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Abstract: Dyslipidemia is associated with endothelial dysfunction. Endothelial dysfunction is the
initial step for atherosclerosis, resulting in cardiovascular complications. It is clinically important
to break the process of endothelial dysfunction to cardiovascular complications in patients with
dyslipidemia. Lipid-lowering therapy enables the improvement of endothelial function in patients
with dyslipidemia. It is likely that the relationships of components of a lipid profile such as low-
density lipoprotein cholesterol, high-density lipoprotein cholesterol and triglycerides with endothelial
function are not simple. In this review, we focus on the roles of components of a lipid profile in
endothelial function.

Keywords: endothelial function; dyslipidemia; low-density lipoprotein cholesterol; high-density
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1. Introduction

Epidemiological studies and clinical trials have shown that the relationships of com-
ponents of a lipid profile with cardiovascular events are not simple [1-6]. Reduction in
low-density lipoprotein cholesterol (LDL-C) levels by lipid-lowering therapy should be
the lower the better for prevention of cardiovascular events in patients with hypercholes-
terolemia. However, it is likely that lower levels of LDL-C or higher levels of high-density
lipoprotein cholesterol (HDL-C) are not always beneficial for the prevention of cardiovascu-
lar events. Indeed, it has been shown that subjects with low levels of LDL-C and extremely
high levels of HDL-C might have a high risk for cardiovascular events compared with the
risk in subjects with normal levels of LDL-C and HDL-C [5,6]. These findings suggest that
there is a reverse J-shaped relationship of LDL-C levels with cardiovascular events and a
reverse U-shaped relationship of HDL-C levels with cardiovascular events. At present, the
role of triglycerides in cardiovascular disease is still uncertain.

Endothelial dysfunction is the initial step for atherosclerosis and contributes to the
development and maintenance of atherosclerosis, leading to cardiovascular complica-
tions [7,8]. It is thought that dyslipidemia-induced endothelial dysfunction also gradually
develops under the condition of poor control of mainly LDL cholesterol levels and finally
plays a critical role in the onset of severe cardiovascular events, including myocardial
infarction and fatal stroke. It is well known that appropriate interventions such as drug
therapy, supplemental therapy and lifestyle modifications, including body weight reduc-
tion, aerobic exercise and smoking cessation, restore, improve and augment endothelial
function [9-13]. Additionally, in patients with dyslipidemia but not in all patients, treatment
with lipid-lowering drugs and lifestyle modifications improves endothelial function [14,15].

Recently, many studies, including our studies, have shown an association of the lipid
profile with endothelial function [16-18]. We focus on the roles of components of the lipid
profile, including LDL-C, HDL-C and triglycerides, in endothelial function.
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2. Lipid Profile and Endothelial Function
2.1. LDL-C and Endothelial Function

A number of epidemiological studies have clearly shown that a high level of LDL-C is
a potent predictor of cardiovascular events [1-4]. It is well known that lipid-lowering ther-
apy, including statins, a combination of statins and ezetimibe, and proprotein convertase
subtilisin/kexin type 9 inhibitors, prevents cardiovascular events [19-23].

It is well known that oxidative LDL has significant impacts on the endothelium, the
immune system and other components of cardiovascular health [24-29]. In the presence
of oxidative LDL, oxidative LDL accumulates in the endothelium and the inner lining of
blood vessels [7]. This accumulation causes endothelial dysfunction [7]. In addition to
impairment of endothelial function, oxidative LDL stimulates the expression of adherence
molecules, including intercellular adhesion molecule-1 and vascular cell adhesion molecule-
1 on the endothelium, leading to adhesion and migration of immune cells, particularly
monocytes, into the arterial wall [25]. This migration may contribute to the formation of
atherosclerotic plaques. Oxidative LDL also has direct effects on the immune system [26-28].
It activates immune cells such as macrophages and T cells, resulting in the formation of
plaques [26,27]. Oxidative LDL also impairs the function of immune cells that are involved
in the resolution of inflammation and the repair of damaged tissues [28]. In addition,
oxidative LDL inactivates the endothelial nitric oxide synthase (eNOS)/NO pathway [24].
These findings suggest that oxidative LDL contributes to the development and progression
of cardiovascular disease through its harmful effects on adherence molecules, eNOS and
the immune system in the endothelium. Non-oxidative LDL also plays critical roles in
endothelial dysfunction and the development of atherosclerosis, although its effects are not
as potent as those of oxidative LDL [29].

What is the optimal level of LDL-C for endothelial function? Are lower LDL-C levels
better for endothelial function? Several lines of evidence have shown that dyslipidemia
defined by high levels of LDL-C is associated with endothelial dysfunction [16,17]. Even
in relatively young men, flow-mediated vasodilation (FMD) as an index of endothelial
function was correlated inversely with LDL-C [30]. However, whether there is a significant
relationship between LDL-C levels and endothelial function in patients with dyslipidemia is
controversial. We also showed that LDL-C level per se was not an independent predictor of
endothelial dysfunction assessed by FMD in a general population, including 5314 subjects
who were taking lipid-lowering drugs, while LDL-C levels were inversely correlated with
FMD in those subjects [18]. In 1346 subjects who were not taking lipid-lowering drugs,
LDL-C levels were inversely correlated with FMD, FMD was smaller in subjects with LDL
levels of >100 mg/dL than in subjects with LDL levels of <100 mg/dL, and FMD values
were similar in subjects with LDL levels of 70 to 100 mg/dL and subjects with LDL levels
of <70 mg/dL. In 7120 subjects who were not taking lipid-lowering drugs, to evaluate the
association of extremely low LDL-C levels with endothelial function, the subjects with LDL-
C levels of <70 mg/dL were divided into those with LDL-C levels of <50 mg/dL and those
with LDL-C levels of 50-69 mg/dL [31]. FMD values were similar in the subjects with LDL-
C levels of <50 mg/dL and subjects with LDL-C levels of 50-69 mg/dL. The relationship
between LDL levels and endothelial function, as well as the relationship between LDL
levels and cardiovascular events, does not show even lower and even better in limited
subjects who were not taking lipid-lowering drugs. Interestingly, there was no significant
correlation between LDL levels and FMD in subjects who were taking lipid-lowering drugs.
It is thought that statins mask endothelial dysfunction since statins improve endothelial
function through their antioxidative and anti-inflammatory effects. Indeed, it is well
known that statins have multiple pleiotropic effects and improve endothelial function in
patients with dyslipidemia [32-34]. We should therefore pay attention to the evaluation of
endothelial function under the condition of treatment with lipid-lowering drugs, especially
statins. In addition, the roles of LDL-C levels with lipid-lowering therapy and the roles of
untreated LDL-C levels in endothelial function should also be separately considered.



Cells 2023,12, 1293

30f15

Figure 1 shows the relationship of LDL-C levels with FMD using the estimated Lowess
smoothed curve in 7120 subjects without lipid-lowering therapy who were enrolled in
the Flow-Mediated Dilation Japan (FMD-]) registry and Hiroshima University Vascular
Function database [31]. This finding suggests that the optimal level of LDL-C for endothelial
function is about 75 mg/dL.
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Figure 1. Line graphs show the relationships of low-density lipoprotein cholesterol (LDL-C), high-
density lipoprotein cholesterol (HDL-C) and triglycerides with flow-mediated vasodilation (FMD)
using the estimated Lowess smoothed curve in 10,073 subjects without lipid-lowering therapy who
were enrolled in the FMD-J registry and Hiroshima University database. (Modified and quoted
from Reference [31]).

2.2. HDL-C and Endothelial Function

It has been established that a low HDL-C level is an independent predictor of car-
diovascular events [3,4]. HDL-C per se has various anti-atherosclerotic effects, including
activation of endothelial nitric oxide synthase (eNOS), transportation of excess cholesterol
from macrophages in the liver and bile, anti-inflammation, anti-oxidation, decrease in
oxidative LDL, inhibition of endothelial cell apoptosis, inhibition of platelet aggregation
and regulation of adhesion factors [35,36]. In addition, clinical trials showed that an in-
crease in HDL-C levels is related to a decrease in cardiovascular events [37,38]. Two cohort
studies, on the other hand, showed that an extremely high HDL-C level was a risk for
mortality [39], suggesting that there is a reverse U-shaped relationship between HDL-C
levels and mortality.

In general, HDL, also known as “good” cholesterol, has been shown to have beneficial
effects on endothelial function [35,36,40,41]. HDL augments and improves endothelial
function by activation of the eNOS/NO pathway [36,42]. HDL binds to receptors on the
surface of endothelial cells, including scavenger receptor class B type 1 and ATP-binding
cassette transporter Al, leading to activation of the PI3K/Akt pathway, which results
in the activation of eNOS [36]. HDL inhibits the inactivation of NO by reducing the
levels of reactive oxygen species [35,40]. HDL also reduces the expression of adhesion
molecules and chemokines that contribute to endothelial dysfunction [35]. HDL augments
and improves endothelial function by decreasing inflammation [43]. In addition, HDL
removes excess cholesterol from endothelial cells and transports it to the liver for excre-
tion [44]. This prevents the accumulation of cholesterol in the endothelium, which can
impair endothelial function.
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What is the optimal level of HDL-C for endothelial function? Are higher HDL-C
levels better for endothelial function? Many studies have shown that there is a significant
positive correlation between HDL-C levels and endothelial function, while this relationship
sometimes disappears using multiple regression analyses [30,45-48], suggesting that HDL-
C level is a strong predictor of endothelial function. However, those studies had small
numbers of subjects (less than 100 or at most 200) and had limited subjects (e.g., healthy
subjects, obese subjects, patients with dyslipidemia, and patients with coronary artery
disease) but not a general population.

Kuhn et al. [45] showed that low levels of HDL-C were related to endothelial dys-
function assessed by vascular contractive response to acetylcholine in the coronary artery
in 27 patients who underwent coronary angiography. Zeiher et al. [46] also showed that
low HDL-C levels were associated with endothelial dysfunction in the coronary artery in
26 patients with angina pectoris. HDL-C levels were correlated with FMD in the brachial
artery in 178 healthy military men and 20 young men [30]. Only HDL-C levels were sig-
nificantly associated with brachial FMD in 63 patients with coronary artery disease and
45 controls [47].

Norimatsu et al. [48] showed that HDL-C was an independent predictor for endothelial
dysfunction assessed by the reactive hyperemia index in 191 subjects who were suspected
of having coronary artery disease. In our previous study, low HDL-C levels were associated
with endothelial dysfunction assessed by FMD in 7682 subjects with and without lipid-
lowering therapy, including patients with cardiovascular disease and healthy subjects [49].
Schnell et al. [50] showed that there was an inverse correlation of HDL-C levels with FMD,
while there was no significant relationship of HDL-C levels with FMD after adjustment of
confounding factors for endothelial function in 40 healthy subjects and 78 patients with
dyslipidemia. Interestingly, a rapid increase in HDL-C level with intravenous infusion of
reconstituted HDL restored endothelial function assessed by forearm blood flow response
to acetylcholine in the brachial artery in patients with dyslipidemia [51]. It is likely that
HDL-C level is a predictor for endothelial function.

In 5842 men who were not receiving lipid-lowering therapy, we evaluated endothelial
function assessed by FMD in four groups: low HDL-C levels of <40 mg/dL, moderate
HDL-C levels of 40 to 59 mg/dL, high HDL-C levels of 60 to 79 md/dL, and extremely high
HDL-C levels of >80 mg/dL [49]. FMD values were significantly smaller in the low HDL-C
group and the extremely high HDL-C group than in the high HDL-C group. There was
no significant difference in FMD between the low HDL-C group and the extremely high
HDL-C group. Extremely high HDL-C, but not low HDL-C, was significantly associated
with a lower quartile of FMD, suggesting that an extremely high level of HDL-C was
associated with a reduction in FMD.

In 1719 women who were not receiving lipid-lowering therapy, multiple logistic
regression analysis did not reveal a significant association between HDL-C levels and FMD,
while there was a positive correlation between HDL-C levels and FMD using a simple
regression analysis [52]. When evaluating the relationship between HDL-C levels and FMD,
we should therefore pay attention to gender. The relationship between HDL levels and
endothelial function, as well as the relationship between HDL levels and cardiovascular
events, does not show even higher and even better in subjects who were not receiving
lipid-lowering therapy. Future studies are needed to confirm the roles of not only the
amount of HDL-C (HDL-C level) but also the function of HDL-C in endothelial function.

Figure 1 shows the relationship of HDL-C levels with FMD using the estimated Lowess
smoothed curve in 7120 subjects without lipid-lowering therapy who were enrolled in the
FMD-] registry and Hiroshima University Vascular Function database [31]. This finding
suggests that the optimal level of HDL-C for endothelial function is about 75 mg/dL.

2.3. Triglycerides and Endothelial Function

It is thought that levels of triglycerides are a residual risk for cardiovascular events
under the condition of treatment with stains [19,53]. However, it is controversial whether
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triglycerides per se are an independent risk factor for cardiovascular events [21,54-56].
Since statins decrease cholesterol synthesis, they also decrease triglyceride-rich lipoproteins
(VLDL), which also contain cholesterol [57,58]. Therefore, these results may indirectly con-
tribute to the reduction of cardiovascular events with statin administration. The Pravastatin
or Atorvastatin Evaluation and Infection Therapy-Thrombolysis In Myocardial Infarction
22 trial demonstrated that a decrease in levels of triglycerides of <150 mg/dL reduced the
risk of coronary heart disease by 20% compared with the risk with levels of triglycerides
of >150 mg/dL in patients with acute coronary syndrome in whom LDL-C levels were
controlled at <70 mg/dL [21]. Asia-Pacific cohort studies have shown that the level of
triglycerides is an independent predictor for cardiovascular events [54]. Iso et al. [55]
showed that the level of triglycerides independently predicted the risk of coronary artery
disease in a 15.5-year follow-up period after adjustment of levels of total cholesterol and
HDL-C in both 4452 Japanese men and 6616 Japanese women. Di Angelantonio et al. [56]
reported that there was no significant association of triglycerides with cardiovascular events
after adjustment of HDL-C levels. In current guidelines, normal triglyceride levels are
defined as levels of less than 150 mg/dL [59,60].

What is the optimal level of triglycerides for endothelial function? Are lower levels of
triglycerides better for endothelial function? There are conflicting results concerning the
association of triglycerides with endothelial function. Many studies have shown that hy-
pertriglyceridemia impairs endothelial function [18,61,62]. In young healthy men without
traditional cardiovascular risk factors, transient hypertriglyceridemia by administration
of an emulsion of triglycerides impaired endothelial function assessed by FMD [63]. It
has been reported that subjects with hypertriglyceridemia have impaired endothelium-
dependent vasodilation in response to acetylcholine in forearm circulation compared to
that in healthy subjects [61]. High serum levels of triglycerides are associated with endothe-
lial dysfunction in subjects with metabolic syndrome and patients with coronary artery
disease [62,64]. It has also been reported that postprandial elevation of triglyceride levels
after a high-fat meal is associated with endothelial dysfunction in healthy subjects [65].
In 4887 subjects who were not receiving lipid-lowering therapy, there was a significant
inverse correlation between levels of triglycerides and FMD [18]. After adjustment of con-
ventional cardiovascular risk factors, an increase in the levels of triglycerides was shown to
be significantly associated with a decrease in FMD in subjects with levels of triglycerides of
<100 mg/dL. In addition, FMD values were highest in subjects with extremely low triglyc-
eride levels of <50 mg/dL. The subjects with extremely low triglyceride levels had fewer
cardiovascular risk factors, but FMD remained independently lower even after adjustment
for cardiovascular risk factors [66]. It is likely that lower triglyceride levels are better for
endothelial function. Unfortunately, it remains unclear whether hypertriglyceridemia is
a causal factor for endothelial dysfunction. On the contrary, Chowienczyk et al. [67] and
Schnell et al. [50] showed that there is no significant relationship between the levels of
triglycerides and endothelial function. There was no significant difference in FMD be-
tween patients with hypertriglyceridemia who had no other cardiovascular risk factors
and healthy controls. In addition, in hypertriglyceridemia patients with lipoprotein lipase
dysfunction who had triglycerides of 1914 + 1288 mg/dL, endothelial function assessed by
forearm vascular response to acetylcholine was not impaired [67].

Figure 1 shows the relationship of triglyceride levels with FMD using the estimated
Lowess smoothed curve in 7120 subjects without lipid-lowering therapy who were enrolled
in the FMD-] registry and Hiroshima University Vascular Function database [31]. This find-
ing suggests that triglyceride levels are even lower and even better for endothelial function.

2.4. Lipid-Lowering Drugs, Endothelial Function and Adverse Effects

It has been shown that lipid-lowering drugs have both anti-inflammatory and an-
tioxidant effects [68-73]. Statins are the most common examples of anti-inflammatory
drugs [68,69]. Statins not only lower LDL cholesterol by inhibiting cholesterol synthe-
sis but also inhibit the production of cytokines involved in inflammatory responses [68].
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Statins also inhibit inflammatory reactions in the vascular wall by improving the function
of vascular endothelial cells [69], thereby inhibiting the progression of atherosclerosis.
Recent evidence indicates that statins decrease C-reactive protein levels with just 6 weeks
of treatment, independent of LDL cholesterol reduction, suggesting that statins possess
anti-inflammatory actions [70]. In addition, it was found that statins have antioxidant
effects by modulating nuclear factor erythroid-2-related factor 2 /heme oxygenase-1 sig-
naling [71]. Fibrates are well known for their antioxidant effects [72,73]. Fibrates reduce
circulating levels of lipid peroxides by lowering levels of triglycerides, leading to a decrease
in oxidative stress [72]. In addition, fibrates improve systemic antioxidant capacity by
stimulating antioxidant synthesis in the liver [73]. Due to these effects, lipid-lowering
drugs are expected not only to reduce the risk of atherosclerosis and cardiovascular disease
but also to reduce cellular and tissue damage caused by inflammatory responses and
oxidative stress.

Lipid-lowering drugs are often safe to use, but side effects have been reported [74-76].
The most common side effects of statin drugs include myalgia, muscle damage, liver
dysfunction and gastrointestinal symptoms [74]. These side effects depend on the patient’s
condition and dosage [74]. Severe side effects are rare, but serious side effects such as
muscle syndrome and liver dysfunction can occur [74]. The most common side effects of
fibrate drugs include gastrointestinal disorders, liver dysfunction, muscle disorders and
cholelithiasis [75]. These side effects also depend on the patient’s condition and dosage [75].
Fibrates are metabolized more slowly in the liver, which may increase the risk of liver
damage [75]. Other lipid-lowering medications may increase blood sugar levels and should
be used with caution in diabetic patients [76]. They should also not be used or used with
caution in pregnant women, lactating women and patients with severe liver disorders.
When lipid-lowering drugs are used, proper dosage and administration should be followed,
and side effects should be carefully monitored.

3. Mechanisms of Endothelial Dysfunction in Dyslipidemia

First of all, we should pay attention to lipid levels before infancy since fetuses born to
hypercholesterolemic mothers will have fatty streaks, and the development of atheroma is
accelerated in the children of such pregnancies [77,78]. In addition, we should pay attention
to lipid profile levels during a person’s infancy. Serum levels of LDL-C are approximately
25 mg/dL, HDL-C levels are approximately 40 mg/dL and levels of triglycerides are
approximately 40 mg/dL in infants [79]. Figure 2 shows putative mechanisms of endothelial
dysfunction in dyslipidemia.

It has been shown that oxidized LDL or its constituent lipids alter vascular endothelial
cell function through suppression of NO production [80], enhancement of the expression
of leukocyte adhesion molecules and smooth muscle cell growth factor [81], suppression
of endothelial cell migration, inhibition of the production of thrombomodulin [82], and
enhancement of the expression of thrombin receptor and tissue factors and induction
of apoptosis [83].

There are receptors called scavenger receptors on the endothelial cell membrane [84-87].
These receptors are responsible for recognizing and removing abnormal intracellular com-
ponents such as oxidative LDL produced by oxidative stress and glycated proteins [85-87].
Representative scavenger receptors include scavenger receptor class A (SR-A) and lectin-
like oxidized LDL receptor-1 (LOX-1) [85-87]. SR-A is responsible for the recognition of
oxidative LDL and its uptake into endothelial cells, and LOX-1 is involved in the recogni-
tion of oxidized LDL and glycated proteins [85-87]. These scavenger receptors have been
reported to be involved in the pathogenesis of atherosclerosis and cardiovascular disease,
and inhibition of scavenger receptors may be a potential therapeutic target [84-87]. In
addition, the development of innovative therapies utilizing ligands for scavenger receptors
is expected.
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Figure 2. Putative mechanisms of dyslipidemia-induced endothelial dysfunction. LDL indicates
low-density lipoprotein; TG, triglycerides; VLDL, very LDL; CETP, cholesteryl ester transfer protein;
HDL, high-density lipoprotein; HTGL, hepatic triacylglycerol lipase; LPL, lipoprotein lipase; sd-LDL,
small dense LDL; RLP, remnant-like particles; oxLDL, oxidative LDL; ROCK, Rho-associated kinase;
eNOS, endothelial nitric oxide synthase; NADPH, nicotinamide adenine dinucleotide phosphate;
ROS, reactive oxygen species; NO, nitric oxide.

There is an interrelationship between Rho-associated kinase activity and the eNOS/NO
pathway, and the balance between the two plays an important role in endothelial func-
tion [88,89]. It has been shown that Rho-associated kinase directly attenuates the phospho-
rylation of Akt and eNOS mRNA stability, which leads to the inhibition of eNOS activity,
resulting in a decrease in NO production [90]. Retzer et al. [91] reported that oxidized LDL
activated the Rho/Rho-associated kinase pathway. In addition, oxidized LDL induced
contraction of human umbilical vein endothelial cells through activation of Rho-associated
kinase [92]. These findings suggest that an increase in Rho-associated kinase activity and a
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decrease in NO bioavailability independently and concomitantly contribute to endothelial
dysfunction under the condition of a high LDL-C concentration and oxidative LDL-C.

From the aspect of vascular function, low levels of LDL-C and high levels of HDL-C
may contribute to the development and maintenance of atherosclerosis, leading to car-
diovascular events. However, the precise reasons why low levels of LDL-C and high
levels of HDL-C are not better for the prevention of cardiovascular events remain unclear.
Subjects with homozygotes for PCSK9 nonsense mutations had extremely low LDL-C
concentrations [93]. Loss-of-function mutation in the angiopoietin-like 3 (ANGPTL3) gene
is associated with hypolipidemia characterized by low circulating levels of LDL-C, HDL-C
and triglycerides [94]. It has been shown that in subjects with homozygotes for ANGPTL3,
endothelial function assessed by FMD is impaired in spite of low LDL-C levels [95]. Analy-
ses of genetic abnormalities affecting circulating LDL-C levels would enable more specific
conclusions concerning the role of low LDL-C levels in endothelial function to be drawn.

It is thought that HDL has beneficial effects on endothelial function through inhibition
of LDL oxidation, decrease in oxidative stress, cholesterol efflux from peripheral tissues,
prevention of endothelial cell apoptosis, stimulation of endothelial repair processes and
activation of eNOS [35,36,40,41]. In addition, HDL decreases inflammatory responses
to endothelial cells by protection of LDL from oxidation [42,43]. However, in a clinical
setting, the effects of HDL on endothelial function are not always constant [30,45-49,52].
Interestingly, HDL isolated from patients with type 2 diabetes or patients with cardiovascu-
lar disease had abolished the ability to stimulate eNOS activity and its ability to prevent
NEF-«B activation stimulated by tumor necrosis factor alpha was reduced in endothelial
cells, while HDL isolated from healthy subjects activated the eNOS/NO pathway and
reduced oxidative stress stimuli in endothelial cells [96]. Genome-wide association studies
have revealed that novel loci are associated with HDL-C levels [97]. Loss-of-function
mutations in genes, including a lipase gene (LIPG), scavenger receptor class B number 1
(SCARB1) and cholesteryl ester transfer protein (CETP), induce the condition of extremely
high HDL-C levels [98-101]. The LIPG gene encodes endothelial lipase that mediates HDL
catabolism [99]. The SRARB1 gene encodes scavenger receptor class B type 1, which is an
HDL receptor, and promotes the uptake of HDL cholesteryl esters into hepatocytes [98].
CETP deficiency plays a critical role in the increase in HDL-C levels in Japan [100,101].
Yamashita et al. [102]. showed that subjects with CETP deficiency had an accumulation of
apolipoprotein E-rich HDLs. It has been shown that HDL-C isolated from subjects who are
carriers of CETP deficiency decreased eNOS activity [103]. It is likely that dysfunctional
HDL inactivates the eNOS/NO pathway through inhibition of CETP-induced increases in
oxidative stress and inflammation. When considering the effects of HDL on endothelial
function, attention should be given to HDL function and circulating HDL-C levels.

It is well known that there are gender differences in HDL-C levels. HDL-C level was
associated with endothelial function in men but not in women [49,52]. Possible reasons for
the gender-opposite findings regarding the association of HDL-C levels with endothelial
function are differences in CETP activity and levels of estrogen and androgen. Indeed, some
single nucleotide polymorphisms in CETP are related to different circulating HDL levels
in men and women [101,104]. It has been shown that HDL from women enhances eNOS
activity, while HDL from men has little effect on eNOS activity [105]. Confounding factors
for endothelial function such as smoking, alcohol consumption and exercise other than
genetic variation and differences in levels of estrogen and androgen also may contribute to
the different associations of HDL-C with endothelial function in men and women.

It is unclear whether there is a direct causal relationship between triglycerides and
endothelial dysfunction. The concentration of circulating triglycerides corresponds to the
concentration of triglyceride-rich lipoproteins (TRLs) and their residues [106]. Lipoprotein
lipase (LPL) hydrolyzes TRLs to produce TRL remnants, leading to apoptosis in endothelial
cells through the production of cytokines, including tumor necrosis factor-« and interleukin-
13 [107,108]. In addition, TRL remnants promote endothelial dysfunction by an increase in
endothelial cell inflammatory response to stimuli [109]. In a clinical setting, endothelial
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function was preserved in patients with severe hypertriglyceridemia associated with LPL
dysfunction [67]. These findings suggest that LPL-induced hydrolysis of TRLs contributes
to endothelial dysfunction. In high triglyceride states, the transfer of triglycerides from
TRLs to HDL particles by cholesteryl ester transfer protein is enhanced [110]. Enrichment of
HDL with triglycerides enhanced HDL-associated apolipoprotein A-I clearance, resulting
in a decrease in circulating HDL-C concentrations [110]. In addition, it has been shown
that an increase in triglycerides is related to a decrease in LDL size and an increase in the
number of LDL particles [111]. Under the condition of hypertriglyceridemia, it is likely that
small dense LDL particles cause endothelial dysfunction through susceptibility to oxidation
of small dense LDL particles and an increase in cell adhesion molecules [112,113].

Endothelial progenitor cells (EPCs) may play an important role in dyslipidemia [114-116].
EPCs are differentiated from bone-marrow-derived stem or progenitor cells and have the
ability to differentiate into vascular wall cells such as vascular endothelial cells and vascular
smooth muscle cells [117,118]. EPCs have the ability to repair vascular endothelial cell
damage and injury caused by dyslipidemia [114,116]. Continued dysfunction of vascular
endothelial cells can lead to stiffening of the vessel wall and cause atherosclerosis [117,118].
It is thought that EPCs prevent the progression of atherosclerosis by regenerating and
repairing endothelial cells in such situations. EPCs also have anti-inflammatory and antiox-
idant actions against oxidative stress and inflammation caused by dyslipidemia [114-116].
Through these functions, EPCs play an important role in the maintenance of vascular
health. Because of their ability to differentiate into vascular endothelial cells and smooth
muscle cells, EPCs are being investigated for the treatment of atherosclerosis and car-
diovascular disease [117,118]. Many currently available drugs, including lipid-lowering
drugs that impact cardiovascular morbidity and mortality, have shown a positive effect on
EPC biology [119].

4. Conclusions

There is a reverse J-shaped relationship of LDL-C level with FMD, a reverse U-shaped
relationship of HDL-C level with FMD and a linear inverse correlation of triglyceride level
with FMD in individuals who are not receiving lipid-lowering therapy. Future studies
are needed to evaluate in detail the association of each compartment of the lipid profile
with endothelial function. Assessment of endothelial function in dyslipidemia is one of
the most important issues for the prevention and treatment of cardiovascular diseases.
Future research directions may include the following. First, we should pay attention to
the interaction between endothelial cells and lipid metabolism. Endothelial cells express
enzymes and receptors involved in lipid metabolism, and the effects of dyslipidemia
on endothelial function are complex. In future research, the mechanisms of endothelial
dysfunction caused by dyslipidemia should be investigated through a detailed analysis
of the interactions between endothelial cells and lipid metabolism. Second, various drugs
such as statins and fibrates are used to treat dyslipidemia, but these drugs also have effects
on endothelial function. In the future, the development of therapeutic agents specifically for
endothelial dysfunction caused by dyslipidemia is required. Third, measurements of blood
flow responses to vasoactive agents using strain-gauge plethysmography, FMD and reactive
hyperemia index are currently used to evaluate endothelial function. Unfortunately, it is
unclear whether those methods are adequate for the assessment of endothelial function in
patients with dyslipidemia. The establishment of a specific method for the measurement of
endothelial function in patients with dyslipidemia would enable more specific conclusions
concerning the roles of lipid metabolism in endothelial function to be drawn.

Funding: This work was supported by the Grant-in-Aid for Scientific Research from the Ministry
of Education, Science and Culture of Japan (18590815 and 21590898 to Y.H.) and a Grant-in-Aid of
Japanese Arteriosclerosis Prevention Fund (to Y.H.).



Cells 2023,12, 1293

10 of 15

References

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and the protocol of the 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 Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors, without undue reservation.

Acknowledgments: The author would like to thank all patients who participated in this study. In
addition, I thank Miki Kumiji, Megumi Wakisaka, Ki-ichiro Kawano and Satoko Michiyama for their
excellent secretarial assistance; FMD-] investigators of Takayuki Hidaka; Shuji Nakamura; Junko
Soga; Yuichi Fujii; Naomi Idei; Noritaka Fujimura; Shinsuke Mikami; Yumiko Iwamoto; Akimichi
Iwamoto; Takeshi Matsumoto; Nozomu Oda (Department of Cardiovascular Medicine, Hiroshima
University Graduate School of Biomedical Sciences, Hiroshima, Japan); Kana Kanai; Hraruka Mori-
moto (Department of Cardiovascular Regeneration and Medicine, Research Institute for Radiation
Biology and Medicine, Hiroshima University, Hiroshima, Japan); Tomohisa Sakashita; Yoshiki Kudo
(Department of Obstetrics and Gynecology, Hiroshima University Graduate School of Biomedical
Sciences, Hiroshima, Japan); Taijiro Sueda (Department of Surgery, Hiroshima University Graduate
School of Biomedical Sciences, Hiroshima, Japan); Hirofumi Tomiyama, FAHA; Akira Yamashina
(Department of Cardiology, Tokyo Medical University, Tokyo, Japan); Bonpei Takase, FAHA (Division
of Biomedical Engineering, National Defense Medical College Research Institute, Tokorozawa, Japan);
Takahide Kohro (Department of Cardiology, Tokyo Medical University, Tokyo, Japan); Toru Suzuki
(Cardiovascular Medicine, University of Leicester, Leicester, UK); Tomoko Ishizu (Cardiovascular
Division, Institute of Clinical Medicine, University of Tsukuba, Ibaraki, Japan); Shinichiro Ueda (De-
partment of Clinical Pharmacology and Therapeutics, University of the Ryukyu School of Medicine,
Okinawa, Japan); Tsutomu Yamazaki (Clinical Research Support Center, Faculty of Medicine, The
University of Tokyo, Tokyo, Japan); Tomoo Furumoto (Department of Cardiovascular Medicine,
Hokkaido University Graduate School of Medicine, Hokkaido, Japan); Kazuomi Kario (Division of
Cardiovascular Medicine, Jichi Medical University School of Medicine, Tochigi, Japan); Teruo Inoue
(Department of Cardiovascular Medicine, Dokkyo Medical University, Mibu, Tochigi, Japan); Shinji
Koba (Department of Medicine, Division of Cardiology, Showa University School of Medicine, Tokyo,
Japan); Kentaro Watanabe (Department of Neurology, Hematology, Metabolism, Endocrinology and
Diabetology (DNHMED), Yamagata University School of Medicine, Yamagata, Japan); Yasuhiko
Takemoto (Department of Internal Medicine and Cardiology, Osaka City University Graduate School
of Medicine, Osaka, Japan); Takuzo Hano (Department of Medical Education and Population-based
Medicine, Postgraduate School of Medicine, Wakayama Medical University, Wakayama, Japan); Masa-
taka Sata (Department of Cardiovascular Medicine, Institute of Health Biosciences, The University of
Tokushima Graduate School, Tokushima, Japan); Yutaka Ishibashi (Department of General Medicine,
Shimane University Faculty of Medicine, Izumo, Japan); Koichi Node (Department of Cardiovascular
and Renal Medicine, Saga University, Saga, Japan); Koji Maemura (Department of Cardiovascular
Medicine, Nagasaki University Graduate School of Biomedical Sciences, Nagasaki, Japan); Yusuke
Ohya (The Third Department of Internal Medicine, University of the Ryukyus, Okinawa, Japan);
Taiji Furukawa (Department of Internal Medicine, Teikyo University School of Medicine, Tokyo,
Japan); Hiroshi Ito (Department of Cardiovascular Medicine, Okayama University Graduate School
of Medicine, Dentistry and Pharmaceutical Sciences, Japan); Hisao Ikeda (Faculty of Fukuoka Medical
Technology, Teikyo University, Omuta, Japan).

Conflicts of Interest: The author declared that they do not have anything to disclose regarding
conflicts of interest with respect to this manuscript.

1.  Lloyd-Jones, D.M.; Wilson, PW.; Larson, M.G.; Leip, E.; Beiser, A.; D’Agostino, R.B.; Cleeman, ].I.; Levy, D. Lifetime risk of
coronary heart disease by cholesterol levels at selected ages. Arch. Intern. Med. 2003, 163, 1966-1972. [CrossRef]

2. Yusuf, S.; Hawken, S.; Ounpuu, S.; Dans, T.; Avezum, A.; Lanas, F.; McQueen, M.; Budaj, A.; Pais, P.; Varigos, J.; et al.
INTERHEART Study Investigators. Effect of potentially modifiable risk factors associated with myocardial infarction in
52 countries (the INTERHEART study): Case-control study. Lancet 2004, 364, 937-952. [CrossRef]

3. Gordon, T.; Castelli, W.P.; Hjortland, M.C.; Kannel, W.B.; Dawber, T.R. High density lipoprotein as a protective factor against
coronary heart disease. The Framingham Study. Am. . Med. 1977, 62, 707-714. [CrossRef]


https://doi.org/10.1001/archinte.163.16.1966
https://doi.org/10.1016/S0140-6736(04)17018-9
https://doi.org/10.1016/0002-9343(77)90874-9

Cells 2023,12, 1293 110f15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Gordon, D.J.; Probstfield, ].L.; Garrison, R.].; Neaton, J.D.; Castelli, W.P.,; Knoke, ].D.; Jacobs, D.R., Jr.; Bangdiwala, S.; Tyroler, H.A.
High-density lipoprotein cholesterol and cardiovascular disease. Four prospective American studies. Circulation 1989, 79, 8-15.
[CrossRef] [PubMed]

Rong, S.; Li, B.; Chen, L.; Sun, Y.; Du, Y,; Liu, B.; Robinson, ].G.; Bao, W. Association of Low-Density Lipoprotein Cholesterol
Levels with More than 20-Year Risk of Cardiovascular and All-Cause Mortality in the General Population. |. Am. Heart Assoc.
2022, 11, €023690. [CrossRef]

Hirata, A.; Sugiyama, D.; Watanabe, M.; Tamakoshi, A.; Iso, H.; Kotani, K.; Kiyama, M.; Yamada, M.; Ishikawa, S,;
Murakami, Y.; et al. Evidence for Cardiovascular Prevention from Observational Cohorts in Japan (EPOCH-JAPAN) Research
Group. Association of extremely high levels of high-density lipoprotein cholesterol with cardiovascular mortality in a pooled
analysis of 9 cohort studies including 43,407 individuals: The EPOCH-JAPAN study. J. Clin. Lipidol. 2018, 12, 674—-684. [PubMed]
Ross, R. Atherosclerosis-an inflammatory disease. N. Engl. . Med. 1999, 340, 115-126. [CrossRef] [PubMed]

Higashi, Y.; Noma, K.; Yoshizumi, M.; Kihara, Y. Endothelial function and oxidative stress in cardiovascular diseases. Circ. J. Off.
J. Jpn. Circ. Soc. 2009, 73, 411-418. [CrossRef]

Higashi, Y.; Yoshizumi, M. Exercise and endothelial function: Role of endothelium-derived nitric oxide and oxidative stress in
healthy subjects and hypertensive patients. Pharmacol. Ther. 2004, 102, 87-96. [CrossRef]

Schiffrin, E.L.; Deng, L.Y. Comparison of effects of angiotensin I-converting enzyme inhibition and 3-blockade for 2 years on
function of small arteries from hypertensive patients. Hypertension 1995, 25, 699-703. [CrossRef]

Higashi, Y.; Sasaki, S.; Nakagawa, K.; Kurisu, S.; Yoshimizu, A.; Matsuura, H.; Kajiyama, G.; Oshima, T. A comparison of
angiotensin-converting enzyme inhibitors, calcium antagonists, beta-blockers, diuretics on reactive hyperemia in patients with
essential hypertension: A multicenter study. J. Am. Coll. Cardiol. 2000, 35, 284-291. [CrossRef]

Higashi, Y,; Sasaki, S.; Nakagawa, K.; Fukuda, Y.; Matsuura, H.; Oshima, T.; Chayama, K. Tetrahydrobiopterin improves impaired
endothelium-dependent vasodilation in patients with essential hypertension. Am. J. Hypertens. 2002, 15, 326-332. [CrossRef]
[PubMed]

Sasaki, S.; Higashi, Y.; Nakagawa, K.; Kimura, M.; Noma, K; Sasaki, S.; Hara, K.; Goto, C.; Matsuura, H.; Oshima, T; et al. A
low-calorie diet improves endothelium-dependent vasodilation in obese patients with essential hypertension. Am. J. Hypertens.
2002, 15, 302-309. [CrossRef] [PubMed]

Wolfrum, S.; Jensen, K.S.; Liao, ] K. Endothelium-dependent effects of statins. Arterioscler. Thromb. Vasc. Biol. 2003, 23, 729-736.
[CrossRef] [PubMed]

Goto, C.; Higashi, Y.; Kimura, M.; Noma, K.; Hara, K.; Nakagawa, K.; Kawamura, M.; Chayama, K.; Yoshizumi, M.; Nara, I. The
effect of different intensities of exercise on endothelium-dependent vasodilation in humans: Role of endothelium-dependent
nitric oxide and oxidative stress. Circulation 2003, 108, 530-535. [CrossRef]

Yeboah, J.; Folsom, A.R.; Burke, G.L.; Johnson, C.; Polak, ].F,; Post, W.; Lima, J.A.; Crouse, ].R.; Herrington, D.M. Predictive value
of brachial flow-mediated dilation for incident cardiovascular events in a population-based study: The multi-ethnic study of
atherosclerosis. Circulation 2009, 120, 502-509. [CrossRef]

Maruhashi, T.; Soga, J.; Idei, N.; Fujimura, N.; Mikami, S.; Iwamoto, Y.; Kajikawa, M.; Matsumoto, T.; Hidaka, T; Kihara, Y.; et al.
Relationship between flow-mediated vasodilation and cardiovascular risk factors in a large community-based study. Heart 2013,
99, 1837-1842. [CrossRef]

Matsui, S.; Kajikawa, M.; Matsumoto, T.; Iwamoto, Y.; Iwamoto, A.; Oda, N.; Kishimoto, S.; Hidaka, T.; Kihara, Y,
Chayama, K ; et al. Optimal target level of low-density lipoprotein cholesterol for vascular function in statin naive individuals.
Sci. Rep. 2017, 7, 8422. [CrossRef]

Baigent, C.; Keech, A.; Kearney, PM.; Blackwell, L.; Buck, G.; Pollicino, C.; Kirby, A.; Sourjina, T.; Peto, R.; Collins, R.; et al.
Cholesterol Treatment Trialists’ (CTT) Collaborators. Efficacy and safety of cholesterol-lowering treatment: Prospective meta-
analysis of data from 90,056 participants in 14 randomised trials of statins. Lancet 2005, 366, 1267-1278.

LaRosa, J.C.; Grundy, S.M.; Waters, D.D.; Shear, C.; Barter, P; Fruchart, ].C.; Gotto, AM.; Greten, H.; Kastelein, ]J.J.;
Shepherd, J.; et al. Treating to New Targets (TNT) Investigators. Intensive lipid lowering with atorvastatin in patients with stable
coronary disease. N. Engl. ]. Med. 2005, 352, 1425-1435. [CrossRef]

Miller, M.; Cannon, C.P,; Murphy, S.A.; Qin, J.; Ray, K.K.; Braunwald, E. PROVE IT-TIMI 22 Investigators. Impact of triglyceride
levels beyond low-density lipoprotein cholesterol after acute coronary syndrome in the PROVE IT-TIMI 22 trial. ]. Am. Coll.
Cardiol. 2008, 51, 724-730. [CrossRef] [PubMed]

Sabatine, M.S.; Giugliano, R.P.; Keech, A.C.; Honarpour, N.; Wiviott, S.D.; Murphy, S.A.; Kuder, J.E; Wang, H.; Liu, T,
Wasserman, S.M.; et al. FOURIER Steering Committee and Investigators. Evolocumab and Clinical Outcomes in Patients with
Cardiovascular Disease. N. Engl. |. Med. 2017, 376, 1713-1722. [CrossRef] [PubMed]

Schwartz, G.G.; Steg, P.G.; Szarek, M.; Bhatt, D.L.; Bittner, V.A,; Diaz, R.; Edelberg, ].M.; Goodman, S.G.; Hanotin, C,;
Harrington, R.A.; et al. ODYSSEY OUTCOMES Committees and Investigators. Alirocumab and Cardiovascular Outcomes
after Acute Coronary Syndrome. N. Engl. ]. Med. 2018, 379, 2097-2107. [CrossRef] [PubMed]

Gliozzi, M.; Scicchitano, M.; Bosco, F.; Musolino, V.; Carresi, C.; Scarano, F.; Maiuolo, J.; Nucera, S.; Maretta, A.; Paone, S.; et al.
Modulation of Nitric Oxide Synthases by Oxidized LDLs: Role in Vascular Inflammation and Atherosclerosis Development. Int. ].
Mol. Sci. 2019, 20, 3294. [CrossRef]


https://doi.org/10.1161/01.CIR.79.1.8
https://www.ncbi.nlm.nih.gov/pubmed/2642759
https://doi.org/10.1161/JAHA.121.023690
https://www.ncbi.nlm.nih.gov/pubmed/29506864
https://doi.org/10.1056/NEJM199901143400207
https://www.ncbi.nlm.nih.gov/pubmed/9887164
https://doi.org/10.1253/circj.CJ-08-1102
https://doi.org/10.1016/j.pharmthera.2004.02.003
https://doi.org/10.1161/01.HYP.25.4.699
https://doi.org/10.1016/S0735-1097(99)00561-6
https://doi.org/10.1016/S0895-7061(01)02317-2
https://www.ncbi.nlm.nih.gov/pubmed/11991218
https://doi.org/10.1016/S0895-7061(01)02322-6
https://www.ncbi.nlm.nih.gov/pubmed/11991214
https://doi.org/10.1161/01.ATV.0000063385.12476.A7
https://www.ncbi.nlm.nih.gov/pubmed/12615672
https://doi.org/10.1161/01.CIR.0000080893.55729.28
https://doi.org/10.1161/CIRCULATIONAHA.109.864801
https://doi.org/10.1136/heartjnl-2013-304739
https://doi.org/10.1038/s41598-017-09043-1
https://doi.org/10.1056/NEJMoa050461
https://doi.org/10.1016/j.jacc.2007.10.038
https://www.ncbi.nlm.nih.gov/pubmed/18279736
https://doi.org/10.1056/NEJMoa1615664
https://www.ncbi.nlm.nih.gov/pubmed/28304224
https://doi.org/10.1056/NEJMoa1801174
https://www.ncbi.nlm.nih.gov/pubmed/30403574
https://doi.org/10.3390/ijms20133294

Cells 2023,12, 1293 12 0f 15

25.

26.
27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Kita, T.; Kume, N.; Minami, M.; Hayashida, K.; Murayama, T.; Sano, H.; Moriwaki, H.; Kataoka, H.; Nishi, E.; Horiuchi, H.; et al.
Role of oxidized LDL in atherosclerosis. Ann. N. Y. Acad. Sci. 2001, 947, 199-205. [CrossRef]

Steinberg, D. Arterial metabolism of lipoproteins in relation to atherogenesis. Ann. N. Y. Acad. Sci. 1990, 598, 125-135. [CrossRef]
Tsimikas, S. Oxidized low-density lipoprotein biomarkers in atherosclerosis. Curr. Atheroscler. Rep. 2006, 8, 55-61. [CrossRef]
Kaplan, M.; Aviram, M. Oxidized low density lipoprotein: Atherogenic and proinflammatory characteristics during macrophage
foam cell formation. An inhibitory role for nutritional antioxidants and serum paraoxonase. Clin. Chem. Lab. Med. 1999, 37,
777-787. [CrossRef] [PubMed]

Parthasarathy, S.; Fong, L.G.; Quinn, M.T.; Steinberg, D. Oxidative modification of LDL: Comparison between cell-mediated and
copper-mediated modification. Eur. Heart J. 1990, 11 (Suppl. E), 83-87. [CrossRef] [PubMed]

Laclaustra, M.; Frangi, A.F,; Frangi, A.G.; Casasnovas, ].A.; Cia, P. Association of endothelial function and vascular data with
LDL-c and HDL-c in a homogeneous population of middle-aged, healthy military men: Evidence for a critical role of optimal
lipid levels. Int. ]. Cardiol. 2008, 125, 376-382. [CrossRef]

Takaeko, Y.; Matsui, S.; Kajikawa, K.; Maruhashi, T.; Kishimoto, S.; Hashimoto, H.; Kihara, Y.; Hida, E.; Chayama, K.; Goto, C.; et al.
Low levels of low-density lipoprotein cholesterol and endothelial function in subjects without lipid-lowering therapy. J. Clin.
Med. 2020, 9, E3796. [CrossRef] [PubMed]

Kureishi, Y.; Luo, Z.; Shiojima, I.; Bialik, A.; Fulton, D.; Lefer, D.].; Sessa, W.C.; Walsh, K. The HMG-CoA reductase inhibitor
simvastatin activates the protein kinase Akt and promotes angiogenesis in normocholesterolemic animals. Nat. Med. 2000, 6,
1004-1010. [CrossRef] [PubMed]

Fichtlscherer, S.; Schmidt-Lucke, C.; Bojunga, S.; Rossig, L.; Heeschen, C.; Dimmeler, S.; Zeiher, A M. Differential effects of short-
term lipid lowering with ezetimibe and statins on endothelial function in patients with CAD: Clinical evidence for “pleiotropic’
functions of statin therapy. Eur. Heart J. 2006, 27, 1182-1190. [CrossRef] [PubMed]

Liu, PY; Liu, YW.; Lin, L.]J.; Chen, ]J.H.; Liao, ].K. Evidence for statin pleiotropy in humans: Differential effects of statins and
ezetimibe on rho-associated coiled-coil containing protein kinase activity, endothelial function, and inflammation. Circulation
2009, 119, 131-138. [CrossRef]

Cockerill, G.W,; Rye, K.A.; Gamble, ].R.; Vadas, M.A ; Barter, PJ. High-density lipoproteins inhibit cytokine-induced expression of
endothelial cell adhesion molecules. Arterioscler. Thromb. Vasc. Biol. 1995, 15, 1987-1994. [CrossRef] [PubMed]

Yuhanna, I.S.; Zhu, Y.; Cox, B.E.; Hahner, L.D.; Osborne-Lawrence, S.; Lu, P.; Marcel, Y.L.; Anderson, R.G.; Mendelsohn, M.E.;
Hobbs, H.H.; et al. High-density lipoprotein binding to scavenger receptor-Bl activates endothelial nitric oxide synthase. Nat.
Med. 2001, 7, 853-857. [CrossRef]

Saito, I.; Yamagishi, K.; Kokubo, Y.; Yatsuya, H.; Iso, H.; Sawada, N.; Inoue, M.; Tsugane, S. Association of high-density lipoprotein
cholesterol concentration with different types of stroke and coronary heart disease: The Japan Public Health Center-based
prospective (JPHC) study. Atherosclerosis 2017, 265, 147-154. [CrossRef] [PubMed]

Hirata, A.; Okamura, T.; Sugiyama, D.; Kuwabara, K.; Kadota, A.; Fujiyoshi, A.; Miura, K.; Okuda, N.; Ohkubo, T,
Okayama, A; et al. The Relationship between Very High Levels of Serum High-Density Lipoprotein Cholesterol and Cause-
Specific Mortality in a 20-Year Follow-Up Study of Japanese General Population. J. Atheroscler. Thromb. 2016, 23, 800-809.
[CrossRef]

Madsen, C.M.; Varbo, A.; Nordestgaard, B.G. Extreme high high-density lipoprotein cholesterol is paradoxically associated with
high mortality in men and women: Two prospective cohort studies. Eur. Heart J. 2017, 38, 2478-2486. [CrossRef]

Navab, M.; Hama, S.Y.; Cooke, C.J.; Anantharamaiah, G.M.; Chaddha, M,; Jin, L.; Subbanagounder, G.; Faull, K.F,; Reddy, S.T.;
Miller, N.E; et al. Normal high density lipoprotein inhibits three steps in the formation of mildly oxidized low density lipoprotein:
Step 1. J. Lipd. Res. 2000, 41, 1481-1494. [CrossRef]

Riwanto, M.; Landmesser, U. High density lipoproteins and endothelial functions: Mechanistic insights and alterations in
cardiovascular disease. J. Lipd. Res. 2013, 54, 3227-3243. [CrossRef] [PubMed]

Besler, C.; Heinrich, K.; Rohrer, L.; Doerries, C.; Riwanto, M.; Shih, D.M.; Chroni, A.; Yonekawa, K.; Stein, S.; Schaefer, N.; et al.
Mechanisms underlying adverse effects of HDL on eNOS-activating pathways in patients with coronary artery disease. . Clin.
Investig. 2011, 121, 2693-2708. [CrossRef]

McGillicuddy, F.C.; de la Llera Moya, M.; Hinkle, C.C.; Joshi, M.R.; Chiquoine, E.H.; Billheimer, ].T.; Rothblat, G.H.; Reilly, M.P.
Inflammation impairs reverse cholesterol transport in vivo. Circulation 2009, 119, 1135-1145. [CrossRef] [PubMed]

Brewer, H.B., Jr.; Remaley, A.T.; Neufeld, E.B.; Basso, F.; Joyce, C. Regulation of plasma high-density lipoprotein levels by the
ABCAI1 transporter and the emerging role of high-density lipoprotein in the treatment of cardiovascular disease. Arterioscler.
Thromb. Vasc. Biol. 2004, 24, 755-1760. [CrossRef]

Kuhn, FE.; Mohler, E.R,; Satler, L.E; Reagan, K.; Lu, D.Y.; Rackley, C.E. Effects of high-density lipoprotein on acetylcholine-induced
coronary vasoreactivity. Am. . Cardiol. 1991, 68, 1425-1430. [CrossRef]

Zeiher, A.M.; Schéchlinger, V.; Hohnloser, S.H.; Saurbier, B.; Just, H. Coronary atherosclerotic wall thickening and vascular
reactivity in humans. Elevated high-density lipoprotein levels ameliorate abnormal vasoconstriction in early atherosclerosis.
Circulation 1994, 89, 2525-2532. [CrossRef]

Li, X.P; Zhao, S.P; Zhang, X.Y.; Liu, L.; Gao, M.; Zhou, Q.C. Protective effect of high density lipoprotein on endothelium-
dependent vasodilatation. Int. J. Cardiol. 2000, 73, 231-236. [CrossRef] [PubMed]


https://doi.org/10.1111/j.1749-6632.2001.tb03941.x
https://doi.org/10.1111/j.1749-6632.1990.tb42284.x
https://doi.org/10.1007/s11883-006-0065-1
https://doi.org/10.1515/CCLM.1999.118
https://www.ncbi.nlm.nih.gov/pubmed/10536926
https://doi.org/10.1093/eurheartj/11.suppl_E.83
https://www.ncbi.nlm.nih.gov/pubmed/2121485
https://doi.org/10.1016/j.ijcard.2007.03.001
https://doi.org/10.3390/jcm9123796
https://www.ncbi.nlm.nih.gov/pubmed/33255270
https://doi.org/10.1038/79510
https://www.ncbi.nlm.nih.gov/pubmed/10973320
https://doi.org/10.1093/eurheartj/ehi881
https://www.ncbi.nlm.nih.gov/pubmed/16621868
https://doi.org/10.1161/CIRCULATIONAHA.108.813311
https://doi.org/10.1161/01.ATV.15.11.1987
https://www.ncbi.nlm.nih.gov/pubmed/7583580
https://doi.org/10.1038/89986
https://doi.org/10.1016/j.atherosclerosis.2017.08.032
https://www.ncbi.nlm.nih.gov/pubmed/28888808
https://doi.org/10.5551/jat.33449
https://doi.org/10.1093/eurheartj/ehx163
https://doi.org/10.1016/S0022-2275(20)33461-1
https://doi.org/10.1194/jlr.R037762
https://www.ncbi.nlm.nih.gov/pubmed/23873269
https://doi.org/10.1172/JCI42946
https://doi.org/10.1161/CIRCULATIONAHA.108.810721
https://www.ncbi.nlm.nih.gov/pubmed/19221221
https://doi.org/10.1161/01.ATV.0000142804.27420.5b
https://doi.org/10.1016/0002-9149(91)90274-O
https://doi.org/10.1161/01.CIR.89.6.2525
https://doi.org/10.1016/S0167-5273(00)00221-7
https://www.ncbi.nlm.nih.gov/pubmed/10841964

Cells 2023,12, 1293 13 of 15

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.
58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Norimatsu, K.; Gondo, K.; Kusumoto, T.; Motozato, K.; Suematsu, Y.; Fukuda, Y.; Kuwano, T.; Miura, S.I. Association between
lipid profile and endothelial dysfunction as assessed by the reactive hyperemia index. Clin. Exp. Hypertens. 2021, 43, 125-130.
[CrossRef]

Takaeko, Y.; Matsui, S.; Kajikawa, K.; Maruhashi, T.; Kishimoto, S.; Hashimoto, H.; Kihara, Y.; Hida, H.; Chayama, K,
Goto, C.; et al. Association of extremely high levels of high-density lipoprotein cholesterol with endothelial dysfunction in
men. J. Clin. Lipidol. 2019, 13, 664-672. [CrossRef]

Schnell, G.B.; Robertson, A.; Houston, D.; Malley, L.; Anderson, T.J. Impaired brachial artery endothelial function is not predicted
by elevated triglycerides. |. Am. Coll. Cardiol. 1999, 33, 2038-2043. [CrossRef]

Spieker, L.E.; Sudano, L; Hiirlimann, D.; Lerch, P.G.; Lang, M.G.; Binggeli, C.; Corti, R.; Ruschitzka, F,; Liischer, T.F.; Noll, G.
High-density lipoprotein restores endothelial function in hypercholesterolemic men. Circulation 2002, 105, 1399-1402. [CrossRef]
Takaeko, Y.; Matsui, S.; Kajikawa, K.; Maruhashi, T.; Kishimoto, S.; Hashimoto, H.; Kihara, Y.; Hida, E.; Chayama, K.; Goto, C.; et al.
Relationship between high-density lipoprotein cholesterol levels and endothelial function in women. BM] Open 2020, 10, e038121.
[CrossRef] [PubMed]

Baigent, C.; Blackwell, L.; Emberson, J.; Holland, L.E.; Reith, C.; Bhala, N.; Peto, R.; Barnes, E.H.; Keech, A_; Simes, J.; et al. Efficacy
and safety of more intensive lowering of LDL cholesterol: A meta-analysis of data from 170,000 participants in 26 randomised
trials. Lancet 2010, 376, 1670-1681. [PubMed]

Patel, A.; Barzi, E; Jamrozik, K.; Lam, T.H.; Ueshima, H.; Whitlock, G.; Woodward, M.; Asia Pacific Cohort Studies Collaboration.
Serum triglycerides as a risk factor for cardiovascular diseases in the Asia-Pacific region. Circulation 2004, 110, 2678-2686.
[PubMed]

Iso, H.; Naito, Y.; Sato, S.; Kitamura, A.; Okamura, T,; Sankai, T.; Shimamoto, T.; lida, M.; Komachi, Y. Serum triglycerides and risk
of coronary heart disease among Japanese men and women. Am. J. Epidemiol. 2001, 153, 490-499. [CrossRef]

Di Angelantonio, E.; Sarwar, N.; Perry, P.; Kaptoge, S.; Ray, KK.; Thompson, A.; Wood, A.M.; Lewington, S.; Sattar, N.;
Packard, C.J.; et al. Major lipids, apolipoproteins, and risk of vascular disease. JAMA 2009, 302, 1993-2000.

Ginsberg, H.N. Effects of statins on triglyceride metabolism. Am. |. Cardiol. 1998, 81, 32B-35B. [CrossRef]

Dergunov, A.D.; Visvikis-Siest, S.; Siest, G. Statins as effectors of key activities involved in apoE-dependent VLDLmetabolism:
Review and hypothesis. Vascul. Pharmacol. 2008, 48, 70-75. [CrossRef]

Jellinger, P.S.; Handelsman, Y.; Rosenblit, P.D.; Bloomgarden, Z.T.; Fonseca, V.A.; Garber, A.]J.; Grunberger, G.; Guerin, C.K.;
Bell, D.S.H.; Mechanick, J.I; et al. American Association of Clinical Endocrinologists and American College of Endocrinology
Guidelines for Management of Dyslipidemia and Prevention of Cardiovascular Disease. Endocr. Pract. Off. ]. Am. Coll. Endocrinol.
Am. Assoc. Clin. Endocrinol. 2017, 23, 1-87. [CrossRef]

Jacobson, T.A.; Ito, M.K.; Maki, K.C.; Orringer, C.E.; Bays, H.E.; Jones, P.H.; McKenney, ] M.; Grundy, S.M.; Gill, E.A.; Wild,
R.A; et al. National Lipid Association recommendations for patient-centered management of dyslipidemia: Part 1—Executive
summary. J. Clin. Lipid. 2014, 8, 473-488. [CrossRef]

Lewis, T.V,; Dart, A.M.; Chin-Dusting, ].P. Endothelium-dependent relaxation by acetylcholine is impaired in hypertriglyceridemic
humans with normal levels of plasma LDL cholesterol. . Am. Coll. Cardiol. 1999, 33, 805-812. [CrossRef]

Yunoki, K.; Nakamura, K.; Miyoshi, T.; Enko, K.; Kubo, M.; Murakami, M.; Hata, Y.; Kohno, K.; Morita, H.; Kusano, K.F,; et al.
Impact of hypertriglyceridemia on endothelial dysfunction during statin 3= ezetimibe therapy in patients with coronary heart
disease. Am. J. Cardiol. 2011, 108, 333-339. [CrossRef]

Lundman, P; Eriksson, M.; Schenck-Gustafsson, K.; Karpe, F; Tornvall, P. Transient triglyceridemia decreases vascular reactivity
in young, healthy men without risk factors for coronary heart disease. Circulation 1997, 96, 3266-3268. [CrossRef]

Nakamura, T.; Takano, H.; Umetani, K.; Kawabata, K.; Obata, ].E.; Kitta, Y.; Kodama, Y.; Mende, A.; Ichigi, Y.; Fujioka, D.; et al.
Remnant lipoproteinemia is a risk factor for endothelial vasomotor dysfunction and coronary artery disease in metabolic
syndrome. Atherosclerosis 2005, 181, 321-327. [CrossRef] [PubMed]

Bae, ].H.; Bassenge, E.; Kim, K.B.; Kim, Y.N.; Kim, K.S,; Lee, H.J.; Moon, K.C.; Lee, M.S.; Park, K.Y.; Schwemmer, M. Postprandial
hypertriglyceridemia impairs endothelial function by enhanced oxidant stress. Atherosclerosis 2001, 155, 517-523. [CrossRef]
[PubMed]

Takaeko, Y.; Matsui, S.; Kajikawa, K.; Maruhashi, T.; Kishimoto, S.; Hashimoto, H.; Kihara, Y.; Hida, E.; Chayama, K.; Goto, C.; et al.
Lower triglycerides are associated with better endothelial function. J. Clin. Lipid. 2021, 15, 500-511. [CrossRef] [PubMed]
Chowienczyk, PJ.; Watts, G.F.; Wierzbicki, A.S.; Cockcroft, ].R; Brett, S.E.; Ritter, ].M. Preserved endothelial function in patients
with severe hypertriglyceridemia and low functional lipoprotein lipase activity. J. Am. Col.I Cardiol. 1997, 29, 964-968. [CrossRef]
Tousoulis, D.; Psarros, C.; Demosthenous, M.; Patel, R.; Antoniades, C.; Stefanadis, C. Innate and adaptive inflammation as a
therapeutic target in vascular disease: The emerging role of statins. . Am. Coll. Cardiol. 2014, 63, 2491-2502. [CrossRef]
Liberale, L.; Carbone, F.,; Montecucco, F.; Sahebkar, A. Statins reduce vascular inflammation in atherogenesis: A review of
underlying molecular mechanisms. Int. J. Biochem. Cell Biol. 2020, 122, 105735. [CrossRef]

Jialal, I; Stein, D.; Balis, D.; Grundy, S.M.; Adams-Huet, B.; Devaraj, S. Effect of hydroxymethyl glutaryl coenzyme a reductase
inhibitor therapy on high sensitive C-reactive protein levels. Circulation 2001, 103, 1933-1935. [CrossRef]

Mansouri, A.; Reiner, Z.; Ruscica, M.; Tedeschi-Reiner, E.; Radbakhsh, S.; Bagheri, E.M.; Sahebkar, A. Antioxidant effects of statins
by modulating Nrf2 and Nrf2/HO-1 signaling in different diseases. J. Clin. Med. 2022, 11, 1313. [CrossRef] [PubMed]


https://doi.org/10.1080/10641963.2020.1825725
https://doi.org/10.1016/j.jacl.2019.06.004
https://doi.org/10.1016/S0735-1097(99)00104-7
https://doi.org/10.1161/01.CIR.0000013424.28206.8F
https://doi.org/10.1136/bmjopen-2020-038121
https://www.ncbi.nlm.nih.gov/pubmed/32641366
https://www.ncbi.nlm.nih.gov/pubmed/21067804
https://www.ncbi.nlm.nih.gov/pubmed/15492305
https://doi.org/10.1093/aje/153.5.490
https://doi.org/10.1016/S0002-9149(98)00035-6
https://doi.org/10.1016/j.vph.2007.12.001
https://doi.org/10.2337/ds18-0009
https://doi.org/10.1016/j.jacl.2014.07.007
https://doi.org/10.1016/S0735-1097(98)00667-6
https://doi.org/10.1016/j.amjcard.2011.03.049
https://doi.org/10.1161/01.CIR.96.10.3266
https://doi.org/10.1016/j.atherosclerosis.2005.01.012
https://www.ncbi.nlm.nih.gov/pubmed/16039286
https://doi.org/10.1016/S0021-9150(00)00601-8
https://www.ncbi.nlm.nih.gov/pubmed/11254924
https://doi.org/10.1016/j.jacl.2021.04.004
https://www.ncbi.nlm.nih.gov/pubmed/34006457
https://doi.org/10.1016/S0735-1097(97)00033-8
https://doi.org/10.1016/j.jacc.2014.01.054
https://doi.org/10.1016/j.biocel.2020.105735
https://doi.org/10.1161/01.CIR.103.15.1933
https://doi.org/10.3390/jcm11051313
https://www.ncbi.nlm.nih.gov/pubmed/35268403

Cells 2023,12, 1293 14 0of 15

72.

73.
74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Ansquer, J.C.; Foucher, C.; Aubonnet, P.; Le, M.K. Fibrates and microvascular complications in diabetes—insight from the FIELD
study. Curr. Pharm. Des. 2009, 15, 537-552. [CrossRef] [PubMed]

Elisaf, M. Effects of fibrates on serum metabolic parameters. Curr. Med. Res. Opin. 2002, 18, 269-276. [CrossRef]

Cholesterol Treatment Trialists” Collaboration. Harmonisation of large-scale, heterogeneous individual participant adverseevent
data from randomised trials of statin therapy. Clin. Trials 2022, 19, 593-604. [CrossRef] [PubMed]

Okopieri,, B.; Buldak, L.; Boldys, A. Benefits and risks of the treatment with fibrates—a comprehensive summary. Expert Rev. Clin.
Pharmacol. 2018, 11, 1099-1112. [CrossRef]

Alvarez-Jimenez, L.; Morales-Palomo, F.; Moreno-Cabanias, A.; Ortega, ].F.; Mora-Rodriguez, R. Effects of statin therapy on
glycemic control and insulin resistance: A systematic review and meta-analysis. Eur. ]. Pharmacol. 2023, 947, 175672. [CrossRef]
Napoli, C.; D’Armiento, EP; Mancini, EP; Postiglione, A.; Witztum, J.L.; Palumbo, G.; Palinski, W. Fatty streak formation occurs
in human fetal aortas and is greatly enhanced by maternal hypercholesterolemia. Intimal accumulation of low density lipoprotein
and its oxidation precede monocyte recruitment into early atherosclerotic lesions. J. Clin. Investig. 1997, 100, 2680-2690. [CrossRef]
Napoli, C; Glass, C.K.; Witztum, J.L.; Deutsch, R.; D’Armiento, E.P; Palinski, W. Influence of maternal hypercholesterolaemia
during pregnancy on progression of early atherosclerotic lesions in childhood: Fate of Early Lesions in Children (FELIC) study.
Lancet 1999, 354, 1234-1241. [CrossRef]

Blum, C.B.; Davis, P.A.; Forte, T.M. Elevated levels of apolipoprotein E in the high density lipoproteins of human cord blood
plasma. J. Lipd. Res. 1985, 26, 755-760. [CrossRef]

Chioslm, G.M.; Steinberg, D. The oxidative modification hypothesis of atherogenesis: An overview. Free Radic. Biol. Med. 2000, 28,
1815-1826. [CrossRef]

Sawamura, T.; Kume, N.; Aoyama, T.; Moriwaki, H.; Hoshikawa, H.; Aiba, Y.; Tanaka, T.; Miwa, S.; Katsura, Y.; Kita, T.; et al. An
endothelial receptor for oxidized low-density lipoprotein. Nature 1997, 386, 73-77. [CrossRef] [PubMed]

Dhalla, N.S.; Temsah, R.M.; Netticadan, T. Role of oxidative stress in cardiovascular diseases. J. Hypertens. 2000, 18, 655-673.
[CrossRef] [PubMed]

Abe, J.; Berk, B.C. Reactive oxygen species of signal transduction in cardiovascular diseases. Trends Cardiovasc. Med. 1998, 8,
59-64. [CrossRef] [PubMed]

Abumrad, N.A.; Cabodevilla, A.G.; Samovski, D.; Pietka, T.; Basu, D.; Goldberg, L]. Endothelial cell receptors in tissue lipid
uptake and metabolism. Circ. Res. 2021, 128, 433-450. [CrossRef]

Luchetti, F.; Crinelli, R.; Nasoni, M.G.; Benedetti, S.; Palma, F.; Fraternale, A.; Iuliano, L. LDLreceptors, caveolae and cholesterol
in endothelial dysfunction: OxLDLs accomplices or victims? Br. J. Pharmacol. 2021, 178, 3104-3114. [CrossRef] [PubMed]
Hofnagel, O.; Luechtenborg, B.; Weissen-Plenz, G.; Robenek, H. Statins and foam cell formation: Impact on LDL oxidation and
uptake of oxidized lipoproteins via scavenger receptors. Biochim. Biophys. Acta. 2007, 1771, 1117-1124. [CrossRef]

Toma, L.; Stancu, C.S.; Sima, A.V. Endothelial dysfunction in diabetes is aggravated by glycated lipoproteins; novel molecular
therapies. Biomedicines 2020, 9, 18. [CrossRef]

Soga, J.; Hata, T.; Hidaka, T.; Fujii, Y.; Idei, N.; Fujimura, N.; Mikami, S.; Maruhashi, T.; Kihara, Y.; Chayama, K.; et al. Rho-
associated kinase activity, endothelial function, and cardiovascular risk factors. Arterioscler. Thromb. Vasc. Biol. 2011, 31, 2353-2359.
[CrossRef]

Venugopal, S.K.; Devaraj, S.; Yuhanna, I.; Shaul, P; Jialal, I. Demonstration that C-reactive protein decreases eNOS expression and
bioactivity in human aortic endothelial cells. Circulation 2002, 106, 1439-1441. [CrossRef]

Laufs, U.; La Fata, V.; Plutzky, J.; Liao, J.K. Upregulation of endothelial nitric oxide synthase by HMG CoA reductase inhibitors.
Circulation 1998, 97, 1129-1135. [CrossRef]

Retzer, M; Siess, W.; Essler, M. Mildly oxidised low densitylipoprotein induces platelet shape change via Rho-kinase-dependent
phosphorylation of myosin light chain and moesin. FEBS. Lett. 2000, 466, 70-74. [CrossRef]

Oh, MJ.; Zhang, C.; LeMaster, E.; Adamos, C.; Berdyshev, E.; Bogachkov, Y.; Kohler, E.E.; Baruah, J.; Fang, Y.; Schraufnagel, D.E.; et al.
Oxidized LDL signals through Rho-GTPase to induce endothelial cell stiffening and promote capillary formation. J. Lipid. Res.
2016, 57, 791-808. [CrossRef] [PubMed]

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

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]

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. . Cardiol. 2013, 168, 4375-4378. [CrossRef]

Sorrentino, S.A.; Besler, C.; Rohrer, L.; Meyer, M.; Heinrich, K.; Bahlmann, EH.; Mueller, M.; Horvath, T.; Doerries, C.;
Heinemann, M.; et al. Endothelial-vasoprotective effects of high-density lipoprotein are impaired in patients with type 2 diabetes
mellitus but are improved after extended-release niacin therapy. Circulation 2010, 121, 110-122. [CrossRef] [PubMed]

Vitali, C.; Khetarpal, S.A.; Rader, D.J. HDL Cholesterol Metabolism and the Risk of CHD: New Insights from Human Genetics.
Curr. Cardiol. Rep. 2017, 19, 132. [CrossRef]


https://doi.org/10.2174/138161209787315701
https://www.ncbi.nlm.nih.gov/pubmed/19199980
https://doi.org/10.1185/030079902125000516
https://doi.org/10.1177/17407745221105509
https://www.ncbi.nlm.nih.gov/pubmed/35815805
https://doi.org/10.1080/17512433.2018.1537780
https://doi.org/10.1016/j.ejphar.2023.175672
https://doi.org/10.1172/JCI119813
https://doi.org/10.1016/S0140-6736(99)02131-5
https://doi.org/10.1016/S0022-2275(20)34333-9
https://doi.org/10.1016/S0891-5849(00)00344-0
https://doi.org/10.1038/386073a0
https://www.ncbi.nlm.nih.gov/pubmed/9052782
https://doi.org/10.1097/00004872-200018060-00002
https://www.ncbi.nlm.nih.gov/pubmed/10872549
https://doi.org/10.1016/S1050-1738(97)00133-3
https://www.ncbi.nlm.nih.gov/pubmed/21235913
https://doi.org/10.1161/CIRCRESAHA.120.318003
https://doi.org/10.1111/bph.15272
https://www.ncbi.nlm.nih.gov/pubmed/32986849
https://doi.org/10.1016/j.bbalip.2007.06.003
https://doi.org/10.3390/biomedicines9010018
https://doi.org/10.1161/ATVBAHA.111.227892
https://doi.org/10.1161/01.CIR.0000033116.22237.F9
https://doi.org/10.1161/01.CIR.97.12.1129
https://doi.org/10.1016/S0014-5793(99)01762-7
https://doi.org/10.1194/jlr.M062539
https://www.ncbi.nlm.nih.gov/pubmed/26989083
https://doi.org/10.1016/j.atherosclerosis.2006.08.039
https://doi.org/10.1056/NEJMoa1002926
https://doi.org/10.1016/j.ijcard.2013.05.053
https://doi.org/10.1161/CIRCULATIONAHA.108.836346
https://www.ncbi.nlm.nih.gov/pubmed/20026785
https://doi.org/10.1007/s11886-017-0940-0

Cells 2023,12, 1293 150f 15

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.
118.

119.

Zanoni, P; Khetarpal, S.A.; Larach, D.B.; Hancock-Cerutti, W.F,; Millar, J.S.; Cuchel, M.; DerOhannessian, S.; Kontush, A.;
Surendran, P; Saleheen, D.; et al. Rare variant in scavenger receptor Bl raises HDL cholesterol and increases risk of coronary
heart disease. Science 2016, 351, 1166-1171. [CrossRef] [PubMed]

Voight, B.E,; Peloso, G.M.; Orho-Melander, M.; Frikke-Schmidt, R.; Barbalic, M.; Jensen, M.K,; Hindy, G.; Holm, H.; Ding, E.L.;
Johnson, T.; et al. Plasma HDL cholesterol and risk of myocardial infarction: A mendelian randomisation study. Lancet 2012, 380,
572-580. [CrossRef]

Inazu, A.; Brown, M.L.; Hesler, C.B.; Agellon, L.B.; Koizumi, J.; Takata, K.; Maruhama, Y.; Mabuchi, H.; Tall, A.R. Increased
high-density lipoprotein levels caused by a common cholesteryl-ester transfer protein gene mutation. N. Engl. J. Med. 1990, 323,
1234-1238. [CrossRef]

Maruyama, T.; Sakai, N.; Ishigami, M.; Hirano, K.; Arai, T.; Okada, S.; Okuda, E.; Ohya, A.; Nakajima, N.; Kadowaki, K.; et al.
Prevalence and phenotypic spectrum of cholesteryl ester transfer protein gene mutations in Japanese hyperalphalipoproteinemia.
Atherosclerosis 2003, 166, 177-185. [CrossRef]

Yamashita, S.; Sprecher, D.L.; Sakai, N.; Matsuzawa, Y.; Tarui, S.; Hui, D.Y. Accumulation of apolipoprotein E-rich high density
lipoproteins in hyperalphalipoproteinemic human subjects with plasma cholesteryl ester transfer protein deficiency. J. Clin.
Investig. 1990, 86, 688—-695. [CrossRef] [PubMed]

Gomaraschi, M.; Ossoli, A.; Pozzi, S.; Nilsson, P.; Cefalu, A.B.; Averna, M.; Kuivenhoven, J.A.; Hovingh, G.K.; Veglia, F,;
Franceschini, G.; et al. eNOS activation by HDL is impaired in genetic CETP deficiency. PLoS ONE. 2014, 9, €95925. [CrossRef]
Saito, F. A pedigree of homozygous familial hyperalphalipoproteinemia. Metabolism 1984, 33, 629-633. [CrossRef]

Gong, M.; Wilson, M,; Kelly, T.; Su, W.; Dressman, J.; Kincer, J.; Matveev, S.V,; Guo, L.; Guerin, T.; Li, X.A.; et al. HDL-associated
estradiol stimulates endothelial NO synthase and vasodilation in an SR-BI-dependent manner. J. Clin. Investig. 2003, 111,
1579-1587. [CrossRef]

Chapman, M.J.; Ginsberg, H.N.; Amarenco, P.; Andreotti, F; Borén, J.; Catapano, A.L.; Descamps, O.S.; Fisher, E.; Kovanen, P.T,;
Kuivenhoven, J.A.; et al. Triglyceride-rich lipoproteins and high-density lipoprotein cholesterol in patients at high risk of
cardiovascular disease: Evidence and guidance for management. Eur. Heart J. 2011, 32, 1345-1361. [CrossRef] [PubMed]
Khetarpal, S.A.; Rader, D.J. Triglyceride-rich lipoproteins and coronary artery disease risk: New insights from human genetics.
Arterioscler Thromb Vasc Biol. 2015, 35, e3—e9. [CrossRef] [PubMed]

Shin, HK,; Kim, Y.K,; Kim, K.Y;; Lee, ].H.; Hong, K.W. Remnant lipoprotein particles induce apoptosis in endothelial cells by
NAD(P)H oxidase-mediated production of superoxide and cytokines via lectin-like oxidized low-density lipoprotein receptor-1
activation: Prevention by cilostazol. Circulation 2004, 109, 1022-1028. [CrossRef]

Aung, H.H.; Lame, M.W.; Gohil, K.; An, C.I.; Wilson, D.W.; Rutledge, ].C. Induction of ATF3 gene network by triglyceride-rich
lipoprotein lipolysis products increases vascular apoptosis and inflammation. Arterioscler. Thromb. Vasc. Biol. 2013, 33, 2088-2096.
[CrossRef] [PubMed]

Rashid, S.; Watanabe, T.; Sakaue, T.; Lewis, G.F. Mechanisms of HDL lowering in insulin resistant, hypertriglyceridemic states:
The combined effect of HDL triglyceride enrichment and elevated hepatic lipase activity. Clin. Biochem. 2003, 36, 421-429.
[CrossRef]

Hayashi, T.; Koba, S.; Ito, Y.; Hirano, T. Method for estimating high sdLDL-C by measuring triglyceride and apolipoprotein B
levels. Lipids Health Dis. 2017, 16, 21. [CrossRef] [PubMed]

Lupattelli, G.; Lombardini, R.; Schillaci, G.; Ciuffetti, G.; Marchesi, S.; Siepi, D.; Mannarino, E. Flow-mediated vasoactivity and
circulating adhesion molecules in hypertriglyceridemia: Association with small, dense LDL cholesterol particles. Am. Heart J.
2000, 140, 521-526. [CrossRef] [PubMed]

Wakatsuki, A.; Ikenoue, N.; Shinohara, K.; Watanabe, K.; Fukaya, T. Small low-density lipoprotein particles and endothelium-
dependent vasodilation in postmenopausal women. Atherosclerosis 2004, 177, 329-336. [CrossRef]

Pirro, M.; Bagaglia, F.; Paoletti, L.; Razzi, R.; Mannarino, M.R. Hypercholesterolemia-associated endothelial progenitor cell
dysfunction. Ther. Adv. Cardiovasc. Dis. 2008, 2, 329-339. [CrossRef]

Rodriguez, C.; Slevin, M.; Rodriguez-Calvo, R.; Kumar, S.; Krupinski, J.; Tejerina, T.; Martinez-Gonzalez, J. Modulation of
endothelium and endothelial progenitor cell function by low-density lipoproteins: Implication for vascular repair, angiogenesis
and vasculogenesis. Pathobiology 2009, 76, 11-22. [CrossRef] [PubMed]

Peyter, A.C.; Armengaud, J.B.; Guillot, E.; Yzydorczyk, C. Endothelial progenitor cells dysfunctions and cardiometabolic disorders:
From mechanisms to therapeutic approaches. Int. J. Mol. Sci. 2021, 22, 6667. [CrossRef]

Xu, Q. The impact of progenitor cells in atherosclerosis. Nat. Clin. Pract. Cardiovasc. Med. 2006, 3, 94-101. [CrossRef] [PubMed]
Umemura, T.; Higashi, Y. Endothelial progenitor cells: Therapeutic target for cardiovascular diseases. J. Pharmacol. Sci. 2008, 108,
1-6. [CrossRef]

Gomez-Cerezo, ].F; Pagan-Mufioz, B.; Loépez-Rodriguez, M.; Estébanez-Mufioz, M.; Barbado-Hernandez, FJ. The role of
endothelial progenitor cells and statins in endothelial function: A review. Cardiovasc. Hematol. Agents Med. Chem. 2007, 5, 265-272.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1126/science.aad3517
https://www.ncbi.nlm.nih.gov/pubmed/26965621
https://doi.org/10.1016/S0140-6736(12)60312-2
https://doi.org/10.1056/NEJM199011013231803
https://doi.org/10.1016/S0021-9150(02)00327-1
https://doi.org/10.1172/JCI114764
https://www.ncbi.nlm.nih.gov/pubmed/2118552
https://doi.org/10.1371/journal.pone.0095925
https://doi.org/10.1016/0026-0495(84)90061-1
https://doi.org/10.1172/JCI16777
https://doi.org/10.1093/eurheartj/ehr112
https://www.ncbi.nlm.nih.gov/pubmed/21531743
https://doi.org/10.1161/ATVBAHA.114.305172
https://www.ncbi.nlm.nih.gov/pubmed/25573854
https://doi.org/10.1161/01.CIR.0000117403.64398.53
https://doi.org/10.1161/ATVBAHA.113.301375
https://www.ncbi.nlm.nih.gov/pubmed/23868936
https://doi.org/10.1016/S0009-9120(03)00078-X
https://doi.org/10.1186/s12944-017-0417-6
https://www.ncbi.nlm.nih.gov/pubmed/28125987
https://doi.org/10.1067/mhj.2000.108508
https://www.ncbi.nlm.nih.gov/pubmed/10966556
https://doi.org/10.1016/j.atherosclerosis.2004.07.005
https://doi.org/10.1177/1753944708094769
https://doi.org/10.1159/000178151
https://www.ncbi.nlm.nih.gov/pubmed/19188746
https://doi.org/10.3390/ijms22136667
https://doi.org/10.1038/ncpcardio0396
https://www.ncbi.nlm.nih.gov/pubmed/16446778
https://doi.org/10.1254/jphs.08R01CP
https://doi.org/10.2174/187152507782109836

	Introduction 
	Lipid Profile and Endothelial Function 
	LDL-C and Endothelial Function 
	HDL-C and Endothelial Function 
	Triglycerides and Endothelial Function 
	Lipid-Lowering Drugs, Endothelial Function and Adverse Effects 

	Mechanisms of Endothelial Dysfunction in Dyslipidemia 
	Conclusions 
	References

