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This review aims to provide an overview on the properties of high-density lipoproteins (HDLs) and their cardioprotective effects.
EmergentHDL therapies will be presented in the context of the current understanding ofHDL function,metabolism, and protective
antiatherosclerotic properties. The epidemiological association between levels of HDL-C or its major apolipoprotein (apoA-I) is
strong, graded, and coherent across populations. HDL particles mediate cellular cholesterol efflux, have antioxidant properties,
and modulate vascular inflammation and vasomotor function and thrombosis. A link of causality has been cast into doubt with
Mendelian randomization data suggesting that genes causing HDL-C deficiency are not associated with increased cardiovascular
risk, nor are genes associated with increased HDL-C, with a protective effect. Despite encouraging data from small studies, drugs
that increase HDL-C levels have not shown an effect on major cardiovascular end-points in large-scale clinical trials. It is likely
that the cholesterol mass within HDL particles is a poor biomarker of therapeutic efficacy. In the present review, we will focus on
novel therapeutic avenues and potential biomarkers of HDL function. A better understanding of HDL antiatherogenic functions
including reverse cholesterol transport, vascular protective and antioxidation effects will allow novel insight on novel, emergent
therapies for cardiovascular prevention.

1. Introduction

An increasing body of literature emphasizes the concept
that HDL functionality, rather than the absolute cholesterol
mass (HDL-C), may be a more accurate indicator for risk
of developing atherosclerosis [1]. This hypothesis has led to
investigation of HDL as both a biomarker for cardiovascular
risk and a therapeutic target to be functionally modulated
[2]. Epidemiological studies consistently demonstrate that
low plasma level of HDL-C is associated with increased
risk of CVD, but this epidemiological association has not
translated into evidence that raising HDL-C prevents CVD.
Atherosclerosis remains the leading cause of death in devel-
oped countries and is a major health concern worldwide.
While LDL cholesterol (LDL-C) is clearly established as
the major lipoprotein risk factor [3], the residual risk in
large-scale clinical trials raises concern that other lipoprotein
fractions may be causal in this residual risk. Increasingly,
questions have been raised around the hypothesis that raising

HDL-C pharmacologically is necessary beneficial. In this
regard, after the recent failure of the drugs torcetrapib,
dalcetrapib, and niacin [4, 5] that raise HDL-C, attention is
focusing on specific HDL subfractions and on biomarkers of
HDL function (reflecting its pleiotropic effects) as potential
therapeutic targets for cardiovascular protection [6–8]. Such
studies have reinforced the need for validated assays of
HDL function rather than static measurement of HDL-C. A
variety of HDL/apoA-I-based therapies are currently under
investigation. This review summarizes the biology of HDL
and the importance of reverse cholesterol transport process in
lipid-modifying therapy and discusses the novel therapeutic
agents to raise HDL.

2. Definition: HDL

HDL is the smallest and densest of plasma lipoproteins. HDL
isolated by ultracentrifugation is defined as the lipoprotein
with density in the range 1.063–1.21 g/mL. Conventional HDL
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nomenclatures are based on physical properties such as
density [9] or composition [10]. HDL is constituted by a large
number of heterogeneous particles differing in size, charge,
shape, lipid composition (glycerophospholipids, triglyc-
erides, sphingolipids, cholesterol, and cholesteryl esters),
and physiological functions [11].Proteins constitute approx-
imately 50% of HDL protein mass with apoA-I representing
approximately 65–70%, with another 12% to 15% being apoA-
II. Recent proteomic studies have identified more than 60
different proteins on HDL adding to the biological diver-
sity of this class of lipoproteins [12]. HDL is also highly
heterogeneous with regard to its lipidome [7]. Thus, the
term HDL applies to a large and heterogeneous group of
small (5–70 nm) particles with diverse lipids and proteins
[12, 13] that may differ in function [11]. Static mass-based
measurement of HDL-C may be an imperfect metric of
HDL functionality, particularly in the setting of therapeutic
interventions. Proposed definitions of HDL rely on diverse
analytical techniques; a unified definition is emerging [7],
although consensus is not yet reached [8]. Rosenson et al.
[7] proposed a nomenclature based on particle size and
density. Other argue that this classification is incomplete and
further characterization should be made for HDL of lower
density, larger size, and protein components (especially apo
E) which may have better discriminant power in the clinical
setting [8]. Despite this, the relevance of HDL subfractions
to CVD remains ambiguous and lacks standardization and
validation [11, 14]. There is a need to refine definitions of
HDL to encompass the functional qualities of HDL. It is
hoped that the adoption of a uniform nomenclature system
for HDL subfractions that integrates several methods will
enhance our ability to assess the clinical effects of different
compounds that modulate HDL metabolism, function, and
structure, and in turn, allow improved cardiovascular risk
prediction.

3. Epidemiology of HDL and CVD

Epidemiological studies have shown an inverse relationship
between HDL-C levels and CVD risk [15–17]. This negative
association is strong, graded, and coherent across population
studied and has led to the development of the “HDL-C
hypothesis,” which proposes that pharmacological interven-
tion to raiseHDL-Cwill reduce cardiovascular risk. However,
there is controversial data suggesting that certain patients at
high cardiovascular risk have “dysfunctional” HDL despite
normal HDL-C levels [16]. Importantly, the association of
HDL-C with CVD risk is further confounded by the inverse
association of HDL-C with apo B and LDL particles concen-
trations. Many other variables such as triglycerides, insulin
resistance, obesity, and C-reactive protein may bias this
association. Despite the data generated from the Emerging
Risk Factor Collaboration [17], it may be impossible to take
all these factors into account. Indeed in the Multi-Ethnic
Study of Atherosclerosis (MESA) in 5,598 volunteer without
baseline CHD, Mackey et al. showed that the association
of HDL-C and carotid disease was considerably attenuated
when taking into account atherogenic lipoproteins [18].

4. Clinical Trials

Fibric acid derivatives (fibrates) are peroxisome proliferator-
activated receptor alpha (PPAR𝛼) agonists and their major
role is to increase lipoprotein lipase; they raise HDL-C mod-
estly, in the range of 10–15%. While early reports of fibrates
have shown encouraging results in terms of cardiovascular
outcomes,these were performed before the statin era and the
results are difficult to interpret in light of the effects of fibrates
on LDL-C. Recent studies using fenofibrate in diabetic
patients failed to show an effect on cardiovascular outcomes
when LDL-Cwas controlled with statin therapy [19]. A recent
meta-analysis of fibrate trials reveals that while fibrates may
decrease the risk of nonfatal cardiovascular events and on
microvascular disease, their overall effect on cardiovascular
mortality is neutral [20]. Statins are widely acknowledged
as first-line drugs for the treatment of dyslipidemias and
CVD prevention; however, statins may not address residual
risk [21]. Significant residual cardiovascular risk remains
even after intensive statin therapy and lowering LDL-C to
<70mg/dL [22]. Meta-analysis studies show that reduction
of LDL cholesterol by 1mmol/L reduces risk by about
approximately 20–25% and that intensive LDL-C lowering
with statins lowers risk by up to 33% [3]. Despite this, HDL-
C levels continue to predict risk in statin-treated patients
[23, 24].This has been challenged in clinical trials where LDL-
C has reached a very low level [25, 26]. Attempts to decrease
cardiovascular risk in statin-treated patients with the CETP
inhibitor torcetrapib have failed, despite an increase in HDL-
C by 72% [25]. In the ILLUMINATE study [25] adverse
events caused by torcetrapib were likely to represent off-
target effects of the drug but raised question about the
value of raising HDL-C. The dal-OUTCOMES trial using
dalcetrapib raisedHDL-C by 31 to 40% [27] but had no effects
on cardiovascular events. Niacin, used at pharmacological
doses (up to 2 gm/day), led to a neutrality of results in
terms of cardiovascular outcomes in the AIM-HIGM [4].
The recent failure of the large (>25,000 subjects) HPS2-
THRIVE trial with niacin [28] raised questions about the
benefits of this therapeutic strategy to raise HDL.The clinical
equipoise remains. The failure of torcetrapib and dalcetrapib
may be explained by off-target adverse effects andweakCETP
inhibition, respectively. AIM-HIGH has been criticized for
having a relatively small sample size [29].

5. HDL Genetics

Genes that modulate HDL-C have been characterized by
conventional family studies and by genome-wide association
studies. Yet not all genetic forms of very low HDL-C and
apoA-I are necessarily associated with increased risk of CVD.
Tangier disease, in which HDL-C and apoA-I concentrations
are virtually undetectable, is not associated with a marked
increase of CVD thatmight be expected from such a dramatic
phenotype [1]. RecentMendelian randomization studies have
shown that patients with mutations in the ABCA1 gene
(Tangier disease) are not at increased cardiovascular risk
in the Copenhagen Heart Study [30] and many mutations
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within apoAI that cause a very lowHDL-C and apoAI are not
associated with premature CVD.Thus, genes causing HDL-C
deficiency are not necessarily associated with increased car-
diovascular risk. Voight et al. recently reported that genes that
are associated with an increase in HDL-C (endothelial lipase
and CETP) are not associated with decreased cardiovascular
risk [31]. Thus, Mendelian randomization experiments have
cast into doubt the link of causality between HDL-C and risk
of CVD.

6. HDL Functions

6.1. Reverse Cholesterol Transport (RCT). Theconcept of RCT
was first proposed by Glomset [32] in 1968. This concept
represents the most widely accepted mechanism underlying
the HDL-C hypothesis. Free cholesterol (FC) is toxic to cells.
In the endoplasmic reticulum, cholesterol may initiate the
unfolded protein response, leading to cell apoptosis [33]. Cel-
lular cholesterol homeostasis is exquisitely maintained and
the control of de novo synthesis and LDL-receptor-mediated
endocytosis remains critical for this process. Cellular choles-
terol can also be modulated by efflux. This is mediated via
different pathways, which are transporter-independent or
depend on the receptor/transporter scavenger receptor class
B type I (SR-BI), ATP-binding cassette receptors ABCA1
and ABCG1 (Table 1) (Figures 1 and 2). A measure of HDL-
mediated cellular cholesterol efflux from macrophages may
provide a novel way to the assessment of CVD risk. It has been
shown that cholesterol efflux from macrophages is strongly
associated with atherosclerosis and provides better CVD
prediction than plasma HDL-C levels [34]. The presence of
specific subparticles, especially pre-𝛽 HDL, may provide a
biomarker for CVD prevention and represent a potential
therapeutic target. Thus, identifying biomarkers of HDL
quality and function may provide a better discriminant for
CVD than HDL-C mass. In turn, these biomarkers can be
used to gauge the effects of therapies and be correlated with
outcomes. Mechanisms of cholesterol efflux are discussed
below.

6.2. Aqueous Diffusion. Aqueous diffusion involves a simple
diffusion process in which FC molecules desorb from the
plasma membrane, move through the extracellular aqueous
space, and are then rapidly incorporated into the surface
of HDL particles by gradient diffusion (Figure 2). Our data
indicates that approximately 1-2% of cellular cholesterol efflux
occurs via this pathway [35]. Aqueous diffusion is the rate
limiting step in desorption of FC from the cell membrane
into surrounding aqueous phase. This rate is increased by
higher phospholipid unsaturation and decreased by higher
membrane sphingomyelin content [36] and dependent on
the structure and particle size of acceptor particle. Rothblat
and Phillips [37] reported recently that larger HDL2 and
smaller HDL3 particles are equally effective as acceptors in
this efflux mechanism, suggesting that in this pathway the
efflux process is not affected by alteration in HDL particle
size. The importance of this pathway in maintaining cellular

cholesterol homeostasis and preventing atherosclerosis is not
clear. A pathway analysis on this protocol using previously
published techniques indicated that in mouse peritoneal
macrophages 34% of the total efflux wasmediated by ABCA1,
20% by SRB1, and 46% by ABCG1 and/or, aqueous diffusion,
or undiscovered pathways [38].

6.3. ABCA1. ABCA1 mediates the rate limiting step in HDL
biogenesis, namely, the transfer of cellular cholesterol and
phospholipids onto lipid-poor apolipoprotein acceptor to
form nascent HDL particles. In turn, these particles undergo
further lipidation via ABCG1 [39]. ABCA1 mediated cellular
cholesterol movement is unidirectional, resulting in net
efflux (Figure 2). In this pathway lipid-free apoA-I is the
primary acceptor of cholesterol. HDL lipidation of apoA-
I by ABCA1 is a complex process and may involve more
than a direct interaction with this transporter. The nature
of the molecular interactions between apoA-I and ABCA1
continues to generate controversy, and models suggesting
a direct protein-protein interaction or indirect association
have been proposed. Experimental data supports the concept
that apoA-I directly binds to ABCA1 in the process of
HDL formation, as shown via cross linking experiments
within a distance of ≤3 Å [40]. Indeed, cholesterol export
function of ABCA1 occurs by a cascade of events involving
direct binding of apoA-I to ABCA1, activation of signaling
pathways, and solubilization of cholesterol and phospholipids
rich membrane domains formed by ABCA1 [41]. This inter-
action is localized on the cell surface [42] and results in
the formation of nascent HDL particles that exhibit size (7–
12 nm) and lipid composition heterogeneity, confirming that
apoA-I exhibits considerable flexibility and conformational
adaptability to its lipid constituents [42, 43]. ApoA-I sta-
bilizes ABCA1 and prevents calpain-mediated degradation
[44]. Thus, apoA-I increases the amount of ABCA1 on
the plasma membrane and promotes cholesterol transport
from intracellular compartments to the plasma membrane
and ABCA1 also facilitates mobilization of cholesterol from
late endocytic compartment to the cell plasma membrane
[45]; the contribution to net efflux via this mechanism is
controversial [46]. Many tissues express ABCA1; the liver
and intestine are the major organs contributing to plasma
HDL-C levels [47, 48]. Other tissues, such as adipocytes
have been shown to be important site for HDL forma-
tion and lipidation [49]. Recently, an intronic microRNA,
located within the SREBF2 gene, suppresses expression of
the cholesterol transporter ABCA1 and lowers HDL levels in
mouse and human cells [50]. Conversely, mechanisms that
inhibit miR-33 increase ABCA1 and circulating HDL levels,
suggesting that antagonism of miR-33 may be atheroprotec-
tive. Recently, treatment with an antisense oligonucleotide in
mice was shown to increase macrophage reverse transport
and decrease atherosclerosis [51]. In nonhuman primates,
treatmentwith amiR-33 antisense oligonucleotidewas shown
to increase HDL-C up to 30% [52]. Strategies to silence
miRNA may be a therapeutic in man. The ABCA1 pathway
represents an important therapeutic target for the prevention
and treatment of CVD (Figure 1, part 6).
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Figure 1: Schematic diagram of HDL metabolic pathways and current drugs under development. Numbers in circles refer to Table 2.
Pathway influencing HDL cholesterol metabolism, flux, and potential targets of therapeutic interventions. Both liver and intestine synthesize
apolipoprotein A-I (ApoA-I) secreted as lipid-poor particles. These particles are lipidated with phospholipids and cholesterol via the
hepatocyte ATP-binding cassette A1 (ABCA1) transporter to form nascent HDL. In peripheral tissues these HDL particles obtain free
cholesterol via the macrophage ABCA1 and ABCG1 transporters, which are regulated by LXRs and miR-33. Free cholesterol transferred via
ABCA1 and ABCG1 onto HDL is esterified by lecithin: cholesterol acyltransferase (LCAT) to form cholesteryl esters (CE). Mature HDL thus
formed exchange CE trough cholesteryl ester transfer protein (CETP) onto apoB-containing lipoproteins, (VLDL and LDL) with subsequent
uptake in the liver via the low-density lipoprotein receptor (LDLR). PLTP mediates transfer of phospholipid from triglyceride from VLDL
into HDL, which promote HDL remodeling.The resulting HDL3 particles can be either taken up by the liver via SB-B1 or modified by hepatic
lipase (HL) and endothelial lipase (EL), which hydrolyze HDL phospholipids and triglycerides. Metabolism by EL releases lipid-poor apoA-I,
which can be catabolized in kidney. Targets of HDL-directed therapeutic interventions are indicated by red arrow.

Table 1: Characteristics of pathways for cholesterol efflux from cells to plasma.

Characteristics Aqueous diffusion SR-BI ABCA1 ABCG1
Energy requirement Passive Passive Active Active
Cholesterol flux Bidirectional Bidirectional Unidirectional Unidirectional

Preferred HDL acceptors HDL2, HDL3 HDL2, HDL3 pre𝛽-HDL
Lipid-poor/free apoA-I HDL2, HDL3

6.4. ABCG1. ABCG1 is a half transporter that homodimer-
izes to form a full transporter. Unlike ABCA1, lipid-free
or lipid-poor apoA-I does not bind to ABCG1 and does
not mediate cholesterol efflux. ABCG1-mediated cholesterol
efflux requires larger HDL particles and this efflux is uni-
directional against a concentration gradient [38] (Figure 2).
In macrophages, ABCG1 is an LXR target which was sub-
sequently shown to promote mobilization of intracellular

cholesterol [53] to spherical HDL particles; HDL3 particles
being the most efficient [54]. In addition to LXR activa-
tion, ABCG1 expression can also be induced by agonist of
peroxisome proliferator-activated receptor gamma (PPAR𝛾)
associated with increased LXR [55]. Regulation of these path-
ways is complex and recent data shows that miR-33 increases
ABCG1 expression in vivo [56]. In mouse macrophages,
miR-33 targets ABCG1 thereby reducing cholesterol efflux
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Figure 2: HDL biogenesis. Mitochondrial cholesterol transport is rate limiting in the (sterol 27-hydroxylase-) dependent generation of
oxysterol ligands for LXR (liver X receptor) transcription factors that regulate the expression of genes encoding proteins in the cholesterol
efflux pathway, such as ABC transporters (ATP-binding cassette transporters) ABCA1, and ABCG1. These transporters transfer cholesterol
and/or phospholipids across the plasma membrane to (apo) lipoprotein acceptors, generating nascent HDLs (high-density lipoproteins),
which can safely transport excess cholesterol through the bloodstream to the liver for excretion in bile. Ligand activation of nuclear LXRs
(liver X receptors) (LXR𝛼/𝛽) is pivotal in cellular response to elevated sterol content, triggering cholesterol effluxmechanisms: both synthetic
and oxysterol LXR agonists potently upregulate ABCA1 and ABCG1 gene expression. Consequently, elimination of excess cholesterol can
be achieved, in vivo and in vitro, by cellular cholesterol efflux, orchestrated by ABCA1, ABCG1, ABCG4, and passive diffusion along a
concentration gradient, and also “acceptor” (apo) lipoproteins, such as apoA-I, and HDLs (high-density lipoproteins). Notably, LXRs form
heterodimers with RXRs (retinoic acid receptors) and bound to the nuclear receptor.

to nascent HDL [50, 56]. These data demonstrate that
miR-33 deficiency or inhibition raises HDL-C, increases
cholesterol efflux frommacrophages via ABCA1 and ABCG1,
and prevents the progression of atherosclerosis. However,
many genes are altered in miR-33-deficient mice, and more
experimental data is required to establish miR-33 as a thera-
peutic modality in humans. Gelissen et al. have characterized
two novel isoforms of ABCG1 in human vascular endothelial
cells that induce different levels of cholesterol efflux [57].
New insights into coordinated participation of ABCA1 in
concert with ABCA1 in promoting cellular cholesterol export
to lipid-free/poor apoA-I have evolved; ABCA1 initially
donates phospholipids and cholesterol to lipid-poor apoA-
I; ABCG1 mediates further cellular efflux onto more mature
HDL particles [58]. These transporters thus work syner-
gistically to remove excess cholesterol from cells (particu-
larly macrophages). Murine models of atherosclerosis, using
ABCG1-apoE double knock out, showed markedly defective
cholesterol efflux and increased macrophage apoptosis [59].
Conversely, overexpression of ABCG1 increased the rate of
constant efflux of cholesterol and protected murine tissues
from lipid accumulation [60, 61]. The potential importance
of ABCG1 in RCT has not been fully established.

6.5. SR-BI. SR-BI is critical in facilitating the delivery of
cholesterol frommacrophages to the liver.The SR-BI pathway
acts as a receptor for large HDL particles (HDL2) and
mediates the selective uptake of cholesteryl esters, without
incorporation of the holoparticle [36, 54] (Figure 2). SR-B1
also mediates cellular cholesterol efflux onto HDL particles.
HDL phospholipids absorb cholesterol that diffuses from the

plasma membrane by the interaction between HDL and SR-
BI [36, 37]. The relationship of hepatic SR-BI expression
to HDL-C levels and atherosclerosis is ambiguous in light
of human epidemiologic data. Several studies established a
role of SR-BI expressed or inhibited in liver and in bone
marrow-derived cells in the protection against atherosclerosis
[62, 63]. Carriers of the first reported mutation of SR-BI
in humans (SRB1 P297S) have increased HDL-C levels but
reduced capacity for cholesterol efflux from macrophages
without increased severity of atherosclerosis [64]. Selective
disruption of SR-BI in bone marrow-derived cells, including
macrophages, leads to accelerated atherosclerosis indicating
a dual role in atherosclerosis lesion development [62]. Mouse
SR-BI−/− models exhibit increased HDL-C concentrations,
decreased markers of RCT, and increased atherosclerosis
[65]. In vivo data demonstrated that SR-BI does not promote
macrophage RCT as seen with ABCA1 and ABCG1 [66]. The
hepatic SR-BI may have an indirect role in atherosclerosis by
modulating changes in the composition and structure ofHDL
particles rather than changes in the HDL pool [65, 67, 68]. A
novel blocker of SR-B1, ITX5061 (a molecule initially char-
acterized as p38 mitogen-activated protein kinase (MPK)),
increases HDL-C in mice and decreases the formation of
early atherosclerosis lesions. In human, SR-BI blockade by
ITX5061 increases HDL-C levels without adverse effects on
VLDL/LDL cholesterol, although this effect seems to be
transient [69]. This data supports the concept that ABCA1,
ABCG1, and SR-B1 act cooperatively in the peripheral bio-
genesis of nascent HDL particles, maturation of HDL, and
selective CE uptake by the liver, respectively, completing the
RCT in the plasma compartment.
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7. Functions of HDL

7.1. Antioxidant. Oxidative modification of lipids, especially
fatty acyl residues within phospholipids, leads to free radical
formation and cell damage. Products of lipid peroxidation
present in oxLDL can induce proinflammatory phenotypes
in arterial wall cells, which contribute to endothelial dys-
function and apoptotic cell death, key steps in the initia-
tion and progression of atherosclerosis lesions [70]. HDL
prevents LDL from free radical-induced oxidative damage
through several mechanisms [71, 72] (Figure 3). Several
antioxidant enzymes that are involved in prevention of
lipid oxidation or degradation of lipid hydroperoxides, such
as LCAT, platelet-activating factor acetylhydrolase, reduced
glutathione selenoperoxidase, and paraoxonase 1 (PON 1),
are present on HDL. This antioxidative activity of HDL
appears to be defective in dyslipidemic patients at high CVD
risk [73]. Measuring the antioxidant properties of HDL is
cumbersome; novel approaches use indirectmeasurements of
phospholipid oxidation. The HDL oxidant index is an assay
based on the chemoluminescence emitted by dichlorofluo-
rescin that quantifies the antioxidation activity of HDL. This
assay has been used as a biomarker of HDL functionality in
experimentalmodels and in therapeutic interventions inman
[74]. Several biomarkers of oxidation potential have been
put forth, by measuring the formation of biologically active
oxidized phospholipids, by the determination of endothelial
superoxide production and NADPH oxidase, or by the
measurement of paraoxonase activity [73].

8. Vascular Endothelial Function of HDL

8.1. Anti-Inflammatory. Atherosclerosis is an inflammatory
disease. HDL prevents vascular inflammation (Figure 3)
through various pathways, in part via modulation of nuclear
transcription factor 𝜅b- (NF-𝜅b-) activated cell adhesion
molecules [71] and viamacrophage activation of JAK2/STAT3
interaction with apo AI/ABCA1 complex [75]. In vitro studies
have demonstrated that HDL inhibits the expression of
endothelial adhesion molecules, such as vascular cell adhe-
sion molecule-1 (VCAM-1) and E-selectin [71]. Expression
of endothelial adhesion molecules by HDL has also been
demonstrated in the aortic endothelium of rabbits in vivo
[76]. Recently, elegant experiments byBesler et al. have shown
that modulation of vascular inflammation by dysfunctional
HDL is mediated by upstream regulation of nuclear fac-
tor 𝜅-B (nf-𝜅B) [71, 77]. Another anti-inflammatory effect
of HDL involves the transport of sphingosine-1-phosphate
(S1P) a lipid mediator that has anti-inflammatory actions at
low concentrations [78]. In human aortic endothelium and
smooth muscle, HDL prevents the expression of IL-8 and
monocyte chemoattractant protein (MCP-1) under inflam-
matory conditions [70], showing that normal HDL is capable
of preventing LDL oxidation and the inflammatory response
induced by LDL. During inflammation, HDL cargo becomes
oxidatively and enzymatically modified, and HDL loses its
protective capacity [70]. In the setting of an acute coronary
syndrome (ACS), HDL promotes LDL-induced endothelial
MCP-1 expression and monocyte adhesion [71]. Moreover,

Table 2: Controversies surrounding the “HDL hypothesis.”

HDL and atherosclerosis: pro The “HDL hypothesis”
questioned

Strong biological plausibility
for HDL as a therapeutic
target

Mendelian Randomization
does not support
HDL-cholesterol as a causal
risk factor

The epidemiological
association between HDL-C
and CVD is strong and
coherent

HDL-C loses its predictive
value if LDL-C is low

Animal data is unequivocal:
HDL protects against
atherosclerosis

The clinical trial data with
drugs that raise HDL-C
(fibrates, niacin, torcetrapib,
and dalcetrapib) is neutral

HDL from these patients reflects a shift to an inflammatory
profile which, in turn, might alter the protective effects of
HDL on the atherosclerotic plaque [73, 79]. To study the
function and the effects of HDL in setting of inflammation, a
cell free assay for measuring lipid hyperoxides in plasma was
developed to determine the inflammatory properties of HDL
[74].

8.2. Vascular Endothelial eNOS. HDL-derived cholesterol has
been shown to promote endothelial generation of nitric oxide
(NO) in vitro and to improve endothelial function and arterial
vasoreactivity in vivo (Figure 3). Activation of NO produc-
tion involves HDL binding to SR-BI, which activates the
phosphatidylinositol-3-kinase (PI3 K)/Akt signalling path-
way and the phosphorylation of endothelial nitric oxide
synthase (eNOS) [6]. In previous studies it has been shown
that eNOS activation in response toHDL ismediated via Akt-
dependent eNOS phosphorylation at Ser1177 [80]. Notably,
Besler et al. showed that HDL from patient with CAD, in
contrast to HDL from healthy subjects, activates endothelial
PKC𝛽II, leading to inhibition of Akt-dependent eNOS acti-
vating phosphorylation at Ser1177 and increased phospho-
rylation of eNOS at Thr495, which inhibits eNOS activity
[6]. Experimental studies have consistently demonstrated the
capacity ofHDL tomodify eNOS expression aswell as activity
to stimulate endothelialNOproduction in vitro and in vivo [6,
71, 73]. Several mechanisms have been shown that modulate
eNOS and NO production by HDL [71].The HDL-associated
PON-1 has been shown to be an important determinant of the
capacity of HDL to stimulate endothelial NO production and
to exert NO-dependent endothelial-atheroprotective effects
[6]. As observed in patients with CAD, inhibition of HDL-
associated PON1 led to the increase of malonaldehyde-
(MAD-) lysine adducts in HDL that subsequently activate
protein kinase C beta II (PKC𝛽II) via the endothelial LOX-
1 receptor [6, 71].

8.3. Antiapoptotic. Cell apoptosis in response to endothelial
injury is an important feature in atherosclerosis and is, in
part, stimulated in part by oxLDL (Figure 2). It has been
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Figure 3: Summary of pleiotropic effects of HDL. In addition to their ability to reverse transport cholesterol from peripheral tissues back
to the liver, HDLs display pleiotropic effects including antioxidant, antiapoptotic, anti-inflammatory, anti-infectious, and antithrombotic
properties that account for their protective action on endothelial cells. Vasodilatation via production of nitric oxide (NO) is also a hallmark
of HDL action on those cells.

shown that HDL is able to protect oxLDL-induced apoptosis
by blocking intracellular signaling involved in apoptosis [81].
HDL promotes vascular cell migration, proliferation, survival
(antiapoptotic), and recruitment of endothelial progenitor
cells (EPCs) to sites of vascular injury [17, 82]. Recently,
Riwanto et al. demonstrated that HDL from healthy subjects
induced expression of the antiapoptotic Bcl-2 protein Bcl-xL
from endothelial cells and reduced endothelial cell apoptosis.
This effect, however, was lost when HDL from subjects with
coronary artery disease was used [77].

8.4. Antithrombotic. HDL may exert antithrombotic activity
via inhibition of tissue factor expression, factor X activation,
and plasminogen activator inhibitor secretion [83]. HDL
blocks the formation of the platelet activator thromboxane
A2, and platelet activation factor synthase (Figure 3), thus
reducing platelet aggregation [6]. Surrogatemeasures ofHDL
antiplatelet and antithrombotic functionality remain under-
developed, in large part because of the absence of consensus
regarding the clinically relevant atheroprotective pathways.
Thus, there is strong biological plausibility for targetingHDL-
C for the prevention and treatment of CVD. Controversy
remains, however, in light of the apparent controversies
summarized in Table 2.

8.5. Anti-Infectious (Antitrypanosome). HDL displays anti-
infectious activity in the binding and clearance of circulating
bacterial lipopolysaccharide (LPS) to the bile and thereby
inhibits endotoxins-induced cellular activation, resulting in
potent anti-infectious activity (Figure 3). Mechanism of LPS

inactivation by HDL is mediated by direct interaction with
apo A-I and involves reduced CD14 expression onmonocytes
as a key step [84]. Apo A-I overexpression inmice diminishes
significantly LPS-induced systemic inflammation and mul-
tiple organ damage [84]. HDL toxin-neutralizing activity is
largely attributed to apoA-I and has been furthermore shown
to be effective against enterohemolysin [85] and lipoteichoic
acid [84]. More recently, a study demonstrates that apoA-I
reduces LPS-induced inflammatory responses, both in vitro
and in vivo, and inhibits the development of atherosclerosis
[86]. Furthermore, in cattle, the Trypanosoma brucei brucei
causes a devastating disease, nagana. In man, HDL prevents
trypanosomes from infecting cells by forming a complex with
haptoglobin and causing increased permeability to water inT.
brucei brucei, causing lysis [87].

9. Novel Therapies under Development to
Raise HDL-C Levels

Table 3 and Figure 1 summarize selected strategies to increase
HDL/apoA-I and describe potential compound under devel-
opment.

10. CETP Inhibitors (Figure 1, Part 10)

Torcetrapib was the first CETP inhibitor to be used in
a large-scale clinical trial. The ILLUMINATE trial failed
to show benefit from the drug and the clinical trial was
brought to a sudden andunexpected halt because of increased
mortality in subjects on torcetrapib. This effect is thought to
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Table 3: Summary of selected strategies to increase HDL/apoA-I and potential compound under development. Numbers in the right hand
column refer to Figure 1.

Pharmacotherapeutic Strategy Drug Aim Figure 1
Recombinant apoA-I
Milano/phospholipids ETC-216 Directly augmenting apoA-I/HDL

pool 1

Purified native apoA-I/phospholipids CSL-111
CSL-112

Directly augmenting apoA-I/HDL
pool 2

Upregulators of endogenous apoA-I
production RVX-208 Directly augmenting apoA-I/HDL

pool 3

ApoA-I mimetic peptides

D-4F
L-4F
6F, 5A
ATI-5261

Mimicking apoA-I functionality 4

Autologous Delipidated HDL Selective HDL delipidated Directly augmenting apoA-I/HDL
pool 5

Gene therapy miR-33 Modulating HDL levels and
cholesterol efflux expression 6

Liver X receptor agonists

LXR𝛼/𝛽 agonists
LxR-623
T0901317, GW3965
ATI-111

Enhancing RCT &Macrophage
cholesterol efflux 7

Niacin receptor agonists ARI-3037MO Indirectly augmenting apoA-I and
HDL-cholesterol 8

Farnesoid X receptor FxR-450 Modulate HDL levels 9

Cholesteryl ester transfer inhibitors Anacetrapib MK-0859Evacetrapib
LY248595

Indirectly augmenting apoA-I and
HDL-cholesterol 10

Endothelial lipase inhibition Boronic acid inhibitors
Selective sulfonylfuran urea Increasing HDL-cholesterol 11

LCAT activators rLCAT
ETC-642 Enhancing RCT 12

represent off-targets effects, predominantly on blood pressure
control of torcetrapib [25]. A second, weaker CETP inhibitor,
dalcetrapib increased HDL-C by 31–40%, without changing
LDL-C. The study showed no benefit on cardiovascular
outcomes [27]. Two new CETP inhibitors (anacetrapib and
evacetrapib) are in phase III clinical trials.

Anacetrapib (MK-0859) (Table 3) raises HDL without
affecting blood pressure [88]. The Determining Efficacy and
Tolerability (DEFINE) trial randomized 1623 patients with
CAD whose statin treatment has achieved LDL < 100mg/dL
to 100mg of anacetrapib or placebo [89, 90]. Anacetrapib
therapy resulted in 138% increase inHDL-C, a 40% reduction
in LDL-C, and a 36% decrease in Lp[a] [90]. The off-target
effects seenwith torcetrapibwere not identified [91].The large
REVEAL HPS-3/TIMI-55 trial will test the hypothesis that
lipid modification with anacetrapib 100mg daily reduces the
risk of coronary death, myocardial infarction, or coronary
revascularization in 30,000 patients with CVD or diabetes on
optimal statin treatmentwith atorvastatin. (ClinicalTrials.gov
NCT01252953) The estimated study completion date is 2017
[92].

Evacetrapib is a benzazepine compound (LY248595) and
a potent and selective inhibitor of CETP both in vitro and
in vivo (Table 3). Clinical trials with evacetrapib showed
substantially increased HDL-C (54–129%) and decreased

LDL-C (14–36%) across a dose range of evacetrapib in 398
dyslipidemic patients [93]. In this trial evacetrapib has shown
no demonstrable effects on blood pressure or adrenal synthe-
sis of aldosterone or cortisol in preclinical studies.The effects
of evacetrapib on cardiovascular outcomes are being exam-
ined in the Assessment of Clinical Effects of Cholesteryl Ester
Transfer Protein Inhibition with Evacetrapib in Patients at
a High-Risk for Vascular Outcomes (ACCELERATE study),
enrolling 11,000 patients after ACS [94].

11. Niacin (Figure 1, Part 8)

Niacin (nicotinic acid) is the oldest of the lipid-lowering
drugs [95]. The mechanisms by which niacin raises HDL-C
remain poorly understood, despite the identification of spe-
cific cell receptors (GP109, HM74, and HM74A). Niacin lipid
efficacy is independent of both the niacin receptor GPR109A
and free fatty acid suppression [91]. Niacin effects involve
reducing the synthesis of VLDL in the liver through diaglyc-
erol acyl transferase-2 (DGAT-2) as well as affecting periph-
eral lipolysis [96]. Niacin was also shown to have pleiotropic
effects, such as improving endothelial-protective functions of
HDL in patient with type 2 diabetics with low HDL-C levels
[73]. In the early lipid-lowering drug therapy the Coronary
Drug Prevention project [97], niacin alone was shown to
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reduce myocardial infarction and stroke in a randomized
3906 patients with previous myocardial infarction. Later, a
meta-analysis study of 11 randomized controlled trials, using
niacin (none in monotherapy), was shown to significantly
reduce major coronary events by 25%, stroke by 26%, and
all cardiovascular events by 27% [98]. Two new, large-scale
clinical trials examined the role of niacin as an add-on to
statin therapy for the secondary prevention of CVD. The
Atherothrombosis Intervention in Metabolic Syndrome with
LowHDL/High Triglycerides: Impact on Global Health Out-
comes (AIM-HIGH) trial randomized 3,414 statin-treated
CAD patients with low HDL-C to niacin versus placebo
[4]. This trial was stopped prematurely because the lack of
benefit on cardiovascular outcomes, despite a 10% increase in
HDL-C [99]. The HPS-2/THRIVE (Heart Protection Study-
2-Treatment of HDL to Reduce the Incidence of Vascular
Events), a study of 25,000 patients at high risk for CVD
events [5, 100] examined the effects of niacin and laropiprant
on cardiovascular outcomes. After a mean followup of 3
years the combination of niacin/laropiprant therapy added
to statin therapy did not reduce CVD risk events compared
to statin therapy alone. Further, nonfatal attacks, strokes,
or revascularizations were increased in participant who
received niacin plus laropiprant. Niacin hasmany side effects,
including hepatotoxicity, hyperglycemia, and flushing [101].
Non-flushing niacin derivatives have been synthesized such
as prostaglandin D2 DP1 receptor antagonist-laropiprant. In
the phase 3 trials niacin-laropiprant 2 g shows reductions
in TG by 23%, 18% in LDL-C, and a 20% increase in
HDL-C [102]. Another approach is, ARI-3037MO (Arisaph
Pharmaceuticals; Boston, MA, USA) presently in phase I
trials [103]. The success of this approach has been put into
doubt following AIN-HIGH and HPS2 results (Table 3).

12. Directly Augmenting Apo A-I and
ApoA-I/Phospholipid Complexes (Figure 1,
Parts 1, 2)

This concept was developed to directly increase HDL,
by infusing reconstituted HDL (rHDL) or recombinant
HDL particles into the circulation rather than increasing
HDL indirectly by modulating HDL metabolism (Table 3).
One approach uses recombinant apoA-IMilano. Individuals
with apoA-IMilano mutation have low HDL-C levels (10 to
30mg/dL), and no apparent increased CVD risk [104].
Early studies indicated that recombinant apoA-IMilano, when
delivered by intravenous infusion, promotes regression of
atherosclerosis lesion to a greater extent than wild type
apoA-I as measured by intravascular ultrasound within 5
weeks of treatment [105]. Procedural difficulties compli-
cated the development of ETC-216 (clinical denomination
of apoA-IMilano) [106] and no further clinical trials with
this formulation have been reported [107]. More recently,
it has shown that recombinant HDL apoA-IMilano exerts
greater anti-inflammatory and plaque stabilizing properties
rather than antisclerotic properties [108]. Another rHDL
compound, CSL-111 consists of apoA-I purified from human
plasma and complexed with phosphatidylcholine derived

from soybean phosphatidylcholine. The first trial of CSL-111
examined the effect of rHDL in the Atherosclerosis Safety
and Efficacy (ERASE) trial conducted in 183 patients with
ACS [106]. Four weekly infusion of CSL-111 of 4 h each to
111 individuals randomized to the 40mg/kg proved to be
well tolerated and failed to meet its primary end-point. The
high dose regimen (80mg/kg) was discontinued because
of abnormal liver transaminase elevations. However, there
was no significant change in atheroma volume, as measured
by IVUS, compared with the placebo group. Since ERASE,
there is one other randomized study investigating the effect
of CSL-111 on surrogate cardiovascular marker in patients
with ACS [109]. In this trial 29 patients were randomized to
single infusion of CSL-111 (80mg/kg over 4 h) or albumin.
An increase of HDL (64%) and a reduction of LDL (23%)
notwithstanding human rHDL did not improve vascular
function in patients with ACS and there was no significant
difference between the two arms suggesting no benefit with
a single infusion. CSL-111 and also ECT-216 are currently in
phase II trials. A reformulated version of CSL-111, called CSL-
112, has been reported in preclinical studies. A phase I safety
study has been initiated [110].

13. Delipidated HDL Infusions
(Figure 1, Part 5)

Delipidated HDL infusion is a novel approach to raise
HDL by intravenous infusion of autologous delipidated HDL
[111] (Table 3). Preclinical evaluation of selective delipidated
HDL in dyslipidemic monkeys achieved a significant 6.9%
reduction in aortic atheroma volume assessed by IVUS [112].
The process involves the selective removal of apoA-I HDL
particles, and the delipidation reinfusion of the cholesterol-
depleted functional pre-𝛽HDL. In a human trial, 28 patients
with ACS received 5 weekly infusions delipidated HDL
(𝑛 = 14) or placebo (𝑛 = 14). Study results established
that selectively increasing pre𝛽-HDL was associated with
decreased total atheroma volume by 5.2% from base line
[111]. However, it is not clear whether acute regression of
atherosclerosis burden will be associated with decreased
clinical cardiovascular events. Autologous delipidated HDL
infusions did not induce liver toxicity or hypersensitivity
reactions. In the studyHDL apheresis resulted in hypotension
in a third of the participants undergoing the treatment. A
delipidation system for human use is now evaluable from
lipid Sciences Plasma Delipidation System-2 (PDS-2), which
converts 𝛼HDL to pre𝛽-like HDL by selectively removing
cholesterol from HDL in samples of plasma collected from
patients by apheresis.

14. HDL Mimetics

14.1. ApoA-IMimetic Peptides Drugs (Figure 1, Part 4). ApoA-
I mimetics are short synthetic peptides that mimic the
amphipathic 𝛼-helix of apoA-I.The first apoA-I mimetic
peptide consisted of 18 amino acids (compound 18A) [113].
The sequence of 18A (D-W-L-K-A-F-Y-D-K-V-A-E-K-L-K-
E-A-F) does not share sequence homology with apoA-I
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because of the presence of two phenylalanine (F) residues
on the hydrophobic face at positions 6 and 18; it is also
referred to as 2F. While this sequence has the capacity to
assume 𝛼-helical configuration in secondary structure and
mimics many of the lipid binding properties of apoA-I [114],
it failed to decrease diet induced atherosclerosis in mice
[115]. Consequently, from 18A structure, additional improved
peptides were generated through increasing number of
phenylalanine residues on the hydrophobic face (referred to
as 2F, 3F, 4F, 5F, 6F, and 7F) [115]. Among the three first
peptides, only 4F was highly effective in preventing LDL-
induced MCP-1 production by cultured human artery wall
cells [115]. Shah and Chyu [116] found that D-4F reduced
vein graft atherosclerosis in apoE null mice fed a western
diet. Weihrauch et al. [117] gave intraperitoneal injection in
a mouse model of systemic sclerosis, deduced that D-4F
decreases myocardial inflammation index, improves vascular
function, and restored angiogenic potential [118].Optimal
physical-chemical properties and biologic activitywere found
with compound 4F [119]. The apoA-I mimetic peptide 4F
showed great promise in a number of animal models and
in early human trials [120] leading to a phase I/II study in
humanswith high riskCVD[118]. In this study, the 4Fpeptide
synthesized from all L-amino acids for L-4F was delivered
at low doses (0.042–1.43mg/kg) by intravenous or subcuta-
neous administration [121]. Very high plasma peptide levels
were achieved, but there was no improvement in HDL anti-
inflammatory function [121]. On the other hand, data showed
that L-4F restores vascular endothelial function in murine
models of hypercholesterolemia [122]. In another clinical trial
the 4F peptide synthesized from all D-amino acids for D-4F
was administered orally at higher doses (0.43–7.14mg/kg).
Interestingly, despite very low plasma peptide levels, it has
shown significantly improvedHDL inflammatory index [118].
In humans with significant cardiovascular risk, a single dose
of D-4F was found to improve the inflammatory index of
HDL with modest oral bioavailability [119]. In contrast to
L-4F, D-4F is poorly degraded in mammals, which led to
its prolonged tissue retention time, particularly in liver and
kidneys [114]. Despite these differences, the effects of D-
4F and L-4F on biomarker and lesion area were similar
when administered by subcutaneous injection in cholesterol
fed rabbits [119]. In addition, oral D-4F administration in
mice can influence several steps in the RCT pathway by
increasing plasma LCAT activity, but the effect is likely due
to HDL remodelling rather than activation of the enzyme
[123]. Recent studies in mice revealed that the site controlling
4F peptide efficiency might be the small intestine even when
it is delivered subcutaneously [124, 125]. Interestingly, the
dose administered, not the plasma level, was the major
determinant of efficiency of the 4F peptide [124]. At high
doses, D-4F displayed detergent-like properties and could
extract cholesterol from cells independently of ABCA1 [114,
126]. Unfortunately, D-4F may exhibit cytotoxicity through
ABCA-1 independent lipid efflux. Furthermore, thesemimet-
ics have end-blocking groups (Ac- and NH

2

) which can only
be added by chemical synthesis. These blocking groups for
4F and for many other apoA-I mimetics stabilize the class A
amphipathic helix and dramatically increase efficiency [127].

Recently, peptide 6F—that do not require added chem-
ical groups for efficacy—has been produced in genetically
engineered tomatoes. Compound 6F produced by this mean
showed anti-inflammatory properties when fed orally to
mice, providing a novel approach to orally administered
apoA-I mimetic compounds [128]. Of the apoA-I mimetics
synthesized to date, both 5F and 6F were able to efficiently
inhibit LDL-induced MCP-1 production by cultured human
artery wall cells, however, 7F did not [129]. 5A peptide was
also effective as rHDL in reducing the expression of VCAM-1
and ICAM-1, and similarly to HDL exerted its effects through
ABCA1 in vivo and in vitro [130] (Table 3).

14.2. ATI-5261 Synthetic Peptide. Native apoA-I is a 243
amino acid protein that contain multiple 𝛼-helical repeated
in tandem and separated by proline residues. Most of 𝛼-
helices are 22 amino acids long with a unique secondary
structure defined as class A amphipathic𝛼-helix. In this helix,
negatively charged amino acid residues are clustered at the
center of the polar face and positively charged residues are at
the interface between the hydrophilic and hydrophobic faces;
𝛼-helices linked via proline are required to support potent
biological activity [43]. Studies using the 22-mer amphipathic
𝛼-helix of apoA-I have not been able to stimulate ABCA1-
dependent cholesterol efflux [131]. Short sequences taken
directly from native proteins often cannot typically replicate
the biological activity of the parent peptide [132], possibly
due to peptide aggregation via nonspecific hydrophobic inter-
actions and decreased solubility in water [133]. Taking these
features into account, a 22 amino acids compound (ATI-5261)
was synthesized by introducing negatively charged glutamine
residues to a segment derived from the C-terminal domain of
apoE at positions 14 and 19 together with hydrophobic acids
(A, W, F, and L) [133]. This compound lacks tandem helical
repeats and exhibits efficient stimulation of cholesterol efflux
indicating that the ability to promote cholesterol efflux is not
dependent on multiple 𝛼-helices as previously thought. ATI-
5261 displays high 𝛼-helicity as shown by circular dichroism,
hydrophobic moment, and increased solubility characteris-
tics [132]. In vitro, ATI-5261 exerts its effects through ABCA1
in a fashion similar to that of HDL and successfully enhances
cholesterol efflux from macrophages and reduces aortic
atherosclerosis by up to 45% after intraperitoneal injection
in mice [133]. ATI-526 increases faeces cholesterol transport
in mice [133, 134]. The compound presently waits early phase
clinical trials.

14.3. Endothelial Lipase Inhibitors (Figure 1, Part 11). EL
inhibition may represent potential future therapies to reduce
apoA-I catabolism and to increase plasma apoA-I and HDL-
C levels (Table 3). Human genetic studies have confirmed
that variation of the EL gene is an important determinant of
plasma HDL-C level [135]. However, how changes in HDL-
C level attributed to EL may affect atherosclerosis is still
not clear. Some human studies propose an atherogenic role
for EL, with a positive association of plasma level of EL
mass and coronary artery calcification [136]. Carrier of EL
variants associated with HDL-C levels have been reported
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to have decreased risk of coronary artery disease [137],
but this association has not been observed in other studies
[64]. Mendelian randomization data casts doubt on whether
genetic variability at the EL gene locus that increases HDL-C
protects against cardiovascular diseases [31]. Studies in mice
showed that EL overexpression reduces HDL-C and apo A-I
levels [36, 138] due to increased renal catabolism. Conversely,
gene deletion of EL results in increased HDL-C and apo
A-I levels [139]. Although EL inactivation was expected to
inhibit atherosclerosis by raising HDL-C, the effect of EL
inactivation seems more complex than expected. Deficiency
of EL resulted in an accumulation of small dense LDL, a
potentially atherogenic mechanism. Brown et al. showed that
targeted inactivation of EL increased plasmaHDL-C level and
inhibited atherosclerosis [140]. On the other hand, Ishida et
al. have previously reported that targeted inactivation of EL
increased plasma HDL-C level and inhibited atherosclerosis
in apoE−/− mice [138]. These findings initiated the synthesis
of a library of small molecule inhibitors of EL based on
sulfonylurea backbone [141]. Recently, many of new EL
inhibitors synthesized from boronic acid were evaluated for
potency against both EL and LPL [142]. The enthusiasm for
EL inhibitors is somewhat tempered by Mendelian random-
ization data showing that variabilities at the EL and CETP
genes that increase HDL-C are not associated with protection
against CVD [143].

14.4. LCAT Modulators (Figure 1, Part 12). Several drug
development approaches have recently been started for
modulating LCAT activity (Table 3). One strategy is being
investigated is the use of engineered recombinant LCAT
protein entity (rLCAT) as a replacement therapy in the
case of familial LCAT deficiency. Early studies for treatment
of atherosclerosis and CVD by raising HDL-C through
plasma LCAT enzyme activity were initiated by Zhou et al.
in a rabbit model [144]. Data concluded that recombinant
LCAT administration may represent a novel approach for
the treatment of atherosclerosis and the dyslipidemia asso-
ciated with low HDL. A preclinical mouse study of human
recombinant LCAT (rLCAT) was recently reported [145]. An
rLCAT (rLCAT, AlphaCore Pharma, Ann Arbor, MI, USA)
was injected into LCAT-null mice and found to reverse the
abnormal lipoprotein profile by increasing HDL-C to near
normal levels for several days. Intravenous infusion of human
rLCAT in rabbits was found to raise HDL-C, to increase fecal
secretion of cholesterol, and to reduce atherosclerosis [146].
Another potential alternative to LCAT injection for treatment
of human LCAT deficiency was recently reported in which
adipocytes transfected with LCAT were transplanted into
mice and were found to raise HDL-C [147]. Only one LCAT
modulator has reached early clinical development, ETC-642,
but little data are available on the outcomes of treatment with
this agent [148].

15. Apo A-I Upregulator (Figure 1, Part 3)

15.1. RVX-208. Reservelogix-208 (RVX-208) is a small
molecule that increases endogenous synthesis of apoA-I

(Table 3). RVX-208 has a molecular weight of roughly
400Da belonging to the quinazoline family. Recently, in
African green monkeys, oral administration of RVX-208
resulted in increased levels of plasma apoA-I and HDL-C
[149]. Serum from these animals was shown to mediate
enhanced cholesterol efflux from J774 macrophages via
the ABCA1, ABCG1, and SR-BI-dependent pathways [149].
Serum from human subjects treated with RVX-208 exhibited
increased cholesterol efflux capacity despite a relatively
modest increase in HDL-C levels [150]. In a phase II trial,
modest changes in HDL-C and apoA-I were reported in 299
statin-treated patients with stable CAD [151]. Two Phase 2b
studies are ongoing, one involves 172 statin-treated patients
randomized for RVX-208 100mg or placebo twice daily for
24 weeks [152] and the other phase trial will investigate the
effect of RVX-208 on coronary atherosclerosis assessed by
intravascular ultrasound [153].

15.2. Synthetic Liver X Receptor (LXR) Agonists (Figure 1, Part
7). Synthetic LXR agonists including LXR𝛼/𝛽 are known
to induce the transcription of ABCA1 and ABCG1 [53].
As potent activators of the cellular cholesterol efflux, these
compounds have been shown to raise HDL-C levels and
to reduce atherosclerosis in transgenic mouse models [154].
Thus, LXR agonist’s activation may be a promising phar-
macologic target for the treatment of dyslipidemia and
atherosclerosis (Table 3). Unfortunately, development of first
generation LXR compounds has been hampered by their
induction of expression of lipogenic genes in the liver, which
increase the levels of triglycerides and promote hepatic
steatosis [53]. Various synthetically engineered LXR agonists
have been developed and tested in animal models (T0901317,
LXR-623, GW3965, GW6340, AZ876, and ATI-111). They all
show high potency for interacting with LXR𝛼/𝛽 receptors,
but none of them shows selectivity for ABCA1 and ABCG1
[53, 155–157]. T091317 is a LXR activator, broadly used for
research in LXR biology [158, 159]. T091317 consistently
decreases atherosclerosis in mice models and induces gene
expression of NCP1 and NCP2 in macrophages resulting in
enriched cholesterol content in the outer layer of plasma
membrane [158]. The LXR agonist LXR-623 is associated
with increased expression of ABCA1 and ABCG1 in cells
[160], but adverse central nervous system-related effects were
noted in more than half of patients, leading to termination
of the study [161]. In combination with simvastatin in a
rabbit model of advanced atherosclerosis, LXR-623 showed
a reduction in the rate of plaque progression [156]. Other
agonists (AZ876 and GW3965) were shown to reduce the
number of atherosclerotic lesions [159]. The LXR agonist
GW6340, an intestine specific LXR𝛼/𝛽 agonist, promoted
macrophage specific cellular cholesterol efflux and increased
intestinal excretion of HDL-derived cholesterol [155]. More
recently, a novel synthetic LXR agonist, ATI-111, that is, more
potent than T0901317, inhibited atherosclerotic progression
and prevented atheromatous plaque formation in mice [157].
It is clear that research on more selective LXR ligands is
an active field of experimental pharmacology. A new LXR
inverse agonist (SR9238) was designed for nonalcoholic fatty
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disease to suppress hepatic steatosis [162]. Data from mouse
model indicated that this strategy may hold promise in the
treatment of liver disease [162].

15.3. Synthetic FXR Agonists (Figure 1, Part 9). The Farnesoid
X receptor (FXR) is a bile acid-activated nuclear receptor
that plays an important role in the regulation of cholesterol
and more specifically HDL homeostasis [163]. Preclinical
studies showed that activation of FXR leads to both pro- and
antiatherosclerosis and a major metabolic of FXR agonists
observed consistently in animal studies was the reduction of
plasma HDL [163, 164]. Hambruch et al. showed that FXR
agonists induce the hepatic steps of HDL-derived cholesterol
excretion into feces in mice and monkeys [164]. For these
reasons, FXR agonists have received attention as a potential
therapeutic target [165, 166], and different agonists have
been generated as a strategy for HDL-C raising therapies.
These include GW4064, 6-ECDCA, FXR-450, and PX20606
[163] (Table 3). Both synthetic FXR agonists FXR-450 and
PX20606 demonstrated potent plasma cholesterol lowering
in mice, whereas GW4064 and 6-ECDCA showed only lim-
ited effects [164]. GW4064 as previously demonstrated it has
potential cell toxicity and uncertain bioavailability prevents
its development for clinical studies [165]. Interestingly, in
CETPtg-LDLR(−/−) mice PX20606 caused highly significant
decrease in atherosclerotic plaque size despite the observed
HDL-C reduction [164].Data fromnormolipidemicmonkeys
treated with PX20606 significantly and specifically lowered
the HDL2 subclass without changing apoA-I levels. In these
studies, the basic mechanisms of FXR mediating HDL-
C clearance are conserved in mice and monkeys. These
observations will support further studies to investigate the
potential roles of FXR activation on HDL species.

16. Gene Therapy

Gene therapy or somatic gene transfer for the treatment of
severe lipoprotein disorders has been previously attempted,
with limited success in homozygous familial hypercholes-
terolemia [166, 167]. Animal experiments with apoA-I trans-
genes have yielded beneficial results for the prevention of
atherosclerosis [168, 169]. To date, this approach has little
application in man. Recently, an adeno-associated virus-
based treatment for lipoprotein lipase deficiency of enhanced
activity variant of LPL(S447X) alipogene tiparvovec was
tested [170, 171]. The LPLS447X variant is found in 20%
of Caucasians and is associated with enhanced removal
of proatherogenic apoB100-containing particles, including
LDL-cholesterol [171], lower plasma TG levels, higher HDL
cholesterol concentrations, and lower rates of cardiovascular
disease, when compared to the general population. This data
provided the rationale for a gene therapy trial in man. Alipo-
gene tiparvovec (AAV1-LPLS447X) therapy in patients with
severe hypertriglyceridemia secondary to LPL deficiency
and recurrent pancreatitis was performed in 20 subjects.
Triglyceride levels fell in 40% of the subjects. Unfortunately,
the authors do not report HDL-C levels in these patients.
However, this serves as a proof of concept for gene therapy

in man. Alipogene tiparvovec was recently discontinued
because of unfavorable opinion about its risk-benefit given
by the European Medicines Evaluation Agency. Animal data
supports novel gene-based approaches to increase HDL-
C. A potential mechanism to increase of HDL cholesterol
is increasing ABCA1 and ABCG1 expression through the
microRNA (inhibition of miR-33 being the most promising
candidate to date) (Figure 1, part 6). Overexpression of anti-
sense miR-33 using lentivirus in mice showed a 50% increase
in hepatic ABCA1 protein levels and a concomitant 25%
increase in plasma HDL levels after 6 days [51]. Marquart et
al. showed that injection of an anti-miR-33 oligonucleotide in
mice resulted in a substantial increase in ABCA1 expression
and HDL levels [172]. Furthermore, it was shown in mice
that miR-33 resulted in decreased cholesterol efflux [173]
which provide a potentially novel therapeutic approach.
These data suggest that miR-33 might be a possible target for
the treatment of cardiovascular and metabolic disorders.

17. Concluding Remarks

Potential new therapeutic treatment of atherosclerosis based
on HDL biology remains in preclinical steps. Strategies
to raise HDL pharmacologically have, so far, not yielded
sufficiently positive results to make firm clinical treatment
recommendation. The concept that HDL-C is a risk factor
(i.e., having a direct, causal role in atherosclerosis) has been
challenged (Table 2). It is conceivable thatHDL-Cmay simply
be a biomarker of cardiovascular health.Moreover, the recent
HSP2-THRIVE and dal-OUTCOMES studies put the HDL-
C hypothesis in question. The association between HDL
and CVD is more complex than previously thought and is
probablymediated by variousHDL functions, such as reverse
cholesterol transport or anti-inflammatory, antioxidant, and
vascular protective properties. It may be possible also that
HDL-C level is correlated with other nonmeasured active
subfractions that may act directly to reduce and predict
CVD risk. To better understand the relation between HDL
and atherosclerosis, we should consider developing and
measuring better markers of HDL function, rather than the
cholesterol mass within HDL particles.

Abbreviations

ABCA1: ATP-binding cassette transporter A1
ABCG1: ATP-binding cassette transporter G1
ApoA-I: Apolipoprotein A-I
ApoB: Apolipoprotein B
ApoE: Apolipoprotein E
CETP: Cholesterol ester transfer protein
CVD: Coronary vascular disease
FC: Free cholesterol
FXR: Farnesoid X-receptor
HDL: High-density lipoprotein
HDL-C: High-density lipoprotein-cholesterol
LCAT: Lecithin-cholesterol acyltransferase
LDL: Low-density lipoprotein
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LXR: Liver X-receptor
ox-LDL: Oxidized low-density lipoprotein
RCT: Reverse cholesterol transport
RXR: Retinoid X-receptor
SR-B1: Scavenger-receptor B-I
TG: Triglyceride
UTC: Ultracentrifugation.
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