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Abstract
Certain amphipathic α-helical peptides can functionally mimic many of the properties of full-
length apolipoproteins, thereby offering an approach to modulate high-density lipoprotein (HDL)
for combating atherosclerosis. In this Perspective, we summarize the key findings and advances
over the past 25 years in the development of peptides that mimic apolipoproteins, especially
apolipoprotein A-I (apoA-I). This assemblage of information provides a reasonably clear picture
of the state of the art in the apolipoprotein mimetic field, an appreciation of the potential for such
agents in pharmacotherapy, and a sense of the opportunities for optimizing the functional
properties of HDL.

INTRODUCTION
Atherosclerosis is a disease that involves the hardening of arteries due to the accumulation
of plaque on the inside of blood vessel walls. This chronic process of plaque deposition,
which ultimately interferes with or blocks the flow of blood, thereby inducing tissue
ischemia, is responsible across the globe for most cases of heart disease and a high incidence
of human deaths.1 To treat atherosclerosis, the general standard of care calls for a low-fat,
low-cholesterol diet along with drugs that lower serum cholesterol levels.2 The “statins”,
which inhibit HMG-CoA reductase, a key enzyme in the cholesterol biosynthesis pathway,
are widely prescribed to treat hypercholesterolemia, particularly elevated serum low-density
lipoprotein-cholesterol (LDL-C), to decrease the risk of heart attack or stroke.3 While statin
therapy can reduce LDL-C by up to 50–60%, some people are resistant to the positive
effects.3–5 Since most patients on statins will take them for life, the side effects may prove
troublesome, as statins can have the following tolerability issues: muscle pain and damage,
liver problems, digestive problems, rash or flushing, blood glucose elevation, and memory
loss or confusion.3,5 Other agents in medical use are fibrates, niacin, bile acid resins, and
ezetimibe.6–8

An alternative strategy for combating atherosclerosis is the modulation of high-density
lipoprotein (HDL),8–14 to increase its plasma levels and/or its ability to transport cholesterol.
The process of reverse cholesterol transport (RCT), which removes excess cholesterol from
peripheral tissues and delivers it to the liver for elimination, is greatly facilitated by
HDL.15–17 In addition, HDL exhibits atheroprotective properties due to its antioxidant and
anti-inflammatory activity.18,19 Experimental studies have consistently shown that
administration of HDL or apolipoprotein A-I (apoA-I), the major protein component of
HDL, significantly reduces atherosclerosis in animal models.20–40 In humans, positive
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results have been observed in clinical studies involving intravenous administration of human
apoA-I or its Milano variant.41–51

Although HDL-targeted therapies have attracted considerable attention lately, questions
remain about how best to harness the potential of HDL for medical applications. For
example, recent clinical trials with niacin and cholesterol ester-transfer protein (CETP)
inhibitors (dalcetrapib and torcetrapib) failed to show cardiovascular benefits, despite an
increase in total plasma HDL levels.52–54 Also, a recent meta-analysis challenged previous
epidemiological findings that higher total plasma HDL levels lower the risks for
cardiovascular disease.55 These findings and others56–58 suggest that simply raising HDL
levels is not sufficient to protect against atherosclerosis. Rather, it would seem that HDL
functional properties have to be seriously taken into account,54,56–58 such that specific
subtypes of HDL particles or specific HDL functions may be more important than a high
level of total plasma HDL (i.e., quality vs. quantity).9,15,59 In this sense, boosting RCT
activity ought to be a key factor in enhancing the atheroprotection of HDL.60–66 Altogether,
several mechanisms are responsible for the antiatherogenic properties of HDL, including
promotion of cholesterol efflux from cells, antioxidant properties, and anti-inflammatory
effects.15–19

In seeking agents that modulate HDL function, a salient consideration is the heterogeneity of
HDL particles, which vary in size (diam. = 7–13 nm), shape (discoidal or spherical), and
density (ρ = 1.06–1.20 g/mL).15,59,67–69 These nanoparticles exist in constant dynamic flux
as part of a complex “lipoproteostasis” network, in which they undergo a remodeling
process that encompasses the influx, efflux, or modification of constituent lipids,
cholesterol, and small molecules, mediated in some instances by specific proteins and
enzymes (Figure 1).10,13 Five distinct HDL particle sizes have been identified by
nondenaturing gradient gel electrophoresis (NDGGE): HDL2b (diam. = 9.7–13.0 nm),
HDL2a (8.8–9.7 nm), HDL3a (8.2–8.8 nm), HDL3b (7.8–8.2 nm), and HDL3c (7.2–7.8
nm).70 Through remodeling, the specific populations of HDL species across the HDL size
spectrum are defined, and the diverse small molecules and proteins contained within the
HDL particles are altered. Presently, the differences in function for discrete HDL subtypes
are poorly understood; however, it is clear that the smallest, most dense HDL particles
(called lipid-poor or pre-beta HDL) are crucial for combating atherosclerosis. These
“guardian angels of the arterial wall”71 are preferred substrates for certain key enzymes, thus
predisposing them to absorb cholesterol and transport it away from peripheral tissues.62,72

Consequently, the remodeling of mature, large HDLs into lipid-poor, small HDLs, along
with the promotion of RCT, would constitute a central feature of promising atherosclerosis
therapies.

The primary protein component (~70%) of HDL particles is apoA-I, a highly lipophilic,
243-aminoacid protein (~28 kDa) with a secondary structure consisting of 10 conserved
amphipathic α-helices, eight 22-mers and two 11-mers.10,73 The strong interaction between
apoA-I and phospholipids is promoted by the amphipathic α-helix structures in apoA-I,
which possess a hydrophilic face and a hydrophobic face (vide infra).74–76 These helices are
stabilized by contact with themselves and/or with lipids, and the structure of lipid-associated
apoA-I in the discoidal or spherical HDL particles reflects such stabilizing interactions.77

Most of the eight 22-mer segments display a “class A” α-helical motif, which is defined by a
specific distribution of nonpolar and charged/polar amino acid residues (vide infra).78,79

Endogenously, apoA-I is secreted in the form of a lipid-free or lipid-poor (pre-β) protein.
Lipid-poor apoA-I is also formed by the remodeling of circulating HDL particles. Lipid-
deficient apoA-I accepts phospholipids and cholesterol from peripheral tissues in a process
mediated by the ATP-binding cassette transporter protein ABCA1.10,13 The resulting
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discoidal HDL particles, originally ~7 nm in size, become enlarged due to cholesterol uptake
that is mediated by ABCA1 or ABCG1. HDL cholesterol is esterified by lecithin-cholesterol
acyltransferase (LCAT) leading to larger, spherical particles with a cholesterol ester-rich
lipid core. Ultimately, cholesterol is off-loaded from HDL particles into hepatocytes via
scavenger receptor B-1 (SR-B1), or into LDL particles under mediation by CETP. Thus, in
the overall RCT process cholesterol is mobilized and transported from peripheral tissues to
the liver (Figure 1).10,13

ApoA-I plays a key role in HDL biogenesis, function, and structural dynamics. Compelling
evidence for the antiatherogenicity of apoA-I derives from observations that i.v. infusions of
apoA-I or reconstituted HDL particles, or over-expression of apoA-I, confer protective
effects.20–51 Unfortunately, the use of apoA-I itself as a therapeutic agent has faced serious
challenges stemming from its high cost of manufacture and its lack of oral bioavailability.
Fortunately, there may be useful alternatives in the form of apoA-I mimetic peptides.

Functional apoA-I mimetic peptides adopt a class A, amphipathic α-helical structure75,78,80

that mimics apoA-I by modulating the properties of HDL. Helical peptides of this type
exhibit many biologically useful functions, particularly strong lipid-associating ability,81–83

activation of enzymes involved in HDL remodeling,84–86 promotion of cholesterol
efflux,83,86–88 binding of oxidized lipids,89 anti-inflammatory effects,90 and inhibition of
atherosclerosis in mice91 (vide infra). Studies with various peptides have shown that a
balance between peptide–peptide and peptide–lipid interactions is needed for optimal
biological activity,92 with antioxidant and anti-inflammatory properties also being
important.92 A diversity of peptide sequences have shown efficacy as apolipoprotein
mimetics,92–104 including those with no homology to natural apolipoproteins and peptides
composed of D-amino acids (vide infra). Five small, human clinical trials involving mimetic
peptides have been described: two with a lipid formulation of the 22-mer H-
PVLDLFRELLNELLEALKQKLK-OH (1; ETC-642),105 derived from the apoA-I
sequence, two with the 18-mer 4F,106 and one with D4F (enantiomer of 4F).107 These
studies were principally aimed at characterizing safety, pharmacokinetics (PK), and
pharmacodynamics, although a significant decrease in HDL inflammatory index was
reported with D4F.107 Thus, short, synthetic, apolipoprotein mimetic peptides with
amphipathic α-helical structures, which are potentially less costly to produce than full-
length proteins, can recapitulate many of the protective functions associated with apoA-
I.108–114

It is important to gain an appreciation for the common physicochemical and biological
assays that are used to characterize the biophysical and functional properties of apoA-I
analogues and peptide mimetics. A gauge of the lipid-associating propensity for a specific
molecular entity can be obtained by measuring the rate and extent of lipid clearance when
incubating a turbid suspension of lipid vesicles with the test molecule.115 The degree of
association is related to clearance of the cloudy sample, whereby the suspended vesicles are
dispersed by formation of smaller protein–lipid or peptide–lipid nanoparticles. To determine
the capacity to promote cholesterol efflux, macrophage cells are loaded with radiolabeled or
fluorescently labeled116 cholesterol and treated with the agent of interest (protein, peptide,
or serum from a dosed animal). Then, the levels of cholesterol in the cells and the media are
separately measured after an incubation period.88,117 This assay can be carried out with or
without prior activation of ABCA1, to determine if the efflux is mediated by this transporter.
Rader et al. developed an in vivo extension of the cholesterol efflux assay, in which 3H-
cholesterol-laden macrophages are injected intraperitoneally into mice, followed by
measurement of radioactivity in the plasma, liver, bile salts, and other tissues.118 One
mechanism for promoting RCT involves increasing the levels of lipid-poor HDL (i.e., pre-
βHDL) in the plasma (a process called HDL remodeling), since these small nanoparticles
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serve as the primary acceptor for free cholesterol from ABCA1 in an early step of RCT. The
typical HDL remodeling assay entails treating plasma with the molecule of interest (in vitro
or in vivo), after which the plasma sample is subjected to NDGGE to separate the HDL
subspecies, followed by immunoblotting for apoA-I.119 More recently, a monoclonal
antibody that is specific for the conformation of apoA-I in pre-β HDL has been employed in
an ELISA method that provides a more quantitative measure of pre-β HDL
concentrations.119 Cell-free and cell-based assays have been used to assess the antioxidant
and anti-inflammatory properties of HDLs in compound-treated plasma samples (in vitro or
in vivo). The cell-free assay for antioxidant activity monitors the ability of HDLs to either
prevent the formation of or inactivate oxidized lipids, by measuring the conversion of
dichlorofluorescin to dichlorofluorescein.120 Anti-inflammatory activity has been assessed
by the cell-based monocyte chemotaxis assay (MCA), which involves a coculture of aortic
endothelial cells and smooth muscle cells in the presence of human sera and LDL. Reactive
oxygen species (ROS) induce the production of monocyte chemotactic protein 1 (MCP-1),
leading to migration of monocytes into the subendothelial space (by chemotaxis), which is
inhibited by inclusion of HDL (or other antioxidants).121 Finally, compounds can be assayed
for their efficacy in preventing the development or progression of atherosclerotic lesions in
animal models. Mice genetically predisposed to develop atherosclerosis, such as apoE-null
or LDL receptor (LDLr)-null animals, are commonly used, being dosed for an extended time
period, such as 6–10 weeks. At the end of this regime, the mice are sacrificed and the area
and/or volume of atherosclerotic lesions in the aortic region are evaluated.

Given the high degree of pharmaceutical interest in HDL-modulating drugs, and the dearth
of exposure to apolipoprotein mimetic peptides in the medicinal chemistry community, the
time is ripe for presenting a Perspective on this field. In this review we summarize the key
findings and advances over the past 25 years and establish the current state of knowledge.
Additionally, we present some research results from our own laboratory at Scripps. This
assemblage of information should provide a reasonably clear picture of the state of the art in
the apolipoprotein mimetic field, as well as a sense of the potential of such agents in
pharmacotherapy.

APOLIPOPROTEIN A-I AND ITS PEPTIDE FRAGMENTS
Apolipoprotein A-I, as the major protein component of HDL particles, accounts for about
70% of the HDL protein mass.10,73 Also, it is the most abundant apolipoprotein in humans,
with a high plasma concentration of about 130 mg/dL (ca. 45 μM).10 In HDL particles,
apoA-I serves key structural and functional roles, especially in mediating the formation of
HDL species to transport lipids, as part of the RCT pathway. ApoA-I directs the evolution of
HDL particles for off-loading and eliminating excess cholesterol via the liver, which
prevents the chronic accumulation of cholesterol in the arteries. Agents that mimic the
functional properties of apoA-I could therefore furnish useful therapeutics for treating
atherosclerosis. In this section, we review the nature of apoA-I in some detail, along with
structure–function relationships of apoA-I-derived peptides.

The mature 28-kDa human protein, containing 243 amino acids, has a secondary structure
defined by 10 conserved amphipathic α-helices: eight 22-mers and two 11-mers (vide
infra).10,73 The plasma half-life of apoA-I is around four days,10 with the main sites of
catabolism and elimination being the liver and kidney. Lipid-rich apoA-I can be removed
from plasma, along with mature HDL or LDL particles, by hepatic HDL holoparticle
receptors or LDL receptors, respectively, whereas lipid-poor apoA-I can be removed via
glomerular filtration in the kidneys. Given the complexity of the HDL life cycle, apoA-I
metabolism is influenced by many receptors, lipid-transfer proteins, and enzymes, such that
its plasma stability and concentration are greatly affected by apoA-I gene mutations, as well
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as by various proteins associated with the evolution of HDL particles. Generally, any
mutations that prevent the lipidation of HDL particles will reduce plasma levels of apoA-I,
since the kidneys readily filter the small, lipid-free protein.122

ApoA-I and its peptide fragments (as well as apoA-I mimetic peptides) can be
“reconstituted” into HDL-like nanoparticles, called rHDL.123 The most common method for
preparing rHDL particles is the cholate dialysis method, in which phospholipid vesicles,
apolipoproteins or mimetic peptides, and cholate (as detergent) are mixed, followed by
extensive dialysis to remove most of the cholate from the assembled rHDLs. Alternatively,
some molecules that possess inherent detergent-like properties, such as certain apoA-I
fragments and mimetic peptides, can generate rHDL particles simply by being mixed with
phospholipid vesicles (no cholate necessary). The resultant nanoparticles are often purified
by using size-exclusion chromatography (SEM) or ultracentrifugation, and are typically
characterized by using transmission electron microscopy (TEM).

Secondary and Tertiary Structure of ApoA-I
The secondary structure of apoA-I, like that of apoA-II, apoA-IV, apoC-I, apoC-II, and
apoE, is predominantly α-helical.10 In 1977, three groups independently reported that the
apoA-I sequence contains multiple, amphipathic α-helical segments,124–126 of which the
minimal subunit is 11 residues. Human apoA-I contains two 11-residue and eight 22-residue
segments, the latter having each arisen from tandem duplication of two 11-residue subunits.
The repetitive, 11-mer subunits have been rationalized on the basis of 3.6 amino acids per
turn in a standard α-helix, since 11 residues completes three turns. By the same token,
tandem duplication to 22-mer subunits provides six complete helical turns with little
twisting between the adjacent helices.78–80 The helical segments are often interrupted by a
proline, which is thought to permit the conformational flexibility needed to develop the
morphology of the various HDL particles. In human apoA-I, the ten helical segments
constitute residues 44–65, 66–87, 88–98, 99–120, 121–142, 143–164, 165–186, 187–208,
209–219, and 220–241 (Figure 2).73

Analysis of protein sequences for many species73 indicates that helix 7, located in the center
of apoA-I and involved in interactions with ABCA1 and LCAT, is the most conserved
subunit, while helix 10 is the least conserved. Deletion of helix 10, the subunit with the
highest lipid affinity,127 from human apoA-I is very impactful in that this abolishes ABCA1-
mediated cholesterol efflux128 and impairs the binding to lipids.129,130 However, it is
interesting that apoA-I in two monkey species, orangutan and cottontop tamarin, is missing
helices 9 and 10.73 Since apoA-I does not contain cysteines, it cannot form intramolecular or
intermolecular disulfide bonds; so, self-dimerization is not an issue. In addition, there are no
known post-translational modifications, such as glycosylation or phosphorylation. Three of
ten prolines and three of seven tyrosines are conserved across 31 species, probably to
maintain important structural, lipid binding, and antioxidant features.73

Most of the α-helical segments in apoA-I (and other apolipoproteins) have a class A
structural motif, as first described in 1974 by Segrest and coworkers.131 Class A α-helices
are defined by an amphipathic structure in which the cationic residues are clustered at the
polar/nonpolar interface and the anionic residues are located near the center of the polar
region (Figure 3).80 In particular, on the polar face there is a distinct cluster of positively
charged amino acids [e.g., Lys (K) and Arg (R)] at the polar/nonpolar boundary of the helix
and negatively charged amino acids [e.g., Asp (D) and Glu (E)] at the center of the polar
face.78–80 Studies involving model peptides have shown that the amphipathic α-helix is the
minimal lipid-associating domain of apolipoproteins and that those with a class A topology
bind to lipids with high affinity.80,132 The strong lipid affinity has been ascribed to the
cationic Lys and Arg residues being able to bury the hydrophobic portion of their side chains
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into the membrane while extending the terminal charged groups into the aqueous phase,
proximate to phospholipid head groups (a process called “snorkeling”).80 Four of the helices
in apoA-I (3, 4, 9, 10) are class Y helices, which exhibit high lipid affinity and are similar to
class A helices, but possess an additional cluster of positive residues at the center of the
polar face.

The tertiary structure of human apoA-I is defined by two domains: an N-terminal helical
bundle (residues 1–180), and a less ordered C-terminal lipid-associating segment (residues
181–243). Details of the tertiary structure are somewhat ill-defined, owing to the
conformational flexibility of the globular, lipid-free protein. It is known that the
hydrophobic C-terminal domain is required to initiate lipid binding,130 with subsequent
opening of the four-helix bundle allowing lipids to be enclosed in the nascent HDL particle.
The N-terminal domain is more highly conserved across 31 species than the C-terminal
domain.73 Mouse apoA-I, which shares 65% identity with the human protein, also folds into
a similar, two-domain tertiary structure.133 A crystal structure for full-length, lipid-free,
human apoA-I was reported in 2006,134 but that structure was cast into doubt in 2010 by
allegations of fabricated data.135,136 Crystal structures of two truncated apoA-I variants have
been reported.137,138

ApoA-I is fascinating due to its ability to exist in solution in a wide range of lipid-free to
lipid-bound states, with varied conformations. In the lipid-free state, apoA-I aggregates at
concentrations higher than ca. 0.1 mg/mL (ca. 0.3 μM), which may stabilize the
structure.139,140 Chemical and thermal denaturation experiments indicated that the protein
denatures with a relatively low free energy of 2.2–2.7 kcal/mol, consistent with
sedimentation velocity studies,139 which point to major conformational heterogeneity and
flexibility. The disparate structures that can be adopted by apoA-I underlie its function
within HDL particles amidst lipoproteostasis and RCT (vide infra). For example, in the
lipid-free/lipid-poor states, the hydrophobic regions of the amphipathic α-helices in apoA-I
interact with each other to form a globular bundle, which is the primary substrate for
ABCA1, thus transfering phospholipids and free cholesterol to apoA-I to generate nascent
HDL (first step of RCT).141 On the other hand, LCAT interacts preferentially with apoA-I in
discoidal HDL, rather than in lipid-free or mature HDL, to esterify HDL-associated
cholesterol (second step of RCT).142 Considering this complex picture, it might seem highly
improbable that short, α-helical, apolipoprotein mimetic peptides could reproduce the
characteristics of native apoA-I. However, it is important to consider that mimetic peptides
may act in part by enhancing or modulating the activities of native apoA-I, such as by
increasing the levels of lipid-poor apoA-I or by improving the function of apoA-I.143,144

HDL Structure and Dynamics
HDL nanoparticles are highly heterogeneous, dynamic complexes, making them resistant to
structure determination by X-ray crystallography or NMR. Accordingly, alternative
techniques have been applied, often with reconstituted HDL (rHDL) particles that contain
apoA-I as the sole protein. A variety of approaches have been used to elucidate the structural
disposition of helices in rHDLs, including chemical cross-linking/mass spectrometry,
fluorescence resonance-energy transfer (FRET), small-angle neutron scattering, electron
paramagnetic resonance spectroscopy, and molecular dynamics.77,145–151 Despite some
residual debate, these complementary approaches have led to a generally accepted notion
that two or more apoA-I molecules wrap like a double belt around the edge of a
phospholipid bilayer in an antiparallel fashion to form and stabilize discoidal lipid
particles.152 The conformationally flexible apoA-I is thought to adjust to different particles
sizes by rearranging to form a trefoil scaffold that maintains the underlying double-belt
architecture.147 The HDL structures are characterized by rapidly interchanging, coexisting
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conformations of apoA-I, depending on the particle size and composition. The interested
reader is directed to more comprehensive, recent discussions of HDL structure.77,145–151

As discussed in the Introduction, there is a broad spectrum of HDL particles, which undergo
dynamic interchange as part of RCT (Figure 1). HDL nanoparticles have different structures
and functions that are dictated not just by apoA-I, but by the various small-molecule and
protein constituents. Another important apolipoprotein component is apoA-II. The
proteomics of HDLs is very complex, with more than 100 proteins having been identified in
HDL particles, although many are at relatively low levels compared to apoA-I.153–164 Thus,
HDL particles are in dynamic flux in a complex lipoproteostasis network, in which
remodeling defines the specific populations of HDL species across the HDL spectrum, as
noted earlier (vide supra).10,13

While the differences in function of each HDL subspecies are not fully understood, it is
clear that the lipid-poor particles (pre-β HDL) are crucial to combating atherosclerosis.71

Even though only 5–10% of circulating apoA-I exists in a lipid-poor/free state, this small
transient population is thought to be particularly cardioprotective because it serves as the
primary acceptor for free cholesterol from ABCA1 in the early, rate-limiting step of
RCT.62,72 In fact, in a study of serum samples from 263 patients, de la Llera-Moya et al.
found that the capacity to promote cholesterol efflux, a useful clinical metric of HDL
function in vivo,61 correlated better with the concentration of lipid-poor HDL than with
HDL-cholesterol levels.62 Many HDL-targeted therapies, including apoA-I mimetic
peptides, seek to increase the plasma level of lipid-poor apoA-I. Nevertheless, it should be
kept in mind that shifting the HDL distribution toward lipid-poor particles may have the
unintended consequence of lowering the overall plasma concentration of apoA-I, by
concomitantly favoring proteolysis of apoA-I and its removal by the kidneys.

Structure–Function Studies of ApoA-I Mutants and Fragments
There have been numerous studies aimed at determining structure–function relationships for
the different regions of apoA-I, by using both apoA-I mutants and peptide fragments
corresponding to segments of apoA-I.139,165 This subsection summarizes the findings of
selected efforts in this vein, which may be instructive for the design apoA-I mimetic
peptides. An important caveat for studies with apoA-I peptide fragments is that they may
behave quite differently from the full-length protein, due to differences in aggregation state,
intramolecular and intermolecular interactions, and absence of folding cooperativity. One
notable aspect is that ABCA1, LCAT, and SR-B1 exhibit rather low protein–protein
recognition specificity for apoA-I; instead, their effects are driven mainly by an amphipathic
α-helix topology, as opposed to a specific amino acid sequence (vide infra). This lack of
specificity is probably a key reason that peptides with diverse sequences can effectively
mimic many of the functional properties of apoA-I.

Lipid binding—The two terminal apoA-I helices bind lipids with higher affinity than any
of the central helices (Table 1, entries 1–8).81,127,166,167 From examining peptides that
correspond to each of the 22-residue segments in apoA-I, only N-terminal helix 1, apoA-
I(44–65), and C-terminal helix 10, apoA-I(220–241), were effective in a standard lipid-
clearance assay.127 The N- and C-terminal peptides also proved to be the most membrane
active by several other measures, including partitioning into (R)-(+)-1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphatidylcholine (POPC) liposomes and the exclusion pressure for
penetrating an egg yolk phosphatidylcholine monolayer. In a follow-up study, Mishra et al.
compared the lipid-associating properties of 22-mer peptides to a panel of 33-mer, 44-mer,
and 55-mer peptides.81 Again, the most terminal, tandem helix segments, apoA-I(44–87)
and apoA-I(209–241), were best able to bind to lipid (Table 1, entries 9–18). However, the
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full-length protein was more effective than any of the peptides in reducing the enthalpy of
the lipid gel-to-liquid crystal phase transition. Thus, it was suggested that cooperative
intermolecular and intramolecular interactions between apoA-I molecules and lipids
stabilize the overall HDL structure.81 Considering that all of the apoA-I helices are similar
amphipathic class A or class Y helices, it is surprising that only the peptides derived from
the terminal helices show such high affinity for lipids. Nevertheless, these data are bolstered
by other studies with synthetic peptides166,168 and by CNBr-fragmentation studies of apoA-
I, which revealed that apoA-I(1–86) and apoA-I(149–243) associated with (R)-(+)-1,2-
dimyristoyl-sn-glycero-3-phosphatidylcholine (DMPC) to form discoidal nanoparticles, but
fragments apoA-I(87–112) and apoA-I(113–148) did not.169 Apparently, the central helices
of apoA-I have evolved to bind to lipids more weakly, possibly to allow them more freedom
to interact with each other or with proteins involved in HDL metabolism.81

Studies involving deletion variants of apoA-I and chimeric proteins further support the
concept that the C-terminal helices are crucial for lipid association. Burgess et al. showed
that the apoA-I mutant lacking residues 187–243 could not associate with cellular lipids,
form lipoprotein particles, or promote cholesterol efflux.170 In rabbits, deletion of apoA-I
residues 201–243, 217–243, or 226–243171 and 190–243129 resulted in higher rates of apoA-
I catabolism and lower levels of mature HDL, consistent with impaired lipid binding.
Furthermore, weak lipid association was observed for a chimeric protein in which residues
190–243 of apoA-I were replaced with helices from apoA-II (residues 12–77), even though
apoA-II has a higher lipid-binding affinity than apoA-I.129 Engineered apoA-I mutants with
modified hydrophobic residues in the last helix exhibited impaired binding to phospholipids
compared to the wild-type protein.172 Thus, C-terminal helix 10, apoA-I(220–241), is
critical for the initial association of apoA-I with lipids and the early formation of HDL
particles.

ABCA1-mediated cholesterol efflux—Lipid-free and lipid-poor apoA-I species receive
cholesterol and lipids from the ATP-binding cassette transporter ABCA1 in the initial, rate-
limiting step of RCT.141,173 ABCA1 can transfer cholesterol with broad specificity to
multiple HDL apolipoproteins, including apo A-I, A-II, C, E-3, and E-4.167,174 However,
truncation mutants of apoA-I lacking helix 10 did not promote cholesterol efflux.128,175

Comprehensive studies with peptides corresponding to each of the apoA-I helical segments
showed that, in general, the same apoA-I helical segments capable of lipid binding could
also promote cholesterol efflux, albeit at 50–70% of the level of the full-length protein
(Table 1).167 For a series of 33-mer peptides in which different helices from apoA-I were
combined, Natarajan et al. found that ABCA1-dependent cholesterol efflux was best
stimulated by a structure containing a linear array of negatively charged amino acids
spanning the polar faces of two amphipathic α-helices.176 In other studies, single, class A
amphipathic α-helices with no direct sequence relation to apoA-I promoted cholesterol
efflux as well as apoA-I did.88,100 Interestingly, a peptide synthesized from all D-amino
acids was as effective as the L-isomer in promoting cholesterol efflux, ruling out
stereoselective requirements for cholesterol efflux.177 Thus, a lipid-binding, amphipathic α-
helix is the major structural element required for promotion of cholesterol efflux by
ABCA1.

LCAT-mediated cholesterol esterification—ApoA-I central helices 5, 6, and 7 have
been implicated as the site of interaction between apoA-I and LCAT.178–184 Removing
either helix 6 or 7 (residues 143–164) reduced both LCAT binding to rHDL and the kinetics
of cholesterol esterification, with overall LCAT activity decreased by 50–95%.178–181

Minnich et al. found a near-complete impairment of esterification activity for an apoA-I
deletion of helix 7 plus part of helix 6 (residues 148–186).182 Likewise, reversing the
orientation of helix 6 by mutagenesis reduced LCAT activity, and replacing helix 6 with
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helix 10 somewhat restored LCAT activity, but with impaired binding and kinetics.183

Another study implicated apoA-I helix 6 (residues 140–150) as being essential for apoA-I to
activate LCAT.184 Reduced LCAT activity was observed for apoA-I variants that exhibited
impaired lipid binding, such as mutants of the C-terminal region, since the lipid-associated
apoA-I conformation in discoidal HDL is a preferred LCAT substrate.74,182 Apolipoproteins
other than apoA-I can activate LCAT, but only to about 30% of apoA-I.85,185 In a study of
22-mer and 44-mer peptide variants of the apoA-I consensus sequence, some peptides were
as effective as the full-length protein in activating LCAT.85 A model 20-mer peptide lacking
sequence homology to apoA-I was 65% as effective as apoA-I in LCAT activation.186 Thus,
a specific amino acid sequence is not necessary for activation of LCAT; rather, an
amphipathic α-helix with certain topological properties is sufficient. However, 22-mer
peptides derived from the apoA-I consensus sequence that efficiently activated LCAT and
associated with lipids did not significantly inhibit atherosclerosis in C57Bl/6J mice on a
high-fat diet, indicating that these two features are not sufficient for in vivo
antiatherosclerotic efficacy.187

SR-B1 and cholesterol off-loading—Scavenger receptor B1 (SR-B1) is the primary
receptor for cholesterol off-loading from mature HDL particles to the liver (final step of
RCT). SR-B1 binds HDLs with high affinity and then mediates the transfer of lipids from
the nanoparticle to the cell membrane.188 SR-B1 is known to bind and off-load cholesterol
from a variety of sources, including HDL, LDL, VLDL, and rHDL.188,189 Indeed, binding
and cross-linking studies showed that SR-B1 interacts with a number of the apoA-I helices,
as well as with a model class A, amphipathic peptide.190 ApoA-I variants with mutations in
helix 4 (D102A/D103A) or helix 6 (R160V/H162A) could bind SR-B1 with affinity similar
to wild-type apoA-I, but off-loaded cholesterol with less than 50% efficiency,191 leading to
the idea that SR-B1 ligand binding and cholesterol off-loading are partially independent
functions. Surprisingly, rHDL particles containing apoA-I mimetic peptide D4F off-loaded
cholesteryl esters 20-fold more efficiently than rHDL containing wild-type apoA-I.192 This
finding indicates a lack of sequence-dependent requirements (and lack of stereoselective
demands) in the promotion of cholesteryl ester off-loading by SR-B1. Like ABCA1 and
LCAT, SR-B1 does not require strict sequence dependence for interaction partners; rather it
is activated by an amphipathic α-helix with certain topological properties.

Naturally Occurring Mutants and Dysfunctions of ApoA-I
Understanding the properties of natural apoA-I mutants can assist in the design of apoA-I
mimetic peptides by teaching how the protein sequence relates to its functions. Likewise, by
appreciating the various ways in which the protein can become dysfunctional in vivo via
covalent modification, it may be possible to design improved mimetic peptides that evade
these natural mechanisms of impairment.

Many naturally occurring apoA-I variants with mutations in the N-terminal helix-bundle
domain are known. These mutations can be roughly categorized based on their position
within the protein sequence: mutations in the first 100 amino acids are typically associated
with amyloid formation, whereas mutations within the central region comprising helices 5–7
(residues 140–180) are mostly associated with defective interactions with LCAT. A recent
X-ray crystal structure of a truncated apoA-I variant, Δ(185–243)apoA-I,137 provides a
structural basis to rationalize apoA-I amyloidosis, since the sites of known amyloidogenic
mutations corresponded to positions that stabilize the helix bundle.145 Fewer natural variants
have been described having mutations in the disordered C-terminal domain, probably
because this domain is more tolerant of mutations, as evidenced by its lower overall degree
of sequence conservation.73 The interested reader may wish to consult some comprehensive
reviews on naturally occurring apoA-I mutants.13,73,139
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The best-known natural variant of apoA-I is apoA-I Milano (apoA-IM), which was
described in 1980 after its discovery in the population of a small town in northern Italy.193

This variant corresponds to an R173C point mutation, located in helix 7 of the protein.
Carriers of apoA-IM exhibit substantially reduced plasma levels of HDL, but nonetheless
enjoy a lower risk for cardiovascular disease compared to those with wild-type apoA-I.194

Likewise, the apoA-I Paris mutant, which corresponds to an R151C point mutation in helix
6, is cardioprotective despite reduced plasma HDL levels.195 Intriguingly, the Paris and
Milano mutations, which exhibit similar cardioprotective effects despite reduced HDL
levels, are Arg→Cys substitutions located at the same position of a helical segment, but
differing in which helix is affected. The apoA-IM variant undergoes faster proteolysis
compared to normal apoA-I,194,196 which can explain the lower plasma HDL levels. On the
other hand, the source of the cardioprotective properties of these variants is not well
understood, although the introduction of cysteine imparts improved antioxidant properties
and allows formation of disulfide homodimers or heterodimers with other
apolipoproteins.197–199 ApoA-IM has been the subject of numerous in vivo studies,
including human clinical trials, as detailed below. To our knowledge, there is no example of
a mimetic peptide designed with Cys residues, in an effort to specifically recapitulate the
beneficial properties of the apoA-I Milano or Paris mutants.

Great interest has developed for defining the function of various subspecies of HDL
particles, given that improved HDL quality (i.e., function) may be more important than
simply increased HDL quantity. As a corollary, it is important to have a sound grasp of HDL
dysfunction, one source of which derives from chemical modification.200,201 The best-
understood source of apoA-I modification is myeloperoxidase (MPO), a heme enzyme
secreted by monocytes and artery wall macrophages that uses H2O2 to generate diverse
oxidant species involved in the innate immune system.201 However, being abundant in
atherosclerotic lesions, MPO also leads to the inadvertent oxidation of apoA-I. It is striking
that apoA-I from cardiovascular patient plasmas or atherosclerotic plaques is enriched up to
500-fold in MPO-specific oxidation products, such as 3-chlorotyrosine and 3-
nitrotyrosine.202 Of the seven Tyr residues in apoA-I, two are substantially modified by
MPO: primarily Tyr192 in helix 8, and secondarily Tyr166.203 MPO was suggested to
directly bind to apoA-I helix 8,202 but later studies indicated that a specific YXXK amino
acid motif in apoA-I is responsible for the site specificity of the Tyr modifications.204,205

Importantly, the degree of modification at Tyr192 was strongly correlated with impaired
ABCA1-mediated cholesterol efflux.203,206,207 The amino acids Met, Trp, Lys, and His are
also known to undergo oxidation by MPO, but the functional outcomes here are less
clear.201 Replacement of all four Trp residues in apoA-I with Phe yielded a fully functional
protein that was resistant to MPO inactivation of ABCA1-dependent cholesterol efflux.208

The MPO oxidation of Met148 in apoA-I to the sulfoxide (Figure 4) resulted in an 85%
decrease in LCAT activity, but this oxidative impairment was absent in apoA-I(M148L)
mutant. These findings provide a strong impetus for efforts to design apoA-I mimetics
resistant to oxidative modification, through judicious choice of the amino acid components
(Figure 4).

Another type of apoA-I modification occurs via reactive carbonyl electrophiles, which
originate from lipid peroxidation or oxidized carbohydrates. Modification of Lys residues in
the C-terminal region of apoA-I, especially Lys226, by acrolein impaired ABCA1-mediated
cholesterol efflux (Figure 4).209 An EXXK amino acid motif was shown to be responsible
for the site-selective modification of Lys residues by acrolein in a model amphipathic α-
helical peptide.210 Modification of Lys residues by malondialdehyde, primarily in C-
terminal apoA-I helices 7–10, was found to prevent effective cholesterol efflux (Figure
4).211 Glycation of Lys residues in apoA-I, a condition prevalent in diabetics, is known to
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impair the ability of apoA-I to associate with lipids and thereby mediate anti-inflammatory
and antioxidant activity.212,213

In Vivo Studies of ApoA-I and ApoA-I Milano
Compelling evidence for the antiatherogenicity of apoA-I derives from numerous
observations that i.v. infusions of apoA-I or rHDL particles, or over-expression of apoA-I,
confer protective effects in animal models and humans.214 The most common experimental
animals used to characterize antiatherosclerotic agents are mice and rabbits.215,216 Wild-
type mice are resistant to atherosclerosis, owing to their high levels of HDL and low levels
of LDL/VLDL, and thus require genetic modification to become a suitable animal model.
Two common mouse models, with mutations that lead to hypercholesterolemia and
atherosclerosis development, are apoE-null (apoE−/−) and LDLr-null (LDLr−/−) strains. An
important distinction between mice and humans is that mice lack CETP, which converts
HDLs into larger lipoproteins in humans.215 On the other hand, wild-type rabbits carry
CETP and develop hypercholesterolemia and atherosclerosis when fed a cholesterol-rich
diet.216

In cholesterol-fed rabbits, weekly infusions of purified rabbit HDL36,37 or wild-type apoA-
I32 slowed the progression of atherosclerosis and even regressed established lesions.
Likewise, infusion of apoA-IM reduced arterial thickening and macrophage content after
vascular injury in rabbits.33,34 In apoE-null mice, introduction of a gene for human apoA-I
reduced the progression of atherosclerosis by more than 80%.40 Similarly, lesions were
suppressed following infection of apoE-null or LDLr-null mice with a virus encoding human
apoA-I or apoA-IM.28–30 Remarkably, a single infusion of apoA-IM to apoE-null mice was
sufficient to reverse endothelial dysfunction and prevent the progression of aortic
atherosclerotic lesions.25,27 An important caveat for the above studies is that atherosclerotic
plaque in humans develops over decades and has a more complex pathophysiology
compared to plaques in these animal models; so, human lesions may not respond in the same
manner to the infusion of apoA-I, apoA-IM, or HDLs.

In the first clinical trial involving HDL infusion, sponsored by Esperion Therapeutics,
recombinant apoA-IM formulated with POPC (ETC-216) was administered weekly for 5
weeks at two doses, beginning within 2 weeks of an acute coronary event.48 Among the 47
patients completing the study, the treatment reduced atheroma volume by 4.2% (combined
treatment groups), relative to placebo. Esperion was purchased by Pfizer for $1.3 billion in
2003,217 but Pfizer discontinued all activities on Esperion product candidates four years
later.218 In 2008, the company was sold to an investor syndicate for $23 million and
relaunched,218 and Esperion now has an oxidation-resistant apoA-I in preclinical
development.219 ApoA-IM was licensed from Pfizer by The Medicines Company in late
2009.220

In the Effect of rHDL on Atherosclerosis–Safety and Efficacy (ERASE) clinical trial,
conducted by CSL Limited, 183 patients with a recent acute coronary event were given four
weekly infusions of placebo or purified human apoA-I combined with soybean
phosphatidylcholine (CSL-111).45 Of the two doses used, the higher dose (80 mg/kg) was
discontinued due to hepatic enzyme elevation, while the lower dose (40 mg/kg) was well
tolerated.45 Atheroma volumes and secondary endpoints tied to plaque characterization
indices and coronary angiographic changes improved significantly in the treated group, but
not in the placebo group. These data suggest that infusions of HDL or apoA-I may reduce
events, particularly among patients with acute coronary syndrome (ACS), and that even
short-term treatment can impart clinical benefits. In fact, the magnitude of change in the
coronary angiography after the four weekly infusions was similar to that typically seen in 2-
year trials with statins.214 Studies were discontinued because of liver toxicity,45 but a new
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formulation of apoA-I, a novel rHDL complex (CSL-112),221 completed two Phase 1
clinical trials, and entered a small Phase 2a trial in February 2012 to study safety,
tolerability, and pharmacokinetics (clinicaltrials.gov identifier NCT01499420).

A third clinical trial, reported in 2010, involved a group of 28 ACS patients who received
seven weekly infusions of their own HDLs that had been de-lipidated with an experimental
device developed by Lipid Sciences.222 The reinfusion process was well tolerated and
dramatically increased the 6% baseline level of lipid-poor, pre-β HDL in patients to 79%.
Total atheroma volumes decreased, as compared to an increase in the control group.

An “HDL mimetic” based on human apoA-I from Cerenis Therpeutics (CER-001)223 has
been studied as an infusion therapy in patients with ACS. It showed preclinical and clinical
efficacy in mobilizing cholesterol and promoting RCT.223 Clinical studies were intended to
eliminate atherosclerotic plaque and thereby reduce the risk of cardiac events. A single,
rising-dose Phase 1 study of 32 healthy dyslipidemic volunteers, reported in May 2010,
showed that the treatment was safe and well tolerated at dosages up to 45 mg/kg, and
mobilizes cholesterol at 2 mg/kg and up.223 A Phase 2 safety and efficacy study, initiated in
March 2011, is assessing the regression of coronary atherosclerotic plaque, as measured by
intravascular ultrasound (IVUS). The study, involving at least 500 patients at centers in the
USA, Canada, and Europe, will examine three different dose levels administered in six
weekly i.v. infusions.223

While the antiatherogenic properties of apoA-I, and the potential of apoA-I as a therapeutic
agent, have been documented in numerous studies, including several, preliminary clinical
trials, the use of apoA-I as a therapeutic faces serious challenges. The large amounts of
protein (3–5 g/single infusion) required, coupled with laborious production and purification
methods, can be cost prohibitive unless simpler methods for its production are devised.
Additionally, apoA-I is not orally bioavailable, so a parenteral route of administration would
limit its widespread chronic use in the management of atherosclerosis. The possibility that
short, synthetic, orally deliverable peptides could serve as alternatives to apoA-I for HDL-
targeted therapy has spurred considerable interest in the discovery and development of
apoA-I mimetic peptides.

APOLIPOPROTEIN MIMETIC PEPTIDES
In the Introduction, we mentioned that synthetic peptides with a class A amphipathic α-
helical structure75,78,80 can mimic apoA-I and thereby modulate the properties of HDL. As
the field developed, physicochemical and in vitro biological studies evolved into studies of
atherogenesis in mouse models, ultimately with clinical aspirations. Indeed, it is noteworthy
that the apoA-I mimetic peptides 4F,106 D4F,107 and 1105 were advanced into human
clinical trials.

Early studies in this area were concerned with explaining the interactions between proteins
and lipids within plasma lipoproteins based on the “amphipathic helix hypothesis” that was
proposed in the mid-1970’s.131,224 A model peptide with the 18-amino-acid sequence
DWLKAFYDKVAEKLKEAF (“18A”) was designed to mimic apoA-I by virtue of certain
structural features relating to a class A, amphipathic α-helix [ref] (see Figure 3). The 18A
peptide has hydrophobic amino acids (W, L, A, F, Y, V) on the nonpolar face of the α-helix
and hydrophilic amino acids (D, E, K, R) on the polar face, with positively charged lysines
at the polar/nonpolar interface and negatively charged D or E at the center of the polar face.
By mimicking an apoA-I α-helix, 18A exhibits appropriate biological functionality, despite
constituting just a single, isolated helix with a much different peptide sequence.225,226 For
example, 18A was found to associate strongly with liposomes,132 and was able to displace
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apoA-I from native HDL and apoE from native VLDL.227 To interact effectively with lipids,
the distribution of the charged, polar residues was found to be very important, as analogue
KWLDAFYKDVAKELEKAF (“18R”; italics denote charge-altered polar residues) had
weak lipid affinity.84,225 An end-capped version of 18A, Ac-18A-NH2 (aka 2F; Figure 3), in
which the charged groups at the N- and C-termini were neutralized, had higher helical
content and better lipid affinity than 18A (Table 2, entry 2).86 As expected, 2F also had
better lipid affinity than Ac-18R-NH2.228 For activating LCAT, 2F was better than 18A, and
essentially comparable to apo A-I.86 This information provided a basis for the idea that a
simple, model, class A, amphipathic helix can replicate the lipid-binding, and other,
properties of apoA-I.

To test the idea that cooperativity between helical domains might benefit the function of
apoA-I mimetic molecules, peptides containing two amphipathic helical regions separated
by a short linker were subsequently studied. In complexes between certain peptides and
DMPC by multiple techniques, the proline-linked dimer of 18A,
DWLKAFYDKVAEKLKEAF-P-DWLKAFYDKVAEKLKEAF (“37pA”), exhibited better
lipid affinity than 18A.225,226 In cholesterol efflux assays with mouse J774 macrophages, 2F
and 37pA were 3-fold and 18-fold better than 18A, respectively; however, 37pA remained
8-fold poorer than apoA-I (Table 2, entries 1 and 2; Table 3, entries 1 and 2).88,229 The end-
capped 37pA and IHS 43-mer (two 4F helices linked by apoA-I interhelical sequence
KVEPLRA; Table 2, entries 10 and 12) exhibited about the same effectiveness in promoting
cellular cholesterol efflux, which was better than that of 4F by a factor of 3–4.101 The same
rank ordering of these peptides was observed for displacement of apoA-I from HDL.226

Modified HDL with 40% of its apoA-I displaced by 18A behaved like unmodified HDL as a
substrate for LCAT, indicating that 18A had just a minor effect. By contrast, incubation of
37pA with egg phosphatidylcholine (PC) vesicles produced discoidal nanoparticles that
powerfully activated LCAT, exceeding the activity achieved with apoA-I by 40%. A
comparative study showed that 37pA binds much better to DMPC than 18A-A-18A
(“37aA”) and 18A-18A (“36A”) did (decreasing lipid affinity: 37pA > 37aA > 36A); 37pA
also bound more effectively than 36A to egg PC monolayers.103 In a DMPC dissolution
study, end-capped versions of 37pA and 37aA were dramatically different, with 60% and
0% clarification of turbidity, respectively (Table 3, entries 10 and 11), supporting the idea
that a local turn conformation introduced by the proline between each amphipathic helix is
preferable over alanine for enhanced lipid affinity.101 The IHS 43-mer had the same high
level of lipid binding as end-capped 37pA (Table 3, entries 10 and 12).101 The collection of
results from these and other229 studies with bihelical peptides supports the idea that
multivalency of class A amphipathic helices can lead to enhanced apoA-I mimetic
properties, presumably caused by cooperativity between the two helices.

The fact that apoA-I is composed of multiple amphipathic helices attracted further interest in
bihelical peptides.100,102,177 Both 37pA and its enantiomer, D37pA, strongly promoted
cholesterol efflux from ABCA1-transfected HeLa cells, to nearly the same degree.177 Unlike
apoA-I, these peptides were able to efflux cholesterol by a passive, energy-independent
mechanism (in control HeLa cells). Sethi et al. examined systematic substitution of
hydrophobic residues by alanine in the C-terminal helix (Table 3, entries 4–8).102 In lipid
dissolution with DMPC vesicles, 5A was the most effective peptide (80%) and it exceeded
37A (55%); however, in the case of vesicles formed with a mixture of phospholipids, 37A
was somewhat better than 5A. In cholesterol efflux studies with ABCA1-transfected HeLa
cells, 10A (Table 3, entry 9) was essentially inactive, whereas 1A–5A were very
effective.102 On the other hand, in efflux studies with control HeLa cells 37A and 1A were
very effective, 2A and 3A were moderately effective, 4A and 5A were weak, and 10A was
inactive.102 Clearly, the loss of overall hydrophobicity caused by replacing 10 greasy
residues with Ala, as in 10A, was detrimental to the functional properties. Whereas 37pA
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exhibited frank cytotoxicity in hemolysis of red blood cells, 5A was rather benign. In a study
involving a series of 22 bihelical peptides, largely proline-linked 37-mers, the effectiveness
of the different peptides in several antiatherogenic assays, such as cholesterol efflux, anti-
inflammatory properties, and antioxidant activity, was rather variable.100

EKLKELLEKVAEKLKELL-P-EKLKELLEKVAEKLKELL (“ELK-2A2K2E”) and
EKFKELLEKFLEKFKELL-P-EKFKELLEKFLEKFKELL (“ELK-2F”) were the most
efficient in cholesterol efflux from THP-1 cells, better than 5A and about the same as apoA-
I, and EKLKALLEKLLAKLKELL-P-EKLKALLEKLLAKLKELL (“ELK-2A”) was one of
the least efficient peptides. However, ELK-2A was as anti-inflammatory as apoA-I in
inhibiting VCAM-1 expression in a mouse endothelial cell line. Bihelical peptides
containing cysteine or histidine were among the best antioxidants in an LDL oxidation
assay. Although structure–function correlations were inconsistent across various bioassays,
D’Souza et al. outlined a set of parameters that relate to structural features associated with
optimal activity for different criteria.100

Structure–Function Studies of 4F-Type ApoA-I Mimetic Peptides
In 2001, Datta et al. expanded on improved, end-capped 2F with structural modifications
that increased hydrophobicity, specifically by replacing certain nonpolar residues with
phenylalanines, in an effort to optimize apoA-I mimetic peptides based on physicochemical
and biological properties (Table 2, entries 3–8).115 Various physicochemical parameters
were measured, including hydrophobicity, α-helicity, and solubility.115 Interaction of the
peptides with phospholipid monolayers was explored by determining the monolayer
exclusion pressure, that is, the surface pressure at which a peptide would no longer penetrate
an egg PC monolayer.115 ApoA-I and 18A measured 34 and 30 dyn/cm, respectively; 2F,
3F3, 3F14, and 4F measured 38–40 dyn/cm; 5F, 6F, and 7F measured 45–46 dyn/cm; and
37A measured 41 dyn/cm, which is consistent overall with their hydrophobicity. With the
apparent absence of sensitivity here, two distinct sets of peptides were defined, one
containing 2F, 3F3, 3F14, and 4F, and one containing 5F, 6F, and 7F. Right-angle light
scattering was used to assess the dissolution of egg PC multilamellar vesicles mediated by
the peptides over time, and the response values at 30 min were: 45% for 3F3 and 3F14; 70%
for 2F, 6F, and 7F; 80% for 5F; and 85% for 4F (Table 2).115 Reducing the length of each of
the Lys side chains in 2F by two methylenes decreased the dissolution value to 45% (2F′;
Table 2, entry 13).228 Not only was 4F the most effective peptide in this series, but it also
gave the most rapid rate of dissolution.

The peptides were further evaluated as activators of LCAT by determining their effect on
the initial rate of reaction of LCAT with egg PC/cholesterol vesicles.115 Peptides 5F and 6F
were the best activators at levels of 80% and 70% relative to apoA-I, respectively, whereas
2F, 3F, 4F, and 7F were much weaker (ca. 40% of apoA-I),115 and 18A was very weak.86

Certain peptides potently inhibited LDL-induced monocyte chemotaxis, with 4F, 5F, and 6F
being the most effective, in the realm of HDL; 2F was moderately effective; 7F was weak;
and 3F3 and 3F14 were essentially inactive (Table 2).115 The results of the chemotaxis
experiments suggested that the more effective peptides better sequestered the oxidized lipids
(“seeding molecules”) present in LDL (i.e., ox-LDL), which are responsible for promoting
monocyte chemotaxis via the secretion of MCP-1 and macrophage colony-stimulating factor
(M-CSF). In the final analysis, there was not a clear-cut correlation between the
effectiveness of peptides in monocyte chemotaxis, their physicochemical properties, or their
ability to activate LCAT.115 However, 4F was among the best performers in egg PC
dissolution and monocyte chemotaxis, while possessing favorably moderate hydrophobicity
in this family of peptides.

The weak-to-nonexistent chemotactic activity for 3F3 and 3F14 spurred the examination of
related peptides 3F-1 and 3F-2 (Table 2, entries 9 and 10), in which the surface of the
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nonpolar face of the α-helix was modified.121 In dissolution of POPC multilamellar vesicles
(different protocol than discussed earlier), 3F-2 was very effective (80% clarification in 30
min) and essentially equal to 4F (85%), whereas 3F-1 was moderately effective (65%). The
inhibitory activity of 3F-1 and 3F-2 in oxidized lipid-induced monocyte chemotaxis in
human artery wall cell cocultures (different protocol than discussed earlier) was 70% and
75%, respectively, with 4F being more potent (90%) and 3F3 and 3F14 being much weaker
(30% and 20%, respectively), as noted for LDL-induced chemotaxis. These results, and
other experiments, indicate that the surface topography (shape) of the nonpolar face of the
α-helix, influenced here by the arrangement of aromatic groups, as well as hydrophobicity,
play a role in antichemotactic activity.121

The antiatherogenic activity of 5F was studied by i.p. administration (20 μg/day; ca. 1 mg/
kg) over 16 weeks in wild-type (C57BL/6J) mice fed a high-fat diet.91 The treated mice had
significantly less aortic lesions (mean lesion area = 20.1 × 103 μm2) compared with mice in
the untreated PBS group (mean lesion area = 35.7 × 103 μm2), for a 40–45% reduction,
without alteration of the lipoprotein profile (Table 2). HDL isolated from the treated mice
was more effective in inhibiting LDL oxidation and LDL-induced monocyte chemotaxis
than HDL from untreated mice,91 whereas peptide 2F, by comparison, was much less active
in this mouse chemotaxis model.115 The in vivo results with 5F constituted the first
demonstration of antiatherogenic activity for an apoA-I mimetic peptide.

The 4F peptide inhibited atherosclerotic lesion formation in chow-fed, 10-week-old, apoE-
null mice 4 weeks after i.p. administration (50 μg/mouse, or ca. 2.5 mg/kg, every other day;
~80% reduction vs. PBS control), but not in 20-week-old mice after 8 weeks of dosing,
whereas 4F-P-4F (100 μg/mouse, or ca. 5 mg/kg, every other day) did not inhibit
atherosclerotic lesion size in either situation (Table 2, entry 3; Table 3, entry 10).230 Thus,
4F worked better in early-stage atherogenesis, as compared to more mature arterial lesions.
In another study involving chow-fed, 14-week-old, apoE-null mice with daily i.p.
administration (100 μg/mouse), the mean aortic lesion area in en face preparations after 16
weeks of treatment was reduced by 60% (Table 2, entry 3).231 The enantiomer of 4F, D4F,
which is discussed in some detail later in this section, exhibited frank antiatherogenic
activity in vivo.232 In a p.o.-dosing study with 10-week-old LDLr-null mice on a high-fat
diet, D4F decreased aortic lesions by 79% (2.5 mg of D4F in 100 μL of liposomes; twice
daily for 6 weeks), while administration of D4F in the drinking water of apoE-null mice
(0.05 mg/mL) decreased lesions by 75%.232 Notably, these results took place without
changes in total plasma cholesterol or HDL-cholesterol, suggesting that the ability of HDL
to prevent LDL oxidation may be more important than HDL levels in determining the
development of lesions.91,232–234 Differential effects on evolving and established plaque
were also recorded with D4F (in apoE-null mice).235 Oral and i.p. administration of D4F
reduced evolving atherosclerotic lesions, plaque lipids, and macrophage activity in vein
grafts, but had no impact on established lesions in aortic sinus.

Peptides 3F-2 and 3F14 were studied for inhibition of atherosclerotic lesion formation in
chow-fed, 4-week-old, apoE-null mice with daily i.p. administration (20 μg/mouse).236

Measurement of the mean lesion area after 6 weeks of treatment showed no effect for 3F14

and a modest 20% decrease for 3F-2 (Table 2, entries 5 and 10). Analogues of 4F in which
two lysines were replaced by arginines were studied to test the importance of the location of
interfacial Arg residues on the polar face of the α-helix to biological properties (Table 2,
entries 11 and 12).231 In chow-fed, 14-week-old, apoE-null mice with daily i.p.
administration (100 μg/mouse) after 16 weeks of treatment, 4F-R and 4F-R′ showed 55%
and 20% reduction of mean aortic lesion areas in en face preparations, respectively (Table 2,
entries 11 and 12). A determination of plasma levels for 4F, 4F-R, and 4F-R′ indicated that
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the AUC for 4F-R′ was about half that of 4F and 4F-R, which could account for its weaker
antiatherogenic activity.231

In general, apoA-I mimetic peptides remodel HDL in plasma, which results in the migration
of apoA-I from larger to smaller nanoparticles and consequently the production of pre-β
HDL. This process is often monitored by gel electrophoresis (such as NDGGE), but this
method offers just a qualitative, or semi-quantitative, measure for comparative purposes. An
effective quantitative method, based on ELISA with a monoclonal antibody (mAb 55201)
that recognizes the apoA-I conformation present in pre-β HDL, was described.98,119 Troutt
et al. established a correlation between the dose of apoA-I mimetic peptides and pre-β1 HDL
formation in human plasma.119 For D4F, the increase in pre-β1 HDL with increasing dose in
the ELISA assay was nicely mirrored in the gel band density for pre-β1 HDL (Western
blotting). These results with D4F agreed reasonably well with an earlier report that used
two-dimensional electrophoresis (agarose/native PAGE).237 Carballo-Jane et al. were able to
generate useful dose-response curves for a series of different 22-mer, α-helical apoA-I-
derived peptides.98 In the supporting information of their manuscript, the authors reported
that D4F was very potent in remodeling HDL in human plasma in vitro.98 Peptides 4F, 4F-
P-4F, and 4F-A-4F at 5 μM substantially remodeled human HDL,101 and 4F was more
effective than 4F-R, which was better than 4F-R′.231 Interestingly, the importance of pre-β
HDL formation to the antiatherogenic activity of apoA-I mimetic peptides has been drawn
into question, since the concentration of peptide required to remodel HDLs is higher than
that required to reduce the development of atherosclerotic lesions.238,239

A curious 4F-containing “peptibody”, consisting of a mouse IgG Fc fragment fused to two
copies of 4F to give a tetrameric display of 4F (Fc is a dimer; Figure 4) was recently
described.240 The peptibody was more efficient than 4F in promoting cholesterol efflux, and
nanoparticles generated from it were larger than those from apoA-I, owing to the large size
of the Fc fragment (50 kDa). When mice were treated with a single dose of the peptibody,
levels of total plasma cholesterol and HDL-cholesterol were increased (4-h time point),
which was ascribed to enhanced RCT. A co-immunoprecipitation analysis of HDL particles
from this experiment offered direct evidence for apoA-I mimetic peptides and apoA-I
coexisting in the same lipoprotein particles after in vivo administration of test peptide.

Focus on D4F
To address the expected plasma instability of 4F and to try to enable oral dosing, D4F
(enantiomer of 4F consisting of D-amino acids) was explored.232,237 The point here is that
having all D-amino acids would lead to a more robust peptide for in vivo studies. In the case
of 4F, the residence time in mouse plasma after i.p. administration was rather short, with t1/2
= ca. 2 h, such that there would be limited coverage accompanying once-daily dosing.231

Four hours after administration by oral gavage to LDLr-null mice, 4F was essentially
depleted, while D4F was present at a substantial level.232 Nevertheless, the oral
bioavailability of D4F was actually less than 1%.237 For example, after administration of
500 μg of D4F by oral gavage to apoE-null mice, the highest observed plasma concentration
was 140 nM (320 ng/mL). This low plasma level begs the question about how D4F could
exert its bioactivity in mice despite a high plasma level of apoA-I of ca. 35 μM. A possible
answer was revealed in a subsequent investigation with apoE-null mice, wherein the
intestine was suggested as a major site of action for D4F during oral or parenteral
administration; the authors posited a mechanism of action for 4F involving binding and
inactivation of oxidized lipids in the intestine, resulting in reduced systemic
inflammation.234,241 Another point pertains to the antioxidant and anti-inflammatory
mechanisms of action for D4F, and the fact that D4F must work in conjunction with apoA-I
(as discussed below with respect to studies in LDLr-null mice lacking apoA-I143,144).
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As mentioned earlier, D4F markedly reduced atherosclerotic lesions in LDLr-null and apoE-
null mice after oral administration,232 although there were differential effects for evolving
vs. established lesions.235 Whereas oral and i.p. administration of D4F reduced evolving
atherosclerotic lesions, plaque lipids, and macrophage activity in vein grafts, there was
virtually no effect on established lesions in aortic sinus.235 Navab et al. found that a daily
p.o. dose of 50 μg/mouse did not prevent lesion formation nor alter HDL inflammatory
properties. However, when this dose regimen was paired with a subtherapeutic p.o. dose of
pravastatin (HMG-CoA reductase inhibitor) in apoE-null mice, there was a strong
synergistic response.242 It is noteworthy that lesion formation was prevented in young mice,
and established lesions were reduced in older mice. Interestingly, the retro-inverso variant of
D4F, reverse-D4F, was found to decrease aortic root atherosclerotic lesions and lesion
macrophage content in chow-fed, 4-week-old apoE-null mice, when dosed in drinking water
at 0.4 mg/mL (ca. 1.6 mg/day) over 6 weeks93 (the 4F peptide was ineffective under this
protocol93). Plasma total cholesterol and HDL-cholesterol were unaffected by reverse-D4F
treatment.

After dosing apoE-null mice with 500 μg of D4F by oral gavage, small lipid particles (7–8
nm) with pre-β mobility were generated in plasma and the HDL became anti-
inflammatory.237 In vitro, D4F promoted HDL-mediated cholesterol efflux from
macrophages237 and bound avidly to pro-inflammatory oxidized lipids (with a much higher
affinity than apoA-I).89 In apoE-null mice and wild-type mice, oral D4F increased pre-β
HDL, decreased lipid hydroperoxides in HDL, and increased lipid hydroperoxides in pre-β
HDL.237 In LDLr-null mice lacking apoA-I, D4F improved arterial vasoreactivity, but not
HDL inflammatory properties, nor did it decrease arterial wall thickening, indicating that
D4F works best in conjunction with apoA-I.143,144 Mechanistically, D4F appears to combat
atherogenesis by a combination of effects, including: (1) inhibition of inflammatory and
oxidative events at the endothelium, such as by limiting LDL oxidation so as to reduce
proinflammatory LDL and by inhibiting monocyte adhesion; and (2) improving HDL
function, such as increasing pre-β HDL, decreasing lipid hydroperoxides in HDL, and
enhancing the anti-inflammatory properties of HDL.

Treatment of cholesterol-fed rabbits (New Zealand White) with daily s.c. injections of D4F
(20 mg/mL; 10 mg/kg/day) for one month resulted in a significant reduction of aortic lesions
without altering levels of HDL-C.243 Biomarkers, such as HDL inflammatory index and
serum amyloid A (SAA), proved useful as predictors of antiatherogenic activity. In monkey
studies, administration of D4F (1.7 mg/kg, p.o., single dose) reduced lipid hydroperoxides
and improved the anti-inflammatory activity of HDL.244 In addition, D4F enhanced monkey
HDL-mediated cholesterol efflux from human macrophages. A single, 10-mg/kg oral dose
increased paraoxonase activity in monkeys and produced pre-β HDL (at 6 h).92

Addition of D4F (250 ng/mL) to human plasma induced pre-β HDL formation, reduced
HDL lipid peroxides, and increased paraoxonase activity, as observed with mice and
monkeys in vivo.92 As noted earlier, the quantitative ELISA method for pre-β HDL particles
found that D4F is very potent in vitro at remodeling HDL to pre-β HDL in human
plasma.98,119 Such positive results, in conjunction with the collection of favorable
antiatherogenic data for D4F in test animals, led to human clinical trials. A rising-single-
dose, placebo-controlled study (30, 100, 300, or 500 mg, p.o.; n = 8 per dose) was performed
with unformulated D4F in patients with coronary heart disease or equivalent risk under
fasting conditions.107 No safety events occurred and D4F was detected in plasma at all
doses, with tmax values of 0.5, 1.0, and 2 h for doses of 30, 100, and 300/500 mg,
respectively. The maximal plasma concentration was ca. 4 nM and the AUC at the 500 mg
dose was 55 ng/h/mL, indicating low oral bioavailability. The HDL inflammatory index was
improved at 300 and 500 mg, 4 hours after dosing. In addition to this clinical probe with
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D4F, two human clinical studies were performed with 4F, administered parenterally, in
patients with coronary heart disease or equivalent risk, and on a statin: a randomized,
double-blind, placebo-controlled i.v. study with ascending multiple doses (3, 10, 30, or 100
mg), as a daily 2-h infusion over seven days; and a parallel, randomized, double-blind,
placebo-controlled s.c. study with multiple doses, as daily injections for 28 days.106 No
safety issues arose and the mean maximal plasma concentration reached 2900 ng/mL for the
i.v. study (t1/2 of ca. 1.5 h) and 400 ng/mL for the s.c. (t1/2 of ca. 3 h) study. Although the
exposures matched levels that were effective in animal models, the biomarkers for HDL
function, such as inflammatory index and paraoxonase activity, did not improve.

Mimetic Peptides Derived from the ApoA-I Sequence
Several studies have examined the in vivo effects of peptides directly derived from apoA-I.
Esperion Therapeutics advanced a 22-mer peptide that differs from the apoA-I consensus
sequence (Figure 2) by three mutations: Glu5→Leu, Lys9→Leu, and Glu13→Leu. A
formulation of this peptide with sphingomyelin and (R)-(+)-1,2-dipalmitoyl-sn-glycero-3-
phosphatidylcholine (DPPC), 1, was the focus of two human clinical studies.105 In the first
Phase 1 study, a single i.v. infusion of 1 at 3 mg/kg was well-tolerated and promoted
cholesterol mobilization in vivo; in a second Phase 1 trial, single i.v. infusions of 10–30 mg/
kg were well-tolerated.105 In 2011, three studies involving 1 reported on the anti-
inflammatory and antiatherosclerotic effects of the complex.95,245,246 Two infusions of 1
reduced inflammation in rabbits to a similar degree as infusions of rHDL, as indicated by a
dose-dependent reduction in the levels of cell-adhesion molecules.95,245 Twice weekly
infusions of 1 at a 50-mg/kg dose for 12 weeks in rabbits inhibited the progression of aortic
atherosclerosis, as determined by vessel, lumen, and plaque volumes (imaged by IVUS).246

In 2010, two related studies were published on the development of apoA-I mimetics
originating from the 22-residue apoA-I consensus sequence. In the first study, the authors
took a peptide “stapling” approach, in which two side chain functional groups in the
hydrophobic face were replaced with olefinic amino acids that could be covalently linked
via olefin metathesis.96 Such stapling strategies are known to stabilize helical peptide
conformations and improve in vivo stability.247 In this case, introduction of the staple
increased the α-helical content of the peptide and yielded sequences that promoted
cholesterol efflux, with EC50 values around 1 μM (WT apoA-I EC50 = 0.1 μM), and the
formation of pre-β HDL. However, the most efficient peptide contained the olefin residues
not coupled by metathesis, suggesting that the introduction of the hydrophobic side chains,
rather than stapling, might be responsible for the improved activities. A follow-up study
described a series of variants of the apoA-I consensus sequence in which one or two
hydrophobic amino acids containing alkyl chains of 5–8 carbons were introduced at various
positions of the peptide chain.98 The optimal compounds were superior to D4F and similarly
efficient as native apoA-I in promoting cholesterol efflux; they also induced pre-β HDL
formation in vitro and in vivo. Interestingly, installing a hydrophobic residue in place of
Glu13 of the apoA-I consensus peptide had the most dramatic effect in improving
cholesterol efflux efficiency, consistent with the stapling study,96 with the Glu13→Leu
substitution present in 1, and with the improved lipid affinity of the Glu13→Ala consensus
sequence variant.85 Thus, as would be expected, replacing a polar amino acid with a
hydrophobic one in the nonpolar face of an amphiphilic helical peptide appears to benefit
lipid association and cholesterol efflux (Figure 3).

Cerenis Therpeutics has advanced to a Phase 1 study a peptide analogue of apoA-I
(CER-522; structure not disclosed) for treating aortic valve stenosis.248
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Mimetic Peptides Inspired by Apolipoproteins Other Than ApoA-I
Besides apoA-I, there are numerous apolipoproteins that associate with HDL, such as apoA-
II, apoIV, apoV, apoC-I, apoC-II, apoC-III, apoD, apoE, apoJ, and apoM,249 which could be
candidates for discovering useful mimetic peptides. Apolipoproteins apoE and apoJ, in
particular, have served as a basis for the design of medium-size peptides with
antiatherogenic activity.239,249,250 The crux of the mimicry involved the use of key
segments from the full-length apolipoproteins.

ApoE is a 299-amino-acid protein present in larger lipoproteins, including intermediate-
density lipoproteins (IDLs), LDLs, VLDLs, and chylomicrons that transport cholesterol and
lipids in plasma.250 The presence of multiple apoE molecules within these lipoproteins
enables high-affinity binding to the LDLr. ApoE is composed of four amphipathic α-helices
that are organized into a bundle topology at the N-terminus, containing the LDLr-binding
domain (residues 1–191), and a lengthy, amphipathic α-helical segment at the C-terminus
(lipid-associating domain; residues 203–266), which are linked together by a so-called hinge
region.250 The sequence LRKLRLRLLR (“hE”) within human apoE, from 141–150, is a
heparin-binding domain that is important for binding to the LDLr. This 10-residue apoE
fragment was attached to the class A, amphipathic, α-helical peptide 18A, and end-capped,
to obtain Ac-LRKLRLRLLR-18A-NH2 (Ac-hE18A-NH2), in order to afford strong lipid-
binding properties.251 It was found that this dual-domain peptide markedly enhances LDL
uptake and degradation by fibroblasts.

Intravenous administration of Ac-hE18A-NH2 to wild-type mice on an atherogenic diet,
apoE-null mice, or apoE-null/LDLr-null mice (100 μg/mouse) rapidly reduced serum
cholesterol levels, with the effect lasting for more than 6 hours.252 Administration of this
peptide to Watanabe hyperlipidemic rabbits (15 mg/kg, i.v. bolus) reduced plasma
cholesterol levels (by ca. 50% at 18 h) and improved arterial endothelial function, such as by
reducing plasma lipid hydroperoxide content.253 A single dose of this peptide in apoE-null
mice (100 μg/mouse) lowered serum cholesterol by 90% at 5 hours, and administration (100
μg/mouse/day, 3 days/week) for six weeks produced a moderate reduction in aortic sinus
lesions.254 The mice that were treated for 6 weeks showed reduced plasma cholesterol and
triglyceride levels, as well as an increase in PON-1 activity. By contrast, related peptide Ac-
nhE18A-NH2, in which nhE is the nonheparin-binding domain DADDLQKRLA (apoE
151–160), did not decrease plasma cholesterol, nor increase PON-1 activity, nor inhibit
atherosclerosis in apoE-null mice.254 In fact, Ac-nhE18A-NH2 displayed proinflammatory
and proatherogenic effects. A head-to-head comparison of Ac-hE18A-NH2 and 4F was
conducted in apoE-null mice under different parenteral administration protocols.255 Both
peptides were effective in reducing aortic lesions by en face assessment; however, at a
similar dose regime Ac-hE18A-NH2 had a more pronounced effect. Thus, attachment of
18A to the peptide sequence apoE(141–150), which is responsible for high-affinity LDLr
binding, gave a dual-domain peptide, Ac-hE18A-NH2, with antiatherogenic and anti-
inflammatory properties.252–256

Bielicki et al. described a different type of peptide that is based on the C-terminal helix of
apoE (segment 238–266): Ac-EVRSKLEEWFAAFREFAEEFLARLKS-NH2 (ATI-5261).99

This 26-mer, amphipathic, α-helical peptide with a class A arrangement of hydrophobic and
hydrophilic groups was potent in stimulating cholesterol efflux in vitro and in vivo. When
old LDLr-null mice fed a high-fat Western diet were treated with daily i.p. injections (30
mg/kg) for 6 weeks, the aortic lesion area was reduced by 30%. When old apoE-null mice
fed a high-fat Western diet were treated every other day with i.p. injections for 6 weeks, the
atherosclerosis was reduced by 45%. Similar antiatherogenic results were obtained with a
POPC formulation. Later, it was determined that this peptide readily forms oligomers by
self-association, similar to the behavior of native apolipoproteins.257
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Handattu et al. studied Ac-GFRRFLGSWARIYRAFVG-NH2 (“mR18L”), a class L,
cationic, amphipathic, α-helical peptide, which interacted strongly with lipids and promoted
LDL uptake by HepG2 cells.97 Intravenous administration of mR18L to apoE-null mice (75
μg/mouse) caused a dramatic decrease in plasma cholesterol levels. Despite the low oral
bioavailability of mR18L, oral administration to 4-week-old apoE-null mice (1 mg per 4 g of
chow) prevented aortic sinus lesions to the extent of ca. 30%, after six weeks of treatment,
although only a minor effect on cholesterol levels was observed. In a study of Ac-hE18A-
NH2 and mR18L with LDLr-null mice fed a high-fat Western diet (retro-orbital dosing, 100
μg/mouse, twice weekly for 8 weeks),258 a similar reduction in plasma cholesterol occurred
and both peptides reduced aortic plaque burden, with Ac-hE18A-NH2 showing a greater
effect.

Human apoJ (aka clusterin) is a 427-amino-acid protein found in plasma and associated with
HDL.259 Navab et al. synthesized and examined amphipathic peptides representing putative
class G* α-helical segments in apoJ.260 Seven of the 17 potential helical segments were
tested in the artery wall cell culture assay and six were found to decrease LDL-induced
monocyte chemotactic activity. The two peptides that were equipotent with full-length apoJ,
apoJ(113–122) and apoJ(336–357), were resynthesized from D-amino acids and tested
preliminarily for antiatherogenic activity in apoE-null mice with oral administration. The
10-residue peptide D-apoJ(113–122), lvgrqleefl (lower case for D-amino acids), was found
to inhibit lesion formation. Although D4F can readily remodel apoA-I to form pre-β
particles, D-apoJ(113–122) did not. An oral dose of D-apoJ(113–122) was cleared from
plasma in mice much more slowly than D4F. Treatment of apoE-null mice with D-
apoJ(113–122) orally (125 μg/mouse/day) sharply reduced atherosclerosis (70% reduction
of aortic sinus lesions). This compound enhanced cholesterol efflux and improved HDL
anti-inflammatory properties in mice and monkeys. Contrary to the behavior of D4F, D-
apoJ(113–122) was hardly α-helical in the absence of a lipid environment. It was
suggested260 that a common mechanism for the effectiveness of D4F and D-apoJ(113–122)
may be binding and sequetration of pro-inflammatory oxidized lipids, leading to the
activation of antioxidant enzymes, such as PON-1.

Serum amyloid A (SAA) proteins constitute a family of apolipoproteins (isoforms) that are
associated with HDL in plasma and are produced in response to inflammatory stimuli.261,262

As such, SAA can serve as an early-phase biomarker for inflammation. Peptide fragments
from the sequence of SAA (isoform 2.1) in liposomes were studied for effects on cholesterol
homeostasis.262 SAA(1–20) inhibited ACAT activity and SAA(74–103) stimulated
cholesterol ester hydrolase activity, which makes cholesterol available for transport and
elimination; also, each peptide promoted cholesterol efflux from macrophages in vitro and in
vivo (mice).262 Consequently, SAA(1–20) and SAA(74–103) were investigated as liposomal
formulations for antiatherosclerotic activity in apoE-null mice on a high-fat diet, dosed
every fourth day by i.v. injection.263 Each peptide (15 μg/mouse) prevented atherosclerosis,
as judged by a 40–45% decrease in the amount of aortic lesions, and coadministration (7.5
μg/mouse for each) gave a remarkable 70% reduction. A more challenging plaque regression
protocol also furnished positive results, especially for the combination of peptides.

EXPLORATORY WORK FROM OUR LABORATORY264

Earlier in this Perspective, we described studies with dimeric or bihelical mimetics of apoA-
I that were largely based of a pair of 18A, 2F, or 4F units coupled by a short linker (Table 3;
Figure 5) (vide supra). The first examples of multivalent constructs, where more than two
segments of apoA-I are attached to a scaffold, appeared in the 1990’s.265,266 At the time of
these studies, it was thought that apoA-I-derived peptides containing a single amphiphilic α-
helix or two tandem helices would not bind to lipids with high affinity.267 Demoor and
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colleagues hypothesized that cooperativity among the multiple helices of apolipoproteins
was essential for optimal lipid association and that branched molecules displaying several
amphiphilic α-helices would better mimic the lipid-binding properties of a full-length
apolipoprotein. As a consequence, molecules containing three or four copies of the 39-
residue apoA-I(145–183) were synthesized on a dendrimeric, lysine-based peptide core,
thereby presenting a total of six or eight amphipathic α-helices, respectively. Compared to
the 39-mer peptide, the multivalent constructs were more effective at clearing DMPC
vesicles: monomer, 10% clearance; trimer, 80% clearance; tetramer, 75% clearance (relative
to apoA-I after 16 h).265 Additionally, compared to apoA-I(145–183), the multivalent
peptides generated nanoparticles that were more like those from apoA-I in size and
homogeneity.265 The lipid complex formed from the trimeric species stimulated cholesterol
efflux to a similar degree as the complex formed from apoA-I.266 Despite these positive
findings, the authors noted an important concern about the structural integrity of the
materials involved, which derives from the parallel-synthesis approach that was used. Since
three or four 39-mers were synthesized in parallel on the core peptide, there was a distinct
likelihood that the constructs would contain one, or a few, amino acid deletions (“micro-
heterogeneities”), even after purification. Around the same time, the first studies showing
that short 22-mer peptides corresponding to apoA-I N-terminal or C-terminal helices bind to
lipids with high affinity appeared,81,127 indicating that multiple helices are not functionally
necessary. No further reports of multivalent apoA-I mimetics appeared in the literature for
the next 15 years, as researchers in the field focused intensely on peptides consisting of
single or tandem amphipathic α-helices.

The highly dynamic HDL structure is characterized by many rapidly interchanging,
coexisting conformations of apoA-I, which are related to the particle size and composition.
ApoA-I exhibits a high degree of conformationally plasticity in forming the various particle
sizes and morphologies amidst HDL maturation. We thought that branched, multimeric α-
helical constructs, although not found in nature, might be better suited than monomeric
helices for lipid nanoparticle scaffolding and conformational adaptability, thereby better
replicating the dynamic HDL remodeling process. Thus, we carried out a systematic study of
chemically homogeneous, branched apoA-I mimetics containing different numbers of
attached helices.264 We synthesized and characterized two families of monomer, dimer,
trimer, and tetramer apoA-I mimetic constructs (see Figure 5 for a model of a trimeric
construct). A convergent synthetic strategy employing native chemical ligation (NCL)268

furnished the multivalent apoA-I mimetic peptides with good synthetic efficiency (ca. 50%
isolated yield for the trimer). The two families of constructs differed in the length of the
helical peptide; the first series employed a 23-mer peptide sequence largely based on human
apoA-I helix 10 (residues 222–243), and the second series employed a truncated 16-mer
variant. The 23-mer peptide CGVLESFKASFLSALEEWTKKLQ-NH2 has a cysteine at the
N-terminus to effect NCL and an adjacent glycine to act as a spacer. Flexible, uncharged
scaffolds were employed to avoid influencing the functional properties of the constructs.

For both series of constructs, the multivalent apoA-I mimetics were more effective than the
monomer in effluxing cholesterol from mouse macrophages (cholesterol efflux EC50 values
(μM): monomer, 5.8 ± 1.2; dimer, 0.4 ± 0.1; trimer, 1.4 ± 0.4; tetramer, 0.8 ± 0.1; 4F, 6.2 ±
1.3; apoA-I, 0.2 ± 0.1). The multivalent constructs were also found to be remarkably stable
to proteolysis and to have a protracted half-life in mouse plasma in vivo (PK AUC values
(μM•h): monomer23, 110 ± 10; dimer23 1570 ± 130μ trimer23, 500 ± 40; monomer16, <10
μM•h; dimer16, 340 ± 30 μM•h; trimer16, 180 ± 30 μM•h; and tetramer16, 260 ± 30 μM•h,
respectively). Moreover, the 23-mer trimer construct, despite being synthesized from all L-
amino acids, was resistant to degradation by pepsin, making oral dosing a possibility.
Indeed, administration of 23-mer trimer-DMPC nanoparticles ad libitum in drinking water
over 10 weeks to LDLr-null mice on a high-fat diet (50 mg/kg/day, n = 7) reduced aortic
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atherosclerotic lesions by 58% compared to control animals given DMPC alone (n = 7; p = 2
× 10−7, unpaired two-tailed Student’s t-test). Intramolecular association of the α-helices in
the multivalent constructs might confer the high proteolytic stabilities.269 The enhanced
stabilities observed for the multivalent peptides, together with their improved activities in
functional assays, appear to afford a practical advantage over monomeric apoA-I mimetics.
The multivalent architecture provides an additional layer of manipulation, beyond the
primary sequence, over the functional properties of the apoA-I mimetic entities.

To gain mechanistic understanding, we investigated how the multivalents constructs interact
with native lipoproteins in vitro. The 23-mer family of peptides was alkylated on the Cys
side chain with a fluorescein moiety, and each of the peptides was then separately assembled
into lipid nanoparticles with DMPC containing 1% of a rhodamine-labeled DMPC analogue.
The labeled nanoparticles were incubated with human plasma, which was then subjected to
NDGGE. Fluorescent imaging and Western blotting (for apoA-I) of the gel were used to
visualize the fluorescently-labeled components and HDL species, respectively, as the
peptide and lipid constituents of the nanoparticles interacted with native lipoproteins in the
sample. Basically, the labeled peptides and the lipids rapidly associated with the native
lipoproteins. Fluorescence from the multivalent peptides was overlaid with the apoA-I-
containing HDL bands (7.5–11 nm), but the monomer was largely bound to albumin, which
is consistent with a report that monomeric 4F only weakly associates with HDL and is
mainly bound to plasma proteins.104 By contrast, the tandem peptide 4F-P-4F binds to
lipoproteins more selectively.104

CARDIOVASCULAR PROTECTIVE EFFECTS
Throughout this Perspective, we have referred to the atheroprotective effects of certain HDL
species, apoA-I itself, and apoA-I mimetic peptides. The purpose of this section is to
summarize the associated mechanisms in one place, along with additional details that will
shed more light on them.

The widespread use of drugs that reduce LDL-C (the “bad cholesterol”) has had a major,
positive impact on the prevalence of coronary heart disease. However, there are numerous
patients who do not respond well to the current standards of care, or who experience
unacceptable side effects, which call for additional pharmaceutical intervention. Thus, a
keen interest developed for elevating levels of HDL-C (the “good cholesterol”), although
this approach has yet to bear fruit. In human studies, the unimpressive results with agents
that elevate HDL-C have brought doubts to the surface and have spurred cogent thoughts
about the benefits of HDL quality over HDL quantity.54,57,270,271 Indeed, with respect to the
atheroprotective effects of HDL, it is becoming increasingly evident that function trumps
quantity. The composition and functional effects of HDL particle subpopulations can define
whether HDL is atheroprotective or not (or even proatherogenic).272

From a historical standpoint, population studies have indicated that the main risk factors for
cardiovascular disease include elevated plasma LDL-C and plasma triglycerides, along with
low HDL-C.273 Whereas the rate of cardiovascular events has markedly declined with
current therapies that lower LDL-C, risk assessment based on LDL-C alone has failed to
identify a substantial portion of the at-risk patients. Alternatively, low HDL-C has been
viewed as a significant risk factor for the development of cardiovascular disease, particularly
atherosclerosis.274–276 Relative to HDL elevation, in human clinical trials an increase in
plasma HDL levels by just 1 mg/dL resulted in a 2–3% decrease in cardiovascular risk,276

which is a larger effect than that seen with a similar decrease in plasma LDL-C, such as via
statins. In this vein, human epidemiological studies have shown that elevated plasma levels
of HDL correlate inversely with the development of coronary heart disease.274,277 Although
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a recent meta-analysis has challenged these epidemiological findings,55 numerous
experimental studies in humans and animals have indicated that HDL and/or apoA-I protect
against the development of atherosclerosis (vide supra).

While HDL particles have several identified functions in vivo, the precise mechanisms by
which they prevent atherosclerosis are not completely understood. Among the various
subpopulations in the HDL fraction from human plasma, those responsible for the
atheroprotective properties of HDL have not been completely established, although the
focus had been on the smaller HDL particles and lipid-free apoA-I. Key mechanisms in
atheroprotection include efflux of cholesterol from cells via RCT,60–66 especially removal of
macrophage cholesterol from atherosclerotic plaques, and exerting anti-inflammatory and
antioxidant properties.18,19 Besides these mechanisms, other functions of HDLs could be
important to their cardioprotective properties, as underscored by recent proteomic analyses
that have identified an unexpectedly wide variety of proteins associated with HDL
particles.153–164 The putative functions of HDLs suggested by these studies include roles in
hemostasis and thrombosis, the complement pathway, host defense, and the acute-phase
response.153

Reverse Cholesterol Transport and Lipoproteostasis
HDL plays a key role in the process of RCT, which removes excess cholesterol from
peripheral tissues and delivers it to the liver for elimination,15–17 as illustrated in the basic
cartoon in Figure 1. It is important to appreciate that specific subpopulations within the
realm of HDL particles are effective for effluxing cholesterol, particularly the small, lipid-
poor particles, known as the pre-β fraction. In fact, cholesterol efflux capacity better
correlates with pre-β serum concentration than with HDL-C or apoA-I levels.62 These pre-β
particles are mainly composed of phospholipids and apoA-I, although their exact
composition is debated. Besides the lipid-poor pre-β particles, lipid-free apoA-I also
promotes efflux as an early step of RCT. Under normal circumstances, the atheroprotective
pre-β particles are a minor subpopulation, accounting for only 5–15% of the heterogeneous
HDL particles.278 Certain α-type particles can contribute to cholesterol efflux via ABCG1
(Figure 1), as well, and thus exert atheroprotective effects.279

Pre-β particles accumulate phospholipids and cholesterol, which passes across cell
membranes under the influence of ABCA1. The cholesterol in these nascent particles is
esterified by LCAT, and the resulting cholesterol esters accumulate to form the core of
larger, spherical HDL particles, in which substantial triglycerides are also present. The
cholesterol esters are largely off-loaded by CETP for hepatic disposal via apoB-containing
particles, with concomitant replacement by triglycerides, or through the agency of SR-B1.
The HDL triglyceride and phospholipid content is depleted by lipases (hepatic and
endothelial)280,281 and PLTP to form smaller HDL particles and restart the cycle.
Interference with the key steps of RCT have caused accelerated atherosclerosis, and the
overexpression of key factors in the cycle have provided atheroprotection.282

The dynamic flux of such nanolipid particles defines a complex “lipoproteostasis” network,
in which HDL is remodeled with the influx, efflux, or modification of diverse constituents
(phospholipids, lipids, and cholesterol; proteins, peptides, and small molecules).153–164

Addition of apoA-I to the system will shift the balance toward pre-β particles and thus be
antiatherogenic. ApoA-I mimetic peptides have a similar effect by inducing remodeling of
larger HDL particles to smaller ones.92 Since it is unlikely that single, amphipathic, α-
helical peptides can serve in the same structural role as full-length apoA-I, perhaps the
mimetics work by cooperating with native apoA-I and somehow amplifying its functional
behavior.143,144 These peptides could enter the larger particles to coexist with apoA-I,234

displace some apoA-I which would be able to form nascent discoidal particles, and
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favorably influence the function of the apoA-I that remains in the particles. Our in vitro
fluorescence-imaging studies with labeled dimer and trimer constructs indicated that these
mimetic peptides rapidly transferred from synthetic nanolipid particles to HDL particles in
human plasma, thereby coexisting with apoA-I in native HDLs.264

Assuming a primary role of HDL in atherogenesis due to RCT, increasing the plasma levels
of HDL became of major interest to pharmaceutical companies. However, the CETP
inhibitors torcetrapib and dalcetrapib failed to show efficacy in reducing cardiovascular
events in Phase 3 trials, as did niacin, despite having significantly increased HDL levels in
all cases. This outcome led to serious concerns about the usefulness of promoting RCT and
the relevance of boosting plasma HDL-C levels to cardiovascular disease.54,57,266,267 In any
event, the pending results from human clinical studies with newer CETP inhibitors,
anacetrapib and evacetrapib,271 should help clarify this issue.

HDL Function: Anti-inflammatory and Antioxidant Activity
While RCT is the highly recognized function of HDL, the atheroprotective effects of HDL
are closely linked to anti-inflammatory19–22,283 and antioxidant actions,18 as well. Earlier in
this Perspective, we also noted that apoA-I mimetic peptides frequently manifest anti-
inflammatory and antioxidant properties, which may partially emanate from their
cooperation with apoA-I within HDL particles. In two studies with D4F in mice, there was a
substantial reduction in atherosclerotic lesions without a significant alteration in plasma
cholesterol; rather, the HDL particles had improved anti-inflammatory properties in cellular
assays.89,232,237

Atherosclerosis is a chronic inflammatory condition, the hallmark of which is
compositionally complex plaque deposits on the inner lining of arteries. HDL subtypes
protect endothelial cells in blood vessels by decreasing cytokine-dependent adhesion
molecules and monocyte adhesion.284,285 For example, HDL inhibits the expression of
VCAM-1 in endothelial cells that is caused by inflammatory cytokines, such as interleukin-1
(IL-1) and tissue necrosis factor-α (TNF-α). HDLs also interfere with the production of
ROS, which induce production of MCP-1 and the migration of monocytes into the
endothelium. Consequently, anti-inflammatory activity for apoA-I and apoA-I mimetic
peptides has been assessed by the cell-based monocyte chemotaxis assay (MCA), involving
a coculture of endothelial cells and smooth muscle cells amidst human sera and LDL. HDL
stimulates endothelial nitric oxide synthase (eNOS), which generates NO in blood vessels to
regulate vascular tone and relax.278 This action combats endothelial dysfunction due to
adverse events, such as damage from ROS and leukocyte infiltration. Interestingly, lipid-free
apoA-I does not induce eNOS.278

Oxidative processes and inflammation are inextricably entwined, in that oxidative stress is a
key source of inflammation.284 Lipid oxidation produces lipid hydroperoxides and oxidized
LDL (ox-LDL), which promote inflammatory sequelae, but is counteracted by HDL, apoA-
I, and apoA-I mimetics. The antioxidative properties of HDL rely on certain partners, such
as PON1, lipoprotein-associated phospholipase A2, and LCAT, with PON1 being especially
effective.286 PON1 is an HDL-associated enzyme that can prevent lipid oxidation and
inactivate oxidized lipids.13,56,110 Proteomics studies have provided a connection between
HDL particle subclasses and antioxidative function,154 as well as biomarkers to understand
HDL functionality.155,157 It is notable that 4F has been reported to bind oxidized lipids with
much higher affinity than apoA-I,89 and that the binding of oxidized lipids in the intestine
has been proposed as the main mechanism of action of the 4F peptide.234
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CONCLUSION AND OUTLOOK
Molecules that mimic apoA-I hold great promise for combating atherosclerosis, and possibly
other diseases associated with inflammation. Studies in animal models have demonstrated
that apolipoprotein mimetic peptides can enhance many facets of the RCT pathway, such as
increasing lipid-poor HDL, promoting cholesterol efflux, activating LCAT, and stimulating
cholesterol off-loading. The peptides can recapitulate other beneficial functions associated
with HDLs, such as anti-inflammatory and antioxidant effects. These characteristics have
resulted in clinically relevant improvements in animal models of atherosclerosis, most
notably inhibition of the development or progression of atherosclerotic lesions. Significant
challenges remain in advancing apoA-I mimetic peptides to approved drugs. Among the
hurdles are high production costs and the possibility that parenteral dosing would be
required, although there is precedence for synthetic peptides as marketed drugs.287,288 More
problematic, however, are the considerable duration and cost of the clinical studies that
would be required for apoA-I mimetics, and the lack of robust predictive clinical biomarkers
relevant to reduction of cardiovascular events.

The diverse sequences of apoA-I mimetic peptides, along with in vitro and in vivo effects in
a variety of disease models, suggest that they may exert their biological properties through a
manifold of different mechanisms. Until the mechanisms of action are better understood, the
design of improved agents will continue to require much trial and error. However, impacting
cholesterol homeostasis may be a common mechanism underlying many of the disparate
functions of apoA-I mimetic peptides, since cellular cholesterol content is critical in
regulating the functions of diverse cells types.109 The best-understood mechanisms of action
to date are the role of mimetic peptides in effluxing cholesterol from cells and their
antioxidant/anti-inflammatory activity.

More detailed structure–function studies could lead to a deeper understanding of how to
design improved agents. In this regard, a critical limitation is the lack of knowledge as to
which in vitro assays best correlate with in vivo antiatherogenic efficacy. The development
of reasonably high-throughput assays with high accuracy and good predictive power would
allow novel synthetic peptides to be rapidly surveyed, perhaps even by using combinatorial
peptide libraries. With improved SAR, it may become possible to design mimetics with a
specific function, rather than multiple functions, with optimized potency. This would enable
a more rational design of mimetic peptides and would provide useful research tools to
dissect the complex functions of HDLs. Further studies will likely reveal that single, short
peptides do not have the versatility to reproduce all the beneficial effects of the full-length
native protein, so judicious choices will need to be made in deciding which functions to
target and optimize.

There are several attractive, but underexplored, avenues by which the in vivo functions of
apoA-I mimetic agents might be improved. First, by analogy to apoA-I, the in vivo half-life
of a given apoA-I mimetic peptide could be lengthened by modifying its structure to
increase inherent stability in vivo and its partitioning from plasma into lipoproteins. Second,
replacing residue types in the peptides known to be covalently modified in apoA-I, such as
Trp, Tyr, Met, or Lys, with less susceptible residue types may prolong the function of the
peptide in vivo, especially at the sites of atherosclerotic plaques (Figure 4). In this regard, it
remains to be seen whether it is possible to construct an efficacious apoA-I mimetic peptide
without the current Trp, Tyr, and Lys residues. Also, there has been limited use of
nonproteinogenic amino acids in the development of SAR for mimetic peptides, such as for
the 2F series. For example, one might wonder about the effect of replacing Phe or Trp
residues with naphthylalanine or biphenylalanine. Third, introduction of Cys or His residues
should be more fully explored for improving the antioxidant properties of a given peptide.
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What’s more, Cys residues would provide for the formation of disulfide homodimers or
heterodimers, making possible the mimicry of the cardioprotective functions of apoA-IM
and potentially increasing the peptide’s biological half-life by attachment to a larger
apolipoprotein that cannot be removed by glomerular filtration. The incorporation into
apoA-I mimetics of nonproteinogenic amino acids that would confer antioxidant activity is
also an attractive idea.

A complicating factor in the development of apoA-I mimetic compounds to treat
atherosclerosis is the role of lipidation. Lipid-free apoA-I has different functional properties
than apoA-I in HDLs, and the same would point apply to lipid-free vs. lipidated peptides.
Some open questions pertain to how the bound lipids change the functional properties of
apoA-I mimetic peptides, or how one lipid will affect the properties of a peptide compared
to a different lipid. Mimetic peptides are often studied in vitro as lipid-free materials, but it
is likely that most of these amphipathic peptides rapidly bind lipids and/or combine with
endogenous lipoproteins when introduced into plasma. Furthermore, apoA-I mimetic
peptides that are lipidated and characterized as such complexes will likely undergo rapid
remodeling on exposure to plasma, resulting in the exchange of peptides, lipids, and proteins
with native lipoproteins in vivo.

Given the diversity of peptide sequences that have been reported as mimetics of apoA-I, it is
somewhat surprising that all such agents to date have employed the α-helical peptide
architecture. It stands to reason that other helical scaffolds, such as foldamers derived from
β-, α-/β-, or γ-peptides,289,290 could also be functional as apolipoprotein mimetics. More
broadly, it is likely that other amphipathic molecules, such as amphipathic polymers,
peptoids, dendrimers, etc.,289–294 could function like apoA-I mimetic peptides for some
mechanistic aspects. The time is ripe for more broadly exploring the chemical sequence
space of molecules that mimic apoA-I, to go beyond the constraints imposed by the
backbones and amino acid side chains available from Nature.

In the final analysis, there is substantial opportunity to impact pharmacotherapy for
atherosclerosis by advancing improved apoA-I mimetic agents. Considerable information
that has been collected to date is quite supportive of the potential here. However, it is still
necessary to devise a suitable drug candidate for clinical development.

Acknowledgments
We are grateful to NIH NHLBI for funding our research efforts in the area of apoA-I mimetic peptides, Dr. Linda
K. Curtiss and Dr. Yannan Zhao for helpful discussions, and Mr. Ryan Troseth for assistance with manuscript
preparation.

ABBREVIATIONS USED

ABC ATP-binding cassette transporter protein

ACS acute coronary syndrome

apo apolipoprotein

AUC area under the curve

CETP cholesteryl ester transfer protein

DMPC (R)-(+)-1,2-dimyristoyl-sn-glycero-3-phosphatidylcholine

DPPC (R)-(+)-1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine

ELISA enzyme-linked immunosorbent assay
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Fc fragment crystallizable region

HDL high-density lipoprotein

HMG-CoA 3-hydroxy-3-methylglutaryl-coenzyme A

IgG immonoglobulin G

IHS interhelical sequence

IVUS intravascular ultrasound

LCAT lecithin–cholesterol acyltransferase

LDL low-density lipoprotein

LDLr low-density lipoprotein receptor

MCP monocyte chemotactic protein

M-CSF macrophage colony-stimulating factor

MPO myeloperoxidase

NCL native chemical ligation

NDGGE nondenaturing gradient gel electrophoresis

ox-LDL oxidized low-density lipoprotein

PAGE polyacrylamide gel electrophoresis

PBS phosphate-buffered saline

PC phosphatidylcholine

PK pharmacokinetics

PLTP phospholipid transfer protein

PON paraoxonase

POPC (R)-(+)-1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine

RCT reverse cholesterol transport

ROS reactive oxygen species

SAA serum amyloid A

SR-B1 scavenger receptor B-1

TG triglyceride

VCAM vascular cell adhesion molecule

VLDL very low-density lipoprotein

WT wild-type

4F Ac-DWFKAFYDKVAEKFKEAF-NH2
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Chart 1

Glossary of Terms

Apolipoprotein (apo): Specialized protein that binds to lipids (e.g., fats,
cholesterol) to form lipoproteins.

ATP-binding cassette
transporter protein (ABC):

Member of a large family of proteins involved in
membrane transport that use the energy from ATP to
move a substrate across a cell membrane.

Atherosclerosis: A chronic disease involving the buildup of plaques on
the interior of the arteries, leading to hardening and
thickening of the vessel walls.

Cholesterol (C): A fatty substance produced in the human body or
ingested from animal products, which is a major
component of cell membranes.

Cholesteryl ester (CE): Molecule that forms the core of a lipoprotein particle,
and converts nascent HDL to mature HDL, generated
by esterification of cholesterol with a fatty acid.

Cholesteryl ester transfer
protein (CETP):

An enzyme involved in the movement of cholesterol
from peripheral tissues to the liver by mediating the
transfer from HDL to VLDL or LDL of cholesteryl
esters, which are then eliminated by the liver. A
CETP deficiency causes markedly higher plasma
levels of HDL and apoA-I.

High-density lipoprotein
(HDL):

The smallest and densest of the plasma lipoprotein
particles. “Nascent” discoidal particles contain
phospholipids in a bilayer configuration encircled by
apolipoproteins; “mature” spherical particles have a
cholesteryl ester core, some triglycerides and
unesterified cholesterol, and a coating of
phospholipids, free cholesterol, and apolipoproteins.

Hypercholesterolemia: Condition of elevated cholesterol in blood plasma.

Lecithin–cholesterol
acyltransferase (LCAT):

An enzyme that converts free cholesterol into
cholesteryl esters and thereby mediates conversion of
nascent HDL to mature HDL.

Lipoproteins: Soluble lipid-protein complexes that transport lipids
in the blood stream.

Low-density lipoprotein
(LDL):

Larger, less dense plasma lipoproteins, composed of
greater amounts of lipid than protein. As the primary
cholesterol-containing particles, high levels of LDL-
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C (so-called “bad cholesterol”) increase the risk of
atherosclerosis.

Oxidized low-density
lipoprotein (ox-LDL):

A form of LDL that has been chemically transformed
by reactive oxygen species (ROS) such that the
particles are enriched in oxidized lipid molecules.
Ox-LDL promotes atherosclerosis by attracting
leukocytes to the site on the arterial wall, causing
inflammation and promoting cholesterol build up.

Paraoxonase 1 (PON1): An aryl esterase that is a major antiatherosclerotic
component of HDL.

Phospholipid: Lipid molecules that are composed mainly of fatty
acids, a phosphate group, and a small organic
backbone, such as glycerol, which are the main
components of cell membranes.

Plaque: A fatty deposit containing other substances and cells
that accumulates on the inner lining of arteries.
Fragmentation of an unstable plaque deposit can
cause a heart attack or a stroke.

Reactive oxygen species
(ROS):

Energetic oxygen-containing molecules, such as
superoxide anion radical, hydroxyl radical, and
hydroperoxide, produced from oxygen-consuming
metabolic processes. While ROS are important in cell
signaling at normal levels, at elevated levels from
cellular “oxidative stress” they cause adverse
physiology, such as inflammatory sequelae.

Reverse cholesterol
transport (RCT):

A multistep process in plasma that results in the
movement of cholesterol from peripheral tissues to
the liver for metabolism or elimination.

Scavenger receptor B1
(SR-B1):

An integral membrane protein that functions as a
receptor for HDL, facilitating the uptake of
cholesteryl esters from HDL for their elimination in
the liver.

Statin: A drug that inhibits HMG-CoA reductase and reduces
LDL-cholesterol levels.

Triglyceride: A lipid derived from food or produced endogenously
that is comprised of glycerol triply esterified with
fatty acids.
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Figure 1.
Schematic depicting HDL species, HDL remodeling, cholesterol flux and reverse cholesterol
transport, and the influence of apoA-I mimetic peptides (indicated by the blue arrows).
ApoA-I is secreted by the liver and intestine in the form of a lipid-free or lipid-poor protein.
Lipid-poor apoA-I is also formed by the fragmentation of HDL or LDL particles. Lipid-free
and lipid-poor apoA-I bind phospholipids and cholesterol from cellular membranes in a
process mediated by ABCA1. The resulting small, lipid-poor pre-β HDL particles gradually
increase in size as the result of cholesterol uptake and esterification, catalyzed by LCAT,
leading to the formation of a cholesterol ester-rich lipid core. The larger, spherical HDL
species can accept phospholipids and free cholesterol from peripheral tissues via ABCG1.
Ultimately, cholesterol esters are offloaded from HDL particles into hepatocytes via
scavenger receptor B1 (SR-B1), or are transferred to LDL in a process mediated by CETP.
The actions of PLTP and various lipases lead to plasma HDL remodeling by promoting
particle fusion or fragmentation. Abbreviations: ABCA1/ABCG1, ATP-binding cassette
transporter protein A1/G1; CETP, cholesterol ester transfer protein; LDL, low-density
lipoproteins; LCAT, lecithin–cholesterol acyltransferase; LDLR, low-density lipoprotein
receptor; PLTP, phospholipid transfer protein; SR-B1, scavenger receptor B1.
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Figure 2.
Primary amino acid sequence of apoA-I and selected apoA-I mimetic peptides. The
sequence of apoA-I is broken up by helical segments, with Pro residues highlighted.
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Figure 3.
Comparative representations of 18-residue apoA-I mimetic peptides 2F and 4F, and the 22-
residue apoA-I consensus peptide. Top panel: Edmunson helical wheel diagrams with the
amino acids (single letter code) numbered starting at the N-terminus with “1” (hydrophobic,
acid, basic, and uncharged polar residues are denoted by gray, blue, red, and green,
respectively). The helices exhibit a class A topology, having basic residues at the polar–
nonpolar interface (positions 4/15/9/13 in the 18-residue peptides) and acidic residues in the
central region of the polar face (positions 8/1/12/16). Positions 3 and 14 change in going
from 2F to 4F (L→F). Middle panel: Electrostatic surface maps of the polar faces of the
peptides, again showing the class A helix topology consisting of basic residues in the
interfacial region and acidic residues at the center of the polar face. Bottom panel: Space-
filled molecular models of the hydrophobic face of the peptides. The highlighted residues 3
and 14 change in going from 2F to 4F, while substitution of position 13 in the consensus
peptide with a hydrophic residue affords improved lipid binding affinity and cholesterol
efflux efficiency (see text for details). Color code: red, polar acidic; blue, polar basic; green,
polar uncharged; white, nonpolar.
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Figure 4.
Chemical modifications that can lead to apoA-I dysfunction, and unnatural amino acids that
could be used to evade such modifications in apoA-I mimetic peptides. (a) Oxidation of Met
residues, such as Met148, by MPO to the sulfoxide derivative causes impaired apoA-I
function. Norleucine bears a side chain that is structurally similar to that of Met, but not
susceptible to oxidation. (b) Covalent modification of Lys residues by acrolein or
malondialdehyde impairs the ability of apoA-I to promote cholesterol efflux. Replacement
of Lys with the dimethyl-Lys analogue would render the amino acid unreactive with such
reactive carbonyls.
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Figure 5.
Structural models of several apoA-I mimetic molecules, along with lipid-free apoA-I and
spherical HDL. The models are drawn to scale. (a) The 18-amino acid 4F peptide. (b) A
tandem apoA-I mimetic, consisting of two 4F segments connected by a seven-residue
interhelical sequence (IHS) peptide linker.101 (c) A branched, trimeric apoA-I mimetic
construct consisting of three copies of a 23-amino acid apoA-I helix 10-derived peptide
attached to a small scaffold.264 (d) Lipid-free apoA-I.134–136 (e) A 4F “peptibody”,
consisting of a mouse IgG Fc fragment fused to two copies of 4F to give a tetrameric display
of 4F (Fc is a dimer).240 (f) The trefoil model of spherical HDL, showing lipid molecules as
gray sticks.147 The following protein structures were used to create the models: PDB# 2A01,
lipid-free apoA-I and helical segments; PDB# 3HKF, murine IgG Fc fragment; PMDB#
PM0075240, spherical HDL.
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