, E.; Abbink, E.J.; Holewijn, S.; de Graaf, J.; Tack, C.J.; Stalenhoef, A.F.H. Effects of rosuvastatin on
endothelial function in patients with familial combined hyperlipidaemia (FCH). Curr. Med. Res. Opin. 2005,
21, 1469–1476. [CrossRef] [PubMed]

45. Fulcher, J.; O’Connell, R.; Voysey, M.; Emberson, J.; Blackwell, L.; Mihaylova, B.; Simes, J.; Collins, R.; Kirby, A.;
Colhoun, H.; et al. Efficacy and safety of LDL-lowering therapy among men and women: Meta-analysis of
individual data from 174,000 participants in 27 randomised trials. Lancet 2015, 385, 1397–1405. [CrossRef]
[PubMed]

46. Hooper, A.J.; Burnett, J.R. Update on primary hypobetalipoproteinemia. Curr. Atheroscler. Rep. 2014, 16, 423.
[CrossRef] [PubMed]

47. Cohen, J.C.; Boerwinkle, E.; Mosley, T.H., Jr.; Hobbs, H.H. Sequence variations in PCSK9, low LDL,
and protection against coronary heart disease. N. Engl. J. Med. 2006, 354, 1264–1272. [CrossRef] [PubMed]

48. Hooper, A.J.; Marais, A.D.; Tanyanyiwa, D.M.; Burnett, J.R. The C679X mutation in PCSK9 is present and
lowers blood cholesterol in a Southern African population. Atherosclerosis 2007, 193, 445–448. [CrossRef]
[PubMed]

49. Musunuru, K.; Pirruccello, J.P.; Do, R.; Peloso, G.M.; Guiducci, C.; Sougnez, C.; Garimella, K.V.; Fisher, S.;
Abreu, J.; Barry, A.J.; et al. Exome sequencing, ANGPTL3 mutations, and familial combined hypolipidemia.
N. Engl. J. Med. 2010, 363, 2220–2227. [CrossRef]

50. Dewey, F.E.; Gusarova, V.; Dunbar, R.L.; O’Dushlaine, C.; Schurmann, C.; Gottesman, O.; McCarthy, S.;
Van Hout, C.V.; Bruse, S.; Dansky, H.M.; et al. Genetic and Pharmacologic Inactivation of ANGPTL3 and
Cardiovascular Disease. N. Engl. J. Med. 2017, 377, 211–221. [CrossRef]

51. Minicocci, I.; Cantisani, V.; Poggiogalle, E.; Favari, E.; Zimetti, F.; Montali, A.; Labbadia, G.; Pigna, G.;
Pannozzo, F.; Zannella, A.; et al. Functional and morphological vascular changes in subjects with familial
combined hypolipidemia: An exploratory analysis. Int. J. Cardiol. 2013, 168, 4375–4378. [CrossRef] [PubMed]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.exger.2014.01.015
http://dx.doi.org/10.1016/j.jacc.2007.01.083
http://www.ncbi.nlm.nih.gov/pubmed/17512355
http://dx.doi.org/10.2337/diacare.28.7.1668
http://www.ncbi.nlm.nih.gov/pubmed/15983318
http://dx.doi.org/10.2337/diacare.25.7.1211
http://dx.doi.org/10.1185/030079905X61910
http://www.ncbi.nlm.nih.gov/pubmed/16197666
http://dx.doi.org/10.1016/s0140-6736(14)61368-4
http://www.ncbi.nlm.nih.gov/pubmed/25579834
http://dx.doi.org/10.1007/s11883-014-0423-3
http://www.ncbi.nlm.nih.gov/pubmed/24781598
http://dx.doi.org/10.1056/NEJMoa054013
http://www.ncbi.nlm.nih.gov/pubmed/16554528
http://dx.doi.org/10.1016/j.atherosclerosis.2006.08.039
http://www.ncbi.nlm.nih.gov/pubmed/16989838
http://dx.doi.org/10.1056/NEJMoa1002926
http://dx.doi.org/10.1056/NEJMoa1612790
http://dx.doi.org/10.1016/j.ijcard.2013.05.053
http://www.ncbi.nlm.nih.gov/pubmed/23722053
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Subjects 
	Measurement of FMD 
	Statistical Analysis 

	Results 
	Baseline Characteristics 
	Relationship of LDL-C with Endothelial Function 
	Relationship of Extremely Low LDL-C with Endothelial Function 

	Discussion 
	Conclusions 
	References

