
molecules

Review

Current Therapies Focused on High-Density
Lipoproteins Associated with Cardiovascular Disease

Diego Estrada-Luna 1, María Araceli Ortiz-Rodriguez 2 , Lizett Medina-Briseño 3,
Elizabeth Carreón-Torres 1 , Jeannett Alejandra Izquierdo-Vega 4, Ashutosh Sharma 5,
Juan Carlos Cancino-Díaz 6, Oscar Pérez-Méndez 1, Helen Belefant-Miller 7 and
Gabriel Betanzos-Cabrera 4,*

1 Instituto Nacional de Cardiología “Ignacio Chávez” Juan Badiano No. 1, Belisario Domínguez Sección 16,
14080 Tlalpan, Mexico City, Mexico; diego.estrada.luna@gmail.com (D.E.-L.);
qfbelizabethcm@yahoo.es (E.C.-T.); opmendez@yahoo.com (O.P.-M.)

2 Facultad de Nutrición, Universidad Autónoma del Estado de Morelos, UAEM, Calle Río Iztaccihuatl S/N,
Vista Hermosa, 62350 Cuernavaca, Morelos, Mexico; araceli.ortiz@gmail.com

3 Universidad de la Sierra Sur, UNSIS, Miahuatlán de Porfirio Díaz, 70800 Oaxaca, Mexico;
lizmedinab@gmail.com

4 Área Académica de Medicina, Instituto de Ciencias de la Salud,
Universidad Autónoma del Estado de Hidalgo, Carretera Actopan-Tilcuautla,
Ex-Hacienda La Concepción S/N, San Agustín Tlaxiaca, 42160 Hidalgo, Mexico; jizquierdovega@gmail.com

5 Tecnologico de Monterrey, School of Engineering and Sciences, Campus Queretaro,
Epigmenio Gonzalez 500, 76130 Queretaro, Mexico; asharma@itesm.mx

6 Departamento de Microbiología, Escuela Nacional de Ciencias Biológicas del Instituto Politécnico Nacional,
11340 Ciudad de México, Mexico; jccancinodiaz@hotmail.com

7 Dale Bumpers National Rice Research Center, Stuttgart, AR 72160, USA; drhelenmiller@gmail.com
* Correspondence: gbetanzo@uaeh.edu.mx; Tel.: +52-771-7172000 (ext. 4312); Fax: +52-771-7172000 (ext. 5114)

Received: 12 September 2018; Accepted: 21 October 2018; Published: 23 October 2018
����������
�������

Abstract: High-density lipoproteins (HDL) comprise a heterogeneous family of lipoprotein particles
divided into subclasses that are determined by density, size and surface charge as well as protein
composition. Epidemiological studies have suggested an inverse correlation between High-density
lipoprotein-cholesterol (HDL-C) levels and the risk of cardiovascular diseases and atherosclerosis.
HDLs promote reverse cholesterol transport (RCT) and have several atheroprotective functions such
as anti-inflammation, anti-thrombosis, and anti-oxidation. HDLs are considered to be atheroprotective
because they are associated in serum with paraoxonases (PONs) which protect HDL from oxidation.
Polyphenol consumption reduces the risk of chronic diseases in humans. Polyphenols increase
the binding of HDL to PON1, increasing the catalytic activity of PON1. This review summarizes
the evidence currently available regarding pharmacological and alternative treatments aimed at
improving the functionality of HDL-C. Information on the effectiveness of the treatments has
contributed to the understanding of the molecular mechanisms that regulate plasma levels of HDL-C,
thereby promoting the development of more effective treatment of cardiovascular diseases. For that
purpose, Scopus and Medline databases were searched to identify the publications investigating the
impact of current therapies focused on high-density lipoproteins.

Keywords: lipoproteins; HDL-C; paraoxonase; polyphenols

1. Lipoproteins: Classes and Functions

Lipoproteins are macromolecular complexes of cellular origin with a structure made up of
two parts: the core and the surface. In the core, non-polar lipids are found, such as cholesterol
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esters, triglycerides, and small amounts of fat-soluble vitamins, which make the core highly
hydrophobic. The surface of lipoproteins is composed of amphipathic lipids such as free cholesterol
and phospholipids (mainly sphingomyelin and phosphatidylcholine) exhibiting their polar groups to
the aqueous medium while their hydrophobic ends are oriented towards the core. This monolayer
of lipoproteins is stabilized by a set of proteins called apolipoproteins (Apo) scattered throughout
the lipoproteins [1–3]. Apolipoproteins, in addition to providing stability to lipoproteins, are enzyme
cofactors and contribute to the regulation of the content of intracellular cholesterol [4].

The most common way to classify lipoproteins is by density. Based on this, lipoproteins are
classified into five classes (lower to higher density; Figure 1): chylomicrons (CM), very low-density
lipoproteins (VLDL), intermediate-density lipoproteins (IDL), low-density lipoproteins (LDL), and
high-density lipoproteins (HDL) [2,3]. Each of these classes differ in their apolipoprotein contents and
their chemical compositions. Lipoproteins are also classified by the physicochemical properties as
exhibited by their electrophoretic mobility (high to low) into three classes: α (HDL), pre-β (VLDL) and
β (LDL) [5]. Lipoproteins are also grouped by apolipoprotein content: Apo-B100 is found in VLDL,
IDL, and LDL; Apo-B48 is found in CM, and Apo-A1 is found in HDL.
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Figure 1. Classes and composition of lipoproteins. The classification criterion is based on the
flotation density of the lipoproteins, the proportion of the different lipids and apolipoproteins, and the
diameter of the particle. Chylomicrons (CM) are large, triglyceride-rich, and made in the enterocytes.
The removal of triglycerides from very low-density lipoproteins (VLDL) results in the formation of
intermediate-density lipoprotein (IDL) particles which are enriched in cholesterol and triglycerides and
are pro-atherogenic. Low-density lipoproteins (LDL) are enriched only in cholesterol and are the most
pro-atherogenic particles. High-density lipoproteins (HDL) are smaller than the other lipoproteins and
enriched mainly in proteins. TG = triglycerides; PHO = phospholipids; Apo = apolipoprotein.

Lipoproteins are important in the transport of triglycerides, phospholipids and cholesterol in the
body. The study of lipoproteins and their role in the development of various metabolic diseases
has increased recently and has resulted in the development of new treatments to regulate the
concentration of lipids. The focus has been particularly on the regulation of low-density plasma
lipoprotein-cholesterol (LDL-C) levels. Low LDL-C levels can reduce the risk of cardiovascular disease
to 25–35% [6–8]. This residual risk (65–75%) can in part be explained by lipid abnormalities termed
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“the atherogenic dyslipidemia complex” which include a reduction in HDL particle numbers and
indicating that coronary events can still occur despite low LDL [9–11].

HDL is a heterogeneous group of the smallest lipoproteins and the densest (Figure 1) due to
their high protein content [3,12]. HDL has been characterized by their density and size by employing
laboratory methods such as ultracentrifugation, nuclear magnetic resonance, one-dimensional gel
electrophoresis, high-performance liquid chromatography, and ionic mobility [13,14].

The five subfractions of HDL are HDL2a, HDL2b, HDL3a, HDL3b, and HDL3c, according to their
physicochemical composition, which indicates their atheroprotective role. Subjects with metabolic
syndrome and early cardiovascular heart diseases (CHD) show a low cholesterol efflux by HDL2
and HDL3 within low levels in plasma of these subclasses [15,16]. In subjects with diabetes, HDL2
may be associated with a decrease of carotid artery intima-media thickness [17]. HDL3 is the most
abundant form of HDL (approximately 75% of total HDL-C levels), plays an important role in reverse
cholesterol transport (RCT), and is considered to be the primary molecule responsible for HDL
functions [18]. HDL3 is largely responsible for the inverse association with CHD risk in primary
prevention subjects [19]. Much more work is left to be done on the atheroprotective mechanism of
HDL subfractions and their relationship to CHD.

However, to complement the study of HDL, second-generation methods have been developed
which encapsulate iron beads linked to dextran sulfate coupled to a magnet to facilitate the separation
of Apo-B from the HDL fraction. Also, various HPLC methods have been developed to fractionate
lipoproteins and their subclasses by size and quantify the cholesterol with enzymatic reagent
detection [20,21]. Most recently, another innovative method is nuclear magnetic resonance (NMR);
this method has also been effective in quantifying lipoproteins. Jiménez et al. (2018) reported an
extensive 600 MHz NMR trial of quantitative lipoprotein measurements in human blood serum and
plasma. The variance in measurment internal quality controls was lower than the National Cholesterol
Education Program (NCEP) criteria for lipid testing (triglycerides < 2.7%; cholesterol < 2.8%;
LDL-cholesterol < 2.8%; HDL-cholesterol < 2.3%), showing exceptional reproducibility for direct
quantitation of lipoproteins [22]. This method provides further evidence of the suitability of NMR
for high-throughput lipoprotein subcomponent analysis and small molecule quantitation with the
excellent reproducibility required for clinical and other regulatory settings [21,22].

1.1. HDL Physiological Importance and Metabolism

High levels of total cholesterol and LDL-C, along with low levels of HDL-C, are risk factors
for the development of cardiovascular diseases, particularly acute myocardial infarction, acute
coronary syndrome, and atherosclerosis [18,23–25]. In contrast, normal or high HDL levels appear to
have anti-atherosclerotic, anti-inflammatory, antioxidant and anti-thrombotic properties, even in the
presence of high LDL-C [26–29] (Figure 2).

The classical explanation for the anti-atherogenic role of HDL is its intravascular metabolism,
known as reverse cholesterol transport (RTC). This mechanism consists of exporting the cholesterol
from peripheral tissues (macrophage foam cells) and subsequent transport toward the liver for
excretion as bile and feces. The synthesis of HDL begins in the liver and small intestine and
depends on diverse physicochemical components, mainly apolipoprotein A1 (Apo-Al), which is
a major protein component of HDL. Studies have described that the role of HDL in eliminating excess
phospholipids and intracellular cholesterol from tissues has been attributed to the Apo-A1 content [30].
The first precursors produced and released from HDL are pre-β1-HDL particles. The enzyme
lecithin-cholesterol acyltransferase (LCAT), which is synthesized in the liver, promotes maturation
from pre-β HDL to α-HDL, catalyzing the formation of an ester bond between a fatty acid from lecithin
(phosphatidylcholine) and a molecule of free cholesterol. Cholesterol esters are more hydrophobic than
free cholesterol, so their incorporation into the core of HDL is promoted, pushing more free cholesterol
to the surface of HDL [31–34].
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Figure 2. Cardioprotective function of HDL. The main cardioprotective properties of HDL include
the inhibition of the oxidation of LDL (ox-LDL) through the activity of paraoxonase 1 (PON1)
and the transport of antioxidant molecules, the inhibition of the expression of adhesion molecules
in inflammatory processes and the efflux of cholesterol, decreasing the endothelial dysfunction.
IL = interleukin; TNF = tumor necrosis factor; ROS = reactive oxygen species. VCAM-1 = vascular cell
adhesion molecule 1; ICAM-1 intercellular adhesion molecule 1.

The cholesterol ester transporter protein (CETP) exchanges the cholesterol esters in the HDL
core with triglycerides present in CM, VLDL, and LDL [32,35]. The resulting increase in the
cholesterol ester content of HDL cores induces the formation of the typical spherical shape of these
lipoproteins [30,34,36,37] (Figure 3).

Meta-analysis shows that high levels of HDL are associated with a lower risk of cardiovascular
disease and pooled relative risk [38,39]. In another meta-analysis of eight statins, trials showed a
decreased risk of major cardiovascular events (5387 trial participants; adjusted hazard ratio (HR) of 0.83;
95% confidence interval (CI) of 0.81–0.86 [40]). However, other meta-analyses showed that the increase
in HDL-C or HDL-P (HDL particles) via pharmacological manipulation in secondary prevention is
not beneficial in randomized clinical trials including 26,858 participants with a follow-up period of
1–6.2 years [41]. Subjects with metabolic syndrome and early cardiovascular heart diseases (CHD)
show low cholesterol efflux by HDL2 and HDL3 within low levels in plasma of these subclasses [15,16].
In subjects with diabetes, HDL2 may decrease carotid artery intima-media thickness [17]. HDL3 is the
most abundant form of HDL in people with these pathologies (approximately 75% of total HDL-C
levels), which plays an important role in reverse cholesterol transport (RCT) and is considered to be
the principal subclass of particles responsible for HDL functions [18]. HDL3 is largely responsible for
the inverse association with CHD risk in primary prevention subjects [19].
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ATP binding cassette subfamily A member 1; ApoAl = apolipoprotein Al; ApoE = apolipoprotein E;
CE = cholesterol ester; CETP = cholesteryl ester transfer protein; FFA = free fatty acids;
LCAT = lecithin-cholesterol acyltransferase; LDL = low density lipoprotein; LDLr = LDL receptor
LPL = lipoprotein lipase; PLTP = phospholipid transfer protein; SR-B1 = scavenger receptor class B
member 1; Tg = triglycerides; VLDL = very low-density lipoprotein.

1.2. Association of Inflammation and HDL in the Development of Cardiovascular Disease

Studies on the participation of lipoproteins in the development of cardiovascular diseases have
uncovered an association with inflammation. Studies evaluating racial and ethnic groups confirm that
low HDL-C is an important independent risk factor for cardiovascular events [42,43]. The American
Heart Association and the American College of Cardiology consider that the concentration of HDL-C
is an important enough predictor of risk of cardiovascular events that it should be evaluated in clinical
practice. People who are overweight or obese usually have a decrease in HDL-C and an increase in
LDL-C plasma concentrations, both of which are correlated with the risk of cardiovascular disease in
patients with rheumatoid arthritis [44] as well as increased inflammatory biomarkers in children with
idiopathic arthritis [45,46].

The anti-inflammatory effects of HDL may be critical for protection against different diseases
such as diabetes, metabolic syndrome and atherosclerosis [47]. In animal models, the administration
of HDL has been shown to decrease atherosclerotic lesions [43]. Normal HDL is capable of preventing
LDL oxidation and inflammatory responses induced by LDL [48]. Higher levels of HDL (> 50 mg/dL)
increased the anti-inflammatory activity in subjects with diabetes, metabolic syndrome or obesity
and decreased carotid intima-media thickness [49–51]. Treatments that modulate the lipid profile by
increasing HDL and decreasing LDL concentrations may reduce the progression of atherosclerosis in
humans [52]. HDL may come to be considered essential for therapeutic strategies to inhibit or reverse
the damage of atherosclerotic lesions [35,36].
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Some studies have reported a decrease in total HDL-C and specific HDL subfractions in subjects
with type 2 diabetes and insulin resistance [53], and in subjects with rheumatoid arthritis with a high
risk of CHD [54]. It is hypothesized that the change in the composition of the HDL subfamily is related
to the loss of atheroprotective properties, including antioxidant activity [28,29], anti-inflammatory
effects, and a lower ability to promote cholesterol efflux [14,55]. To corroborate this hypothesis,
Stampfer et al. [56] analyzed the HDL-C and protein content in 246 male patients with and without
acute myocardial infarction. The results showed a high correlation between the levels of the smaller
HDL subclasses (e.g., HDL3 compared to HDL2) and acute myocardial infarction, suggesting that
both total HDL and HDL2 levels confer cardiovascular protection. Similarly, Martin et al. [18] also
found that cardiovascular diseases are more associated with low HDL3 levels than with HDL and
HDL2 levels. Some specific components of HDL have been found to be risk factors for cardiovascular
diseases. While low HDL-C concentration is a risk factor, the best biomarker for cardiovascular disease
is a low concentration of Apo-A1 [57], which is found exclusively on HDL particles.

1.3. Inflammation and Antioxidants

Oxidative stress is a condition wherein the cellular production of destructive reactive oxygen
species (ROS) exceeds the physiological capacity of endogenous and exogenous antioxidants
to inactivate them. ROS damage cells by reacting with various cellular components including
carbohydrates, proteins, lipids, and DNA [58]. The cellular damage by oxidative stress is associated
with the development of various chronic diseases including cardiovascular disease [59–61]. A balance
between ROS and antioxidants is essential to reduce the risk of these diseases. Different types
of antioxidants (endogenous and exogenous) are involved in the regulatory system to maintain
appropriate levels of ROS including: (i) endogenous antioxidants such as albumin, bilirubin,
glutathione selenoperoxidase, and uric acid; (ii) antioxidant enzymes such as paraoxonase (PON),
superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx), heme oxygenase-1,
NAD(P)H and quinone oxidoreductase; and (iii) dietary antioxidants, including vitamins C and
E, carotenoids, and various polyphenol compounds [62–65].

Consumption of polyphenols from plant extracts and fruits increases antioxidant levels in plasma
which protect vasculature and improve anti-inflammatory and lipid profiles, blood pressure, HDL-C,
and vascular function. Antioxidants such as vitamins C and E have been shown to partially protect
LDL from oxidation in vivo [66,67], as well as by the second line of defense HDL, preventing lipid
oxidation through several associated antioxidant enzymes like PON and platelet-activating factor
acetylhydrolase (PAF-AH). Other HDL-associated protein elements like Apo-AII, Apo-AIV, Apo J,
Apo L-1, and Apo F have been reported to give a better inhibition of expression and circulating levels
of some adhesion molecules (vascular cell adhesion molecule 1/intercellular adhesion molecule 1,
VCAM-1/ICAM-1/E-selectines) [68–72].

1.4. Anti-Thrombotic

There is a connection between some inflammatory disease and thrombosis, showing an increase of
prothrombotic molecules and platelet activation [73], diverse atherothrombotic diseases such as acute
coronary syndrome, stroke, or peripheral arterial disease are caused by the rupture of an atherosclerotic
plaque., The platelet NLRP3 inflammasome promotes secretion of IL-1β, using a direct NLRP3 inhibitor
there is a reduction of human platelet aggregation [74]. The first-line therapy is to reduce LDL levels by
using statins [75]. There are studies that support the important role by ROS in mechanism of platelet
activation and this could be reduced by therapy antioxidant trough HDLs that effects on platelets that
can interfere with thrombus formation by blocking their activation and aggregation [76–78], preventing
degranulation, and altering the spreading as well as their adhesion to fibrinogen. Also, HDL inhibit
thrombin-induced tissue factor expression in endothelial cells isolated from humans [79,80], increase
endothelial tissue factor pathway inhibitor (TFPI) [81], and may interfere in the production of platelets
from bone marrow megakaryocyte progenitor cells [82–84]. Epidemiological studies showed that
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HDL-C is associated with an increased risk of atherothrombotic disease [85,86]. In models testing
shear stress, the HDL/Apo-A1 complex has antiadhesive and antithrombotic properties unrelated to
RCT [87].

1.5. HDL Dysfunctional

The Framingham Heart Study [77] established that HDL levels under 35 mg/dL can lead to the
development of a cardiovascular event while levels of 60 mg/dL are protective. Thus, the target of
various therapies has been to increase the HDL levels, thereby decreasing the cardiovascular damage
in patients [9,76,77,88].

The serum concentration of cholesterol HDL (C-HDL) is only one of the markers of HDL
particle number and has a feeble correlation with HDL functions. Multiple pathologic conditions,
such as rheumatoid arthritis [89], hyperuricemia [90,91], diabetes mellitus [92], and acute coronary
syndrome [93] trigger structural and functional alterations in HDL, becoming proinflammatory
molecules. The above confirms that the function of HDL depends on its composition, such that
alterations in its constituent enzymes and proteins result in changes in activity in conditions of
oxidative stress, infection, and inflammation [78,94].

Some researchers have used the term “dysfunctional HDL” to describe the changes in their
composition and their functional properties. Therefore, alterations in various structural components
lead to a state of dysfunction independently of their serum concentration [17]. Asztalos and Schaefer
have described that patients who have suffered a coronary event show dysfunctional HDL particles,
despite having high C-HDL levels. These patients have a decreased transport of cholesterol to the
liver, impaired anti-oxidative effects, a reduced ability to inhibit adhesion molecule expression on
endothelial cells, and a reduced synthesis of endothelial nitric oxide [88]. The adverse effects of
dysfunctional HDL may explain how, despite having high HDL plasma levels, the specific composition
of HDL can contribute to the rupture of atherosclerotic plaque and myocardial infarction [95].

Han et al. [96] showed that HDL particles are also markedly altered in atherosclerosis and are
enriched in inflammatory proteins such as apoCIII and serum amyloid A (SAA). HDL enriched with
SAA impairs cellular cholesterol efflux and impairs the anti-inflammatory properties of HDL [96].
Schwertani et al. [97] recently demonstrated that desmocollin 1 (DSC1) acts as an apolipoprotein A-I
binding protein that is highly expressed in atherosclerotic plaques and inhibits atheroprotective HDL
functions by retaining apoA-I. Concentrations of phospolipids, unsaturated fatty acids, omega-3 fatty
acids, and sphingomyelin appear to be significantly higher in earlier stages of CVD than in more
severe cases. Patients with CVD and Type 2 diabetes mellitus (DM2) present other changes in the lipid
composition of HDL, including higher triglycerides, saturated fatty acids, diallyl fatty acids, linoleic
acid, Lysophosphatidylcholine (LPC), palmitate-rich triglycerides, and diglycerides [98].

On the other hand, the myeloperoxidase enzyme is a pro-inflammatory enzyme that induces both
oxidative modification and nitrosylation of specific residues on plasma and arterial apolipoprotein A-I.
It renders dysfunctional HDL particles, which results in impaired member 1 of human transporter
sub-family ABCA (ABCA1) macrophage transport, the activation of inflammatory pathways, and
an increased risk of coronary artery disease. Therefore, it is of supreme importance to research the
biological activity of HDL, both in quantity and quality, as well as to reconsider the basic steps of HDL
biogenesis [98,99].

1.6. Pharmacological therapies

For many years, it has been suggested that pharmacological therapies (Table 1) can modulate
lipid metabolism and will affect HDL-C and triglyceride levels, decreasing the risk of developing
cardiovascular disease and myocardial infarction. A meta-analysis made with 15,252 individuals
showed a 2–3% reduction in cardiovascular disease when plasma HDL-C was increased to 1 mg/dL [9].
These results stimulated interest in pharmacological treatments to control HDL levels. New generation
drugs have been designed to increase HDL, and their functional activity is promising in the significant
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reversion of atherosclerotic plaques. Nevertheless, these treatments have not been successful in clinical
trials or are ineffective for ameliorated risk factors such as hypertension or hyperlipidemia [100,101].

Table 1. Pharmacological treatments for decreasing the risk of cardiovascular disease.

Drug Effect of Drugs on HDL-C and Cardiovascular Health Author

Statins

Women and men (32,258) obtained from the (an individual patient data
meta-analysis of statin therapY in at risk Groups:
Effects of rosuvastatin, atorvastatin and simvastatin) VOYAGER study
who received atorvastatin (10–80 mg), rosuvastatin (5–40 mg) or
simvastatin (10–80 mg); all statins and doses decreased the
concentration of LDL-C and increased the HDL-C.

[102]

A meta-analysis of genome-wide association in a population of
European descendents was made to identify variants that modify
HDL-C. Participants (27,720) showed an association between the
cholesterol ester transporter protein CETP locus (chromosome 16) and
HDL-C response to statin treatment.

[103]

Nicotinic acid

Obese, nondiabetic, hypertriglyceridemic males (19) with low HDL-C
levels received nicotinic acid for eight weeks, achieving a decrease in
biomarkers of inflammation, cell adhesion and cell proliferation in
addition to LDL-C and total cholesterol.

[104]

AIM-HIGH individuals (2457) with cardiovascular disease at baseline
and one year of treatment of extended-release niacin and high
triglycerides (>200 mg/dL) and very low HDL-C (<32 mg/dL) showed
a significant reduction in serum levels of remnant lipoprotein
cholesterol and increased HDL2-C.

[105]

Fibrates

Participants of a Cochrane Collaboration study (16,112) showed a
protective effect of fibrates and safety in the secondary prevention of
different cardiovascular events including coronary and
cerebrovascular disease.

[106]

In individuals with hypertriglyceridemia (7389) and 5068 individuals
with hypertriglyceridemia and low HDL-C levels, the treatment with
fibrates reduced the subsequent vascular event risk.

[107]

Bile acid
binding resins

Patients treated with ezetimibe (10 mg/day) (302), 1234 patients treated
with simvastatin (10 mg/day, 20 mg/day, 40 mg/day or 80 mg/day)
and 1236 patients with combination of both drugs (10/10 mg/day,
10/20 mg/day, 10/40 mg/day or 10/80 mg/day), are associated with
smaller decreases in Apo B compared with LDL-C and non-HDL-C.

[108]

CETP inhibitors

Patients with increased HDL-C (2826), and 3739 patients with reduced
triglyceride levels and LDL-C showed an increase in blood pressure
due to the increase of LDL metabolism through their receptors.
Different CETP inhibitors (mainly anacetrapib) are used to increase
HDL-C and Apo-A1 levels and significantly alter HDL2 subclasses and
pre-β HDL particles with a decrease in LDL-C.

[109,110]

Three drugs have been used to increase HDL levels, and to decrease cardiovascular risk and
dyslipidemia (abnormal amount of lipids in the blood): fibrates, statins, and niacin. Fibrates increase
HDL levels by approximately 10% but seem to have an unfavorable effect on the large HDL subclasses;
it has been proposed that fibrates have a cardioprotective function, not by increasing the concentration
of HDL, but by an unknown mechanism [100,101]. Statins also increase HDL levels, especially the
large subclasses. Further, the changes in HDL are associated with a decreased CETP activity so that
the transport of cholesteryl esters and triglycerides between the lipoproteins is decreased [111,112].
In clinical trials, the use of statins in patients with a high cardiovascular risk significantly reduced the
occurrence of cardiovascular events in almost half the patients. On the other hand, niacin increases the
levels of HDL (mainly large HDL subclasses such as HDL2b-HDL2a) [113,114], and decreases LDL-C
and lipoprotein (a) [115]. Niacin has been tested in clinical studies as a coadjuvant to statin treatment
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which can reduce total cholesterol and VLDL-C and is related to the attenuation of biomarkers of
inflammation [116]. Although this therapy has been used clinically for several decades to decrease
cholesterol levels, its mechanism of action is not well understood. However, despite the increase in
HDL-C and decrease of LDL-C levels, a little more than half of the patients still suffered cardiovascular
events [114].

1.7. Recent Strategies for Improving HDL Function

Some therapies have been developed in recent years by improving the metabolism, structure,
and function of HDL. Some of these therapies utilize Apo-A1 mimetic peptides [117], liver receptor
X (LXR) agonists [118], farnesoid X-receptor agonists (FXR) [119], microRNAs (miRNAs) [120], and
antisense oligonucleotides targeting genes that are implicated in HDL metabolism, mostly affecting
the CETP and APOC3 genes. Apo-A1 mimetic peptides are small amphipathic peptides synthesized to
be similar to Apo-A1 in structure and biological activity. They may have a beneficial impact on the
metabolism and biological activities of HDL [121] and increase the reverse transport of cholesterol,
which has resulted in decreased atherosclerosis in animal models [68,117]. However, these peptides are
limited by their low bioavailability, short half-life, and instability in the digestive system [117,121,122].

The natural and synthetic LXR agonists induce the transcriptional activity of LXR target
genes, increasing cholesterol catabolism and reducing atherosclerosis in mice [123]. However, these
anti-atherogenic effects are not reproduced in CETP-expressing species, including humans, and instead,
fatty acid number, triglyceride, and LDL-C levels increase, which leads to hepatic steatosis [118].

FXR agonists are bile acid-activated transcription factors which induce the transcription of
transporter genes involved in promoting bile acid clearance and repress genes involved in bile acid
biosynthesis. In humans, the protection by the synthetic FXR agonist occurs via the induction of
HDL-mediated cholesterol excretion [124].

Because miRNAs (small non-coding RNA molecules) can post-transcriptionally regulate gene
expression, they have been employed as a strategy to control cholesterol homeostasis [125]. Indeed,
miR-33 increases HDL levels and seems to be a key autophagy regulator and effector in macrophages to
generate free cholesterol for efflux with anti-atherosclerotic effects [120,124,125]. Despite the efforts to
increase plasma HDL levels or activity of the components of HDL, the death rate from cardiovascular
diseases continues to be high. In many cases, the diverse treatments in animals and clinical cases do
not have the same effects which makes it difficult to stablish the risk factors, thus, the prevalence of
cardiovascular risk remains high [126,127].

PON1 is synthesized in the liver of mammals. Studies suggest that high PON1 activity is
associated with the reduction of atherosclerosis and low PON1 levels are considered an independent
risk factor for coronary events and other metabolic diseases [128–130]. Two related proteins, PON2
and PON3, also have antioxidant activity [131]. PON circulates in the blood bound to Apo-A1
and Apo J of HDL. PON1 expression is inhibited by proatherogenic conditions and is altered by
environmental factors including diet, physical activity, certain drugs, and genetic factors [132]. PON1
has been studied for its possible role in preserving lipoprotein integrity and its antioxidant protective
activity of HDL [133–135]. PON1 can neutralize hydrogen peroxide and free peroxidized lipids from
atherosclerotic lesions [136].

Despite the strong relationship of PON to HDL, HDL concentration and activity of the enzyme do
not always correlate [137]. A variety of non-genetic factors have been shown to influence the activity
and serum PON1 levels. Under oxidative stress conditions, PON1 activity decreases significantly.
This decrease can be compensated by dietary antioxidants such as polyphenols or other bioactive
compounds, probably preserving the enzyme integrity. Moderate consumption of alcohol and
vitamins C and E also increase serum levels of PON1 in humans and animals [138–140] (Table 2).
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Table 2. Proteins associated with HDL3. PAF-AH = platelet-activating factor acetylhydrolase.

Proteins Interacting with HDL3 Effects on HDL3 Reference

PON1 PON1 increases macrophage cholesterol efflux and
improves the antioxidant properties of HDL. [71]

PAF-AH

PAF-AH activity and expression are upregulated by
mediators of inflammation at the transcriptional
level; their stability provides antioxidant properties
and anti-atherogenic activities to HDL3.

[72,141]

LCAT
Supplementation of the enzyme LCAT is a potential
therapeutic intervention for HDL abnormalities that
result from specific mutations on Apo-A1.

[142]

Specific dietary interventions show promise in reducing atherosclerosis by several mechanisms
directly and indirectly related to HDL. Foods, especially fruits, may have high contents of polyphenols,
which act as antioxidants by donating a hydrogen atom to negatively charged free radicals [143,144].
Regular consumption of polyphenols, in particular, from pomegranate fruit, increases the expression
of the PON1 mRNA in hepatocytes [128] and has anti-atherogenic effects. The progression
of atherosclerosis was inhibited in LDL receptor-deficient mice supplemented with quercetin
(an antioxidant), which is found in pomegranates, and increased hepatic expression of the PON1
gene as well as the associated activity of the enzyme in serum [140]. Mice fed an atherogenic (high fat)
diet supplemented with fresh pomegranate juice showed an increase in PON1 gene expression
and activity, in addition to an increase in the plasma concentration of HDL [128]. Furthermore,
regular consumption of pomegranate juice has been shown to reduce atherogenic LDL alterations
in Apo E deficient animals [145], and to prevent endothelial dysfunction due to the activation of the
serine/threonine-protein kinase/Endothelial nitric oxide synthase (Akt/eNOS) pathway, possibly
mediated by HDL through its molecular component sphingosine-1 phosphate [146].

1.8. Endothelial Dysfunction and Exogenous Antioxidants

The endothelium is a monolayer of cells that coat the lumen of blood vessels. Endothelial cells are
connected by intercellular junctions that restrict the traffic of macromolecules between the blood and
the vascular wall [147]. The endothelium may perform anti-thrombotic functions such as inhibition of
platelet adhesion and coagulation, regulation of the fibrinolytic system, and control of muscle tone
and cell proliferation through monitoring the activity of smooth muscle cells. The endothelium also
modulates the transit of macromolecules such as lipoproteins and controls cell adhesion of leukocytes
to the arterial wall [148].

Nitric oxide (NO) is a water-soluble gas continuously synthesized from the amino acid arginine
in endothelial cells, which is known to have vascular functions as a vasodilator and second
messenger in the vascular wall. HDL stimulates the production of NO, partially elevating levels
of sphingosine 1-phosphate (S1P) that might facilitate interaction with S1P receptors and indirectly
ensuing NO generation [149,150]. Endothelial cells cultured in high atherogenic LDL-C concentrations
(>160 mg/dL) improves the metabolism of arachidonic acid, which acts as a second messenger
regulating many cellular processes and reduces the production of NO. The loss of NO results in
upregulation of cell adhesion molecules (CAM); thus, CAM upregulation renders the endothelium
sticky [151]. On the other hand, HDL promotes vascular endothelial function by inducing an
anti-inflammatory mechanism reducing the expression of the cell adhesion molecules ICAM1, VCAM1,
and selectins.

Endothelial dysfunction is an imbalance in the bioavailability of active substances of endothelial
origin predisposing the vasculature to inflammation, vasoconstriction, and increased permeability
which facilitates the development of atherosclerosis, platelet aggregation, and thrombosis. Endothelial
dysfunction is one of the first manifestations of both hypertension and atherosclerosis [152].
An increased plasma LDL concentration is one of the factors associated with a modification in
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endothelial function by decreasing endothelium-dependent vasodilation [153] and increasing the
level of adhesion molecules [154]. One of the most studied functions of HDL is their interaction with
the ABCA1 membrane protein that drives the cholesterol efflux system [155]. HDL is also reported to
transport proteins, vitamins, hormones, and microRNAs to different recipient organs. These HDLs
have exclusive characteristics that allow them to deliver cargo to specific targets, suggesting that
these lipoproteins play a multi-faceted role in intracellular communication [156]. Some sterols of
dietary origin (particularly plant sterols and hydrophobic antioxidants such as vitamin E, lutein, and
zeaxanthin) are absorbed in the intestines in a process that involves the HDL formation pathway;
lutein and zeaxanthin are carotenoids with, as well as some polyphenols, potential anti-inflammatory
properties, and their absorption could improve the beneficial HDL properties [157–159].

Some experimental evidence indicates that fruits containing polyphenols modulate risk factors
in the development of cardiovascular diseases [160,161], and the consumption of polyphenol
vitamin supplements and polyphenol-containing foods may prevent cardiovascular diseases [162,163].
Pomegranate has been shown to be especially effective in reducing risk factors. The consumption of
polyphenol-containing pomegranate juice resulted in an improvement of stress-induced myocardial
ischemia in patients with coronary artery disease [145], and the reduction of atherosclerotic lesions
in patients with carotid artery stenosis [164]. Administration of pomegranate extracts to animals
with hypercholesterolemia-induced coronary dysfunction increased their endothelium-dependent
vasodilation and induced NO-mediated relaxation through a mechanism involving the endothelial
activation of Akt [165].

Polyphenols can be more effective as cardioprotective agents relative to some vitamins and
carotenes (Table 3). Studies are needed to compare individual with multiple polyphenols, determine
the effectiveness of polyphenols as purified molecules relative to polyphenols in the native state in
foods, and discover if other compounds in foods are also important in the activity of polyphenols.
The different components of lipid profiles such as total cholesterol levels, HDL-C concentration [166],
lipid peroxidation [167], triglycerides and LDL-C [168], that are affected by polyphenols, and
the specific improvements of vascular function and cardiovascular risk factors induced by these
compounds also needs to be studied further.

Table 3. Nutrients with cardioprotective properties.

Nutrients Natural Sources Mechanism

Vitamin B3 Chicken, fish, peanuts,
and legumes

Involved in catabolism and synthesis of HDL; increase the
production of Apo-A1 and expression of ABCA1; helps to
transfer the cholesterol from macrophages to nascent HDL;
decreases the expression and activity of CETP [169,170].

Omega 3 fatty acids Salmon, peas, tuna, sardines,
and trout

Reduces the uptake and binding of LDL to the arterial wall
due to a reduction of lipoprotein-lipase levels and
macrophages; facilitates the incorporation of omega-3 into the
phospholipid membrane; changes arachidonic acid
metabolism reducing the release of thromboxane A2 [171,172].

Vitamin E (α-, β-, γ-,
δ-tocopherol and

tocotrienol)

Wheat germ oil, sunflower seeds,
almonds, peanuts, corn oil, olive
oil, spinach, broccoli, soybean oil,

kiwi, mango and tomato

Reduces the expression of VCAM-1, ICAM-1 and e-selectin;
decreases the adhesion of leukocytes into the endothelium or
arterial wall [173,174].

Lycopene Tomatoes, grapefruit, watermelon,
and papaya

Reduces intima wall thickness or lesions in aorta mainly to its
antioxidant activity related to LDL oxidation; inhibits the
activity and expression of 3-hydroxy-methyl glutaryl
(HMG)-CoA, reducing cholesterol synthesis [175].

Gallic acid, punicalagin Pomegranate juice

Reduces the expression of inflammatory cytokines TNF-α,
IL-1β, IL-18 and nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-κβ) [176]; inhibits LDL oxidation and
macrophage foam cell formation due to the accumulation of
these polyphenols in arterial macrophages besides inactive
ROS and reactive nitrogen species (RNS) [177].

Note: The majority of nutrients do not change the conformation or activity of HDL. However, they might be
associated with HDL, improving its function.
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2. Conclusions

The various therapies for the improvement of HDL have not decreased the prevalence of
cardiovascular diseases; thus, cardiovascular disease is probably due to other factors than HDL such
as disequilibrium in endothelial function. A possible explanation is that several metabolic or signaling
pathways act together and the new therapies have not been able to modify all the necessary pathways.
Recent studies show that the consumption of food rich in polyphenols as an alternative intervention
may be more effective in reducing cardiovascular risk, possibly to a change in the biochemical HDL
composition. At this point, it is necessary to focus on the development of new methodologies to
understand the change in biochemical composition in nutritional trials. However, well-controlled
clinical trials are necessary to discover the molecular and biochemical mechanisms affected to use
them as therapies for the reduction of coronary events.
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