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Abstract: High Density Lipoprotein (HDL) has been witnessed to possess a range of different functions that contribute to
its atheroprotective effects. These functions are: the promotion of macrophage cholesterol efflux, reverse cholesterol
transport, anti-inflammatory, anti-thrombotic, anti-apoptotic, pro-fibrinolytic and anti-oxidative functions. Paraoxonase 1
(PONL1) is an HDL associated enzyme esterase/homocysteinethiolactonase that contributes to the anti-oxidant and anti-
atherosclerotic capabilities of HDL. PONL1 is directly involved in the etiopathogenesis of atherosclerosis through the
modulation of nitric oxide (NO) bioavailability. The aim of this review is to summarize the role of HDL on endothelial
homeostasis, and also to describe the recently characterized molecular pathways involved.
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INTRODUCTION

Atherosclerosis is the leading cause of death in old
adults. The vascular endothelial cell is the master goal for
pathological or mechanical injuries caused by the putative
risk factors of the atherosclerotic process, which include
smoking, increased systolic blood pressure and total
cholesterol, and decreased high density lipoprotein (HDL)
cholesterol [1].

The recent academic contributions to the existing
literature present the highlights of the extensive shift in the
understanding of atherosclerotic disease. The old concept
was quite simple: HDL is good, and therefore increase the
amount of HDL. Unfortunately, the concept is not this
simple. Despite having high levels of HDL, subjects that
participated in a study experienced unexpected
complications. After an in-depth investigation, we have
reached a conclusion: “HDL-functionality”. The term “HDL-
Sfunctionality” was introduced in the mid-90s [1-3].

At the presence of causative factors, the putative
protector HDL becomes potentially pro-atherogenic.
“Dysfunctional-HDL” is a profile where endothelial-
protective properties of the particle are markedly impaired
[1]. Various mechanisms may lead to these non-functional
endothelial effects of HDL in patients with atherosclerotic
process, including the oxidative modification of HDL-
associated proteins, such as PON-1, lipids or HDL-bound
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sphingosine-1-phosphate (S1P), and alterations of HDL-
proteome [4-9]. “Normal-HDL” from healthy subjects have
been observed to exert potential direct anti-atherogenic
effects by modulating these vascular endothelial functions
[4-6]. The revision of vascular endothelial functions,
including reduced eNOS coupling and loss of NO
bioavailability, increased endothelial cell apoptosis, and pro-
thrombotic activation is thought to add to the
pathophysiology of atherosclerosis [6].

The aim of this study is to summarize the recent data on
nitric oxide (NO), and also to make connections between
different findings to understand the concept as a whole. We
focus on HDL-associated antioxidant enzyme PON1 and
oxLDL, and search for clues for the impact of “HDL-
functionality “on the endothelial dysfunction.

Multifaceted High-density Lipoprotein

Lipoproteins play a pivotal role in the pathogenesis of
atherosclerosis. The lipid rich “a-globulin” from serum was
introduced in 1929 [1, 2, 10]. The particle has later become
the popular HDL [1, 2]. HDL has been observed to have a
range of different functions that contribute to its
atheroprotective effects. These effects are: the promotion of
macrophage cholesterol efflux, reverse cholesterol transport
[RCT], anti-inflammatory, anti-thrombotic, anti-apoptotic,
pro-fibrinolytic and anti-oxidative functions [1, 3, 4].

The first HDL-associated protein fraction was defined in
the late 1960’s. By the early 1990’s, HDL was generally
thought to contain approximately 15 proteins. Currently, up
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to more than 200 individual proteins have been detected in
human HDL samples [1, 5-11].

The enormous functional heterogeneity innate to HDL is
determined in large part by its compositional heterogeneity
[9]. Recently, academic studies indicate that the HDL
proteome can change in a variety of disease states, and these
modifications are often related to the proteomic analyses of
HDL- function [9-11].

Serum HDL-cholesterol concentration measurements fall
short to suggest the functions and composition of HDL, and
this is considered to be the key point that creates
contradictions in previous studies. Commonly used
definitions of HDL are listed in Table 1 [1, 6-10].

Table 1.  New definitions of HDL.

“normal-HDL”

“dsyfunctional —-HDL”

“HDL- dysfunction”

“HDL- malformed”

“Healthy -HDL”

“coronary artey disease-HDL”

“chronic kidney disease-HDL”

Anti-oxidative Function of High Density Lipoprotein

The classical function of HDL is reverse cholesterol
transport (RCT). The major HDL apolipoprotein A-I (apoA-
1) binds to the high affinity HDL soluble receptor —-B1 (SR-
BI) of the target tissue [12].

HDL has well reported anti-oxidative properties. HDL
has been observed to anticipate oxidative modification of
LDL, thus reducing macrophage foam cell generation in a
vessel’s wall [13]. Oxidatively damaged proteins and lipid
peroxidation products have been shown to accumulate in the
vascular endothelium of atherosclerotic diseases, such as
acute coronary sydrome and stroke, and oxidized lipoprotein
is considered to be toxic and endothelial-degenerative.
Hence, oxLDL is the main cause in endothelial dysfunction.
oxLDL induces endothelial damage, monocyte adhesion,
platelet agregation and inhibits apoptosis and eNOS
expression/ activity, all of which contribute to atherosclerotic
process [14]. HDL can counter-attack LDL induction of
platelet aggregation, serotonin release, thromboxane B2
production and can inhibit oxLDL inhibition of eNOS [11-
15].

The exact anti-oxidant mechanism and endogen substrate
of the PON1 enzyme is still unknown [16]. The incubation of
purified PON1 with hydrogen peroxide or lipid peroxides
partly decomposes them. PON1 may interact with
apolipoprotein A-I and lecithin cholesterol acly —transferases
(LCAT) to decrease LDL oxidation, with the combination
preventing LCAT inactivation. In addition, purified PON1
protects HDL and LDL from oxidation catalyzed by copper
ions [16-22].
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Endothelial Dsyfunction and oxLDL

NO plays a role in a number of different significant
biological processes, which are the avoiding of vascular
thrombosis, interception of inflammatory cell injury, and
arrangement of endothelial harmony and cell proliferation.
NO is generated by incubating endothelial cells with L-
arginine by means of eNOS. However, to determine NO as
the marker of endothelial dysfunction may be insufficient.
Therefore, endothelial dysfunction should evaluate NO along
with HDL dysfunction and oxLDL [23, 24].

OxLDL are powerfull inducers of endothelial
dysfunction. Protective effects of HDL on endothelial
function are quite likely due to their capacity to counteract
the effects of oxLDL [1, 12]. A decreased serum HDL level
is an independent predictor of endothelial dysfunction in
atherosclerosis [25].

A reduced NO bioavailability is a pronounced hallmark
of endothelial dysfunction. Injury to vascular endothelium
induces the expression of cell adhesion molecules (CAMS),
such as vascular cell adhesion molecule-1, inter-cellular
adhesion molecule-1, E-selectin, and P-selectin [25-33],
whereas HDL down regulate TNF-o-induced CAMSs
expression in vascular endothelial cells [34-36]. Recently,
studies have shown that dysfunctional-HDL reduced
endothelial NO availability via toll-like receptor-2 [TLR-2],
leading to impaired endothelial repair in patients with kidney
disease [37, 38].

HDL-associated PON1 enzyme activity is directly
involved in the pathogenesis of endothelial dsyfunction by
the modulation of NO bioavailability [25]. Several basic
mechanisms have been advanced for HDL-associated
enzyme PONI’s anti-atherogenic effects, incorporating the
capability of HDL to inhibit inflammation and regulate NO
production by endothelial cells [25].

The findings of a recent study are of concern: normal-
HDL from healthy subjects caused an increase in
bioavailable eNO, while HDL from patients with
atherosclerotic diseases caused no increase or an actual
decrease in eNO [25-28].

Normal-HDL from healthy subjects activates the
production of the anti-atherosclerotic and anti-thrombotic
signaling molecule NO by eNOS [25-27].

Normal-HDL includes the anti-oxidant enzyme PONL1,
which suppresses the formation of oxidized lipids and
lipoproteins, such as MDA [1-6]. In contrast,
“Dsyfunctional-HDL” has a decreased PON1 enzyme
activity that potentially causes a greater production of MDA,
which activates the lectin-like oxidized LDL receptor-1
(LOX-1), and thereby stimulates PKCR [6, 38]. The LOX-1
is an oxLDL receptor expressed in vascular endothelium, and
a multiligand receptor implicated in endothelial dysfunction
and atherosclerosis [38-41]. It is also unknown whether the
loss in PON1 enzyme activity leads to alterations in other
HDL constituents besides MDA that activate LOX-1 [6, 38].

HDL-Associated Sphingosine 1-Phosphate

The vascular endothelial cell is a major target for injuries
caused by putative risk factors of atherosclerosis, such as
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cholesterol crystaline material [42]. It was previously
demonstrated that circulating cholesterol crystals could
injure the endothelial lining of the arterial wall, consequently
diminishing normal vasoreactivity [42]. HDL-associated
sphingosine  1-Phosphate (S1P) is a plasma-borne
lysosphingolipid that has been shown to regulate endothelial
barrier integrity [3, 43-46]. It has traditionally been
considered an inert component of the vascular endothelial
wall, but quiet endothelium produces NO, which acts to slow
down cellular pathways of inflammation, proliferation, and
thrombosis [25, 30-33]. An increasing body of evidence
suggests that several anti-inflammatory effects exerted by
HDL can be attributed to the presence of lysosphingolipids
in this lipoprotein fraction. The majority of the lipoprotein
particle-associated S1P (>50%) is bound to HDL. For
example, HDL-associated S1P and related molecules may
activate the lysophospholipid receptor S1P3 in order to
stimulate eNOS [3, 47]. A number of recent studies point to
the S1P cargo of HDL as being a mediator of many of the
cardiovascular effects of HDL, including the ability to
inhibit/reverse atherosclerosis [3, 47].

Endothelial Nitric Oxide Synthase and HDL

Numerous previous studies reported an impaired eNOS-
activating capacity of HDL in atherosclerosis. More
precisely, those who developed an important inflammatory
response have found to have circulating HDL ineffective in
stimulating endothelial eNOS and NO production [25].

eNOS is a key signaling protein that promotes vascular
smooth muscle cell (VSMC) relaxation, and also reduces
platelet aggregation and provides atheroprotection through
the production of NO [48, 49]. The concentration of eNOS is
therefore a key marker of endothelial dysfunction [49].
Indeed, part of HDL’s anti-atherogenic effect is by
stimulating endothelial NO production and inhibiting oxidant
stress and inflammation [10, 39]. In VSCM, HDL natures
pro-inflammatory, pro-migratory, and degradative actions on
endothelium and platelets [12]. Thus, by adjusting the
production of a number of diverse endothelium-derived
factors, such as NO, prostaglandin 12 (PGI2), platelet-
activating factors (PAFs), and von willebrand factors
(VWFs), HDL may affect both vascular tone and
thrombogenicity [23, 50]. VWF is another protein released by
vascular endothelial cells that plays a fundamental role in
platelet adhesion and aggregation. The blood VWF
expressions are counter correlated with plasma HDL,
recommending that HDL may block vWF production [31].

Previous studies have shown the ability of HDL added to
endothelial cells in an in-vitro medium to significantly
enhance eNOS activity in a manner that is dependent on SR-
BI.

It was also demonstrated that HDL interaction with SR-
Bl modifies endothelial cell membrane lipid distribution and
morphology, thus potentially influencing eNOS activity [51-
54].
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Scavenger Receptor Class B Member 1(SR-BI), ApoA-1
and Platelet-activating Factor Acetylhydrolase (PAF-AH)

SR-BI appears to be a major player in HDL-induced
vasodilation, mediating the production of PGI2, another
potent vasodilator. HDL can also regulate the expression of
cyclooxygenase 2 (COX-2) and PGI-2 release in endothelial
cells to exert anti-atherogenic functions [54, 55]. It was
hypothesized that HDLs stimulate Cox-2 expression through
NF-xB activation. It is common that S1P, binding to S1P
receptors, can increase COX-2 expression and PGI-2 release
through p38MAPK/CREB pathway [23, 24, 55].

Recently, it was reported that the HDL-associated protein
apoA-1 induces COX-2 expression and PGI-2 release
through ATP-binding cassette transporterl (ABCA1) and the
actuation of intra-cellular p38 mitogen activated protein
kinases (MAPK), extracellular signal regulated kinases
(ERK1/2), and janus kinase 2 (JAK2) pathways. ApoA-I can
reinforce these effects with S1P in vascular endothelial cells
[54]. Similarly, HDL inhibits the secretion of endothelin
(ET-1), and therefore may prevent the vasoconstrictor effects
of ET-1. Additionally, HDL inhibits vascular endothelial
inflammation by  increasing  3B-hydroxysteroid-A24
reductase expression and inducing heme oxygenase-1 [45].
In vascular endothelial cells and their progenitors, HDL
slows down apoptosis and encourages proliferation and
migration [32]. It was suggested that the HDL-induced
proliferation occurs through a protein kinase C-mediated
pathway. HDL-related-lipoproteins (apoA-1) were required
for this effect [32]. Pro-inflammatory cytokines (IL-1 beta
and 11-18), products of lipid peroxidation (oxLDL), and
growth factors are potent apoptotic stimuli for endothelial
cells [50-56]. In fact, HDL protects vascular endothelial cells
from TNF-a-induced apoptosis [57, 58]. The apolipoprotein
composition of HDL affects its anti-apoptotic activity, with
apoA-I-containing particles being the most effective [20-25].

HDL also has various anti-inflammatory actions in
vascular endothelial cells. Therefore, HDL-associated - PAF-
AH is an antioxidant enzyme avoiding LDL oxidation by
hydrolysis of oxidized phospholipids [12, 46]. Consequently,
by limiting PAF production by endothelial cells and
increasing its degradation by circulating enzymes, HDL may
avoid PAF-induced adhesion of leukocytes to the activated
endothelium, which may contribute to the anti-adhesive
effects of HDL [33]. As previously mentioned, HDL raises
NO and PGI2 production, and limits PAF activity for
reduced atherosclerotic disease [47].

Homocysteine and Nitric Oxide

Moderately elevated plasma homocysteine (Hcy) levels
are highly prevalent in the general population in developing
countries [59]. Oxidative radicals, generated by Hcy, are
capable of oxidizing LDL particles in plasma [60]. Patients
with Hiperhomocsyteinemia (HHcy) show end products of
lipid peroxidation (MDA), mimicking the decreased HDL-
associated PON1 enzyme activity, which is associated with
increased MDA, both leading to endothelial dysfunction
[61]. The association of HHcy and endothelial dysfunction
mainly depends on the molecules exact damaging effect on
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eNOS coupling. Loss of NO bioavailability has a pivotal role
on endothelial dysfunction, preceding the appearance of
atherosclerosis [61-63].

The increase in extracellular Hcy is toxic to cells and
tissues, and has the potential to initiate a broad array of
vascular and endothelial complications [64, 65]. Oxidative
radicals generated by Hcy are capable of oxidizing LDL in
the plasma. Patients with hiperhomocysteinemia have an
increase in MDA, very similar to decreased HDL-associated
PON1 enzyme activity that is associated with increased
MDA, to act on endothelial dsyfunction [26].

The association of Hcy and endothelial dysfunction
greatly depends on molecules’ damaging effect on eNOS
coupling, and loss of NO bioavailability [65, 66].

Tetrahydrobiopterin (BH4) is an essential cofactor for
eNOS. Hcy was shown to promote the oxidation of the
essential eNOS cofactor tetrahydrobiopterin, resulting in the
uncoupling of the enzyme, timely spontaneous oxygen
radical synthesis, and decreased NO production. The
reduction in BH4 availability, followed by the uncoupling of
eNOS, is the significant hallmark in Hcy-mediated oxidative
stress [26, 61, 64, 65].

Hcy also induces NADPH oxidase activity, which
contributes to increased ROS production [61-64]. Hcy is also
known to decrease NO production by increasing
asymmetrical ~ dimethylarginine (ADMA).  Superoxide
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generated by Hcy indirectly decreases NO bioavailability by
rapid consumption of NO, resulting in the generation of
ONOO" [67]. Finally, a reduction in NO synthesis and
release by injured ECs causes the release of multiple growth
factors to provoke proliferation of VSMC [67-69].

Oxidative radicals generated by Hcy inevitably initiate
the oxidative degradation of cell membrane lipids of the
endothelium, leading to loss of membrane function [61-64].
Hcy has also been shown to activate the Fas cell-death
pathway, the p53/Noxa pathway, and the cytochrome-c
activated caspase 3 and 9 pathway, in endothelial cells [70].
Elucidating the redox dependent mechanisms involved in the
physiological and pathophysiological regulation of
endothelial cells by ROS will provide critical new insights
on cardio-vascular diseases, and may lead to the
identification of novel treatment targets related to HDL,
HDL-associated PON 1 enzyme and Hcy modulated vascular
responses (Fig. 1).

CONCLUSION

HDL possesses numerous features that contribute to its
role in protecting against atherosclerosis: “Normal - HDL”,
specifically the particle that contains the active anti-oxidant
PONZlenzyme, has the power to suppress the formation of
lipids and lipoproteins, such as oxLDL and malondialdehyde.
Impaired HDL function and increased oxLDL are a leading
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Fig. (1). Generation of oxidative stress and dysfunctional HDL, and effect on endothelial dysfunction. Oxidative stress and inflammation are
increased via endogenous and exogenous factors. These effects transform from Normal HDL to Dysfunctional HDL. oxLDL is increased and
HDL's protective effect is destroyed. Finally, NO decreases and endothelial dysfunction occurs.
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factors for the atherosclerotic process by triggering platelet
aggregation, release of serotonin, production of thromboxane
B2 and the inhibition of eNOS. Analyses of HDL-function,
PONL1 enzyme activity and eNOS expression would be more
important to diagnose endothelial dysfunction. Additionally,
the treatment strategy of atherosclerosis to improve
endothelial function and a basis for assessing the effects of
HDL-targeted therapies would be worthy to investigate in
the near future.
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