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High-density lipoproteins (HDL) are a target for drug development because of their proposed anti-atherogenic properties. In this review, we will
briefly discuss the currently established drugs for increasing HDL-C, namely niacin and fibrates, and some of their limitations. Next, we will focus
on novel alternative therapies that are currently being developed for raising HDL-C, such as CETP inhibitors. Finally, we will conclude with a
review of novel drugs that are being developed for modulating the function of HDL based on HDL mimetics. Gaps in our knowledge and the
challenges that will have to be overcome for these new HDL based therapies will also be discussed.
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1. HDL biology and rationale for
HDL raising drugs

2. Established drugs for increasing
HDL-C levels

High-density lipoproteins (HDL) are one of the four major classes of
lipoproteins and based on abundant epidemiological studies,1 as well
as animal studies,2,3 they are believed to be atheroprotective unlike lowdensity lipoproteins (LDL).4 Similar to LDL, we routinely quantify the
amount of HDL by determining its cholesterol content (HDL-C).5
The main protein content of HDL is ApoA-I, and it is 50% by weight
lipid, which mostly consist of phospholipids, free cholesterol, and cholesteryl esters.5
The biology of HDL is complex and a number of putative beneficial
anti-atherogenic properties of HDL have been proposed.4 The best
understood mechanism for the atheroprotective property of HDL is
the Reverse Cholesterol Transport pathway.4 As will be discussed in
more detail in the following sections, HDL mediates the removal of
excess cellular cholesterol from peripheral cells in concert with ABC
transporters and other cell membrane proteins by this pathway and delivers excess cholesterol to the liver and possibly the intestine for excretion (Figure 1). Although the pathophysiological relevance of this
pathway in the pathogenesis of atherosclerosis has not been definitively
established,4 it still currently serves as the framework for the development and understanding of most HDL drugs.
In this review, we will first discuss the current approved drugs for increasing HDL, as well as those being developed, which were primarily
designed for raising the cholesterol content of HDL (HDL-C).
Because HDL-C may be an imperfect measure of HDL function,2,4 we
will also discuss a new class of drugs that were designed based on strategies for modulating the function of HDL.

The two main classes of drugs in current use that raise HDL-C are nicotinc acid and fibrates. Nicotinic acid is more effective in raising HDL-C,
whereas fibrates are more effective in decreasing elevated triglyceride
(TG) levels, which are often inversely associated to HDL levels.6,7
Both drugs present some weaknesses, uricosuria, increased glucose tolerance, flushing for nicotinc acid, and problematic pharmacokinetic
interactions for fibrates, which limits their use.
Nicotinic acid increases HDL-C plasma levels by inducing hepatic production of apoA-I8 and by inhibiting HDL particle uptake and catabolism
in the liver.9 Nicotinic acid also has broad lipid-modulating actions and
has been for many years the principal available therapy besides fibrates
for raising HDL-C. Following nicotinic acid therapy, HDL-C increases in
a dose-dependent manner up to 25%, and typically reduces both
LDL-C by 15–18% and TG by 20–40%. Nicotinic acid is also the only currently available drug that decreases Lp(a) levels by as much as 30%.10
Several formulations of nicotinic acid have been developed for the
purpose of reducing the side effects related to flushing. Recent large clinical trials, however, have failed to show an incremental benefit for these
agents in patients with established cardiovascular disease that were also
treated with statins.11 The combination drug containing extended-release
niacin along with laropiprant also did not significantly reduce the risk of
the combination of coronary deaths, non-fatal MI, strokes, or coronary
revascularizations compared with statin therapy.12 At the same time, it
appeared to significantly increase the risk of non-fatal but serious side
effect, which prompted the European Medicines Agency (EMA) to withdraw the authorization for niacin/laropiprant.
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Figure 1 Diagram of the Reverse Cholesterol Transport (RCT) pathway. The first step beings with the formation of nascent Preb-HDL, which largely
occurs in the liver and to a lesser degree in the intestine, when apoA-I acquires phospholipid and a small amount of cholesterol by the ABCA1 transporter.
Preb-HDL is then transformed into a larger discoidal species of HDL called a4 HDL when it acquires additional lipid by ABCA1 transporters in the periphery. HDL is then transformed into spherical a1-3 forms of HDL after acquiring additional lipid by other transporters and proteins on cell membranes,
such as ABCG1 or SR-BI, or by a passive diffusion process. LCAT is involved in this process by converting cholesterol to cholesteryl esters, which migrate
into the core of HDL. Cholesterol on HDL can be delivered directly to the liver after uptake by SR-BI, which then regenerates Preb-HDL. Alternatively,
cholesteryl ester is transferred in exchange for triglycerides to VLDL and LDL by CETP and LDL is eventually delivered to the liver by the LDL-receptor.
Cholesterol is then excreted by the liver either as free cholesterol or is converted to a bile salt.

The effect of fibrates on plasma lipoproteins and, more specifically on
HDL, is mostly attributed to its PPARa-mediated induction of the transcription of apoA-I, as well as other key players in the HDL system, such
as ABCA1.13 The induction of also apoA-I and apoA-II synthesis by
fibrates leads to a modest increase of HDL-C levels, up to 10–15% in
short-term studies and ,5% in the long-term intervention trials.14
Fibrates also promote a shift in the LDL-C particle size distribution
towards larger, more buoyant particles, which are less susceptible to
oxidation and bind with high affinity the LDL receptor.15,16 Due to
these effects, fibrates are commonly used in subjects with significant
hypertriglyceridaemia, but their long-term effect in reducing cardiovascular events is uncertain.

3. Novel drugs for increasing HDL-C
levels
An extensive analysis of HDLomics, as well as human genetic and animal
studies, have led to the identification of specific targets for raising
HDL-C levels by either modulating CETP activity, increasing ApoA-I

expression, and/or interfering with HDL catabolism, which will be discussed in the following section.

3.1 Cholesteryl ester transfer protein
inhibitors
As shown in Figure 1, the transfer of cholesteryl esters from HDL to LDL
and VLDL is mediated by the cholesteryl ester transfer protein (CETP);
as a consequence of this activity, VLDL-C and LDL-C levels increase and
HDL-C decrease. CETP also causes the HDL particles to undergo a progressive remodelling as they become enriched in TGs, which are mainly
transferred from apo B containing lipoproteins. These TG-rich HDL are
a better substrate for hepatic lipase and are then rapidly cleared from the
circulation.17
CETP deficiency is associated with increased HDL-C levels, while
pathological conditions, such as atherosclerosis were associated with
increased CETP activity.18 These findings supported the hypothesis of
developing CETP inhibitors to increase HDL-C levels, reduce VLDL-C
and LDL-C levels. This strategy, however, is controversial because as
shown in Figure 1, much of the cholesterol that returns to the liver in
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the last part of the RCT pathway is through the uptake of cholesterol
from LDL and is dependent upon CETP. The first two developed compounds, torcetrapib and dalcetrapib, were discontinued19,20 either
for off-target effects, such as the stimulation of aldosterone synthesis
by torcetrapib, thus leading to increased systolic blood pressure,21 or
for lack of cardiovascular benefit in the case of dalcetrapib.22,23 Other
CETP inhibitors, such as anacetrapib and evacetrapib with even higher
CETP inhibitory activity are still under development. Large phase III
trials are on-going for these other compounds and the results are
expected by 2017.
New CETP-inhibitors are still being developed and investigated.
Recently, data from phase 1 study of a newly developed CETP inhibitor
called DEZ001/TA-8895 were published.24 DEZ-001/TA-8995 showed
nearly complete inhibition of CETP activity (92– 99%), increased HDL-C
by 96 –140%, and decreased LDL-C by 40 –53%. The doses used were
well tolerated and a larger trial phase2b trial (TULIP) aiming at testing
the compound in combination with statins is on-going. Another novel
class of potent CETP inhibitors called BAY-38-1315 is based on chromanol derivatives,25 but no clinical studies have been reported.
It is important to note that the current CETP inhibitors in clinical development not only increase HDL-C levels but also reduce LDL-C
levels,10,24 an effect which is additive to statin treatment. This raises
the possibility that extensive CETP inhibition could be effective on
CVD as a consequence of additional LDL-C and VLDL-C reduction
rather than due to their ability to increase in HDL-C.

3.2 ApoA-I inducers
Apo-AI is the main constituent of HDL and nascent HDL, which are
relatively lipid-poor, and is called preb-HDL. This HDL subfraction
promotes cholesterol efflux from the cell membrane via ABCA-1 and
then progressively mature to large discoidal HDL (termed a-HDL)
(Figure 1). The latter process is further potentiated by the activity of
the Lecithin:Cholesterol Acyltransferase (LCAT) enzyme, which esterifies cholesterol and converts the discoidal shaped, preb-HDL into larger
spherical shaped alpha-HDL. This transformation occurs when cholesteryl esters formed by LCAT partitions into the core of HDL, because
of its increased hydrophobicity. The larger spherical forms of HDL use
different transporters, such as ATP-binding cassette subfamily G
member 1 protein (ABCG-1) and scavenger receptor class B member
1 (SR-BI) to promote additional cholesterol efflux (Figure 1).
Based on our current understanding, the induction of Apo-AI, the
main protein component of HDL, should lead to increase HDL-C,
which is already discussed is thought to be at least, in part, the mechanism
of action for fibrates and nicotinic acid.8 Recently, a novel compound
called RVX-208 has been identified,26 which also induces apoA-I. This
molecule has a unique mechanism of action related to influencing epigenetically the accessibility of ApoA-I gene by transcription machinery.
This effect is mediated by the interaction of RVX208 with the BET proteins, which in turn affect the interaction with acetylated lysine residues
on histones.26 While pre-clinical studies in non-human primates showed
a strong effect of this compound on HDL-C levels, data in humans were
less dramatic.27 More recently, the drug failed to meet its primary
outcome on atheroma volume in statin-treated patients (http://www.
escardio.org/about/press/press-releases/esc13-amsterdam/Pages/hotlinethree-assure.aspx). Data from the SUSTAIN trial, which was aimed at
addressing the percentage change in HDL-C levels following 24 weeks
RVX-208 administration, were not published yet but will help to understand whether RVX-208 is still a viable pharmacological option for
raising HDL-C.

3.3 SR-BI inhibitors
Based on the role of SR-BI in the hepatic uptake of cholesterol from HDL
(Figure 1), another potential approach to increase HDL-C would be to
inhibit SR-BI. SR-BI is a scavenger receptor that binds a wide variety of
lipoproteins and mediates the selective uptake of HDL cholesterol
ester (CE), as well as the bidirectional free cholesterol transport at
cell membranes. Loss-of-function mutations of SR-BI in humans are
associated with increased plasma HDL-C levels, but despite an associated reduction in serum cholesterol efflux potential, no impact of atherosclerosis was reported.28,29 Results from both over expression and
knockout studies in mice have questioned, however, the value of the
SR-BI inhibition strategy for the prevention of atherosclerosis.30
More recently, SR-BI has also emerged as a critical receptor affecting
hepatitis C virus (HCV) entry,31 – 33 further linking HDL to the immune
system.34,35 A human anti–SR-BI mAb has been reported to inhibit HDL
binding, to interfere with cholesterol efflux and to decrease HCV entry
during attachment steps without having a relevant impact on SR-BI –
mediated post-binding steps.36,37 ITX5061, is a SR-BI inhibitor, which
is in clinical development as an HCV entry inhibitor (phase I, http://
clinicaltrials.gov/ct2/show/NCT01560468?term=ITX+5061&rank=3).
This molecule was also tested in patients with low HDL-C and high triglycerides levels and resulted in a 20% increase of HDL-C without influencing other plasma lipids.38 No further development of this drug for
cardiovascular applications has been described at this time.

4. Emerging drugs for improving
HDL function
Although most of the HDL-related drugs that have been investigated to
date have been based on strategies for raising HDL-C, there are several
emerging drugs that are being developed for modulating or improving
HDL function. This has occurred for several reasons. First as already
described, none of the drugs that have been shown to raise HDL-C
have been demonstrated to lower cardiovascular events in large clinical
trials when used on top of statins. Secondly, although HDL-C levels
are inversely related to cardiovascular risk, recent Mendelian randomization studies have questioned whether low HDL-C is causally linked
to cardiovascular events.2,4 Other measures of HDL function, in fact,
may be superior to HDL-C as cardiovascular risk markers, which has
raised the possibility that alternative measures of HDL may be more
closely related to its function and therefore be a better target for drug
development.2,4

4.1 Increased cholesterol efflux to HDL
The ability of HDL to promote reverse cholesterol transport from the
periphery to the liver is generally believed to be one of the main atheroprotective functions of HDL (Figure 1). This process relies on the interaction between HDL and a series of cellular membrane cholesterol
transporters, including the ATP-binding cassette transporters A1 and
G1 (ABCA1 and ABCG1). Factors that can induce the expression of
genes in this pathway are currently being tested, with the rationale
that this would lead to an overall increase in the flux of cholesterol
through the RCT pathway.39 One of the first class of drugs tested for
this are agonists of LXR, a potent transcription factor that regulates
many of the genes in the RCT pathway.40 Several LXR agonists have
been reported to be atheroprotective in animal models, however,
LXR also promotes de novo lipidogenesis in the liver, leading to a fatty
liver.40 This finding together with the result of a phase I trial in which
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central nervous system related adverse events were reported41 have so
far limited the clinical development of these compounds.
As an alternative to LXR agonism, gene silencing approaches involving
short non-coding RNAs, such as miRNAs, are being explored to control
gene expression at the post-transcriptional level.42 MiRNAs are implicated in the pathogenesis of various cardiovascular diseases and hence
are potential targets for therapeutic intervention.43 Among several
miRNAs that have been shown to influence HDL metabolism, the possibility of interfering with miR-33a and miR-33b is under the most intense
development. Pre-clinical studies clearly showed that miR33 inhibition
improve hepatic ABCA1 expression and plasma HDL levels44 – 47 and
favour atherosclerosis regression in LDL-R knockout mice.48 Clinical
studies are expected to start soon.

4.2 Promote HDL maturation
As already mentioned, a key enzyme in the RCT pathway is LCAT
(Figure 1). Genetic deficiency of LCAT is associated with low HDL
levels but does not appear to be associated with a marked increase in
atherosclerosis.49 LCAT deficiency, however, is associated with the development of chronic kidney disease (CKD).49 Whether impaired LCAT
activity explains the prognostic value of reduced plasma HDL-C levels in
predicting CKD progression50 is unknown but is under intensive investigation. The use of recombinant human LCAT normalizes plasma lipoprotein profile in LCAT deficiency in mice and in human plasma.51 – 53
Furthermore, the intravenous infusion in humans of ACP-501 (a form
of recombinant LCAT) was shown to increase HDL-C in CAD patients
(http://clinicaltrials.gov/ct2/show/NCT01554800?term=ACP-501&rank=1)
and improves markers of renal function in an LCAT deficient patient.54
Translating LCAT replacement into larger trials may be challenging given
its relatively short half-life of only a few days, but future clinical trials of
recombinant LCAT are planned in patients with Familial LCAT Deficiency, as well as for patients with Acute Coronary Syndrome (ACS).

4.3 HDL mimetics
In addition to chronically raising HDL levels with the use of small molecule drugs, novel strategies have been developed for acutely raising
HDL and likely its function with mimetics and this treatment is often referred to as HDL Replacement of HDL Infusion Therapy.55 The basis for
such a therapy is that it has been shown in a wide variety of animal models
that a relatively small number of HDL infusions, and in some cases a
single infusion of HDL, can markedly reduce markers of inflammation
and the lipid content in atherosclerotic plaque.55,56 Much of this benefit
has been attributed to the ability of HDL to promote the efflux of cholesterol from plaque, but it may also relate to the other possible beneficial
properties of HDL, such as its anti-inflammatory and anti-oxidant
properties.4 Part of the rapid lipid mobilizing effect of HDL infusion
can also possibly be related to the egress of macrophage foam cells
from plaque, because HDL has been shown to stimulate the expression
of chemokine receptors on macrophages.57
The potential patient population for HDL Infusion Therapy is ACS
patients, who after first presenting with a myocardial infarction or unstable angina have a high likelihood of developing another event in the
subsequent months. Besides the culprit lesion that causes the symptoms
in ACS patients, they typically have atherosclerosis throughout their coronary vasculature, which puts them at a high risk of developing another
event.58 The expectation is that acute HDL infusion therapy would
reduce clinical events in ACS patients by systemically treating the
whole coronary vasculature in a more rapid time frame than can be
achieved with statins. Although the clinical benefit of HDL infusion
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therapy has yet been demonstrated, several clinical trials have shown
by intravascular ultrasound that HDL infusion therapy can significantly
reduce atherosclerotic plaque volume after 5 weeks in patients receiving
weekly intravenous infusion therapy with reconstituted HDL.59 – 61 In
one study in patients undergoing femoral atherectomy for peripheral
vascular disease, a single infusion of reconstituted HDL markedly
reduced histological markers of inflammation and lipid accumulation.62
The HDL mimetics used for this therapy are produced by taking recombinant apoA-I or apoA-I purified from plasma and reconstituting it
with phosphatidylcholine and in one case also sphingomyelin.56 One
therapeutic product in clinical development called MDCO-216 is produced with ApoA-I Milano instead of wild-type ApoA-I, because the
Arg to Cys substitution at position 173 has been proposed to endow
this particular form of apoA-I with superior anti-oxidant and cholesterol
efflux properties.63 The other two clinical products being tested in early
stage clinical trials, CSL-112 and CER-001, are made with wild-type
ApoA-I either purified from plasma or produced recombinantly in
CHO cells, respectively.56 These forms of reconstituted HDL have
been shown to be particularly efficient in promoting cholesterol efflux
from cells,64 because they are rich in phospholipid and deplete in cholesterol, but they have also been shown to have some of the other beneficial properties of HDL, such as anti-inflammation.64 Although this
appears to be a promising new treatment approach for ACS, only
early stage clinical trials have been completed, and there is still much
unknown about the optimum formulation or delivery of HDL mimetics.

4.4 ApoA-I mimetic peptides
ApoA-I mimetics, which are short synthetic peptides, were first developed as structural probes of apolipoproteins.65 Later it was shown
that these peptides can have biological properties like full-length
apoA-I, and in particular can also promote the cholesterol efflux from
cells.66 It is somewhat a misnomer, however, to call them apoA-I
mimetic peptides, because some of these peptides are based on other
apolipoproteins or do not have any primary sequence homology to
any known apolipoprotein.67 The key structural motif that they all
share and appears to be necessary for these peptides to efflux cholesterol from cells is the presence of an amphipathic helix, which enables
these peptides to bind to lipids.66,68 In fact, reconstituting these peptides
with phospholipids results in the formation of small discoidal HDL very
similar in structure to preb-HDL.67 Infusion of apoA-I mimetic peptides
in animal models as either as the free peptide or as a complex with phospholipids has been shown to mobilize cholesterol from peripheral
tissues and reduce atherosclerosis much like full-length ApoA-I.69
The rationale for the development of ApoA-I mimetic peptides is that
they may be less expensive to produce and potentially safer than fulllength apoA-I purified from plasma or produced recombinantly for
HDL infusion therapy.67 In addition, unlike ApoA-I some of these peptides made with D-amino acids are potentially orally available and
hence could possibly also be used chronically to raise and modulate
HDL function.67 The first ApoA-I mimetic peptide tested in a clinical
trial was the D4F peptide, which is synthesized with D-amino acids
and contains 4 phenylalanines and hence its name. In a Phase I clinical
trial, treatment with oral D4F had no significant effect on HDL-C
levels, although it seemed to modestly improve the anti-inflammatory
properties of HDL.70 Because only a relatively low plasma level of this
peptide was achieved in this trial, another clinical trial involving the intravenous infusion of the same peptide made with L-amino acids called L4F
was done, but surprisingly it showed no significant effect on HDL quantity and or function. Recently, it has been proposed that many of the
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potential beneficial effects of the D4F and L4F peptides on not only atherosclerosis but also on many other animal disease models related to inflammation71 may be due to their ability to alter the absorption and or
formation of oxidized lipids from the intestine.72,73 Other ApoA-I
mimetic peptides that are currently in pre-clinical stage development67
are either peptides based on ApoE74 or are variants of the L4F peptide,
such as the 5A peptide,69 which were specifically designed to promote
cholesterol efflux by the ABCA1 transporter.74,75

5. Conclusions
Based on epidemiological studies and animal studies, HDL is an attractive
target for drug development for the treatment of cardiovascular disease.
The two currently available drugs, niacin and fibrates, have limitations
and recently clinical trials have questioned their utility and even the
concept of raising HDL for cardiovascular prevention. It is becoming increasingly clear that raising the cholesterol content of HDL (HDL-C)
may not be always the best metric for assessing the effect of these
drugs and alternative biomarkers based on the other components of
HDL and or its function may be needed. Finally, recent advances in
our understanding of HDL biology have led to the development of
several new approaches for improving or modulating HDL function,
but much work remains to fully understand the beneficial properties
of HDL and for assessing the clinical utility of these new drugs in large
clinical trials based on clinical endpoints.
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